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A transparent-to-gray electrochromic device
based on an asymmetric viologen

Huan Ling,ab Hongbo Dai,b Fengyu Su,*bcd Yanqing Tian *b and Yan Jun Liu *d

A transparent-to-gray electrochromic device (ECD) based on an asymmetric viologen was fabricated and

characterized. The core material derived from novel bipyridine salt (named 1-(2-(diethoxy-phosphoryl)ethyl)-

10-(4-vinylbenzyl)-[4,40-bipyridine]-1,10-diium chloride bromide, DVB) combined with complementary species

of ferrocene was assembled in a device with a simple configuration of ITO/EC solution/ITO. The device was

first converted to blue color from transparent when 1.0 V was applied, and then neutral gray color when the

potential bias was increased to 2.0 V. Meanwhile, the corresponding optical contrasts (DT) were 54.5% and

22% at 392 nm and 605 nm, respectively. In addition, a good coloration efficiency of 128.9 cm2 C�1 at 2.0 V

and fast switching time (o2.5 s) were obtained. Finally, satisfied stability with 43.8% of DT (maintaining 80%

of initial DT at 392 nm) was achieved after 2000 cyclic processes, which paves a new way to design

colorless to neutral color ECDs.

1. Introduction

Electrochromism refers to the phenomenon of reversible
optical switching occurring in some materials or devices upon
exposure to small electrical stimuli. A large number of electro-
chromic materials (ECMs) have been investigated in recent
decades, such as conducting polymers,1,2 metal oxides,3,4 metal
complexes5,6 and small organic molecules.7–10 The ECD-based
technologies have achieved extensive applications in smart
windows, reflective electronics11,12 and energy-storage
devices.13–15 Normally, ECDs can be classified into three con-
figurations: (1) a solid structure, which is regarded as a typical
sandwich model through layer-by-layer accumulation of ECMs,
electrolyte and a counter electrode; (2) a solution structure,
which usually consists of an EC solution of ECMs, electrolyte
and a counter material in the homogeneous phase; and (3) an
intermediate structure between a solid and solution structure
with ECMs or ion storage materials dissolved in electrolyte.16

Compared to the solid-structure, ECDs with solution structures
are able to convert to the transparent state without extra potential
bias. More importantly, it is convenient and cost-effective to

prepare EC solution rather than build a complex sandwich
structure.

Among EC materials, viologens (4,40-bipyridinium dication
salts) have been the subject of numerous studies owing to their
superior properties including excellent stability, a clear redox
mechanism and various colors.17 Generally, viologens can be
found in three states: the dicationic species (V2+), radical cation
(V+�), and neutral full reduced molecular state (V0). The air-
stable dicationic species (V2+) can receive an electron to gen-
erate a radical cation (V+�). Remarkably, the radical cation plays
a dominant role in electrochromism due to the charge transfer
accompanied by valence change occurring in a nitrogen atom.
The neutral fully reduced molecular V0 was produced through
another reversible reduction from the radical cation (V+�).18

The colors of viologens could be tailored by modifying their
molecular structures, and several groups have made great
progress in this field.18–20 However, developing colorless-
neutral viologen-based ECDs, especially with a simple configu-
ration and air-stable properties, still remains challenging. Thus
far, Xu’s group21 and Egbert’s group21,22 adopted the method of
complementary hybrid electrodes to achieve transparent-black
ECDs with modified nanoporous TiO2/viologen as the cathodic
electrode and triphenylamine as the anodic electrode, but the
fabrication of the ECDs required a sophisticated assembling
process and strict sealing work due to the complex structure,
which were incapable of matching aesthetically the surround-
ing environment. Up to now, there has been no report on the
black/gray electrochromic phenomenon from sole symmetric
substituted viologens. Recently, asymmetric viologens have
attracted extensive attention for their various colors including
black and gray.17 For example, Zaera’s group23,24 demonstrated
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colorless-to-black/gray based on some 1-alkyl-10-aryl
asymmetric viologens in an ion gel. The ECDs based on other
asymmetric substituted viologens as the sole chromophore,
such as 1-heptyl-1 0-benzyl,25 mono-heptyl26 and 1-hexyl-10-non-
afluorohexyl27 viologens, showed blue or magenta color. Thus,
it is meaningful to explore new asymmetric viologens and study
their electrochromic behaviors.

Benzyl viologen (BzV) was considered as an appropriate
material utilized in the solution-type ECD,28 but the undesired
formation of radical cation dimers aggregating on electrodes
will act against long-term stability. Recently, Li et al. developed
a novel radical aryl migration of inactivated alkenes initiated by
a variety of radicals such as the trifluoromethyl radical, azide
radical, phosphonyl radical, sulfonyl radical and perfluoroalkyl
radical,29 and then demonstrated remote C–C bond cleavage-
enabled 1,3-, 1,4-, or 1,5-vinyl migration reactions initiated by
various radicals.30 These studies suggested that there were
strong interactions between the alkenyl group and free radical
species. Herein, we reported the synthesis of a novel asym-
metric viologen named 1-(2-(diethoxyphosphoryl)ethyl)-1 0-
(4-vinylbenzyl)-[4,40-bipyridine]-1,10-diium chloride bromide (DVB)
and the performance of its corresponding ECD which was
fabricated with the ITO/EC solution/ITO configuration. Intro-
ducing a styrene group would be helpful to address the aggre-
gation problem because alkenyl will stabilize the radical cation
species through the strong interactions between the viologen
radical and alkenyl group. In addition, the bulk phosphate
ester group would hinder the approach of intermolecular
radical cations, which would be helpful to restrain the aggregation
behaviors of viologen radicals.28 The DVB-based simple solution-type
ECD showed transparent-blue-gray colors at different voltages and
excellent electrochromic performance (Scheme 1).

2. Experimental section
2.1 Materials and instruments

Commercially available raw chemicals were used without further
purification. 4,40-Bipyridine was purchased from J&K Chemical
(Beijing, China). 2-Bromoethylphosphonate and 4-chloromethyl
styrene were ordered from Energy Chemical (Shanghai, China).
1-(chloromethyl)-4-vinylbenzene was purchased from Aladdin
(Shanghai, China). All solvents were purchased from XiLong
Scientific (Guangzhou, China). ITO glasses were purchased from
NSG Group (Osaka, Japan).

Nuclear magnetic resonance (NMR) spectra were acquired
through NMR (Bruker 400M; 400 MHz for 1H NMR, 101 MHz
for 13C NMR, Bremen). Mass spectra were obtained using an

HRMS (Q-Exactive, Massachusetts). The electrochemical
properties were evaluated using an electrochemical workstation
(Ametek Parstat 3000A-DX, Berwyn). The optical properties
were measured using a UV-vis spectrophotometer (L6020365,
Waltham) and Colorimeter (CHN Spec CS-820, Guangzhou)
combined with a Function/Arbitrary Waveform Generator
(Rigol DG4102, Suzhou). A digital camera was used to record
the photographs of the device.

2.2 Materials’ synthesis

Compound B was synthesized according to the published
literature.31 Firstly, 4,40-bipyridine (A, 3 g, 19 mmol) and diethyl
bromoethyl phosphonate (4.64 g, 19 mmol) were added to a
100 ml round-bottomed flask and then, 30 ml acetone was
injected into the flask. The reaction mixture was heated to 50 1C
and stirred until a solid precipitate of mono-quaternary ammo-
nium salt was formed. Subsequently, the precipitate was
filtered and the filtrate was heated to 50 1C again until no
more solid of mono-cation salts formed. Finally, the precipitate
was washed with ether and dried over under vacuum to give a pale
yellow product 1-(2-(diethoxyphosphoryl)ethyl)-[4,40-bipyridin]-1-
ium bromide (compound B, 3.4 g, 8.5 mmol) with yield of 45%.
1H NMR (400 MHz, D2O) d 9.39 (d, J = 6.5 Hz, 2H), 8.85 (s, 2H),
8.73 (d, J = 6.8 Hz, 2H), 8.12 (s, 2H), 4.90 (dt, J = 14.1, 7.4 Hz, 2H),
4.09–3.91 (m, 4H), 2.86–2.66 (m, 2H), 1.17 (q, J = 6.8 Hz, 6H).

The mixture of compound B (0.65 g, 1.6 mmol) and 1-(chlor-
omethyl)-4-vinylbenzene (0.3 g, 1.97 mmol) in CH3CN (25 ml)
was heated to 60 1C for 72 h. The resulting solution was
concentrated under reduced pressures after cooling down to
room temperature. And then, the mixture was purified with
fresh silica column chromatography to give a yellow product
1-(2-(diethoxyphosphoryl)ethyl)-10-(4-vinylbenzyl)-[4,40-bipyridine]-
1,10-diium chloride bromide (DVB, 0.34 g, 0.62 mmol) with a yield
of 39%. 1H NMR (400 MHz, D2O) d 9.10 (dd, J = 11.4, 7.1 Hz,
4H), 8.49 (dd, J = 16.0, 7.0 Hz, 4H), 7.50 (d, J = 8.3 Hz, 2H), 7.41
(d, J = 8.3 Hz, 2H), 6.70 (dd, J = 17.7, 11.0 Hz, 1H), 5.80
(d, J = 16.7 Hz, 3H), 5.28 (d, J = 11.5 Hz, 1H), 4.95 (dt, J = 16.5,
7.2 Hz, 2H), 4.05 (dq, J = 8.2, 7.1 Hz, 4H), 2.73 (dt, J = 18.5, 7.2 Hz,
2H), 1.17 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz, D2O) d 150.72,
150.12, 145.92, 145.53, 139.18, 135.71, 131.54, 129.69, 127.22,
127.09, 115.94, 64.56, 63.95, 55.88, 26.68, 25.27, 15.52. HRMS
m/z calcd for C25H31N2O3P

2+ ([M]2+) 219.1031, found 219.1029.

2.3 Fabrication of ECDs

First, small frame shape spacers were put on the edges of an
ITO glass and served as a gasket; and then another ITO glass
was placed on top of this ITO glass. The two ITO glasses were

Scheme 1 Synthetic route of DVB.
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pressed together tightly through a subpress, leaving a 70 mm
gap distance. The EC solution containing 0.01 M viologen and
0.03 M ferrocene in propylene carbonate was injected into the
gap without strict sealing.

3. Results and discussion

A two-electrode system was utilized to characterize the electro-
chemical properties of ECDs. The detected peaks at �0.11
V/0.11 V were the redox couple of Fc/Fc+. With an increase in
the applied voltage, the dicationic species of DVB2+ was reduced
to the radical cation DVB+� with single electron exchange. The
corresponding cathodic and anodic peaks were at�0.99 V/�0.59 V.

Simultaneously, the color of the ECD changed to blue from
light yellow transparent (yellow due to the dissolution of
ferrocene) when 1.0 V potential was applied as depicted
in Fig. 1b. The redox peaks at �1.55 V/�1.13 V would be
the reversible transformation of DVB0/DVB+�. Therefore, we
assumed that the ECD possessed a similar mechanism com-
pared with other typical viologens although the EC solution was
exposed to moisture.32 At the same time, the ECD gradually
exhibited bluish gray color upon imposing 1.8 V potential and
completely gray at 2.0 V.

In order to understand the effect on the electron distribu-
tion of asymmetric viologen, the energy level including the
HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) diagrams of DVB2+, two kinds of
DVB+� and DVB0 were obtained by the density functional theory
(DFT) calculations as shown in Fig. 2. The HOMO and LUMO
were calculated as �11.43 eV and �9.34 eV respectively. Two
available radical cations generated in the first reduced state.
And the HOMO (�7.08 eV) and LUMO (�4.00 eV) for two
possible radical cations were identical, which indicated that
they possess the same probability produced from dications.
The HOMO (�3.07 eV) and LUMO (�0.15 eV) levels of the fully
reduced species of DVB were further increased.

Fig. 3a presents the UV-vis spectra of a DVB-based ECD with
increasing voltages. High transparency was detected at 0 V with

the transmittance approximately 75% from 380 nm to 800 nm.
Blue color appeared at 1.0 V and didn’t turn to deeper until
1.5 V was reached, which could be attributed to the high
concentration of DVB+�. Simultaneously, the peaks at 392 nm
and 605 nm emerged. With the potential increased, part of
DVB+� was reduced to DVB0 triggered by sufficient ferrocene. As
a result, decreased absorption at 605 nm was detected, but not
at 392 nm.

The stability and response time were two fundamental
parameters for the ECD, and were evaluated at 392 nm where
the largest DT (optical contrast) was obtained in this work.

As shown in Fig. 3b, the original transmittances were 72.9%
for the bleached state and 20.1% for the colored state, and
DT was calculated as 52.8%. Slightly increased DT (54.5%) was
obtained after dozens of cycles. With the ECD runs, no obvious
change occurred for bleaching transmittance (Tb), which indi-
cated that the radical cation species of DVB didn’t substantially
aggregate on the electrodes. The prevention of the side
aggregation process would be attributed to the addition of
ferrocene33 and the difficulty in the formation of radical
dimers. As a result, 43.8% of DT remained after 2000 cyclic
processes, which was better than those of some reported
viologen-based liquid ECDs with strict sealing.34 The overuse
of ferrocene and relatively low concentration of viologen would
speed up the redox reactions and diffusion process. Therefore,
the response times were calculated to be 2.2 s and 1.9 s for
coloring and bleaching respectively as depicted in Fig. 3c,
which were faster than most of the reported viologen-based
gel-type ECDs.35 A feasible assumption was proposed to
account for the superior properties of DVB-based ECDs as
shown in Fig. 4. First, light blue color appeared when the
radical cation species was generated. From the results of
Fig. 1a and Fig. 3a, no obvious peaks of radical dimers were
observed, indicating that the radicals are free.

Then, the free radical species was captured by the alkenyl
group and the distribution of electron clouds were changed,
which would lead to the generation of extended-conjugation
viologen intermediate species. This extended-conjugation vio-
logen intermediate species not only could stabilize DVB+� but

Fig. 1 (a) CV curve of an ECD at a scan rate of 100 mV s�1 and (b) photographs of the ECD under different potential biases.
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Fig. 2 Frontier molecular orbitals of DVB obtained from DFT calculation through Gaussian 09: (a) dication state, (b) radical cation state ((diethoxy-
phosphoryl)ethyl side), (c) radical cation state (vinylbenzyl side), and (d) full reduced state.

Fig. 3 (a) UV-vis absorption of the ECD under different potential biases, (b) switching curves at a potential of 2.0 V (colored time for 5 s) and 0 V (bleached
time for 5 s) for 2000 cyclic processes, and (c) calculated coloring and bleaching time with an applied potential of 2.0 V (colored) and 0 V (bleached).

Fig. 4 Proposed intermolecular interactions between viologens.
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also offer the feature of neutral-chromophore because 1-alkyl-
10-aryl substituted viologens generated a similar extended-
conjugation structure and showed black or gray in the colored
state.23,24 The driving force for the creation of extended-
conjugation viologen was the emergence of a stable larger deloca-
lization system and the strong reactive tendency between free
radical species and the terminal alkenyl group aforementioned.
Particularly, gray color maintained in the colored state in air, as far
as we know, was the first reported air-stable transparent-gray ECD.

The coloration efficiency (CE) was another important para-
meter to estimate the performance of ECDs, generally, it is
defined as follows:

CE = Z = DOD/DQ = log (Tb � Tc)/DQ

where Tb and Tc represent the transmittance in bleached and
colored states respectively, and DQ is the injected charge
density (CD) corresponding to the optical contrast. The value
of CE was calculated from the linear region of the DQ-CD from
Fig. 5a. The value of 127.9 cm2 C�1 at 392 nm and 2.0 V was
satisfactory, which suggested that the DVB-based ECD possessed
the potential ability to modulate ultraviolet light with visual color
change. The CIE system was constantly utilized to characterize the
chromaticity values with three main parameters comprising of L*,
a* and b*. L* represents lightness, and a* and b* were used to
describe the green–red and blue–yellow color constituents. As
depicted in Table 1, the decrease from 85.72 to 63.78 revealed the
transformation from the transparent to colored state, simulta-
neously, neutral grayish color was observed (|a*| and |b*| o 10),
which matched well with the color appearance at 2.0 V as shown
in Fig. 1b. Fig. 5b shows the colorimetry diagram of ECDs in the
colored and bleached states.

4. Conclusions

In this work, an air-stable transparent-gray liquid ECD based on
an asymmetric viologen and simple device structure (ITO/EC
solution/ITO) was successfully developed. The transparent-gray
behavior was achieved through the synthesized 1-alkyl-10-
vinylbenzyl substituted viologen. In addition, fast response
time (o2.5 s), satisfactory stability (43.8% maintained after
5000 s cycling time) were obtained with the EC solution
exposed to air. Finally, the ECD showed some advantages
compared with the reported colorless-black/gray ECDs, such
as simple configuration, easy fabrication, good compatibility
with the surrounding environment and competitive response
time, which paves a new way to develop low-cost transparent-
gray ECDs.
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