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Reversible four-color electrochromism triggered
by the electrochemical multi-step redox of Cr-
based metallo-supramolecular polymersf

*

Takefumi Yoshida, 2/ Yoshikazu Ninomiya and Masayoshi Higuchi

Four color electrochromism (yellow, magenta, blue, and navy) has been achieved in Cr(i)-based metallo-
supramolecular polymers (polyCr), which were synthesized by 1:1 complexation of Cr ions and 1,4-di
[[2,2":6',2"-terpyridin]-4’-yllbenzene (L). The polymer structure was determined by X-ray absorption fine
structure (XAFS) measurement and X-ray photoelectron spectroscopy (XPS). The molecular weight of
polyCr was calculated as 3.2 x 107 Da using right angle light scattering (RALS). The EXAFS fitting
indicated that the bond distances of Cr—N are 2.020 A and 2.208 A. A film of polyCr shows multi-color
electrochromism (EC) or absorption: a sharp peak at 380 nm at 0 V vs. Ag/Ag* (yellow), a sharp peak at
510 nm and a broad peak at 800 nm at —0.6 V vs. Ag/Ag™ (magenta), a broad peak at 610 nm and
between 700-900 nm at —1.2 V vs. Ag/Ag* (blue), a broad peak between 450-900 nm at —1.8 V vs. Ag/
Ag* (navy). The transmittances change (AT), the switching times for coloring and bleaching (T, T,) and
the coloration efficiency (ne. mo): [AT, (Te, Tp). (e, M)l were [39.2%, (5.56 s, 1.39 s), (169 cm? C%, 230
cm? C7Y] at 510 nm between —0.6 and 0.2 V vs. Ag/Ag*, [67.0%, (6.93 s, 2.52 s), (138 cm? C™%, 172 cm?
C1] at 610 nm between —1.2 and 0.2 V vs. Ag/Ag*, [86.1%, (6.80 s, 3.03 s), (167 cm? C™ %, 134 cm? C7Y)]
at 780 nm between —1.8 and 0.2 V vs. Ag/Ag™, respectively, during the cycles. The durability experiment
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Introduction

Electrochromic (EC) materials have been studied in the fields of
organic molecules,’ inorganic materials,” organic polymers,’
and metallo-supramolecular polymers (MSPs),* and also, EC
materials such as WO; or NiO have been used for smart
windows, EC display and anti-glare rear view mirrors.’
Furthermore, multi-color EC materials have received much
attention in applications for EC displays.

The MSPs, which are prepared by a 1 : 1 complexation of metal
ions with ditopic organic ligands, are a new type of coordination
polymers and have been investigated for EC properties,® ion
conductivity,” and luminescence.? These properties greatly depend
on the metal species included in the polymer. In particular, group
8 metal ions (M = Fe, Ru, Os ions) based MSPs (polyM) show clear
EC, whereas polyM(u) show a deep color [or metal-to-ligand charge-
transfer (MLCT) in the visible region (e.g., Fe: purple at 600 nm)]
and polyM(m) show a transparent color (or no absorption in visible
region), and in addition, they have been studied for use in EC
displays with high durability.*>*? In addition, multi-color EC
display of MSPs has also been reported which use multi-
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indicates that polyCr shows an EC property for at least 100 cycles.

component based MSPs.**® The multi-color EC display with
mononuclear MSPs has also been reported (e.g., use of a Co
complex shows yellow, orange or black colors).*

The origin of the word “chromism” comes from the element
chrome (Cr) which shows different colors depending on its oxida-
tion state. It also has characteristic properties such as catalysis,"
magnetism," and toxicity.” Recently, Farran et al. have reported Cr
complexes with terpyridine ligands, where the Cr complexes show
various oxidation states and colors at various potentials in the
solution (they also reported the electron transfer process with the
Ru ion).* Although they mainly reported electrochemical and
photo-induced reduction processes, this study reported the poten-
tial of a solid-state multi-color Cr-based EC material.

In this work, Cr-based MSPs ([Cr(L)],(ClO,)s,:polyCr, Fig. 1)
(L:  1,4-di[[2,2":6',2"-terpyridin]-4’-yl]benzene ligand) were
synthesized and then characterized by X-ray absorption fine
structure (XAFS) measurements, X-ray photoelectron spectros-
copy (XPS) and right angle light scattering (RALS). The multi-
color (yellow, magenta, blue, navy) electrochromic properties
of polyCr were measured using cyclic voltammetry (CV) and
chronoamperometry (CA) techniques with spectroscopy.

Results and discussion

The Cr(u)Cl, (12 mg, 0.1 mmol) was added to a suspension of L
(54 mg, 0.1 mmol) in 100 ml methanol under N,. After 30 min of

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The chemical structure of polyCr.

stirring, a purple solution was obtained. Next, the orange
solution was obtained after 30 min of stirring under air [Cr(u)
was oxidize to Cr(m)]. The solution filtered impurities an
insoluble polymer. After the evaporation of the methanol,
a yellow precipitate was obtained. The yellow precipitate was
washed with a 0.1 M MeCN solution of LiClO, to exchange the
counter anions (from Cl” to ClO,) and to the remove low
molecular weight polymer. Finally, a yellow solid of polyCr was
obtained. The molecular weight of polyCr was calculated as 3.2
x 107 Da using right angle light scattering (RALS), indicating
the formation of MSPs. The results shown by the XPS spectra
and emission spectrum are discussed in the ESL{ The TGA
curve of polyCr is shown in Fig. S8 (ESIt). This polymer was
stable up to 270 °C except for the possible weight loss of the
crystal solvent. Only 15 wt% loss was observed at 500 °C. A film
of polyCr was prepared on ITO by spin coating it with 200 pml of
a 5 mg ml~" methanol solution of polyCr.

To estimate the coordination structure of polyCr, the X-ray
absorption fine structure measurements at the K-edge of the
Cr ion were obtained from the synchrotron facility (BL-12C
KEK). The X-ray absorption near edge structure (XANES)
spectra measured at the Cr K-edge are shown in Fig. 2a. The Cr
K-edge spectra of a pellet of polyCr was almost not shifted from
6006 eV (white line of the standard sample of Cr,0;)."* The
results indicated that the oxidation state of the Cr ions of polyCr
was trivalent. From the extended X-ray absorption fine structure
(EXAFS) region, the fitting by using crystal structure of reported
Cr complex® (Fig. 2b) revealed that the coordination lengths
around the Cr ions Cr-N were 2.020 A and 2.208 A (R-factor;
1.37%, Table 1, EXAFS oscillation is shown in Fig. S1, ESI¥).
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Fig. 2 (a) XANES spectra of a pellet of Cr,Os3 (red curve) and polyCr

(black curve), (b) asymmetry unit around the Cr ion of reported Cr
complex.
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These values were similar to the distances in the crystal struc-
ture. These results confirmed that the Cr ion of polyCr had an
octahedral coordination structure.

The CVs of a cast film of polyCr were measured with a glassy
carbon electrode (Fig. 3a). The sharp redox pairs (reduction,
oxidation) of [polyCr]*"/[polyCr]**, [polyCr]*"/[polyCr]" were
observed at (—0.55 V, —0.38 V) and (—0.91 V, —0.73) vs. Ag/Ag",
respectively. These redox potentials were similar to those of re-
ported Cr complexes. However, a large redox pair was observed at
(—1.49V, —1.08 V) vs. Ag/Ag". This peak can be assigned to the two
electron transfers between [polyCr]'/[polyCr].*>” The CV of a film
of polyCr was measured on ITO (Fig. S4, ESIf). An additional
irreversible peak was observed when compared to CV on glassy
carbon. This peak was from the reduction of ITO.

The transmittance spectrum of polyCr at various potentials
is shown in Fig. 3b (images of polyCr at various potential are
shown in Fig. 3c). There was a peak at 380 nm which was
assigned to an intra ligand charge transfer transition (ILCT) at
0 Vvs. Ag/Ag". As soon as the potential at —0.6 V vs. Ag/Ag" was
applied, a sharp peak at 510 nm and a broad peak at 800 nm
appeared. At —1.2 V vs. Ag/Ag’, a sharp peak at 610 nm and
a broad peak between 700-900 nm appeared. At —1.8 V vs.
Ag/Ag’, a broad peak between 450-900 nm appeared. These
behaviours were similar to those reported for the solution of the
Cr complex.™ The color of the polymer film at each potential
was defined, using the CIE 1964 XY color system, as 0.0 V: (0.36,
0.36), —0.6 V: (0.36, 0.33), —1.2 V: (0.29, 0.30), and —1.8 V: (0.26,
0.28) (Fig. 3d). From these results, a multi-color and wide-
absorption solid-state EC material was made.

The transmittances in the colored and bleached states were
81.1% and 41.9% (AT = 39.2%) at 520 nm between —0.6 and
0.2 V vs. Ag/Ag', 91.1% and 24.1% (AT = 67.0%) at 610 nm
between —1.2 and 0.2 V vs. Ag/Ag”, and 98.1% and 12.0% (AT =
86.1%) at 780 nm between —1.8 and 0.2 V vs. Ag/Ag”, during the
cycles shown in Fig. 4a-c, respectively. These values were larger
than those of previously reported MSPs (e.g., polyFe: AT =
~55%).°* The switching times for coloring and bleaching (T
and T;,) were 5.56 s and 1.39 s for 510 nm, 6.93 s and 2.52 s for
610 nm and 6.80 s and 3.03 s for 780 nm, respectively. These
values were longer than those of previously reported MSPs (e.g.,
polyFe: T.: 0.37 s and T: 0.60 s).** The coloration efficiency (n),

Table 1 Coordination distances of polyCr around the Cr ion

R-factor:

0.86% N R/A Rege 4

N1 2 2.020 1.969 0.0503
N2 4 2.208 2.055 0.1528
c1 4 3.036 2.886 0.1501
c2 4 2.953 2.911 0.0426
c3 4 3.060 3.051 0.0086
c4 4 4.083 4.187 —0.1035
cs 4 4.245 4.235 0.0099
c6 4 4.376 4.344 0.03242
c7 2 4.711 4.725 —0.0138
cs 4 4.915 4.814 0.1010
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Fig. 3 (a) Cyclic voltammograms (CVs) of a cast film of polyCr on
a glassy carbon electrode with a 0.1 M MeCN solution of LiClO4 as
electrolyte at a scan rate of 0.1V s~* (reference electrode: Ag/Ag™), (b)
transmittance spectrum of a film of polyCr on an ITO glass at various
potentials, (c) images of the polyCr film on an ITO glass at various
potentials, (d) CIE 1964 XY color system for each potential.

was used for evaluating the energy consumption, which was
calculated using the following equation:*®

n = AOD/Qq4 = log(Tw/T:)/ Qa 1)
where 7 (cm® C™') is the coloration efficiency at a given AOD,

and Ty, and T are the transmittance values corresponding to the
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bleached and colored states, respectively. The Q4 was calculated
as (1.69 mC em ™2, 1.25 mC cm™?) at 520 nm, (4.18 mC cm 2,
3.34 mC cm ) at 610 nm, and (5.46 mC cm ™, 6.80 mC cm ™) at
780 nm from the current change as a function of time while
applying the potential (Fig. 4d—f). The n (oxidation, reduction)
were calculated as (169 cm® C™', 230 em® C™') at 520 nm,
(138 cm® C ', 172 em® C ') at 610 nm, and (167 cm® C™*,
134 cm® CY) at 780 nm, respectively. The 7 of reduction are
higher than those of oxidation at 520 nm and 610 nm, because
the sum of the leakage current is proportional to switching
time. The n of reduction were lower than that of oxidation at
780 nm because the reduction current of ITO was included.
Each n value was similar to that reported for the Fe and Ru
polymers.®4

To confirm the durability of the color change, the repeated
transmittance changes at 780 nm during the redox-switching
between two potentials (—1.8 and 0.2 V) up to 100 cycles were
monitored (Fig. 5). The transmittances in the colored states
were constant at 12.0%, whereas those in the bleached states
were slightly decreased (3%) during the cycles. This decrement
was induced by a deterioration of ITO. In addition, the more
cycles the EC system undergoes, the more current was observed
because of the increase of the leakage current, which was
induced by the deterioration of ITO (Fig. S5, ESIt). In other
words, the durability of the electrochromic system can easily be
improved by preventing the deterioration of ITO.

To investigate the film-forming properties of polyCr, the
surface morphology of polyCr was measured by scanning elec-
tron microscopy (SEM), where a film was prepared by drop-
casting. The SEM images of polyCr on ITO are shown in
Fig. 6. The polyCr formed an almost flat surface. In addition,
a fibrous structure was observed along the edge of the film.

Conclusions

A multi-color-electrochromic Cr(m)-based metallo-
supramolecular polymer (polyCr) was synthesized by complex-
ation of a Cr ion and 1,4-di[[2,2':6/,2"-terpyridin]-4’-yl]benzene
(L). The polymer structure was determined by XAFS spectros-
copy measurement and XPS. The molecular weight of polyCr
was calculated as 3.2 x 107 Da by RALS. The EXAFS fitting
indicated that the bond distances of Cr-N were 2.020 A and
2.208 A. A film of polyCr shows electrochromism (EC) or
absorption: a sharp peak at 380 nm at 0 V vs. Ag/Ag’, a sharp
peak at 510 nm and a broad peak at 800 nm at —0.6 V vs. Ag/Ag",
a broad peak at 610 nm and between 700-900 nm at —1.2 V vs.
Ag/Ag", a broad peak between 450-900 nm at —1.8 V vs. Ag/Ag".
The transmittance changes (A7), the switching times for
coloring and bleaching (T, Tp) and the coloration efficiency (7.,
m): [AT, (Tey Tv), (e, mp)] were [39.2%, (5.56 s, 1.39 s),
(169 cm* C™*, 230 cm® C™')] at 510 nm between —0.6 and 0.2 V
vs. Ag/Ag*,[67.0%, (6.93 5,2.52 5), (138 cm® C™*, 172 em® C™ )] at
610 nm between —1.2 and 0.2 V vs. Ag/Ag’, [86.1%, (6.80 s,
3.03s),(167 cm®>C ™', 134 cm” C™')] at 780 nm between —1.8 and
0.2 V vs. Ag/Ag", respectively, during the cycles. The durability
experiment indicated that polyCr shows an EC property for at

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Transmittance/current vs. time plots of a film of polyCr (a) and (d) at 520 nm between —0.6 and 0.2 V vs. Ag/Ag™, (b) and (e) at 610 nm
between —1.2 and 0.2 V vs. Ag/Ag*, (c) and (f) at 780 nm between —1.8 and 0.2 V vs. Ag/Ag™.

least 100 cycles. These properties are important for the fabri-
cation of EC devices.

Experimental
Synthesis of polyCr

The Cr(u)Cl, (12 mg, 0.1 mmol) was added to a suspension of L
(54 mg, 0.1 mmol) in 100 ml of methanol under N,. After 30 min
of stirring, a purple solution was obtained. Next, an orange
solution was obtained after 30 min of stirring under air [Cr(u)
was oxidized to Cr(m)]. The solution filtered impurities an
insoluble polymer. After evaporation of the methanol, a yellow
precipitate was obtained. The yellow precipitate was washed
with a 0.1 M MeCN solution of LiClO, to exchange the counter
anion (from Cl™ to ClO, ) and to remove low molecular weight
polymer. Finally, a yellow solid of polyCr of was obtained. A film
of polyCr (working area 2 cm x 2.5 cm) on ITO (8 @ sq ', 2.5 cm
x 2.5 cm) was prepared by a spin coating method with 200 pml
of a 5 mg ml~" methanol solution of polyCr. The HR-MS results

Transmittance/%

2000

0 7000
Time/s

Fig. 5 The repeated transmittance changes at 780 nm during the
redox-switching between two potentials (—1.8 and 0.2 V) up to 100
cycles.

This journal is © The Royal Society of Chemistry 2020

were: found m/z: 628.23 [M + L + Cl] and 663.16 [M + L + 2Cl];
calcuation m/z: 628.12 [M + L + Cl] (C35H,¢N6CICr) and 663.09
[M + L + 2Cl] (C35H,6N6Cl,Cr) (Fig. S6, ESIT). The IR spectrum
results [Fig. S7, (ESIT) cm ]: 3353 (s), 3064 (s), 1615 (s), 1465 (),
1242 (m), 1093 (m), 1031 (m), 795 (m), 530 (br).

Spectroscopy

X-ray absorption fine structure (XAFS) measurements were
carried out at the BL12C beamline of the Photon Factory, the
High Energy Accelerator Research Organization (KEK), under
proposal no. 2019G117. Structural analysis was performed
using the Demeter software platform. The reported crystal data
was used for calculating Fe¢. The FT-IR spectra were acquired on
a FTIR-8400S infrared spectrophotometer (Shimadzu). The UV-
vis spectra were acquired on an Ocean spectrometer (Ocean
Insight). Solid state emission spectra were acquired on a RF-
5300PC spectrofluorophotometer (Shimadzu). The RALS was
recorded in methanol solution, on a 270 Dual Detector (Visco-
tek). The XPS was performed on an Axis Nova (Kratos Analytical,
Al Koo = 1.4866 keV).

Fig. 6 SEM image of polyCr on ITO.

RSC Adv, 2020, 10, 10904-10909 | 10907
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The CV and CA were performed on a electrochemical worksta- >

tion (CH Instruments Inc., ALS/CHI) with a three-electrode
system (polymer-coated ITO glass substrate and a glassy
carbon working electrode, platinum wire as the counter elec-
trode, and Ag/AgNO; as the reference electrode).
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