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Three derivatives (2-TPACNANT, 2,6-TPACNANT and 2,6-TPAANT) of anthracene as a core interior with
terminal one or two triphenylamine sides have been designed and synthesized with the aim of obtaining
terminal active sites for the purpose of electrochemical polymerization. Electro-deposited polymer films
of p-2,6-TPACNANT and p-2,6-TPAANT on ITO/glass electrodes have been obtained within the voltage
range from 0 to 1.6 V by repeating cyclic voltammetry (CV) scanning of constant monomer solutions in
an electrolyte. The film thickness is easily tuned by controlling the number of the CV scans. Interestingly,
these electrogenerated polymer films reveal the reversible electrochemical responses and
distinguishable colour changes upon electro-oxidation, which is switched many times by potential
modulation. Spectroelectrochemical studies of the electrochromic films on ITO have indicated two
colour electrochromism of p-2,6-TPAANT (brick red-dark blue) and p-2,6-TPACNANT (orange-dark
blue) with a high colour contrast ratio (AT) 87% at 770 nm for p-2,6-TPAANT and 86% at 800 nm for p-
2,6-TPACNANT, respectively. These polymer films have the faster response time (1.2-1.3 s) and high
colouration efficiency (200-222 cm? C™%). A hand made and simple module has been fabricated in
a solidified device composed of the electrodeposited polymers, a pair of ITO electrodes, and a polymer-
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Liou's and Hsiao's groups reported a few electrochromic
materials which were based on polyamides and polyimides
Electrochromism is a phenomenon where a material can consisting of a triphenylamine (TPA) moiety, utilizing its photo-
reversibly change its colour by an electrochemical reaction.! electroactive properties such as hole-transporters, light-
Electrochromic materials (ECMs) have received great interest in ~ emitters, and memory devices."*! TPA units that are easily

Introduction

modern society owing to their potential applications, such as
information storage,>® electrochromic display,*® optical
switch®® smart windows,'®"* and antiglare rear-view mirrors.*>**
A typical good electrochromic device must have the criteria such
as high colouration efficiency (CE), high optical contrast (AT),
short response time, good stability, and optical memory, that
make them good choice for electrochromic applications.*
Usually, there are three main types of electrochromic materials:
inorganic metal oxides," conducting polymers'® organic small
molecules'” and their corresponding metal complexes,'® which
have been developed and studied as well.
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oxidized in oxidation process, produce stable radical cations
and subsequently a strong change of colouration is observed.
Nelson and Adams et al. explained that the unsubstituted TPA
moieties undergo dimerization (coupling) to tetraphenylbenzi-
dine (TPB) after the formation of a monocation radical.”* After
the loss of two protons, the TPB unit is more prone to oxidation
as compared to TPA. TPB undergoes further oxidation in two
discrete one-electron steps to give TPB™ and finally the qui-
noidal TPB>".>> It is generally found that electron-donating
substituents (such as methoxy groups) stabilize the cation
radicals, whereas electron-withdrawing groups (such as the
nitro group) have the opposite effect. Few triarylamine-
terminated monomers have been designed so far to electro-
polymerize in different electrolyte solutions. Moreover, -
conjugated polymers have become popular now-a-days as they
combine several advantages such as fast response time, high
optical contrast ratios, colour tunability, good long-term
stability as well as mechanical deformability. The advantage
of electrochemical polymerization lies in the smoother coating
of the electrode surface directly during the chemical
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Scheme 1 Synthesis routes of three derivatives.

polymerization. Attaching electropolymerizable triarylamine
units with m-conjugated systems will not only give a chromic
monomeric unit, it will also produce electrochromic films with
the reversible responses and distinguishable colour changes
upon electro-oxidation.

In the present study, three derivatives of 9,10-dialkoxyan-
thracene have been designed by inserting dialkoxy groups at the
9,10-position of anthracene with the expectation of an
enhancement in the solubility in common organic solvents, as
well as in the electron density of the anthracene core. TPA
appended derivates at 2 or 2,6-position of 9,10-dialkoxyan-
thracene have been synthesized (2-TPACNANT, 2,6-TPACNANT
and 2,6-TPAANT; Scheme 1) and their electrochemistry and
electro-polymerization have been investigated. It has been
found that the single TPA-terminated anthracene derivatives (2-
TPACNANT) do not undergo electropolymarization, whereas
other two derivatives undergo electropolymerization more
easily. The presence of two terminal TPA groups has provided
a pair of lone electron on the N atom, which has readily led to
the electro-polymerization to obtain the corresponding two
electrodeposited polymers. The electrochemical and electro-
chromic properties of the electrodeposited films from the both
TPA-terminated anthracene derivatives have also been explored.
The experimental results have suggested that the electro-
deposited p-2,6-TPACNANT and p-2,6-TPAANT films revealed
reversible electrochemical redox reactions and showed distin-
guishable colour changes upon electro-oxidation. The spectro-
electrochemical behaviour and dynamic electrochromic char-
acterization of the electrodeposited films in solution have
mainly been investigated.

Experimental

Materials and instrumentation

2,6-Dibromo-9,10-bis(octoloxy)anthracene (A) and 2-bromo-9,10-
bis(octoloxy)anthracene (B), N,N-diphenyl-4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)aniline (2), and 2-[4-(4,4,5,5-tetramethyl-
[1,3,2]dioxaborolan-2-yl)phenyl]-3-[4-(N,N-diphenylamino)phenyl]-
acrylonitrile (1)*?* were synthesized according to the literature
procedure. Tetrakis (triphenyl phosphine) palladium (0),
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tetrabutyl ammonium perchlorate (Buy;NClO,), silver chloride
(AgCl), polymethylmethacrylate (PMMA), lithium perchlorate
(LiClO,) etc. and solvents (dichloromethane (DCM), methanol
(MeOH), acetone (CH3;COCHj;), acetonitrile (CH;CN) etc.) were
used as received from the commercial sources. All derivatives
were prepared by Pd(PPh;), assisted Suzuki coupling reactions
in high yield. Detailed synthetic procedures and characteriza-
tion data were given in the ESL.f The synthetic route and
chemical structures of three derivatives are illustrated in
Scheme 1.

'H and "*C NMR spectra were measured on a Bruker 400 or
500 MHz FTNMR system with tetramethylsilane (TMS) as an
internal standard. Fourier transformed infrared spectra were
recorded on a Horiba FT-720 FT-IR spectrometer. HRMS were
taken using a Quadruple-TOF (Q-TOF) micro MS system using
an electrospray ionization technique. MALDI-TOF mass spec-
trometry was carried out with a Bruker Daltonics FLEX-PC.
Electrochemistry was performed with a CHI 6087E electro-
chemical analyzer. Cyclic voltammetry was conducted with the
use of a three-electrode cell in which ITO was used as a working
electrode, a platinum wire was used as an auxiliary electrode
and a home-made Ag/AgCl, KCl (sat.) as the reference electrode.
Ferrocene was used as an external reference for calibration
(+0.44 V vs. Ag/AgCl). Voltammograms were presented with the
positive potential pointing to the left, with increasing anodic
currents pointing downwards. Spectroelectrochemistry analyses
were carried out with an electrolytic cell, which was composed
of a1 x 2 ecm? cuvette, ITO as a working electrode, a platinum
wire as an auxiliary electrode, and an Ag/AgCl reference elec-
trode. Absorption spectra in the spectroelectrochemical exper-
iments were measured with an Agilent 8453 UV-visible
spectrophotometer.

Results and discussion

2,6-Dibromo-9,10-bis(octoloxy)anthracene (A) were reacted
separately with compound 1 and 2 in the presence of Pd(PPhj),
in ethanol-toluene mixture to receive 2,6-TPACNANT and 2,6-
TPAANT with relatively good yield. 2-TPACNANT was synthe-
sized from the reaction between 2-bromo-9,10-bis(octoloxy)
anthra-cene (B) and compound 1. Formation and purities of
all those derivatives were checked with NMR and MALDI-TOF

(Fig. Sa-jt).

Electrochemical polymerization

Electrochemical polymerization processes of two monomers
were performed on the ITO glass slides using a 1 mM monomer
solution in 0.1 M Bu,NClO,/DCM via repetitive cycling between
0 to 2 V at a potential scan rate of 50 mV s~ ' (Fig. 1). As the CV
scan continued, a polymer film was deposited on the working
electrode (ITO) surface. With an increase in the number of CV
scans, the current densities were increased. It implied the
gradual deposition of conducting polymers on the surface of the
electrode. The polymerizations of 2,6-TPAANT (Fig. 1a)
produced two oxidation peaks (E;,, = 0.89 V and 1.03 V) which
were assigned to their two states (i) polaronic and (ii)

This journal is © The Royal Society of Chemistry 2016
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Fig.1 Repeated CV scanning of (a) 2,6-TPAANT and (b) 2,6-TPACNANT between 0 to 2 V in 0.1 M BusNClO4/DCM with a scan rate of 50 mV s %,

The inset displays the first and second scans.

bipolaronic states, respectively. However, only one oxidation
peak (E°¥) was observed at 1.19 V at the first scan and it was
recognized to the oxidation of TPA unit (inset of Fig. 1a). During
the second scan, a new shoulder like oxidation peak appeared at
0.94 V and the wave was moved to a more positive potential.
With increasing current, the peak became broad and also
gradually merged after a few CV scans. It indicated that the
oxidative coupling between the TPA units produced a tetraphe-
nylbenzidine (TPB) unit with greater extended p-conjugation. As
a result, TPB showed a lower oxidation potential than the
original TPA unit* (Scheme S1t).

The electrochemical polymerizations of 2,6-TPACNANT
showed similar result as presented in Fig. 1b. In the first scan,
only one oxidation peak (E°) at 1.19 V was attributed to the
oxidation of the TPA unit. In the second scan, two oxidation
peaks appeared at 1.05 V and 1.19 V, respectively. During the
second scan a new shoulder-like oxidation peak appeared at
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1.05 V due to the in situ formation of the TPB unit during the
first CV scan. Significantly, the wave shifted to a more positive
potential with increased current densities, indicating that
polymerizations of 2,6-TPACNANT were taking place in the
solution. It was further supported by the formation of an orange
coloured film observed by the naked eye. The two oxidation
peaks of 2,6-TPACNANT became indistinguishable into one
broad peak after a few CV cycles.

In the successive CV of the compound 2-TPACNANT in the
same solution between 0 and 1.6 V, only one oxidation peak
(E°Y) at 1.28 V in the first scan was observed. A new oxidation
wave appeared as a shoulder at 1.15 V related to the presence of
the TPB unit. As shown in Fig. S2,1 no significant increase in the
redox wave current density was observed as the CV scan
continued. It was worthy to note that no polymer film was
deposited on the electrode surface. Results indicated that the
mono-TPA compound seemed to couple to a dimer during the
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Fig. 2 Cyclic voltammograms of the (a) p-2,6-TPAANT and (b) p-2,6-TPACNANT polymer film deposited on the ITO glass in 0.1 M BusNClO,4/

MeCN at a scan rate of 50 mV s~ %,

This journal is © The Royal Society of Chemistry 2016
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oxidative process. Based on the significant observation, it was TPA-appended anthracene derivatives as shown in Table 2. In
proposed that during the electrochemical polymerization, Fig. 3, red-shifting of the absorption maxima as well as the
linear conjugated polymers were formed from the symmetric onset of the polymer films as compared to respective

Table 1 Optical and electrochemical properties of monomers and the electrochemically synthesized polymers

Absorption Oxidation potential”

wavelength” (nm) (\%] Energy levels? (eV)
Monomers and polymers Amax Aonset Eonset ES), E, (eV) HOMO LUMO
2,6-TPAANT 360 465 0.84 1.04 2.67 5.43 2.76
P-2,6-TPAANT 376 588 0.74 0.97 2.11 5.36 3.25
2,6-TPACNANT 427 490 0.95 1.05 2.53 5.44 2.91
P-2,6-TPACNANT 436 557 0.81 1.01 2.23 5.40 3.17

“ UV-vis absorption maximum and onset wavelengths for the polymer films. * Read from the first CV scans, in acetonitrile at a scan rate of 50 mv s~

(versus Ag/AgCl). © Optical bandgap calculated from absorption edge of the polymer film: E; = 1240/Aonset- 7 The HOMO energy levels were calculated
from EY, values of CV diagrams and were referenced to ferrocene (4.8 eV relative to vacuum energy level; Eqpgee = 0.34 V; Ey 5 = 0.41 V in acetonitrile).
Enomo = *[( 172 - Elf/‘z) - 4~8] (eV); Erumo = Enomo — Eg-

Table 2 Optical and electrochemical properties of two polymers for calculation of colouration efficiency

Response time?

Polymers Amax. (nm) AT% t. (s) ty (S) AOD* Qa? (mC ecm™?) CE’ (cm* C™)

p-2,6-TPAANT

Q @ CQ' ! ) 770 87+ 1 1.2 + 0.02 0.96 + 0.02 0.881 3.97 222
NERES a6 AV &

P-2,6c-TPACNANT

%N\ o0 % 800 86 + 2 1.35 + 0.03 0.92 + 0.03 0.874 4.19 200

“ Wavelength of absorption maximum. b Time for 95% of the full-transmittance change. ¢ Optical density change (AOD) = 10g[Tiieached! Teoloured)s
where Teoloured aNd Thieached are the maximum transmittance in the oxidized and neutral states, respectively. 4 Qqis ejected charge, determined from
the in situ experiments. ¢ Colouration efficiency (CE) = AOD/Q.
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Fig. 3 UV-vis absorption spectra of 2,6-TPAANT and 2,6-TPACNANT in DCM and the p-2,6-TPAANT and p-2,6-TPACNANT films on ITO-glass.
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monomers, was observed, which implied the presence of higher
conjugations in polymers.

Electrochemistry of the polymer films

Using the monomer solutions at fixed concentrations, the film
thickness was easily modulated by controlling the CV scan
number in the electropolymerization process (Fig. S11). Upon
washing with DCM, ethanol and acetone, the unreacted
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monomer and oligomeric species were removed, and a compact
brick red or orange film was formed on the surface of the ITO
electrode. Electrochemical behaviour of the electrodeposited
films of p-2,6-TPAANT and p-2,6-TPACNANT was investigated by
cyclic voltammetry in the Bu,NClO,/CH;CN solution (Fig. 2).
The half-wave potentials (E;,) of p-2,6-TPAANT and p-2,6-
TPACNANT were read at 0.97 V and 1.01 V, respectively. Both
polymers revealed only one oxidation peak although, two

Potential (V) vs Ag/AgCl

Fig.4 Scan rate dependence p-2,6-TPAANT and p-2,6-TPACNANT films on ITO-coated glass slide in 0.1 M BusNClO,4/CH3CN at different scan

rates between 0.05 and 0.50 V s™%.
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oxidation processes of the TBP moiety were expected. It might
be a fact that the oxidation wave of the TPB unit merged and
became undistinguishable in the CV diagram.

The quantitative details of the polymers are summarized in
Table 1. The energy levels of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy levels of polymers were estimated from the
Eonser and ET}, values with reference to the CV diagram of
ferrocene (Fig. S3,T and its Ejj, = 0.41 eV). Assuming that the
HOMO energy level for the ferrocene/ferrocenium (Fc/Fc')
standard was 4.80 eV with respect to the zero vacuum level, the
HOMO levels for p-2,6-TPAANT and p-2,6-TPACNANT were
found to be 5.36 and 5.40 eV, respectively. From the absorption
spectra (Fig. 3) of the polymers, optical band gap (E,) were
calculated 2.11 eV for p-2,6-TPAANT and 2.23 eV for p-2,6-
TPACNANT. Taking the values of band gap and the HOMO of
respective polymers, LUMOs were estimated to 3.25 eV for p-2,6-
TPAANT and 3.17 eV for p-2,6-TPACNANT. The electrochemical
behaviour of the polymer p-2,6-TPAANT and p-2,6-TPACNANT
films at different scan rates between 0.05 Vs~ ' and 0.50 Vs~ " in
0.1 M Bu,NClO,/CH;CN reveal the gradual shift of the potential
with increased current densities (Fig. 4). A linear dependence of
the peak current as a function of scan rates indicated that the
electrochemical processes of these polymers were reversible

16
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Spectroelectrochemical and electrochromic properties of
polymers. To understand its electronic structure and optical
behaviour during electro-oxidation, the spectral changes (Fig. 5a
and b) of the p-2,6-TPAANT and p-2,6-TPACNANT of electro-
deposited polymeric films on ITO electrode were performed upon
applying the different potentials from 0 to 1.3 V (versus Ag/AgCl) in
0.1 M Bu,NCIO,/CH;CN monomer free electrolyte solution. In the
neutral state, the polymer p-2,6-TPAANT showed strong absorp-
tion at wavelengths around 350 nm, characteristic of the triphe-
nylamine 7-7t* transitions unit in the polymer backbone. When
the potential was steadily increased from 0 to 1.3 V, the absorp-
tion around 350 nm corresponding to the neutral state decreased
with concomitant growth of a broad band at around an absorp-
tion maximum 770 nm. The new band (770 nm) corresponded to
the formation of stable dication by full oxidation of the electro-
cross-linking TPA segments in the electropolymer film. In the
meantime, the colour of the film changed from brick red to dark
blue. Fig. 3b, p-2,6-TPACNANT demonstrates the strong absorp-
tion in the neutral state at wavelengths around 436 nm, assigned
to the —7t* transitions unit of the polymer backbone containing
triphenylamine. When the potential was steadily increased from
0 to 1.3 V, the absorption around 436 nm corresponding to the
neutral state was depleted, with an appearance of a new broad
band centred at 800 nm with the extended tail in the near-infrared
region. Upon oxidation, the radical cations (polarons) or dications
(bipolarons)*® were formed and the absorption was transferred
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into the NIR region with the depletion of ground state m-m*
transition in the visible region. Simultaneously, the colour of the
film changed from orange to dark blue. More importantly, these
colour changes of solid film were highly reversible in nature upon
oxidation-reduction and it occurred without any special protec-
tion such as oxygen and humidity. Indeed, these colour changes
were visualized readily by the naked eye.

The electrochromic response of both the polymers p-2,6-
TPAANT and p-2,6-TPACNANT were further investigated by
double-potential-step  chrono-amperometry and chrono-
absorptometry (Fig. 6 and 7). The percent transmittance,
changes (%7) at a certain wavelength (A,ax), Wwas monitored as
a function of time by switching between potentials from 0 to 1.3
V versus Ag/AgCl with a pulse width of 15 s. Switching data for
the electrodeposited film of p-2,6-TPAANT are presented in
Fig. 6. The response time monitored at 770 nm was calculated at
95% of the full transmittance change for the polymer p-2,6-
TPAANT. The time required for 95% full transmittance changes
were 1.2 s for the colouration step and 0.96 s for the bleaching
step. The optical contrast ratio (AT, % i.e. the percentage of
transmittance change) of 87% at 770 nm was achieved by taking
the value of colouration transmittance 5.2% (the turn-ON state)
and the bleaching transmittance of 39.5% (the turn-OFF state)
at the first potential switching step. Colouration efficiency ()
was a useful parameter for determining the quality of
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electrochromic materials. The relationship between the optical
density change (AOD) and the injected/ejected electronic charge
(Qq) was presented by the following equation

AOD Ty
= 2P0 joglh
n O og T / Oq

Where AOD was the optical absorbance change, and ‘Qg4’
(mC cm?) was the inject/ejected charge during a redox step. A
higher ‘n’ value was observed when the electrochromic materials
had a large optical change and/or low electronic charge. On the
basis of this equation, the CE values of p-2,6-TPAANT were
calculated as 222 em” C™" (at 770 nm). However, the polymer film
displayed a larger loss of optical contrast after 20 switching cycles
between the neutral and the oxidized states (from 87% to 71%).

For the polymer p-2,6-TPACNANT, the switching stability
Amax at 800 nm was investigated by monitoring the optical
contrast of the thin film upon repeated potential steps between
0 and 1.30 V with a pulse width of 15 s, (Fig. 7). In this case,
aresponse time was required for 95% full-transmittance change
of 1.35 s for the colouration step and 0.92 s for the bleaching
step. In addition, the optical contrast measured as AT recorded
in neutral and oxidized forms were found to be 86% at 800 nm
(10.5% T in the turn-ON state and 78.5% T in the turn-OFF
state). However, the polymer film displayed a larger loss of

12
ov=—=130V
84
< <
E4 E
t -
o 07 o
= =
3 4 3
-8
-12 T T L] T T T T T T T T
( C) 0 100 200 _ 300 400 500 600 25 30 35 40 45 50 55
Time (s) (d) Time (s)
804 A A7 ——800 nm 804
nnanaaaaaaeantad e L e
— S ! - "
o S [y ‘
60 860' e :
2 € 50- i B
= §40_ 3 £ AT=86%
£401 T £l £
€ % 304 Z [ o
7] b k k k = ; "
c = 20+ : .95 %
21| UUUUUUUUUUNA -
U\ 104
0 100 200 300 400 500 600 5 10 15 20 25 30 35

Time (s)

Time (s)

Fig. 7 The simultaneous monitoring of (a and b) switching current (c and d) transmittance for p-2,6-TPACNANT on the ITO-glass slide (coated
area 1.1 cm?) (in CHsCN with 0.1 M Bu,NClOy, as the supporting electrolyte) monitored at 800 nm, when it was switched between its neutral (0 V

vs. Ag/AgCl) and oxidized (1.30 V vs. Ag/AgCl) states at 15 s intervals.
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Fig. 8 (a) Schematic illustration of the structure of the electrochromic devices (b) and (c) are the photos of the sandwich-type ITO-coated glass
electrochromic cell, using p-2,6-TPAANT and p-2,6-TPACNANT as the active layer. Electrochromic device (ECD) spectra and corresponding
switching behaviour (d), (e) for p-2,6-TPAANT and (f), (g) for p-2,6-TPACNANT.

optical contrast after 20 switching cycles between the neutral Electrochromic devices fabrication
and the second oxidized states (from 87% to 71%). The CE
values of p-2,6-TPACNANT were calculated to be 200 cm”> C ™' at
800 nm by chronoamperometry.

To demonstrate the application of these electrodeposited poly-
meric films, an electrochromic device was constructed utilizing
a solid state electrolyte containing PMMA and LiClO,, as
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plasticized with propylene carbonate to form a highly trans-
parent and conductive gel. The polymer films were electro-
deposited onto ITO-coated glass, thoroughly rinsed with DCM,
CH,;0H and CH;COCH; three times and finally dried. The gel
electrolyte was spread on the polymer-coated side of the elec-
trode and kept in normal air. After that, it was put in an oven for
1 h at 60 °C and the electrodes were sandwiched with another
ITO. Finally, an epoxy resin was used to seal the device. A
schematic diagram of the electrochromic cell is shown in Fig. 8.
Upon applying voltage from 0 V to 1.6 V, the colour change
occurred from brick red to a dark blue for p-2,6-TPAANT and
yellow to dark blue for p-2,6-TPACNANT. When the potential
was subsequently set back at 0 V, the polymer film changed back
to its initial colour. Reverse potential change of the initial
colour is faster than the oxidized colour. Reversible colour
changes were perceived by the naked eye several times.

Conclusions

To summarize, two electrochromic film p-2,6-TPAANT and p-
2,6-TPACNANT were prepared through oxidative -electro-
polymerization of the TPA-substituted anthracene derivatives in
Bu,NClO,/DCM. However, no polymer film was deposited on
the ITO electrode surface using the mono-TPA substituted
derivative of anthracene (2-TPACNANT). The electro-deposited
films exhibited reversible electrochemical oxidation accompa-
nied by distinct colour changes observed by naked eye. The film
thickness was easily tuned by controlling the CV scan number.
The adherent film revealed the low-voltage controlled electro-
chromism with a significant optical contrast ratio (86% to 87%
at 770 nm and 800 nm), fast response time (1.2 s and 1.3 s for
the colouration step and 0.96 s and 0.92 s for the bleaching
step), and high colouration efficiency (CE = 222 cm” C™" and
200 cm”® C™Y). These characteristics suggest that these electro-
deposited polymers are promising materials for use in opto-
electronics applications. Studies on further expanding its
spectral response range and improving its stability are currently
going on in this laboratory.
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