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ABSTRACT. The expansion of the field of organic electronics has hinged upon structural and 

fundamental developments in the field of conjugated polymers. Conjugated polymers allow for the 

manufacture of low-cost, light-weight, flexible organic electronic devices, with notable 

applications in organic photovoltaics (OPV), organic field effect transistors (OFET), and organic 

light emitting diodes (OLED). This extraordinary breadth of applications is due to the remarkable 

diversity of structure, an extensive understanding of structure-function relationships, and the 

relative ease of structural tuning. Important advancements and the development of such 

applications is largely due to the evolution of polymer structure, enabled by a broad range of 

synthetic methods for the tailoring of structures and the development of improved polymerization 

conditions to limit defects. This perspective provides background from the early days of concerted 

and focused conjugated polymer research (1970s-1990) to the present, and describes how the 

tailoring of conjugated polymer structure has now become closely tied to application. A significant 

focus is also directed to how polymerization methods have evolved from the aggressive, 

unselective conditions used for oxidative polymerizations to finely tuned transition-metal 
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catalyzed polymerizations that can provide incredibly high structural-fidelity and can proceed 

through C-H activation. Areas for future work and emerging areas are also discussed, such as high-

performing polymers without added structural and synthetic complexity, identifying polymer 

structures with improved environmental stability, flexible and transient or bioresorbable 

conjugated polymers, mixed-ion conductors, and photocatalytic and select biological applications. 

1. Introduction. 

Conjugated polymers are a unique class of polymer that have been designed for use in a broad 

range of electronic applications due to their semiconducting, conducting, electrochemical, and/or 

optical properties. They provide an alternative to inorganic materials since they are relatively low-

cost, can be solution processed allowing for roll-to-roll (R2R) processing, and can be fabricated in 

lightweight and flexible device applications.[1] The synthetic tunability of conjugated polymers 

allows the electronic and physical properties to be extensively optimized. Their physical 

properties, such as solubility and crystallinity, and electronic properties, such as charge transport 

and light absorption, can be tuned through synthetic modification. This has allowed them to find 

successful application in devices, such as organic photovoltaics (OPV), organic field effect 

transistors (OFET), and organic light emitting diodes (OLED), which will be the applications 

primarily discussed in this perspective.[2–5] Additionally, their synthetic flexibility and tunability 

allows them be incorporated into other uses, such as electrochromic devices, chemical sensors, 

organic lasers, and biological applications, which will not be discussed in detail, but relevant 

reviews are supplied for the reader’s interest.[6–9]  

While the initial pursuit of knowledge for conjugated polymers was on their fundamental 

properties, such as conductivity, electrochemistry, and photophysical properties, it evolved over 
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the decades to understanding how minute changes in the structure impact the performance for a 

given application. Thus, the architectural progression and development of conjugated polymers 

from simple repeat units, such as from the simplest conjugated repeat unit, found with 

polyacetylene, to poly(3-hexylthiophene-2,5-diyl) (P3HT), and to PM6 (see Figure 1), was 

anything but slow and steady throughout the decades.[10] Bursts of new developments within the 

field of conjugated polymers came hand-in-hand with advancements in organic synthesis, allowing 

for the tailoring of new polymer structures. These were also often coupled with advancements in 

the understanding of operating mechanisms for given organic electronic applications, and so 

structural advancements in conjugated polymers were largely application driven and being based 

on how polymer design influenced device performance. As outlined in Figure 1, important 

structural developments in the field of conjugated polymers include the improvement of 

polymerization conditions to prepare polymers with high structural fidelity, e.g. regioregular P3HT 

and donor-acceptor copolymers (PM6), the tuning of electronic and physical properties through 

the addition heteroatoms along the π-conjugated backbone, such as fluorine, the introduction of 

sidechains for improving solubility or tailoring physical properties, and more advanced 

architectures, such as perfectly alternating donor-acceptor copolymers. Additionally, it can be seen 

Figure 1. From the simple repeat unit of polyacetylene, to the synthetic undertaking to prepare 

regioregular P3HT, and to the structural complexity of 2D-conjugated polymers, such as PM6, it 

can be seen how much conjugated polymer structure has progressed in recent decades. 
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with PM6 (Figure 1) how polymers began to include fused-rings and extended, 2-dimensional 

conjugation. 

In this perspective article, we will illustrate the connections of the historical underpinnings of 

the field of conjugated polymers to the present state-of-the-art. We focus on significant 

breakthroughs in the synthetic chemistry that have led to the macromolecular architectures of 

current interest, and we draw correlations to the physical and electronic properties and cutting-

edge applications that are thus enabled. In order to clearly emphasize and articulate the structural 

progression for many of the conjugated polymer structures presented, a red and blue coloring 

system is used for the figures. The color blue will be used primarily to indicate a homopolymer or 

a donor portion of a donor-acceptor copolymer with red used to emphasize a particular structural 

feature within, and red will be primarily used for the acceptor portion of a donor-acceptor 

copolymer with blue used to emphasize a particular structural feature within. However, this 

perspective will not discuss the fundamental principles associated with the electronic structure of 

conjugated polymers or device operation, and so the reader is directed to relevant reviews on that 

subject.[4,11–15] Finally, we will survey outstanding challenges in the field and highlight 

significant directions for future development. It is important to note that given the broad structural 

diversity and various applications of conjugated polymers, some structures and applications, while 

significant, are not mentioned or discussed for concision, and so at those points the reader is 

directed to relevant reviews. 

2. 1970-1990: Historical Development of Conjugated Polymers. 

2.1 Conjugated Polymer Structure from 1970-1990 

 Although the historical development of conjugated polymers spans over a century, the 

emergence and expansion of conjugated polymers as a unique and concerted field of study is much 
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more condensed to recent decades. Since the historical development of conjugated polymers has 

been reviewed extensively, it will not be covered in great detail here.[16–20] Conjugated polymers 

have been known since 1834, but were studied in only a sporadic and isolated fashion until the 

1970’s. The increased interest and focused effort in the 1970s for the field of conjugated polymers 

originates from the work of conducting polymers, i.e. synthetic metals. Specifically, the work of 

Labes on the inorganic polymer, poly(sulfur nitride), served as an inspiration for the seminal work 

by MacDiarmid, Heeger, and Shirakawa detailing the doping of polyacetylene (Figure 2A), which 

served as an inspiration for the concerted field of research on conjugated polymers.[21–23] The 

findings of MacDiarmid, Heeger, and Shirakawa lead to the enhanced study of the early generation 

of conjugated polymers (Figure 2A) (some of which had been historically known), which are 

comparatively minimalistic compared to the exotic structures of the present conjugated polymers 

(compare to PM6 in Figure 1). Simple repeat units, such as polyaniline (PANI), polypyrrole (PPy), 

poly(paraphenylene) (PPP), and poly(paraphenylenevinylene) (PPV) were state-of-the art during 

the early stages of the field.[17] This simplicity can be attributed to limited development of 

structure-function relationships for conjugated polymers where the directive for these materials 

was primarily to understand their metallic states achieved by various doping mechanisms, and at 

that time there was still much information to be garnered from studying these relatively simple 

structures. Perhaps more importantly, these simple polymers can be easily prepared from simple 

commercially available starting materials, such as aniline for polyaniline (PANI) or thiophene for 

polythiophene (PT, Figure 2A).[24] Furthering this point, the structural simplicity could also be 

attributed to limitations in the strategies for monomer and polymer synthesis. In many ways, 

advancements within the field of organic electronics have been tethered to advancements in 

organic and polymer synthesis. 



 6 

 During the early stages of the field in the 1980’s, many important and transformative 

contributions were provided from the collaborative efforts of Heeger and Wudl.[25,26] Pioneering 

studies, such as the spectroscopic characterization of poly(alkylthiophenes) (P3AT), water soluble 

conjugated polymers (P3ETS-Na), and the synthesis of the first narrow bandgap polymer, 

poly(isothianapthene) (PITN), shown in Figure 1, were a result of this collaboration.[27–30] This 

collaboration afforded many critical discoveries and studies that enabled the field of conjugated 

polymers to flourish and inspired researchers across various fields of science, such as physics, 

chemistry, and engineering, to enter and contribute to a still emerging and developing field. It is 

important to note, that during this time (1970-1990) the field of conjugated polymers was rather 

Figure 2. (A) Examples of early conjugated polymer structures commonly studied from in the 

1970s-1990. (B) Examples of early polymerization methods, although not an exhaustive list. 
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limited as an exploratory area, where practical applications of these materials had not been widely 

realized, such as in organic electronic devices.  

 At the time, the common metric for the characterization of conjugated polymers was 

measurement of the conductivity in the doped state. The use of conductivity for evaluating a new 

polymer reflects the trend for discovering synthetic metals, as the discovery of semiconductor 

applications such as OPV, OLED, or OFET had not occurred yet. For reference, Heeger et al. 

reported conductivities of 220 S/cm, 14 S/cm, and 0.4 S/cm for polyacetylene, polythiophene, and 

PITN.[21,28,29] These were performed using oxidized polymer films in the presence of the 

dopants AsF5 (polyacetylene and polythiophene) and bromine (PITN).  

 A polymer from Figure 2 that continually finds new interest and application from its 

original disclosure in patent by Bayer A.-G. in 1989 is poly(3,4-ethylenedioxythiophene), 

PEDOT.[31,32] This polymer was prepared using chemical oxidation with anhydrous FeCl3, 

affording polymer films with conductivities of 2.3 S/cm, as reported in the aforementioned patent. 

More extensive characterization for PEDOT and its derivatives occurred in the following decade, 

and so they are discussed more extensively in the next section. 

2.2 Polymerization Methods from 1970-1990 

  As mentioned, synthetic procedures, including the polymerization conditions, for 

conjugated polymer synthesis were incredibly limited during the early stages of study (1970s-

1990). Polymerization conditions were mostly limited to electrochemical polymerizations, 

chemical oxidative polymerizations, such as employing anhydrous FeCl3 as the chemical oxidant, 

or through the application of name-reactions, such as Wittig, Gilch, McMurry, Kumada cross-

coupling, and Wessling reactions.[24,33–39] Polyacetylene and its derivatives could be prepared 

using Ziegler-Natta polymerization.[40] These methods very often laced the resulting conjugated 
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polymer product with defects, either due to low regio- or chemo-selectivity, as shown in Figure 

2B, or due to intermediate steps within the synthesis not reaching completion before isolation of 

the polymer. It should also be noted that the monomer synthesis, such as with using the Wessling 

reaction, required extended synthetic pathways in order to install the reactive functionality. The 

scope and functional group tolerance was also limited, due to the often-harsh conditions for certain 

polymerizations. The 1970s saw a growth in the application of organometallic chemistry to aryl 

cross-coupling reactions. The application of these towards the synthesis of conjugated polymers 

was inevitable, such as the use of Kumada cross-coupling, which was originally disclosed by 

Yamamoto et al. (Figure 2B).[28,41,42] The impact of Yamamoto’s application of transition metal 

catalyzed cross-coupling reactions cannot be overstated, and readers are directed to a mini-review 

summarizing these contributions.[43] This cross-coupling revolution opened a new door towards 

polymers with improved structural fidelity relative to what was provided with the aforementioned 

polymerization methods. 

3. 1990-2000: Accessing Well-Defined Polymers 

 As a result of the fundamental work that defined the 1980’s, the following decade saw a 

flourishing field, largely due to the development of the first organic electronic devices and the 

improvement and expansion of synthetic methodologies for the polymerization and 

functionalization of conjugated polymers. In the process, the field saw a dedicated pursuit of new 

polymer architectures in order to advance understanding of fundamental structure-property 

relationships, as well as to optimize materials for specific applications. However, at this time 

(1990-2000) a growing fraction of the work on conjugated polymers was focused on their 

introduction into new organic electronic applications. Specifically, during the 1990’s conjugated 

polymers began to be implemented into a variety of applications, such as in OPV, OLED, and 
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OFET devices or in chemical sensor, electrochromic, and organic laser 

applications.[6,7,9,11,44,45] This broad range of applications could be attributed to the promise 

of conjugated polymers at potentially providing low cost alternatives, both in synthesis and 

processing, as well as desirable mechanical properties compared to their inorganic counterparts. 

Since there are extensive reviews on the subject of device and conjugated polymer applications, 

the reader is directed towards these for further elaboration on the device physics and working 

principles.[7,9,33,44,46–48].  

3.1 The Development of Application Focused Design: Conjugated Polymer Structure from 1990-

2000 for OLED and OFET Applications  

 Of the various aforementioned applications, a primary focus of conjugated polymer 

research in the 1990s was in the development of new emitters for OLEDs, which followed the 

seminal work by Burroughes et al. describing the fabrication of an OLED device incorporating 

PPV (Figure 2A).[49] Following-up this initial report, the research groups of Friend and Holmes 

provided many additional important advancements within this area.[50–54] Condensed into 

simplified terms, the general design criteria for polymers in OLED applications was high 

luminescence in solution or as films, a useful although not always accurate diagnostic before 

fabrication of a device, and an amorphous morphology in order to avoid the aggregation induced 

quenching through interchain interactions.[55–58] The use of different aryl units, substituents, and 

inclusion of heteroatoms (Figure 3A) allowed for tuning the physical properties, such as solubility 

and morphology, and also electronic properties, such as the bandgap, influencing the color and 

intensity of emission. Shortly thereafter, a critical and revolutionary development for the field of 

conjugated polymers was the report of the polymer MEH-PPV by Wudl and coworkers (Figure 

3A).[59] This polymer, although structurally similar to its parent-analog, PPV, was a major 
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advancement in that it incorporated branched alkyl substituents, an early example of side-chain 

engineering, rather than the often encountered linear alkyl substituents. This allowed for increased 

interchain polymer distance and an amorphous arrangement of polymer chains.[60] These 

substituents also allowed for facile solution processing, which is critical for thorough structural 

Figure 3. (A) Advancements in the conjugated polymers in the 1990s relative to the previous 

decades is exemplified with the inclusion of new repeat units and alkyl substituents for improved 

solubility. (B) A key development within the decade of the 1990s was the application of various 

transition-metal catalyzed cross-coupling reactions toward the synthesis of conjugated polymers, 

improving the structural fidelity of the polymer and limiting undesired defects. 



 11 

characterization and an important attribute for the low-cost manufacture of display devices. MEH-

PPV became one of the most studied polymers over the following decade. A pioneering study by 

Holmes and Friend et al. detailed a blend of MEH-PPV and the polymer acceptor CN-PPV into a 

photovoltaic device.[52] Around the same time, Wudl and Heeger disclosed the development of 

the polymer-fullerene solar cell with their study of a blend of MEH-PPV and the fullerene, 

C60.[61,62] These important contributions would ignite the field of research for conjugated 

polymer in OPV, and it would signal a shift in the next decade from heavily studying OLED to 

more focus on OPV.  

Another important class of conjugated polymers studied at the time were polyfluorenes, 

such as PFO, PFO-CBz, and F8BT (Figure 3A). These polymers incorporated a fused biphenyl 

with the inclusion of a quaternary carbon, which allowed for the facile inclusion of a variety of 

solubilizing groups. Additionally, these materials are highly-emissive making them desirable for 

OLED applications.[46,63,64] The fused repeat units of fluorene allow for extended conjugation 

along the polymer backbone with the inclusion of solubilizing alkyl substituents, which had led to 

a twisted conformation with the non-fused phenylene based polymers.[55] Polymers incorporating 

the fluorene unit also displayed good charge carrier mobilities, allowing them to be incorporated 

into OFET devices.[65] The design of polymers for OFET applications was in contrast to that of 

OLEDs. Specifically, polymers with crystalline properties were desired, such as polythiophenes 

or polyfluorenes, which allowed for improved charge transport along and between polymer 

chains.[65–67] 

 Aside from the aforementioned polymers (primarily homopolymers), a critical contribution 

from this time period was the development of the donor-acceptor copolymer, which is based upon 

the work of Havinga. In the seminal report, the synthesis of copolymers through the condensation 
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of squaric acid and a series of pyrrolines, such as PDPSA in Figure 3A, is described.[68,69] While 

conjugated polymers incorporating electron-deficient and electron-rich units had been reported, 

the concept of using a donor-acceptor copolymer to modify the electronic properties, such as the 

bandgap, had not been realized.[70] The idea of using donor-acceptor copolymers to modulate the 

bandgap was an important contribution for furthering the development of new polymer 

architectures for OPV applications, and would be a major research focus for the following decade. 

Polythiophenes were also receiving increased attention as well, since the structural tuning of the 

monomers could be easily accomplished allowing for a broad range of electronic properties, with 

POPT as an example (Figure 3A).[71,72] Additionally, important achievements were made to 

improve the regioregularity of this class of polymers through improvements in the synthetic 

methods, which is further discussed below. 

 In addition to P3ATs, the synthesis and characterization of PEDOT (Figure 2) and its 

analogues, shown in Figure 3A with PProDOT, PBuDOT, and PEDOT-Ph, greatly expanded.[72–

77] During this decade, Reynolds contributed many notable works relating to the synthesis and 

characterization of analogs of PEDOT, which is detailed in a review relevant to the time 

period.[24] The major underlying interest for this class of materials was in electrochromic 

applications, due to the highly tunable bandgap allowing for a broad spectrum of colors for 

polymer thin-films. Additionally, these polymers possess low-oxidation potentials, long-term 

electrochemical switching, and good environmental stability. These properties can be attributed to 

the molecular design of the repeat unit where the electron-donating oxygens serve to stabilize the 

oxidized form of the polymer. To show how structural modification altered the electrochromic and 

conductivity properties, Reynolds et al. compared PEDOT, PProDOT, PBuDOT, and PEDOT-

Ph.[72] It was found that the switching time and conductivity varied from 2.2 sec (for both PEDOT 
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and PProDOT), 1.3 sec, and 0.8 sec, respectively. For in situ conductivity measurements of the 

electrochemically oxidized polymers, it was found that PEDOT, PProDOT, PBuDOT, and 

PEDOT-Ph afforded conductivities of 8.6, 12.1, 0.2, and 1.2 S/cm, respectively. 

3.2 Polymerization Methods from 1990-2000 

 Enabling this transition of conjugated polymers from primarily a laboratory interest to a 

practical setting was the implementation of transition metal catalyzed cross-coupling reactions, 

such as Suzuki-Miaura (Suzuki), Heck, Yamamoto, and Migita-Stille (Stille), for polymer 

synthesis (see Figure 3B).[37,78–85] Developing polymerization conditions based on the Stille or 

Suzuki reactions, for example, was critical because many of the previous polymerization 

conditions used prior, such as chemical or electrochemical oxidation, gave polymer products with 

high levels of defects that impaired the optical and electronic properties of the corresponding 

polymer.[10] Additionally, methods such as Stille and Suzuki enabled the synthesis of structurally 

diverse conjugated copolymers, creating an avenue for accessing polymers decorated with a 

variety of unexplored functional groups.[86–88] In contrast, the low regio- and chemo-selectivity 

of chemical or electrochemical oxidation and the harsh conditions required for other 

polymerization methods, such as Wessling polymerization, depicted in Figure 2B, prohibited such 

structural diversity. Also, the inclusion of solubilizing groups allowed for high molecular weight 

polymers to be obtained with the aforementioned polymerization procedures. The ability to access 

high molecular weight polymers with minimized levels of structural defects allowed for improved 

device performance and more desirable physical and electronic properties through the extension 

of π-conjugation within and π-stacking between polymer chains. 

 The seminal work of Yu et al. described conditions for conjugated polymer synthesis using 

Stille cross-coupling, which invokes the use of an aryl dihalide, an aryl distannane, and a palladium 
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catalyst (Figure 3B).[78,79,82,84] Stille polymerization remains one of the most widely used 

methods for the synthesis of conjugated polymers, because it is highly tolerant of various 

functional groups allowing for a broad scope of conjugated polymers to prepared. Suzuki 

polymerization, which had been reported for the synthesis of of PPP (Figure 2A) at the end of the 

1980s, received increased attention during the 1990s as a complementary method to the other 

transition-metal catalyzed cross-coupling polymerizations.[37,89,90] Rather than using a toxic, 

trialkyl tin functionality for transmetalation, a more benign boronic acid or boronic ester is used 

(Figure 3B). For polymers incorporating the vinylene unit along the backbone, Heck coupling 

provided a convenient and relatively mild pathway for this inclusion. Importantly, this provided a 

new route to PPV based polymers (Figure 3B).[81,85] Yamamoto polymerization (Figure 3B) is 

another critical contribution, allowing for the polymerization of aryl dihalides, which greatly 

simplifies monomer synthesis in that the synthesis of a main-group intermediate is not necessary 

to promote transmetalation to the active catalyst.[91,92] Disadvantages of this polymerization 

method include the inability to synthesize perfectly alternating copolymers, which can be prepared 

using Stille, Suzuki, or Heck polymerization methods, and the need for stoichiometric amounts of 

Ni(0).[88]  

 For the synthesis of polythiophenes, which were a primary focus during this time, 

significant synthetic development was realized for the preparation of highly regioregular P3ATs 

and for the synthesis of P3ATs using C-H activation (see Figure 3B for general schemes and 

conditions). Regarding the former, the numerous works of Rieke and McCullough during this time 

were monumental for the development of the controlled synthesis of conjugated polymers. In a 

seminal study, McCullough disclosed conditions using Kumada coupling to polymerize 3-

alkylthiophenes with various alkyl substituents, affording rr up to 91% compared to the 54% 
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achieved electrochemically or through chemical oxidation using anhydrous FeCl3.[93] Due to the 

extended conjugation consequential of the higher regioregularity, the conductivities of the highly-

rr P3AT were found to be 50 to 60 times higher than that of the regiorandom P3AT. Rieke et al. 

then followed up McCullough’s work, disclosing conditions that used Negishi coupling to 

polymerize 2-(bromozincio)-5-bromo-3-hexylthiophene.[94] The highly reactive zinc described in 

this report afforded the desired monomer, 2-(bromozincio)-5-bromo-3-hexylthiophene, 

exclusively, which was then polymerized to afford P3HT with an rr of 98%. From these initial 

works, numerous contributions from Rieke, McCullough, and others followed during the time 

period of 1990-1999, and the reader is directed to select studies for further reading.[95–97]  

 For the synthesis of poly(alkylthiophenes) using C-H activation, Lemaire reported the first 

set of conditions just before the end of the decade for direct arylation polymerization (DArP), 

which is shown in Figure 3B.[98] At the time of the disclosure of this new polymerization method, 

it was described as Heck-type given the olefin nature of the thiophene π-bond undergoing C-H 

activation. Although the rr of the P3HT in Lemaire’s study was only 70%, the significance of this 

work is that it set the stage for future conjugated polymer synthesis via DArP, which allows for 

circumventing the need to install a main-group intermediate is not necessary to promote 

transmetalation to the active catalyst. This allows for a reduction in the number of synthetic steps 

to access a monomer and the amount of associated chemical waste, and it can be accomplished 

using catalytic amounts of a transition metal catalyst unlike Yamamoto polymerizaiton. Each of 

the developments from McCullough, Rieke, and Lemaire for polythiophene synthesis would have 

significant impact on future work and the field of conjugated polymers overall.  

 4. 2000-2010: A Proflific Expansion of Architecture, Synthesis, and Properties. 
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From the pioneering work accomplished in the 1990s, the groundwork was laid for researchers 

in the next decade to further expand research areas regarding conjugated polymer design and 

synthesis. From the structural variety displayed overall in Figure 4, it is apparent that research in 

the area of conjugated polymers was focused on learning structure-property relationships enabled 

by fundamental work of the previous decades. Determining how molecular weight, semi-

crystallinity, structural defects, and polymer architecture, such as with donor-acceptor copolymers, 

altered device performance became an underlying feature. This was enabled by the improved 

polymerization methods, such as Suzuki and Stille polymerizations, that allowed for high 

molecular weight polymers with improved structural fidelity and a broader functional group 

tolerance. In addition, the academic focus on applications for conjugated polymers began to shift 

from the primary focus of OLEDs to OPV and OFET. As such, understanding how to improve the 

absorption of photons rather than their emission and the fundamental studies of charge transport 

began to emerge through the fastidious tailoring of structure.  

For OPV, this was accomplished through the pursuit of narrow bandgap materials where the 

energy levels were tuned to maximize photon absorption without sacrificing other aspects critical 

to device performance, such as charge transfer to [6,6]-phenyl-C61-butyric acid methyl ester, 

PCBM, or the open-circuit voltage (Voc).[44,99] Specifically, it was found that bandgaps should 

be tuned to between 1.2 to 1.9 eV to match with the emission of the solar spectrum, lowest 

unoccupied molecular orbital (LUMO) energy levels should be properly offset (0.2-0.3 eV) to 

allow for efficient electron transfer to PCBM, which is at approximately 4.3 eV, and to avoid 

ambient oxidation highest occupied molecular orbital (HOMO) energy levels should be below -

5.26 eV.[100] The strategy for accomplishing this synthetically was to develop structures that 

stabilized the quinoidal form, such as with PITN (Figure 2A), which was done using the donor-
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acceptor archetype developed by Havinga and discussed in the previous section. Examples of these 

types of donor-acceptor polymers in Figure 4 and discussed below.[101–103]  

For OFET, critical developments were made in tailoring the crystallinity of polymers, lowering 

the HOMO energy level without significantly raising threshold voltages, and the application of 

donor-acceptor copolymers.[99,104] The use of the donor-acceptor interactions enforced 

backbone planarity, improving long-range structural order, decreased π-π stacking distances 

between polymer chains, allowed for fine-tuning HOMO and LUMO energy levels, and provided 

spatially separated alkyl substituents.[104,105] This was, of course, enabled through the increased 

application of organic synthesis for the functionalization of monomers where in previous decades 

an apparent structural simplicity was primarily observed (as shown with the polymer structures in 

Figures 2A and 3A). Much of this expansion of structure is also consequential of the improvement 

in polymerization methods, primarily with Stille and Suzuki polymerizations, which are highly 

tolerant of various functional groups and can afford high molecular weight polymers with good 

structural fidelity. 

4.1 Application Driven Design: Conjugated Polymer Structures from 2000-2010 for OPV and 

OFET Applications  

As depicted in Figure 4, polymers with ionized side chains gained increased attention due to 

their applications in organic electronics and biological applications, since their ionic side chains 

allow them to be processed in polar organic or aqueous solvent. The polymers PFN-Br and PFN-

P prepared by Cao and colleagues (Figure 4) were initially synthesized as water-soluble emitters 

for OLED applications, although PFN-Br found more use as an interlayer in OPV 

devices.[106,107] Another example of water soluble polymers, which utilize the donor-acceptor 

copolymer architecture, is depicted with the sulfonate functionalized PPE-BTD-SO3- (Figure 4). 
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Schanze et al. demonstrated the tunable photophysical properties of these polymers in solution 

through the preparation of a series of PPE-based copolymers.[108] 

The increased attention for polythiophenes in the 2000’s was primarily due to the improvements 

in polymerization methods, which allowed for improved structural fidelity and therefore 

controllable and desirable physical and electronic properties. An example of this is the copolymer 

PBTTT-C14 (Figure 4), which McCulloch et al. demonstrated to have good charge-carrier 

mobilities of 0.2-0.6 cm2 V-1 s-1 in their initial report.[109] PBTTT was an important development 

for OFET devices because it takes a rather simple and straightforward polythiophene architecture, 

but with improvements to charge mobility compared to P3HT, which can provide a mobility of 0.1 

cm2 V-1 s-1 with high regioregularity, for example.[110] These improvements in mobility can be 

attributed to the improved crystallinity consequential of the increased spatial separation of the 

alkyl substituents, allowing for increased side-chain interdigitation and improved long-range 

structural order.[111,112] From measurements of the ionization potential (IP), PBTTT possesses 

a higher IP at 5.1 eV compared to P3HT (4.80 eV).[109] This translates into a polymer more 

resistant to oxidation and therefore more stable, with a HOMO inside the typically targeted range 

of 5.0-5.5 eV for OFET devices.[99] Another important class of polythiophenes is illustrated with 

the PTB series of polymers pioneered by Yu (Figure 4), which afforded power conversion 

efficiencies of 5.6% when blended with PCBM.[113,114] The series of polymers based on this 

general architecture profoundly influenced the synthesis of conjugated polymers for OPV 

applications, with more examples in the following section. The functionalized thieno[3,4-

b]thiophene acceptor unit was based on early work by Pomerantz et al. at the start of the decade, 

which described homopolymers possessing an alkylated version of the same isomer.[115] This 

particular isomer of thienothophene ([3,4-b] rather than the [3,2-b] found in PBTTT), stabilizes 
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the quinoidal form thereby allowing for a very narrow bandgap and facile light absorption for the 

polymer.[116] These polymers also popularized the use of the benzo[1,2-b:4,5-b']dithiophene 

(BDT) donor, which had been incorporated into various polymer architectures beforehand, 

although their potential as high-performance polymers had not yet been realized.[117–120] Most 

 
 

Figure 4. The explosion of structural diversity from 2000-2010 resulting from the application of 

many organic synthetic methods to monomer and polymer functionalization, as depicted with the 

examples of polyfluorenes, polythiophenes, amide and imide functionalized polymers, and 

azaheterocyclic compounds. 
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importantly, the development of the PTB polymers showed how various organic synthetic methods 

can be used to functionalize a given monomer so as to tailor the polymer properties.[116] This 

judicious tuning of monomer structure to alter the polymer properties is also observed with the 

inclusion of main-group elements to afford fused ring-structures, such as the silolo[3,2-b:4,5-

b’]dithiophene in PSBTBT. Compared to the cyclopenta[2,1-b;3,4-b′]dithiophene analog, 

PCPDTBT, which provides efficiencies of 3.2% in polymer solar cells, the inclusion of silolo[3,2-

b:4,5-b’]dithiophene provides improved charge transport providing an efficiency of 5.1% for 

PSBTBT.[121,122] The inclusion of other main group elements, including phosphorus, selenium, 

tellurium, arsenic and germanium, has also been explored, but are not included in this discussion 

for the sake of brevity.[123–128] 

With the advent of the donor-acceptor copolymer in the previous decade (1990s) and the new 

directive for low-band gap polymers or those with absorption extending from the visible to the 

near-IR, amide and imide functionalized polymers became of great interest with examples shown 

in Figure 4.[105] Amide and imide functionalized monomers are particularly intriguing due to the 

relative ease of synthesis, low lying LUMO energy levels, ambient stability, and structural 

variety.[101,105,105,129,130] Since these monomers can typically be realized within a few facile 

synthetic steps, they are excellent for screening or tailoring a variety of different polymer 

architectures through the incorporation of different solubilizing groups or donor units. One of the 

early works on narrow bandgap amide-based copolymers was provided by Janssen et al., which 

described a 4.0% PCE obtained with PBBTDPP2 (Figure 4) and PC70BM.[131] Another example 

is the copolymer P(NDIOD-T2) or N2200, shown in Figure 4, which is a multifaceted material 

that was initially used for the fabrication of high-mobility transistors under ambient conditions, 

with mobilities ranging from 0.2-0.5 cm2 V-1 s-1, and it has more recently found use in all-polymer 
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solar cells as an acceptor polymer providing power conversion efficiencies of over 10%.[132–134] 

Its efficiency at electron transport can be attributed to the ideal energy of it LUMO at -4.35 eV, 

which is between the generally targeted range of -3.6 to -4.5 eV, and the highly coplanar structure 

of the polymer backbone.[105] PBDTTPD (Figure 4), developed by Leclerc et al., is a prime 

example of a donor-acceptor copolymer based on the structural archetype outlined by Yu with the 

PTB-polymers. The polymer provides good synthetic accessibility with the TPD acceptor, and 

good performance with a 5.5% power conversion efficiency in larger area (1.0 cm2) polymer-

PCBM solar cells tested in air.[135] 

Previously unexplored conjugated polymer architectures incorporating azaheterocycles (see 

Figure 4) also received increased attention. Although the certain repeat units, such as carbazole or 

benzothiadiazole were known, the specific combinations, such as those depicted in Figure 4, were 

not. One such copolymer incorporating known azaheterocycles is PCDTBT (Figure 4) developed 

by Leclerc et al. At the time, this polymer provided an exciting future for OPV applications, since 

it has a relatively straightforward synthesis and provides good performance in polymer-PCBM 

solar cells. In its initial report, the solar cell was fabricated and tested in air providing an efficiency 

of 3.6%[136], and the device was then further optimized to provide an efficiency of 

6.1%.[100,136,137]With a HOMO at -5.45 eV, the polymer is below the threshold for oxidation 

by ambient O2 (-5.26 eV), and it is possesses a good hole mobility (1 × 10-3 cm2 V-1 s-1). Another 

copolymer incorporating an azaheterocycle, quinoxaline, is shown in Figure 4 with TQ1. TQ1 is, 

again, a synthetically straightforward polymer to prepare, using only thiophene as the donor unit, 

and provides a power conversion of 6% when blended with PCBM.[138] The final azaheterocycle 

shown in Figure 4, benzotriazole, is depicted with the copolymer P(BTz-F).[139] Although this 

particular polymer was studied for its photoluminescence properties, the benzotriazole unit and its 
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analogs have allowed for the development of high-performing, wide band-gap polymers for OPV 

applications, which are further discussed below. Benzotriazole, as with the other azaheterocycles 

discussed here, can be synthesized in a few steps. Simple variation of the alkyl chain allows, e.g. 

linear or branched, allows for the facile tuning of the polymer’s properties. 

4.2 Polymerization Methods from 2000-2010  

While there were many important advancements relating to conjugated polymer synthesis during 

the decade of 2000-2010, the significant contributions discussed here include the improvement of 

conditions for DArP, Kumada catalyst transfer polymerization (KCTP/GRIM), and Suzuki catalyst 

transfer polymerization (SCTP) (Scheme 1), allowing for the realization of conjugated polymers 

synthesized using C-H activation and using controlled and living polymerizations, respectively. 

For DArP, the pioneering work of Ozawa built upon the original conditions described by Lemaire 

(Figure 3B). It detailed the optimization of the polymerization conditions with the fine tuning of 

the palladium source and the ligand (Scheme 1).[140] This allowed for the streamlined synthesis 

of P3AT, and avoided the hazardous and toxic reagents associated with installing the main-group 

intermediate necessary to promote transmetalation to the active catalyst required for Stille or 

Suzuki polymerizations.  

Scheme 1. Development of improved conditions for DArP (left), KTCP/GRIM polymerization 

(right), and SCTP (bottom). 
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The discovery of controlled polymerization methods for the synthesis of conjugated polymers 

was a crucial development for affording defect free conjugated polymers allowing for improved 

device performance and for polymers with finely tuned architectures.[141–144] For example, in 

OFET applications having highly regioregular P3HT with low dispersity (Ð < 1.5) can allow for 

improved mobilities, improving values from 10-5-10-4 to 10-1-10-2 cm2 V-1 s-1, due to high structural 

order and self-assembly within films.[110,145,146] Methods for the controlled synthesis of 

conjugated polymers at this time included KCTP, which has an identical polymerization 

mechanism to GRIM polymerization but can be initiated externally using a transition metal 

catalyst, and SCTP, which are shown in Scheme 1.[147,148] KTCP/GRIM allowed for the 

precision synthesis of conjugated polymers with incredibly high structural fidelity, allowing for a 

variety of architectures, such as homopolymers, polymer brushes, and n-type conjugated 

polymers.[143,147,149–151] Although the initial report of GRIM for P3AT synthesis was reported 

just before the start of the 2000-2010 decade, its development thrived through that time, and greater 

mechanistic insight regarding the polymerization was garnered.[152–155] The seminal work by 

McCullough described the synthesis of P3AT in good molecular weight (Mn up to 35 kDa) and 

nearly quantitative rr (Scheme 1). SCTP presented an approachable alternative to KTCP, since it 

employs the less reactive boronic acid or boronic ester for transmetalation, but many reports during 

the initial development of SCTP were on simple arene monomers, such as phenylene or 

fluorene.[156,157] Each of the aforementioned polymerization methods would lead to intensive 

study regarding the synthesis of conjugated polymers using C-H activation (DArP) or controlled 

and living polymerization methods (KTCP/GRIM and SCTP). 

5. 2010-Present: Extraordinary Polymers through Meticulous Design 

From the work of the previous decade (2000-2010), which was dominated by developing new 

conjugated polymers for OPV applications, many advancements were achieved through the 
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development and application of organic synthetic methods to fine tune the polymer structure. 

Shown in Figure 5, polymer architectures display much more structurally and synthetically 

complex architectures when compared to the previous decade, such as new fused ring structures 

and various heterocycles or heteroatoms. Certain trends for this decade were altered from the 

previous to suit the developments in device applications, although much work was still intensely 

focused on OPV applications. For example, rather than the pursuit of narrow bandgap polymers a 

defining point of this decade was the pursuit of wide bandgap polymers. The use of weak electron 

acceptor units was explored in order to limit the quinoidal character that is characteristic of many 

narrow bandgap copolymers. This shift in focus relates to the development of non-fullerene 

acceptors (NFA), and tuning the absorption properties of the polymer to be complimentary to that 

of the NFA.[158–162] Additionally, with the advent of the ternary solar cell polymer architectures 

were adjusted to develop complimentary absorbers and miscible polymer pairs.[163–165] From 

the tidal wave of synthetic transformations to create new, structurally complex polymers, a trend 

to target structurally simple conjugated polymers that still exhibit good performance in device 

applications is developing, which is discussed below.  

5.1. Application Driven Design: Conjugated Polymer Structure from 2010-Present for OPV and 

Emerging Applications t 

Shown in Figure 5, azaheterocycles such as pyridine and thiazole replaced thiophene to flank 

the amide-acceptor DPP, depicted with the polymers PDBPyBT and PDPP2TzT, respectively. 

These helped to improve the electron affinity of the polymers through reduction in the LUMO 

energy level, and alleviated steric-hindrance along the polymer backbone allowing for a more 

coplanar structure, which led to improved performance in either OPV or OFET devices. For 
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example, PDBPyBT exhibits high hole and electron mobilities, at 2.78 and 6.30 cm2 V-1 s1,  

respectively, with a relatively simple copolymer structure.[166] PDPP2TzT was blended into 

polymer solar cells with PCBM and it provided a power conversion efficiency of just 1.1%, but 

with further optimization of the donor unit of the copolymer efficiencies of 5.6% could be obtained 

using this thiazole-DPP acceptor.[167] A more recently applied strategy to induce planarity along 

the conjugated backbone and thereby improve orbital overlap of the π-system is through Lewis 

pair and coordination chemistry (with BN-2fT as an example shown in Figure 5).[168] This 

Figure 5. Current conjugated polymer architectures include the creative addition of various 

heterocycles, coordinating main-group elements, such as boron, 2D-conjugation, the judicious 

inclusion of halogens or other heteroatoms, and transition-metal coordination polymers 
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polymer has diphenyl boron affixed to the polymer, which forms an adduct between the Lewis 

acid, boron, and the Lewis base, the nitrogen of the pyrazine ring. This makes a highly planar, 

fused ring system analogous to the fused-ring systems used in many non-fullerene acceptors, and 

this polymer provides power conversion efficiencies of 8.78% in all-polymer solar cells.[169] 

Shown in the polymers PTB7-Th, PM6, and J71 (Figure 5), functionalized benzo[1,2-b:4,5-

b']dithiophene has become a near ubiquitous structural motif for top-performing polymers in solar 

cell applications.[162,170] These polymers exhibit efficiencies extending well above 10% when 

blended with fullerene or non-fullerene acceptors.[171–175] From comparing these structures 

from those in Figures 2-4, it is apparent that the synthetic complexity and judicious 

functionalization of conjugated polymers has increased substantially. The inclusion of the 

functionalized thienyl unit on the BDT donor provides a 2D-conjugated polymer, and this 

additional dimension of conjugation allows for improved interactions between polymer chains. 

This 2D-extension of π-conjugation improves structural order and charge transport.[176,177] The 

selective fluorination of these polymers is also an interesting structural modification, and a trend 

developed within the last decade for lowering HOMO energy levels, adjusting the extent of 

aggregate formation, and tuning the semi-crystallinity.[178–180] To further highlight the synthetic 

complexity associated with current conjugated polymers, an example that incorporates all of the 

aforementioned strategies for structural tuning, e.g. fluorination, benzo[1,2-b:4,5-b']dithiophene 

substituted with 2-alkylthiophenes, and coordination chemistry to facilitate planarity along the 

conjugated backbone, is Pt-PSFTz. This polymer, although structurally complex, provides notably 

high efficiencies of 16.5% in polymer-NFA solar cells.[181] 

Not all conjugated polymers reported within the last decade are monumental synthetic 

undertakings, however, with examples shown in Figure 6 of relatively structurally simplistic 
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conjugated polymers.[182] Polymers such as PffBT4T-C9C13, PDCBT, and PDTBTBz-2Fanti 

incorporate the commercially available bithiophene donor or a synthetically simple structural 

analog, and require only a few synthetic steps for their complete synthesis. These polymers still 

provide good efficiencies in polymer solar cells with values of 11,7%, 10.2%, and 9.8%, 

respectively.[183–186] As alluded to in this perspective, scaling back the number of synthetic 

steps for monomer synthesis also alleviates the added cost associated with conjugated polymer 

preparation since numerous synthetic and purification steps are avoided. This lowers cost by 

avoiding materials and reagents associated with reaction setup, workup, and purification. 

Additionally, the waste associated with each of these processes is also minimized, which also 

addresses environmental concerns. 

Figure 6. Structurally simpler conjugated copolymers with either streamlined synthetic pathways 

due to a few number of synthetic steps or the use of simple arenes and heteroarenes for the donor 

or acceptor units. 
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In addition to these, structures such as semi-random polymers or terpolymers, such as P3HTT-

DPP in Figure 6, provide a simplistic means to tuning the polymer properties. This is accomplished 

through the strategic incorporation of simple conjugated repeat units where composition and 

sequence distribution of the repeat units are used to tune the polymer properties, which is further 

elaborated upon below.[187–191] In comparison to the polymers shown in Figure 5 with 

heightened structural complexity, benzo[1,2-b:4,5-b']dithiophene based copolymers with 

structurally simple acceptor units, shown in Figure 6 with PCl and PTO2, can still provide 

desirable performance with efficiencies of 12.1% and 14.7% in polymer solar cells, 

respectively.[192,193] 

 Aside from the meticulous modification of monomer structure to alter the corresponding 

electronic and physical properties of the polymer, an often simpler, approachable, and effective 

strategy is to synthesize a terpolymer, where a third monomer is incorporated into the 

polymerization. Extensive reviews discussing specific design strategies and architectures have 

been published, and so the reader is directed to those for further elaboration on the 

subject.[188,194,195] Overall, this strategy allows for broadening the absorption, adjusting the 

aggregation, and modifying the semi-crystallinity of the polymer, and for these reasons 

terpolymers have been largely incorporated into OPV device applications as donor or acceptor 

materials. For donor-acceptor copolymers, the terpolymer analog could incorporate two donors to 

form a two donor, one acceptor (2D1A) architecture, or two acceptors and 1 donor to form a one 

donor, two acceptor (1D2A) architecture. Examples of terpolymers are depicted in Figure 7 and 

discussed below. 
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 The terpolymers T1-T3, where the amount of the ester-thiophene acceptor is varied, is an 

excellent example of a 1D2A terpolymer (Figure 7).[196] The strategy for these polymers was to  

broaden the absorption profile to allow for extended absorption from 500 to 700 nm. When blended 

with the NFA, IT-4F, efficiencies for the polymer solar cells reached as high as 15.1%. 

Additionally, encapsulated blade coated devices showed improved stability relative to the ternary 

blends composed of the respective homopolymers (PBDB-T and PT02) providing a clear example 

of the advantages of terpolymers. PTTI-TX (Figure 7) is an example of a 2D1A terpolymer 

incorporating varying degrees of the simple donor units thiophene and bithiophene.[189] By 

Figure 7. Examples of the various architectures possible with terpolymers including 1D2A (T1-

T3), 2D1A (PTTI-TX), and random (P(BDTT-r-DPP). An example of semi-random is shown in 

Figure 6 with P3HTT-DPP. 
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varying the quantity of bithiophene present the morphological and charge transport properties were 

able to be optimized to afford polymer solar cells with efficiencies up to 10.8% when using PCBM 

as the acceptor. A final example of a terpolymer is shown with P(BDTT-r-DPP) (Figure 7), which 

does not fit into the classification of either 1D2A or 2D1A but is a random copolymer.[197] With 

this polymer, the composition of the backbone is tuned to allow for donor-donor or acceptor-

acceptor homocouplings in addition to the more common donor-acceptor coupling. This broadens 

the potential for various linkages to be obtained, and allowed for extended absorption from the UV 

to near-IR regions. Efficiencies up to 5.63% were obtained in polymer-PCBM solar cells using 

this particular synthetic strategy.   

5.2 Polymerization Methods from 2010-Present 

Although research in the area of controlled or living polymerization for the synthesis of 

conjugated polymers remains ongoing, an intense area of current study is with DArP. DArP 

provides a sustainable method for conjugated polymer synthesis, and it can be used for a variety 

of architectures, such as homopolymers, donor-acceptor copolymers, and terpolymers.[198–201] 

Sustainability with DArP is enhanced compared to other transition metal catalyzed polymerization 

methods, because it does not require installation of boronic acid/ester or trialkylstannane for 

transmetalation, which significantly lowers the environmental impact associated with monomer 

and polymer synthesis. Specifically, the amount of waste, such as the toxic tin waste associated 

with Stille polymerization, is reduced, and the reagents associated with monomer functionalization 

are reduced. While certain polymerization methods, such employment of the Wittig reaction for 

polymerization, do not require toxic tin reagents or a transition-metal catalyst, these methods do 

not have a low atom-economy, require numerous steps to install the reactive functionalities for the 

polymerization, and can be limited in scope in comparison to DArP. Emerging polymerization 
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methods for the preparation of conjugated polymers in the current decade are mostly based on the 

pioneering studies by Lemaire and Ozawa, which were previously discussed and described 

conditions for the synthesis of P3HT using C-H activation.[98,140] Many reviews discussing the 

recent developments for DArP are available, and so the reader is directed to those for deeper 

insight, but general conditions for DArP are provided in Scheme 2.[198–200,202,203] Examples 

of polymer structures from these pioneering studies are provided in Figure 8A with P3HT and 

PDOF-TP from the works of Ozawa et al. and PDOF-BTz and PBTTPD from Kanbara et al. and 

Leclerc et al., respectively.[140,204–206] It should be noted, that the development of DArP was 

reliant on the pioneering small-molecule C-H activation studies by Fagnou et al.[207–211] Even 
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though DArP had been demonstrated in 1999 by Lemaire (Figure 3), the small-molecule studies  

of Fagnou et al. provided mechanistic insight and strategies to improve the polymerization 

outcome, such as the inclusion of a carboxylic acid additive.[210]  

From these initial studies, conditions were disclosed that allowed for the preparation of polymers 

with much greater structural complexity and more relevance for device applications, such as 

PDCBT, P(NDIOD-T2), and PBDTT-FTTE (Figure 8A).[212–214] Although not depicted in 

Scheme 2. An overview of some general conditions for Pd and Cu-catalyzed DArP (top) and 

Oxi-DArP (bottom). NDA is neodecanoic acid, CPME is cyclopentyl methyl ether, and DMA is 

dimethylacetamide. 

Figure 8. (A) Examples of conjugated polymers prepared using Pd-catalyzed DArP. (B) Examples 

of conjugsted polymers prepared using Cu-catalyzed DArP. (C) Examples of conjugated polymers 

prepared using Oxi-DArP. 
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Figure 8, our group and others have demonstrated convergence in PCE for a variety of polymers 

prepared using DArP when compared to their Stille or Suzuki counterparts in polymer solar 

cells.[213,215–217] It has also allowed for the streamlined synthesis of new polymer architectures, 

such as P3AAT in Figure 8, which can be solution processed in the sustainable solvent, n-

butanol.[218] Although the field of Pd-DArP has made momentous strides since Lemaire’s 

original report, much remains to be done. For example, while condition sets can be applied to 

monomers with similar structure, often extensive optimization must be done for each new set of 

monomers due to the inherent differences in C-H bond reactivity. Additionally, much of the Pd-

DArP describes the activation of C-H bonds on thiophene and its analogs, but conditions 

describing the C-H activation of other heteroarenes and arenes remain sparse in comparison. 

To further enhance the sustainable aspects of DArP, we have recently reported conditions that 

allow for the synthesis of conjugated polymers using a Cu-catalyst in place of Pd.[219–221] 

Examples of polymer structures prepared using Cu-DArP are depicted in Figure 8B, with PDOF-

TPD, PTTPD, and PDOF-OD. Given the recent disclosure of conditions allowing for the 

preparation of polymers using Cu-DArP, much work has to be done with expanding this 

methodology to a broader scope of monomers and evaluating the polymer products in device 

applications.  

In addition to Cu-DArP, another emerging method for conjugated polymer synthesis is Oxi-

DArP, for which general conditions are provided in Scheme 2.[222–224] This presents a highly 

sustainable pathway for conjugated polymer synthesis, since it proceeds through dehydrogenative 

coupling, and the reader is directed to a recent review highlighting work in both Pd and Cu-

catalyzed Oxi-DArP.[201] In brief, Oxi-DArP requires the addition of an oxidant to the 

polymerization in order to oxidize the catalyst to its active species, and it proceeds without the 
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need of functionalizing the monomers, such as with a halogen. As with Cu-DArP, Oxi-DArP is 

still an emerging method for polymerization. Examples for polymers using this methodology are 

shown in Figure 8C with P3HET, PProDOT, P3OST, and PBT-OF.[222,223,225–227] 

It should be clear from a cursory glance over Figures 1 through 6 how the structure of conjugated 

polymers evolved throughout the decades from their initial period of focus in the 1970s-1990. The 

judicious modification and inclusion of various functionalities have allowed for the tailoring of 

conjugated polymers to provide high-performance in a variety of applications. Likewise, methods 

for their synthesis evolved from polymerizations that required numerous steps to install the 

reactive functional groups, such as Wessling or Wittig polymerization, or that resulted in low 

selectivity and poor structural fidelity, such as chemical and electrochemical oxidative 

polymerizations. These polymerizations have now been replaced with those allowing for the 

controlled polymerization, e.g. KTCP/GRIM and SCTP, or those that proceed through C-H 

activation, e.g. DArP and Oxi-DArP. There are still many areas within the field of conjugated 

polymers that have opportunities for exciting new developments. While the polymers discussed in 

this perspective mostly applied to OLED, OFET, and OPV applications, areas such as 

bioelectronics, stretchable or deformable electronics, light driven photocatalysis, and metallo-

polymers are also rapidly evolving and offer many areas for new development.[228–231] Moving 

forward, the field of conjugated polymers is now at a point where the lingering synthetic issues 

are how to design a polymer that provides suitable performance without significant synthetic 

complexity, and further developing more sustainable conditions for DArP and Oxi-DArP which 

enable the synthesis of polymers through C-H activation. 

6. The Present Decade: Identifying New Polymers to Address Current Challenges 
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From the intensive research regarding the structure-function properties of conjugated polymers, 

numerous synthetic strategies have been introduced to allow for the tailoring of various conjugated 

polymer structures and architectures. Moving forward into the next decade, the following section 

presents emerging areas for conjugated polymer design. Also, as mentioned throughout, the 

structural complexity has challenged the fundamental idea that conjugated polymers can alleviate 

issues associated with material cost when compared to their inorganic counterparts; however, an 

often-overlooked issue is conjugated polymer stability. Often, high-performing conjugated 

polymers are not also studied for their stability under ambient conditions. Frequently, stability 

tests, such as thermal or light stability, are conducted under inert atmosphere void of the 

atmospheric oxygen that destroys the structural integrity of conjugated polymers. Given the 

impending commercialization of many organic electronic technologies, concern regarding 

conjugated polymer stability has increased, and strategies to improve that are presented. In 

addition, synthetic strategies to develop more flexible and deformable conjugated polymers are 

also presented. This highlights the movement of conjugated polymer electronic devices from the 

small-scale laboratory setting where devices are typically fabricated using glass substrate to a 

commercial setting where large-scale fabrication occurs on flexible substrates. Another emerging 

area of conjugated polymer design discussed is single-component polymer solar cells (SCPSC). 

These polymers seek to revolutionize the field of OPV by eliminating the need for a binary system, 

in which a polymer donor and polymer or small-molecule (PCBM or NFA) acceptor are employed, 

to a single component where the donor and acceptor are covalently linked. This simplifies the 

device fabrication process, since only a single component is required for the formulation of the 

active layer rather than multiple, individual components. Also, covalently linkage of the donor and 

acceptor may help to alleviate phase-segregation of the donor and acceptor allowing for a more 
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stable bicontinuous morphology, which is critical for prolonged use. Importantly, conjugated 

polymer structures for mixed ion conductors where the polymer serves to transport charge and 

mass are presented, which is a relatively emerging application for conjugated polymers. This 

section details the design of polymers in organic electrochemical transistors (OECT), batteries, 

light-emitting electrochemical cells (LEEC), and bioelectronics. Lastly, this section concludes 

with applications for conjugated polymers outside of conventional organic electronic devices, e.g. 

OPV, OLED, and OFET. The topics include polymers for visible light photocatalysis and 

biological imaging, sensing, and therapeutics. 

In terms of the historical underpinnings for the design and synthesis of new conjugated polymer 

architectures, much of the work completed during the time-period of 2000-2020 provides the greatest 

insight with how structure modulates function, which is of course built upon that of the previous decades, 

and the emergent synthetic tools for designing and preparing new polymers. Often, polymer architecture 

changes with the trends or developments for a given area of research. For example, the development of 

donor-acceptor copolymers from narrow bandgap (2000-2010) to wide bandgap (2010-2020) to better 

compliment the absorption properties of NFAs rather than PCBM. Moving forward, it remains to be seen 

how the design and integration of donor and acceptor units will be integrated into novel macromolecular 

assemblies for some of the applications described below. However, the improved understanding of how 

structure modulates the electronic properties and function, such as donor-acceptor pairing, side-chain 

engineering, and heteroatom modification, allows for a broad but relatively defined palate to fill in the blank 

canvas. 

6.1 Application Driven Design: Addressing How Conjugated Polymer Stability can be Improved 

in Device Applications 

A critical issue that must be addressed for commercialization of conjugated polymer electronic 

devices is material stability.[232–234] Many conjugated polymer materials are inherently unstable 
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under conditions encountered in a typical environment, which has uncontrollable temperature, 

humidity levels, and constant exposure to atmospheric O2. Studies by Manceau et al. using P3HT 

have shown that photo- and thermo-oxidation causes radical induced oxidation of the n-hexyl 

sidechains leading to degradation of the polymer. The reactive radical species initiated from the 

oxidation of the side-chains can further oxidize the conjugated backbone of the polymer, such as 

the sulfur of the thiophene leading to sulfones and ultimately sulfonate esters, decimating the 

structural integrity of the conjugated polymer.[235,236] Another study by Stingelin and Troshin 

et al. of over twenty polymers, including PPV and PCDTBT, shows polymer degradation can also 

be attributed to photochemical crosslinking.[237] While encapsulation techniques can protect the 

conjugated polymer from direct contact with the outside environment, these can raise the costs of 

device fabrication and if a glass-encapsulent is used it can prohibit the application towards flexible 

devices. Strategies for improving device stability are an important topic, but will not be addressed 

here since the focus of this discussion is on designing more robust conjugated polymers, and so 

the reader is directed to relevant reviews and articles.[238–242] To address this problem directly, 

Figure 9. A qualitative depiction of the relative resistance to photochemically induced oxidative 

decomposition of commonly used donor and acceptor units. It should be noted that this figure is 

not to scale and compares only donors or acceptors respectively with each other. 



 38 

evaluating the monomers for their propensity to degrade and selecting more stable monomers may 

improve the environmental stability of conjugated polymers. As shown in Figure 9 and based on 

a study by Krebs et al., the use of donor and acceptor units without side-chains promotes polymer 

stability through resistance to photochemically induced oxidative decomposition. For example, 

donor units with alkyl substituents, such as fluorene, are much more unstable than those without, 

such as thiophene and DTT.[232,233] However, alkyl substituents profoundly influence the 

physical properties of polymers, such solubility and crystallinity, and so developing robust, high-

performance polymers is not as simple as removing the alkyl substituents.  

Interestingly, some conjugated polymers have been shown to have excellent resistance to 

oxidation, such as PBDTTPD (Figure 4). In a study by Leclerc et al., this polymer was shown to 

be highly resistant to oxidation, providing little to no change in absorbance up to 200 hours. This 

stability was attributed to the chelation or antioxidant effects of intermediate degradation products, 

which interrupted and slowed the rate of oxidative decomposition.[243] Conversely, polymers 

such as PTB7-Th (Figure 5) have been shown to have almost completely quenched absorption due 

to oxidation of the polymer after only 20 hours.[244]  

 More specific to OPV applications, a study by McCulloch et al. detailed the argument that 

polymer donors were designed to have their HOMO and LUMO energy levels optimized for 

blending with PCBM in order to obtain a high VOC, and that the high LUMO energies of many 

polymers could lead to the degradation of polymer and acceptor blends through the generation of 

superoxide from photo-oxidation.[245] They make the important point that with the advent of NFA 

acceptors, which can be tailored to afford a wide-range of HOMO and LUMO energy levels, 

conjugated polymers with reduced LUMO energy levels could be designed allowing for improved 

material stability and extended device performance. This presents some challenges, however, since 
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the HOMO and LUMO of the polymer must be tuned concertedly with that of the NFA to allow 

for facile charge transfer, and the bandgap of the polymer should still allow for facile light 

absorption in the visible region. 

6.2 Developing New Polymer Architectures for Flexible and Transient Electronics 

Since a desired application for conjugated polymers is in flexible devices, developing conjugated 

polymers (which are typically brittle and become damaged irreversibly after repeated deformation) 

that are inherently stretchable and flexible has become a recent focus.[230,246–249] A strategy 

introduced by Sivula et al. and further developed upon by Mei et al. to develop more flexible 

electronics was to introduce conjugated break spacers (CBS) into the backbone, which is depicted 

with the polymers PBTTT-C14-co-DBT, TEG-DPP-C5, and Si-DPP-C5 (Figure 10).[250–252] It 

can be seen that a C10 or a C5 saturated linker is placed between the two thienyl units of these 

polymers, respectively, imparting potential flexibility and deformability in device applications. 

For PBTTT -C14-co-DBT (Figure 10), it was found to provide a hole mobility (µh) of 0.01 cm2 V- 

1 s-1 in an OFET device, which decreased to 4 × 10-4 cm2 V-1 s-1 after thermal annealing.[251] The 

value for hole mobility is lower than that reported for PBTTT-C14 in the report by McCulloch et 

al. discussed above (0.2-0.6 cm2 V-1 s-1), but is still relatively  high when compared to many other 

conjugated polymers.[109] While PBTT-C14-co-DBT had the architecture of a block copolymer, 

Mei et al. found even with complete incorporation of the break spacer the field-effect mobility for 

TEG-DPP-C5 and Si-DPP-C5 (Figure 10) was 2.1 × 10-4 cm2 V-1 s-1 and 3.4 × 10-3 cm2 V-1 s-1. 

The siloxane terminated side-chains could provide shorter π-π stacking distances between chains, 

and this study serves as a good example of conjugated polymer side-chain 

engineering.[60,252,253] While the mechanical properties of these particular polymers were not 
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investigated, polymers of similar structure and CBS polymers with varying structures, such as  

semi-random or terpolymer architectures, have been studied.[231,254] A strategy by Luscombe et 

al. was to use the steric hindrance imposed by the alkyl substituents in the indacenodithiophene 

unit of the polymers PIDTTPD, PIDTBTD, and PIDTBPD (Figure 10) where the weak 

intermolecular interactions between polymer chains allowed for a low elastic modulus and high 

Figure 10. Examples of emerging conjugated polymer architectures for flexible electronics (TEG-

DPP-C5 to PDPPTVT-r-PDPPDCPA) and transient electronics (PDPP-PD and PFA). 
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ductility without comprising the field-effect mobilities of 0.06 to 0.20 cm2 V-1 s-1. Aside from 

integrating aliphatic carbon chains into the backbone of the polymer other units can be 

incorporated, such as 2,6-pyridine dicarboxamide (PDCA), which is depicted in Figure 10 with 

PDPPTCT-r-PDPPDCPA reported by Bao et al.[246] Following the CBS-strategy developed by 

Mei et al., integration of the PDCA unit into the backbone allows for hydrogen bonding between 

polymer chains. The network of hydrogen bonds allows for recovery of the native morphology, 

through solvent vapor and thermal annealing after stress or strain has been introduced, while 

maintaining an average field-effect mobility of over 1 cm2 V-1 s-1. This value for mobility is similar 

to that of the polymer without any PDCA which had a field-effect mobility of just under 1 cm2 V-

1 s-1. Applying these architectures to high efficiency OPV devices, which currently have record 

efficiencies approaching 18%, remains a challenge and an area for future work.[255] 

Another emerging architecture is the use of an imine linker, also referred to as polyazomethines, 

polyimines, or Schiff-base conjugated polymers, with PDPP-DP and PFA as examples in Figure 

10. Although these polymers have been known for decades with an initial study by Jenekhe et al. 

and numerous studies by Skene et al., interest in these architectures has reemerged due to their 

potential application in transient and bioresorbable electronics.[256–265] While bioresorbable 

small molecules, such as indigo and carotenoid polyenes, have been integrated into OFET devices, 

application of conjugated polymers remains limited with PDPP-PD being the only example where 

device degradation was investigated, to our knowledge.[266] In this study, Bao et al. observed that 

PDPP-PD provided field-effect mobilities up to 0.34 cm2 V-1 s-1. While imine linkages require an 

acid catalyst for degradation, it is surmised that degradation can occur in the stomach, and with 

the addition of more hydrophilic substituents and linkers more susceptible to hydrolysis at a neutral 

pH conjugated polymers that can degrade in a more general setting may be realized. 
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6.3 Single-Component Organic Photovoltaics 

 An emerging area for OPV that requires the design and synthesis of new conjugated 

polymer architectures is single-component polymer solar cells (SCPSC) (with examples shown in 

Figure 11).[267] While the concept of SCPSCs is not new and the devices typically provide lower 

PCEs compared to their binary, bulk-heterojunction counterparts, the potential for this technology 

to simplify device the device fabrication process and provide a more stable morphology  make this 

an area of expanding interest.[268–270] Pierini et al. demonstrated an excellent efficiency of 

5.58% with CoP(3DDT)-(C60HT) (Figure 11), using an active layer composed of electrospun 

fibers.[271] While solution processed films of CoP(3DDT)-(C60HT) provided efficiencies of 

2.43% in OPV devices, the nanofibers prepared from electrospinning provided improved structural 

order and π-π stacking between polymer chains allowing for improved efficiency. The double-

cable polymer SF-PBDTPBI (Figure 11) was developed through structural optimization, e.g. 

inclusion of the fluorine and sulfur heteroatoms, and provides an example of a perfectly alternating 

donor-acceptor copolymer where the PDI acceptor is tethered or attached to the polymer backbone 

Figure 11. Examples of conjugated polymer architectures used for single-component polymer 

solar cells (SCPSC). 



 43 

via an aliphatic cable. This well-defined copolymer architecture allowed for nanophase-separation 

forming an ideal morphology for charge transport, and it provided an efficiency of 4.18%.[272] 

Another architecture, which does not invoke this use of a tethered or cabled acceptor, is the block 

copolymer PTO2-b-PNDI-Se (Figure 11).[273] The block copolymer architecture allows for 

nanophase separation and the formation of well-defined domains of the donor and acceptor, as 

with the aforementioned double-cable architecture. This strategy provided an efficiency of 3.87%, 

which is a significant improvement when compared to the efficiency of 1.14% achieved by the 

binary all-polymer solar cell composed of the two separate, respective polymers that make up the 

block copolymer, PTO2 and PNDI-Se. 

6.4 Mixed Ion Conductors  

 Mixed ion and charge transport applications, such as in organic electrochemical transistors 

(OECT), batteries, light-emitting electrochemical cells (LEEC), and bioelectronics provides 

another area for future growth and expansion in the field of conjugated polymers.[274–280] In 

such applications the conjugated polymer serves to transport charge and mass, in the form of ions, 

and the conjugated polymers typically used for these purposes are designed through the integration 

of components that are known to transport charge well. For charge transport a coplanar conjugated 

Figure 12. Examples of conjugated polymer structures used for mixed ion conduction 

applications. 
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backbone with extensive π-π interactions is preferred, and for mass side-chains that can coordinate 

to a mobile ion to facilitate its transport are used (with examples shown in Figure 12). In a study 

by Reynolds et al., PProDOT(OE)-DMP (Figure 12) was designed to possess good hydrophilicity 

with the oligo-ether substituents, and the dimethyl functionalized ProDOT was included to reduce 

steric hindrance along the conjugated backbone.[281] The polymer was investigated for its charge 

storage properties, and a gravimetric capacitance exceeding 80 F g-1 was observed. PTHS (Figure 

12), a simple P3HT analog with a sulfonate at the end of the alkyl substituent (akin to P3-ETSNa 

in Figure 2), was evaluated for its performance in OECT devices operating in accumulation mode 

by Malliaras et al., and it was found to have a high transconductance when ethylene glycol was 

used as a cosolvent.[282] Rivnay and McCulloch et al. developed a PBTTT analog with 

oligoethylene glycol substituents, P(g2T-TT), and found that the side-chains likely improve ion 

penetration and transport allowing for high transconductance in OECT devices.[283]Lastly, 

McCulloch and Müller et al. found that polar side-chains on an n-type copolymer for 

thermoelectric applications, P(gNDI-gT2), improves miscibility with the molecular dopant, 

benzimidazole-bimethylbenzenamine (N-DMBI), affording conductivities of 10-1 S cm-1 with 

dopant concentrations of 10 mol%.[284] From the acquisition of knowledge garnered from the 

previous decades, the emerging areas for conjugated polymer and synthesis demonstrate how 

structure, either with the repeat units incorporated, or the substituents, such as the choice of alkyl 

side-chains, can be finely tuned to address new and emerging applications.  

6.5 Conjugated Polymers for Other Applications: Photocatalysis and Therapeutic, Sensing, and 

Imaging Applications 

 Although this perspective has been focused on the design and synthesis of conjugated 

polymers pertinent to organic electronic device applications, such as OPV, OLED, and OFET,  
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other important areas of research that deserve recognition include photocatalysis and biological 

applications, such as imaging, sensing, and therapeutics. The use of conjugated polymers for 

photocatalysis and biological applications has been done for decades, but the section will highlight 

more recent work with concluding remarks for future work. Briefly, conjugated polymers designed 

for photocatalysis applications can be used for water splitting, degradation of persistent organic 

dyes, the reduction of CO2 into valuable chemical feedstocks, and the photocatalytic reduction and 

oxidation (photoredox) reactions of organic small-molecule substrates. An excellent review on the 

subject has been recently published, and so readers are referred there as well as more general 

reviews regarding these topics.[229,285–288] Examples of polymers used for photocatalytic water 

splitting are shown in Figure 13A, including PFOD-TBT, PFBT-CPE, and PBDTBT-7EO, and it 

can be seen that the conjugated backbone of these polymers incorporates relatively simple repeat 

units, such as fluorene and benzothiadiazole.[289–291] It should be noted that polymers with other 

repeat units have been prepared, but these examples were simply chosen to provide brevity for the 

discussion of this topic. Since water-splitting occurs in aqueous media, hydrophilic polar and ionic 

side chains, such as the quaternary ammonium salt of PFBT-CPE or the oligoethers of PBDTBT-

7EO, allow for the polymers to remain dispersed in solution promoting reactivity. From the earlier 

work of Yanagida et al., which described the use of PPP (Figure 2A) obtaining a hydrogen 

evolution rate (HER) of 207.5 μmol h-1 g-1 under 290 nm light, PFOD-TBT, PFBT-CPE, and 

PBDTBT-7EO provide often significantly improved rates of 50 mmol h-1 g-1, 512 μmol h-1 g-1, and 

40 μmol h-1 g-1 under visible light.[289–291] In contrast, Yanagida et al. report that H2 production 

was negligible when using PPP under visible light.[292] Much work within the field of 

photocatalytic reactions using conjugated polymers remains to be done, such as designing 
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polymers that absorb well in the visible region and that can undergo the desired charge transfer for  

a given catalytic reaction. While the polymers described in this section used the donor-acceptor 

structural motif to tune the absorption properties and altering the side-chains to increase the 

hydrophilicity, much can still be done in regards to structural modification to improve 

performance. Methods for structural modification can be found in the other sections in this 

perspective, such as tuning FMO energy levels through the installation of various functional 

groups, side-chain engineering, and heteroatom modification.  

Lastly, examples of conjugated polymers used for sensing, imaging, and therapeutic treatment 

are shown in Figure 13B with PFBT, P-F8-DPSB, and PTPEAQ, respectively.[293–295] Excellent 

reviews have also been published on these topics, and so the reader is directed there for further 

insight.[296–299] As an example of biological sensing capabilities, a study by Liu and Bazan et 

Figure 13. (A) Examples of conjugated polymers for photocatalysis. (B) Examples of conjugated 

polymers for imaging, sensing, and therapeutics. 
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al. disclosed the incorporation of the water soluble PFBT (Figure 13B) into a sensing platform for 

the detection of single stranded DNA (ssDNA).[294] This polymer again incorporates the simple 

fluorene and benzothiadiazole repeat units to form a donor-acceptor copolymer. It was found that 

by including Ag nanoparticles metal enhanced fluorescence (MEF) was observed allowing for the 

increased detection of the ssDNA. In the case of imaging, Tian et al. described the incorporation 

of P-F8-DPSB (Figure 13B) and a near-infrared (NIR) light absorbing dye to generate fluorescent 

nanoparticles.[293] These nanoparticles were used in the imaging of HeLa cells with observable 

fluorescence through a mock tissue with a thickness of 900 μm after excitation at 650-730 nm. 

The polymer possesses an interesting structure with a bis(diphenylaminostyryl)benzene 

chromophore, which allows for multiphoton fluorescence imaging.[300] For therapeutic 

applications, PTPEAQ was meticulously designed as a donor-acceptor copolymer. Specifically, 

the tetraphenylthylene (TPE) unit was chosen due to its propensity to undergo aggregated induced 

emission (AIE).[301,302] The anthroquinone acceptor was selected because it has been previously 

used to for the preparation of far-red (FR) and NIR dyes that possess a low energy difference 

between the lowest singlet and triplet excited states (ΔEst) allowing for intersystem crossing 

(ISC).[303] The PTPEAQ polymer was then used to form nanoparticles that were subsequently 

functionalized with the HER2 antibody. The desirable photophysical properties of the polymer 

allowed for efficient 1O2 generation to facilitate the selective death of SKBR3-cancer cells over 

NIH-3T3 normal cells when the functionalized nanoparticles were illuminated with white light. 

As with the polymers for photocatalytic applications, there are still areas for improvement with 

polymers for biological applications. A major hurdle remains in developing efficient absorbers at 

low-energy wavelengths, such as NIR/NIR-II, allowing for the improved penetration depth of 

light. 
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7. Conclusion 

An overview for the field of conjugated polymers throughout the decades (1970s-present) and 

an outlook on emerging areas for conjugated polymer synthesis and design has been provided with 

a keen focus on important changes in polymer structure and polymerization methods. Specifically, 

the synthetic transformation and growth of conjugated polymer design from simple repeat units, 

often only consisting of a single arene or heteroarene, to donor-acceptor copolymers and 

terpolymers with semi-random or random structures was illustrated. The increase in structural 

complexity reflects how the inclusion of various transformations from organic synthesis enabled 

the tailoring of such structures, and how further understanding of the operating principles for a 

given device application, e.g. OLED or OPV, further inspired the structural tuning of conjugated 

polymers.  

In the early years of the concerted and focused efforts on conjugated and conductive polymers 

(1970s-1990), fundamental properties were determined using relatively simple structures. In the 

following decade (1990-2000), improvements in polymer synthesis, such as the application of 

transition metal catalyzed cross-coupling reactions for polymer synthesis, allowed for polymers 

with improved structural fidelity and their subsequent characterization in organic electronic 

devices. This set the stage for the following decades (2000-2020), since new structures could be 

tested and tailored using the metrics provided from a device application as a source of feedback. 

Moving forward, the field is now at a point where it can benefit from structural simplicity and 

work to develop polymer architectures with increased environmental and device stability. 

Additionally, the sustainable synthesis of conjugated polymers, such as through DArP or Oxi-

DArP, has much room for expansion, with the discovery of more sustainable catalysts, such as 
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those based on copper, allowing for the synthesis of various conjugated polymer architectures, 

including donor-acceptor copolymers.  
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