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ABSTRACT: The fluorescent behavior of the electrofluorochromic
devices (Type I) of greenish-yellow emitting P1 and blue emitting P2
can be reversibly switched between the nonfluorescent (oxidized) state
and the fluorescent (neutral) state with a superb on/off ratio of 23.8
and 21.9, respectively. Moreover, a tunable electrofluorochromic device
(Type II) based on two P1 and P2 polymeric layers that are coated
individually on two independent ITO electrodes shows switchable blue-

white-(greenish-yellow) multifluorescence states.

x UV excitation

Counter Electrode \

Gel Electrolyte

I Working Electrode P2

P1

KEYWORDS: triphenylamine, electrofluorochromic devices, cyclic urea, fluorene, conjugated polymers, copolymerization,

electrochemistry

B INTRODUCTION

Electrofluorochromism (EFC), which is defined as the
reversible fluorescence (FL) change induced by electrochemical
oxidation or reduction, has recently attracted a lot of attention.
Various EFC materials utilizing organic/inorganic hybrid thin
films, organic metal complexes, organic molecules, and
fluorescent polymers have been explored.'™* A pioneering
example of a small molecule electrofluorochromic device
(EFCD) derived from tetrazine molecule was reported by
Audebert and Kim et al.® In addition, Audebert et al. have
recently published reports describing the EFC molecules that
are composed of two fluorophores, an electron-rich triphenyl-
amine unit, and an electron-poor tetrazine unit. The
bichromophores are not fluorescent in the neutral state due
to the photoinduced electron transfer quenching mechanism
from the triphenylamine unit to the tetrazine unit. The
fluorescence can be restored by oxidation of the triphenylamine
moiety."*'® Moreover, conjugated fluorescent polymers are
another kind of promising materials for EFCDs; their sensitivity
on FL quenching can be amplified through efficient electronic
delocalization and rapid migration of excitons along the -
conjugated backbone.'” ™" We have developed novel p-type
triphenylamine-based polymeric EFCDs, leading to a two-state
switchable device.””*!

A further challenge is to establish multicolor EFCDs that
consist of several different “on/off” states and display different
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color emission. To achieve this purpose, one might perceive
that each fluorophore in a multifluorophore mixture should
solely responses to a specific electrical potential (EP). The
fluorophores with different color emission could therefore be
switched on and off by precise electrical voltage control.”
However, this might be difficult to control in some cases due to
complicated energy transfer mechanisms between molecules in
solid films.

In the present article, we report another alternative of
establishing a multifluorescent device composed of comple-
mentary FL layers, in which each fluorescent layer could be
individually controlled. The concept of using complementary
layers for electrochromic devices has been widely used.”*>’
Kim et al. recently reported the use of oxidation of polyfluorene
and reduction of poly(3,4-propylenedioxythiphene) to con-
struct an EFCD that shows switching emission between white,
cyan, and blue.”® To provide wider emission color range, higher
on/off ratio, and faster switching performance, we adopt herein
a greenish-yellow emitting P1 and a blue emitting P2 as our
complementary partners for our multicolor EFCD (Scheme 1).
Fluorene-based conjugated polymers (PFs) are of great interest
as light-emitting materials because of their high photo-
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Scheme 1. (a) Chemical Structures of P1 and P2. (b) Schematic Illustration of the Creation of a Multicolor EFCD (Type II)
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luminescence (PL) efficiency and excellent thermal stability in
the solid state.”* >* On the other hand, triarylamines (TAAs)
are known to be oxidized easily to form stable radical cations,
an effective quencher.*>™* Incorporation of TAAs onto the
fluorescent conjugated polymers as a switch becomes a useful
idea for controlling EFCDs. Meanwhile, to benefit the ion
transport during the electrochemical process and reduce the
barrier of the triphenylamine radical cation formation, a dipolar
cyclic urea moiety was also introduced into the polymer
backbone.?® In addition, a white-light emitting device in which
the emission spectral range covers two complementary blue and
yellow colors is achieved.” P1 has the color tuned through
incorporation of the electron-deficient benzo[2,1,3]thiadiazole
(BT) units*" ™ so that the emission could cover a wider range
to greenish-yellow color spectral region. Therefore, the
multicolor EFCD in which the white FL emission is composed
of greenish-yellow FL from P1 and blue FL from P2, shows
white-blue-(greenish-yellow) state of FL.

Different from Kim’s device,”® we suggest using oxidation of
P1 and P2 as the fast fluorescent switching mechanisms. The
ideas are shown in Scheme 1b; the device is fabricated with P1
and P2 that are coated individually on two complementary ITO
electrodes. In this design, the light emitting behaviors of P1 and
P2 will not be interfered by intermolecular energy transfer
interactions. To form a complementary pair, the polymers have
to fulfill several conditions: (1) The polymers have to be stable

and reversible in the redox process under either the cathodic or
the anodic processes. (2) The FL emission intensity should be
maintained upon applying a negative bias. (3) To achieve a fast
response device, the barriers for the ion diffusion should be low.
Since the emissive states could be completely quenched by
selectively controlling the EPs, we can successfully demonstrate,
to our knowledge for the first time, a true blue-white-(greenish-
yellow) EFCD under appropriate working conditions. The
experimental results are discussed in the latter sections.

B RESULTS AND DISCUSSION

Electrochemical Properties and EFC Switching of P1
and P2 in EFCDs (Type I). The electrochemical properties of
the polymer films coated on an ITO electrode were investigated
by cyclic voltammetry (CV) in an electrolyte of tetrabuty-
lammoniumperchlorate (TBAP)/MeCN (0.1 M), using Pt wire
as the counter electrode and Ag/AgCl couple as the reference.
The scan rate being adopted was 100 mV/s. The polymer film
was prepared by spin coating a solution of copolymer (10 mg
mL™" in CHCl;) on ITO-coated glass substrate and then dried
in vacuum. When the CV scans were swept between 0.0 and 1.0
V, P1 and P2 showed a strong oxidation wave at the 0.86 V due
to the TAA moieties oxidation to form cation radicals (Figure
1). This results imply that introduction of the BT units does
not cause significant effects on the TAA oxidation.
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Figure 1. CV of the films of P1 and P2 on an ITO-coated glass
substrate in TBAP/MeCN (0.1 M). The scan rate was 100 mV/s.

A traditional EFCD (Type I) is made of an emissive layer,
with gel electrolyte being packed between the electrodes
(Figure 2d). The EFCDs of P1 and P2 emit greenish-yellow
and blue FL respectively. By comparing against the FL intensity
of poly(9,9-dioctylfluorene) thin-film sample (®p = 0.55),*
we estimated the PL quantum yields of P1 and P2 to be 0.23
and 0.74, respectively. By taking the advantage of the fast
exciton migration properties of conjugated polymer films, only
small amounts of quenchers are required to facilitate the
fluorescence quenching phenomenon. Therefore, one may
expect that the fluorescence switching phenomenon would
occur in advance before +0.86 V. Indeed, upon application of
positive potentials beyond +0.7 V, the fluorescence emission
from the EFCD of P1 was significantly quenched and became
almost completely extinguished to dark after +1.0 V (Figure
2a). The FL quenching originates from the electrochemical
oxidation of the triphenylamine units to form cation radicals. In
addition, the EFCD of P2 also shows similar oxidative FL
quenching process (Figure 2b). On the other hand, when
negative reverse bias EPs were applied to the films, the FL
intensity can be resumed without causing any quenching
phenomenon. The EFC switching mechanisms was elucidated

by spectroelectrochemistry. The oxidation process of P1 in the
EFCD was monitored (Figure 2c): Observation of the new
absorption band at 500 nm at above +0.9 V, which is due to the
triphenylamine radical cation absorption that covers the blue to
yellow region, clearly supports our mechanistic hypothesis.>®
To further understand the thin-film oxidation mechanisms,
we adopted electrochemical quartz crystal microbalance
(EQCM) technique as tool to trace the electrochemical
process.”” The QCM equips with a quartz crystal oscillating
at a particular resonant frequency. Deposition of organic film,
with mass change (Am), on the crystal causes a decrease in the
resonant frequency. The mass change (Am) could therefore be
measured by using this oscillating quartz crystal mass-sensing
method with high precision. The EQCM technique integrates
the quartz crystal balance into an electrochemical setup to
monitor the mass changes directly at the electrode surface
accompanying electrochemical processes. In the present
experiments, P1 and P2 were respectively coated onto AT-
cut quartz crystals with polished Pt electrode surfaces by drop-
casting and drying of the polymer solution on top of the
electrode. The effective Pt electrode surface area is 0.19 cm* A
standard three-electrode configuration was employed for the
EQCM experiments with the front electrode of the quartz
crystal acting as the working electrode, Ag/AgCl electrode as
the reference electrode, and a piece of Pt foil as the counter
electrode. To mimic the EFCD conditions, LiClO, in
propylene carbonate (PC, 0.1 M) was employed as the
supporting electrolyte. As shown in Figure 3, an alternating
step electrical potential sequence with the step potential
increment of +0.1 V, starting from —1.0 V and gradually
increasing to +1.0 V, was applied to the film. In both cases, the
background resonance frequency slightly drifts to lower
frequency below +0.8 V. The drift direction is mainly
independent of the direction of the electrical potential bias.
The background drift is due to the viscoelastic effects arising
from the swelling phenomenon that refer to the change of the
non/semirigid behavior of the deposited film on the quartz
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Figure 2. FL intensity changes (4., = 380 nm) of EFCDs of (a) P1 and (b) P2 at different applied potentials. (c) Spectroelectrochemistry of the

EFCD of P1. (d) Schematic diagram of the EFCD (Type I) sandwich cell.
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Figure 3. EQCM measurements for (a) P1 and (b) P2 on AT-cut quartz crystals with polished Pt electrode surfaces, using LiClO, in PC (0.1 M) as
the supporting electrolyte. In the study, an alternating step electrical potential sequence with the step potential increment of +0.1 V and duration of

60 s was applied.

crystal. During the EQCM experiments, swelling of the solid
polymer film may alter the effective mass of the film as well as
the viscoelasticity that will alter the resonance frequency
response of the system. On the other hand, when bias electrical
potential of +0.9 V was applied to the film, noticeable change in
the mass was observed. This process is reversible so that the
resonance frequency could be resumed by reversal of the bias
voltage. This might be due to the migration of Li" ions out of
the matrix during film oxidation. Dramatic change of the mass
was observed when the bias step-potential was switched to +1.0
V. In short summary, the above observations suggest that
electrochemical oxidation of the film starts at around +0.8 to
+0.9 V, which is consistent with our above observations and
discussion. On the other hand, the films remain intact under
the negative bias voltage conditions up to —1.0 V without
causing any dramatic change in the mass. This result indicates
that the films are inert toward electrochemical reduction but
active toward electrochemical oxidation.

Although the BT units containing P1 can be electrochemi-
cally reduced, the reduction potential range is not within our
operation voltage region.*® To further secure this point, we
have applied up to —1.5 V to P1 and concluded that the
fluorescence properties (~95%) mainly maintain. However,
perhaps due to the low content of BT units in P1, no obvious
reduction signal can be assigned in CV analysis upon using P1
coated Pt plate as the working electrode

The FL switching responses of the solid-state EFCDs of P1
and P2 are as shown in Supporting Information (Figure S8).
Redox pulse-cycles were carried out for the EFCDs of P1 and
P2. Fixed potential at 1.0 V (for oxidation) and at —1.0 V (for
reduction) were used with a step duration time for 40, 30, 10,
and S s at each potential. The EFC switching of P1 and P2 is
highly reversible between a nonfluorescent monocation radical
state at 1.0 V and a fluorescent neutral state at —1.0 V. The FL
switching responses for the EFCD of P1 were monitored at 560
nm and exhibited good switching performance of an on/off
ratio of 23.8, maintaining a maximum on/off ratio of >1S for
switching pulse times of 10 s and above (Table 1). However,
with a faster switching pulse of 5 s, the on/off ratio decreased to

Table 1. FL Switching Responses of EFCDs

on/off ratio

EFCD 40 s 30s 10 s Ss
P1 23.8 20.5 15.6 10.3
P2 219 17.6 11.3 8.7

17405

10.3, possibly due to a slow redox reaction for EFCD. In this
experiment, the potential was quickly scanned without waiting
for completion of the redox reaction of the triphenylamine
units that the on/off ratio was therefore smaller than expected
from the spectra changes in Figure 2a. On the other hand, the
FL switching responses for the EFCD of P2 were monitored at
450 nm and also showed good switching performance. On/off
ratios of 21.9, 17.6, 11.3, and 8.7 were recorded with a step
duration time for 40, 30, 10, and S s, respectively, at each
potential (Table 1). Moreover, the switching time was
estimated at 90% of the full switch. The EFCDs of P1 and
P2 showed on-to-off switching times of 4.54 and 4.46 s at 1.0 V
and off-to-on switching times of 5.62 and 4.33 s at —1.0 V,
respectively.

Multicolor EFCD (Type Il). The multicolor EFCD (Type
II) contained two complementary electrodes of P1 and P2. The
gel electrolyte was sandwiched in between to form the device.
The PL spectra of the EFCDs (Figure 4a), denoted respectively
as EFCD-1, EFCD-1.2, EFCD-1.4, and EFCD-1.5, in which the
number shown behind represents the thickness ratio of P1 and
P2 (80 nm as a standard thickness) in the devices, showed the
emission bands at 560 and 450 nm. The relative intensity varied
when the thickness ratio of P1 and P2 was changed. Among
them the EFCD-1.5 exhibited near white-light emission at the
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Figure 4. (a) PL spectra in EFCDs (A = 380 nm). (b) Photographs
are the image of the FL changes of the EFCD-1.5 at indicated
potentials under UV excitation (365 nm). (c) FL intensity changes
(Aexc = 380 nm) of EFCD-L.5 at different applied potentials.
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1931 CIE coordinates of (0.31, 0.34). Due to the relatively
large interfacial resistance of the polymer coated electrodes,
higher operating electrical voltage ranged +1.2 V/—12 V is
required to drive the EFCD.

FL intensity changes of the EFCD-1.5 upon increasing
electrical voltage strongly support the hypothesis (Figure 4b, c).
In the neutral state, the device of EFCD-1.5 emitted white light
under UV irradiation. The blue component was selectively
quenched by applied EP to P2. Under this circumstance, the
greenish-yellow FL from P1 became dominant. The quenching
process can be reversed so that the white light FL can be
regenerated at neutral conditions. Similarly, the greenish-yellow
emission can also be gradually suppressed by applying a reverse
bias of electrical voltage to the P2 electrode to give blue FL.
The quenching process of P2 in the EFCD-1.5 under oxidized
state is demonstrated in Scheme 2. Under +1.2 V, P2 layer will

Scheme 2. Schematic Illustration Describes the Quenching
Mechanism of P2 in the EFCD-1.5%
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“When a forward bias voltage of +1.2 V is applied to P2, P2 will be
partially oxidized on the anode and the fluorescent properties will be
suppressed. Meanwhile ITO on the cathode will be reduced to form an
electrical bilayer. P1 will act as dielectric for the bilayer.

be partially doped. Generation of TAA radicals in the P2 layer
leads to effective quenching of the blue FL. Therefore, only the
greenish-yellow FL could be observed.

Figure S shows the FL switching profile of EFCD-1.5 in a
redox pulse-cycle. The FL switching response of EFCD-1.5 was
monitored at 560 and 450 nm for P1 and P2, respectively. In
these tests, the EP of the P2 electrode was flipped with respect
to that of P1 with a step duration time of 30 s at each potential.
Three different pulse sequences of (1) +1.2 and —1.2 V, (2)
+1.2 and 0.0 V, and (3) —1.2 and 0.0 V were tested.

At the beginning of the first pulse-cycle, the EP of P2 was
kept at +1.2 V with respect to P1. The FL of P2 was suppressed
due to electrical oxidation so that only greenish-yellow FL at
560 nm was observed at this stage. When the potential of P2
was flipped to —1.2 V, the greenish-yellow FL (S60 nm) was
quenched with the blue FL (450 nm) arouse simultaneously.
The FL emission could be reversed to the greenish-yellow once
flipping the potential of P2 back to +1.2 V.

In the second pulse-cycle sequence, the EP of P2 was
switched from +1.2 to 0.0 V instead of switched to —1.2 V. The
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Figure S. FL switching responses (4. = 380 nm) of EFCD-1.§
between multicolor states with a step duration time for 30 s at each
potential.

blue FL of P2 gradually resumed as expected but in a slower
rate. On the other hand, the greenish-yellow FL intensity from
P1 dropped simultaneously at first stage (Scheme 3).
Therefore, the apparent device emission was changed from
greenish-yellow to white. The FL intensity was much weaker
than that of the original one at the beginning, indicating that
both P1 and P2 are partially doped with TAA radical cations.
The redistribution of the TAA radical cations proceeded
quickly so that 90% of the FL intensity was diminished within
1.45 s. The P1 emission intensity bounced back along with
increasing the blue FL of P2 at second stage. This indicated
that the TAA radical cationic sites were gradually neutralized.
The white emission intensity went back to 90% of the original
emission strength within 28.7 s. The complementary FL switch
from blue to white was also observed when a potential step
function from —1.2 to 0.0 V was applied to the device.

A prototype of the multicolor EFCD is shown in Figure 6.
The letters of E and F were written by spin-coating solution of
P2 on the ITO electrode, over a stencil. On the other layer, the
polymer film was deposited by spin-coating solution of P1 on
the counter ITO electrode. In this EFCD, the letters of E and F
show white emission under neutral state. When a voltage of
+12 V was applied to P2, the EFCD completely displays
greenish-yellow emission due to electrochemical oxidation for
P2. Moreover, upon applied potential at —1.2 'V, the letters of E
and F exhibit blue emission because of electrochemical
oxidation for P1.

The electrochemical process of the multicolor EFCD was
further followed by CV methods, using Ag/AgCl couple as the
internal reference. The active electrode surface area is 2.25 cm?.
Figure 7(a and b) shows the CV diagrams of the multicolor
EFCD. In the experiment shown in Figure 7a, the P1 coated
ITO was used as the working electrode while the P2 coated
ITO was used as the counter electrode. On the other hand, in
the experiment shown in Figure 7b, the P2 coated ITO was
used as the working electrode. Figure 7c shows the CV of the
multicolor EFCD that was scanned under the operation
conditions, using a two-electrode configuration. These CV-
plots are highly diagnostic of the redox process and are
informative about the charge injection process.

Figure 7(a and b) show the anodic waves of P1 and P2
starting at 0.80 and 0.87 V, respectively, which is consistent
with the results obtained from the EQCM studies. It is
noteworthy to point out that the peak currents are around 1
mA scale. However, under the condition of EFCD operation in
which the potential difference of P2 versus P1 is controlled, the
current density reached the level of 10—20 pA at +1.2 V. These

dx.doi.org/10.1021/am505539g | ACS Appl. Mater. Interfaces 2014, 6, 17402—17409
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Scheme 3. Schematic Illustration of the Neutralization Process (+1.2 to 0.0 V) of P1 and P2 in an EFCD-1.5
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values are about 1% to 2% of the peak current obtained in the
CV studies. The large current discrepancy suggests that the
fluorescent switching process operates at the very earlier stage
of the electrochemical oxidation. This is reasonable because,
unlike traditional electrochromic devices that rely on high
degree of redox change to obtain high on/off color-switching,
efficient fluorescence quenching of the conjugated polymer due
to fast exciton migration only requires small extents of redox
change in the film in EFCD."”

One remaining puzzle to solve is that the potential difference
of 1.2 V imposed between the two electrodes may not be high
enough to perform two redox processes for the P1/P2 couple.
In particular, P1 and P2 show high stability against electro-
chemical reduction. However, Joseph and co-workers have
reported that ITO undergoes substantial changes during
cathodic polarization.*” During cycling within the potential
range from 0.0 to —1.2 V versus SCE, the reduction of Sn*, or
In** in the ITO film to lower oxidation states occurs, leading to
substantial changes in ITO. In Figure 7(a and b), one can see a
reduction wave peaking at around —1.0 V, which is in good
agreement with the reported observation about ITO under the
almost neutral condition of pH 6.2. The ITO reduction
assignment has been further confirmed by cathodic CV studies,
using a piece of bare ITO electrode as the working electrode
(Supporting Information Figure S11). This result indicates that
ITO can act as an electrochemically active cathodic material.

B CONCLUSIONS

In summary, we herein successfully demonstrated the multi-
color EFCD based on a new concept of using oxidative
switching fluorescent layers on both complementary electrodes.
The multicolor EFCD was functioned through a reversibly
switching mechanism among the zero-bias state (white
emission), the positive bias state (greenish-yellow emission),
and the negative bias state (blue emission) by complementary
layers of P1 and P2. Dependent on the doping level, the
emission intensity from either P1 or P2 can be continuously
tuned so that EFCD with different spectral properties can be
achieved. The mechanistic study revealed that the fluorescence
quenching process at the anode is controlled by triarylamine
radical cations formation, which acts as effective fluorescent
quenchers for fluorescence suppression. On the other hand, the
ITO acts as the cathodic material and P1 acts as a dielectric
layer under the cathodic conditions (Scheme 2). Hence,
electrical bilayer might form on the cathodic ITO electrode
surface. Different from traditional electrochromic devices that
usually require nearly stoichiometric conversion in order to
facilitate high contrast chromic change, EFCDs only require
low extents of charge injection into the polymer layer.
Therefore, the cathodic ITO electrical bilayer formation on
the electrode surface can be easily achieved.
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Full details on materials synthesis and fabrication of electro-
fluorochromic devices. Figures showing UV—vis absorption and
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