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The last decade has witnessed great progress in conjugated polymers for application in optoelectronics. 5 

The biggest driving force for the field is to develop polymers with suitable HOMO and LUMO orbital 
energies, as well as high charge carrier mobility for improved performance in practical devices. Apart 
from the conventional donor-acceptor (D-A) strategy to tune the optoelectronic properties, the 
incorporation of main-group elements represents a promising new way to achieve a similar function, 
however, more efficiently, due to the intrinsic electronic properties of the main-group components. This 10 

review highlights the recent advances in main-group element-based conjugated polymers for application 
in optoelectronics, representatively focusing on Se-, Te-, P-, Si-, Ge-, and B-containing materials. 

1. Introduction 
Organic π-conjugated polymers are an important class of 
semiconducting materials that have been the focus of intense 15 

research over the past few decades – particularly with regard to 
applications in next-generation optoelectronic devices, such as 
organic photovoltaic cells (OPVs), organic light-emitting diodes 
(OLEDs) and organic field-effect transistors (OFETs).1-9 
Compared to ‘traditional’ inorganic silicon-based materials, these 20 

organic polymeric materials have unique advantages such as low 
cost and excellent solution processability, in addition to being 
light-weight. In this context, polythiophenes, polycarbazoles, 
polyfluorenes and poly(phenylene vinylene) are noteworthy 
classes of conjugated materials that have been widely and 25 

successfully used in organic devices.2 
 While the above-mentioned materials have indeed shown 
considerable promise for practical applications, the development 
of new polymers with high charge carrier mobility, as well as 
suitable highest occupied molecular orbital (HOMO) and lowest 30 

unoccupied molecular orbital (LUMO) energy levels continues to 
be an active research direction, particularly for further 
improvement of the device performance.4-8 One of the most 
widely used strategies for controlling the optoelectronic 
properties of organic conjugated polymers is the molecular 35 

engineering of the combination of electron-donating (D) and 
electron-accepting (A) building blocks in the conjugated 
backbone.5, 6 Especially for application in organic photovoltaics, 
the polymer should have a low energy gap to allow for better 
light-harvesting of the solar spectrum by covering a broader 40 

spectral range.4-6 According to a model by Scharber and co-
workers, the power conversion efficiencies (PCEs) of OPV 
devices consisting of a light-harvesting polymer and an electron-
accepting fullerene derivative could potentially be improved to up 
to 10% by appropriately engineering the energy levels of the 45 

conjugated polymer.10 The molecular engineering is usually 

accomplished via variation of substituents appended to the 
polymers’ building blocks, or – more effectively – via 
modification of the atomic composition of the building blocks 
themselves. Along the same lines, the incorporation of inorganic 50 

main-group elements into π-conjugated materials has created a 
promising way for efficiently engineering the optoelectronic 
properties of conjugated materials, due to their very unique 
structural (i.e., bonding) and electronic properties. 
 In this review, we present the recent efforts in improving the 55 

properties of conjugated polymers for optoelectronics by means 
of incorporating main-group elements. We will representatively 
focus on the Group 16 elements selenium (Se) and tellurium (Te), 
the Group 15 element phosphorus (P), the Group 14 elements 
silicon (Si) and germanium (Ge), as well as the Group 13 element 60 

boron (B). These elements have been found to impact the 
materials’ properties considerably and showcase the intriguing 
range of opportunities by utilizing main-group elements for this 
purpose most illustratively. 
 65 

2. Selenium-containing polymers 
Polythiophenes and related thiophene-containing polymers are a 
class of materials that have most frequently been used as 
conjugated materials in optoelectronic devices.11, 12 The 
combination of regioregular poly(3-hexylthiophene) (P3HT) and 70 

[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM), or [6,6]-
phenyl-C71-butyric acid methyl ester (PC71BM) has been a 
benchmark for OPVs for a long time, with average power 
conversion efficiencies around 5% (Fig. 1).13 However, these 
PCE values represent the ceiling for this class of materials, 75 

mainly due the limited absorption profile of the polythiophenes. 
In order to improve the PCE of OPV devices, enormous efforts 
have been focused on the development of new low-band gap 
polymers with improved light-harvesting properties that better 
match the sun’s emission spectrum. Notably, many of these 80 

polymers are still based on thiophene building blocks that are 
used in a D-A approach and the topic has been extensively 
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studied and is extremely well reviewed.10, 11  

 
Fig. 1 Widely used electron-donor polymer poly(3-hexylthiophene) 
(P3HT) and electron-accepting fullerene derivatives PC61BM and 
PC71BM in OPVs. 5 

Selenophene-containing polymers, on the other hand, have 
been developed in recent years in an alternative search for 
polymers with improved properties for practical applications.11 
On going from S to the heavier congener Se, the resulting 
polymers were found to indeed exhibit lower band gaps. 10 

Theoretical calculations showed that the HOMO in thiophene-
based conjugated materials has no contribution from the sulfur, 
while the LUMO has a significant coefficient on the 
heteroatom.14 Therefore, replacement of S with a heavier 
heteroatom, such as Se, would have a large influence on the 15 

LUMO, but not the HOMO energy. Due to the lower ionization 
potential of the heavier heteroatom, incorporation of Se into a 
polymer would lead to a lowered LUMO energy level, and 
therefore provide for a smaller energy gap than the corresponding 
thiophene-containing polymer.14 While there have been several 20 

polymers reported that utilize selenophene instead of thiophene, it 
should be noted, however, that the majority of the work is still at 
its proof-of-concept stage and many results have not (yet) 
exceeded the sulfur-analogues in terms of performance. Most of 
these studies have nevertheless provided a crucial proof for the 25 

general feasibility of the approach. 

 

 

 
In 2007, Heeney and co-workers reported the selenium 30 

analogue of P3HT, regioregular poly(3-hexylselenophene) (P3HS, 
1).14 This polymer has a smaller optical gap (1.6 eV) than 
regioregular P3HT (1.9 eV). Both P3HT and P3HS were shown 
to have the same HOMO level (4.8 eV), and the decrease in band 
gap was consequently attributed to a drop in the P3HS LUMO. In 35 

addition, both polymers have similar charge mobilities in 
corresponding field-effect transistors.  

Ensuing, P3HS was demonstrated as promising alternative to 
the corresponding polythiophenes for solar cell applications.15 By 
decreasing the LUMO level of the donor while keeping the 40 

HOMO at the same level as P3HT, the reduced band gap would 
allow for a greater light-harvesting ability without compromising 

the open circuit voltage (Voc) of the OPV device. An optimal 
device using PC61BM as the acceptor (50 wt% PC61BM, blend 
film thickness 135 nm, annealed at 150°C), produced a PCE of 45 

2.7%, close to that of a P3HT:PC61BM device measured under 
the same conditions.  

In a slight variation of the structural motif found in P3HS, 
polyselenophenes 2 and 3, have been developed and shown to be 
promising ambipolar organic semiconductors. Both polymers 50 

have the same optical band gap of 1.8 eV.16 However, compared 
to their sulfur analogues, these polyselenophenes have smaller 
band gaps and lower LUMO levels, facilitating electron injection 
and electron transport. Polymer 2 even showed matched electron 
and hole mobilities on the order of µ = 0.03 cm2/V·s. On the 55 

other hand, the electron mobility of polymer 3 was relatively low 
in the order of µe = 0.004-0.009 cm2/V·s, which was attributed to 
the larger injection barrier and/or shorter conjugation length. 
Overall, however, polyselenophenes have now been demonstrated 
to be a promising class of ambipolar organic semiconductors for 60 

applications in optoelectronic devices. 
Along the same lines, Bendikov and co-workers have 

reported a family of 3,4-disubstituted polyselenophenes 4-6.17-20 
This interesting topic has been reviewed recently and we will 
therefore only highlight some representative examples in this 65 

review.21 They developed a new and efficient method for the 
preparation of various 3,4-disubstituted selenophene monomers, 
such as 3,4-ethylenedioxyselenophene (EDOS),17 hexyl-3,4-
ethylenedioxyselenophene (EDOS-C6)18 and 3,4-
ethylenedithioselenophene (EDTS)20 from commercially 70 

available 2,3-dimethoxy-1,3-butadiene, as shown in Scheme 1. 
As a selenium analogue of poly(3,4-ethylenedioxythiophene) (7) 
that is a very important conducting polymer used in many 
electronic devices, the band gap of poly(3,4-
ethylenedioxyselenophene) (4) was determined to be 1.4 eV, 75 

which is 0.2 eV lower than 7.17 In addition, PEDOS exhibited a 
high conductivity of ca. 3–7 S·cm−

1, which is promising for the 
field of conductive polymers. 

 
Scheme 1 Synthesis of EDTS, EDOS and EDOS-C6. 80 

The same group also demonstrated that polyselenophenes 
have excellent electrochromic properties.18, 19 Polymer 4 exhibits 
a high contrast ratio of 55% at 666 nm (λmax) and a coloration 
efficiency of 212 cm2/C. The effect of the alkyl chains on the 
conjugated backbone on the electrochromic properties has also 85 

been investigated. Polymer 5 with hexyl group shows the best 
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performance, exhibiting a high contrast ratio of 88-89%, a high 
coloration efficiency of 773 cm2/C, and a fast switching time at a 
low switching voltage of -0.9 to 0.5 V. As shown in Fig. 2, the 
film of 5 can dramatically change its color by switching between 
the neutral state (pure-blue) and oxidized state (colourless). At an 5 

applied potential of -0.9V, the neutral form of the polymer shows 
a distinctive π to π* transition with λmax = 686 and 763 nm and 
one shoulder peak at 632 nm. As the applied potential increases, 
the original absorption peaks decrease while the polaron (1100 
nm) and bipolaron peaks (that peak in the NIR beyond the limits 10 

of the spectrophotometer) increase. 

 
Fig. 2 Spectroelectrochemical spectra of polymer 5. Adapted with 
permission from ref. 18 

 In addition, oligo- and polyselenophenes have been 15 

demonstrated to be a class of important materials that can control 
the planarity in conjugated polymers.20 Compared with 8, 
polyselenophene 6 shows greater degree of planarity and 
significant narrower optical band gap (ΔEg = 0.6−0.8 eV). X-ray 
crystal structures show that bis(3,4-ethylenedithioselephene) (9) 20 

has a high planarity, which is complete contrast to its thiophene 
counterpart 10 that has a strong twist of 45° about the two 
thiophene planes. Theoretical calculations also suggest that the 
twisting of oligoselenophenes requires more energy than for their 
thiophene analogues, and therefore, they should maintain 25 

planarity with a wider range of substituents.  

 
 Interestingly, oligofurans, the oxygen-based congeners, also 
reported by Bendikov and co-workers, exhibit highly planar 
structures as well.22 In addition, oligofurans have the advantages 30 

of higher fluorescence, tighter herringbone solid-state packing, 
greater rigidity and solubility than oligothiophenes. 
 In addition to the polyselenophenes, a range of selenophene-
containing copolymers have been reported to show low-energy 
gap, high charge mobilities and promising performance in solar 35 

cell. Park, Shim and co-workers reported two selenophene- and 
thiophene-containing copolymers 11 and 12, and the investigation 
of their thin-film transistor (TFT) performance.23 Polymer 11 

exhibited a high hole mobility of µh = 0.02 cm2/V·s, while 12 
exhibited a very poor hole mobility of only µh = 1.4×10-5 cm2/V·s. 40 

It was found that the differences resulted from the intermolecular 
ordering in the solid state. X-ray diffraction (XRD) and atomic 
force microscopy (AFM) measurements in addition to theoretical 
calculations demonstrated that 11 showed highly ordered 
interlayer alignment and π-stacking that was absent for polymer 45 

12. 

 
 The groups of Heeney, Kronemeijer, and Sirringhaus 
subsequently developed a series of copolymers 13-16 containing 
selenophene and diketopyrrolopyrrole (DPP) units, as well as 50 

different bridging moieties, for the investigation of their field-
effect transistor and OPV performance.24-26 DPP was chosen 
because of its earlier successful utilization in conjugated 
polymers with high ambipolarity and good photovoltaic 
efficiencies.27, 28 The copolymers 13a and 13b that exhibit 55 

alternating thiophene- or selenophene-flanked DPP and 
benzothiadiazole were developed in 2012.24 Consistent with 
earlier studies, substitution with selenophene results in a 
significant reduction of the optical band gap from 1.20 to 1.05 eV, 
and a red shift of the absorption maximum from λmax = 923 nm to 60 

λmax = 964 nm that can again be ascribed to a lowered LUMO 
level in the Se-containing congener. Polymer 13b also showed 
excellent thermal stability, as well as high hole (µh = 0.46 
cm2/V·s) and electron mobilities (µe = 0.84 cm2/V·s).  

 65 

As continuing investigation into these selenophene-
containing materials, copolymers 14a and 14b were subsequently 
developed.25 Both polymers show a high ambipolar behavior in 
field-effect transistors. OPV devices utilizing these polymers in 
conjunction with PC71BM showed promising efficiencies of 5.10% 70 

and 4.05% for 14a and 14b, respectively. Very recently, Heeney 
and co-workers reported polymers 15 and 16, which displayed 
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high and balanced electron and hole mobilities over µ = 0.1 
cm2/V·s.26  

Yang and co-workers developed a novel ambipolar polymer 
17 with unprecedentedly high hole (µh = 3.97 cm2/V·s) and 
electron (µe = 2.20 cm2/V·s) mobilities through a rational 5 

molecular design of both the conjugated backbone and side 
chains.29 The siloxane side chains can effectively control the 
intermolecular π-π stacking of the conjugated polymer, 
enhancing the charge transport. This strategy is very promising 
for tuning the charge transport of conjugated polymer by 10 

introduction of the siloxane side chains.  

 
Very recently, the same group developed the low bandgap 

polymer 18 (Eg = 1.38 eV), which exhibited excellent 
photovoltaic performance, with a high photo-current of 16.8 15 

mA/cm2 and a PCE of 7.2% in a single junction solar cell 
device.30 Importantly, the new polymer significantly enhanced 
the tandem and visibly-transparent cell performance, with PCEs 
as high as 9.5% and 4.5%.  

Seferos and co-workers recently reported a new type of block 20 

copolymer, poly(3-hexylselenophene)-block-poly(3-
hexylthiophene) (P3HS-b-P3HT, 19), and compared it with the 
statistical copolymer, and two homopolymers (P3HT and 
P3HS).31 The structures of the polymers were confirmed by 1H 
NMR and optical measurements. As shown in Fig. 3, the 25 

absorption of a film of 19 exhibits shoulders that coincide with 
the π-stacking bands of both P3HT and P3HS. AFM experiments 
clearly show the distinct domains, which are not observed in 
either the statistical copolymer or two homopolymers.  

 30 

 
Fig. 3 (a) Absorbance spectrum, (b) AFM height image, and (c) darkfield 
STEM image of poly(3-hexylselenophene-block-3-hexylthiophene) (19) 
films. Reprinted with permission from ref. 31. Copyright 2010 American 
Chemical Society. 35 

Based on the thin-film absorption and the AFM data, block 

copolymer 19 was confirmed to exhibit a significant degree of 
phase separation in the solid state. 

3. Tellurium-containing polymers 
Continuing the same trend on going from S to Se, incorporation 40 

of tellurium (Te) results in further narrowing of the energy gap in 
conjugated materials. In addition, Te tends to form strong Te–Te 
interactions, and therefore, Te-containing polymers should be 
capable of beneficial supramolecular interactions that lead to 
strong interchain electronic coupling and, consequently, to 45 

improved control over structure and properties. Due to its 
metalloid nature, Te-containing polymers have also been 
demonstrated to easily undergo post-polymerization modification 
by coordination of Br2 to the Te centers resulting in further tuned 
optoelectronic properties. It should be mentioned however, that 50 

the examples of conjugated Te-containing materials are strictly 
limited, but the few examples of polytellurophenes have been 
summarized by Seferos et al. in a review paper in 201032 and 
representative species are therefore only briefly covered by this 
review. 55 

In 2009, Bendikov and co-workers reported the synthesis and 
electropolymerization of 3,4-dimethoxytellurophene (20).33 This 
was also the first investigation of the spectroscopic properties of a 
polytellurophene. The X-ray structure of 20 showed strong Te-Te 
interactions with a distance of 3.80-4.04 Å, which are shorter 60 

than the van der Waals distance of Te (4.30 Å) (Fig. 4). From the 
onset of absorption, the band gap of polymer 21 was determined 
to be 1.51 eV, which is about 0.2 eV lower than its selenophene 
analogue.  

 65 

 
Scheme 2 Synthesis of 3,4-dimethoxytellurophene (20) and its X-ray 
crystal structure, as well as the electropolymerization to polymer 21. 
Adapted with permission from ref. 33. Copyright 2009 American 
Chemical Society. 70 

 

 
The poly(bitellurophene-alt-9,9’-dihexylfluorene) copolymer 

22 was reported by Seferos and co-workers.34 Access to the 
polymer was made possible via the new 5,5ʹ′-diiodo-75 

bitellurophene monomer that was synthesized by reacting 
bitellurophene with N-iodosuccinimide (NIS). The choice of NIS 
avoids the production of Br2, which can coordinate to the Te atom. 
Compared to the UV-vis absorption of bitellurophene at λmax = 
385 nm, the polymer exhibited a distinctly red-shifted absorption 80 

band at λmax = 488 nm in CHCl3 solution, indicating electronic 
delocalization along the polymer chain. On going from solution 
to the thin film, polymer 22 showed a further red shift in 
absorption to λmax = 506 nm, indicative of increased order in the 
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solid state. In addition, two shoulders at 540 and 610 nm were 
also observed in the absorption spectrum, suggesting further 
organization and π-stacking in the solid state, which is an 
important feature for solid-state electronic materials. Importantly, 
the photophysical properties of this polymer can be further tuned 5 

by Br2 coordination. As shown in Fig. 4, addition of Br2 leads to a 
red shift of the absorption maximum to λmax = 552 nm, and an 
obvious color change from orange to purple, along with a 
significant red shift of the absorption onset from λonset = 624 to 
727 nm. Furthermore, coordination of Br2 resulted in the 10 

lowering of both the HOMO and LUMO energy levels. 
Interestingly, the Br2 coordination is reversible, leading to the 
original divalent, debrominated Te-polymer upon annealing at 
150°C. Such Br2 coordination to polytellurophene has not been 
observed for the thiophene and selenophene analogues, 15 

supporting its high specificity and highlighting the exceptional 
utility of tellurophene-containing polymers.  

 
Fig. 4 (a) Solution absorption spectra of 22 before and after addition of 
bromine. (b) Solid state absorption spectra of the parent polymer film, the 20 

brominated polymer film, and the brominated polymer film after 
annealing. Adapted with permission from ref. 34 

The same group also systematically studied the effect of S-, 
Se-, and Te-atom substitution on the optoelectronic properties in 
D−A polymers 23a-c by optical spectroscopy, solvatochromism, 25 

density functional theory (DFT), and time-dependent DFT 
calculations.35 All of the polymers were found to have dual 
absorption bands, containing low- and high-energy optical 
transitions. Substitution by a heavier atom leads to a red shift in 
the low-energy transition, while the high-energy band remains 30 

relatively constant in energy. Based on the absorption onsets, the 
band gaps of the polymers were determined to be 1.59, 1.46, and 
1.06 eV for the S-, Se-, and Te-containing species, respectively. 
In addition, the intensity of the low-energy absorption band 
decreased, while the high-energy band remained the same. The 35 

red shift in the low-energy absorption was attributed to both a 
decrease in ionization potential and a decrease in the acceptor 
aromaticity. The loss of intensity of the low-energy band was 
explained by the decrease in electronegativity of the acceptor. 
This groundbreaking Te-polymer research has provided some 40 

intriguing insights on the potential of heavy main group elements 
by introducing a new method of controlling the optical properties 
of D-A polymers by single atom substitution into the acceptor.  
 Very recently, Seferos and co-workers also reported a series of 
poly(3-alkyltelluophene)s 24.36 Similar to polythiophenes, these 45 

polymers have the advantages of regioregularity and the ability to 
self-organize in solid state. As expected, these polymers showed 
red-shifted optical properties (λmax = 558 and 545 nm for 24a and 
24b) and a narrow energy band gap (Eg = 1.44 and 1.57 eV for 24 
a and 24b). It can be expected that this research will open up a 50 

wide range of future studies in the field of organic electronics. 

4. Phosphorus-containing polymers 
The incorporation of phosphorus centers in conjugated polymers 
offers promising optical and electronic properties because of the 
versatile reactivity and physical properties of this Group 15 55 

element. Among organophosphorus materials, phosphole-based 
systems have attracted significant attention.37-43 In contrast to the 
N-center in its lighter congener pyrrole, the phosphorus atom in 
phosphole adopts a pyramidal geometry, which leads to 
insufficient n-π interaction and considerably reduced aromaticity 60 

in the P-system. In terms of building blocks, the basic phosphole 
as well as the fused dithienophosphole and dibenzophosphole are 
the most studied frameworks for the development of functional 
conjugated materials (Fig. 5). Extensive groundbreaking studies 
by the Réau group, our group, and others have highlighted the 65 

exceptional fine-tuning opportunities for the optical and 
electronic properties by simple and efficient chemical 
modification of the phosphorus center. In addition, the presence 
of the phosphorus center was found to increase the electron-
acceptor properties of these materials as a result of an σ*-π* 70 

interaction between the exocyclic substituent and the π-
conjugated scaffold that is made possible by the strongly 
pyramidal nature of P (Fig. 5b), thereby providing an excellent 
conduit for the generation of n-type conjugated materials.44, 45 
Consequently, phosphole-based species were identified as highly 75 

desirable building blocks for the generation of conjugated 
molecules and polymers for application in organic electronics. 

 
Fig. 5 (a) Structures of phosphole derivatives (b) orbital interactions (n-π 
and σ∗-π∗ interaction) in phospholes. 80 

 Although Mathey and co-workers reported the first efforts 
toward phosphole-based oligomers by sequential lithiation and 
oxidation coupling with CuCl2 as early as 1994,46 the first real, 
well defined polyphosphole 25 was only reported by Matano and 
co-workers in 2010.47 The UV-vis absorption of 25 displays an 85 

intense absorption band at λmax = 655 nm, which is strongly red-
shifted relative to its model compounds (mono-, di- and trimer). 
From the absorption onset at λonset = 850 nm, the energy gap of 25 
was determined to be 1.46 eV. While the monomer is emissive 
(φPL = 0.19), the dimer and trimer were found to be only weakly 90 

emissive (φPL < 0.02), and the polymer turned out to be non-
emissive. Notably however, the electron-accepting character of 
the phosphole is significantly enhanced in the polymer. It should 
also be noted in this context that the first phosphole-containing 
copolymer 26 was reported by Tilley and co-workers in 1997.48 95 
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The group utilized the zirconocene diyne-coupling as a general 
approach to afford the zirconacyclopentadiene polymer, followed 
by the reaction with dichlorophosphane to get the P-polymer as 
an air-sensitive, soluble, yellow solid. The ultimately ill-defined 
polymer, due to lack of regiochemical control during alkyne-5 

coupling, exhibited a UV-vis absorption maximum at λmax = 308 
nm, and a blue emission at λem = 470 nm with a quantum yield of 
φPL = 0.092. 

 10 

 Since 2000, Réau and co-workers have extensively studied the 
electropolymerization of the 2,5-bis(2-thienyl)phosphole 
derivatives 27a-27e.49-51 The electropolymerization was found to 
strongly depend on the electronic nature of the phosphorus center. 
The trivalent σ3-phosphole 27a did not tolerate the oxidation 15 

process to form polymer 28a, which was ascribed to the 
possibility of the nucleophilic reaction of the P atom with the 
radical cations or protons during the chain-growth process. By 
contrast, monomers 27b-27e, modified with O, S, Se or AuCl, 
respectively, did electropolymerize well to form films on a Pt 20 

electrode. The Epa values of the corresponding polymers were 
reported to depend on the nature of the P-substituent (E). 
Interestingly, polymer 28a could be easily accessed by the Au-
deprotection of the P center in 28e. This transformation was 
accompanied by a significant negative shift in the oxidation 25 

current offset and a blue shift of the UV-vis absorption, indicative 
of the strong electronic coupling of the P moieties with the π-
conjugated polymeric backbone. Moreover, the versatile 
reactivity of the trivalent phosphole moieties also allows for 28a 
to be utilized in the sensing of elemental chalcogenides. Similarly 30 

relevant polymers 29 and 30 were also synthesized by 
electropolymerization.52  

 

 
 Chujo and co-workers utilized Sonagashira coupling to 35 

chemically access a variety of conjugated polymers (31a-31e) 
that were based on the Réau phosphole monomer with various 
aryl moieties as spacers.53-55 These polymers generally emit at 
λem = 460-520 nm with quantum yields in the range of φPL = 0.13-
0.39.  40 

 

 
 The dithienophosphole system (Fig. 5), developed by our 
group since 2004, has extraordinary photophysical properties that 
can also be easily tuned by phosphorus modification and π-45 

extension of the basic core.56-58 The parent core is a strong blue-
light emitter with photoluminescence efficiencies of up to 90%, 
suggesting its suitability for optoelectronic, as well as sensing 
applications.56 Very recently, our group has also reported a series 
of novel luminescent liquid crystals and organogels based on this 50 

building block, however, using molecular species.59, 60 

 
 
 The earliest attempt to access a dithienophosphole-containing 
polymer was achieved in 2004 by incorporating the 55 
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dithienophosphole moiety as side group in a solution-processable 
polystyrene that exhibited very strong blue emission at 424 nm.56 
Although not a truly conjugated polymer, this study opened up 
potential applications of dithienophosphole-containing polymers 
in optoelectronic devices, such as blue-light emitting PLEDs and 5 

polymeric sensors.56 A similar strategy was later successfully 
employed for generating white-light emission by incorporating 
two dithienophosphole luminophores as functional side groups in 
polystyrene.61 
 Our group also developed a series of dithienophosphole-10 

containing conjugated polymers (32-37) with different alternating 
aromatic units.57, 58, 62-64 The first example 32 showed intense 
emission in the green-yellow region with the maximum of λem = 
555 nm, significantly red-shifted from the monomer (λem = 463 
nm), indicating extended π-conjugation. Although the polymer 15 

showed limited solubility, this research clearly supported the 
possibility of building up dithienophosphole-containing π-
conjugated polymers. Later on, various alternating aromatic units, 
different lengths of spacers, modification of the P center and 
introduction of solubilizing groups have been investigated in 20 

order to further tune the photophysical properties and the 
solubility of the polymers. A series of dithienophosphole-fluorene 
copolymers (33a-33c), have been accessed by Suzuki-Miyaura 
coupling.58, 62 Polymers 33a-33c exhibit strong photo-
luminescence at λem = 545-550 nm with quantum yields in the 25 

range of φPL = 0.24-0.49.  
 Although neutral polymer 33a still exhibited somewhat limited 
solubility, the cationic polymer 34 showed greatly increased 
solubility in organic solvents (e.g. CHCl3, CH2Cl2, THF) and 
could also be isolated with higher molecular weights (i.e., longer 30 

polymer chains). The photoluminescence of 34 in solution 
exhibited a maximum peak at λem = 509 nm with a shoulder at 
λem = 540 nm. The thin film showed a featureless but further red- 
shifted emission at λem = 556 nm, indicative of intermolecular 
interaction in the solid state. Contrary to many “classic” 35 

polyelectrolytes, such a strikingly strong fluorescence of 34 in the 
solid state was attributed to the steric bulk around the cationic 
phosphorus atoms that reduces the accessibility of these centers 
for potential quenchers in the solid state.  
 Introduction of the branched 2-ethylhexyl alkyl chain at the 40 

phosphole building block in 33c provided improved solubility for 
the neutral polymers. This new building was also applied in two 
ABC-copolymers 35-36. The photophysical properties of 35 (λem 
= 550 nm, φPL = 0.60) are similar to those of 33a-33c. Polymer 36, 
on the other hand, showed significantly red-shifted emission at 45 

λem = 658 nm (φPL = 0.46) in solution and λem = 695 nm in the 
solid state. The optical band gaps of 36 in solution and the solid 
state were determined to be 2.0 and 1.7 eV, respectively, 
indicating its potential for application as light-harvesting material 
in OPVs.  50 

 Recently, we reported a family of dithienophosphole-based 
polythiophenes 37(a-e) and presented a structure-property study 
by investigating the effect of dithienophosphole content on the 
photophysical and electrochemical properties. Solution emission 
spectra of all the polymers displayed similar maxima at 55 

approximately λem = 604–613 nm. The thin-film emission spectra 
underwent large red shifts with maxima at λem = 666–693 nm. 
Generally, increasing the content of dithienophosphole in 

polymers 37d and 37e led to red-shifted absorption and emission 
properties, as well as smaller band gaps. The reason was 60 

attributed to the desired effect of the electron-accepting 
dithienophosphole in lowering the LUMO energy levels by 
creating charge transfer states in the copolymer backbone. 

 
 65 

 Dibenzophosphole, which can be considered the phosphorus 
analogue of fluorene and carbazole, has also been successfully 
introduced in conjugated polymers. Huang and co-workers 
reported two conjugated polymers 38a and 38b containing 
alternating fluorene and dibenzophosphole chromophores, and 70 

investigated their application in polymeric light-emitting diodes 
(PLEDs).65 Both polymers showed unique optoelectronic 
properties. Polymer 38a exhibited a blue electroluminescence 
(EL) (CIE = 0.21, 0.24) with emission maxima at 424, 450, and 
478 nm, while the EL of the P-oxidized 38b resulted in white-75 

light emission (CIE = 0.34, 0.36). The P-modification-dependent 
EL performance highlights the great advantage of phosphorus-
containing conjugated materials for optoelectronic devices.  
 The phosphorus analogues of poly(p-phenylenevinylene)s 
(PPVs) with P=C or P=P linkages along the polymer backbone, 80 

are new types of conjugated phosphorus-containing polymers 
with interesting electronic and spectroscopic properties.40 In 
2002, Gates and co-workers reported the first example of the 
conjugated poly(p-phenylenephosphaalkene) (PPP) polymer 39, 
which they accessed synthetically via the Becker route (Scheme 85 

3).66 Both Z- and E-isomers were observed in a ratio of ca. 1:1 by 
31P NMR spectroscopy. Compared to its molecular model 
compounds, the UV-vis absorption of polymer 39 exhibited a red 
shift, indicating an extended π-conjugated system. Later, 
systematic research demonstrated that bulky substituents around 90 

the P center were crucial for the stability and in controlling the 
stereochemistry, resulting in mainly in Z-isomer.67 The latter also 
exhibited improved π-conjugation over the isomeric mixture and 
displayed a dramatic red shift in the UV-vis spectrum.  

 95 

Scheme 3. Becker synthetic route to PPP 

 Protasiewicz and co-workers reported a different approach 
toward the conjugated PPP polymers 40a-d using the so-called 
phospha-Wittig reaction (Scheme 4).68, 69 Polymer 40d exhibited 
weak fluorescence with an emission maximum at ca. 540 nm, but 100 

a photoluminescence efficiency of only ca. 8% of that for E-
stilbene. The weak fluorescence intensity vs. stilbene was 
attributed to quenching from the phosphorus lone pair, or a heavy 
atom effect. This research nevertheless demonstrated the emissive 
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property of this class of PPP polymer materials for the first time. 
Later on, the same group also reported polymer 41 incorporating 
P=P linkages along the polymer backbone, but again with only 
weakly emissive features. 

 5 

Scheme 4. Synthesis of 40 via phospha-Wittig reaction 

  

 
  
5. Silicon-containing polymers 10 

Silicon-containing conjugated materials have been the subject of 
much recent interest for application in OLEDs, OPVs, and 
OFETs. Compared to their carbon analogues, these species have 
quite different electronic and optical properties, which arise from 
the σ*-π* interaction between the σ*-orbitals of the two 15 

exocyclic σ bonds and the π* orbital of the butadiene moiety, 
akin to the features observed in phospholes.70 The unique 
interaction for these main group compounds leads to low-lying 
HOMO and LUMO energies and intriguing optoelectronic 
properties. One well-known example is poly(2,7-dibenzosilole) 20 

(42), reported by Holmes et al. as excellent blue emitting 
polymer.71 The HOMO and LUMO energy levels of 42 were 
determined to be -5.77 and -2.18 eV, respectively, which are 
about 0.1 eV lower than polyfluorene, its all-carbon congener. In 
addition, the incorporation of the Si atom leads to higher thermal 25 

stability and EL efficiency.  

 
Fig. 6 Structures of silole buiding blocks. 

 
 In general, silole and other conjugated fused relatives (e.g., 30 

dibenzosilole, dithienosilole and ladder-type 

silaindacenodithiophene) are popular basic building blocks for 
the construction of conjugated polymers (Fig. 6). The 
incorporation of the silole moiety in conjugated polymers is of 
great interest and the materials have been well reviewed by Cao 35 

et al. in 2007.72 More recently, conjugated siloles have attracted 
growing attention with regard to high-performance organic 
electronics, which will be the focus of this section. By fusing a 
central silole unit with two flanking thiophene or benzene rings, 
the systems were expected to combine the advantages of the 40 

intrinsic properties of silole with those of the 
cyclopentadithiophene or fluorene systems.  

 
 In 2008, a family of dithienosilole- and dibenzosilole-based 
thiophene copolymers, 43a-c and 44a-c, have been investigated 45 

by Facchetti, Ratner, Marks and co-workers for application in 
OFETs.73 Polymers 43a-c with the dithienosilole unit exhibit 
strong UV-vis absorption at λmax = 521-544 nm, emit orange-red 
light in the range of λmax = 601-620 nm, and possess small 
HOMO-LUMO energy gaps of 1.8-1.9 eV. Polymers 44a-c 50 

containing the dibenzosilole unit show a blue shift in both UV-vis 
absorption (377-503 nm) and emission (455-528 nm), in addition 
to relatively large energy gaps (2.3-2.9 eV). All of the polymers 
are thermally and environmentally stable. In terms of OFET 
performance, dithienosilole copolymers 43b and 43c exhibit hole 55 

mobilities as high as µh = 0.05 and µh = 0.08 cm2/V·s, 
respectively. As a point of reference, it should be mentioned that 
mobilities higher than 10−

3 cm2/V⋅s are desirable for high-
efficiency polymer solar cells in order to have efficient charge 
transport. This study demonstrated the valuable advantages of 60 

silole-containing polymers over their all-carbon counterparts in 
terms of better hole transport properties. 
 Another important application for conjugated silicon-
containing polymers are organic solar cells. In 2008, Yang and 
co-workers reported the low band gap D-A polymer 45 (Eg = 1.45 65 

eV) made up from alternating dithienosiloles as electron donor 
and benzothiadiazole units as electron acceptor.74 The 
introduction of branched alkyl chains on the dithienosilole unit 
ensured improvement of the polymer propagation and its 
solubility. The polymer had a number-average molecular weight 70 

of Mn = 18 kDa and a polydispersity index of PDI = 1.2, as well 
as good thermal stability below 250 °C. Although the band gap of 
45 is very similar to its C-analogue polymer, its hole mobility of 
µh = 3×10−

3 cm2/V⋅s is about three times higher than that for the 
C-analogue, highlighting the benefits of the introduction of the Si 75 

atom. A bulk heterojunction (BHJ) photovoltaic device based on 
45/PC71BM (1:1, w/w) gave a PCE up to 5.1%, with Jsc 12.7 
mA/cm2, Voc 0.68 V and FF 51.6%.  
 Apart from highlighting the intrinsic electronic merits of 
silole-containing polymers on the molecular orbitals and energies, 80 

the study by Yang and co-workers also showed that silicon-atom 
fusion enhances the solid state packing between polymer chains, 
leading to improved charge transport.75 The reason for this 
observation was attributed to the longer C-Si bond compared to 
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the C-C bond that reduces the steric hindrance from the bulky 
alkyl groups, which was also confirmed by theoretical 
calculations.  
 Following this initial study that successfully applied a 
dithienosilole-containing polymer in a high-performance solar 5 

cell, a series of polymers with different alkyl substituted on 
dithienosilole moiety (46a-c) were next developed by Yang and 
co-workers.76 Polymers 46b and 46c with two branched 2-
ethylhexyl or linear n-C12H25 alkyl chains showed good solubility 
in common organic solvents, however, 46a with shorter alkyl 10 

chains could not be dissolved in common organic solvents. Both 
46b and 46c showed strong absorption features in the range of 
λmax = 400-800 nm. The band gaps calculated from the absorption 
edges (46b: 1.52 eV; 46c: 1.53 eV) are slightly smaller than those 
calculated from electrochemistry (46b: 1.82 eV; 46c: 1.83 eV), 15 

which was attributed to the interfacial barrier for charge injection. 
The hole-mobilities of 46b and 46c were measured to be µh = 
3×10−

6 and µh = 3.6×10−
6 cm−

2/V⋅s, respectively. In corresponding 
polymer/PC71BM devices (1:1; w/w), the performance of 46b 
revealed a Voc of 0.60 V, Jsc of 9.76 mA/cm2, a FF of 50.3%, and 20 

a PCE of 2.95%. Under the same conditions, 46c exhibited a 
slightly higher Voc of 0.62 V, a higher Jsc of 10.67 mA/cm2, and 
an equivalent FF of 51.8%, resulting in an efficiency of 3.43%. 
Overall, it was found that the side chains not only affect the 
solubility, but also the intermolecular packing, and consequently 25 

the device performance. 

 
 The structurally similar dibenzosilole-based polymer 47, 
developed by Cao in 2008, also showed a high performance in an 
OPV device.77 Compared to its carbon congener, the polymer 30 

exhibited a 0.1 eV lower optical band gap (1.82 eV) and a 20 nm 
red-shifted absorption maximum; the hole mobility of 47 was 
measured to be ca. µh = 1×10−

3 cm2/V⋅s, which is almost 10 times 
higher than the carbon counterpart. By blending the polymer with 
PC61BM, a PCE of up to 5.4% was achieved that was based on a 35 

Voc of 0.90 V, a Jsc of 9.5 mA/cm2, and a FF of 50.7%. It should 
be noted that an independent study using the same polymer was 
also reported by Leclerc and co-workers around the same time.78 
 In 2011, the D-A copolymer 48 consisting of alternating 
electron-accepting thieno[3,4-c]pyrrole-4,5-dione (TPD) and 40 

electron-donating dithienosilole was reported by Lu, Leclerc, Tao 
and co-workers.79 Notably, the TPD unit has recently emerged as 
a very promising electron-deficient moiety, due to its rigidity, 
planar and good solubility. TPD-based polymers show very 
promising performance in OPVs with the PCEs as high as 8.5%, 45 

as summarized by Leclerc et al. very recently.80 A film of 

polymer 48 showed strong absorption peaks at λmax = 614 and 
670 nm, with the onset absorption at λonset = 717 nm. It possesses 
a low band gap of Eg = 1.73 eV and a deep HOMO energy level 
(5.57 eV) that are important for increasing the Jsc and Voc and 50 

consequently, the device performance. The hole mobility of the 
polymer was determined to be ca. µh = 1×10−

4 cm2/V⋅s. By 
blending the polymer with PC71BM at a weight ratio of 1:2, the 
PV performance showed a high PCE of 7.3% with an active area 
of 1 cm2, a Voc of 0.88 V, a Jsc of 12.2 mA/cm2, and a FF of 0.58. 55 

An OPV device with a thicker active layer (d > 200 nm) was also 
tested, with the PCE reaching 6.1%, indicating the promising 
potential for future fabrication by roll-to-roll printing techniques 
on a large area. 

 60 

 The ladder-type silaindacenodithiophene (SiIDT) with further 
extended π-conjugation is also attractive for the design of donor-
acceptor copolymers. Besides the improved charge carrier 
mobilities, the incorporation of indacenodithiophene is also 
advantageous for improving the optical properties of the materials. 65 

It further reduces the conformation disorder, and facilitates 
beneficial intermolecular interactions. In 2011, Asharf and co-
workers investigated the optoelectronic properties of polymer 49a, 
consisting of the electron-donating SiIDT and the electron-
accepting benzothiadiazole units.81 The optical band gap derived 70 

from the absorption onset, and the HOMO energy from the 
ambient photo-electron spectrum spectroscopy (PESA) were 
determined to be Eg = -1.8 eV and EHOMO = -5.5 eV, respectively. 
A BHJ device using polymer 49a/PC71BM gave a higher PCE 
value of 4.3%, with a Voc of 0.88 V, a Jsc of 0.99 mA/cm2 and a 75 

FF of 52%. It should be noted that independent work on the same 
polymer has also been reported by Jen and co-workers.82 
 Later on, the Asharf group developed polymers 49 and 50, and 
investigated the effect of fluorine, and the thienyl spacer on the 
device performance.83 Notably, the incorporation of fluorine 80 

atoms into conjugated polymers in general has recently attracted 
attention for application in high-efficiency photovoltaic devices.84 
Its electron-withdrawing character lowers the HOMO energy 
level, thereby increasing the Voc and potentially improving the 
PCE. Moreover, due to its small size, it also causes no deleterious 85 

steric effect. In the case of polymers 49 and 50, introduction of 
fluorine was found to lower both the HOMO and LUMO energy 
levels to the same degree (0.1 eV), without affecting the band gap. 
The incorporation of the thienyl spacers in the polymer backbone, 
however, leads to significant improvement of the hole mobility 90 

(µh = 0.28 cm2/V·s for 50a and µh = 0.19 cm2/V·s for 50b), 
several orders of magnitude higher than those of 49a and 49b. 
The presence of fluorine in 50b led to a higher PCE of 4.3%, 
compared to the 3.6% for its non-fluorinated counterpart. 
 By replacing the benzothiadiazole with DPP, polymer 51 95 
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exhibits high ambipolar charge transport abilities with the hole 
mobility µh = 0.65 cm2/V⋅s and the electron mobility µh = 0.1 
cm2/V⋅s. 
 
6. Germanium-containing polymers 5 

Germanium, like carbon and silicon, belongs to group 14, which 
shows a dramatic increase in the metallic character upon going 
from carbon (a non-metal) to lead (a metal); the metalloid 
germanium (Ge) sits below the semimetal silicon, whose intrinsic 
properties already lead to considerably distinct features from 10 

those of all-carbon based optoelectronic materials. As mentioned 
in the previous section, replacement of carbon with silicon leads 
to lower band gaps, improved charge transport, better 
intermolecular packing, and therefore, enhanced performance in 
organic solar cells. Along the same lines, introduction of Ge was 15 

expected to exhibit a similar, if not more pronounced, effect on 
the optical properties and molecular ordering. The longer Ge-C 
bond (1.96 Å) relative to the Si-C bond (1.88 Å),85 would further 
remove the bulky side chains from the conjugated polymer chains, 
allowing for even stronger π-stacking interactions. In addition, 20 

the higher electronegativity of Ge (χ = 2.01) relative to Si (χ = 
1.90), may reduce the polarization of the C–Ge bond and render 
arylgermanes much more stable. This was experimentally 
confirmed by Heeney and co-workers by means of the 
dithienogermole system that is sufficiently stable under basic 25 

conditions to undergo Suzuki polycondensation, unlike its 
dithienosilole analogue.85 
 In 2010, Leclerc and co-workers reported the synthesis of 
germafluorene, and the series of conjugated homopolymers and 
copolymers 52-54 based on it, as well as their application in field-30 

effect transistors and bulk heterojunction solar cells.86 Similar to 
polyfluorene and poly(2,7-dibenzosilole), poly(germafluorene) 52 
displays a strong blue emission with a quantum yield of φPL = 
0.54. For 53, two strong absorption bands at λmax = 375 and 688 
nm were observed, with the optical band gap measured to be Eg = 35 

1.63 eV. Its best performance in FETs revealed a hole mobility 
up to µh = 0.04 cm2/V⋅s and an Ion/Ioff ratio of 1.0×106. The 
absorption of 54 displayed two bands at λmax = 403 and 580 nm, 
with the onset at λonset = 693 nm. The optical band gap is 1.79 eV, 
which is lower than fluorene (1.90 eV)87 and its dibenzosilole 40 

analogue (1.85 eV),78 probably due to the better intermolecular 
packing. In combination with PC71BM, 54 shows a Jsc of 6.9 
mA/cm2, a FF of 0.51, a Voc of 0.79 V, and a PCE of 2.8%.  

 

 45 

 In 2011, Reynolds and co-workers reported a high bulk 
heterojunction photovoltaic performance for the first 
dithienogermole-containing conjugated polymer (55);88 its 
silicon-based congener had already been demonstrated to show 
high performance in BHJs before. The optimized geometries of 50 

dithienosilole (left) and dithienogermole (right) monomers with 
methyl substituents reveal longer Ge-C bonds that alleviate the 
steric stress of the methyl groups and thus allow for stronger π-π 
stacking (Fig. 7). Upon substitution of the silicon atom for 
germanium, a red-shifted absorption spectrum (λmax = 618 and 55 

679 nm) was observed, along with a smaller band gap of 1.69 eV 
(c.f.: 1.73 eV for the Si analogue). The lower band gap of the Ge-
based polymer is due to the increase in the HOMO energy, while 
the LUMO energy remains identical with its Si analogue. BHJ 
solar cells were fabricated using an inverted architecture, 60 

ITO/ZnO/Polymer:PC71BM/MoO3/Ag, which is advantageous in 
avoiding rapid oxidation of low-work function metal cathodes 
and etching of the ITO by the acid. After optimization, polymer 
55 gave a high PCE value of 7.3 %, with a Jsc of 12.6 mA/cm2, 
FF of 68%, and a Voc of 0.85 V. Under the same conditions, the 65 

Si-containing polymer only gave a PCE of 6.6 %, with a Jsc of 
11.5 mA/cm2, FF of 65%, and a Voc of 0.89 V. The enhanced 
performance of the Ge-species is the result of a higher short-
circuit current and fill factor in the dithienogermole-containing 
polymer, at the slight cost of a lower open circuit voltage due to 70 

the higher HOMO energy level.  
  

 
Fig. 7 MM2 optimized geometries of dimethyl-substituted dithienosilole 
(left) and dithienogermole (right) heterocycles, showing C-X bond 75 

lengths and distances of methyl groups from the nearest thienyl carbon. 
Adapted with permission from ref. 88. Copyright 2011 American 
Chemical Society  

 Very recently, the series of D-A copolymers 56a-c with 
alternating electron-donating dithienogermole and electron-80 

accepting bithiophene imide (BTI) has been developed by the 
groups of Ratner, Chang, Facchetti, and Marks.89 The electron-
acceptor BTI was utilized for constructing homopolymers and 
various D-A copolymers in high-performance FETs and solar 
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cells. Inverted BHJ solar cells that blended the polymer with 
PC71BM showed promising device performance with PCE values 
of 3.62-4.77%. 
 By replacing the electron-accepting BTI units with 
benzothiadiazole, Heeney and co-workers reported the D-A 5 

copolymer 57, and its application in transistors and photovoltaic 
solar cells.85 This polymer showed a small optical band gap of 
1.47 eV, and high charge carrier mobility of 0.11 cm2/V⋅s. A 
photovoltaic device based on this polymer and PC71BM exhibited 
a PCE of 4.5 % with a high Jsc of 18.6 mA/cm2. Almost at the 10 

same time, independent work using the same polymer has also 
been carried out by the groups of Leclerc and Ohshita.90, 91 
Further modification of this system (58) by changing the 
peripheral alkyl chains and comparing these species with the 
dithienosilole analogues was carried out by Heeney, Kim and 15 

their co-workers,92 and upon going from Si to Ge, enhanced 
charge mobility was observed. In addition, shortening the side 
chain from butyl to methyl was found to also lead to a smooth 
device morphology and better performance (PCE: 2.66 %). 
 20 

7. Boron-containing polymers 
Boron-containing π-conjugated materials have attracted increased 
attention because of their unique properties stemming from the p-
π* conjugation between the vacant p orbital on the boron atom 
with the π* orbital of the π-conjugated framework. This class of 25 

materials with unique photophysical properties has found a 
variety of optoelectronic applications, particularly in OLEDs and 
fluorescent sensors.93-95 The topic of organoborane polymers for 
the optical, electronic and sensory applications has recently been 
excellently reviewed by Jäkle93 and will therefore be presented 30 

only very briefly as part of this review to provide the reader with 
a general overview of these polymers. Structurally, the boron 
center can be embedded into the main chain of conjugated 
polymers, or appended in side chains of conjugated polymers (Fig. 
8). In terms of coordination number, the organoborane moieties 35 

can be classified as tricoordinate and tetracoordinate. Extensive 
efforts in this area have created a variety of synthetic protocols 
toward boron-containing conjugated polymers. The synthetic 
methods for tricoordinate organoborane polymers are 
summarized in Scheme 5. 40 

 
Fig. 8 Main-chain type and side-chain type conjugated organoborane 
polymers. 

 

 45 

Scheme 5 Summary of the synthetic methods toward tricoordinate 
organoborane polymers. 

 The hydroboration96-99 and haloboration-phenylboration100 
polymerization synthetic protocols were first explored by Chujo 
and co-workers, and have been shown as the most versatile 50 

synthetic methods for the incorporation of tricoordinate boron 
species into the main chain of conjugated polymers. Recently, the 
hydroboration method has also been applied for the development 
of an interesting class of polymer (60a and 60b), starting from a 
polymeric diboraanthracene 59 (Scheme 6).101 The rigid and 55 

planar diboraanthracene unit has the advantage in maximizing the 
π-conjugation through the empty p orbital at boron. The long 
alkyl chains in 60b greatly improve the solubility. Optical 
spectroscopy revealed absorption maxima for 60a and 60b at λmax 
= 384 and 410 nm, respectively. The red shift of the absorption of 60 

60b was attributed to the presence of the electron-donating 
alkoxy group, supporting the electron-accepting character of the 
organoboron framework. Polymer 60b showed a distinct green 
emission both in solution and the solid state. The emission 
maximum and quantum yield of 60b in toluene were measured to 65 

be λem = 518 nm and φPL = 0.09, respectively. A slightly red-
shifted emission was observed with increasing solvent polarity, 
suggesting the significant polarization of the excited state.    

 
Scheme 6 Synthesis of 60 using hydroboration polymerization 70 

 Chujo and co-workers also developed a polymerization 
procedure for preparing the conjugated organoboron polymers 61 
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and 62 (Scheme 5b).102, 103 Polymers 61 show absorption maxima 
in the range of λmax = 359-367 nm in CHCl3 solution and emit 
blue-green light (λem = 477-496 nm) upon excitation at 350 nm. 
Polymers 62 exhibit absorption at λem = 397 nm, and blue 
emission. 5 

 
 Tin-boron exchange polymerization, first introduced by Jäkle 
and co-workers in 2005, is a highly selective polymerization 
method under very mild conditions (Scheme 7).104 Polymers 63a-
c were reported to exhibit intriguing photophysical properties, 10 

which were found to be highly dependent on the choice of the 
pendant aryl substituent. Polymers 63a and 63b are highly 
emissive with quantum yields in CH2Cl2 solution determined to 
be φPL = 0.21 and φPL = 0.15, respectively. Compared to 63a, 
attachment of the electron-accepting C6F5 pendant group in 63b 15 

leads to red shifts in both the UV-vis absorption (from 391 to 413 
nm) and the emission (from 491 to 529 nm) wavelengths. 
Compared with their model compounds, polymers 63a and 63b 
revealed a red shift of the solution absorption, indicative of a 
considerable degree of extended p-π conjugation within the 20 

polymer main chain; polymer 63c is deep dark red-colored, but 
not emissive. In addition, these polymers showed an interesting 
sensing property toward pyridine by binding to the highly Lewis 
acidic boron sites. 

 25 

Scheme 7 Synthesis of organoboron polymers 63 via tin-boron exchange. 

 

 In contrast to the tricoordinate species, introduction of the 
organoborane moieties with coordination number four into the 
conjugated polymers provides highly stable materials. 30 

Pyrazabole,105 organoboron diketonate,106 BODIPY107-109 and 
organoboron quinolate,110-112 are commonly used tetracoordinate 
organoboron units for the construction of polymers (Fig. 9). The 
last three building blocks are important, highly emissive materials, 
which have found widespread applications in OLEDs and 35 

fluorescent sensors. Their incorporation in polymers would thus 
lead to processable materials with very promising photophysical 
properties. It should be mentioned that, due to the tetrahedral 
geometry of the boron center involving all available B-orbitals, 
the p orbital is basically unavailable for electronic delocalization. 40 

General synthetic methods towards these types of polymers are 
commonly Pd-catalyzed cross-coupling reactions, such as 
Sonagashira or Suzuki coupling.  

 
Fig. 9 Examples of tetracoordinate organoboron units for the construction 45 

of polymers. 

 Taking organoboron quinolate as example, not only is this 
moiety is highly emissive, but also it also provides various 
methods for incorporating this chromophore into conjugated 
polymers. The earliest examples of main-chain organoboron 50 

quinolate polymers (64) were reported by Chujo and co-workers 
in 2007;110 the polymers were synthesized via Sonagashira-
Hagaihara coupling reaction (Scheme 8). Polymer 64b with 
longer alkyl chains showed improved solubility and thus larger 
molecular weights. However, both polymers showed very similar 55 

optical features. Compared to the iodo-monomer, a dramatic red 
shift in the UV-vis absorption was observed for the polymers, 
supporting extended π-conjugation along the polymer chain. The 
polymers also showed intense blue-green photoluminescence 
with emission wavelengths in solution and as thin films in the 60 

range of λem = 485-512 nm, with solution quantum yields of φPL = 
0.26-0.27.  

 
Scheme 8 Synthesis of main-chain organoboron quinolate polymers 64 
via Sonagashira coupling. 65 

 

 
 Chujo and co-workers also studied the single atom effect via 
changing the heteroatoms (E) in polymers 65 from O to the 
heavier Group 16 elements S and Se;111 increasing the atomic 70 

number leads to a strong red shift in the emission and decreased 
photoluminescence efficiency. DFT calculations on molecular 
model systems have revealed a decreasing HOMO-LUMO gap 
upon incorporating S and Se, which was consistent with the 
bathochromic shift of the emission. Another series of 75 

organoboron aminoquinolate polymers 66, developed by the same 
group, exhibited intense green photoluminescence and showed an 
efficient energy transfer from the conjugated linkers to the 
aminoquinolate units.112 
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Scheme 9 Synthesis of 68 by postmodification of bromoborane precursor 
polymer 67 

 In 2009, Jäkle and co-workers introduced a novel 
postmodification of bromoborane polymer precursor 67 to 5 

incorporate the organoboron quinolate moiety into the polymer 
chain (Scheme 9).113 Reaction of the precursor polymer with 8-
methoxyquinoline derivatives led to instant methyl deprotection 
and boron coordination, with rapid color change to bright-yellow 
or orange-red for 68a and 68b, respectively. Polymers 68a and 10 

68b are highly stable and readily soluble in common organic 
solvents. The π-conjugation through the tetracoordinate boron 
centers was again found to be poor due to the unavailability of a 
suitable p orbital at boron. However, the polymer main chain acts 
as an “antenna” for the quinolato chromophore, similar to 15 

polymer 64 reported by Chujo and co-workers. Polymers 68a and 
68b emit green (φPL = 0.21) and red light (φPL = 0.01) with 
moderate/weak efficiencies, respectively. Polymer 68a has also 
been demonstrated to be selective sensor towards F- and CN- via 
large UV-vis and emission spectra changes upon binding of the 20 

analyte.  

 
 Apart from the extensively studied main-chain type boron-
containing conjugated polymers, polymers with borane groups in 
the side chain are another important class of materials, albeit less 25 

explored. Yamaguchi and co-workers reported a series of poly-
(aryleneethynylene)s 69 containing diarylboryl pendant groups.114 
All of the polymers exhibit intense emission in both solution and 
the solid state, with remarkable quantum yields of φPL = 0.87-0.98 
(in benzene) and φPL = 0.36-0.54 (in the solid). On going from 30 

solution to a thin film, no obvious change was observed either in 
the absorption, or fluorescence spectra. Moreover, the 
fluorescence properties of these polymers can be easily tuned by 
the choice of the comonomer units. With an increase in the 
electron-donating ability of the comonomer units, the emission 35 

maxima of the films gradually shifted to longer wavelengths from 
λem = 489 (69a), to λem = 504 nm (69b), to λem = 527 nm (69c), to 
λem = 529 nm (69d), and to λem = 567 nm (69e).  

 In a related study, Jäkle and his group reported the 
organoborane-substituted polythiophene 71 that was accessible 40 

via side group borylation of the silylated polymer 70.115 The 
borylated polymer 71 displayed a distinct bathochromic shift in 
both absorption (ca. 60 nm) and emission (ca. 63 nm) relative to 
that of 70 (Fig. 10), demonstrating a narrowed energy band gap 
due to the presence of electron-withdrawing boryl side groups. 45 

The strongly electron-accepting features of 71 were confirmed by 
cyclic voltammetry, where the reduction potential of 71 is 
considerably less cathodic than those of silylated polymer 70. 
This research offered a new efficient synthetic strategy to access 
borylated polythiophene and also opened up opportunities for the 50 

area of sensor materials. 
 

 

 
Fig. 10 UV-vis absorption and emission spectra of PT-SiMe3 (70) and 55 

PT-Mes2 (71) in CH2Cl2 solution. Adapted with permission from ref. 115 

 

Conclusions 
In conclusion, the incorporation of main-group elements into 
conjugated polymers is a powerful tool to endow the materials 60 

with distinct optoelectronic properties. While still at the proof-of-
concept stage for many materials, researchers have been able to 
uncover promising applications within the field of optoelectronics 
in several instances. Some of the areas, e.g., B- and Si-containing 
conjugated polymers, have experienced tremendous growth 65 

during the last decade, while others, e.g., P- and Se-based 
materials, are quickly picking up steam due to the impressive 
features that have now been established for many main-group 
elements. A variety of new synthetic methods and different types 
of polymers have been reported. Other fields (e.g. Ge- and Te-) 70 

are still in their infancy; however, they have clearly proven their 
promising potential for application in OPVs. Overall, due to the 
unique physical and chemical properties of the main-group 
elements, the field of main-group containing conjugated polymers 
can be anticipated to attract increasing attention and continues to 75 

play an important role for application in optoelectronic devices in 
the future. 
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