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Abstract

Three monosubstituted viologen derivatives: 1-(4-indolylphenyl)-4,4’-bi-pyridine hexafluorophosphate (IV), 1-(4-phenothiazinylphenyl)-4,4’-bipyridine

hexa-fluorophosphate (PV) and 1-(4-benzimidazolylphenyl)-4,4’-bipyridine hexafluoro-phosphate 1(BV), were synthesized. The electrochemical and

electrochromic properties of these monosubstituted viologen derivatives were investigated. The flexible and rigid electrochromic devices (ECD) were

prepared by using the synthesized viologen derivatives as active materials. The structure of the device is ITO-PET (or ITO-glass)/ electrochromic gel

film/ITO-PET (or ITO-glass). The flexible and rigid ECDs exhibited reversible color changes under applied voltage. Upon applied voltage from 0.0 V to
-1.4 V, IV-based flexible ECD exhibited optical contrast 33.5% at 564 nm, PV-based flexible ECD exhibited optical contrast 37.4% at 564 nm and BV-based

flexible ECD exhibited optical contrast 45.8% at 466 nm.
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Introduction

Electrochromism refers to the phenomenon that materials can
exhibit reversible electrochemical oxidation or reduction and change
their color reversibly under the application of appropriate voltage [1-
3]. After years of development, the technology of electrochromism
has been applied in some fields such as information display device
(4], smart window [5] and anti-glare rearview mirror [6]. In general,
electrochromic materials can be divided into inorganic and organic
electrochromic materials. Inorganic electrochromic materials include
transition metal oxides such as WO, [7], NiO [8,9], MoO, [10,11]
and Prussian blue [12]. Organic electrochromic materials include
small molecule optoelectronics materials [13], oligomer [14-16] and
conjugated polymers [17-19]. As a typical of organic electrochromic
materials, 1,1’-disubstituted-4,4’-bipyridinium salts (viologen) are
widely reported due to their good electrochromic properties [20-
25]. However, a large number of reports on viologen mainly focus on
disubstituted viologen derivatives [26-29], and there are few reports
on monosubstituted viologen derivatives [30,31].

In this paper, three monosubstituted monosubstituted

viologen derivatives (Figure 1): 1-(4-indolylphenyl)-4,4-bipyridine
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bipyridinehexafluorophosphate(PV)and 1-(4-benzimidazolylphenyl)-

hexafluorophosphate 1-(4-phenothiazin-ylphenyl)-4,4’-
4,4’-bipyridine hexafluorophosphate (BV), were synthesized. The
electrochromic properties of these monosubstituted viologen
derivatives were investigated.

Materials and Methods

Materials

All the solvents were purified and dried using standard
Indole,
nitrobenzene, 4,4’-bipyridine, 2,4-dinitrochlorobenzene, ammonium
hexafluorophosphate (NH,PF,), 10% palladium on carbon (Pd/C),
hydrazine hydrate and polymethylmethacrylate (PMMA) were
purchased from Beijing HWRK Chem Co., Ltd. Ferrocene,
tetrahydrofuran (THF), potassium carbonate (K,CO,) and N,N’-
dimethylformamide (DMF) were purchased from Shanghai RichJoint

methods. phenothiazine, benzimidazole, 1-fluoro-4-

Chemical Reagents Co., Ltd. Petroleum ether, ethanol, ethyl acetate,
dichloromethane (DCM) and dimethyl sulfoxide (DMSO) were
purchased from Shanghai Titan Scientific Co., Ltd. Methanol,
propylene Carbonate (PC) and anhydrous tetra-n-butylammonium

DGO

PFg

BV

Figure 1: The molecular structural of three monosubstituted viologen derivatives.
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perchlorate (TBAP) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Indium tin oxide (ITO) glasses (10 Q/sq) and ITO
polyethylene terephthalate (PET, 30-35 Q/sq) were purchased from
Zhuhai Kaivo Optoelectronic Technology Co., Ltd.

Instrumentation

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker AVANCE-600 NMR spectrometer. Mass spectra were carried
out on Bruker Agilent 1290 mass spectrometer. UV-vis spectra of
compounds were measured on a Thermo Helios-y spectrometer.
Electrochemical properties of compounds were measured on
CHI750A electrochemical workstation. A saturated calomel electrode
(SCE), platinum wire, and ITO-glass were used as the reference
electrode (RE), counter electrode (CE), and working electrode
(WE), respectively. Electrochemical impedance spectroscopy (EIS)
of ECDs was measured at a frequency in the range of 0.01 Hz-100
kHz on CHI750A electrochemical workstation to calculate the ionic
conductivity of the prepared ion gels. Electrochromic properties of
ECDs were measured on CHI750A electrochemical workstation and
UV-vis spectrometer integrated with an electrochromic cyclic tester
(Zhuhai Kaivo Optoelectronic Technology Co., Ltd.).

Synthesis
The synthetic routes to IV, PV and BV are shown in Scheme 1.
Compound 1

4,4 -Bipyridine (3.6 g, 23.0 mmol), 2,4-dinitrochlorobenzene (2.3 g,
11.7 mmol) and ethanol (60 mL) were added to a three-necked flask.
The mixture was stirred at 80°C in N, atmosphere for 48 h. After the
reaction, solution was cooled to room temperature, evaporated to give
a crude product and washed with DCM (100 mL) to obtain grey solid
(3.96 g, yield 94%). 'H NMR (D,0, 600 MHz, ppm) § 9.41 (d, 1H), 9.27
(d, 2H), 8.96 (d, 1H), 8.84 (s, 2H), 8.70 (s, 2H), 8.31 (s, 1H), 8.04 (s, 2H).

Compound 2

Indole (1.1 g, 9.4 mmol), 1-fluoro-4-nitrobenzene (1.4 g, 9.9
mmol), K,CO, (1.3 g, 9.4 mmol) and DMF (20 ml) were added to a
three-necked flask. The mixture was stirred at 110°C for 24 h under
a N, atmosphere. After the reaction, solution was cooled to room
temperature, cold water was added, precipitated and filtered to obtain
crude product. The crude product was purified by silica gel column
chromatography using ethyl acetate/petroleum ether (1:10, v/v) to
obtain a yellow powder (1.96 g, yield 87%). 'H NMR (DMSO-d,, 600
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Scheme 1: Synthetic routes for the viologen derivatives.
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MHz, ppm): & 8.41 (d, 2H), 7.92 (d,2H), 7.83 (d,1H), 7.76 (d,1H), 7.70
(d, 1H), 7.29 (t, 1H), 7.21 (t, 1H), 6.83 (d, 1H).

Compound 3

Phenothiazine (2.0 g, 10.0 mmol), 1-fluoro-4-nitrobenzene (1.5
g, 10.6 mmol), K,CO, (1.4 g, 10.1 mmol) and DMF (35 ml) were
added to a three-necked flask. The mixture was stirred at 110°C for
24 h under a N, atmosphere. After the reaction, solution was cooled
to room temperature, cold water was added, precipitated and filtered
to obtain crude product. The crude product was purified by silica gel
column chromatography using DCM/petroleum ether (1:10, v/v) to
obtain a yellow powder (2.85 g, yield 89%). '"H NMR (DMSO-d,, 600
MHz, ppm): & 8.12 (d, 2H), 7.64 (d, 2H), 7.58 (d, 2H), 7.49 (t, 2H),
7.36 (t, 2H), 7.05 (d, 2H).

Compound 4

Benzimidazole (2.5 g, 21.1 mmol), 1-fluoro-4-nitrobenzene (3.3
g, 23.7 mmol), K,CO, (3.3 g, 23.8 mmol) and DMF (60 mL) were
added to a three-necked flask. The mixture was stirred at 110°C for
24 h under a N, atmosphere. After the reaction, solution was cooled
to room temperature, cold water was added, precipitated and filtered
to obtain crude product. The crude product was purified by silica gel
column chromatography using ethyl acetate/petroleum ether (1:2, v/v)
to obtain a yellow powder (4.91 g, yield 96%). 'H NMR (DMSO-d,,
600 MHz, ppm) & 8.75 (s, 1H), 8.47 (d, 2H), 8.04 (d, 2H), 7.80 (dd,
2H), 7.39 (dt, 2H).

Compound 5

2 (1.0 g, 4.2 mmol), 10% Pd/C (0.15 g), hydrazine hydrate (3.5 mL)
and ethanol (65 ml) were added to a three-necked flask. The mixture
was stirred at 80°C in N, atmosphere for 15 h. After the reaction,
solution was filtered while hot, and the filtrate was evaporated to give
a crude product. The crude product was purified by silica gel column
chromatography using acetate/petroleum ether (1:4, v/v) to obtain a
brown oily liquid (0.46 g, yield 53%). '"H NMR (DMSO-d,, 600 MHz,
ppm): 8 7.61 (d, 1H), 7.44 (d, 1H), 7.37 (d, 1H), 7.17 (d, 2H), 7.15-7.11
(m, 1H), 7.09 - 7.04 (m, 1H), 6.72 (d, 2H), 6.59 (d, 1H), 5.30 (s, 2H).

Compound 6

3 (1.5 g, 4.7 mmol), 10% Pd/C (0.16 g), hydrazine hydrate (4 ml)
and ethanol (40 ml) were added to a three-necked flask. The mixture
was stirred at 80°C in N, atmosphere for 15 h. After the reaction,
solution was filtered while hot, and the filtrate was evaporated to give
a crude product. The crude product was purified by silica gel column
chromatography using acetate/petroleum ether (1:10, v/v) to obtain a
white solid (0.86 g, yield 63%). '"H NMR (DMSO-d,, 600 MHz, ppm): §
7.00 (t,4H), 6.92 - 6.87 (m, 2H), 6.79 (t,4H), 6.21 (d, 2H), 5.43 (s, 2H).

Compound 7

4(3.0g,12.7mmol), 10% Pd/C (0.31 g), hydrazine hydrate (10 mL)
and ethanol (60 ml) were added to a three-necked flask. The mixture
was stirred at 80°C in N, atmosphere for 15 h. After the reaction,
solution was filtered while hot, and the filtrate was evaporated to give
a crude product. The crude product was purified by silica gel column
chromatography using acetate/petroleum ether (1:1, v/v) to obtain
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a red oily liquid (2.37 g, yield 89%). '"H NMR (DMSO-ds, 600 MHz,
ppm) 8 8.35 (s, 1H), 7.75 (dd, 1H), 7.46 (dd, 1H), 7.31-7.24 (m, 4H),
6.79-6.74 (m, 2H), 5.45 (s, 2H).

1-(4-Indolylphenyl)-4,4’-Bipyridine Hexafluorophosphate (IV)

1(0.4 g, 1.1 mmol), 5 (0.3 g, 1.4 mmol) and ethanol (40 mL) were
added to a three-necked flask. The mixture was stirred at 80°C in N,
atmosphere for 48 h. After the reaction, solution was cooled to room
temperature, evaporated to give a crude product and washed with
DCM (100 mL) to give orange solid. The crude product was dissolved
in water/methanol (1:1, v/v) to obtain saturated solution. NH,PF,
(1.7 g) was added to the solution. The mixture was stirred at room
temperature for 0.5h, and then the mixture was filtered to obtain
yellow solid (0.38 g, yield 68%). 'H NMR (DMSO-d,, 600 MHz, ppm)
89.63 (d, 2H), 8.93 (d, 2H), 8.87 (d, 2H), 8.20 (dd, 4H), 8.04 (d, 2H),
7.83 (d, 1H), 7.72 (d, 2H), 7.30 (t, 1H), 7.21 (t, 1H), 6.83 (d, 1H). *C
NMR (DMSO-dé, 151 MHz, ppm) § 153.6, 151.6, 145.9, 141.8, 141.1,
140.1, 135.3, 130.1, 128.9, 127.0, 125.8, 124.9, 123.4, 122.6, 121.7,
121.4, 110.9, 105.4. HRMS (ESI) C,H N * found [M]*: 348.1509,
calcd. 348.1495.

1-(4-Phenothiazinylphenyl)-4,4’-Bipyridine
Hexafluorophosphate (PV)

1 (0.2 g, 0.5 mmol), 6 (0.2, 0.7 mmol) and ethanol (50 mL) were
added to a three-necked flask. The mixture was stirred at 80°C in N,
atmosphere for 48 h. After the reaction, solution was cooled to room
temperature, evaporated to give a crude product and washed with
DCM (100 mL) to give orange solid. The crude product was dissolved
in water/methanol (1:1, v/v) to obtain saturated solution. NH,PF,
(0.8 g) was added to the solution. The mixture was stirred at room
temperature for 0.5 h, and then the mixture was filtered to obtain
yellow solid (0.12 g, yield 55%). '"H NMR (DMSO-d,, 600 MHz, ppm)
8 9.57 (d, 2H), 8.92 (d, 2H), 8.85 (d, 2H), 8.20 (d, 2H), 8.04 (d, 2H),
7.53 (d, 2H), 7.38 (d, 2H), 7.25 (t, 2H), 7.14 (t, 2H), 6.90 (d, 2H). *C
NMR (DMSO—dé, 151 MHz, ppm) § 153.3, 151.5, 145.8, 145.7, 142.5,
141.1, 139.2, 128.4, 128.1, 127.4, 126.6, 125.8, 125.4, 124.9, 122.6,
122.0. HRMS (ESI) C_H. N.S* found [M]*: 430.1388, calcd. 430.1372.

1-(4-Benzimidazolylphenyl)-4,4’-Bipyridine
Hexafluorophosphate (BV)

1 (0.9 g, 2.5 mmol), 7 (0.9 g, 4.3 mmol) and ethanol (40 mL)
were added to a three-necked flask. The mixture was stirred at 80°C
inN, atmosphere for 48 h. After the reaction, solution was cooled to
room temperature, evaporated to give a crude product and washed
with DCM (100 mL) to give yellow solid. The crude product was
dissolved in water/methanol (1:1, v/v) to obtain saturated solution.
NH,PF, (4.0 g) was added to the solution. The mixture was stirred
at room temperature for 0.5 h, and then the mixture was filtered to
obtain yellow solid (0.58 g, yield 66%). "H NMR (DMSO-d,, 600 MHz,
ppm) & 9.62 (d, 2H), 8.93 (d, 2H), 8.87 (d, 2H), 8.76 (s, 1H), 8.23 (d,
2H), 8.20 (d, 2H), 8.16 (d, 2H), 7.80 (dd, 2H), 7.41 (dt, 2H). *C NMR
(DMSO-d,, 151 MHz, ppm) & 153.81 (s), 151.61 (s), 146.05 (s), 144.44
(s), 143.82 (s), 141.34 (s), 141.04 (s), 138.75 (s), 133.13 (s), 127.27 (s),
125.76 (s), 125.13 (s), 124.46 (s), 123.49 (s), 122.57 (s), 120.69 (s),
111.23 (s). HRMS (ESI): [C_,H N +]*: 349.1452, calcd. For 349.1448.
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The Fabrication of Electrochromic Devices

Two ITO-PET (2 cm x 5 cm, or ITO-glass: 2 cm x 3 cm) were
used as the working electrode and the counter electrode, respectively.
Electrochromic gel (TBAP: PMMA: PC=3:7:90, w/w) contain 0.01
M monosubstituted viologen derivatives and 0.01 M ferrocene was
injected into the sealing device. The thickness of the electrochromic
gel film is 1 mm. The structure of the device was ITO-PET (or ITO-
glass)/electrochromic gel film/ITO-PET (or ITO-glass). EIS of rigid
ECDs based on IV, PV and BV are shown in Figure S17(a)-(c). Figure
S17(d) is the corresponding analog equivalent circuit. R is resistance
of the gel electrolyte. R  is charge transfer resistance. CPE is double-
layer capacitance. Z_is Warburg impedance. According to formula (1),
ionic conductivity (o) of IV, PV and BV-based gel were 1.21x10S/
cm, 1.59x10”° S/cm and 1.88x10”° S/cm, respectively. S is area of gel
film (Scheme 2).

0=d/(R xS)

1

ITO-pp Cor ITO- gjag4
_‘J?Eclrochromic gel fij
‘ " chromig m

TTOPET oy TOghy,

Scheme 2: Structure diagram of electrochromic device.

Results and Discussion

Optoelectrochemical Properties of Monosubstituted

Viologen Derivatives

Cyclic voltammograms (CVs) of IV, PV and BV were recorded at a
scan rate of 50 mV/sin PCsolution containing 0.1 M TBAP. Asis shown
in Figure S18, the initial reduction potentials (E ) of IV, PV and
BV were -0.64 V, -0.19 V and -0.24 V, respectivelﬁdUV-Vis absorption
spectra of IV, PV and BV in PC solution are shown in Figure S19. The
absorption peaks (A__ ) of IV, PV and BV were located at 361, 394/424
and 333/421 nm, respectively. The band edge wavelength (\,,.) of
IV, PV and BV were 496, 564 and 434 nm rgpstpectively. According to
formula (2), (3) and (4), optical band gap (E ), HOMO energy levels
(Eyomo) and LUMO energy levels (E )
derivatives were calculated. Table S1 shows the optoelectrochemical
properties of IV, PV and BV.

opt
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CVs of flexible ECDs based on the
monosubstituted viologen derivatives at a scan rate of 50 mV/s.
All CVs of flexible ECDs exhibited one pair of redox peaks during

Figure 2 shows

@ ] 161V« - (®) 0.1
0.4 ’ ___/ \\ -1.64V «
03 /"’j 031
— - 1 ..‘ 2
E 0.2 /// é 0.2
— .J__.’ / -
2 01 / / E ol
E 0.0 _________—"“"// =
= — = 0.0
O oA ““‘\ / o
024 ~ » -0.75V 0.11 » -0.68V
0.5 (}!l] -(]‘.5 - ll.{) l‘.S =2.0 0.5 010 -ﬂr,ﬁ - |‘.ﬂ - |r,5 -2.0
Potential (V) Potential (V)
(c) 0.6 -1.52V+«
041
<«
E o2
P}
=
E 0.04
-
=
O o2
» -, -0.82V
05 0.0 0.5 1.0 1.5 2.0
Potential (V)

Figure 2: CVs of (a) IV-based flexible ECD, (b) PV-based flexible ECD and (c) BV-based flexible ECD at a scan rate of 50 mV/s.
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the redox process which corresponded to the redox processes of
monosubstituted viologen derivatives. The reduction peaks of
flexible ECDs based on IV, PV and BV were -1.61, -1.64 and -1.52 V,
respectively, which correspond to the reduction of cations to neutral
state of monosubstituted viologen derivatives. Rigid ECDs based on
monosubstituted viologen derivatives were fabricated by using ITO-
glass instead of ITO-PET. As is shown in Figure S20, flexible and
rigid ECDs based on monosubstituted viologen derivatives exhibited
the same redox behavior.

The spectroelectrochemistry of flexible ECDs based on viologen
derivatives under different applied voltages and the color change of
flexible ECDs are shown in Figure 3. With the increase of applied
voltage, the transmittance of flexible ECDs based on synthesized
viologen derivatives in the visible region decreased. For flexible ECD
based on IV, it was yellow under no voltage applied. When the applied
voltage was -1.4 V, it exhibited a color change from yellow to orange.
For flexible ECD based on PV, it was yellow under no voltage applied.
When the applied voltage was -1.4 V, it exhibited a color change
from yellow to orange red. For flexible ECD based on BV, it was light
yellow under no voltage applied. When the applied voltage was -1.4
V, it exhibited a color change from light yellow to light brown. The
spectroelectrochemistry of flexible ECDs based on monosubstituted
viologen derivatives showed that three kinds of flexible ECDs had
reversible color change, which indicated the introduction of groups
of indole, phenothiazine and benzimidazole can effectively adjust the
electrochromic properties of viologen derivatives. In addition, under

80

the bending state, the flexible ECDs still exhibited reversible color
change under the applied voltage.

The optical contrast is defined as difference of transmittance
under different applied voltage at the same wavelength. According to
Figure 3, the optical contrast of the flexible ECDs based on IV, PV and
BV reached 33.5% (564 nm), 37.4% (564 nm) and 45.8% (466 nm) ,
respectively. As is shown in Figure S21, the electrochromism of rigid
ECDs was consistent with that of flexible ECDs. The optical contrast
of the rigid ECDs based on IV, PV and BV reached 42.4% (582 nm),
44.1% (584 nm) and 44.0% (568 nm), respectively.

Switching time is defined as time required for the current to change
by 95% under the applied voltage. Switching time includes response
time from bleached state to colored state (coloring time) and response
time from colored state to bleached state (bleaching time), which was
measured using double-step chronoamperometry. The current-time
curves of flexible ECDs based on IV, PV and BV are shown in Figure
4. For flexible ECD based on IV, the coloring and bleaching times were
46.0 sand 4.9 s, respectively. For flexible ECD based on PV, the coloring
and bleaching times were 84.2 s and 9.9 s, respectively. For flexible ECD
based on BV, the coloring and bleaching times were 52.9 s and 7.5 s,
respectively. The current-time curves of rigid ECDs based on IV, PV and
BV are shown in Figure S22. The results showed that the coloring times
of flexible ECDs were longer than those of rigid ECDs. The reason may
be that ITO-PET has higher surface resistance than that of ITO-glass,
which makes it difficult for cations to get electrons at the cathode.
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Figure 3: Spectroelectrochemistry of (a) IV-based flexible ECD, (b) PV-based flexible ECD and (c) BV-based flexible ECD under different applied voltages and the image of corresponding devices.
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Figure 4: Current-time curves of (a) IV-based flexible ECD, (b) PV-based flexible ECD and (c) BV-based flexible ECD (switched upon voltages between 0.0 V and -1.4 V with a switching

interval of 120 s).

The stability of flexible ECDs based on 2IV, 2PV and 2BV were
also measured using chronoamperometry. As is shown in Figure 5,
the flexible ECD based on IV, PV and BV remained 51.1%, 97.6% and
72.7% of the original electric charge after 1000 cycles, respectively.
The stability of rigid ECDs based on 2IV, 2PV and 2BV was shown in
Figure S23. All the ECDs exhibited suitable cyclic stability.

The coloration efficiency (n) refers to the ratio of the change of
optical density to charge at a specific wavelength which is used to
measure the charge utilization of the device. According to Formula (5),
coloration efficiency of ECDs based on IV, PV and BV was calculated.
Flexible ECDs based on IV, PV and BV have coloration efficiency of
129.67 cm?/C (564 nm), 87.78 cm?*/C (564 nm) and 107.22 cm?/C (466
nm), respectively. Rigid ECDs based on IV, PV and BV have coloration
efficiency of 197.84 cm?*C (582 nm), 198.70 cm?/C (584 nm) and
201.50 cm?/C (568 nm), respectively. Electrochromic properties of
ECDs based on 21V, 2PV and 2BV are presented in Table S2.

7 = AOD/Q; AOD = log (T,/T) (5)

AOD is the change in optical density; Q is the amount of charge
injected (or extracted) per unit area (C/cm?); T. is the transmittance
(%) of the colored state; T, is the transmittance (%) of the bleached
state.

Conclusion

In summary, three monosubstituted viologen derivatives IV,
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PV and BV were synthesized and corresponding flexible and rigid
electrochromic devices were fabricated. All flexible and rigid ECDs
exhibited reversible color changes upon applied voltage. In addition,
flexible ECDs still exhibited reversible color change under bending
state. IV-based flexible ECD exhibited reversible color changes from
yellow to orange upon applied voltage from 0.0 V to -1.4 V, and it
exhibited optical contrast 33.5% at 564 nm. PV-based flexible ECD
exhibited reversible color changes from yellow to orange red upon
applied voltage from 0.0 V to -1.4 V, and it exhibited optical contrast
37.4% at 564 nm. BV-based flexible ECD exhibited reversible color
changes from light yellow to light brown upon applied voltage from
0.0 V to -1.4 V, and it exhibited optical contrast 45.8% at 466 nm.
All ECDs exhibited suitable switching time and suitable coloration
efficiency.
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Supplement Information

Electrochromic devices based on viologen derivatives with multiple color changes
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2. Fabrication of Electrochromic device
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Figure S17: Electrochemical impedance spectroscopy (EIS) of (a) 2IV-based rigid ECD, (b) 2PV-based rigid ECD and (c) 2BV-based rigid ECD and (d) the corresponding analog equivalent circuit.

Z' (ohm)

3. Optoelectrochemical properties of viologen derivatives
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Figure S18: Cyclic voltammograms of (a) IV, (b) PV and (c) BV in PC solution containing 0.1 M TBAP at a scan rate of 50 mV/s.
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Figure S20: CV’s of (a) IV-based rigid ECD, (b) PV-based rigid ECD and (c) BV-based rigid ECD at a scan rate of 50 mV/s.
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Table S1: Optoelectrochemical properties of viologen derivatives
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Table S1 Electrochromic properties of ECDs based on IV, PV and BV.

ECDs Optical contrast (%) Response time (s) Coloring efficiency(cm?/C) Stability (%)
46.0 (t)
IV-(ITO-PET) 33.5 (564 nm) 49 ¢ ; 129.67 (564nm) 51.1 (1000 cycle)
9 (&,
84.2 (t)
PV-(ITO-PET) 37.4 (564 nm) 99 ; 87.78 (564nm) 97.6 (1000 cycle)
2 (&,
529 (t)
BV-(ITO-PET) 45.8 (466 nm) 75( C) 107.22 (466nm) 72.7 (1000 cycle)
ALY
22,0 (t)
IV-(ITO-glass) 42.4 (582 nm) a1 ; 197.84 (582nm) 38.9 (1000 cycle)
SALY
35.2(t)
PV-(ITO-glass) 44.1 (584 nm) 24(t) 198.70 (584nm) 91.8 (1000 cycle)
A,
25.8(t)
BV-(ITO-glass) 44.0 (568 nm) 32(0) 201.50 (568nm) 88.8 (1000 cycle)
2 (t
b
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