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ABSTRACT: Recent years have witnessed the rapid development of numerous organic polymer-based semiconductors for 
applications in areas ranging from organic electronics to bioimaging and biosensing. In the synthesis of these polymer 
materials, Stille polycondensation has emerged as a highly versatile and effective tool owing to its mild reaction conditions, 
functional group tolerance, and versatility. This perspective provides a thorough review of the most representative studies 
post 2011 that highlight the utility of this polymerization method, while also addressing various concerns that researchers 
may encounter, such as mechanistic insights into Stille polycondensation, potential toxicity, and new polymer structure and 
functionalities. Furthermore, an alternative approach to the Stille reaction that involves C-H activation is also discussed, 
providing researchers with additional possibilities for the synthesis of these critical compounds.

1. Introduction
Since the discovery of the Ullmann reaction in 1901, 

chemists have sought to develop more versatile methods to 
create carbon-carbon bonds. Of particular importance is the 
development of techniques for the synthesis of organic 
semiconductors, which are almost exclusively produced via 
sp2-sp2 cross-coupling reactions such as the Heck, Suzuki-
Miyaura, Sonogashira, and Yamamoto reactions. Among 
these methods, the palladium-catalysed Stille condensation 
reaction between halides and stannanes shows remarkable 
tolerance to various functional groups under mild reaction 
conditions and was used to synthesize a wide range of 
molecular and polymeric materials with high yields.1, 2  
Studies have demonstrated that Stille polycondensation 
generates polymers with high molecular weights and 
narrow polydispersity indices. These polymeric materials 
have been utilized as functional components in numerous 
organic optoelectronic devices, such as organic 
photovoltaic (OPV) solar cells, organic field-effect 
transistors (OFETs), organic light-emitting diodes (OLEDs), 
organic light-emitting transistors (OLETs), sensors, and 
actuators. 

Nonetheless, Stille reaction exhibits unique 
disadvantages, including generations of toxic compounds 
such as trialkyltin (SnR3X, X=Cl, Br) and halogenated by-
products, which present significant challenges to the 
principles of green chemistry. This review provides an 
update on the mechanisms, toxicity issues of tin-containing 
compounds, and newly synthesized polymeric materials 
using Stille poly-condensation, with a focus on 
developments post-2011. This review is not intended to be 
exhaustive, and readers are encouraged to refer to  our 
previous review.1

2. Mechanistic insights
2.1 General mechanism of Stille reactions

The mechanism of the Stille reaction involves three main 
steps: oxidative addition, transmetallation, and reductive 
elimination. 2-4  Transmetallation, which is most often the 
rate-limiting step, can occur through open, cyclic, or ionic 
transition states (Figure 1). The catalyst is a mono- or 
bidentate Pd(0) complex. For Pd(II) sources, stoichiometric 
reduction with organostannanes is necessary to generate 
Pd(0). 1 In cross-coupling reactions for the synthesis of 
small molecules, the stoichiometric reduction step 
generally does not pose as much of a problem. However, 
during polycondensation reactions, the growing chain can 
compete with the monomers in this step, leading to 
homocoupling defects.

The Pd(0) complex undergoes oxidative addition of aryl 
chlorides, bromides, iodides, or triflates, yielding a 16-
electron square planar cis-adduct PdL2ArX. 5 This cis-
complex then rapidly isomerizes into the more reactive 
trans-intermediate due to the trans-effect of ligands. 6  
Several subsequent pathways exist for transmetallation, 
depending on various factors such as reaction conditions, 
ligands, and solvents. 7, 8

In the cyclic mechanism, dissociation of the ligand occurs 
simultaneously with the formation of a bond with an aryl 
carbon and an interaction between the tin atom and the 
leaving halogen or triflate. In the open transition state 
pathway, the halogen on palladium does not interact with 
tin directly.2 As for the ionic mechanism, which is facilitated 
by polar solvents such as toluene-DMF mixtures, involves 
dissociation of the complex, and the introduction of solvent 
molecules into the complex inner sphere. This results in a 
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Figure 1. General mechanism of the Stille reaction.

positively charged palladium complex that reacts with the 
organostannane. All three pathways ultimately lead to a 
mixture of cis- and trans-diarylpalladium intermediates 
that must undergo isomerization into cis-complexes. 
Reductive elimination of biaryl species leads to 
regeneration of Pd(0), which continues the catalytic cycle. 

Homocoupling can occur during Stille polycondensation 
when, after oxidative addition, PdL2ArX species instead of 
undergoing transmetallation undergo aryl-aryl exchange 
with the organostannane. 9  This exchange results in a 
different Pd-complex and a new organostannane that can 
enter the catalytic cycle, creating defects in the polymer 
chain. The real complexity of the reaction, however, is 
beyond what discussed here. For example, Palladium can 
also form π-complexes with monomers, growing polymer 
chains, intermediates, additives, and solvent molecules, as 
well as forming poorly characterized palladium black. In 
these scenarios, heterogeneous or quasi-heterogeneous 
catalysis need to be considered. 10-12

2.2 Characteristics of Stille polycondensation 
The Stille polycondensation reaction mechanism is very 

similar to that of the Stille coupling reaction, with the main 
difference being the reaction substrates involved. 2, 3, 13 As 
the polymerization process progresses, the size of the 
reactive substrates increases in a step-wise manner. This, in 
turn, affects the reactivity of the halide or stanannyl groups 
and can also impact the reactivity of other functional 
groups. For instance, the reactivity of the trialkyl stanannyl 
groups may be altered by the formation of dimers after the 
first coupling step. However, as the polymerization 
continues, the reactivity of functional groups should be 
stablized. Achieving the optimal synthesis of polymers with 
desirable properties will thus require a thorough 
exploration of reaction conditions, potential side reactions, 
and the design of optimal catalytic systems. By 
understanding the intricacies of the Stille polycondensation 

reaction mechanism and its impact on polymer properties, 
researchers can develop more effective strategies for 
creating polymers with enhanced performance 
characteristics. As such, studies about reaction conditions, 
side reactions, and catalytic systems are essential.

3. Stille polycondensation towards 
functional polymers for various 
applications

Stille polycondensation is highly advantageous due to its 
ability to tolerate a wide range of functional groups and 
yield very high polymerization rates for various monomers. 
This versatility in accommodating monomers with diverse 
electronic properties has facilitated the extensive 
development of organic semiconducting materials, which 
exhibit intriguing electro-optical characteristics. These 
materials have been instrumental in the creation of 
functional components used in a variety of fields, including 
organic electronics such as organic photovoltaics (OPV), 
organic field-effect transistors (OFET), organic light-
emitting diodes (OLED), and other applications. This 
segment will delve deeper into the newly developed 
materials and their relevant properties.
3.1 Polymers applied for solar cells
3.1.1 Background and fundamental principle

Polymer solar cells (PSCs) have emerged as a highly 
dynamic research field that has experienced significant 
growth over the past two decades. Despite their lower 
sunlight-to-electricity conversion efficiency and overall 
stability when compared with Si-based inorganic solar cells, 
PSCs possess promising applications in areas such as 
transparent window coatings, flexible and portable solar 
panels, and wearable electronics. With the potential for 
large-scale roll-to-roll production, PSCs are positioned to 
serve as a low-cost and environmentally-friendly energy 
source. Successful implementation of PSCs hinges on 
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optimizing several critical steps, including light absorption, 
exciton diffusion, exciton separation, and charge carrier 
transport. Rational structural design and easily accessible 
synthetic methodologies are necessary to improve each of 
these processes. In this regard, Pd-catalyzed cross-coupling 
polycondensation reactions, specifically Stille coupling, 
have proven highly effective in generating pre-designed 
conjugated polymers in high yields. 14, 15

3.1.2 Different OPV polymers generated with Stille 
polycondensation

Over the past 10 years, research efforts have been largely 
focused on modifying various organic photovoltaic (OPV) 
systems. One prominent example is the use of benzo[1,2-
b:4,5-b’]dithiophene (BDT) as a key building block in donor-
acceptor conjugated copolymers. 16 Researchers such as 
Yang and colleagues have introduced alkyl phenyl and 
alkylselenyl side groups onto the BDT unit, which were then 
polymerized with electron-deficient blocks like 
diketopyrrolopyrrole (DPP) and fluorinated thioeno[3,4-b]-
thiophene (TT) via Stille polycondensation using Pd(PPh3)4 
as a catalyst and Toluene/DMF as a solvent system (as 
shown in Scheme 1). 17, 18 Despite some challenges in 
achieving reasonable molecular weight (Mn) and a 
relatively high polydispersity index (PDI) of around 4.4 
from PBDTSe-TT, selenium replacement has been found to 
be critical towards achieving efficient power conversion 
efficiency (PCE) of 8.8% without the need for any solvent 
additive or special interfacial layer. These recent findings 
represent important developments in the field of OPV and 
pave the way for future research on novel organic materials 
that can enhance the performance of these devices even 
further.
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Scheme 1. Synthetic route of PBDTSe-TT and PBDTP-
DPP.

Yu and colleagues undertook a research project that 
involved exploring a range of polymers that contained fused 
electron donors (Scheme 2). 19-21 Their investigation 
focused on the correlation between the fused conjugated 
systems and OPV performance. They synthesized all the 
donor-acceptor copolymers by utilizing Stille coupling 
reactions with fluorinated thioeno[3,4-b]-thiophene as the 
electron donor. The extended conjugation system enhanced 
molecular planarity, but it also reduced solubility and 
processability of the polymers. Hence, to achieve a good 
charge transporting ability and optimal performance in 
solar cell devices, the authors modified the chemical 
structures and optimized the device configurations. The 
authors reported the donor-acceptor energy level match by 
summarizing all the copolymers they investigated. 21 Out of 
all the copolymers, polymer PTDBD2, blended with 
PC71BM, achieved a PCE of 7.6%. When synthesizing these 

polymers through Stille polycondensation, it is crucial to 
maintain the solubility of the polymers. However, the fused 
building blocks decreased the solubility of the resulting 
polymers. Nonetheless, the authors mitigated this effect by 
incorporating longer and bulkier alkyl chains, which 
resulted in product yields up to 94.4% and a high Mn of 46.3 
kDa.

Isoindigo building block is an attractive compound in 
organic electronics because of its excellent optoelectronic 
properties as well as good structural planarity. McCulloch 
and team reported an eight-ring fused Thieno[3,2-
b][1]benzothiophene isoindigo since they were interested 
in investigating its copolymerization with thiophene via 
Stille polycondensation using Pd2(dba)3 and P(o-tolyl)3 as 
catalysts (Scheme 3a). 22 By controlling the polymerization 
time and temperature, they were able to synthesize various 
polymers with molecular weights up to 151 kDa and 
relatively low PDI levels of 2.7. The resulting polymer, 
TBTIT, exhibited a large absorption coefficient, high degree 
of crystallinity, and high charge mobility. Therefore, the 
device derived from TBTIT:PC71BM yielded an efficiency of 
up to 9.1% without any additives or thermal annealing 
process. On the other hand, Bronstein and colleagues 
described the synthesis of another fused indigoid structure 
(Scheme 3b). 23, 24  They generated a series of good 
performance polymers by copolymerization with different 
monomers via Stille coupling reaction, with one example 
being polymer INDT-T, which displayed an extremely low 
bandgap with maximum absorption at around 800 nm. This 
copolymer exhibited remarkable ambipolar charge transfer 
properties, with hole-to-electron mobility of 0.23 cm2 V−1 
s−1/0.48 cm2 V−1 s−1 due to its large conjugated system and 
high molecular crystallinity.
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Scheme 2. Synthesis of donor-acceptor copolymers with 
electron-rich units possessing extended conjugation.
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Instead of solely focusing on modifying the structure of 
BDT units, Yu and colleagues took a different approach by 
synthesizing a range of electron-deficient units and 
subsequently copolymerizing them with the BDT units 
through Pd-catalyzed Stille coupling reactions, as 
demonstrated in Scheme 4. 9, 25-27 As a means of ensuring 
effective solubility of the reaction mixtures and generating 
high Mn for the resulting polymers, chlorobenzene was 
utilized as a solvent for the synthesis of PID and PPB. 
Following the synthesis, the researchers systematically 
evaluated the impact of internal dipole moments and 
polymer dispersity (Đ) on solar cell performance. Their 
findings revealed that the local dipole moment in the 
polymer backbone allowed for enhanced charge transfer 
from the polymer to PCBM, ultimately leading to improved 
device performance.
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Yang et al. synthesized a series of PBDTT-DPP derivatives 
with similar Mn of approximately 38 kDa and a low PDI of 
2.1 using Stille coupling reactions (Scheme 5). 28 Notably, 
attempts to increase the molecular weight beyond 38 kDa 
resulted in poor solubility and hindered solution-
processing. Subsequently, the effect of various 
heteroaromatic bridges, namely furan, thiophene, and 
selenophene, was investigated systematically. The 
replacement of either the oxygen or sulfur atoms in the DPP 
unit with selenium led to a lower bandgap and an increase 
in hole mobility, as well as a significant improvement in the 
performance of the material. Of this series, PBDTT-SeDPP 
exhibited a photo-current of 16.8 mA/cm2 and a PCE of 

7.2% in a single junction PSC device, outperforming its 
PBDTT-FDPP or PBDTT-DPP counterparts. These findings 
offer important insight into the design and optimization of 
high-performance conjugated polymers for use in 
optoelectronic devices.
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derivatives

In 2014, McCulloch and his team carried out a systematic 
investigation into the influence of chalcogenophene 
comonomers, including thiophene, selenophene, and 
tellurophene, on the properties of DPP-TT copolymers. 
These copolymers were synthesized using Stille coupling 
reactions under microwave assistance (as demonstrated in 
Scheme 6) 29 and were then subjected to Soxhlet extraction 
for purification. The chloroform portion was also treated 
with diethyldithiocarbamic acid diethylammonium salt in 
order to eliminate any residual palladium compound. It was 
discovered that the introduction of heteroatoms gradually 
reduced the bandgap of the polymers by stabilizing the 
LUMO energy levels. Larger heteroatoms further improved 
intermolecular heteroatom-heteroatom interactions, 
ultimately resulting in an improvement in hole mobility. 
These heteroatom-containing polymers exhibited 
promising photovoltaic properties, with power conversion 
efficiency (PCE) ranging from 7.1% to 8.8% in an inverted 
device configuration. It is important to note that the 
replacement of sulfur atoms with either selenium or 
tellurium does not always lead to an improvement in device 
performance, which is usually dependent on a trade-off 
between Voc, charge carrier mobility, and film morphology.
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TT copolymers.

Heeney and his team utilized the Stille polycondensation 
method to synthesize germanium-containing copolymers 
for use in organic solar cells as shown in Scheme 7. 30, 31 The 
crude polymers were then end-capped to mitigate the 
potential adverse effects of the terminal bromide. 
Interestingly, longer side chains resulted in higher Mn levels 
compared to shorter chain analogs due to improved 
solubility, despite performing the Stille reaction in 
chlorobenzene with the assistance of microwave radiation. 
The physical and optoelectronic properties of the polymers 
were thoroughly examined, taking into account different 
electron-deficient groups, as well as varying lengths and 
alkyl side chains. The resulting solar cell devices based on 
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pDTTG-TPD and PC71BM demonstrated a significantly 
impressive efficiency of up to 7.2%, without any need for 
thermal annealing or processing additives. In 2017, He and 
his colleagues designed and synthesized a range of 
chlorinated donor-acceptor type polymers through Stille 
reactions, utilizing BDT and chlorinated units. 32-35  These 
new chlorinated polymers exhibited deep HOMO energy 
levels (approximately 5.5 eV), resulting in increased open-
circuit voltage and PCEs as high as 9.11% for a 250-nm-
thick active layer. This chlorination technique was initially 
pioneered by Hou and coworkers when creating 
chlorinated polymer donors via Stille polycondensation, 
leading to high PCEs up to 14% for solar cell devices based 
on these specific polymers. 36
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Bazan and coworkers synthesized a series of PT-CPDT-
PT-containing (PT = pyridyl[2,1,3]thiadiazole, CPDT  
cyclopentadithiophene) polymers as depicted in Scheme 
8.37, 38 Impressively, synthesis of PIPCP was carried out at 
high temperatures up to 200 °C to achieve a good yield of 
about 81%, indicating the feasibility of Stille 
polycondensation under harsh reaction conditions. These 
polymers exhibited low bandgaps in the range of 1.4 - 1.5 
eV. It was found that regioregularity, PT orientation 
(pyridyl N-atoms point toward or away from the CPDT 
fragment) and the choice of comonomer play important 
roles in film morphology and device performance. After 
molecular structure and device optimization, a PCE of 
around 7.2% was achieved with a Voc loss of 0.6 eV and an 
EQE of over 60% from the polymer PM2 (Scheme 8) with 
strictly organized PT orientations. To further understand 
the origin of the high Voc (0.86 eV) as well as the low energy 
loss from this system, a more precise energetic landscape 
for the exciton to charge carrier conversion process is 
needed.  
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While the majority of copolymers have traditionally been 
utilized as electron donors in solar cell devices, in 2014, Yu 
and co-workers paved the way by utilizing Stille 
polycondensation reaction to synthesize novel electron-
accepting polymers. 39 This groundbreaking achievement 
produced a series of polymers composed of different 
monomer combinations, allowing for the study of their 
properties and impact on the relative electron affinity of the 
monomers. Surprisingly, it was found that the LUMO energy 
levels of polymers were influenced by the stronger 
electron-accepting monomers, while the HOMO energy 
levels were determined by weakly electron-accepting 
monomers. Jenekhe et al. further advanced this 
development by copolymerizing naphthalene diimide (NDI) 
with thiophene and selenophene through the Stille coupling 
reaction as shown in Scheme 9 (PNNIT and PNNIS-HD). By 
achieving a high molecular weight above 20 kDa with a 
relatively low PDI of approximately 1.2, they were able to 
fabricate a complete polymer solar cell device using NDI-
selenophene polymer PNNIS-HD and thiazolothiazole 
copolymer PSEHTT as the donor material, achieving an 
impressive PCE of 3.3%.40 Further improvements were 
achieved by incorporating electron-accepting material 
PNNIS-HD and PBDTT-FTTE into the electron donor 
backbone, improving the PCE to 7.7% through a simple film 
aging process at room temperature. 41 More recently, Li and 
co-workers successfully developed an all-polymer solar cell 
by designing a π-conjugated polymer acceptor named PZ1 
through Still polymerization. The acceptor, composed of n-
OS IDIC-C16 as the crucial building unit and utilizing 
thiophene as the π-bridges, exhibited promising 
performance in solar cell devices. Notably, this innovative 
polymer acceptor achieved an outstanding power 
conversion efficiency (PCE) of 9.19%, setting a new record 
for all-polymer solar cells.42 Their group further developed 
the novel rhodamine-incorporated 
polynaphthalenediimide acceptor PNDI-2T-TR as 
illustrated in Scheme 9. 43 Compared with its NDI analog, this 
new copolymer displayed stronger light absorption, an up-
shifted LUMO energy level, and reduced crystallinity, 
resulting in an impressive PCE of 8.13% when paired as a 
donor material with PBDB-T (Scheme 9). These all-polymer 
solar cells showed even further improvements when 
electron-withdrawing blocks, commonly used as small 
molecule acceptors for solar cell devices, were introduced 
into the electron-accepting polymer backbones.
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Scheme 9. Synthetic route of NDI-containing copolymers 
and PNDI-2T-TR.

Yan and colleagues employed microwave radiation to 
enhance the reaction rate and improve yield (76%), during 
the synthesis of a copolymer called PFBDT-IDTIC as shown 
in Scheme 10.44 The copolymer was composed of alternate 
BDT and IDTIC moieties, which were linked through Stille 
polycondensation, as presented in Scheme 10. The 
resulting polymer showcased good solubility in commonly 
used organic solvents such as chloroform, chlorobenzene, 
and toluene. In addition, it exhibited excellent electron 
mobility and large absorption coefficient. When blended 
with electron donor material PM6 (Scheme 10), the all-
polymer solar cells demonstrated a remarkable power 
conversion efficiency (PCE) of 10.3% after optimization. 
These findings highlight the successful development of a 
high-performing, all-polymer solar cell device.
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    Over the past five years, there has been extensive 
research into non-fullerene solar cells and even all-polymer 
solar cells.45, 46 The emergence of non-fullerene acceptors, 
which offer synthetic versatility, strong absorption abilities 
and high thermal stability, has led to impressive power 
conversion efficiencies of more than 18% in single junction 
devices. Polymeric acceptors have been widely adopted and 
have shown excellent performance. Novel polymer donors 
such as PM6 and D18, which were developed using Still 
polycondensation, have also demonstrated impressive 
device performances.47-49 In particular, some easily 
synthesized and cost-effective polymer donors based on 
TzCl, such as PTz3Cl and PBTTz3Cl, have been developed 
through Still polycondensation, without alky chain 
substituted thiophene π bridges.50 These polymers 
exhibited exceptional power conversion efficiencies 
exceeding 19%. Additionally, the polymer PBTTz3Cl 
showcased excellent applicability in fabricating high-
performance PSCs using a variety of narrow-bandgap small 
molecular acceptor materials, including IT-4F, Y6, N3, BTP-

eC9, and L8-BO. Significantly, a few polythiophenes 
materials synthesized through Still reactions have been 
utilized for blending with small molecular acceptors in solar 
cell devices. These materials have demonstrated 
exceptional performance by precisely tuning the energy 
levels of the polymer materials.51, 52 Achieving consistent 
batch-to-batch reproducibility and simplifying the 
synthesis process pose significant challenges for scaling up 
solar polymers production. In order to address these 
challenges, Cao et al. have proposed a novel approach to 
synthesizing a donor polymer using 3-cyanothiophene as a 
base via Still polycondensation. Through control of 
regioregularity, they have successfully demonstrated 
superior batch-to-batch reproducibility and commendable 
performance. This innovative method holds great promise 
in facilitating the development of large-scale production 
and ensuring the stability of polymer performance. This 
approach signifies a commendable strategy for the 
advancement of mass production and the attainment of 
performance durability in solar cell polymers.53 
Consequently, the Stille reaction continues to be an 
indispensable method for synthesizing new sets of polymer 
materials. This underscores its significance in the field of 
polymer synthesis.54-60

3.2 Copolymers for Organic field-effect transistors (OFET)
Organic field-effect transistors (OFETs) possess several 

distinct advantages, including low-cost, large surface area, 
and flexibility. To achieve optimal performance, OFET 
materials should showcase high carrier mobility, a large 
Ion/off ratio, a small threshold voltage, and energy levels 
that align with the work function of electrodes. Hence, the 
ideal material should exhibit a tunable structure that 
enables the desired properties to manifest. Donor-Acceptor 
conjugated copolymers have been identified as a promising 
choice for OFET materials. Over the past decade, many new 
monomeric moieties have been synthesized, providing an 
expanded library of building blocks for copolymerization. 
To effectively assemble the monomeric units, the Stille 
polycondensation method has been extensively utilized, 
yielding high-performance polymers with easily 
functionalized monomers.61-72 These advances have led to 
the development and application of several high-
performance polymers in OFET technology.

Numerous conjugated polymer systems containing DPP 
moieties have demonstrated high carrier mobilities and 
exceptional device performance. In 2013, Jo and colleagues 
investigated the impact of fluorine substitution on energy 
levels, crystal orientation, and charge-carrier transport in a 
series of DPP-based conjugated copolymers. 73 The 
researchers discovered that the addition of fluorine 
significantly improved planarity, altered LUMO energy 
levels, and changed charge transport behavior within the 
transistor. Of particular note, the polymer DPPPhF4 
(Scheme 11), which contained four fluorine substitutions, 
exhibited outstanding n-type charge-transport behavior 
with an impressive electron mobility of 2.36 cm2 V−1 s−1. 
Furthermore, OFET devices containing this polymer 
showed excellent air stability and consistent performance 
over a 7-month ambient storage period. It is worth 
highlighting that the synthesis of DPPPhF4 required only a 
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three-hour microwave reaction in a Toluene/DMF mixture, 
significantly reducing the reaction time while still 
producing reasonable molecular weights (16.3 kDa), 
polydispersity (1.79), and yields (63%) compared to a 
typical Stille polycondensation.

Kwon et al. successfully synthesized a D-A copolymer 
named PDPPDTSE with high yields (94%) and a relatively 
high molecular weight (61.9 kDa), employing Stille reaction 
to couple DPP and selenophenylene vinylene selenophene 
monomers. 74  The polymerization process took 48 hours. 
Astonishingly, the polymer exhibited an ordered structure 
after annealing, which resulted in a remarkable carrier 
mobility of 4.97 cm2 V−1 s−1 (Ion / Ioff = 1.55 × 107) when 
applied to OFET devices. The vinyl linked selenophene 
vinylene selenophene unit in PDPPDTSE (Scheme 11) 
extended the conjugation length, paving the way to 
enhanced intermolecular interactions. Furthermore, the 
relatively mobile lone pair of selenophene atoms played a 
vital role in boosting the chain interactions between the 
neighboring chains, enhancing the overall performance of 
the polymer.
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In 2014, a groundbreaking electron mobility record, 7.0 
cm2 V−1 s−1 in OFETs was achieved by Kwon and coworkers 
with the development of the DPP-based D-A polymer PDPP-
CNTVT (Scheme 11). 75 Utilizing Stille polycondensation, 
the polymer was able to achieve an exceptionally high 
molecular weight of 125.2 KDa. To enhance the efficiency of 
the polymer, the authors incorporated a nitrile group onto 
the rigid vinylene linkage, resulting in an electron-deficient 
backbone and transforming the polymer into an n-channel 
material. Furthermore, careful consideration was given to 
the optimal incorporation point of the nitrile group to avoid 
steric effects while preserving the coplanarity of the 
polymer and maintaining a high carrier mobility.

In 2017, Liu and colleagues reported a series of 
copolymers with an A1-D-A2-D configuration based on 
naphthalenediimide-benzothiadiazole that had heteroatom 
substitutions. 76 These copolymers were synthesized using 
Stille polycondensation. The authors investigated the 
effects of heteroatom substitution on polymer performance 
and discovered that selenium atoms have a larger p-orbital 
compared to sulfur atoms in thiophene heterocycles. This 
resulted in stronger interactions between polymer chains, 
leading to improved crystallization, organization, and 
interchain charge carrier transport. Among the four 
polymers tested, polymer PNBS (Scheme 12) exhibited the 
best performance in an air-stable OFET with an exceptional 
electron mobility of 8.5 cm2 V−1 s−1. This study enriches our 

understanding of heteroatom substitutions on polymer 
properties and provides potential opportunities for 
enhanced performance in electronic applications.
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In the same year, Liu and co-authors made a 
breakthrough by synthesizing a highly efficient ambipolar 
semiconducting polymer PBPTV (Scheme 12) utilizing 
regioregular bis-pyridal[2,1,3]-thiadiazole (BPT) acceptor. 
77 The unique molecular structure of PBPTV exhibited 
strong electron-withdrawing capacity, resulting in a low 
LUMO energy level and strong electron affinity for the 
copolymer. In particular, the addition of the BPT unit led to 
a relatively high hole mobility of 6.87 cm2 V−1 s−1 and 
electron mobility of 8.49 cm2 V−1 s−1. Notably, PBPTV was 
synthesized using (E)-1,2-bis(tributylstannyl)ethene as a 
monomer, and the catalytic system and reaction conditions 
were optimized. There was no explicit explanation given for 
the choice of the new method, but it could be attributed to 
the difficulty in obtaining a pure ditin TVT monomer, which 
had long branched chains that made it challenging to 
crystallize. This study highlighted the versatility and 
flexibility of Stille reactions, making it a promising tool for 
the synthesis of novel polymer materials.

In 2018, Guo and colleagues synthesized a novel all-
acceptor homopolymer PDTzTI with an imide-
functionalized thiazole backbone (Scheme 12). This 
synthesis was particularly interesting because the 
researchers had to overcome several challenges to obtain a 
symmetric dibromo-monomer. They achieved this by 
carrying out a homo-polymerization reaction using only 
one monomer, in contrast to normal Stille polymerization 
methods that require multiple monomers. 78 This novel 
approach broadens the use of electron-deficient building 
blocks for all-acceptor polymers. Physicochemical studies 
revealed that the resulting polymer, PDTzTI, exhibited 
unipolar electron transport behavior with a relatively high 
electron mobility of 1.61 cm2 V−1 s−1 in an OFET device. The 
polymer also demonstrated a remarkably high current 
on/off ratios of 107−108, showcasing its potential for use in 
high-performance electronic devices. The relatively planar 
structure of the polymer backbone facilitated 
intermolecular charge mobility and enhanced the material’s 
crystallinity, critical factors for carrier mobility. Overall, the 
research findings demonstrate the potential of the Stille 
polymerization method for synthesizing electron-deficient 
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building block-based polymers with desirable electronic 
properties, such as unipolar electron transport. The unique 
synthesis method employed by Guo and colleagues 
represents a significant advancement in polymer chemistry, 
with widespread applications in the development of high-
performance electronic devices.
3.3 Synthesis of other functional polymers 

In recent years, the versatility of Stille polycondensation 
is also manifested in the development of other functional 
polymers for applications in photocatalysts, bioimaging 
materials, and optical and magnetic materials. Several 
examples shown below illustrate the utility of this 
polymerization method.63, 79-89

Yu and colleagues successfully synthesized a novel 
conjugated D-A copolymer known as PBDT-bpy through the 
use of Stille polycondensation. 90 This polymer proved to be 
an effective polymeric ligand that can coordinate with 
cobalt ions to form a complex polymer, which was 
thoroughly investigated as a heterogeneous photocatalyst 
for hydrogen evolution. The results demonstrated that the 
PBDT-bpy polymer exhibits remarkable catalytic activity 
for hydrogen evolution when triethanol amine is utilized as 
a sacrificial agent. This research clearly indicates that 
metal-chelating conjugated polymers offer a wealth of 
opportunities for the rational molecular design of 
photocatalysts for hydrogen evolution from water.

Patra and team employed Stille polycondensation to 
synthesize two homopolymers based on Benzodithieno-
imidazole (Scheme 13). 91 Interestingly, they were 
successful in directly polymerizing the freshly prepared 
ditin-monomer 6 with the dibromo monomer 5 under mild 
reaction conditions in THF at 65 oC. The resulting polymers 
exhibited narrow polydispersity indexes and reasonable 
molecular weights (around 15 kDa). Optical studies 
revealed that the conjugated polymer P2 serves as an 
excellent fluorescence sensor for detecting paramagnetic 
Cu2+ ions, displaying high sensitivity and selectivity through 
fluorescence quenching via photoinduced electron transfer. 
The fluorescence intensity of P2 decreased linearly with the 
concentration of Cu2+, indicating that it has great potential 
as a selective probe for detecting Cu2+ ions in the presence 
of other metal ions. This research presents a novel 
paradigm for further development of soluble π-conjugated 
fluorescent polymer-based probes by fine-tuning the 
electronic factors that enable them to sense 
environmentally relevant metal ions.

Wang and colleagues utilized Stille polycondensation to 
develop a highly efficient D-A copolymer (TBDOPV-DT, 
Scheme 13) with a narrow optical band gap (0.98 eV) and 
strong near-IR absorption. 92 The researchers investigated 
the photothermal energy conversion capabilities of this 
polymer and discovered that immediate exciton returns to 
the ground state via IC contributed to efficient conversion. 
Additionally, this conjugated polymer displayed exceptional 
stability, making it highly suitable for repeated use. This 
work’s chemical approach can be widely applied to 
fabricate more near-IR absorbing polymer materials that 
can function as photodetectors and photo filters.

Swager and colleagues report on the synthesis of a series 
of stable radical polymers based on 1,3-bisdiphenylene-2-

phenylallyl (RP, Scheme 13) using Stille polycondensation. 
93 Post-deprotection and oxidation were also employed in 
their fabrication. These radical polymers are ambipolar 
conductivity materials that also exhibit redox activity. 
Interestingly, the polymers present magneto-optic (MO) 
properties with Faraday rotations, with the sign of optical 
rotation being modulated by the radical character. The 
absolute Verdet constants of up to 2.80 ± 0.84 ×104 deg T−1 
m−1 at 532 nm were recorded. All of these materials were 
successfully synthesized via Stille reaction. Moreover, many 
other organic semiconductor copolymers have been 
developed using Stille polycondensation, such as wearable 
electronics, self-healing materials, 94, 95 biological imagers, 
gas sensors, and in vivo photoacoustic imagers. 96 
Promisingly, modifying reaction conditions and designing 
new monomers could yield a vast catalogue of valuable 
polymers with widespread applications.
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electronics.

4. Potential issues in the Stille polycondensations 
The main drawback of Stille polymerization is the 

occurrence of homo-coupling reactions between ditin or 
dibromo monomers, leading to structural defects in the 
polymer chain, decreased molecular weight, and increased 
polydispersity indexes, consequently impacting the 
properties of the resulting polymers. In 2014, Janssen and 
colleagues investigated the effect of intrachain 
homocoupling defects on alternating push-pull 
semiconducting PDPPTPT polymers based on dithienyl-
diketopyrrolopyrrole and phenylene using Stille 
polycondensation as a model. They examined the optical 
properties and performance of the polymers as donor 
materials in OPV solar cells and found that those with 
homocoupling defects exhibited red-shifted shoulders in 
their UV-vis spectra and decreased performance in 
optoelectronic devices, such as lower PCE in OPV solar cells. 
97 It has been observed that the structure of the monomer 
has an impact on the occurrence of homocoupling defects in 
the synthesized polymers. Maes and co-workers 
synthesized a series of polymers by copolymerizing 
dibromo quinoxaline and dibromo biquinoxaline via Stille 
polycondensation to quantify and control the number of 
homocoupling defects. Their results showed that the 
homocoupled acceptor dimer caused a blue-shift in the 
absorption peaks due to polymer chain twisting, leading to 
reduced photocurrent and fill-factor. 98
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Polydispersity indexes (PDI) are closely tied to the 
properties of polymers, and can significantly impact their 
performance. A study by Yu et al. investigated the effects of 
PDI on the performance of polymer-based solar cells, 
examining a range of polymers with varying PDIs. 9 The 
study found that larger PDIs were associated with 
structural defects that acted as energy transfer and charge 
trapping/recombination centers, ultimately leading to a 
reduction in power conversion efficiency. Specifically, in 
devices based on the polymer PTB7, the efficiency fell from 
7.59% to 2.55% as the PDI increased from 2.1 to 4.3, due to 
reduced short-circuit current, open-circuit voltage, and fill 
factor. The study emphasized the importance of reaction 
time in controlling PDI.

The selection of a suitable catalyst is of utmost 
importance in regulating defects during the synthesis of 
conjugated polymers. In a study conducted by Chochos and 
colleagues, they found that the use of Pd2(dba)3 in a 1:2 ratio 
with the sterically hindered o-Tol3P resulted in conjugated 
polymers with higher molecular weights, narrower 
polydispersity distribution, lower percentages of homo 
coupled defects, and higher absorbance coefficients than 
those synthesized using Pd2(dba)3/Ph3P or Pd(PPh3)4. 99 
Similarly, in another study conducted by Xu et al., two 
different catalytic systems, Pd(PPh3)4 and PdCl2(PPh3)2, 
were used in the synthesis of conjugated polymers based on 
diketopyrrolopyrrole- (DPP) and thienothiophene. 100 The 
study revealed that the polymer prepared using Pd(PPh3)4 
as a catalyst demonstrated better electrochromic 
properties, including a larger optical contrast and 
coloration efficiency by 40% and 79% respectively, and a 
faster coloration time by 55% at 825 nm, than the one 
prepared using PdCl2(PPh3)2. Furthermore, Pd(PPh3)4 
resulted in polymers with fewer structural defects. Overall, 
these studies demonstrate the critical role played by the 
choice of catalyst in controlling the quality and properties 
of conjugated polymers.

Various heating sources have been utilized to aid in the 
implementation of Stille polymerizations. Researchers led 
by Park discovered that employing microwave-assisted 
polymerization in the production of M-PTB7(32 k) resulted 
in a lower photovoltaic conversion efficiency (PCE) of 6.1% 
compared to that of TPTB7(31k) which yielded a higher PCE 
of 7.8%.101 The larger molecular weight of M-PTB7(75k) 
synthesized under microwave-assisted conditions had a 
significant negative impact on device performance, yielding 
a PCE of only 2.8% due to the presence of homo-coupled by-
products. 

Furthermore, there is also the potential for chain defects 
in the polymer to arise from the presence of tin and/or 
halogen end groups, which may act as charge trapping 
centers. 102-104 To address this issue, Carter and colleagues 
conducted a study evaluating the end-capping effectiveness 
of several reagents in the Stille polycondensation of 2,7-
dibromo-9,9-bis(2-ethylhexyl)fluorene and 2,5-
bis(trimethylstannyl)-thieno[3,2-b]thiophene. 105 Their 
findings indicate that iodo-compounds exhibit superior 
end-capping efficiency compared to bromo derivatives.

Manipulation of reaction protocols has also been 
demonstrated to have a significant impact on the properties 

of polymers. For instance, Yang and colleagues proposed a 
stepwise-heating protocol for Stille polycondensation in the 
PTB7 system. 106 Conventional PTB7 synthesis involves 
heating the reaction mixture at 120°C for 12 hours, whereas 
the newly proposed protocol involves heating the reaction 
mixture initially at 120°C for 1 hour, followed by 60°C for 
11 hours, and then 120°C for 1 day. The polymer obtained 
via the stepwise heating protocol had a significantly higher 
molecular weight (223 kDa) and a lower polydispersity 
index (1.21) compared to the traditional PTB7 synthesis 
method (Mw=75.8 kDa, PDI=1.62). Surprisingly, despite the 
comparable optoelectronic properties between the two 
polymers, the PCEs of the new polymer were notably 
higher, reaching up to 9.97% when blended with PCBM, in 
contrast to only 8.02% for commercial PTB7 and 6.98% for 
the conventional polymerization method. In addition, the 
30 devices prepared with the newly synthesized polymer 
exhibited good reproducibility, with only a 5.88% error 
range. These findings highlight the importance of 
optimizing reaction conditions for polymer synthesis, as 
even minor adjustments can significantly impact the 
performance of resulting polymers. Ultimately, this 
provides valuable insights into the design of high-
performance organic polymeric materials for various 
optoelectronic applications. 

Encouragingly, recent research findings reported by 
Huang et al. have presented some remarkable strategies for 
addressing these challenges. They successfully devised a 
robust and efficient Stille-type cross-coupling 
polycondensation technique at room temperature, utilizing 
a Buchwald precatalytic system. The resultant copolymers 
exhibited exceptional molecular weight and yields, 
highlighting the success of this methodology. Importantly, 
the copolymers synthesized using this method 
demonstrated an absence of homocoupling structural 
defects.107 Additionally, Huang and colleagues developed a 
versatile room temperature aryl disulfide C-S 
polycondensation methodology, which proved highly 
effective in facilitating the cross-coupling polymerization 
between various aryl distannanes and aryl bis-thioethers. 
This approach enabled the production of defect-minimized, 
high molecular weight alternating semiconducting 
conjugated copolymers.108 These research findings offer a 
robust and competitive means of synthesizing polymers, 
thereby significantly reducing the occurrence of structural 
defects in high-performance polymer semiconductors.

5. Toxicity of tin byproducts
Trialkylstananne compounds, commonly used as 

monomers in Stille polycondensation, have been linked to 
toxic effects on the endocrine system in mammals leading 
to reproductive complications. 109 Furthermore, research 
has shown that different organs and systems are adversely 
affected by these organotin compounds - trimethyl and 
triethyltin chlorides have been found to predominantly 
impact the nervous system, while tributyltin targets the 
immune system. 110 Recent studies have also shown that 
diorganotin chlorides exhibit neurotoxicity in rat PC12 
cells, with dibutyltin chloride demonstrating greater 
toxicity than diphenyltin chloride and dimethyltin 
derivative. Apoptosis is induced through a mitochondrial-
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mediated pathway with a significant increase in 
intracellular reactive-oxygen species. These findings 
highlight the potential hazardous consequences of using 
these organotin compounds and the need for further 
research into safer alternatives. 111

The issue of toxicity associated with tin-containing 
monomers has been a major drawback of the Stille reaction, 
prompting the exploration of alternative methods. 
Nonetheless, there are strategies to mitigate the toxicity or 
eliminate toxic compounds from the final polymer product. 
One such approach is to use longer alkyl chains, which have 
been shown to reduce toxicity significantly. 112, 113 For 
example, trioctyltin chloride is considered virtually 
nontoxic, while tributyltin chloride is less toxic than its 
triethyl and trimethyl counterparts, owing to changes in 
biological processes as alkyl chains become longer.

However, for Stille polycondensations, highly reactive 
monomers are required, and these typically demand the use 
of toxic and high-reactivity tin-containing monomers. 
Consequently, additional measures are necessary to 
address the toxicity issue of these monomers. During 
polymerization, trialkylstannane species may be left 
attached to the polymer chains, and trialkyl tin end groups 
can also pose a toxicity concern. To mitigate these issues, 
several effective methods have been developed, including 
conversion of trialkyl tin end groups to bromides or iodides, 
precipitation of tin-containing by-products in methanol, 
and filtration through celite followed by disposal of the 
residual waste materials as toxic waste. Organotin 
compounds can also be readily converted into insoluble 
polymeric fluorides through filtration with a potassium 
fluoride-celite mixture. 114

Further alternative methods include treatment with DBU 
and water, 115  oxidation and formation of SnS2, 116  and other 
modifications, 117, 118 which not only reduce the toxicity of 
chemical waste but can also be used in high-scale 
operations at relatively low cost. Despite the challenges 
associated with toxicity of tin compounds, the Stille 
polycondensation remains a frequently employed method 
owing to the availability of effective ways to address the 
toxicity issues.

6. Alternatives to Stille polycondensation
Aside from the widely used Stille polycondensation, there 

are numerous other reactions that have been developed for 
synthesizing semiconducting polymers. 119 Some of these 
include nickel and palladium-catalyzed cross-couplings like 
the Heck, Yamamoto, Kumada, Sonogashira, and Suzuki-
Miyaura reactions. Regarding the benefits of Still 
polycondensations, we kindly direct readers to our 
previously published review article in 2011 for a more 
comprehensive analysis (Chem. Rev. 2011, 111, 1493-528). 
With the rapid advancements in the field of organic 
electronics, newer strategies have emerged for synthesizing 
polymer materials for a range of applications. One such 
strategy that has emerged as a powerful alternative to Stille 
polycondensation is the direct arylation polymerization 
approach (DARP). 120-124 Through this methodology, 
unmodified C-H bonds in monomers react with dibromo- or 
diiodo- compounds to produce conjugated copolymers. An 
increasing number of studies have compared the optical 

and electronic properties of polymers made using the DARP 
method versus those made using the Stille reaction, and 
have shown that similar properties can be achieved. 122, 125-

130 In this article, we will delve into a comprehensive 
comparison between the Stille reaction and the DARP 
method.

The DARP method offers a clear advantage over the Stille 
reaction by avoiding the use of toxic organotin compounds. 
This has been identified as the main issue of the Stille 
reaction, as it poses significant health and environmental 
risks. The DARP method utilizes C-H bonds instead of tin 
compounds, making it a promising and environmentally-
friendly approach. Nevertheless, despite the advantage of 
simpler starting materials, the DARP method has some 
limitations. For instance, it tends to generate lower 
molecular weight polymers compared to those synthesized 
via Stille polymerization. This can significantly impact the 
performance and properties of these materials. To address 
this challenge, Livi et al. extensively optimized DARP 
conditions for the synthesis of PPDTBT. 125 However, the 
molecular weights achieved did not exceed 16 kDa, 
significantly lower than those achieved via Stille 
polymerization. While the best performing DARP material 
had similar properties to its Stille alternative of similar 
molecular weight, another batch of Stille polymer had a 
molecular weight of 59 kDa and higher power conversion 
efficiency (PCE) of 3.8%. This work highlights that Stille 
polymerization has an advantage over DARP methodology 
due to its greater access to higher molecular weight 
polymers.

Kruger and his colleagues conducted a study on BDT-TQT 
polymers with differing side groups, and their research 
indicated that the PCE of DARP prepared materials can 
achieve a maximum of 4.4% and 5.8%, while the Stille 
synthesized versions reached up to 5.6% and 7.3%.129 The 
main reason for such a significant difference is the 
difference in molecular weight, with DARP polymers having 
Mn=13.7 and 18.2 kDa and Stille polymers having Mn=38.0 
and 22.3 kDa. Farinola et al. also conducted a comparison of 
the DARP and Stille methodologies for the synthesis of 
ternary random copolymers of BDT and BTD-BTA. 130 The 
research results showed that the PCE of the polymer 
prepared via the Stille route was consistently higher than 
that of the DARP prepared polymers, reaching 2.5% and 
4.8% versus 2.1% and 2.8%.131  These findings highlight the 
importance of carefully considering the molecular weight of 
polymers when attempting to maximize PCE.

Matsidic et al. successfully synthesized polymer PNDIT2 
using both DARP and Stille routes, with the latter producing 
polymers boasting hole mobilities of up to 3.2 cm2 V-1 s-1. 
While the DARP method yielded defect-free polymers, the 
process required extensive optimization. DARP protocols 
typically employed either the Ozawa method, which 
necessitated the use of a pressurized vessel and Pd(0) 
sources such as Pd2(dba)3 and Cs2CO3 in THF or toluene at 
110-120°C, or the more popular Fagnou conditions, which 
utilized Pd(OAc)2 in DMA at 70-110°C and required the 
additional use of pivalic acid. Tobin Marks group’s research 
revealed that the inclusion of 2,2-diethylhexanoic acid as an 
additive was essential in producing PNDIT2 materials with 
superior OPV performances. 132 While carbonates or 
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carboxylic acids are necessary for proton transfer during 
Pd-catalyzed couplings, employing sterically hindered 
carboxylic acids reduces the incidence of branching defects 
in the final polymer chain.

N N
S

F F

N N
N

NC CN

N N
S

NC CN

N N

NC CN

R RR

N

S

O
O

R

N N

F F

R R

SS

N N
S

S S

N

N OO

OO

R

R

N

N
O

O R

R

SS

F
F

F
F

S

S

F

O O
R

S

OO

RR

N N

N

Scheme 14. Typical C-H components used in direct 
arylation polymerization.

The significance of β-defects and branching lies in the 
potential for cross-linked polymer chains, which can greatly 
impact packing and result in an insoluble polymer fraction, 
ultimately reducing the yield of polymerization. Research 
has shown that even a minor 1.4% branching defect in 
Poly(3-hexylthiophene (P3HT) can significantly disturb the 
polymer film morphology and diminish the degree of π-π 
stacking. 133 This highlights the critical importance of 
minimizing these defects in order to optimize 
polymerization efficiency and enhance film quality. 
Furthermore, it should be noted that the DARP reaction is 
not a ubiquitous method as it necessitates the presence of 
reactive C-H bonds in one of the starting monomers, which 
significantly reduces the range of available starting 
compounds. Specifically, only unfunctionalized compounds 
with very strong electron acceptor units can be utilized as 
the reaction’s transition state involves the hydrogen 
bonding of a Pd-linked carboxylic acid anion with a 
departing proton. Additionally, electron-withdrawing 
groups must be present at both reacting positions of the C-
H monomer for the reaction to proceed. Scheme 14 
illustrates some commonly used C-H comonomers in DARP, 
but there are still limitations to overcome, particularly with 
selectivity as multiple active C-H bonds in the monomer can 
produce unwanted side reactions and generate various 
defects. 134-136 For instance, when reacting thiophene rings, 
a β-defect can arise if the C-H bond in the 3-position reacts 
instead of the 2-position, leading to branching defects and 
cross-linking between polymer chains, as well as homo-
coupling.

To summarize, various alternative methods have 
emerged in recent times, each displaying their own set of 
benefits and limitations. Nevertheless, Stille 
polycondensation still proves to be a highly effective 
approach in creating a diverse array of optoelectronic 
materials.

7. Conclusions and outlook

Stille polycondensation is a versatile synthetic tool that 
has proved crucial in developing numerous types of 
semiconductor polymers. This method offers unique 
advantages over other polymerization techniques, 
including its broad scope of monomers, tolerance to various 
functional groups, and mild reaction conditions. Over the 
past decade, functional materials generated via Stille 
polycondensation have been instrumental in the 
advancement of fields such as organic electronics (OPV, 
OFET, OLED, and OLET) and biological imaging, gas and ion 
sensing. Despite the remarkable progress made, several 
challenges remain. For instance, the production of defect-
free polymers has been demonstrated to be crucial in 
achieving consistent and high-quality polymer material 
performance. While excellent strategies have been 
documented, it remains a significant challenge to effectively 
manage and prevent homo-coupling reactions. Thus, 
addressing this concern is of utmost importance. 
Additionally, the organotin halide by-products are toxic and 
must be avoided in the reaction system; furthermore, the 
use of costly palladium catalysts calls for cost-effective 
catalytic systems or alternative, versatile methods like 
direct arylation polymerization or coupling with 
brominated/iodinated monomers. Nevertheless, the 
narrow scope of monomers has been a limiting factor for 
these alternative methods, giving Stille polycondensation 
an edge. Future research should focus on developing new 
polycondensation reactions that use nontoxic groups, such 
as silanes, under efficient catalytic systems and expanding 
the monomer scope to generate new functions. Stille 
polycondensation will continue to play a pivotal role in the 
production of new organic semiconductors, and its 
utilization will become even more widespread as 
applications of semiconductor polymers continue to 
broaden.
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