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Electrochromic (EC) devices with reversible transmittance switching have promising prospects in the applica-
tions of photoelectric displays. Herein, a novel air-stable and high contrast solution-phase electrochromic device
based on new viologen derivative (DPB) with A-D-A structure (A: acceptor; D: donor) was demonstrated. De-
vices possessed simple configuration of ITO/EC solution/ITO. Ferrocene and polycarbonate (PC) were selected
as the complementary material and solvent, respectively. All of the fabrications and performance testing work
were conducted in normal air condition. The DPB-based device showed deep magenta color in colored state

Keywords:
Eleycwtrochromic device and exhibited high optical contrast of AT of 72.2% (517 nm) and good coloration efficiency of 102.2 cm?/C at
Air-stable 1.8 V. The device appeared only slight degradation of AT (AT = 69.6% or retained 96.7% of its initial AT after

5000 s constant switching) under the normal air atmosphere, which was even better than some reported well-
packaged viologen-based solution ECDs. Additionally, the UV-vis reflective spectra were also conducted to assess

High contrast
A-D-A structure

Viologen the reflectance property of the devices. The reflectance peak (AR = 2.6%) and absorption peak matched accu-
rately, which indicated that the new viologen derivative possesses the potential application in reflective
electrochromic devices.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction electrochromic materials, an ion conductor and an ion storage film. In

With the advance of intelligent devices such as intelligent display
screens and smart windows, a demand for the materials that respond
quickly to temperature, transparency, light absorbance, and/or power
is increasing. Electrochromic materials (ECMs) possess the features of
reversible changes of their optical properties including absorbance,
transmittance, reflectance and colors upon external electrical stimulus.
Recently, electrochromic devices (ECDs), for unique and excellent per-
formance, such as low power consumption, simple structures and ease
of assembly, have been employed for diverse applications, ranging
from intelligent modules [1,2], multiple color displays [3-5], and sen-
sors [6-8] to reflective devices [9-11], flexible electronics [4,12-16]
and energy-storage devices [17-26]. Electrochromic materials (ECMs)
possess features of reversible changes of their optical properties includ-
ing absorbance, transmittance, reflectance and colors upon giving exter-
nal electrical stimulus. Conventionally, a typical electrochromic device
possesses multilayers comprising of conductive substrates,
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general, electrochromic devices can be divided into three configurations
[27]: (1) solid device structure, which is similar to a sandwich with
electrochromic layer and ion storage layer separated by an electrolyte
film; (2) solution-phase device structure, which possess the
electroactive solution or polymeric electrolyte for dissolving the ECMs
and counter electrode components; and (3) a configuration, which has
an intermediate structure between the above two types with partial sol-
uble species dissolved in electrolytes [3]. Compared with the solid de-
vices, ECDs with solution-phase configuration demonstrated the self-
bleaching advantage that devices can revert to their original states in
absence of applied voltage because electroactive spices can convert to
the original state from edges of the two electrodes. In addition, it is
more energy-saving and cheaper to assemble the solution-phase de-
vices because of their simple device structures. Solution-phase devices
also take less time to complete coloration and bleaching processes
than optical-battery devices [28].

Among the electrochromic materials, viologens (4, 4’-bipyridyl
salts) attract numerous studies for their high optical contrast, excellent
coloration efficiency, and multiple colors through molecular design
[6,29-33]. Viologens demonstrated three redox states: dication, radical
cation, and neutral viologen. The colors of ECDs significantly depend on
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Fig. 1. lllustration of the ITO/EC solution/ITO configuration (a) and the newly synthesized
viologen derivative (DPB) with ferrocene and propylene carbonate in EC solution (b).

the substituents bonding to nitrogen atoms on bipyridyl
[21,29,30,34-36]. Normally, the dication form is colorless and the radi-
cal cation specie plays a dominating role in coloration process because
of its high molar absorption coefficient (€) [28]. Remarkably, the radical
cation species of viologen demonstrates good solubility and acceptable
stability in the solution or gel with suitable electron stimulate. Owing
to these unique properties, viologens as the electrochromic materials
were widely used in solution-phase or gel-phase ECDs. For examples,
Mortimer et al. reported a novel methyl viologen-based color-
reinforcing solution-phase ECD with ruthenium purple as the counter
electrode material. By using this simple device construction, intense
purple color and comparable response time were obtained [37].
Alesanco et al. presented a 1-alkyl-1’-aryl asymmetric viologen-based
ECD, which showed transparent-to-black/gray color changes with
good cyclability and high optical contrast [38]. It is noticeable that the
efforts on viologen-based redox ionic liquids (RILs) are emerging re-
cently [4,28,39-41]. Popularly, viologen-based RILs and ferrocene
were served as cathode and anode materials, respectively, the special
case was a novel bonding ferrocene-viologen ionic liquid [42]. The per-
formance of RILs devices significantly depends on the compositions of
the ionic liquids. However, most viologens in RILs reported so far were
general molecules with regular modification of the alkyl chains bonding
to the bipyridyl. Considering the great potentials for further modifica-
tion of the bipyridyl derivatives, exploration of new viologen derivatives

is necessary. What's more, most ionic liquids are sensitive to moisture.
Water and oxygen have huge effects on the performance of RILs. As a re-
sult, significant efforts and a lot of time are needed to assemble the com-
plex devices. Conversely, Nagamura et al. [30] reported a
hyperbranched polymer with viologen units based EC windows. The
display exhibited excellent electrochromic performance even if no ac-
tive sealing work was conducted owing to the radical cation species,
which indicates that ECDs are able to exhibit good electrochromism
without strict sealing work if the radical cation species is stable enough.

In this work, a novel viologen derivative (DPB) was synthesized
(Fig. 1) and used as the EC material in solution-phase ECD. The chromo-
phore in DPB was to explore the capability of adjusting the bipyridyl
conjugation by inserting a thiophene unit between the two pyridyl
units in solution-phase ECD. This A-D-A structure not only stabilized
the radical cation that played a dominate role in colored state, but also
narrowed the band gap of m-m*, which resulted in an obvious
bathochromic shift when comparing to the similar viologen without
thiophene moiety [43]. We have noticed that phosphate groups were
utilized to anchor to TiO, nanoparticles among a series of viologen-
based solid ECDs with high stability [38,44,45]. However, viologens
bearing phosphates had not been utilized as EC materials in other
types of ECDs. In addition, Sui et al. reported a zwitterionic viologen
bearing carboxylate groups, in which the viologen radical formation
and quenching were dominated by reversible electron transfer between
the carboxylate groups and viologen moiety related to intermolecular
donor-acceptor contacts. Similarly, Li et al. [46] combined the methyl
viologen with graphene quantum dots through strong inter-molecular
forces using electrostatic interactions between carboxylate groups and
viologen. These studies demonstrated that the carboxylate group was
served as potential electron donor during redox process. Therefore, by
introducing phosphate groups in viologens may not only contribute to
the electron transfer between phosphate groups and viologens, but
also stabilize the viologen radicals. Finally, in order to improve the solu-
bility and the ionic conductivity of viologen in organic solvent, Lithium
bis(trifluoromethanesulphonyl)imide (TFSI) was selected as counter
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Fig. 2. (a) Cyclic voltammograms of ECD based on DPB at a scan rate of 0.1 V/s between —2.5 and 2.5 V at room temperature. (b) Photographs of DPB-based ECD with different applied
voltages. The choice of 0 V was used to show the neutral state of device; the choice of 1.2 V aimed to exhibit the first colored state of device; the selection of 1.5 V was to describe darker

color in coloring process; the choice of 2.0 V was for demonstrating the darkest color in coloring process.
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Fig. 3. Proposed redox mechanism for DPB-based ECDs.
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Fig. 4. UV-vis absorption (a) and reflectance (b) spectra of the DPB-based ECD with different applied voltages.

anions. Several candidates for the anode species were assessed. The
well-known ferrocene was selected as complementary material for its
good solubility, low operating voltage and excellent chemical stability
when compared with other counter materials (Fig. S1). Device was fab-
ricated using simple configuration by inserting the layer of electroactive
solution consisting of DPB and ferrocene between the two pieces of ITO
glasses (Fig. 1). Eventually, DPB-based device successfully demon-
strated excellent electrochromic properties although whole device per-
formance was evaluated in normal air condition.

2. Experimental
2.1. Materials and instruments

Commercially available raw chemicals were used without further
purification. 4, 4’-Bipyridine was purchased from J&K Chemical (Beijing,
China). Diethyl 2-bromoethylphosphonate was ordered from Energy
Chemical (Shanghai, China). 1,4-Bis(bromomethyl) benzene was from
TCI (Shanghai, China). HCl was purchased from Damao Chemical Ltd.
(Shanghai, China). 4-Pyridylboronic acid pinacol ester was obtained
from Nine Ding Chemical Ltd. (Shanghai, China). Potassium phosphate
was ordered from Macklin (Shanghai, China). Lithium bis
(trifluoromethanesulphonyl)imide (TFSI) was purchased from Aladdin
(Shanghai, China). 2, 5-Dibromothiophene and 3, 4-
ethylenedioxythiophene were purchased from Heowns (Tianjin,
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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 '"H NMR, 101 MHz for '3C NMR, Bre-
men). Mass spectra were obtained by HRMS (Q-Exactive, Massachu-
setts). The electrochemical properties were characterized by
electrochemical workstation (Ametek Parstat 3000A-DX, Berwyn). The
optical properties were measured by UV-vis spectrophotometer
(L6020365, Waltham) and Colorimeter (CHN Spec CS-820, Guangzhou)
combined with Waveform Generator (Rigol DG4102 Function/Arbi-
trary, Suzhou). A digital camera was used to record the photographs
of devices.

2.2. Materials synthesis

Scheme 1 gave the synthetic route of DPB.
The details of synthesis route and characterization were placed in
Supporting information.

2.3. Fabrication of ECDs

First, small frame shape of parafilm was put on the edges of an ITO
glass and served as a spacer; and then another ITO glass was put on
the top of this ITO glass with the parafilm. The two ITO glasses were
pressed together tightly through a subpress, leaving a 70 um gap. The

t(s)

Fig. 5. UV-vis transmittance changes (a) at 517 nm for the DPB-based ECD and response time (b) for achieving 90% conversion. The voltage applied were 1.8 V (50 s) and 0 V (50 s).
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Table 1
Performance of other viologen-ferrocene system solution phase ECDs.
Compounds AT  Change in
(%) AT%
after 4000 s
work time
1-(2-Methoxy-2-oxoethyl)-[4,4'-bipyridin]-1-ium [48] 359 79
1-(2-Ethoxy-2-oxoethyl)-[4,4'-bipyridin]-1-ium [48] 314 214
1-(2-Butoxy-2-oxoethyl)-[4,4'-bipyridin]-1-ium [48] 175 145

1-(2-(Tert-butoxy)-2-oxoethyl)-[4,4’-bipyridin]-1-ium [48] 15.3 11.5
1,1-Bis(2-methoxy-2-oxoethyl)-[4,4’-bipyridine]-1,1"-diium 35.2 16.2
[48]

1,1’-Bis(2-ethoxy-2-oxoethyl)-[4,4’-bipyridine]-1,1’-diium  32.2 18.0
[48]

1,1’-Bis(2-butoxy-2-oxoethyl)-[4,4’-bipyridine]-1,1’-diium  42.5 15.0
[48]

1,1"-Bis 35.0 30.0
(2-(tert-butoxy)-2-oxoethyl)-[4,4"-bipyridine]-1,1’-diium

[48]

DPB (this work) 72.2 2.6 (5000s)

EC solution containing 0.01 M DPB and 0.027 M ferrocene in PC was
injected into the gap without any other adhesive sealing.

3. Results and discussion
3.1. Electrochemical properties

To evaluate the performance of ECDs, cyclic voltammetry (CV) in a
two-electrode system was utilized to characterize the electrochemical
properties. The cyclic voltammograms were carried out at a scan rate
of 0.1 V/s between —2.5 V and 2.5 V. As shown in Fig. 2a, two pairs of
redox peaks in the cyclic voltammetry were observed, which were at-
tributed to the chromophore of DPB. And it is a remarkable fact that
each cyclic voltammetry curve was almost symmetrical, which can be
attributed to the symmetrical structure of the solution-phase ECDs.
When voltage was below 0.6 V, the current density was close to zero, in-
dicating that no redox reactions occurred at this point. The anodic and
cathodic peaks of Fc™*/Fc could not be observed in the CV curve, which
would be possibly overlapped by the first redox couple of DPB2*/
DPB™®. The first cathodic peak was observed at -0.98 V. The rational ex-
planation for this observation is that the DPB>* was reduced to DPB*®
upon applying an appropriate voltage. Anodic peak at -0.43 V was as-
cribed to the oxidation conversion of DPB™® to the DPB?™" dication
salts. Then, the chromophore with radical cations of DPB*® got elec-
trons and generated full reduced state of DPB? species and the corre-
sponding cathodic peak of DPB™®/DPB was detected at —2.0 V.
Meanwhile, the device turned magenta from slight yellow as shown in
Fig. 2b. Hence, similar to the common viologens, the redox mechanism
of DPB was proposed in Fig. 3. As-fabricated devices without any voltage
applied exhibited a pale yellow color due to the dissolution of ferrocene.
Normally, various N-substituent groups in the bipyridyl moieties result

N
\()H
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Fig. 6. Proposed interactions between phosphate groups and viologen.
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Fig. 7. Optical density (OD) versus charge density at 517 nm of the DPB-based ECD.

in different colors on ECDs [47]. With increase of the stimulating volt-
age, the color of device turned darker and darker immediately, which
confirmed a dramatic transformation to the colored state from transpar-
ent state. Devices possess the ability of self-erasing with the exposure of
electroactive materials to air and moisture repeatedly once the electrical
power was cut off. In addition, more viologen molecules leaded to
darker color (Fig. S2). When compared to another similar viologen-
based ECD (Fig. S3) with blue color in colored state reported by Xu
et al. [43], we can conclude that DPB chromophore with acceptor-
donor-acceptor molecular structure can narrow the band gap of radical
cations after introducing the thiophene ring between the two pyridine
units of the normal viologens.

3.2. Spectroelectrochemistry properties

Fig. 4a gave the UV-vis absorption spectra of ECD with different ap-
plied voltages. The device was highly transparent at bleached state with
a transmittance of approximately 80% in the range from 450 nm to
800 nm (Fig. S4). The device exhibited no obvious absorbance change
when the applied voltage was below 1.1 V. Broad absorption peak was
observed at 517 nm with the voltage of 1.3 V. Subsequently, the absor-
bance increased dramatically along with the increase of the applied
voltages and the ECD turned into deep magenta as shown in Fig. 2b. Rea-
sonable explanation for this transformation would be the higher con-
centration of DPB™® under the stronger electron stimulating.
Remarkably, the device was able to exhibit deep magenta at 3 V when

Table 2
The comparison of color efficiency performance of a few typical solution-phase EC devices
with viologen-ferrocene.

Viologens Nmax Color efficiency (cm?/C) Ref

NV? 605 36.2 40

BHVP 540 914 41
FcCy1VC;© 550 70 42

Hv¢ 605 78 51

Move 536 2475 48
BMOV® 597 268.5 48

DPB 517 102.2 This work

All the compounds' structures were given in Fig. S6.
2 1,1"-Nonyl-[4,4"-bipyridine]-1,1"-diium ditetrafluoroborate.
b 1-Butyl-1'-heptyl-[4,4"-bipyridine]-1,1’-diium dibis( trifluoromethylsulfonyl)imide.
€ Structure was given in Fig. S6.

@ 1,1'-Diheptyl-[4,4-bipyridine]-1,1'-diium dibis( trifluoromethylsulfonyl)imide.
1-(2-Methoxy-2-oxoethyl)-[4,4"-bipyridin]-1-ium bromide.

' 1,1"-Bis(2-methoxy-2-oxoethyl)-[4,4"-bipyridine]-1,1"-diium dibromide.
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Table 3

Colorimetric parameters for TMP-based ECD in different redox states.
Redox states for ECD L* a* b*
DPB-c! 30.8 19.42 2.03
DPB-b* 83.86 —6.34 11.42

1 c represents for colored state.

2 b represents for bleached state.

exposed to the air for several mins (Fig. S5). In order to study the reflec-
tive performance of ECD, UV-vis reflectance spectra under different ap-
plied voltages were recorded and depicted in Fig. 4b. Decreased
reflectance was observed for the ECD with the increase of applied volt-
ages. 2.6% of maximum reflectance contrast at 517 nm was obtained.
And the specific peaks in 517 nm matched very well with the absorption
peaks of the device. The applied electric field has similar effects on the
transmittance and reflectivity of the same device in the visible range,

0.6

0.0

I
0.4

which suggested that the investigated ECDs can be applied as promising
reflective electrochromic devices.

3.3. Stability and switching properties of the ECD

Cyclic stability and response time are significant factors to estimate
the performance of ECDs especially when the ECMs were exposed to
the air. To acquire maximal AT and fast response time, the applied volt-
age on device was fixed at relatively high voltage of 1.8 V. The initial AT
of the device was 72.2% at 517 nm. And after an operating time of
5000 s, slight degradation (loss 3.3% of initial AT, 69.6% of AT was ob-
tained) was observed as shown in Fig. 5a. Compared to other
viologen-based solution-phase ECDs, DPB-based ECDs possess much
better optical contrast and higher stability as shown in Table 1.

Fig. 5b showed that the time required for achieving 90% of transmit-
tance contrast was 8.1 s for coloring process and 13.3 s for bleaching
process. The reason for the long response time was that the large

Fig. 8. Colorimetry of ECDs in the colored and bleached state.
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[TESI]~ ions cost more time to diffuse and the large counter anions will
be easily trapped on the electrode surface [49]. Furthermore, the trans-
mittance of device exhibited no degradation in colored state after con-
stant switching, which indicated high stability of viologen cation. This
excellent stability might be attributed to the introducing of thiophene
ring, and possibly, the n-m interactions and electrostatic interactions be-
tween phosphate groups and viologen moiety as shown in Fig. 6.

3.4. Coloration efficiency

One of the significant characteristic parameters for evaluating ECDs
performance is coloration efficiency (1). The 1) is defined in Eq. (2) [50].

1) = AOD/AQ = log (Ty—Tc)/AQ @)

where AOD refers to the change of optical density, Ty, and T, are the
transmittance for bleached and colored state at a specific wavelength.
AQ represents the amount of charge transfer per unit area in accordance
with optical contrast. The value of 1) can estimate the ability to acquire
high optical contrast with low injected charge for ECDs. As showed in
Fig. 7, n) was calculated from the fitted slope of the linear regime with
the function of AOD as the Y axis, AQ as the X axis. The coloration effi-
ciency (m) for the device was calculated to be 102.2 cm?/C (at 1.8 V),
which indicated the device exhibited excellent coloration performance
compared with other viologen-ferrocene electrochromic devices. Lu
et al. combined viologen with ferrocene to make polymeric ionic liquids
and got a 38.6 cm?/C of coloration efficiency [40]. Moon et al. reported a
viologen-dimethyl ferrocene (DMFc) gel ECD which achieved 78 cm?/C
[51]. Murakami et al. exhibited a novel viologen-ferrocene linked ECM
with a m of 70 cm?/C (Fig. S6) [42]. Hironobu et al. recently demon-
strated a viologen-based redox-active ionic liquid ECD with an effi-
ciency of 91.4 cm?/C [41]. Fu et al. reported a series of ester groups-
modified viologen that exhibited higher CE (>110 cm?/C) value than
DPB. Nevertheless, those devices' stability was extremely poor [48]. By
comparison with other devices (Table 2), it was found that the DPB-
based device has a good balance of coloration efficiency and stability.

3.5. Colorimetric properties of ECDs

For characterizing the colors of DPB-based ECD at different states,
CIE system was utilized to obtain the chromaticity values. In the CIE sys-
tem, L* is for the lightness; a* and b* are for the green-red and blue-
yellow color components, respectively. Colorimetric data L*, a* and b*
were listed in Table 3, values for the DPB-based ECD at bleached state
were 83.86, —6.34 and 11.42, respectively. The high values of L* indicate
that ECD appear near transparent without electrical stimulation. Subse-
quently, values are 30.8, 19.42 and 2.03, respectively in colored state.
For DPB-based ECD, the dramatic decrease of value L* confirmed that
transmittance had dropped sharply. The large numerical difference rep-
resented that ECD possess satisfactory coloration performance. In addi-
tion, the value of a* transferred from —6.34 to 19.42 indicated that the
device had turned from yellow to magenta color (Fig. 8).

4. Conclusion

In this study, we have successfully fabricated a novel A-D-A viologen
(DPB) based, air-stable, self-bleaching and easy-assembled solution-
phase ECD, with an ITO/EC solution/ITO configuration without any ad-
hesive sealing. This DPB-based ECD demonstrated outstanding color ef-
ficiency of 102.2 cm?/C, and high AT of 72.2% at 517 nm under 1.8 V. In
addition, ECDs can almost experience 5000 s (<5% degradation) of con-
stant switching work with the electroactive solution exposure to air and
moisture. This kind of ECDs possesses significant potential in smart win-
dows, reflective products and other intelligent displays.
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