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Abstract 

Conjugated arylenes have significant perspectives as active materials useful in electronics, i.e. as 

semiconductors or solar cells. Organic semiconductors maintain the related processability, as with polymers, 

while retaining optoelectronic characteristics, i.e., high absorption coefficients of photons in the visible-region. 

This review summarizes recent developments in semiconducting polymers for electronic tools. This includes 

information on substitution and localization, branching, and its impact on functional materials. 
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1.  Introduction  
 

Conjugated polymeric semiconductors have proved notable in their role as a tenuous carrier transfer layer for 

OFETs, OLEDs as well as other molecular electronic devices.1-3 The simplicity of dilution as well as the retentive 

machine features, as well as the extensively perfected carrier transfer properties, have spurred a wide 

exploration of these semiconducting materials in the realms of both research and manufacturing. The 

adoption of elastic displays4 and circuitry5,6 were suggested because they have individual electrical persistence 

and suit the price demands as well. The common techniques used in the majority of growth runs of organic 

semiconducting materials such as silicon derivatives, which have demonstrated suitable carrier mobility, and 

utility in the manufacturing processes to obtain plastics for use in various types of display. 

There are several methods available for the synthesis of conjugated polymeric materials, i.e. Kumada 

process, Yamamoto polymerization, Suzuki–Miyaura polymerization, Heck polymerization, Sonogashira 

polymerization, Gilch polymerization, and Stille polymerization.1,7,8 However, as Okamoto and Luscombe have 

pertinently pointed out,7 the potential drawback of the reported methods is that it is often difficult to control 

the polydispersity, molecular weight, and the end groups of the polymers.  

However, the Suzuki and Stille type reactions catalyzed by heterogeneous palladium using bromoarenes 

are comparatively well known, and polymer-supported catalysts have become valuable tools offering benefits 

such as simplification of product work-up, reuse of the catalyst, and facilitation of large-scale syntheses. The 

large number of publications signify that conjugated polymers are well-known in the literature.8  

In conjugated polymers, the molecular architectonics, conformational order, packing and overall 

microstructure are known to have a significant influence on much of their optoelectronic properties, including 

their emission properties (EPs).1,2 These structural features, therefore, have to be controlled and tuned to 

exploit the EPs of this class of materials efficiently, i.e. in solution-processable, potentially large-area, flexible 

and lightweight optoelectronic structures such as organic light-emitting diodes (OLEDs)3,4, integrated in, for 

example, highly stretchable information displays.5,6 Emission can also be found in organic field-effect 

transistors7, while emission quenching (i.e. decrease of the emission intensity of a given system) is another 

important feature that is widely employed in organic photovoltaic devices (OPVs) to monitor the efficiency of 

charge transfer from the donor to the acceptor material.8,9 
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In the present work we describe a series of new symmetric/asymmetric ethylenedioxythiophene, 

acridone, and silicon derivatives (1,2,4,5) with a heterocyclic core. Electrochemical and photophysical 

properties for few macrostructures are reviewed in detail. 

 

2.  π-Conjugated Precursors 
 

2.1  Synthesis 

2.1.1.  Stille and Suzuki coupling.  The Stille as well as Suzuki cross-couplings are classical palladium-catalyzed 

synthetic routes to obtain conjugated arylenes. The main advantages of Stille condensations are tolerance of 

many functional groups and mild reaction conditions. The organotin monomers can be conveniently prepared, 

and they are less sensitive to oxygen.17,18 Moreover, microwave irradiation was found to improve the average 

molecular weight of conjugated polyarylenes and yields.18 

Suzuki condensations are also useful in the forming of Csp2- Csp2 bonds. This procedure is versatile in the 

synthesis of conducting polymers. Both methods, Suzuki and Stille cross-couplings (Scheme 1) were exploited 

to obtain branched or hyperbranched sterically crowded heterocyclic units. Suzuki coupling between 

dibromoarylenes and boronic acid derivatives was used for obtaining several oligomeric derivatives of 3,4-

ethylenedioxythiophene (EDOT).20 The procedure was subsequently performed using Pd(PPh3)4 as a catalyst. 

This reaction was carried out in dry toluene at 90 oC for ca. 24 hours (Scheme 1). 

 

 
Scheme 1.  The C-C coupling methods for macromolecular synthesis. 

 

2.1.2. Knoevenagel procedure. The Knoevenagel method involves the coupling of a carbonyl moiety with 

compounds including a methylene group activated by one or two electron-withdrawing substituents (nitrile, 
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acyl, or nitro). 21-24 The asymmetric silane-based compounds 5b,c were synthesized by Suzuki coupling reaction 

of 4-((4-bromophenyl) diphenylsilyl) derivative (3) and then Knoevenagel condensation with piperidine as 

catalyst (Scheme 2). The Knoevenagel condensation with piperidine as catalyst may proceed via one of two 

mechanisms that depend on the nature of the solid base. For strong bases, immediate deprotonation of the 

methylene group on the catalyst surface and reaction of the deprotonated intermediate with the 

benzaldehyde occurs, leading to the product. When weaker bases, such as amino groups are utilised in the 

catalytic process, creation of an imine intermediate with the benzaldehyde occurs (Schiff base). As a 

consequence of the higher basicity of the formed benzaldimine (compared to the free amine) deprotonation 

of the methylene group takes place followed by reaction, regenerating the active site. The active methylene 

group may also react immediately with amino groups to form amides, which inhibits the interaction of amine 

benzaldehyde and causes the deactivation of the catalyst. 25 

 

 
 

Scheme 2.  The synthetic pathway for symmetric/asymmetric silane-based macrostructures. 

 

2.1.3.  Polymerization procedures.   Suzuki reactions are very advantageous in the formation of Csp2-Csp2 

bonds. This procedure is also suitable in the synthesis of conducting polymers. The Suzuki reaction is also a 

powerful tool for the formation of Csp2-Csp3 bonds. This condensation was implemented in our work in which 

branched or hyper-branched sterically crowded heterocyclic structures were obtained.26, 27 

Suzuki coupling of dibromobenzothiadiazole and boronic acid derivatives (7) was performed using a 

Pd(PPh3)4. The synthesis of phenothiazine/phenoxazine oligomers (8a,b) is shown in Scheme 3. This type of 

synthesis was carried out under the standard conditions reported earlier by Nowakowska-Oleksy, A. et al.26  
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Scheme 3. The synthetic pathway for symmetric phenothiazine/phenoxazine oligomers. 

 

It was determined that the oligomers (8a,b) were all of low molecular weight with number-average 

molecular weights of about 3500-3600 g/mol. This value nearly-corresponds to a degree of polymerization of 

seven to eight, meaning that the synthesized units have an average of about 30 aromatic rings per chain.26 The 

molecular weights obtained were adequate for processing and film formation, and so further optimization of 

the polymerization was not attempted. 

Many researchers have also investigated the electrochemical copolymerization between two commercial 

available monomers such as EDOT, thiophene or pyrrole.28,29 To achieve favorable copolymerization, the 

applied monomers should have close and low onset oxidation potentials.30 However, electrochemical 

copolymerization can also be successfully carried out in Et2O·BF3 (BFEE) system for many monomers, which 

cannot be used as co-monomers in acetonitrile (ACN) or aqueous systems. 

Due to the low onset potential of EDOT, the copolymerization process is similar to the homopolymer-

ization of EDOT.31 It can be noted that the onset potentials of the copolymerization systems are below 0.8 V, 

which is much lower than that in ACN or aqueous solutions, especially the polymerization of thiophene, 

indicating the low-potential electrochemical copolymerization in BFEE.32 The low-potential copolymerization 

can lead to high quality copolymers. For structural, morphological, electrochemical and spectroelectro-

chemical characterizations, the copolymer layers are electrochemically deposited via potentiostatic 0.92 V 

with the same polymerization charge, after polymerization, the obtained layers were rinsed in ACN and dried 

in vacuum at 40 °C for 24 h. 

The derived polymers possess good electrochromic properties such as multicolor electrochromicity, fast 

switching rate and good stability. Due to the strong electron-donor character of EDOT, a red-shift in the 

absorption spectra was observed for the EDOT-based copolymers in comparison with their thiophene-based 

counterparts. Furthermore, the prepared copolymers present rational optical contrast, fast switching rate, and 

adequate stability.20 
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2.2  Luminescence properties  

For a better understanding of the EP phenomena of conjugated polymers (CPs), it is crucial first to define the 

most relevant phenomena. Emission of light-relates to the luminescence of a material, i.e. the light effect is 

rather a form of cold body radiation. Consequently, luminescence may be regarded as a combined result of 

different chemical or physical procedures. For example, when a polymer absorbs a photon the system is 

excited both electronically and vibrationally. Light emission from a material after the absorption of photons is 

called photoluminescence (PL). The emitted light is of a longer wavelength, i.e. lower energy, than the 

wavelength of the absorbed photons. These phenomena have found many practical applications, including FL 

spectroscopy and microscopy.33 Many other types of luminescence phenomena exist, including 

chemiluminescence (emission of light as a result of a chemical reaction) or electroluminescence (EL). The latter 

is important from a technological point of view. Defined as the luminescence of a material that corresponds to 

either an applied electric current or a strong electric field (leading to a radiative recombination of electrons 

and holes), EL has found an application in electroluminescent tools including OLEDs.3  

In all cases of studied synthesized molecules fluorescence activity was observed. Figure 1 shows the 

fluorescence excitation and emission spectra of ethylenedioxythiophene macrocyclic derivatives 1a-c 

dissolved in dichloromethane.  

 

 
Figure 1. The fluorescence excitation (solid line) and emission (dashed line) spectra of 1a-c dissolved in 

dichloromethane; 1a – black line; 1b – red line; 1c – blue line. 

 

Fluorescence spectra of 1a-c were recorded at excitation values equal of maxima of absorption. Excitation 

of at 370 nm led to the emission with a maximum at 471 nm. The excitation spectrum of compound 1b has a 

maximum at 292 nm, the emission spectrum was found at 508 nm. The insertion an oxygen bridge between 

benzene rings results in a significant bathochromic shift. The excitation of 1c at 317 nm resulted in an emission 

with maximum at 515 nm. The replacement of the oxygen with sulfur led to a bathochromic effect.20  

Spectroelectrochemical investigation of ethylenedioxythiophene derivatives (Figure 2) revealed upon 

oxidation, an absorption peak at 505 nm notably different from the absorption spectrum of bis-EDOT.25 When 

the applied potential is staircased back down to open circuit potential (OCP), this absorption signal diminishes, 

responding to the shifting result between the rate of the electrochemical generation of the cation radical and 

the rate of the chemical reaction terminating the cation radical.  
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The electrochemical behavior of 5a and 4a (Figure 1) is identical, and is saved for the magnitude of the 

faradaic current observed for the reversible redox pair, centered at +0.29 V.25  

 

 
Figure 2. UV-Vis-NIR spectroelectrochemical investigation of 5a. Absorption spectra registered at 0.0V (black 

line), after staircasing up to +1.0V (blue line) and after staircasing down to 0.0V (red line). 

 

The optical absorption spectra of the two systems (Figure 3) in the ground state are similar in shape. The 

EPR spectrum of 4a (Figure 3a) is typical for phenothiazines, with several components of the spectral line 

overlapping destructively and yielding a central region, (337.75÷338.75mT) in which they cancel each other 

out. Although, such a spectrum provides little information about the structure of the electro-generated radical 

cation, it also excludes any significant degree of communication between the radical cations present on the 

two phenothiazine moieties of 4a. For 5a (Figure 3b), line splitting was observed, similar to that which was 

found in our earlier work on a thiophene-bis-substituted phenothiazine derivative.34 The changes in the shape 

of the spectrum in relation to that of 4a result from a different relaxation path, and hence a change in line 

width is observed. 

 

  

Figure 3.  Electron paramagnetic resonance spectra of species electro-generated from the investigated 

compounds a) 4a radical cation; b) 5a radical cation. 

a) b) 
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Comparing the asymmetric 5a and the symmetric 4a silanes, the derivative 5a is redshifted in the light 

emission spectrum due to the electron-withdrawing 2-cyano-propenoic acid group, making it a better push-

pull system. The quantum yields (ΦF) of 4a, 5a, in CH2Cl2 are found as good in range (0.524 – 0.673).  

The spectroelectrochemical features of the poly-acridones were investigated in order to find the 

relationship between redox processes and UV-Vis absorption.35 UV-Vis spectra of p-doping acridones were 

recorded with increasing applied electrode potential as shown in Figure 4. The absorption bands 

corresponding to the obtained polymers (340 nm for poly(2b), 331 nm for poly(2a)) were observed on lower 

intensity as the applied potential gradually increased. A well-defined absorption band of charge carriers as the 

first oxidation potential appears in the range of 500-800 nm for both of the polymers (poly-2b, poly-2a), 

according to formation of polarons proved by ESR spectroelectrochemistry. Generation of the other charge 

carriers, bipolarons absorbing in the infrared region, is also noted with the growth of applied potential of 

polymer 2b. The bipolaron band is wider in the case of thiophene derivative 2a (600 nm to 1700 nm) and 

overlaps the polaronic band. 

 

 
 

Figure 4. UV-Vis spectra recorded during electrochemical oxidation of polymeric films in monomer-free 

medium, a) poly(2b), b) poly(2a). 

 

Acridones have rather high luminescence quantum yields and are known as efficient laser dyes36 and 

fluorescence sensors.37,38 Due to the acridone emission maximum close to 500 nm, branched conjugated units 

with acridone bridges are advantageous for conducting and fluorescent materials. The benefits of such 

heterocyclic structures include chemical inertness, notable resistance to photobleaching and also the 

possibility to be excited around 400–420 nm.39 

The excitation and emission spectra of acridones were measured in a dilute chloroform solution (Figure 5). 

The maximum fluorescent excitation wavelength of 2b was located at 467 nm, and the corresponding 

poly (2b) 
doping from -0.5V to 0.3V 

poly (2a) 
doping from -0.5V to 0.9V 
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emission wavelength was located at 504 nm with a full spectral width at half maximum (FWHM) - 52 nm. The 

low values of FWHM (<70 nm)40 are responsible for high color purity and its saturation. Stokes shifts calculated 

as 154 nm were observed at 126 nm and 118 nm for 2a, 2c, respectively (Table 1). These broad Stokes shifts 

are desirable as re-absorption of the emitted photons can be minimized. The values of Stokes shifts are rather 

similar which means that it is essentially an acridone emission. 

 

Table 1. Photophysical data of acridone derivatives 

Compound abs λmax
a (nm) εa x 10-4 λmax b (nm) ΔStokes (nm) φf 

2a 269, 338, 420 2.64, 3.32, 

4.12 

464 126 0.42 

2b 273, 350, 425 2.68, 3.44, 

4.17 

504 154 0.45 

2c 267, 298, 350 2.62, 

2.93, 

3.44 

471 121 0.36 

a One-photon absorption maxima (nm) and coefficients (ε was in unit of dm3mol-1cm-1). b One-photon emission 

fluorescence maxima (nm). 

 

 
 

Figure 5. The fluorescence emission spectra of 2a-c dissolved in chloroform (10-6mol/dm3); 2a – black line;    

2b – blue line; 2c - red line. 

 

2.3.  Synthesized macrostructures in biosensing devices 

CPs are prospectively subservient for the fabrication of miniaturized sensors that enable small sample 

volumes, portability, and high-density arrays. Nanostructured CPs are advantageous for electron transport and 

biomolecule stabilization due to their growing surface area and high surface-free-energy. Nanostructured CPs, 

such as polypyrrole, polyaniline and polythiophene, offer excellent perspectives for both interfacing biological 

recognition species and transducing electronic signals to construct modern bioelectronic devices.41 
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The two dimensional polymeric surfaces modified biosensor electrodes were also successful in our earlier 

experience.42,43 

In other work, sensing systems where a platinum electrode was modified by the electrochemical 

polymerization. A suitable example is a thin polymer layer built of 3-methylthiophene/3-thiopheneacetic 

acid/2,7-bis[2-(3,4-ethylenedioxythiophene)]-N-nonylacridone (2b).42 The electropolymerized layer exists in 

the conducting oxidized state. The optimal current density for copolymer deposition was observed as 12 

mA/cm2, and the polymerization time was found to be 1 minute.42 A CPs porous layer was applied as proper 

matrix for enzyme - laccase immobilization. The immobilization of enzyme was performed in a one step 

process. It was carried out for 10 minutes under galvanostatic conditions applying current 3 mA/cm2. The 

optimal conditions presented in the experimental part were obtained considering a high signal–noise ratio, 

and stability of biosensor response.42 On the other hand, poly(N-hexyl-2,7-bis(thiophene)acridone) was 

exploited by us in a ceramic optical biosensor designed for permanent monitoring of water solutions (Figure 

6).43 

 

 
 

Figure 6. SEM images of: A – platinum bare electrode, B – electrode modified with polymer, C – electrode 

modified with polymer and laccase. Adopted from Jędrychowska et al. 43 

 

 

Conclusions 
 

During the past decade the electron-withdrawing unit/electron-donor substituent introduced into π-electron 

frameworks has proven to be an advantageous pathway to enlarge electron injection and carrier mobility. 

Many π-conjugated structures have been designed, synthesized, and validated as effective semiconductors.  

Since first reported by Miyaura and Suzuki in 1979, the palladium-catalyzed cross-coupling reactions of 

organoboron derivatives with organic electrophiles have been widely implemented in both academic and 

industrial laboratories and have consequently supported the effective synthesis on a large scale of interesting 

compounds including pharmaceuticals, agrochemicals and synthetic intermediates. Although, in recent years, 

many new transition metal-catalyzed methods allowing C-C bond formation have been investigated, the 

Suzuki–Miyaura coupling is still one of the most rational tool for installing a wide range of non-functionalized 

and functionalized carbon substituents on (hetero)aromatic systems with exquisite chemo- and site-selectivity 

and is by far the most versatile method for the synthesis of industrially relevant functionalized heteroarenes 

and unsymmetrical biheteroaryl derivatives.  

Herein, an efficient synthetic procedures for obtaining arylene derivatives of ethylenedioxythiophene, 

acridone and tetraphenyl-silane is reported. The synthesized branched units are able to couple to copolymers 

by electrochemical and chemical proceedures. The polymers are thermally stable materials, which lose a little 

of their weight when heated. 
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The utility of the polymerization method is demonstrated i.e. by the synthesis of polyphenothiazine 

derivatives. Because of the formation of rings in the polymerization process, the polymers comprised 

alternating units. It is anticipated that further optimization of polymerization conditions and new efforts in 

molecular structure design will make the click polymerization a more versatile synthetic tool for the 

generation of new advanced materials.  

The obtained semiconducting units with electron-deficient acridones exhibit intensive luminescence in 

blue or green region and can be cast into uniform films (Table 2). They possess moderate to good fluorescence 

quantum yields.  

The novel light-emitting copolymers derived from acridone and different bis(heterocycle) rings were 

obtained also by oxidative electropolymerization. The incorporation of the bis(heterocycle) units into the 

polyacridone main chain can significantly improve the stability and decrease the ionization potential of these 

type of polymers.  

The compounds based on 3,4-ethylenedioxythiophene exhibit blue emission (Table 2). The onset of the 

oxidation wave was found at rather low potentials. The optical band gap, between 2.1 and 2.5 eV was 

deduced from absorption spectra of the undoped polymer.  

The results reported in the paper concern the investigation of alternating oligomers of EDOT. All 

compounds are electronically and optically active. All of macrostructures appear to be stable during multiple 

doping and dedoping processes. 

Equally, all compounds based on tetraphenylsilane are electronically and optically active (Table 2).  

 

Table 2.  Optical properties of reported derivatives 

compound abs λmax
a (nm) λmax b (nm) φf 

c Ref. 

1a 406 471 - 20 

1b 442 508 - 20 

1c 422 515 - 20 

2a 269, 338, 420 464 0.42 35 

2b 273, 350, 425 504 0.45 35 

2c 267, 298, 350 471 0.36 35 

4a 334 481 0.615 25 

4b 315 433 0.524 25 

5a 314 553 0.632 25 

8a 280 476 0.420 26 

8b 284 480 0.480 26 

a One-photon absorption maxima (nm). b One-photon emission fluorescence maxima (nm). 
c The quantum yields were determined using quinine sulfate in 0.5 mol/dm3 sulfuric acid (φf = 0.546). 

 

The lowest electrochemical and optical band gap characterizes the symmetric structure containing 

phenothiazine unit 4a, the largest – the structure with a benzofurazan moiety – 5b. Electrochemical properties 

of the investigated compounds make this material of great interest for electrochromic applications. Moreover, 

EPR spectra provide little information about the structure of the electro-generated radical cations, it also 
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excludes any significant degree of communication between the radical cations present on the two 

phenothiazine moieties of 4a. 

All the synthesized compounds are electronically and optically active. All of macrostructures appear to be 

stable during multiple doping and dedoping processes. The electrochemical properties of the investigated 

compounds make these materials of great interest for electroptical applications.  
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