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Novel electrochemical devices with high
contrast ratios and simultaneous electrochromic
and electrofluorochromic response capability
behaviours†

Hsiang-Ting Lin,‡a Jung-Tsu Wu,‡a Mu-Huai Chena and Guey-Sheng Liou *ab

In this work, we studied the novel redox-active material N,N,N0,N0-tetrakis(4-methoxyphenyl)-1,10-biphenyl-

4,40-diamine (TPB) and found it to exhibit the crucial optical characteristics of high PL quantum yields both

in solution (FPL = 34.5%) and solid (FPL = 32.4%) states. This unique PL characteristic was key for fabricating

liquid-type and gel-type electrochemical devices displaying high-performance electrochromic (EC) and

electrofluorochromic (EFC) behaviours at the same time. All of the obtained devices based on TPB exhibited

excellent EFC performance, including rapid switching response times, unprecedented PL intensity contrast

ratio (Ioff/Ion) values of up to 374 (the highest value reported to the best of our knowledge), and remarkable

levels of electrochemical stability. In addition, these devices could, without UV irradiation, be transformed

between being highly transparent and colourless devices and being truly black ones through switching

between their original and oxidative states.

Introduction

The cathode ray tube (CRT) played an important role in displays
for several decades from the 1920s until it was replaced by
plasma, liquid crystal display (LCD), and other solid-state
devices such as light-emitting diodes (LEDs) and organic
light-emitting diodes (OLEDs).1–3 However, consumers are still
not satisfied with the performances of these devices, so displays
with more vivid, colourful and short response times are being
pursued. Based on the demands of the market, ‘‘flexibility and
transparency’’ are goals of industry pursuing next-generation
displays.

Transparent displays act in the absence of applied power
just like glass with high transparency, while in the working
state they show high resolution and contrast. These features
make them attractive for applications in electronic devices,
such as smart glasses (Google Glass), wearable devices and
head-up displays. These applications are anticipated to bring
about a huge commercial opportunity. While transparent dis-
play technology has already been commercialized, poor contrast

remains a crucial obstacle to further commercialization and still
needs to be contended with.4,5

Electrochromic (EC) materials among other materials have
been used to fabricate panchromatic shutters for enhancing the
image contrast of transparent displays. Reynolds and co-
workers published their work on developing the first display
that could be switched between black and transparent with EC
materials in 2008.6 Nevertheless, EC materials with high con-
trast (DL*) in CIE L*a*b* coordinates were difficult to obtain,
especially for devices that could be switched from a colourless
and transparent neutral form to a truly black oxidized form.7–12

We have recently developed a series of novel redox-active
triphenylamine (TPA)-based polymers and small-molecule
materials that could be used to fabricate highly transparent
to truly black EC devices (ECDs) as panchromatic shutters of
transparent displays.13–15 The photo- and electro-active beha-
viours of TPA derivatives have been studied intensively, and
they have been shown to effectively stabilize the resulting
radical cations after oxidation and exhibit a noticeable change
of coloration during the oxidation redox process. Therefore,
numerous TPA-based derivatives and polymers have been
reported for EC applications. Of them, the N,N,N0,N0-tetrakis(4-
methoxyphenyl)-p-phenylene-diamine (TPPA)/N,N,N0,N0-tetrakis(4-
methoxyphenyl)-1,10-biphenyl-4,40-diamine (TPB)/heptyl viologen
tetrafluoroborate (HV) system has been shown to display a
particularly high contrast (DL*) between highly transparent (L* =
91.92; a* = �6.02; b* = 5.13) at the neutral state and truly black
(L* = 5.50; a* = 0.87; b* = �0.03) at the oxidized state during the
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oxidation redox process.15 Surprisingly, we noticed unique optical
characteristics for compound TPB, having observed it exhibiting
good photoluminescence (PL) characteristics both in solution and
solid states.16 With excellent PL and EC features, TPB was thus
expected to be a promising candidate as an electrofluorochromic
(EFC) material. Most EFC materials with high PL contrast have to
date been reported based on polymers,17–24 small molecules,25–30

and metallo-supramolecular polymers,31–33 respectively. But there
have been few reports of EFC materials based on panchromatic
black shutters. Even though Joseph and co-workers reported an
EFC device (EFCD) that could exhibit EC switching from a
transparent yellow neutral state (L* = 97, a* = �5, b* = 16) to
black oxidized state (L* = 41, a* = 2, b* = 8),34 the development of
an advanced and ideal EFCD with a high EC contrast ratio from a
highly transparent and colourless neutral state to a panchromatic
black oxidized state is still an ongoing issue.

In the work described in this article, we developed two types
of liquid-type EFCDs displaying high PL contrast ratio (Ioff/Ion)
values, with one type based on TPPA/TPB/HV and the other
based on TPB/HV. Furthermore, a highly transparent gel-type
EFCD derived from TPB/HV was also fabricated to investigate
the EFC performance. We expect this facile and judicious
approach to find use as a new step for both EC and EFCD
applications.

Experimental section
Fabrication of the EFCD

To make the blank devices, first a thermoset adhesive was
dispensed onto a 20 mm � 20 mm square shape of a blank ITO-
glass (5 O sq�1) using a fully-automatic dispenser, and a tiny
hole was retained. Another blank ITO-glass was pasted onto
this composite and then baked at 150 1C for two hours. The gap
between these two ITO-glasses was controlled by dispersing
glass balls with an average grain size of about 120 mm into the
adhesive. Two different kinds of transparent electrolyte with
related redox-active materials were injected into the device by
using a vacuum encapsulating system, and then the tiny hole
was sealed with UV adhesive. Solution-type electrolyte devices
were derived from a mixture of propylene carbonate (PC) and a
g-butyrolactone (GBL) solution, while gel-type electrolyte
devices were fabricated from a polymer solution containing
5.6 mg of poly(4MMA–1HEMA), 0.4 mg of Desmodurs N3200,
0.07 mg of dibutyltin diacetate and 0.05 mL of GBL. The gel-
type polymer electrolyte was cured at 75 1C for 2 hours.

Materials

TPPA and TPB were synthesized according to the previously
reported method.15 A single crystal of TPB was obtained by
recrystallizing the TPB in hexane and toluene. A solution of
copolymer of poly(4MMA–1HEMA) with a 4 : 1 molar ratio of
methyl methacrylate (MMA) to 2-hydroxyethyl methacrylate
(HEMA) was obtained by combining MMA, HEMA and 2,20-
azobis(2-methylpropionitrile) (AIBN) in PC and stirring the
resulting mixture at 75 1C for 24 hours as described in ESI.†

HV was acquired by first dissolving 4,40-bipyridine and excess
1-bromoheptane in acetonitrile, and refluxing this solution for
6 hours; then filtration of this solution was carried out followed
by dissolving the filtered part in DI water, to which excess
saturated sodium tetrafluoroborate aqueous solution was then
added to produce crude precipitate that was collected and recrys-
tallized using ethyl acetate. The rest of the chemicals were
purchased from a commercial source and used as received.

Measurements

Electrochemical measurements were taken with a CH Instru-
ment 611B electrochemical analyzer or CH Instrument 612C
electrochemical analyzer. Ultraviolet-visible (UV-vis) spectra
were acquired by using an Agilent 8453 UV-visible spectroscopy
system. CIELAB data were collected from a JASCO V-650 UV-vis
spectrophotometer. Cyclic voltammetry was conducted by using
two-electrode devices, each with a 20 mm � 20 mm working
area and gap of 120 mm, at a scan rate of 50 mV s�1. Spectro-
electrochemical and EC properties were assessed by combining
the results obtained using a CH Instrument 612C electroche-
mical analyzer and Agilent 8453 UV-visible spectroscopy system
in the wavelength range 300 and 1100 nm. PL spectra were
acquired using a Fluorolog-3 spectrofluorometer. The relative
PL quantum yield (FPL) values of the samples in solution state
were measured by using quinine sulfate dissolved in 1 N
sulfuric acid as a reference standard (FPL = 0.546), and the
FPL of the powder form was determined by using a calibrated
integrating sphere.

Results and discussion
Optical properties resulting from TPB and TPPA

The optical properties of TPB and TPPA are depicted in Fig. 1
and Fig. S1, Table S1 (ESI†). The absorption maximums (labs) of
TPB were observed to be located at 351 and 362 nm in solution
and solid states, and these materials exhibited strong cyan-blue
emissions under UV-irradiation with quantum yields of 34.5%
and 32.4%, respectively. To comprehend the unique optical
behaviour in depth, the geometric structure and packing
arrangement of TPB in a single crystal were obtained as shown

Fig. 1 Absorption and PL spectra of TPB in DMSO solution and solid
states. (Solution concentration: 10 mM).
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in Fig. 2 and Table S2 (ESI†). The results revealed that the
C–H� � �p hydrogen bonds with lengths of 2.9 Å and 3.3 Å formed
between the protons of TPB and the p electron cloud of the
phenyl ring from the neighbouring molecular chain. These
C–H� � �p hydrogen bonds locked the intermolecular motion
and suppressed p–p stacking effectively, leading to a strong
emission of TPB in the solid state. PL spectra of TPB dissolved
in various solvents of different DMSO/water fractions were also
acquired (Fig. S2, ESI†), and analysis of these spectra confirmed
the special PL behaviour. In addition, cyclic voltammetric (CV)
diagrams and UV absorption spectra of TPPA and TPB in
acetonitrile were obtained, and are illustrated in Fig. S3 (ESI†).
Energy levels were calculated from these data and are summar-
ized in Table S3 (ESI†).

EFC properties of liquid-type EFCDs

The liquid-type EFCD derived from a combination of 0.5 mmol
TPPA, 1.5 mmol TPB and 2.0 mmol HV without additional
supporting electrolyte was used to investigate the fluorescence
intensity changes at different applied potentials as shown in
Fig. 3a and b. This EFCD emitted strong blue light under UV
irradiation with a PL emission maximum wavelength (lem) of
449 nm. According to our previous work, when the applied
voltage was increased from 0.0 to 1.2 V, the device displayed full
absorption over the visible light region. Hence, the PL intensity
of the TPPA/TPB/HV device was almost extinguished with a
high PL contrast ratio (Ioff/Ion) of 374, a value higher than that
of the previous work (337).24 The original intensity of the
emitted light for the device was again quickly and fully realized
when the applied voltage was removed. These PL switching
behaviours are illustrated in Fig. 3c and d, and the device
needed only 3.7 and 6.9 seconds for achieving at least 90%
turn-on and turn-off, respectively. Such a rapid response
allowed the system to display an outstanding PL contrast ratio
(Ioff/Ion) of 341 even under rapid switching (20 seconds per
cycle). Consequently, the TPPA/TPB/HV devices showed excel-
lent performance in several regards, including excellent EC
behaviour from colourless to panchromatic absorption over
the visible light region and EFC characteristics with high PL
contrast ratio and quick response switching, implying its great

potential for remarkably effective use in dual functional opto-
electronic displays.

Afterwards, we set out to determine whether we could retain
the excellent performance of these EFCDs while reducing their
cost, specifically by removing the 0.5 mmol TPPA and 0.5 mmol
of the HV from the liquid-type EFCDs to obtain a TPB/HV
system. As shown in Fig. 4a and b, the PL contrast ratio still
remained at a high value, specifically at 336. The fluorescence
switching characteristics were also assessed as shown in Fig. 4c
and d. The response times for both turn-on and turn-off
processes could be reduced to 1.9 and 5.8 seconds, respectively.
This improvement led to an enhanced contrast ratio at the
shorter switching cycle (293 for just 10 seconds per cycle).

Fig. 2 A perspective view of the packing arrangement of TPB.

Fig. 3 (a) PL spectra, (b) plots of PL and contrast vs. potential, (c) fluorescence
switching responses, and (d) switching time testing of liquid-type EFCDs based
on TPPA/TPB/HV. The switching time testing involved taking measurements
at different step cycle times of 360, 60, 30, 20, and 10 s, respectively, by
applying voltages between �0.1 and 1.2 V. The devices, each with a gap of
120 mm, were derived from ITO glass with a 2 cm � 2 cm active area.

Fig. 4 (a) PL spectra, (b) plots of PL and contrast vs. potential, (c) fluores-
cence switching responses, and (d) switching time testing of liquid-type
EFCDs based on TPB/HV. The switching time testing involved taking
measurements at different step cycle times of 360, 60, 30, 20, and 10 s,
respectively, by applying voltages between �0.1 and 1.2 V. The devices,
each with a gap of 120 mm, were derived from ITO glass with a 2 cm �
2 cm active area.
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Based on the performance and cost considerations, the device
derived from the TPB/HV system was considered to be a
favourable and reasonable option for practical applications.

EFC properties of gel-type EFCDs

Not only the high performance but also the safety of devices is
an important issue of concern. Using a gel-type supporting
electrolyte is a common approach to avoid splashes when
accidents happen, but do cause some deficiencies such as
longer response times, higher working voltages and lower
contrast ratios. To address this dilemma and improve the EFCD
performance simultaneously, poly(MMA–HMEA)s with differ-
ent molar ratios of MMA to HMEA were synthesized. Here a
molar ratio of 4 : 1 was found to be suitable, and was used in
gel-type electrolyte EFCDs successfully. The details of the
processes used to fabricate the gel-type devices are described
in ESI† and depicted in Fig. 5 and Fig. S4, S5 (ESI†).

The EFC behaviours of gel-type EFCD containing 1.5 mmol
TPB and 1.5 mmol HV without supporting electrolyte was
investigated as depicted in Fig. 6. While the PL performances
of the gel-type devices were slightly inferior to those of the
corresponding liquid-type devices, the unique optical proper-
ties of TPB still resulted in outstanding EFC performance, such
as a PL switching contrast ratio as high as 240 and short
switching times of 2.7 and 7.5 seconds for turn-on and turn-
off processes, respectively.

Another merit of this approach involving the deployment of
the TPB/HV systems was found to be the resulting remarkable
electrochemical stability, as illustrated in Fig. 7 and Fig. S6
(ESI†). After 1000 cycles of on–off switching for both liquid-type
devices, and 500 cycles for the gel-type TPB/HV EFCDs, these
two systems demonstrated excellent electrochemical stability
with the reversibility levels of up to 99%.

EC properties of EFCDs

The EC behaviours of liquid-type TPPA/TPB/HV devices had
already been reported previously.15 Therefore, we only focused
on the TPB/HV devices with the two different types electrolyte
systems. As shown in Fig. 8a, the CV diagrams of the liquid- and
gel-type devices showed negligible differences of oxidative
potentials, implying that the difference between types of elec-
trolyte used was not the issue affecting the working voltage in

this study. Upon oxidation, the characteristic absorption bands
at wavelengths of about 479, 606 and 669 nm increased in
intensity, and only less than 9% of the visible light in the range
400 to 700 nm could pass through the device, as illustrated in

Fig. 5 A schematic diagram of the procedures used to fabricate the
liquid-type and gel-type devices.

Fig. 6 (a) PL spectra, (b) potential vs. PL and contrast diagram, (c) fluorescence
switching responses and (d) switching time test of gel type EFCDs based on
TPB/HV. Switching time test was measured at different step cycle times
of 360, 60, 30, 20 and 10 s, respectively, by applying voltage between
�0.1 and 1.2 V. The devices with gap of 120 mm are derived from ITO glass
with 2 cm � 2 cm active area.

Fig. 7 Repetitive switching time test of liquid-type EFCDs based on (a) TPPA/
TPB/HV between 1.2 V (on) and�0.1 V (off) with cycle time of 20 s, (b) TPB/HV
between 1.2 V (on) and �0.1 V (off) with cycle time of 10 s. The devices with
gap of 120 mm are derived from ITO glass with 2 cm � 2 cm active area.

Fig. 8 (a) Cyclic voltammetric diagrams (scan rate: 50 mV s�1), (b–d)
absorbance and transmittance spectra (0–1.2 V) of liquid and gel-type
devices based on TPB/HV.
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Fig. 8b–d. In addition, both devices displayed high transpar-
ency (L* = 85.94 and 90.76) with low colour-opponent dimen-
sions (a* = �3.24 and �3.25; b* = 5.30 and 2.06) at the original
neutral form in the CIE chromaticity diagrams as shown in
Fig. 9. After applying a bias of 1.2 V, the colours of both the
liquid- and gel-type devices became black, caused by their low
L* values of 27.61 and 39.17, respectively. Furthermore, these
highly transparent and colourless to truly black panchromatic
devices also revealed very quick EC switching response cap-
ability as illustrated in Fig. S7, S8 and Table S4 (ESI†), which
summarizes the EC switching response times of the different
types of TPB/HV devices between 1.2 V (on) and �0.1 V (off).

Conclusions

In summary, novel all-in-one electrochemical devices that exhib-
ited simultaneously high-performance EC and EFC behaviours
were successfully prepared. The liquid-type EFCDs derived from
TPPA/TPB/HV exhibited excellent EFC performances, including
the highest PL contrast ratio (374), fast switching time, and
electrochemical stability. To reduce the use of materials and
fit the trend of display requirements, a gel-type device based on
TPB/HV was also fabricated for comparison. The results demon-
strated that both the liquid- and gel-type devices derived from the
TPB/HV system showed not only extraordinary EFC characteristics
but also remarkable EC performance. Furthermore, all of these
devices were highly transparent and colourless in the original
neutral state, and could be changed to truly black by being
subjected to an oxidation process, and they could be applied as
panchromatic shutters for transparent displays.
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