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Gel switchable electrochromic devices based on disubstituted bipyridinium derivatives have been 

developed. The type of substituent from 4,4´-bipyridinium cation and counter-ions can influence the 

reversibility and switch of colours of these electrochromic systems. Three switching colours (yellow, blue 

and red or violet) can be obtained for iodide salts due the dimer formation. In the case of 

bistrifluoromethanesulfonylimide [NTf2] salts only two reversible colour switches (transparent and blue) 10 

were observed. Complementary electrochromic performance including chromatic contrast (∆T%); 

transition times between the bleached and coloured states; colouration efficiencies (CE), colour 

coordinates (CIE L*a*b*) and preliminary cycling stability studies of the devices have been performed. 

The higher coloration efficiency is observed in the case of [(C10)2bpy][NTf2]2 (186.9 cm2/C), which it is 

similar to other bipyridinium systems already reported in the literature. 15 

Introduction  

In the past few years, electrochromic materials1 gained an 

increasing interest due to their practical applications in devices 

such as electrochromic windows2, displays3,4, anti-glare 

mirrors5,6, eye-glasses7, solar attenuated windows8,9, flexible 20 

electrochromic devices10, among others. 

Bipyridinium derivative salts constitute an attractive family of 

organic compounds, presenting a large range of applications in 

liquid crystals11-17, coordination polymers18-21, antimicrobials 

agents22-24, herbicides25,26, redox indicators27 as well as functional 25 

organic electrochromic materials28-31. In particular, 4,4’-

bipyridinium salts, also known as viologen, showed a very good 

electrochromic contrast, switching speed, stability and inherent 

high turnover32-35. In solution, viologen (V) salts exhibit three 

redox states: dication (V2+), a radical cation (V+•, blue) and a 30 

neutral compound (V0), owing to undergo two successive 

electron-transfer reactions36.  

Viologen radical cations dimerise (spin-pair) in aqueous solutions 

provoking a colour change between blue (monomer) and red 

(dimer)37,38. At the same time, it can be observed by UV-Vis 35 

spectroscopy a mixture of both species (radical cation and dimer). 

Several publications reported that the anodic oxidation process is 

not very fast for the dimer39,40. 

Scheme 1A, illustrates symmetric electrochromic devices based 

on viologens switching from transparent to blue. These types of 40 

devices are easy to construct because the electrochrom is 

incorporated in the gel electrolyte and no film deposition is 

required. In scheme 1B a typical voltammogram of these kinds of 

devices is shown. The voltammogram is symmetric as 

consequence of the potential alternates between two identical 45 

electrodes. Assuming that the device is submitted to an increasing 

potential from 0 to +2 V, no current or colour change is observed 

up to ca. +1.3 V. After this potential, an increasing of anodic 

current takes place accompanied by the appearance of a blue 

colour in one of the faces of the device41. If the electrolyte is 50 

transparent the device as a whole exhibits a blue colour. 

However, it is possible to make the electrolyte opaque and white 

by addition of a specific pigment such as titanium dioxide. In this 

case, one face is blue and the other only slightly blue42. When the 

potential is reversed a cathodic current is observed. At 0 V a state 55 

equivalent to the open circuit is reached designated in Scheme 1 

as “silent state”. Starting from 0 to -2 V the same occurs 

symmetrically, now in the other face of the device. No evidence 

for the formation of the neutral and colourless viologen species 

have been achieved. 60 

A third switching state can be observed in the case of viologens 

due to the formation of the dimer, as indicated in equation (1). 

Several research groups have been reported that the switching 

colours of the bipyridinium salts are function of the nitrogen 

substituent of dication and counter anions1,8,9,18-21,28-31,43-45. In this 65 

context, our group described the development of electrochromic 

ionic liquids based on symmetric and non-symmetric 

disubstituted alkyl- and oxo-bipyridinium cations combined with 

iodide or bromide, bis(trifluoromethanesulfonyl)imide [NTf2] and 

docusate [AOT] as anions46,47. The most promising 70 

electrochromic bipyridinium ionic liquids have been tested in 

efficient liquid and solid state electrochromic devices using an 

adequate electrolyte46,47. Previously, two classes of intrinsically 

electrochromic ionic liquids based on ethylenediaminotetraacetic 

(EDTA) metal complexes ([Cation][Co(EDTA)]48 and vanadate 75 

oxide([Cation][VO3])
49 were also reported.  

 

MV+•    MV+•- MV+• (equilibrium monomer – dimer)  (1) 
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     (A)                                                                                        (B) 

 

Scheme 1 – (A) Symmetric electrochromic device with the electrochrom incorporated in the gel electrolyte. The oxidized form is transparent or pale 

yellow, while the reduced one is blue as occurring in many viologens. (B) Typical voltammogram of these electrochromic devices containing a 

bipyridinium salt 5 

Herein, we present switchable electrochromic devices based on 

symmetrical disubstituted bipyridinium salts combined with 

iodide and [NTf2] anions. Figure 1 illustrates the symmetric 

disubstituted bipyridinium salts tested in solid electrochromic 

devices. According to the selection of functional side chain 10 

groups (n-alkyl or ether) of the cation, as well as, the type of 

anion, different contrast colours and reversible processes of the 

prepared electrochromic devices can be achieved. 

 

Figure 1 – Selected symmetric disubstituted bipyridinium salts used to 15 

build electrochromic devices. 

Results and Discussion 

Electrochromic Devices 

Preparation of Electrochromic Devices  

The electrochromic devices consisted of two PET-ITO layers 20 

separated by a thickness of 0.23 mm spacer using a double sided 

adhesive tape (as presented in Scheme 1A).  

The conductive face of PET-ITO layer (electroactive area of 

2x1.5 cm2) was coated with disubstituted bipyridinium salts (≈ 

0.07 M) dissolved in adequate gel electrolyte46. The devices were 25 

sealed with another PET-ITO layer, where the conductive face is 

in contact with the gel (composed by electrochromic material and 

the electrolyte). 

Iodide based on bipyridinium salts 

The salts [(C10)2bpy]I2 and [(C5O2)2bpy]I2 were tested in 30 

electrochromic devices. In the case of [(C10)2bpy]I2, the 
voltammogram is shown in Figure 2, as well as the switch of 
colours between different redox states. In this case, peculiar two 
switches of colours between yellow to blue (characteristic radical 

cation formation, V+•) and blue to red (attributed to dimer 35 

formation, V+• - V+•) were observed. During the first cycle in the 
anodic scan (from 0 to +2 V) no electrochemical response occurs 
until ca. +1.5 V, where the blue colour of the radical cation (first 
electron transfer of disubstituted bipyridinium salts) is detected. 
Nevertheless after reach +2 V the red dimer is clearly observed. 40 

This dimer is thermally formed, the reason for that is when the 
potential is hold at +1.5 V it starts to appear slowly. In the anodic 
back scan the oxidation occurs firstly for the radical cation, 
followed by the dimer (after ca. + 0.5 V). These oxidation 
processes corresponds to a switch of colour back to yellow (initial 45 

colour, V2+). Identical behavior takes place in the other face of 
the device, due to its symmetry. This redox process is fully 
reversible during three cycles as observed in Figure 2. In 
summary, the oxidation of the dimer is more difficult than the one 
of the radical cation. This behavior can be explained considering 50 

that the dimer is stabilized by the covalent bond involving the 
two unpaired electrons as indicated in Scheme 2. 

 
Scheme 2 – Representation of the molecular orbital diagram for the 

viologen dimer (V+• - V+•) from the radical cations (V+•). 55 

In Scheme 3 the kinetic analysis of the system is shown. During 
the oxidation process, route 1 (radical cation oxidation process) 
occurs before route 2 (dimer oxidation process).  

 
Scheme 3 – Kinetic Representation of the oxidation process in the device. 60 
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Figure 2 – Voltammogram of [(C10)2bpy]I2 in electrochromic device with respective switch of colours at scan range between 0/+2/-2/0 at 20 mV.s-1. 

Consequently, the blue colour disappears before the red. This red 

colour only vanishes when a sufficiently high potential, to oxidize 

the dimer, is reached. The proposed oxidation process in the 5 

device can be possible if the dimer equilibrium process is slower 

than route 1 and 2, which it is a reasonable assumption in gel 

state. 

Symmetric electrochromic device containing [(C5O2)2bpy]I2 

showed a complete reversible electrochromic behavior (see ESI) 10 

and the switch of colours are between yellow to blue (radical 

cation, V+•) and from blue to violet (dimer, V+• - V+•) as indicated 

in Figure.3. Starting from initial state (V2+, yellow colour, 0 V) 

and applying +1.5 V, the blue colour appears, followed the 

formation of the dimer (V+• - V+•, violet colour, +2 V). When the 15 

current is reversed the colour changes back to blue by oxidation 

of the radical cation. At 0 V the colour return to the original state 

(V2+, yellow colour) by oxidation of the dimer. This redox 

process is fully reversible during three cycles (see ESI). 

 20 

Bis(trifluorometanesulfonyl)imide, [NTf2] based on bipyridinium 
salts 

An anion exchange from halides to [NTf2] can modify some 
thermal and physical properties of the final salts, such as their 
melting points, thermal stabilities and solubilities. 25 

[(C10)2bpy][NTf2]2 and [(C5O2)2bpy][NTf2]2 were also tested in 
electrochromic devices46,47. 

Figure 4 illustrates the switch of colour of these salts 

[(C10)2bpy][NTf2]2 and [(C5O2)2bpy][NTf2]2 from transparent 

(V2+) to blue (slight intensity). The appearance of the blue colour 30 

can be explained by the reduction of the dication to radical cation. 

When the potential is increased to +2 V, the blue colour became 

more intense, probably due to an increase on radical cation 

concentration. Besides that, the radical cation concentration 

increases with the increase on the number of cycles and allowing 35 

the dimerisation process. Therefore, on the 3rd cycle an oxidation 

peak (ca. 0 V) corresponding to the oxidation of the dimer 

appears on the voltammogram (see ESI). 

 
 40 

Figure 3 – Switch of colours of the different symmetrical disubstituted bipyridinium salts combined with iodide. 
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Figure 4 – Switch of colours of the different symmetrical disubstituted 

bipyridinium salts combined with Bis(trifluorometanesulfonyl)imide. 

 

Electrochromic Performance 5 

 

Chromatic contrast and coloration efficiency of the devices  

 

Some electrochromic performance parameters such as chromatic 

contrast (∆T, %), transition times between the bleached and 10 

coloured states as well as the coloration efficiency (CE) is 

presented in Table 1 for all the switchable electrochromic 

devices. 

 

In general, the introduction of oxygen in the bipyridinium cation 15 

scaffold ([(C5O2)2bpy]) seems to reduce transmittance contrasts 

and coloration efficiencies of the devices.  The higher coloration 

efficiency is observed in the case of [(C10)2bpy][NTf2]2 (186.9 

cm2/C). The examples based on iodide bipyridinium salts showed 

faster transition times between the bleached and coloured states 20 

of the devices comparing with NTf2 examples.   

Similar electrochromic performances of the devices have been 

described in the literature for other bipyridinium salts as 

described in detail above. In particular, the well-known 

electrochromic devices based on methylviologen is reported with  25 

176 cm2/C45. Recently, Ho and collaborators50 reported a new 

complementary electrochromic device (ECD) based on poly(butyl 

viologen) (PBV) and Prussian blue (PB) confined to the electrode 

surfaces. This new PBV–PB ECD system containing a solid-state 

electrolyte showed good optical contrast with a coloration 30 

efficiency of ca. 163 cm2/C at 650 nm. The transmittance of the 

ECD at 650 nm changed from 73% (bleached) to 8% (darkened), 

with an applied potential of 1.7 V across the two electrodes. 

Fitzmaurice and collaborators51 described the construction of an 

electrochromic window based on a modified transparent 35 

nanostructured metal oxide film (TiO2) supported on conducting 

glass. This nanostructured TiO2 film   adsorption of a monolayer 

of the redox chromophore bis-(2-phosphonoethyl)-4,4-

bipyridinium dichloride. The authors reported 170 cm2/C at 608 

nm as colouration efficiency of this device. Pozo-Gonzalo et al.52 40 

reported two materials based on viologen (1,10-Diethyl-4,40-

bipyridinium diperchlorate; 1,10-dioctadecyl-4,40-bipyridinium 

diperchlorate) where the maximum transparency of the device 

was 80% in the bleach state and a coloration efficiency (CE) of 

136.6 cm2/C. 45 

 

Colour coordinates of the devices 

 

Table 2 summarizes the colour space coordinates (L*a*b) of each 

electrochromic devices. In general, L*a*b colour space is defined 50 

as a colour-opponent space with dimension L for lightness and a 

and b for the colour-opponent dimensions, based on nonlinearly 

compressed coordinates. The three coordinates of CIE L*a*b* 

represent the lightness of the color (L* = 0 yields black and L* = 

100 indicates diffuse white; specular white may be higher), its 55 

position between red/magenta and green (a*, negative values 

indicate green while positive values indicate red/magenta) and its 

position between yellow and blue (b*, negative values indicate 

blue and positive values indicate yellow).  

In our case, all values were determined using 60 

spectroelectrochemistry experiments (see ESI) between 0 to +2.0 

V and 0 to -2.0 V.   

 
Table 2 – Colour space coordinates (CIE L*a*b*) of the devices. 

 

Salts 
Eapp 

(V) 
L* *a *b 

[(C10)2bpy] 

I2 

0 84 -7.9 18.7 

-1.4 69.9 -10.5 -0.6 

-1.8 22.1 38.6 -4.5 

[(C10)2bpy] 
[NTf2]2 

0 90.7 -3.0 5.5 

-2 73.0 -6.7 -17.5 

[(C5O2)2bpy] 

I2 

0 90.4 -9.2 30.3 

-1.4 44.3 20.2 -4.4 

-2 2.5 30.7 -6.8 

[(C5O2)2bpy] 

[NTf2]2 

0 90.1 -2.8 4.7 

-2 44.0 23.0 -35.9 

Legend: Eapp: Applied Electrical Potential (in volts); L: represents 

lightness; a: positive values indicate amounts of red/magenta while 
negative values indicate amounts of green; b: yellow is positive and 

blue is negative. 

Stability of the devices 

Preliminary cycling stability studies of the devices were 65 

performed in the cases of [(C10)2bpy]I2 and [(C5O2)2bpy][NTf2]2. 

These studies indicate a modest stability performance in the case 

of iodide based bipyridinium salt with around 20% of decrease in 

the absorbance between 1st and 100th cycles. However, NTf2 

based bipyridinium salt showed a good cycling stability during 70 70 

cycles (cycling stability figures are included in ESI). 

Experimental  

Materials and Characterization  

All solvents were used as supplied, acetonitrile was purchased 

from J.T. Baker, and methanol was purchased from Carlo Erba 75 

Table 1 – Electrochromic performance (chromatic contrast, transition 

time and coloration efficiency) of the devices. 

 

Salts 
Eapp 

(V) 

∆T 

(%) 

t90 

[t70] 

(s) 

CE 

(cm2/C) 

[λ, nm] 

 

[(C10)2bpy] 

I2 

1.8 72.7 
12.8 

[6.5] 

102.6 

[550] 

1.4 45.3 
53.3 

[33.0] 

45.9 

[605] 

[(C10)2bpy] 
[NTf2]2 

 

2 66.9 
109.0 

[46.0] 

186.9 

[605] 

[(C5O2)2bpy] 
I2 

 

1.8 71.3 
9.7 

[4.9] 

100.5 

[521] 

[(C5O2)2bpy] 

[NTf2]2 
2 51.1 

93.0 

[37.0] 

95.3 

[605] 

Legend: Eapp: Applied Electrical Potential (in volts); ∆T: 
Transmittance contrast; t90 or t70: time taken for the transmittance 

change by 90 or 70% of the total difference between the bleached and 

coloured states (in seconds); CE: Coloration efficiency (in cm2/C); λ: 
wavelength of reduced coloured species (in nanometers). 
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Reagents. Dichloromethane and acetone were purchased from 

Sigma-Aldrich. 

4,4’-bipyridine (98%),  2-(2-methoxyethoxy)ethanol, lithium 

bis(trifluoromethanesulfonyl)imide were purchased from Sigma-

Aldrich. 2-(2-methoxyethoxy)ethyl iodide were prepared in two 5 

steps according previous reported synthetic method53. 

General Synthesis of symmetric bipyridinium salts 

The salt [(C10)2bpy]I2 was recovered from the crude mixture by 
recrystallization of the monocation salt using acetone. The 
desired salt was dried in vacuum. The salt [(C5O2)bpy]I2 was 10 

prepared directly by nucleophilic substitution. To a solution of 
4,4’-bipyridine (1 eq.) in acetonitrile was added slowly 1-iodo-2-
(2-methoxyethoxy)ethane in excess (3 eq.). The reaction was 
vigoursly stirred in reflux 24 to 48 hours. The final product was 
precipitated with diethyl ether after cooling process. Then, the 15 

solid was washed with diethyl ether and dried in vacuum during 
24h 46,47.  

Anionic exchange of symmetric bipyridinium salts  

Symmetric bipyridinium di-iodide salts previously prepared were 
dissolved in water (or methanol) and lithium 20 

bis(trifluoromethanesulfonyl)imide  (2.3 eq.) was  added. After 
addition, the reaction was vigoursly stirred at least 24 hours at 
room temperature (or 60ºC in the case of docusate anion). 
Normally, the final product was recovered by filtration or suitable 
extraction with water/dichloromethane. In the case of extracted 25 

product, the organic layer was dried over anhydrous MgSO4, 
filtered and the solvent was evaporated to give the desired pure 
product. In order to eliminate any residual inorganic salts, all 
final NTf2 salts were completely washed with water. The 
presence of halides was tested by addition of aqueous solution of 30 

AgNO3. 

Electrochemical studies 

Electrochemical studies were performed on an Autolab PGSTAT 
12 potentiostat/galvanostat, controlled with GPES software 
version 4.9 (Eco-Chemie), using the PET-ITO layers as 35 

electrodes. 

Spectroelectrochemistry Studies 

Spectroelectrochemistry studies were performed using 
UV−Vis−NIR spectrophotometer Varian Cary 5000. All spectra 
were included in ESI (for 350 or 400 to 700 nm of selected 40 

wavelength; NIR bands were not observed). The potential were 
controlled with a device potentiostat/galvanostat Model 20 
Autolab. The device was placed in the spectrophotometer 
compartment perpendicularly to the light beam. The 
potentiostat/galvanostat applied an electric potential appropriated 45 

and previous selected potentials from CV, and the 
spectrophotometer registered the absorbance in the UV-Vis-NIR 
and then at the wavelengths selected for each experiment within 
the range of the equipment. Cycling stability tests were also 
performed in the same setup. 50 

Conclusions 

The selected symmetric bipyridinium dications and their adequate 
combinations with different counter-ions can influence 
significantly the colour contrast intensity and electrochromic 
reversibility. In this work, alkyl or ether symmetric disubstituted 55 

bipyridinium salts were tested as electrochromic devices. 
According to use of iodide or [NTf2] anions can be possible to 
achieve a reversible switch between two or three states 
respectively. In the case of iodide bipyridinium salts, the 
switching of colours is between yellow to blue corresponding to 60 

radical cation step and from blue to red (alkylbipyridinium) or 
violet (oxobipyridinium) attributed to dimer formation. 
Interestingly, the electrochromic device based on [(C10)2bpy]I2 
showed that the oxidation of the dimer was more difficult than 
the one of the radical cation because the dimer is stabilized by the 65 

covalent bond involving the two unpaired electrons. The blue 
colour (radical cation oxidation process) disappears before the red 
(dimer oxidation process), which only disappears when a 
sufficiently high potential to oxidize the dimer is reached. 
Contrarily, the electrochromic device based on [(C5O2)bpy]I2 70 

presented a fully reversible electrochromism between yellow, 
blue (radical cation) and violet (dimer). In the case of NTf2 based 
bipyridinium salts only the conventional switch between 
transparent to blue was observed. Electrochromic performances 
indicate a similar chromatic contrast (∆T%) as well as 75 

colouration efficiencies (CE) of our devices comparing with some 
bipyridinium derivatives from the literature. In general, it seems 
that the introduction of oxygen in the bipyridinium cation 
scaffolds contribute to lower transition times between the 
bleached and coloured states and colouration efficiencies.  80 

Similar colouration efficiencies have been reported in the 
literature comparing with our best result (186.9 cm2/C for the 
case of [(C10)2bpy][NTf2]2).  
 
Taking advantage of this bipyridinium electrochromic behaviour 85 

and the possibility to improve the preliminary cycling stability 
results, it is possible to develop switchable and efficient 
electrochromic materials for application in different surfaces (e.g. 
glass or PET) with good reversibility as well as colour contrast. 
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