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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A SNS trimeric unit bearing a pyrrole 
substituent was synthesized. 

• Electrochemical polymerization of SNS- 
Ph-Pyr was successfully achieved. 

• P(SNS-Ph-Pyr) film exhibits multiple 
colors depending on the applied 
potential. 

• P(SNS-Ph-Pyr) films presented good 
chromatic contrast and stability during 
switching.  
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A B S T R A C T   

In this report, a new N-phenyl typed 2,5-dithienyl pyrrole compound bearing pyrrole unit was successfully 
synthesized and its conjugated homopolymer, poly(1-(4-(1H-pyrrol-1-yl)phenyl)-2,5-di(thiophen-2-yl)-1H-pyr
role) (P(SNS-Ph-Pyr)), was obtained in the medium of 0.1 M TBAPF6/DCM via electroanalytical methods. Cyclic 
voltammetry and FTIR studies proved that monomer SNS-Ph-Pyr was synthesized and polymerized electro
chemically and its corresponding polymer film, P(SNS-Ph-Pyr)) has a well reversible redox peaks at about 0.70/ 
0.50 V vs. Ag/AgCl reference electrode in monomer free solution with a long term reversible redox behavior. The 
in situ UV–visible spectroelectrochemical studies of polymer film exhibited that electrochromic P(SNS-Ph-Pyr)) 
film had a color transition between yellow (at reduced state (0.0 V)) to grayish blue (at oxidized state (1.0 V)) 
with a intermediate color (green at 0.70 V). Moreover, electrochromic switching studies displayed that polymer 
film (coated with a thickness of 100 mC/cm2) had average optical contrast values (15.6% (383 nm), 19.5% (650 
nm) and 41.7% (900 nm) but high coloration efficiency values (220 cm2/C (383 nm), 264 cm2/C (650 nm) and 
384 cm2/C (900 nm).  
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1. Introduction 

It is known that conjugated conductive polymers have attracted 
attention in recent years, especially in energy and technological appli
cations, with their superior optical and electrochemical properties [1,2]. 
The most widely used applications of conjugated polymers, are as fol
lows: energy storage [3], bio-and other sensors [4], solar cells [5], 
batteries [6], transistors [7], light emitting devices [8], super capacitors 
[9] and electrochromic materials [10–12]. Especially, electrochromic 
polymers have taken great attention in electrochromic applications due 
to their low cost, easy processing/color control and alternative options 
of their copolymerization technique [13,14]. Looking at the literature, it 
is possible to see a large number of conductive electrochromic polymers 
functionalized with familiar conjugated organic molecules (thiophene, 
pyrrole, aniline, furan, fluorene, carbazole etc.). 

Among electrochromic conjugated polymers, polythiophene and 
polypyrrole derivatives are two classes of widely used conjugated 
polymers with their high conductivity and stability. However, the con
ductivity and processability decreases gradually, when bulky units were 
functionalized from starting monomer; thiophene or pyrrole chemical 
units. In order to avoid this problem, many solutions were suggested. 
Interconnecting α positions of thiophene and pyrrole was an effective 
one and a new trimeric structure, namely, 2,5-di(thienyl)pyrroles (SNS) 
was introduced into literature by Ferraris et al. [15,16]. Since then, most 
scientists have synthesized a large number of new electrochromic P 
(SNS) derivatives and their copolymers. Moreover, many homopolymers 
of SNS structures were electrochemically synthesized and their co
polymers with 3,4-ethylenedioxythiophene were synthesized in such a 
wide range that the bonds to the N group of pyrrole in SNS polymer 
structure were classified (N- alkyl-, phenyl-, amine/amide-, heterocy
clic-, and crosslinked substituted derivatives) [17,18]. Among them, 
N-phenyl substituted P(SNS) derivatives take great attention by most of 
scientists because of easy monomer functionalization along phenyl 
bridge of SNS unit as well as their excellent electrochromic properties. 
Furthermore, intermediate phenyl ring bonded to SNS trimeric structure 
causes a pronounced resonance effect over the main chain and increase 
electron donating ability [19–39]. For example, Wu research group 
introduced two different electrochromic P(SNS) polymer containing a 
phenyl and furan units [28,29]. The results show that both polymer 
films exhibited high percent transmittance difference in near IR region 
with multichromic properties. On the other hand, Cihaner research 
group studied on a N-heterocyclic substituted P(SNS) polymer and 
directly incorporate a 1,1-bipyrrole unit into SNS structure. The exper
imental studies revealed that the corresponding polymer average 
reversible redox stability and solubility properties with yellow emission 
[40]. Although there are many examples of N-functionalized SNS de
rivatives, there is no report based on incorporation of a phenyl pyrrole 
unit into a P(SNS) polymer. 

In the light of this information, a novel SNS derivative, SNS-Ph-Pyr 
was synthesized using Paal-Knorr pyrrole condensation reaction and 
characterized with NMR, FTIR, UV–vis spectrophotometer and fluores
cence spectroscopy. Its polymer ((P(SNS-Ph-Pyr)) was electro
synthesized and investigated for its electrochromic properties in detail 
for any potential application in the field of display technology. 

2. Material and method 

All chemicals were purchased from Aldrich Chemical and used 
without purification. For electranalytical studies, an electrolyte medium 
was prepared with tetra butyl ammonium hexa fluoro phosphate 
(TBAPF6) dissolved in dichloromethane (DCM, distilled over CaH2). Pt 
disc (0.02 cm2) and wire were used as working and counter electrodes 
for electroanalytical studies, respectively. An Ag/AgCl in 3 M NaCl (aq) 
solution was used as reference electrode. The monomer was electro
polymerized with an electrolyte medium containing 2 mM monomer 
concentration. Repetitive cyclic voltammetry and constant potential 

electrolysis techniques were used in order to obtain electrosynthesized. 
For spectroelectrochemical studies, a Pt wire (as counter electrode) and 
an indium tin oxide-coated quartz glass slide (ITO, Delta Tech. 8–12 Ω, 
0.7 cm × 5 cm) (as working electrode) with Ag wire as a pseudo refer
ence electrode were used in an UV cuvette. After electrochemical 
polymerization, the polymer films coated on working electrodes were 
rinsed into DCM solvent in order to get rid of monomeric/oligomeric 
species on electrodes. Potenstiostatic sudies were achieved with a 
marked of Ivium Compactstat potenstiostat galvanostat. NMR and FTIR 
spectra were recorded on a Bruker NMR spectrometer and Bruker 
Equinox 55 with an attenuated total reflectance (ATR) spectrophotom
eter. Spectroelectrochemical and fluorescence studies were achieved in 
a Specord S600 UV–vis spectrometer and Varian Cary Eclipse Fluores
cence spectrophotometer, respectively. The color space given by the 
International Commission of Illumination with luminance (L), hue (a), 
and intensity (b) was also analyzed with Specord S600 UV–vis 
spectrometer. 

2.1. Synthesis of compounds 

2.1.1. Synthesis of 1-(4-(1H-pyrrol-1-yl)phenyl)-2,5-di(thiophen-2-yl)- 
1H-pyrrole (SNS-Ph-Pyr) 

First of all, 1,4-di(thiophen-2-yl)butan-1,4-dione and 4-(1H-pyrrol- 
1-yl)aniline(1)was synthesized in the presence of Cu catalyst. 1,4-di(thi
ophen-2-yl)butan-1,4-dione was synthesized according to reference 
given in the literature [19]. Then, desired molecule (1-(4-(1H-pyr
rol-1-yl)phenyl)-2,5-di(thiophen-2-yl)-1H-pyrrole (SNS-Ph-Pyr))was 
obtained by the reaction between compound 1 and 1,4-di(thio
phen-2-yl)butan-1,4-dione. This reaction gives the SNS-Ph-Pyr in 80% 
yields (Scheme 1). 

2.1.1.1. Synthesis of 4-(1H-pyrrol-1-yl) aniline (1). 4-Iodoaniline (1000 
mg, 4.5 mmol) was stirred in DMF (10 mL) under argon gas K2CO3 
(2131 mg, 10 mmol), CuI(174 mg, 9.1 mmol), dimethylethylenediamine 
(DMEDA) (321 mg, 3.6 mmol) and pyrrole (612 mg, 9.1 mmol) were 
added sequentially. The mixture was stirred at 110 ◦C for 24 h, product 
formation was controlled by TLC. Then 20 mL of distilled water was 
added and the water phase was washed with 3 × 50 mL of ethyl acetate. 
The organic phase was dried with MgSO4 and filtered. Column chro
matography with hexane/ethylacetate (19:1) yielded 50%, 361 mg of 
target product. 1H NMR (500 MHz, CDCl3) δ 7.18 (d, J = 8.6 Hz, 2H), 
6.98 (t, J = 2.2 Hz, 2H), 6.72 (d, J = 8.5 Hz, 2H), 6.31 (t, J = 2.2 Hz, 2H). 

2.1.1.2. Synthesis of SNS-Ph-Pyr. The resulting 4-(1H-pyrrol-1-yl)ani
line (1) was used in the synthesis of 1-(4-(1H-pyrrol-1-yl)phenyl)-2,5-di 
(thiophen-2-yl)-1H-pyrrole (SNS-Ph-Pyr). 1,4-di(thiophen-2-yl)butan- 
1,4-dione (0.38 mmol) was dissolved in toluene (10 mL) under argon 
gas. P-toluene sulfonic acid (PTSA, 0.058 mmol) and 4-(1H-pyrrol-1-yl) 
aniline (0.5056 mmol) were added sequentially. The mixture was stirred 
at 110 ◦C for 5 days and product formation was controlled by thin layer 
chromatography (TLC). After toluene was removed under low vacuum, 
it was purified with hexane/ethylacetate (50:1) by column chromatog
raphy using silica gel and the targeted product was obtained with 117 
mg (80% yield). 1H NMR (500 MHz, CDCl3) 7.43 (d, J = 8.7 Hz, 2H), 
7.33 (d, J = 8.7 Hz, 2H), 7.16 (d,J = 2.2 Hz, 2H), 7.05 (dd, J = 5 0.05: 
1.05 Hz, 2H), 6.81 (m, 2H), 6.58 (m, 2H), 6.53 (s, 2H), 6.37 (t, J = 2.2 
Hz, 2H). 13C NMR (500 MHz, CDCl3) δ141.1, 135.6, 135.0, 131.4, 130.4, 
127.2, 124.7, 124.4, 120.4, 119.3, 111.4, 110.2. 

3. Result and discussion 

3.1. Synthesis and characterization of SNS-Ph-Pyr 

1,4-di(thiophen -2-yl)butan-1,4-dione and 4-(1H-pyrrol-1-yl)aniline 
(1) were intermediate materials for the synthesis of SNS-Ph-Pyr 
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monomer. Firstly, thiophene and succiniyl chloride were reacted in 
order to get 1,4-di(thiophen-2-yl)butan-1,4-dione in the presence of 
AlCl3 dissolved in DCM at 0 ◦C. Compound 1 was obtained from a 
mixture of pyrrole and 4-iodoaniline with the gradual addition of K2CO3, 
CuI and DMEDA in DMF. The monomer were obtained from a reaction of 
1,4-di(thiophen-2-yl)butan-1,4-dione and 1 through Paal-Knorr 
condensation reaction in the presence of PTSA catalyst in dry toluene 
as shown in Scheme 1. All the products were purified by using column 
chromatography in order to get solid products. Monomer, SNS-Ph-Pyr, 
was characterized on the basis of 1H NMR, 13C NMR and FTIR anal
ysis, which firmly proved the proposed chemical structures. 

Optical properties of SNS-Ph-Pyr (1 × 10− 5 M) were recorded in the 
medium of ACN. UV–vis and fluorescence spectra were shown in Fig. 1. 
The absorption band of the monomer gives rise to a strong absorption 
band at 200 nm and a two slight absorbance peaks at 265 nm and 365 
nm. As it is known from literature, SNS unit, itself, had two broad bands 
at around 230 nm and 330 nm in chloroform [41]. Pyrrole gives an 
absorption peak at around 205 nm [42]. From this knowledge, the first 
strong band at 200 nm corresponds to pyrrole rings, which are populated 
in the structure. The other bands at 230 and 265 nm most probably 
belong to SNS ring and phenyl part of the monomer structure. 
SNS-Ph-Pyr had one emission peak at about 416 nm (excited at 265 nm) 
that was attributed to blue color emission. SNS moiety give an emission 
band at around 425 nm in chloroform [41]. Depending on solvent and 
functional unit from SNS structure, this band shifts for SNS derivatives. 
In literature, there are also other blue light emitted SNS monomers [41, 
43–45]. 

3.2. Electrochemical polymerization of SNS-Ph-Pyr 

SNS-Ph-Pyr monomer was potentially scanned between 0.0 V and 
1.20 V versus Ag/AgCl containing 0.1 M TBAPF6 and DCM. Monomer 

was oxidized at about 0.8 V, which exhibits the formation of radicalic 
cation forms at/around the working electrode surface and shows similar 
oxidation potential values like its SNS analogues as seen in Table 3. 
During the second scan, a new oxidation and reduction couple peaks 
were observed at 0.6 V and 0.55 V, respectively. After next repetitive 
cycles, new radical-monomer or radical-radical monomer couplings 
were formed and new oligomeric/polymeric species were formed 
because there is a shift of redox potential and monomer oxidation cur
rent increase during potential cycling (Fig. 2). These all indicates the 
formation of an electroactive polymer on the working electrode surface 
(25 successive scans). During the polymer formation, the anodic current 

Scheme 1. Synthesis procedures for compounds 1 and SNS-Ph-Pyr.  

Fig. 1. Absorption and emission spectra of SNS-Ph-Pyr (1 × 10− 5 M) in ACN.  
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at about 0.67 V and 0.82 V continued to increase together. While the 
current increase of the first potential at about 0.67 V is an expected 
situation related to the formation of classical electropolymerization 
process, the current increase for latter indicates some radicalic cation 
formations originating from monomers or oligomers in the diffusion 
layer of the system. 

3.3. Electrochemical behavior of P(SNS-Ph-Pyr) 

After electropolymerization step, Pt disc coated with polymer film (P 
(SNS-Ph-Pyr)) was taken out of monomer solution. After washing with 
DCM solvent, the polymer film coated on the working electrode was 
immersed in a monomer-free solvent electrolyte medium. A single and 
prominent reversible redox couple (Epa = 0.7 V, Epc = 0.5 V vs. Ag/AgCl 
with a scan rate of 100 mVs− 1) were appeared when potentially scanned 
between 0.0 V and 1.0 V) (Fig. 3a). When the last cycle of Fig. 2 was 
examined, it was seen that double oxidation peaks obtained were 
decreased to one in Fig. 3a. There are P(SNS) polymer derivatives 
showing the same characteristic in the literature [21,25,40]. This may 
be due to the oligomeric species that migrate to the washing solvent 
after the polymer coated with the electrode is washed. This was also scan 
rate effect on the potential for polymer behavior in the monomer free 
medium. When the polymer film is scanned at very low scan rates (20 
mVs− 1), two anodic peaks are observed. This potential peak becomes 
gradually less dominant and disappears during higher scan rates. 

The polymer film coated on Pt disc electrode (25 cycled) was 
switched between its redox states at different scan rates in order to see 
the scan rate dependency of anodic (ianodic) and cathodic (icathodic) 
peak currents (Fig. 3a). The experimental results showed that both redox 
(anodic and cathodic) peak currents increase with growing scan rates 
(between 20 mVs− 1 to 250 mVs− 1). As can be seen from Fig. 3b, upon 
amplification of the scan rate P(SNS-Ph-Pyr) film revealed a propor
tional incline (R2 = 0.99737 for anodic fitting), R2 = − 0.99912 for 
cathodic fitting) in the current intensity. This indicates that this doping 
and dedoping redox process is nondiffusional and polymer film is 
adhered very well to the Pt disc electrode (Fig. 3b). 

Electrochemical stability of polymer between neutral and oxidized 
states or a potential range is important for technological applications. 
For that reason, P(SNS-Ph-Pyr) film (25 cycled) was switched between 
0.0 V and 1.0 V with a scan rate of 200 mVs− 1 for 1000 cycles in 

monomer free electrolytic solution and anodic and cathodic current and 
charge data were recorded after each 100 cycles (Fig. 4). According to 
results, P(SNS-Ph-Pyr) film saved 78% (charge) and 75% (current) of its 
electroactivity after 1000 cycles. 

3.4. In situ spectroelectrochemical behavior of P(SNS-Ph-Pyr) 

For spectroelectrochemical investigations, polymer film was elec
trodeposited on ITO electrode at various thicknesses (50/75/100 mC/ 
cm2) via constant potential electrolysis (0.8 V). Each has same spec
troelectrochemical behaviors with different absorbance intensities. 
Among them, spectroelectrochemical behavior of polymer film with 75 
mC/cm2 thicknesses was chosen and spectroscopic changes were 
recorded in situ as seen in Fig. 5 during the oxidation potential scan 
between 0.0 V and 1.0 V (with a scan rate 30 mV s− 1). In its neutral state, 
polymer has an absorption band at around 383 nm, which corresponds 
to π-π* transition of P(SNS-Ph-Pyr). The band gap of polymer film was 
found as 2.32 eV (similar band gap value like other P(SNS) derivatives 
(Table 3)) with other by the commencement of the low energy end at 
383 nm. Upon oxidation at about 0.4 V, the absorption intensity of π-π* 

Fig. 2. Repetitive cyclic voltammogram (total numbers of cycle: 25) of SNS-Ph- 
Pyr in 0.1 M TBAPF6/DCM on Pt disc electrode with 100 mV s− 1 scan rate.(red 
line:1st cycle of monomer). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. (a) Cyclic voltammograms of polymer film at various scan rates from 
20 mV s− 1 to 250 mVs− 1, (b) Anodic/cathodic current intensity vs. scan rate 
dependency plot for the polymer film. 
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transition decreases and new charge carrier, polaron, formed at 650 nm. 
After applied potentials at 0.85 V, while the amplitude of absorption 
band at 650 nm stays almost the same, bipolaron charge carrier at about 
900 nm starts to become more apparent. 

3.5. Electrochromic properties of P(SNS-Ph-Pyr) 

P(SNS-P-Pyr) exhibits electrochromic behavior, which is a remark
able and underestimated property. Upon oxidation, polymer film reveals 
various colors; grayish blue at 1.0 V, green at 0.70 V and yellow at 0.0 V. 
While experimenting with in situ UV–vis absorbance changes, the colors 
that the polymer should theoretically have and the corresponding L/a/b 
values of these colors are given in the inset of Fig. 5. In fact, it has been 
proved by photographing that the polymer film coated on ITO gives the 
same colors experimentally at each potential applied as seen in Table 1. 

Electrochromic properties of polymer film can also be monitored by 
observing switching properties of polymer film. The rapid response and 
color change of a polymer between redox states is very important for 
electrochromic applications. For this purpose, the polymer film is 
switched in its neutral and oxide states and electrochromic parameters 
such as optical contrast (percentage transmittance change) (%ΔT), 
switching time (tsw) and coloration efficiency (CE) give important in
formation about the properties of the electrochromic polymer. The op
tical density (ΔOD) and CE can be calculated using the following 
equations: 

ΔOD= log
Tcolored

Tbleached
and CE =

ΔOD
Qd  

where Tcolored and Tcolored are transmittance values in the oxidized and 
neutral states, respectively. Qd is charge value difference during redox 
state change. In this study, 95% of total transmittance change was 
chosen in order to find CE and tsw because human eye can’t detect the 
color change 100% with the naked eye. 

A square-wave potential step method is coupled with UV–vis spec
troscopy, which is called chronoabsorptometry. In this double potential 
step method, polymer film is switched between starting potential to 
initial oxidation potential for a set of period and then again, within a 
certain period of time, it goes on a potential way in the opposite direc
tion and returns to the potential it was first applied to. This switching 
event continues in this way by repeating as many times as desired. The 
wavelengths at which switching will be selected are chosen by finding 
the wavelengths at which spectroelectrochemical events show the 
maximum absorbance change. According to Fig. 5, three wavelengths 
were selected and polymer film (with a thickness of 100 mC/cm2) 
switched between their redox states as shown in Fig. 6 Switching data 
were shown at 383 nm, 650 nm and 900 nm in Fig. 6a, b and 6c 
respectively. As seen in Fig. 6d, polymer film successfully switched be
tween 0.0 V and 1.0 V during kinetic data taken. 

The electrochromic properties of polymer films coated at different 
thicknesses are summarized in Table 2 at various wavelengths. The 
dynamic changes of the transmittance during a single cycle for the 
polymers with different thicknesses were given in Figure SI-2a, b and c 
at different wavelengths ((See Figure SI-2). Accordingly, while the 
amount of coated charge increased, the optical contrast value and 
coloration efficiency of the polymer film also increased depending on 
the wavelength values but there are no improvements (faster response 

Fig. 4. Electrochemical stability test for polymer film (25 cycled) in the me
dium of 0.1 M TBAPF6/DCM. 

Fig. 5. Spectroelectrochemical behavior of polymer film in the medium of 0.1 
M TBAPF6/DCM. (The colors and corresponding L/a/b values of polymer film 
(with a thickness of 75 mC/cm2) were depicted in each line of spectra). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 1 
Experimental colors of electrochromic polymer film at different applied potentials in the medium of 0.1 M TBAPF6/DCM (with a thickness of 75 mC/cm2 coated 
polymer film).  

Applied Potential 0.00 V 0.40 V 0.60 V 0.70 V 0.80 V 0.90 V 1.00 V 

Colors 
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time) related with switching times of polymer films. From this table, it 
cannot be said that the polymer film always responds quickly to 
switching according to the polymer film thickness and the preferred 
wavelength. For example, while colored and bleached switching times of 
polymer film at 1.8 s and 1.8 s at 650 nm, respectively, response time for 
color change generally increase as polymer thicknesses increase as seen 
in Table 2. A thicker polymer layer on ITO electrode may lead to longer 
diffusion distances and causes slower response time depending on the 
morphology of polymer film. Considering the stability tests during 1000 
s switching, it was concluded that the polymer film of 100 mC/cm2 

thicknesses was stable and lose its 17% loss electroactivity at 900 nm 
after 1000s (See Figure SI-1). 

The spectroelectrochemical data of P(SNS-Ph-Pyr) and its analogues 
was summarized in Table 3. According to Table 3, all polymers show 
higher ΔT % values in the near IR region than that in the visible region 
[16,19,28,29,40]. While studies on CE values were not done for most 
polymers, it can be concluded that the polymers of the existing studies 
had lower CE values than that of P(SNS-Ph-Pyr) (384 cm2/C). Again, 
most polymers show a yellow color change in the reduced state and 
bluish in the oxidized state, while most have different intermediate 
colors. It has been observed that P(SNS-Ph-Pyr) has a slow or average 
response times when coated with different thicknesses. 

Fig. 6. Electrochromic switching and optical absorbance change monitored during switching at (a) 383 nm (b) 650 nm (c) 900 nm and (d) chronoamperometry 
experiments for P(SNS-Ph-Pyr) in 0.1 M TBAPF6/DCM for (with a thickness of 100 mC/cm2 coated polymer film). 

Table 2 
A summary of electrochromic properties for P(SNS-Ph-Pyr) film at different 
thicknesses.  

Thickness (mC/ 
cm2) 

t95%
c (s) t95%

b (s) ΔT % CE (cm2/C) 

50 2.2(383 
nm) 

1.7 (383 
nm) 

10.6 (383 
nm) 

58 (383 nm) 

1.1 (650 
nm) 

3.1 (650 
nm) 

17.5 (650 
nm) 

188 (650 
nm) 

1.4 (900 
nm) 

5.1 (900 
nm) 

27.4 (900 
nm) 

91 (900 nm) 

75 1.8 (383 
nm) 

1.8 (383 
nm) 

11.8 (383 
nm) 

97 (383 nm) 

1.8 (650 
nm) 

1.8 (650 
nm) 

18.4 (650 
nm) 

216 (650 
nm) 

4.7 (900 
nm) 

3.6 (900 
nm) 

30.4 (900 
nm) 

209 (900 
nm) 

100 2.7 (383 
nm) 

4.6 (383 
nm) 

15.6 (383 
nm) 

220 (383 
nm) 

2.7 (650 
nm) 

1.8 (650 
nm) 

19.5 (650 
nm) 

264 (650 
nm) 

3.8 (900 
nm) 

3.7 (900 
nm) 

41.7 (900 
nm) 

384 (900 
nm)  
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3.6. Chemical structure analysis of P(SNS-Ph-Pyr) 

In order to prove that polymerization of monomer SNS-Ph-Pyr 
occurred though the α-H of thiophene unit of SNS trimeric structure, 
FTIR spectra of monomer and its corresponding polymer were compared 

as seen in Fig. 7. Some peaks of monomer were obtained at 3100 cm− 1 

(aromatic C–H stretching), 2923 cm− 1 (C–H stretching of thiophene), 
1457-1329 cm− 1 (C––C, C–N stretchings of aromatic units). Furthermore 
it had three main peaks at 699 cm− 1 (α-H of thiophene rings), 760 cm− 1 

(β-H of pyrrole ring) and 836 cm− 1 (β-H of thiophene rings). While most 
of the peaks for polymer spectrum remained same, the peak at 699 cm− 1 

disappeared due to α-coupling of external thiophene rings [16]. Besides, 
a new peak appears at 796 cm− 1 due to β-H of coupling of thiophene 
rings. Moreover, the peaks at 731 cm− 1, 1005 cm− 1 and 3104 cm− 1 are 
related with α-H of pyrrole ring, which indicates that pyrrole substituted 
from N-phenyl SNS unit didn’t proceed through polymerization from 
coupling of pyrrole ring [40,45]. 

4. Conclusions 

In conclusion, the pyrrole functionalized N-phenyl derivative SNS 
monomer was synthesized and its polymer was successfully electro
chemically synthesized and characterized. P(SNS-Ph-Pyr) exhibited 
stable and reversible redox property as well as superior electrochromic 
behavior. It had a color change between yellow (neutral) and grayish 
blue (oxidized) with a green intermediate color, which makes polymer a 
feasible nominee in any necessary usage area for technological appli
cations since these colors are important for full color electrochromic 
display applications. Work along this line currently underway in our 
laboratories. 
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Table 3 
A summary of electrochemical and spectroelectrochemical data of P(SNS-Ph-Pyr) and its some analogues.  

Polymer Em
ox(V)a Egap

b (eV) tsw(s)
c ΔT % CE (cm2/C) EC colorsd 

[16] 

0.87* vs. Ag/Ag+ 2.61 - - - yellow orange (0.20 V) 
dark blue (0.82 V) 

[19] 

0.45 vs. Ag/Ag+ 2.2 1.7 (413 nm) 
(for 95%) 

27 (413 nm)  yellow (− 0.2 V) 
green (1.0 V) 

[40] 

0.98 vs. Ag/AgCl 2.21 – 18 (444 nm) 
33 (661 nm) 
45 (1000 nm) 

– orange (n) 
violet (ox) 

[28] 

~0.9 vs. Ag/AgCl 2.24 tc (s):1.74 (409 nm) 
2.40 (572 nm) 
1.68 (970 nm) 
(for 90%) 

18.1 (409 nm) 
10.1 (572 nm) 
36.7 (970 nm) 

303.84 (970 nm) yellowish-green (n) 
bluish purple (i) 
deep bluish violet(ox) 

tb (s):1.60 (409 nm) 
0.85 (572 nm) 
1.77 (970 nm) 
(for 90%) 

[29] 

0.74 vs. Ag/AgCl 2.26 tc (s): 1.91 (590 nm) 
1.90 (1320 nm) 
(for 90%) 

6.2 (590 nm) 
22.7(1320 nm) 

181.8 (1320 nm) saffron yellow (0.0 V) 
yellowish-gray (1.0 V) 
light purple (1.2 V) 
bluish-purple (1.4 V) tb (s): 1.99 (603 nm) 

1.97 (1320 nm) 
(for 90%) 

this study   

0.8 vs. Ag/AgCl 2.32 details given in Table 2 details given in Table 2 details given in Table 2 yellow (0.0 V) 
green (0.75 V) 
grayish blue (1.0 V)  

a All polymerization conditions (solvent electrolyte couple, working and reference electrodes used, scan rates etc. wre given references related. 
b Optical band-gaps as calculated from the onset of the π-π* transition of the neutral-state polymer. were. 
c tsw: switching time, tc: coloring time,tb: bleaching time, *predicted data from reference given. 
d Colors (n) neutral state, (i) intermediate state, (ox) fully oxidized state. given in the references given in Table. 

Fig. 7. FTIR spectra of SNS-Ph-Pyr and P(SNS-Ph-Pyr).  
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Radiolytic method as a novel approach for the synthesis of nanostructured 
conducting polypyrrole, Langmuir 30 (46) (2014) 14086–14094, https://doi.org/ 
10.1021/la5037844. 

[43] N. Guven, P. Camurlu, Optoelectronic properties of poly (2, 5-dithienylpyrrole) s 
with fluorophore groups, J. Electrochem. Soc. 162 (2015) H867, https://doi.org/ 
10.1149/2.0311512jes. 

[44] N. Guven, P. Camurlu, M. Desde, B. Yucel, Post Polymerization functionalization of 
a soluble poly (2, 5-dithienylpyrrole) derivative via click chemistry, 
J. Electrochem. Soc. 164 (2017) H430, https://doi.org/10.1149/2.0301707jes. 

[45] P.E. Just, K.I. Chane-Ching, J.C. Lacroix, P.C. Lacaze, Electrochemical oxidation of 
dipyrrolyl derivatives: application to the formation of reticulated conducting 
polymers with conjugated spacers, Electrochim. Acta 46 (2001) 3279–3285, 
https://doi.org/10.1016/S0013-4686(01)00620-X. 

B. Bezgin Carbas et al.                                                                                                                                                                                                                         

https://doi.org/10.1039/B210906A
https://doi.org/10.1039/B210906A
https://doi.org/10.1016/j.electacta.2008.09.067
https://doi.org/10.1039/B504577K
https://doi.org/10.1039/B504577K
https://doi.org/10.1039/C7TB01674C
https://doi.org/10.1039/C7TB01674C
https://doi.org/10.1016/j.electacta.2008.09.008
https://doi.org/10.1016/j.electacta.2012.12.023
https://doi.org/10.1016/j.electacta.2012.12.023
https://doi.org/10.1021/la5037844
https://doi.org/10.1021/la5037844
https://doi.org/10.1149/2.0311512jes
https://doi.org/10.1149/2.0311512jes
https://doi.org/10.1149/2.0301707jes
https://doi.org/10.1016/S0013-4686(01)00620-X

	Electrochromic properties of a polydithienylpyrrole derivative with N-phenyl pyrrole subunit
	1 Introduction
	2 Material and method
	2.1 Synthesis of compounds
	2.1.1 Synthesis of 1-(4-(1H-pyrrol-1-yl)phenyl)-2,5-di(thiophen-2-yl)-1H-pyrrole (SNS-Ph-Pyr)
	2.1.1.1 Synthesis of 4-(1H-pyrrol-1-yl) aniline (1)
	2.1.1.2 Synthesis of SNS-Ph-Pyr



	3 Result and discussion
	3.1 Synthesis and characterization of SNS-Ph-Pyr
	3.2 Electrochemical polymerization of SNS-Ph-Pyr
	3.3 Electrochemical behavior of P(SNS-Ph-Pyr)
	3.4 In situ spectroelectrochemical behavior of P(SNS-Ph-Pyr)
	3.5 Electrochromic properties of P(SNS-Ph-Pyr)
	3.6 Chemical structure analysis of P(SNS-Ph-Pyr)

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


