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Abstract 

A new anthracene containing thienylpyrrole derivative (SNS-Anth) was synthesized through 

click reaction of 9-((prop-2-yn-1-yloxy)methyl)anthracene with 1-(2-azidoethyl)-2,5-

di(thiophen-2-yl)-1H-pyrrole(SNS-N3). The chemical structure of SNS-Anth was confirmed by 

using 1H-, 13C NMR, FT-IR, UV-Vis, Fluoresence and mass spectroscopy techniques. SNS-

Anth was subjected to electrochemical polymerization and the resultant polymer (PSNS-

Anth) displayed green to blue coloration in 1.40 s with a coloration efficiency of 78 cm2C-1. 

The electrochemical copolymerization of SNS-Anth and 3,4-ethylenedioxythiophene (EDOT) 

was successfully achieved. The copolymer revealed distinct multichromic behavior where a 

wide pallet of esthetically pleasing colors (pinkish-red, orange, yellow, green and blue) was 

observed at various potentials.  The objective evaluation of the colors of both PSNS-Anth 

and the copolymer at various potentials was performed through colorimetry studies on the 

basis of “Commission Internationale de l’Eclairage” (CIE) standards. The response time, 

optical contrast and coloration efficiency of the copolymer were calculated as 0.67 s, 28.88 

%, 193 cm2C-1 (at 900 nm), respectively. Considering the explicit spectral difference between 

PSNS-Anth and the copolymer, enhancement of the color pallet, switching time, optical 

contrast safely confirms formation of a true copolymer.    
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Introduction 

Since the discovery of the high conductivity of doped polyacetylene in 1977 [1], various types 

of conjugated polymers have been synthesized and a new class of polymeric conductors has 

developed. Polypyrrole has been actively studied as a featuring material for application areas 

such as artificial muscles, biosensors, electronic devices and drug delivery etc. owing to its 

biocompatibility and low oxidation potential [2-5]. Polythiophene, on the other hand, is well-

known for its high stability and relatively lower band gap, which makes it a promising 

candidate for electronic devices such as electrochromic devices, solar cells, field-effect 

transistors, light-emitting diodes and batteries [6,7].   However, the low solubility (there by 

processibility) of these polymers and the need to fine tune the electrical and optical 

properties of these polymers (to meet the requirements of the application areas) forced 

chemists to introduce various functional groups in to their ring structure and to synthesize 

new heterocyclic systems.  

Since 1986 [8] particular interest have been paid for synthesis of novel polymers which 

merits the superior attributes of both polypyrrole and polythiophene. In this context, poly(2,5-

dithienylpyrrole)s (PSNS) have received particular interest, which are easily synthesized 

through electrochemical and chemical polymerization of 2,5-dithienylpyrrole (SNS) unit. Its 

trimeric (thiophene-pyrrole-thiophene) nature not only provides low oxidation potential, which 

makes it a readily polymerizable unit, but also offers an immense opportunity to fine tune the 

electronic and optical properties of the resultant polymer through functionalization of pyrrole 

unit. Since the first report [8], numerous studies have been conducted on modification of 

monomer structure through substitution of various groups such as BODIBY [9], alkyl 

derivatives [10,11], ferrocene [12], anthraquinone [13] and phenyl derivatives [14-19]. 

Recently, we have introduced a new click chemistry based functionalization approach, by 

which poly(2,5-dithienylpyrrole) backbone could be effectively anchored with moieties such 

as ferrocene [20,21], pyrene [22], and 1,8-naphthalimide [23].  This approach not only 

enabled us to synthetize new thienylpyrrole based monomers but also effective post 

polymerization functionalization of azide containing PSNS was achieved.  Contrary to the 

typical Paal-Knorr approach [24-27], which is the typical procedure for synthesis of N-

substituted-2,5-dithienylpyrrole based monomers, the clicking approach was shown to be 

high in yield and almost independent of the nature of the substituent (such as;  bulky and/or 

acceptors groups). 

In an effort to develop novel electrochromic materials, in this study we have introduced 

anthracene moiety to PSNS as a pendant group and investigated optoelectronic properties of 

the resultant polymer. Additionally, we have utilized electrochemical copolymerization as a 
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powerful tool for diversification of optoelectronic properties of this polymer. For this purpose 

we have used an eminent, readily available heteroaromatic compound (EDOT) as the 

comonomer, which is known to oxidize in the same potential window as 2,5-dithienylpyrrole 

itself. The structural characterization and investigation of electrochromic behavior of these 

new polymers were elucidated via FTIR, NMR, AFM, electrochemical techniques and 

spectroelectrochemistry, colorimetry studies.  

Experimental 

General 

All chemicals utilized in monomer synthesis were purchased from Aldrich or Merck 

Chemicals as reagent grade. Lithium perchlorate was used in electroanalytical grade. 

Acetonitrile (ACN) was distilled over calcium hydride and kept on 4 Å molecular sieves. 1-(2-

azido-ethyl)-2,5-dithiophen-2-yl-1H-pyrrole (SNS-N3) was synthesized according to literature 

[21]. 

Equipment   

NMR spectra were recorded with a Varian Agilent VNMRS spectrometer at 500 MHz for 1H 

NMR and 250 MHz for 13C NMR. The FTIR spectra were recorded on a Brucker Tensor 27 

spectrometer. Mass spectra (MS) were obtained on a Finnigan MAT 95 spectrometer. An 

ezAFM from Nanomagnetics Instruments was used for investigating the morphologies of the 

films under ambient laboratory conditions. AFM imaging was performed in the tapping mode 

using PPP-NCLR cantilevers. Varian Cary Eclipse was used for fluorescence spectroscopy 

studies. Electrochemical synthesis and cyclic voltammetry studies were performed on Ivium 

stat potentiostat/ galvanostat under argon atmosphere. A platinum wire was used as the 

counter electrode and Ag/Ag+ electrode was used as the reference electrode. Thermo 

Evolution Array UV-Visible spectrophotometer was utilized for spectroelectrochemistry and 

kinetic studies. Colorimetry measurements were recorded on a Minolta CS-100A Chroma 

Meter in a proper box having D-50 illumination. Measurements were performed with a 0/0 

(normal/normal) viewing geometry as recommended by CIE.   

 

Synthesis of Alkyne Functionalized Anthracene  

9-Anthracenemethanol (2.0 g, 9.6 mmol) was added into a solution of dry THF (30 ml) under 

inert atmosphere at 0 °C. n-BuLi (4.0 mL, 2.5 M, 10  mmol) was slowly introduced in this 

solution and the resultant mixture was stirred for 30 minutes. Later, propargyl bromide (1.66 

mL, 19.2 mmol) was added into the mixture and then it was stirred for 18 h at room 
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temperature. Later, 20 mL water and 150 mL diethyl ether were introduced into the mixture 

and the organic phase was extracted. Finally, the organic phase was dried with NaSO4 and 

the solvent was evaporated under reduced pressure and the crude product was purified by 

column chromatography (Hexane:EtOAc 10:1) to obtain 9-((prop-2-yn-1-

yloxy)methyl)anthracene (1.55 g, 66% yield). 1H NMR (500 MHz, CDCl3): δ 8.49-8.44 (m, 

3H), 8.02 (d, J = 8.6 Hz, 2H), 7.58-7.47 (m, 4H), 5.62 (s, 2H), 4.32 (d, J = 2.5 Hz, 2H), 2.62 

(t, J = 2.5 Hz, 1H), APT NMR (125 MHz, CDCl3): δ 131.36 (Cquat,), 131.14 (Cquat,), 128.96 

(CH), 128.67 (CH), 127.72 (Cquat,), 126.29 (CH), 124.95 (CH), 124.16 (CH), 80.09 (Cquat.), 

74.90 (CH*, alkyne), 63.56 (CH2), 57.39 (CH2). 

Synthesis of SNS-Anth 

0.5 mmol SNS-N3, 0.5 mmol 9-((prop-2-yn-1-yloxy)methyl)anthracene were dissolved in THF 

(5 mL) and then water (5 mL), 1 M CuSO4.5H2O (0.1 mL), 1 M sodium ascorbate (0.17 mL) 

were added into the reaction media, respectively. The mixture was stirred at room 

temperature for 3 h. Later, THF was evaporated and the reaction mixture was extracted by 

partitioning between CH2CI2/H2O. Finally, the residue was subjected to column 

chromatography (3:1 Hexane:Ethyl Acetate) to yield SNS-Anth (0.22 g, 80 %). 1H NMR (500 

MHz, CDCl3): δ 8.47 (s, 1H, CH, anthracene), 8.32 (d, J = 8.0 Hz, 2H, 2 × CH, anthracene), 

8.02 (d, J = 8.0 Hz, 2H, 2 × CH, anthracene), 7.54-7.46 (m, 4H, 4 × CH, anthracene), 7.27 

(dd, J = 1.0, 5.0 Hz, 2H, 2 × CH, thienyl), 7.00 (dd, J = 3.0, 5.0 Hz, 2H, 2 × CH, thienyl), 6.90 

(dd, J = 1.0, 3.0 Hz, 2H, 2 × CH, thienyl), 6.78 (s, 1H, CH), 6.30 (s, 2H, 2 × CH), 5.54 (s, 2H, 

CH2), 4.76 (s, 2H, CH2), 4.62 (t, J = 6.4 Hz, 2H, CH2), 4.34 (t, J = 6.4 Hz, 2H, CH2). APT 

NMR (125 MHz, CDCl3): δ 145.65 (Cquat.), 133.51 (Cquat.), 131.41 (Cquat.), 130.99 (Cquat.), 

128.99 (CH), 128.54 (Cquat.), 128.50 (CH), 128.41 (Cquat.), 127.64 (CH), 126.60 (CH), 126.24 

(CH), 126.06 (CH), 124.96 (CH), 124.30 (CH), 122.86 (CH), 111.92 (CH), 64.55 (CH2), 63.77 

(CH2), 49.40 (CH2), 44.67 (CH2). λmax(1,2) 
abs: 347, 367 and 387 nm (in DCM); λmax(1,2) 

em 

(excitation at 315 nm): 393, 414 and 438 nm ( in DCM). MS C32H26N4OS2 (m/z) calculated: 

546.71 found: 547.  

Electrochemical Synthesis 

PSNS-Anth films were prepared in 0.01 M SNS-Anth 0.1 M LiCIO4/ACN media via 

potentiodynamic cycling ( 10 cycles) at 100 mV/s scan rate in the potential range of 0.0-1.0 V 

on ITO electrodes.  The copolymer films (P(SNS-Anth-co-EDOT)) were synthesized in 0.01 

M SNS-Anth, 0.005 M EDOT 0.1 M LiCIO4/ACN media at 100 mV/s scan rate in the potential 

range of 0.0-1.0 V  (10 cycles). 
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Results and Discussion 

 

The synthesis of SNS-Anth was carried out via click reaction of SNS-N3 [21] with 9-((prop-2-

yn-1-yloxy)methyl)anthracene, which was synthesized through etherification reaction of 9-

anthracenemethanol with propargyl bromide in the presence of n-BuLi (Scheme 1). The 

chemical structures of all the intermediates and SNS-Anth were confirmed by FTIR, 1H NMR, 

13C NMR, mass spectroscopy analysis techniques. The electronic absorption and emission 

spectra of alkyne functionalized anthracene, SNS-N3 and SNS-Anth, were given in Fig. 1.a, 

Fig. 1.b, Fig. 1.c respectively. The absorption spectrum of the anthracene derivative revealed 

four major absorption peaks, which corresponds to S0 to S1* transitions to different vibrational 

levels [28,29]. The absorption spectrum of SNS-N3 revealed a single, broad absorption (π-

π*) centered at around 310 nm. SNS-Anth, on the other hand, displayed five major 

absorption signals, where the transition centered at 315 nm could be attributed to the π-π* 

transition of ter-heteroaromatic (thiophene-pyrrole-thiophene) unit and the multiple transitions 

between 330 nm and 386 nm could be ascribed to the anthracene moiety. Thus, the 

absorption spectrum of SNS-Anth could be considered as a rough summation of optical 

behaviors of its constituents, whereas the emission spectrum of SNS-Anth was dominated by 

the intense signals stemming from its anthracene moiety.     

 

Scheme 1. Synthesis of SNS-Anth. 
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Fig. 1. Absorption and emission spectra of a) alkyne functionalized anthracene (excitation at 

330 nm), b) SNS-N3 (excitation at 310 nm) and c) SNS-Anth (excitation at 315 nm). 

 

Electrochemistry of SNS-Anth 

As seen in Fig. 2.b in 0.1 M LiCIO4/ACN media SNS-Anth readily undergoes oxidation at 

0.91 V, which is in accordance with the literature. When we compare the onset of monomer 

oxidation and the peak potential of SNS-N3 (E
m

ox=0.87 V Em
onset=0.58 V) (Fig. 2.a) and SNS-

Anth (Em
ox=0.91 V Em

onset=0.63 V) there is a slight shift towards higher potential. In 

accordance with the work of Ferraris et al. [30], this shift could be attributed to the steric 
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constraints brought by the bulky anthracene group, which restricts the co-planarity of the 

trimeric molecule [31]. Such postulation is also valid with the slight red shift in the π-π* 

transition of SNS-Anth compared to SNS-N3.   

Starting from the cathodic scan of the first cycle a new, lower-oxidation potential (0.55 V) 

redox activity was observed, indicating reduction of the polymer that was formed upon 

oxidation of the monomer. Several studies [32-34] were conducted for postulating the 

electrochemical polymerization mechanism of 2,5-dithienylpyrrole derivatives. Similar to 

electrochemical polymerization of thiophene and pyrrole, the proposed mechanism involved 

formation of radical-cation of the heteroaromatic unit, coupling of radical-cations and de-

protonation of the dimer, where repetitive oxidation of the monomer subsequently afford 

oligomers whose building up ultimately results in polymer formation on the working electrode. 

In pursuance of the proposal subsequent cycling of SNS-Anth resulted in further deposition 

of the polymer (PSNS-Anth), whose activity was demonstrated by the quasi-reversible redox 

behavior at E1/2 = 0.58 V. As seen in Fig. 2.b during potentiodynamic cycling, as the number 

of cycles increases, there is an increase in the current intensity, which indicates the 

enhancement in surface area of the working electrode as the conducting polymer developed 

on the electrode.  Fig. 2.c demonstrates the scan rate dependence of PSNS-Anth in a 

monomer-free electrolyte solution. A linear scaling of the current with the scan rate (Fig. 2.d) 

was observed with an anodic and cathodic regression fit of R2= 0.9999; R2=-0.9998, whereas 

linear fitting of the current with the square root of the scan rate revealed lower regression 

coefficients (R2= 0.9720; R2=-0.9661 for anodic and cathodic fitting, respectively). This 

observation confirmed formation of an electro-active, surface confined material without 

significant diffusion barriers [35]. 
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Fig. 2. Cyclic voltammogram of a) SNS-N3, b) SNS-Anth at 100 mV/s in 0.1 M LiCIO4/ACN 

and  c) PSNS-Anth at various scan rates, d) plot of anodic and cathodic peak current density 

vs. scan rate of PSNS-Anth in monomer free 0.1 M LiCIO4/ACN. 

Electrochromic Properties of PSNS-Anth 

Spectroelectrochemistry is a useful technique for elucidating the optoelectronic properties of 

electrochromic materials, as it allows probing of the spectra variations as a function of 

applied potential. For this purpose, PSNS-Anth films were prepared in 0.01 M SNS-Anth 0.1 

M LiCIO4/ACN media via potentiodynamic cycling (10 cycles) at 100 mV/s scan rate in the 

potential range of 0.0-1.0 V on ITO electrodes. Fig. 3 represents the spectroelectrochemistry 

study of PSNS-Anth in monomer free electrolyte media. In the neutral state PSNS-Anth 

revealed a broad, well defined absorption (π-π* transition) with fine features at 352, 370, 391 

nm. On the other hand, the unsubstituted derivative (PSNS-N3) showed a broad featureless 

peak centered at  345 nm, which is typical for most of the conducting polymers such as 

polythiophene, polypyrrole, PEDOT. Interestingly, with exception of PSNS-Pyrene [22], none 

of the PSNS derivatives which are substituted by bulky-planar groups [13,23,27,36,37]  

revealed vibronic features on their absorption spectrum. This observation not only underlines 

the effect of planar group, which allows for effective stacking and enhancement of the 

vibrational coupling, but also indicates the importance of the flexible alkyl chains that allows 

for suitable orientation to take place. Bang gap of PSNS-Anth, which was calculated through 
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the lower energy edge of its absorption spectrum, was estimated as 2.57 eV. Contrary to 

most of the PSNS derivatives, which are generally yellow, PSNS-Anth displayed green color 

at the neutral state.  It is known that oxidation of conjugated polymers facilities charge 

delocalization along the polymer backbone which results in the formation of new, red shifted 

absorption bands at the absorption spectrum of the polymer. As seen in Fig. 3 upon 

consecutive oxidation of PSNS-Anth evolution of new transition located at 630 and 890 nm 

was monitored, while a simultaneous decrease in the intensity of π-π* transition (352-391 

nm) was achieved. However, it was not possible to fully oxidize PSNS-Anth by 

electrochemical means. 

One of the important merits of electrochromic polymers are the switching time and coloration 

efficiency (Table 1).  For investigating these critical parameters a chronoamperometic 

method coupled with simultaneous absorbance probing was performed on PSNS-Anth, 

which was synthesized via potentiodynamic cycling (10 cycles) in 0.1 M LiCIO4/ACN media. 

The applied potentials were selected according to the spectroelectrochemistry study, where 

ultimate oxidation and reduction was achieved at 1.0 V and 0.0 V, respectively. The 

switching time of the polymer was estimated as 1.40 s with an optical contrast of 7.09 % (in 

the visible region). Coloration efficiency [38] of PSNS-Anth, which is a measure of optical 

density change as a function of injected/ejected charge, was calculated as 78 cm2C-1. In 

order to investigate the effect of film thickness on switching behavior of the polymer, PSNS-

Anth films were prepared via potentiodynamic cycling under the same conditions with 

different number of cycles (5 and 20). Our studies have shown that the increase in film 

thickness, which is proportional with the number of potentiodymanic cycles, lowered the 

optical contrast (5.4 %) and increased the switching time (2.7 s) of PSNS-Anth , whereas the 

decrease in film thickness resulted in films with slightly higher optical contrast (8.5 %)  and 

longer switching time (1.8 s). 
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Fig. 3. Photos and spectroelectrochemistry study of PSNS-Anth film on an ITO coated glass 

slide in monomer free 0.1 M LiCIO4/ACN at applied potentials of (a) -0.2 V, (b) 0.6 V, (c) 0.7 

V, (d) 0.8 V, (e) 0.9 V, (f) 1.0 V, (g) 1.1 V, (h) 1.2 V. 

 

Table 1. Electrochromic properties of PSNS-Anth and P(SNS-Anth-co-EDOT) 

Material PSNS-Anth P(SNS-Anth-co-EDOT) 

λmax (nm) 352-370-391 334-351-370-390/485 

Eg (eV) 2.57 3.09/1.82 

t95 1.40 
a
, 1.96 

b 
 0.65 

c
, 0.67 

b
  

Optical Contrast (%) 7.09
 a
, 29.28

 b
  14.40

 c
 , 28.88

 b
  

CE (cm
2
/C) 78

 a
, 196

b
  86 

c
, 193

b
 

Colorimetry Data Y x Y Y x y 

-0.2 V 1290 0.370 0.394 916 0.384 0.383 
0.0 V 1270 0.370 0.394 1040 0.389 0.391 
0.1 V 1280 0.370 0.394 1110 0.386 0.397 
0.2 V 1280 0.370 0.394 1160 0.379 0.400 
0.3 V 1260 0.371 0.396 1190 0.370 0.399 
0.4 V 1290 0.370 0.395 1180 0.361 0.393 
0.5 V 1250 0.365 0.391 1170 0.356 0.387 
0.6 V 1160 0.358 0.384 1150 0.355 0.383 
0.7 V 1090 0.356 0.379 1140 0.355 0.381 
0.8 V 1020 0.357 0.377 1110 0.356 0.380 
0.9 V 1020 0.359 0.377 1100 0.356 0.380 
1.0 V 945 0.360 0.378 1070 0.356 0.380 
1.1 V 920 0.362 0.380 1050 0.356 0.381 

1.2 V 893 0.369 0.383 1030 0.356 0.382 

* wavelength of measurement: a 370 nm ,b 900 nm, c 485 nm 
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Electrochemical Copolymerization 

Manipulation of optoelectronic properties of conducting polymers is not limited by the 

polymerization of a single monomer, which is specifically designed by considering the 

inductive and mesomeric electronic effects of substituents, inter-chain interactions etc. Other 

than this effective, yet demanding, approach it is possible to fine tune the optoelectronic 

properties of the polymers via techniques such as blending, copolymerization, and utilization 

of laminate structures.  Among those, electrochemical copolymerization provides a versatile 

platform that merits the ease of electrochemical techniques while enhancing the polymer 

backbone with new units. Hence, this part of the work details the electrical and optoelectronic 

properties of SNS-Anth based copolymer films which were synthesized in the presence of 

EDOT, which is a readily available, relatively cheap heteroaromatic compound. 

It is well known that successful electrochemical copolymerization is directly related to the 

oxidation potentials of the comonomers. Being based on radical cation formation, realization 

of true copolymers depends on the overlapping of the oxidation potentials the comonomers 

[39].  The anodic polarization curves of SNS-Anth and EDOT in 0.1 M LiCIO4/ACN media are 

shown in Fig. 4.b. The oxidation potential of SNS-Anth was recorded as 0.91 V (Fig. 2.b), 

while onset of oxidation potential of EDOT was 0.82 V (Fig. 4.a), which indicated formation of 

their radical cations within the same potential window.  The first anodic scan of SNS-

Anth/EDOT mixture illustrated the characteristic oxidation peak of SNS-Anth at 0.86 V (Fig. 

4.b) which is accompanied steady increase current density, indicating oxidation of EDOT 

itself. The successive CV curves of the mixture revealed evolution of quasi-reversible redox 

couple of the copolymer at 0.59 V and 0.57 V, which was more cathodic than that of pristine 

PSNS-Anth. In order to evaluate the electrochemical behavior of the copolymer (P(SNS-

Anth-co-EDOT)) film linear sweep voltammetry was applied in monomer free media at 

different scan rates. As can be seen from the Fig. 4.c, upon amplification of the scan rate 

P(SNS-Anth-co-EDOT) film revealed a proportional incline (R2= 0.9998; R2=-0.9997 for 

anodic and cathodic fitting, respectively) in the current intensity (Fig. 4.d). As in the case of 

the homopolymer, the linear fitting of the current with the square root of the scan rate 

revealed lower regression coefficients (R2= 0.9657; R2=-0.9646 for anodic and cathodic 

fitting, respectively). This observation indicated the well adhesion of the copolymer on the 

electrode and non-diffusion limited nature of its p-type doping. Moreover, the figure 

represents the explicit negative shift in both anodic (0.68 V) and cathodic (0.39 V) peak 

potentials of the copolymer compared to pristine PSNS-Anth. Taking into account the lower 

oxidation potential of pristine PEDOT [40], such observation presumably indicates presence 

of EDOT units within the copolymer backbone, thereby proving formation a true copolymer.  
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Fig. 4. Cyclic voltammogram of a) EDOT, b) SNS-Anth-EDOT at 100 mV/s in 0.1 M 

LiCIO4/ACN and  c) P(SNS-Anth-co-EDOT) at various scan rates, d) plot of anodic and 

cathodic peak current density vs. scan rate of PSNS-Anth in monomer free 0.1 M 

LiCIO4/ACN. 

Electrochromic Properties of  P(SNS-Anth-co-EDOT) 

In addition to electrochemical studies, another valid evidence for electrochemical 

copolymerization could be achieved through investigation of optoelectronic properties of the 

copolymer.  Fig. 5 represents spectroelectrochemical analysis of the copolymer in 0.1 M 

LiCIO4/ACN, where the copolymer represents two well defined transitions in its neutral state. 

At this state the homogeneous copolymer film revealed pinkish red color, while the pristine 

PSNS-Anth displayed green, which is in accordance with the absorption spectrum of the two 

polymer. While both polymers revealed fine features in the 334-390 nm region, the 

copolymer showed an additional well- defined, broad absorption located at 485 nm, which 

resembles to absorption behavior of PEDOT (λmax= 600 nm) in neutral state. In order to 

explore the effect of doping, the copolymer was subjected to stepwise oxidation. As seen in 

Fig. 5, intensity of both transitions simultaneously decreased while a new, charge carrier 

absorption band at 890 nm evolved upon oxidation. Moreover, beyond 0.5 V a very broad, 
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overwhelming band gradually intensified due to creation of lower energy charge carriers, 

while a residual absorption maintained at the higher energy region as of pristine PSNS-Anth. 

The copolymer revealed multichromic behavior, displaying a wide range of colors from 

pinkish red (-0.2 V) to orange (0.0 V)  to yellow (0.2 V)  to green (0.3 V)  to blue (0.6 V)  (Fig. 

6.), which is consistent with the spectroelectrochemistry studies.   

 

Fig. 5. Spectroelectrochemistry of P(SNS-Anth-co-EDOT) film on an ITO coated glass slide 

in monomer free 0.1 M LiCIO4/ACN at applied potentials of (a) -0.2 V, (b) 0.0 V, (c) 0.1 V, (d) 

0.2 V, (e) 0.3 V, (f) 0.4 V, (g) 0.5 V, (h) 0.6 V, (i) 0.7 V, (j) 0.8 V, (k) 0.9 V, (l) 1.0 V, (m) 1.1 V. 

 

Fig. 6. x, y data of P(SNS-Anth-co-EDOT). 
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Table 1 and Fig. 6 reflects the objective evaluation of the colors of both PSNS-Anth and the 

copolymer at various potentials on the basis of “Commission Internationale de l’Eclairage” 

(CIE) both CIE 1931 (Y,x,y) and CIE-1976 L*a*b* standards. The difference between two 

colored samples or colored states is often expressed as ∆E*, which basically defines how far 

apart visually the two samples are in the color sphere. ∆E* holds advantage of displaying the 

difference as a single value for color (a*,b*) and lightness (L*). ∆E*≈2.3 corresponds to a just 

noticeable difference and the values higher than 4 are considered to be normally visible 

(noticeable) to the average person. Table 2 list the L*,a*,b* and the ∆E* values which were 

calculated according to the given formula, where subscripts denote the different colored 

states. When we calculate the delta E parameters for pinkish red to orange, orange to yellow, 

yellow to green and green to blue transitions we could see that the ∆E* parameters are 

almost always higher than 4, indicating their noticeable difference between those colored 

states. As we could see, copolymerization of SNS-Anth with EDOT resulted in an entirely 

new polymer with a rich color pallet that is suitable for esthetically pleasing display 

applications.  

Table 2.  CIE 1976 data  and calculated  ∆E values of P(SNS-Anth-co-EDOT) at various 
states 

Potential (V) Color  L* a* b* ΔEab* 

-0.2 V 

 

Pinkish-red 81 8 4 
 

6.48 

0.0 V 

 
Orange 85 7 9 

 

8.12 

0.2 V 

 

Yellow 89 0 10 
 

4.36 

0.3 V 

 
Green 90 -3 7 

 

10.20 

0.7 V 
 

Blue 88 -3 -3  

 

Fig. 7 shows the variation of the % transmittance (at 900 nm), the simultaneous current and 

charge response of the copolymer upon repeated stepping of the polarization potential 

between -0.2 V (pinkish red) and  1.1 V (blue). As seen in the figure the current and charge 

responses accompanying the color change were completely uniform. The optical contrast of 

the copolymer, which is determined through the transmittance difference (at 900 nm) 

between the two extreme redox states, was calculated as 28.88 %. Moreover, the response 
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time required to attain 95% of total the transmittance difference was calculated as 0.67 s, 

which is shorter than PSNS-Anth. Coloration efficiency of the copolymer was calculated as 

193 cm2C-1. 

 

Fig. 7. a) T%, b) charge density and c) current density of P(SNS-Anth-co-EDOT). 

 

In order to provide an insight on the switching characteristics of the copolymer between its 

colored states other than pinkish red- blue, a series of experiments were performed where 

the polarization potentials were switched according to the corresponding colored states. 

Table 3 reflects the optical contrast and switching times of orange-blue, green-blue, yellow-

blue transitions, which were calculated at λmax of each transition in the visible region (selected 

according to spectroelectrochemistry study) and at 900 nm. We could safely inform that the 

copolymer displays pinkish red- blue, orange-blue, green blue, yellow-blue transitions at 

around 0.6 s (regardless of the polarization potential and measurement wavelength) with 

convenient optical contrasts. The pinkish red- blue, orange-blue transitions revealed higher 

optical contrasts compared to green blue, yellow-blue transitions, which is in accordance with 

the basic color theory and the typical spectral behaviors of the colors.  
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Table 3. Polarization potential dependence of switching time and optical contrast of P(SNS-
Anth-co-EDOT)  

Polarization 

Potential (V)* 

Coloration Wavelength 

(nm) 

Switching Time (s)  

t95 

Optical Contrast 

(%T) 

-0.2 V-1.1 V Pinkish red-Blue 
485  0.65 14.40 

900 0.67 28.88 

0.0 V-1.0 V Orange-Blue 
476 0.66 11.77 

900 0.67 24.78 

0.2 V-1.1 V Yellow-Blue 
458 0.64 7.42 

900 0.65 19.17 

0.4 V-1.1 V Green-Blue 
443 0.66 6.61 

900 1.16 17.94 

*Lower and higher limits of the polarization potential which was applied in square-wave form. 

 

There is a general consensus on the critical role of film morphology on switching properties 

of the conducting polymers. The polymer films having more open morphology, which provide 

smaller diffusion distance of the dopant ions, are known to possess shorter switching times 

[41,42]. Fig. 8 shows the tapping-mode AFM (atomic force microscopy) images of PSNS-

Anth and the copolymer film. As we could see PSNS-Anth film showed a denser, uniform 

compact structure with a lower surface roughness (peak to peak (Rt) =30.33, RMS= 3.83 

nm).  The copolymer exhibited higher surface roughness (peak to peak (Rt) =1047.23, RMS= 

121.44 nm) with globular morphology, which is in accordance with its shorter switching time. 

The improvement in response time could be related to the presence of EDOT units within the 

copolymer structure which might provide higher accessibility to the doping sites at lower 

redox potentials. 

 

Fig. 8.  Topological surface and 3D images AFM images of a) PSNS-Anth, b) P(SNS-Anth-

co-EDOT). 
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In order to evaluate its stability, the copolymer was subjected to non-stop cycling of 

polarization potential in monomer free 0.1 M LiCIO4/ACN. The copolymer lost 5% of its 

electroactivity after 250 cycles while cycling between -0.2 V to 0.8 V without any perturbation 

in coloration from pinkish red to blue. However, enlarging the scan range from -0.2 V to 1.1 

V, which again corresponds to pinkish red to blue coloration, resulted in a detrimental effect 

where the polymer lost 5% of its electroactivity after only 8 cycles. Such effect could be due 

to over-oxidation of the copolymer which’s oxidation potential is low. 

 

Conclusion 

In this study, a new monomer 4-((anthracen-9-ylmethoxy)methyl)-1-(2-(2,5-di(thiophen-2-yl)-

1H-pyrrol-1-yl)ethyl)-1H-1,2,3-triazole (SNS-Anth) was successfully synthesized and 

subjected to electrochemical polymerization in 0.1 M LiCIO4/ACN. The corresponding 

polymer (PSNS-Anth) was characterized by several means of electrochemical and 

spectroscopic methods. Contrary to most of the PSNS derivatives, which generally show 

yellow-blue coloration, PSNS-Anth displayed green to blue coloration upon doping. In neutral 

state the absorption spectra of the polymer revealed fine features at 352, 370, 391 nm which 

are signatures of the vibrational coupling stemming from effective stacking. PSNS-Anth has a 

band gap of 2.57 eV with moderate switching time (1.40 s) and coloration efficiency (78 

cm2C-1).   On the other hand, coexistence of EDOT with SNS-Anth in polymerization media 

revealed copolymer films having entirely diverged optoelectronic properties. Apart from 

PSNS-Anth, in neutral state the copolymer showed two well defined transitions, which are 

simultaneously lowered in intensity upon oxidation. The copolymer possesses distinct 

multichromic properties displaying a wide pallet of esthetically pleasing colors (pinkish red, 

orange, yellow, green and blue) at various potentials. The response time, optical contrast 

and coloration efficiency of the copolymer were calculated as 0.67 s, 28.88 %, 193 cm2C-1, 

respectively. As of pinkish red- blue transition, the switching time of orange-blue, green-blue, 

yellow-blue transitions was found to be at around 0.6 s with convenient optical contrasts.  

Considering the explicit spectral difference between PSNS-Anth and the copolymer, 

enhancement of the color pallet, switching time, optical contrast and coloration efficiency 

safely confirms formation of a true copolymer rather than a blend or a composite of the 

respective homopolymers. Moreover, taking into account all the data, we could conclude that 

both PSNS-Anth and the copolymer are suitable candidates for future electrochromic 

applications. 
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Highlights 

• A novel antracene clicked thienylpyrrole derivative (SNS-Anth) was synthesized  

• The homopolymer displayed green to blue coloration upon oxidation. 

•  Electrochemical copolymerization in the presence of EDOT was performed 

• The copolymer displayed pinkish red, orange, yellow, green, blue colors  

• The copolymer exhibited lower band gap and switching times 

 


