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The importance of viologens in the field of electrochromic materials is well recognized due to 

their intensely colored radical cation formation. In this study, 1-[6-[(4-methyl-3-thienyl)oxy]hexyl]-

4,4´-bipyridium hexafluorophosphate (Th-V) was synthesized and electropolymerized in a solvent 

mixture comprising of water and acetonitrile (v:v; 50:50) with 0.1 M lithium perchlorate (LiClO4) 

as electrolyte salt, yielding a viologen bearing polythiophene (PTh-V) film on an electrode 

surface. The resulting polymer shows electrochemical activity from both redox active viologen 

and conjugated polythiophene moieties. The redox behavior of the polymer was studied by multi 

in situ spectroelectrochemical technique by means of simultaneous recording of electron spin 

resonance and UV–Vis–Near infrared spectra (ESR/UV–Vis–NIR). The results indicate that only 

polaron charge carriers are created during both n and p doping of the PTh-V film. The polymer 

film shows enhanced electrochromic contrast due to the introduction of a pendant viologen group 

to the thiophene unit. The film switched reversibly between dark violet (at -0.6 V) and almost 

transparent (at 1.0 V) showing good optical contrast with coloration efficiency of ca. 305 cm2 C-1 

at 610 nm. The switching transmittance kinetics demonstrates fast response time to attain 

bleached state and excellent operational stability with repeatable voltage switching between 

colored/bleached states for ca. 1000 cycles. The polythiophene backbone was found to 

strengthen the thermal stability of the conjugated PTh-V redox polymer. The excellent optical 

contrast with sharp color changes and high color efficiency combined with adequate thermal 

behavior suggests the potential of PTh-V in the electrochromic device (ECD) application. 

 

 

 

 

Introduction  

Electrochromic (EC) materials possesses a reversible redox 

behavior by accepting or donating electrons under an applied 

DC voltage, simultaneously undergoing an optical contrast 

switching from one colored state to another 1. A number of 

different organic and inorganic materials have been tested for 

improving dynamic and static EC properties such as fast 

switching time, high optical contrast in the visible region, large 

coloration efficiency, broad range of colors and enhancing EC 

contrast 2, 3. In the last decade, conducting polymers have 

gained much attention in the EC field as they are inexpensive, 

possesses long term stability and offers multiple colors. 

Polythiophene (PTh) is one of the widely studied conjugated 

polymers due to its diversifying electrochemical properties and 

strong electrochromism 4. However, the processibilty of pristine 

PTh seems to be a great problem due to the availability of more 

than one polymerization site or irreversible side reactions at 3- 

or 4- positions of the Th ring 5. In order to overcome this 

problem, researchers have synthesized a thiophene (Th) 

oligomer which is functionalized with electron-donating groups 

such as alkyl or alkoxy groups 6, 7. Such groups not only protect 

the 3- and 4- positions from side reactions but also lower the 

Page 1 of 9 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

oxidation potential of the monomer 8, 9. These aspects have 

been considered when synthesizing the monomer for this work. 

  

Recently, considerable efforts has been made on modifying the 

electronic properties of conducting polymers mainly by 

attaching specific functional groups to the polymeric backbone, 

the so called third generation of polymers 10-12. Keeping in 

mind the benefits of conducting polymers, we anticipated that 

the contrast would be significantly enhanced if one could 

incorporate an additional EC element in the side chains of PTh. 

We have selected viologen (V) as such an element owing to its 

highly stable electrochemical redox reaction leading to cation 

radical formation with corresponding sharp color changes 13. A 

convenient way to deposit conjugated or a redox polymer at the 

electrode surface is by electrochemical polymerization of 

soluble precursors in suitable electrolyte. In our previous 

studies, we attempted to electropolymerize a thiophene 

monomer bearing cross-linkable cyanopyridine moiety 14. The 

aim was to obtain an insoluble polythiophene derivative film 

containing viologen side groups. However, the film was soluble 

into the electrolyte possibly due to the bulkiness of the 

monomer structure. In order to avoid this matter, we employed 

ionic liquid as an electrolyte instead of conventional solvents 

and successfully obtained a polythiophene film cross-linked 

with viologens 15. However, the electroactivity of thiophene 

moiety was still not up to our satisfaction. We therefore 

synthesized an electropolymerizable 3,4-disubstituted 

thiophene monomer chemically functionalized with pendant 

redox active viologen (Th-V) connected to the side chain at the 

3-position of Th. Its electropolymerization would yield an 

insoluble conducting polythiophene film bearing pendant 

viologen 16. 

 

Thorough characterization of organic molecules is difficult by 

traditional methods due to the complexity in their structures. 

Moreover, when it comes to the detailed information on the 

nature of charge carriers, e.g. magnetic or optical features 

within the molecules, conventional electrochemical methods 

are insufficient for a concise characterization. In recent years, in 

situ spectroelectrochemistry emerges as a useful tool over the 

traditional electrochemical methods 17, 18. Multi-

spectroelectrochemistry comprises an electrochemical setup 

coupled to magnetic and/or optical instrumentation which 

determines the corresponding information from the organic 

conjugated materials. Upon electrochemical doping, new 

electronic states are developed due to the creation of charge 

carriers in the π- conjugated backbone. This leads to 

corresponding optical transitions in the UV-Vis-NIR region. 

Some charge carriers are paramagnetic in nature and can be 

detected by ESR spectroscopy. Because of both optical and 

magnetic characteristics in the conjugated organic materials 

like PTh-V, the combination of ESR and UV-Vis-NIR 

spectroelectrochemistry is helpful in the elucidation of the 

doping mechanism as well as to systematically characterize the 

nature of charge carriers involved during electrochemical 

doping/dedoping processes 19, 20.  

 

In this work, we report the electrochemical polymerization of 

Th-V monomer in water-acetonitrile mixture (v:v; 50:50) 

containing LiClO4 as an electrolyte salt. The 

electropolymerization gives an insoluble electroactive PTh-V 

film deposited at the electrode surface. The electrochemical 

response of the film confirms involvement of both PTh and V 

species in the polymeric material. In situ ESR/UV-Vis-NIR 

spectroelectrochemistry is used to determine doping induced 

charge carriers created during electrochemical p and n doping 

of PTh-V. The addition of V into the PTh backbone seems to 

remarkably increase the overall EC contrast of the resultant 

PTh-V material. Electrochromic switching kinetics showed 

effective transitions between bleached and darkened state with 

abrupt color changes. TGA studies show the adequate thermal 

stability of the redox polymeric material.     

 

Experimental 

Synthesis of N,N´-bis{[6-(4-methyl-3-thienyl)oxy]hexyl}-4,4´-

bipyridinium dibromide 

3-(6-bromohexyloxy)-4-methylthiophene (2.61 g; 9.4 mmol) 

and 4,4´-bipyridine (0.49 g; 3.1 mmol) were dissolved in 

acetonitrile (5 mL) in a closed cylinder. The cylinder was then 

placed in an oven at 120 °C for 24 h. Yellow precipitation was 

formed. After cooling, 40 mL of diethyl ether was added and 

the crude product was collected by filtration. The crude 

material was dissolved in methanol and treated with activated 

carbon, after filtration and evaporation under reduced pressure; 

1.7 g of pure material was obtained. (Scheme 1) 
1H NMR (D2O): 9.16 (4H, d), 8.54 (4H, d), 6.93 (2H, s), 6.43 

(2H, s), 4.60 (4H, t), 3.83 (4H, t), 1.98 (4H, m), 1.93 (3H, s), 

1.67 (4H, m), 1.40 (8H, m). 
13C NMR: 156, 150, 146, 129, 127, 120, 97, 70, 61, 30, 28, 25, 

24, 12. 

Electrochemistry 

The electrochemical polymerization of Th-V and all other 

electrochemical experiments were performed in a conventional 

three-electrode one-compartment set-up using CV technique 

operated by Autolab (PGSTAT101) work station under 

computer control. In the CV experiments, Au electrode 

(deposition area 1 cm2) was used as working electrode and a 

platinum wire as counter electrode. A Ag wire coated with 

AgCl, was used as pseudo-reference electrode, calibrated using 

1 mM ferrocene (Fe/Fe+) in supporting electrolyte solution (E1/2 

(Fe/Fe+) = 0.45 V) before all the experiments and all following 

potentials mentioned are vs. Ag/AgCl electrode.  All 

electrochemical characterizations and CV experiments of PTh-

V were performed using a mixture of electrolyte made by 0.1 

mole L-1 solution of lithium perchlorate (LiClO4) in the two 

solvents, viz. deionized water and acetonitrile (v:v; 50:50). The 

PTh-V film was electrosynthesized by potential cycling from – 
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Scheme 1. The chemical structure of monomer Th-V. 

1.2 to 1.5 V using 30 cycles at a scan rate of 50 mVs-1. The 

mixed electrolyte solution was deaerated by dry nitrogen stream 

for 15 min before each experiment to ensure oxygen free 

environment. After each electropolymerization experiment, the 

polymer film was washed repeatedly with copious amount of 

deionized water in order to remove the electrolyte, monomer or 

oligomers. The deposited films were then placed in a monomer-

free electrolyte for CV measurements of the PTh-V film-coated 

electrode. 

Spectroelectrochemistry 

In situ ESR/UV–vis–NIR spectroelectrochemical experiments 

are performed in the optical ESR cavity (ER 4104OR, Bruker 

Germany). ESR spectra were recorded by the EMX Micro X-

band CW spectrometer (Bruker, Germany). UV–Vis–NIR 

spectra were measured by Avantes spectrometer AvaSpec-

2048x14-USB2 with the CCD detector and AvaSpec-NIR 256-

2.2 equipped by a  InGaAs detector applying the AvaSoft 7.5 

software. Both the ESR and the UV–Vis–NIR spectrometer 

were connected to a HEKA potentiostat PG 390. Triggering 

was performed by the software package PotMaster v2x40 

(HEKA Electronic, Germany). The spectroelectrochemical flat 

cell with a three-electrode arrangement consisting of a  

laminated Au mesh as a working electrode, a Pt wire as a 

counter electrode and a Ag wire coated with AgCl as a 

pseudoreference electrode was used. Au-microgrid (1024 

meshes/cm2) is positioned between two pieces of chemically 

resistant polyester based lamination foils (DocuSeal, USA) to 

obtain the small well defined electrochemically active surface 

with an insulated electrical contact, with circular holes giving 

0.1 cm2 of free active electrode surface. 

Characterizations 

Thermogravimetric analysis (TGA) was performed by TA 

Instruments SDT 2960 simultaneous DTA-TGA 

thermoanalyzer. TGA analysis of V film was performed in the 

temperature range of 0-600 0C. The solid state PTh-V material 

was subjected to thermal degradation in the temperature range 

between 0 and 1000 0C. The heating rate was 20 0C min-1 and 

analysis was carried out under nitrogen atmosphere. The EC 

switching kinetic study was performed using 

chronoamperometry technique by switching of potential  

 
Fig. 1. Cyclic voltammograms (CVs) for the electropolymerization of 0.02 mol L

-1 

Th-V on Au electrode in a mixture of solvents containing water and acetonitrile 

(v:v; 50:50) using 0.1 M LiClO4 as electrolyte salt. Scan rate: 50 mV s
-1

. 

between 1.0 and -0.6 V at a rate of 10 s. The corresponding 

optical changes were recorded using Agilent Cary 60 UV-Vis 

spectrophotometer. Impedance measurements were performed 

using an IviumStat potentiostat. EIS studies were made at 

different dc potentials (from 0 to -1.0 V at cathodic side and 0 

to 1.2 V at anodic side, ∆Edc = 0.1 V) in the frequency range of 

100 kHz-0.1 Hz by using an ac excitation amplitude of 10 mV. 

 

Results and discussion 

Electropolymerization and CV analysis  

The electrochemical polymerization of Th-V (0.02 mol L-1) was 

performed by cyclic voltammetry (CV), and the resulting CVs 

are shown in Fig. 1. Since viologen electrochemistry is well 

studied in aqueous electrolyte while that of conjugated 

thiophene in organic medias, we employed a mixed solvent 

strategy comprising of water and acetonitrile (v:v; 50:50) as 

electrolyte with LiClO4 as supporting salt in order to activate 

both Th as well as V in their respective electrochemical states. 

The electrode potential was initially swept to -1.2 V to monitor 

the electroactivity of viologen species, further continued in the 

anodic direction until 1.5 V to oxidize the Th monomer. From 

the second sweep on, a well-defined redox response of the PTh 

moiety appeared and increased successively at ca. 1.0 V upon 

following scanning. At cathodic potentials, a redox couple at 

ca. -0.4 V and a broad one at -0.75 V can be observed at 

potentials identical to that of the viologen unit. Interestingly, an 

additional peak was observed at ca. -0.2 V which is increasing 

with consecutive scanning. After electropolymerization, an 

obscure violet layer can be seen on the Au electrode surface 

due to highly cross-linked viologen moieties within the 

polymer. When compared to the previous works on similar 

structures, the electroactivity of the PTh-V film was found to be 

remarkably stable on both sides and could withstand 30 sweep 

cycles for electropolymerization, unlike the previous reports on  
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Fig. 2. Corresponding CV response of PTh-V in a mixed electrolyte containing 0.1 

M LiClO4. Scan rate: 50 mVs
-1

. 

polythiophene derivatives bearing pendant viologen group 21, 22. 

 

The electroactivity of the deposited polymer, PTh-V, at the Au 

electrode surface was studied by the CV technique in monomer 

free electrolyte. As shown in Fig. 2, in the cathodic range, the 

reduction peak observed at -0.4 V  is assigned to the formation 

of viologen radical cation which is followed by a very intense 

oxidation peak at -0.35 in the reverse scan (V2+/V•+). At more 

negative potentials, a second broad redox couple reduced at –

0.76 V associated with its oxidized counterpart at –0.64 V can 

be assigned to the neutral viologen species formation (V•+/V0). 

A pre-peak observed at -0.2 V before the radical cation 

formation was consistent. In the anodic range, oxidation 

doublet at 0.8 and 1.0 V can be found which corresponds to the 

PTh+ moiety along with reduction peak at 0.4 V.   

 

In situ ESR/UV-Vis-NIR spectroelectrochemistry 

DURING N-DOPING 

The in situ ESR/UV-Vis-NIR spectroelectrochemical study 

enables the structural information within the studied molecule. 

In situ ESR spectra obtained during electrochemical n doping 

of PTh-V are presented in Fig. 3a. Thirteen spectra were 

acquired during one cycle for ESR and UV-Vis-NIR 

measurements. Unlike a well resolved hyperfine structure 

observed in the pristine viologen molecule 23, this pendant 

viologen group attached to PTh consist of a single line centered 

at 3485 indicating the binding of viologen side group to the 

PTh backbone within the polymeric structure. ESR spectra of 

PTh-V film were recorded during cathodic charging and 

discharging in the potential range of 0 and -0.6 V with 0.1 V 

increment. When the film is reduced from 0 to -0.3 V the 

spectra remain unchanged. As the potential reaches the  

viologen reduction onset at -0.4, the line intensity in the ESR 

spectrum grows rapidly and keeps increasing with further 

increase in the reduction potential. This is due to the strongly 

colored paramagnetic viologen cation radical being formed at 

this stage accompanied by an increase in the relative 

concentration of the spins. The highest ESR intensity is 

achieved at -0.6 V. When scanned further, the ESR intensity 

decreases dramatically due to the V0 formation. In the reverse 

scan, a linear decrease in the intensity can be observed until -

0.4 V, after this potential, a sudden intensity decrease is seen. 

This indicates that the pendant viologen forms very stable 

magnetically active cation radicals. There were no changes in 

the ESR at -0.2 V indicating that the pre-peak seen in the CV is 

not from paramagnetic species. 

 

Fig. 3b shows the in situ UV-Vis-NIR spectra of the 

cathodically charged/discharged PTh-V film obtained 

simultaneously during in situ ESR measurements. In the 

beginning of the potential scan, no substantial changes are 

observed in the UV-Vis-NIR spectrum. When the negative 

potential in increased to -0.4 V the spectra are dominated by 

three absorption bands. The first band has its maximum at ca. 

400 nm while the second and third are broad bands at ca. 550 

and 900 nm.  These bands are identical with those of the  

pristine viologen molecule and assigned to the viologen radical 

formation 24. All three absorptions increase in intensity with 

increasing applied potential and the band with maxima at ca. 

550 nm becomes less broader compared to the one at ca. 900 

nm due to more radicals acquired in the film resulting higher 

visible absorption. During discharging of PTh-V film, three 

absorption bands decreases gradually until -0.4 V and 

thereafter, reduces substantially. The absorption spectra thus 

have the similar potential dependence as the ESR spectra (Fig. 

S2) suggesting that both techniques correlate well and that the 

viologen cation radical is strongly colored, highly stable and 

paramagnetic in nature.  

 

DURING P-DOPING 

At the anodic side, PTh-V film shows doping mechanism and 

spectroelectrochemical behavior of polythiophene. Twenty five 

ESR spectra were acquired during p doping of PTh-V film, as 

shown in Fig. 3c. The spectra consist of a symmetric single line 

with unchanged shape throughout the experiment. At the start 

of the experiment, the spin concentration is quite high in its 

undoped form which is quite typical for electropolymerized 

conjugated polymers. The relative amount of spins remains 

almost constant until 0.7 V. When the potential reaches the 

region for oxidation of thiophene, i.e. after 0.8 V, the spin 

concentration starts to increase, seen as an increase in the 

intensity of the ESR signal. However the line width of the 

signal remains unchanged. The steady increase in the amount of 

spins in the potential region of 0.9 to 1.2 V indicates the 

formation of polarons 25. During dedoping, the spin 

concentration decreases linearly with decrease in applied 

potential. At the end of experiment, the size and shape of the 

ESR signal is almost similar to its initial state. This suggests 

that polarons are the only charge carriers involved in the PTh 

doping. 

Page 4 of 9RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

 
Fig. 2. In situ a) ESR and b) UV-Vis-NIR spectra of PTh-V measured during 

potential cycling at the cathodic direction from 0 to -0.6 V. 

The in situ UV-Vis-NIR spectra obtained during p-doping of 

PTh-V are presented in Fig. 3d. As depicted, the changes in 

absorption intensity correlate well with the ESR signal. The 

absorbance intensity remains constant until the potential 

reaches 0.8 V, where two absorption bands start to grow at 

around 700 nm and 1400 nm. Both bands increase with further 

increase in potential. Unlike common conducting polymers 

where further oxidative charging results in polaron pairs or 

bipolarons 26, no such charge carriers could be detected in the 

PTh-V film. This might be due to steric hindrance in the 

precursor structure which after electropolymerization leads to 

short PTh chains. The only charge carrier formed during the p-

doping process would therefore be positive polarons. During 

dedoping, the intensity decreases gradually and reaches its 

initial value at the end of the reaction course.   

 

Thus, in situ ESR/UV-Vis-NIR study shows that polarons were 

the sole doping induced charge carriers introduced during 

cathodic and anodic charging of the PTh-V film. Moreover, the 

polymer structure might contain short chains of oligomers or 

dimers due to that bipolaron or polaron pairs could not been 

observed during PTh doping. 

 

Absorbance spectra and coloration efficiency (CE) 

The in situ UV-Vis spectral studies were carried out to observe 

the absorption changes in PTh-V at different oxidation states 

and spectra are shown in Fig. 4. The film thickness was 

 
Fig. 2. In situ c) ESR and d) UV-Vis-NIR spectra of PTh-V measured during 

potential cycling at anodic sweep from 0 and 1.2 V.  

calculated to be ca. 150 nm. In the anodic side, the absorption 

intensity remains constant during applied potentials between 0 

and 0.6 V. After 0.8 V onwards, the absorbance at 700 nm 

starts to grow and the yellowish polymer turned to transparent 

light blue due to oxidation of PTh-V2+ to PTh+-V2+. During the 

cathodic sweep, the absorbance at ca. 380, 550 and 900 nm 

increases suddenly at -0.4 V due to PTh0- V•+ formation giving 

dark violet colored film. As the potential further increased, the 

absorbance grows until reaching the potential of -0.6 V. At this 

 
Fig. 4. Static spectroelectrochemistry of PTh-V on ITO glass at different applied 

potentials.  
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Fig. 5. Optical density change (ΔOD) of PTh-V film at 610 nm as function of 

charge density (Q) at different applied potentials ranging from 1.0 to -0.6 V. 

potential, all radical cation species are consumed and further 

increase in the applied voltage results in second viologen redox 

state PTh0- V0 and a decrease in absorbance at 550 and 900 nm.  

With further increase in applied voltage, the absorbance at 380 

nm shifts to ca. 400 nm and is growing even at -1.2 V due to 

that the radical and the neutral forms of viologen absorb at the 

close laying wavelengths. Among these oxidation states, EC 

contrast was explored in the visible region between PTh+-V2+  

and PTh0- V•+ where the PTh+ -V2+ is transparent blue while 

PTh0-V•+ is deep violet colored. These potential dependent 

optical changes suggest that the EC contrast was improved by 

incorporation of the pendant viologen side group to the PTh 

film. Therefore, an EC response can be described according to 

the redox reactions operating in the PTh-V film, with bleached 

(transparent blue) state at ca. 1.0 V due to oxidized PTh species 

while the colored state (deep violet) at -0.6 V contributed by the 

reduced V moieties and can be expressed as: 

 

PTh-V2+  ↔  PTh+-V2+ + e-     (at +1.0 V)      (1) 

(light yellowish, neutral) (transparent light blue, bleached) 

 

PTh-V2+ + e- ↔ PTh0-V•+  (at -0.6 V)       (2) 

(light yellowish, neutral) (dark violet, darkened) 

 

The overall bleaching-darkening transition for a PTh-V film 

between 1.0 V and -0.6 V can thus be written as: 

 

PTh+-V2+ ↔ PTh0-V•+            (3) 

(transparent light blue,   (dark violet, darkened) 

bleached)           

 

In order to characterize the electrochromic response of the PTh-

V films, an intermediate wavelength of 610 nm is selected 

where the contributions from both PTh and V species have been 

considered.  Moreover, in the most darkened state, a tiny broad 

band at ca. 610 nm was observed in absorption spectra, most 

probably due to contributions from both PTh and V. Therefore,  

 
Fig. 6. a) Optical transmittance kinetic curves for PTh-V film measured at 610 nm 

by switching the voltage from 1.0 to -0.6 V with an interval of 10 s, b) 

Corresponding I-t curves obtained during optical switching test, c) Response time 

of the PTh-V film monitored at 610 nm between 1.0 and -0.6 V with an interval 

of 10 s and d) Cycling stability test for electrochromic PTh-V at bleached (1.0 V) 

and colored (-0.6 V) test with a step interval of 10 s recorded at 610 nm. 

610 nm was chosen as the monochromatic wavelength for 

measuring the electrochromic properties of the film. 

 

Fig. 5 shows the relationship between the optical density 

change (∆OD) at 610 nm and the charge density (Q) for the 

PTh-V film. Coloration efficiency (CE or η) at a certain 

monochromatic wavelength can then be calculated from the  

slope of a straight line derived from the plot of ∆OD vs. Q 27. 

The reaction charge density was obtained by integrating the i-t 

curve. The reference state was set at 1.0 V and a series of 

voltages were applied with a decrement of 0.1 V till -0.6 V with 

each potential pulse lasting for 60 s to reach equilibrium 

conditions. The CE for PTh-V system was calculated to be 305 

cm2 C-1 at 610 nm. Our η value is substantially higher than the 

one reported for poly (butyl viologens) as 163 cm2 C-1 28 and 

almost matches with the value of 342 cm2 C-1 recently reported 

for electrochromic heptyl viologen 28. An ECD composed of 

ionic liquid based gel polymer electrolyte with a functionalized 

viologen derivative reported CE of up to 725 cm2 C-1 29. A 

heptyl viologen composite with In/Sn oxide nanoparticles 

showed η value of 912 cm2 C-1 30. 

 

Electrochromic (EC) switching kinetics 

For ECD application, a polymer material under study should 

rapidly switch between its reduced and oxidized state with 

striking color changes 29, 30. The color-bleach characteristics of 

the PTh-V film were recorded at wavelength (λmax) of 610 nm, 
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with step time of 10 s and switching the voltage between -0.6 

and 1.0 V. Fig. 6a shows optical transmittance kinetic curves 

during alternate dark and bleach states. Corresponding E-t 

curves during switching experiments are shown in Fig. 6b. The 

%T for the PTh-V film can reach up to 59% for the dark state 

while for the bleached state it was as low as 20%. The ∆%T 

was found to be ca. 39% at 610 nm indicating suitability of 

PTh-V film in the application of ECDs 31. Coloration and 

bleaching times, defined as the time required for the EC film to 

reach 90% transmittance change were calculated to be 7 s and 5 

s, respectively (Fig. 6c). No significant degradation of the film 

was noticed after 1000 cycles with step interval of 10 s, as 

shown in Fig. 6d.  

 

A noticeable delay in the EC response can be clearly observed 

when switching the potentials between the two states. When the 

applied potential was switched from 1.0 V to -0.6 V, the 

absorbance and current showed a two-step response, with initial 

fast changes followed by a slower one. The initial fast change is 

mainly attributed to the reduction of the conjugated PTh+ 

moiety to insulated PTh0, complicating the electron transfer 

from the conducting polymeric phase to the viologen units. This 

can be seen from the current value during reduction that does 

not drop to zero, instead decays slowly suggesting that V•+ is 

still undergoing reduction. When the applied potential was 

reversed from -0.6 to 1.0 V, the response was much faster. 

More than 50 % transmittance change was taking place within a 

second. This might be due to two processes being involved at 

this stage; one is the oxidation of V•+ to V2+ while the other one 

alters insulated PTh into its conducting form 16. Moreover, 

when PTh gets oxidized to PTh+, it facilitates the oxidation of 

reduced viologen, making the process faster at 1.0 V. These 

results are well supported by the electrochemical impedance 

(EIS) measurements (Fig. 7). The Nyquist plot during V doping 

shows a semicircle over the entire frequency region, suggesting 

highly resistive charge transfer behavior of viologen species at 

film-electrolyte interface mainly due to the non-conducting V•+ 

and insulated PTh. When the polymer film was doped at anodic 

direction, the resistive properties of the film get lowered and 

the plot comprises of a line with a slope of 450, indicating low 

charge transfer resistance and better conductivity due to the p-

doped PTh backbone. The results verified that conducting 

properties of the redox V film are improved when combined 

with conjugated PTh.  

 

Table 1 summarizes electrochemical and electrochromic 

properties of a PTh-V film. The electrochemical data contains 

onset oxidation potential (Eonset
ox), maximum absorption 

wavelength (λmax), low energy absorption edges (λonset), HOMO 

and LUMO energy levels and the optical band gap (Eg, OPT) 

values. The electrochromic parameters includes monochromatic 

wavelength used for electrochromic measurements ((λmax), 

optical transmittance at reduced (Tred) and oxidized states (Tox), 

change in transmittance (∆T), response times and coloration 

efficiency for EC PTh-V.  

 
Fig. 7. Nyquist plot of the PTh-V film at cathodic side (V) and at anodic side (PTh) 

in the frequency range of 100 kHz to 0.1 Hz. 

 
Fig. 8. TGA plot of cathodically deposited viologen (V) and anodically deposited 

polythiophene (PTh) at a heating rate of 20 
0
C/min under nitrogen atmosphere.  

Thermal stability 

Thermal degradation data of EC polymers is very important for 

their potential applications in ECDs. A TGA plot of the 

electrodeposited V and PTh-V film in the temperature range of 

0-1000 0C under nitrogen atmosphere is shown in Fig. 8. The 

plot demonstrates the weight loss of the sample as a function of 

temperature. For the cathodically electrodeposited V film, the 

initial 10 % weight loss comes from adsorbed moisture up to 

140 0C, followed by a steady curve until 240 0C. After this 

temperature, the materials degrades quickly and complete 

degradation occurred at 320 0C. This suggests fast weight loss   

and low degradation temperature for viologen deposit. For the 

PTh-V film, a plateau was observed with a small weight loss 

(3-5%) in the initial phase, due to the evaporation of adsorbed 

moisture from the PTh-V until 370 0C, where the initial start of 

decomposition could be observed. The decomposition of PTh-V 
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Table 1. Electrochemical and electrochromic parameters of PTh-V film. 

Electrochemical data      Electrochromic parameters 
Eonset

ox λmax 

(nm) 

λonset (nm) Eg, 

OPT
a(eV) 

HOMO 

(eV) 

LUMOb 

(eV) 

λmax (nm) Tred Tox ∆T Response time 

(s) 
Oxidation     Reduction 

Coloration 

efficiency 

(cm2C-1) 

 

 
0.57 

 
690 

 
750 

 
1.65 

 
5.37 

 
3.72 

 
610 

 
20 

 
58 

 
38 

 
      6         5 

 
305 

polymer at relatively high temperature indicates its suitability 

for real ECD application. Further increase in the temperature 

causes up to 45% weight loss at 500 0C due to major structural 

decomposition of PTh-V. At 1000 0C, almost 75 % of the 

weight loss was achieved. Normally conducting polymers like 

polythiophene were reported to have quite high thermal 

stability due to their rigid polymeric backbone 32. Unlike the 

low thermal degradation of viologen materials, an incorporation 

of conjugated PTh backbone has reasonably improved the 

thermal properties of PTh-V.  

 

Conclusions 

This article describes novel synthesis and electrochemical 

properties of a redox polymer, containing a conjugated 

polythiophene backbone and viologen side group (PTh-V), 

derived from electropolymerization of thiophene derivative 

functionalized with viologen (Th-V). Fairly stable films of 

PTh-V were obtained from water-acetonitrile mixture 

containing LiCl4 as electrolyte salt. The CV response of the 

films showed contributions from both redox active viologen 

moiety and polythiophene backbone. Doping induced charge 

carriers determined by in situ ESR/UV-Vis-NIR 

spectroelectrochemistry were found to be exclusively polarons 

during both viologen and polythiophene charging. The 

cathodically colored viologen incorporation into the 

polythiophene structure was found to be a successful approach 

for enhancing the over-all EC contrast of the polymeric film. 

The high coloration efficiency, reasonably low-driving voltage, 

good thermal stability and excellent switching kinetics made 

PTh-V an ideal candidate for future optoelectronics and ECDs.  
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