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ABSTRACT: A series of Fe(II)-based metallo-supramolecular polymers
with three-dimensional (3-D) structures were synthesized by the stepwise
complexation of an Fe(II) salt with different ratios of a linear
bis(terpyridine) ligand and a branched tris(terpyridine) ligand. Atomic
force microscopy images of the polymer films showed a drastic change in
the surface morphology upon varying the amount of the branched ligand.
The surface of a designed 3-D construction film showed a highly porous
structure (pore size: approximately 30−50 nm in diameter), probably due
to the formation of a hyperbranched polymer structure. All the 3-D
polymers had a blue color based on the metal-to-ligand charge-transfer
(MLCT) absorption and exhibited excellent electrochromic properties.
The most highly porous 3-D-structured film showed the best electro-
chromic performance; as compared with a 1-D linear polymer, the
switching times were improved 38.7% for the coloring (0.31 → 0.19 s) and
37.9% for the bleaching (0.58 → 0.36 s). The transmittance change (ΔT) increased 21.8% (41.6 → 50.7%). Also, the coloration
efficiency (η) was enhanced 45.3% (263.8 → 383.4 cm2 C−1). The redox in the 3-D film was diffusion-controlled, as supported
by the linear relationship between the current and square root of the scan rate. It is considered that the porous structure of the 3-
D polymer films contributed to smooth ionic transfer during the redox and to the improved electrochromic properties.
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■ INTRODUCTION

Since Deb reported an electrochromic device in 1969,1 new
electrochromic materials (ECMs) have been found/inves-
tigated. For the widely studied ECMs, the first-generation
materials were metal oxides;2,3 the second, transition metal
complexes;4−7 the third, organic molecules and conducting
polymers;8−11 the fourth, metallo-supramolecular poly-
mers.12−18 The first- to third-generation ECMs have greatly
contributed to the development of both fundamental properties
and display applications, such as smart windows. Fourth-
generation metallo-supramolecular polymers are a new type of
ECM synthesized by the 1:1 complexation of transition metal
ions such as Fe(II) and Ru(II) ions and ditopic organic ligands.
The polymers have a one-dimensional (1-D) linear structure
and show reversible electrochromic behavior based on the
appearance/disappearance of the metal-to-ligand charge-trans-
fer (MLCT) absorption, which is triggered by the electro-
chemical redox of the metal ions. Red-, green-, and blue-colored
polymers have been prepared using Ru(II), Cu(II), and Fe(II)
ions, respectively, according to the different band gaps of the

MLCT absorption.19,20 The multicolor electrochromic (EC)
behavior has also been achieved by the introduction of two
metal ion species to the polymer chains as a result of the
different redox potentials of the metal ions.21

In the past decade, studies have shown that the structure
significantly affects the EC properties in first- to third-
generation ECMs.22−30 It is thus expected that the EC
properties of metallo-supramolecular polymer films are also
influenced by the morphology, but there are no reports
regarding the relationship between the morphology of metallo-
supramolecular polymer films and their EC properties. The
introduction of a three-dimensional (3-D) structure to the
metallo-supramolecular polymer backbone is anticipated to
affect the surface morphology, solubility, intrafacial and/or
interfacial electron transfer speed, maximum absorption
wavelength, and thermal properties. As for the 3-D polymer,
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Kurth and his co-workers combined bis(terpyridine) and
tris(terpyridine) ligands to form cross-linked metallo-supra-
molecular coordination polyelectrolytes (MEPEs), and they
revealed the effect of the cross-linking on the solubility;
however, they did not show the effect on the optical and
electrochromic properties of the polyelectrolytes.31 Tieke and
his co-workers reported that polymer complexes with pendant
terpyridine moieties as trapping sites for Zn(II) ions showed
fast EC response and multiple color changes by using different
anions,32−34 but the polymer films were fabricated by a layer-
by-layer method; they did not show the cross-linked properties
of site-chain-linked polymers. Here we report the relationship
between the 3-D structure and the EC properties in metallo-
supramolecular polymer films for the first time.
Fe(II)-based metallo-supramolecular polymers with a 3-D

structure (FeL195%L25%, FeL190%L210%, FeL185%L215%,
FeL182%L218%, FeL180%L220%) and a 1-D linear structure
(FeL1100%) were synthesized by the stepwise complexation of
an Fe(II) salt with different ratios of bis(terpyridine) (L1) and
tris(terpyridine) (L2)35 (Scheme 1). First, the 1-D polymer
chains were prepared by the 1:1 complexation of Fe2+ and L1,
and then L2 and Fe2+ were added to the solution to make a 3-D
structure. The successive addition should first lead to linear
polymers, followed by formation of highly cross-linked
polymers. The degree of branching was controlled by changing
the molar ratio of L1 and L2 from 95:5 to 80:20. In the report
by Kurth et al.,31 the three components (a metal ion, a ditopic
ligand, and a tritopic ligand) are mixed at the same time in
order to synthesize 3-D polymers; however, we added the two
ligands (L1 and L2) in turn. As the result, the length of the
linear parts in the 3-D polymers would be more uniform

because L2 connects the formed 1-D polymer chains three-
dimensionally.

■ EXPERIMENTAL SECTION
Chemicals and Instruments. All chemicals were reagent grade

and used without purification. Methanol (MeOH) and acetic acid
(AA) were used as reaction solvents. The acetonitrile (ACN) used for
UV−vis and cyclic voltammetry (CV) measurements was spec-
trochemical analysis grade. These solvents were purchased from Wako,
Aldrich, or Kanto Chemical Co. Inc. and used as received. The melting
point was observed using an MP50 melting-point system from Mettler
Toledo (temperature range: room temperature to 300 °C). 1H-NMR
spectra were recorded at 300 MHz on a JEOL AL 300/BZ instrument.
Chemical shifts were given relative to tetramethylsilane (TMS). Mass
spectra (MS) were measured by using AXIMA-CFR, a Shimadzu/
Kratos time-of-flight (TOF) mass spectrometer. The UV−vis spectra
were obtained with a Shimadzu UV-2550 UV−visible spectropho-
tometer. The 4′,4′′′′-(1,4-phenylene)bis(2,2′:6′,2″-terpyridine) (L1)
was purchased from Aldrich (97%) and used without further
purification. Iron(II) acetate [Fe(OAc)2, >99.99%] was purchased
from Aldrich. The supporting electrolytes, lithium perchlorate
(LiClO4, 99%), tetrabutylammonium perchlorate (TBAP, 98%), and
silver nitrate (AgNO3, 99%) were purchased from Aldrich and used
without further purification. CV and amperometric experiments were
conducted in an argon-saturated anhydrous acetonitrile solution
containing 0.1 M LiClO4 as a supporting electrolyte using an
electrochemical analyzer. A platinum wire was used as the counter
electrode, and a homemade Ag/Ag+ electrode in ACN with 0.1 M
TBAP + 0.01 M AgNO3 as the reference.

Synthesis of L2.35 After a mixture of 4′-(4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl)-2,2′:6′,2″- terpyridine (1.74 g, 4.00
mmol), 1,3,5-tribromobenzene (315 mg, 1.00 mmol), Pd(PPh3)4 (116
mg, 0.1 mmol), 0.2 M aqueous Na2CO3 (30 mL, 6.00 mmol), and
THF (210 mL) was refluxed for 12 h, the precipitate was isolated by
filtration, washed with tetrahydrofuran (THF), water, and finally

Scheme 1. Synthesis of the 3-D Metallo-Supramolecular Polymers (FeL1x%L2y%)
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diethyl ether to afford L2 (532 mg, 53.2%). Melting point >300 °C
(lit.: 374 °C).35 εmax: 297 nm. 1H NMR (300 MHz, CDCl3, TMS): δ
8.84 (s, 6H, tpyH3′,5′), 8.76 (m, 6H, tpyH3,3″), 8.70 (d, 6H, J = 8.1 Hz,
tpyH6,6′), 8.09 (d, 6H, J = 8.2 Hz, HAr), 7.97 (s, 3H, Hc), 7.92 (d, 6H, J
= 8.1 Hz, HAr), 7.90 (m, 6H, tpyH4,4″), 7.37 (m, 6H, tpyH5,5″).
MALDI-TOF-MS: m/z (%) = 999 (100) [M + H].
Synthesis of FeL1100%. FeL1100% was obtained according to the

literature.13 An equimolar amount of L1 and Fe(OAc)2 was refluxed in
argon-saturated CH3COOH (ca. 10 mL of solvent per milligram of
L1) for 24 h. The reaction solution was cooled to room temperature
and then filtered to remove a very small amount of insoluble residues.
The filtrate was placed in a Petri dish and the solvent evaporated
slowly to dryness. The brittle film was collected and dried further
under vacuum overnight to give the corresponding FeL1100% (>92%).
Synthesis of FeL1x%L2y%. Different molar ratios of L1 and L2

were used for the synthesis of FeL1x%L2y% (Table S1, Supporting
Information). First, equimolar amounts of L1 and Fe(OAc)2 were
added to argon-saturated absolute acetic acid and stirred at 70 °C for
16 h to synthesize the linear polymer. Then, the calculated amount of
L2 was dissolved in chloroform in advance and then added into the
reaction mixture. Fe(OAc)2 (the equimolar amount of L2) was also
added to the flask and the reaction mixture was stirred for another 24
h. Following the same purification method used for FeL1100%,
FeL1x%L2y% was obtained with >90% yield.
Sample Preparations. (a) Atomic force microscopy (AFM)

samples: A fixed amount (100 μL) of the polymer solution (0.5 mg
mL−1 in methanol) was dripped on a glass slide and dried at room
temperature for 1 day. (b) For AFM measurements, we used
NanoNavi II of Seiko Instruments Inc. (SII) in dynamic force mode
(DFM). We used microcantilevers (Seiko Instruments Inc., Japan)
with tips of type SI-DF40 (C = 31 N/m, and f 0 = 307 kHz). The AFM
was operated in contact mode in air by silicon cantilevers with spring
constants of 0.01−0.5 N/m. The image scan size was between 1.5 ×
1.5 μm with a scan speed of 1.00 Hz. (c) CV measurements: all the
polymer films were prepared on an indium tin oxide (ITO) glass (8−
12 Ω/sq, 25 × 25 × 1.1 mm, Sigma-Aldrich) with a fixed working area
of 1.0 × 1.5 cm by the spray-coating method. Each film had the same
absorbance at its own MLCT band with an error bar of 0.05.

■ RESULTS AND DISCUSSION

Surface Morphology of the 3-D Metallo-Supramolec-
ular Polymers. For the atomic force microscopy (AFM)
measurements, the polymer films were prepared by drop-
coating the polymer solutions onto a glass slide. The surface of
the FeL1100% film was discontinuous and had a cotton-like

apparent (Figure 1a). The root-mean-square roughness (Rrms)
measured from the image was small (2.9 nm). In the
FeL195%L25% film, the discontinuous surface was flatter with
small hills, but the cotton-like structures still existed (Rrms: ca.
3.5 nm) (Figure 1b). It is considered that L2 acted as a simple
“linker” between the 1-D polymer chains in FeL195%L25%.
However, a dramatic morphology change was observed in
FeL190%L210% and FeL185%L215% (Figures 1c,d); many holes
approximately 30−50 nm in diameter appeared on the surface
and the number of holes increased with increasing ratio of L2.
The Rrms increased to 5.8 nm in FeL190%L210%. The surface of
the FeL185%L215% film showed a highly porous 3-D structure,
probably due to the formation of hyperbranched polymer
chains, and the Rrms reached 6.0 nm. The literature31 has
reported AFM images of cross-linked supramolecular polymer
films with molar ratios of linear/branched ligands of 97/3 and
91/9, but they did not show a hyperbranched or cross-linked
structure, probably because the synthesis method of the current
3-D polymer is different and the tritopic ligand L2 is more rigid
than the ligand used in the literature. In FeL182%L218% and
FeL180%L220%, the large holes and porous structure disappeared
and the film surfaces became rigid and solid (Figures 1e,f). At
the same time, the Rrms values decreased to 3.4 and 3.8 nm,
respectively.
The morphology change is explained as follows. In

FeL195%L25%, the small amount of L2 simply links the 1-D
polymer chains (Figure 2a). In FeL190%L210% and

Figure 1. AFM images of the (a) 1-D and (b−f) 3-D Fe(II)-based metallo-supramolecular polymers with different molar ratios of L1 and L2.

Figure 2. Anticipated polymer structures in (a) FeL195%L25%, (b)
FeL190%L210% and FeL185%L215%, and (c) FeL182%L218% and
FeL180%L220%.
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FeL185%L215%, L2 not only connects the 1-D polymer chains
but also forms a hyperbranched polymeric structure, which
results in the porous surface (Figure 2b). However, when the
ratio of L2 higher than 15% (FeL182%L218% and
FeL180%L220%), the expanded hyperbranched structure made
the polymer film rigid and insoluble (Figure 2c).
UV−Vis Spectroscopy and Cyclic Voltammetry. In the

UV−vis spectra of the polymer solutions (solvent, MeOH;
concentration, 50 μM), the maximum wavelength (λmax) in the
MLCT absorption was progressively blue-shifted with increas-
ing L2 ratio (FeL1100%, 585.2 nm; FeL180%L220%, 578.7 nm)
(Figure 3). The blue shift indicates that the lowest unoccupied

molecular orbital (LUMO) potential of the ligand in the
MLCT absorption increased. The π-conjugation in L2 is
shorter than that in L1 because the three terpyridine moieties
of L2 are connected at the (non-conjugated) meta position of
the central phenyl ring. Therefore, it is reasonable that the less
π-conjugated L2 enhanced the LUMO potential of the MLCT
absorption in the complex. The CV of the polymer films
showed only a small difference in the anodic peak potential
(Epa) (Figure 4). To confirm the redox peak position precisely,
polymer films with the same thickness and same active area
were used and a very slow scan rate (10 mV s−1) was applied.
The 3-D structure did not significantly affect the redox

potential, but slightly increased resistance as a result of cross-
linking is suggested by the increased redox peak separation and
larger reaction area in FeL180%L220% film. This result indicates
that ionic exchange in the polymer film decreased when the L2
ratio exceeded 18%.

Thermal Analysis and Solubility. Thermogravimetric
analysis (TGA) showed that the 3-D structure enhanced the
thermal stability of the polymer films, probably because of the
cross-linking. The temperature for a 5% weight loss (Td) in
FeL1100% was 367.9 °C, and significant weight loss was
observed at temperatures higher than 370 °C (Figure 5),
whereas the weight decreased quite slowly up to 450 °C in the
3-D polymers. All the data are summarized in Table 1.

The obtained polymers have good solubility in methanol. In
the case of polymers with a π-conjugated structure, the
solubility is often decreased by the strong stacking among the
polymer chains. However, the hyperbranched, rigid structure of
π-conjugated polymers does not always decrease the solubility
of the polymer, because the hyperbranched structure prevents
the stacking of polymer chains. For example, dendritic π-

Figure 3. UV−vis spectra of the 3-D Fe(II)-based metallo-supra-
molecular polymers in the (a) 560−600 nm and (b) 400−800 nm
regions.

Figure 4. Cyclic voltammograms of the 3-D polymers (electrolyte, 0.1
M LiClO4; ACN scan rate, 10 mV s−1).

Figure 5. Thermogravimetric analysis of the 3-D polymers. The
temperature was increased from room temperature to 500 °C at a rate
of 10 °C min−1.
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conjugated polymers and the macromolecular metal complexes
have high solubility.36,37

Electron Transfer Mechanism in 3-D Film. The electron
transfer mechanism can be investigated by the current
measurement in redox peaks of the CV with the different
scan rates. For example, if anodic peak current (ipa) is
proportional to scan rate (υ), the rate-determining step in the
redox reaction is on the electron transfer on the electrode.38 On
the other hand, when ipa is proportional to υ1/2, the rate-
determining step is on the diffusion speed of the electroactive
species or ionic groups to the electrode.39 The CVs of FeL1100%
and FeL185%L215% films with the same thickness were measured
with different scan rates (Figure 6a,d). In the plots of the
observed current as a function of the scan rate and the square
root of the scan rate in the FeL1100% film, the minimum mean
square errors (R2) were close to 1.0 (Figure 6b,c), which shows
that the redox reaction follows both kinetic control and
diffusion control equally. This means that the electron transfer
rate is almost the same as the diffusion rate of the counter
anions during the redox. On the other hand, the redox in the 3-
D FeL185%L215% film was clearly diffusion-controlled, which is
supported by the linear relationship between the current and
the square root of the scan rate (Figure 6e,f). This result
indicates that the diffusion of the counter anion became a rate-
determining step as a result of faster electron transfer in the 3-D
polymer film than in the 1-D polymer film. The EC properties
of the 3-D polymers are presented in Table 2.

Electrochromic Properties. The transmittance change
(ΔT) at 580 nm in the FeL185%L215% film was determined
from the difference of the transmittances at 0 and 1.2 V
(interval time: 5 s) (Figure 7a). To avoid the effect of the film
thickness on ΔT, each film was prepared by a spray-coating
method in which the spray conditions were controlled so that
all the films had the same absorbance in the MLCT band before
immersion into the electrolyte. It was revealed that the 3-D
polymers showed higher ΔT than the 1-D polymer except for

Table 1. Optical and Electrochemical Properties: Maximum
Wavelength of the MLCT Absorption (λmax), the Anodic
Peak Potential (Epa), the Peak Separation in the Redox
(ΔE), the Thermal Stability (Td), and the Solubility of the
Polymer Films

3-D or 1-D
polymers

λmax
[nm]a

Epa
[mV]b

ΔE
[V]c

Td
[°C]d solubilitye

FeL1100% 585.2 0.765 0.055 367.9 +++
FeL195%L25% 582.8 0.780 0.065 378.6 +++
FeL190%L210% 582.5 0.780 0.065 398.5 +++
FeL185%L215% 580.2 0.785 0.070 399.2 ++
FeL182%L218% 579.5 0.790 0.080 403.9 +
FeL180%L220% 578.7 0.795 0.090 420.1 +

aThe polymer films were prepared by spray coating a 1 mg mL−1

methanol solution of the polymer onto an ITO glass (working area: 1
× 1.5 cm). All the polymer films had the same thickness of
approximately 500 ± 34 nm, which was estimated using a surface
profiler (Alpha-step IQ, KLA Tencor). bThe polymer films used in the
UV−vis spectral measurements were also used for the cyclic
voltammetry measurements (electrolyte: an ACN solution of 0.1 M
LiClO4; counter electrode: platinum wire; reference electrode: Ag/
Ag+; scan rate: 10 mV s−1) at room temperature. cThe differences in
the redox potentials (Eox − Ered).

dThe temperature for the 5% weight
loss in the thermogravimetric analysis (TGA) (the temperature
increase rate: 10 °C min−1). eThe solubility was examined by
dissolving 1 mg of the polymer into 1 mL of methanol. The symbol “+
++” means the polymer was totally dissolved in methanol and there
was no precipitation after 72 h. The symbol “++” means the polymer
was totally dissolved in methanol but precipitation happened within 72
h. The symbol “+” means the polymer was partially dissolved in
methanol.

Figure 6. (a) CV of FeL1100% with different scan rates (10−500 mV/s) in a 0.1 M LiClO4/ACN electrolyte. (b) Increase of the peak current in the
oxidation of the Fe2+ ions as a function of the increased scan rate in the FeL1100% film. (c) Increase of the peak current in the oxidation of the Fe2+

ions and the square root of the scan rate in the FeL1100% film. (d) CV of FeL185%L215% films with different scan rates (10−500 mV/s) in a 0.1 M
LiClO4/ACN electrolyte. (e) Increase of the peak current in the oxidation of the Fe2+ ions as a function of the increased scan rate in the
FeL185%L215% film. (f) Increase of the peak current in the oxidation of the Fe2+ ions and the square root of the scan rate in the FeL185%L215% film.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5010859 | ACS Appl. Mater. Interfaces 2014, 6, 9118−91259122



FeL182%L218% and FeL180%L220%. Additionally, except for the
above-mentioned two polymer films, the switching time (tcoloring
and tbleaching) in the 3-D polymer films was faster than that in
the 1-D linear FeL1100% film. The overly cross-linked films
showed a slower response and a smaller ΔT; the more the
electron charge used, the worse the coloration efficiency (η).
Coloration efficiency, η, is a useful parameter for determining

the quality of ECMs. The relationship between the optical
density change (ΔOD) and the injected/ejected electronic
charge (Qd) is given by the following equation:40−42

η = Δ =
Q

T
T

Q
OD

log /
d

b

c
d

(1)

A high η value is obtained when the ECMs have a large
optical change and/or low electronic charge. Figure 7b shows
the electron charge/discharge behaviors of the FeL1100%,
FeL185%L215%, and FeL180%L220% films (interval time, 5 s;
applied voltages, 0 and 1.2 V). The slopes show electrochemical
reversibility in the EC change: the large slope means the charge
and discharge amounts are not the same. The FeL1100% and
FeL185%L215% films have almost the same slope (charge/
discharge ratios), but the 3-D polymer film used less charge and
obtained a higher optical change (ΔT), resulting in better η.
The FeL180%L220% film used more charge in color switching
but obtained less ΔT, meaning that the electron transfer
efficiency in the overly cross-linked structure was quite low and
caused more charge waste in the cross-linked film. From eq 1,
we know that the more charge that is used in the film, the lower
the η obtained. We compared the 1-D linear FeL1100% and the
well-cross-linked FeL185%L215% films. The response time was
improved 38.7% for the coloring (0.31→ 0.19 s) and 37.9% for
the bleaching (0.58 → 0.36 s). ΔT increased 21.8% (41.6 →
50.7%), and η was also enhanced 45.3% (263.8 → 383.4 cm2

C−1).

■ CONCLUSIONS
A series of Fe(II)-based metallo-supramolecular polymers with
a 3-D structure were successfully synthesized using a tris-
(terpyridine) ligand L2 as the cross-linker. By changing the
molar ratio of L1 and L2, significantly different surface
morphologies and EC properties were observed. An
FeL185%L215% film with a highly porous surface (pore size:
approximately 30−50 nm in diameter) showed the best EC
properties among the 3-D and 1-D polymers (response time for

Table 2. EC Properties: Transmittance in the Bleached and Colored States, Transmittance Contrast (ΔT), Switching Time,
Charge/Discharge Ratios, And Coloration Efficiencies (η) of the Polymer Films

3-D or 1-D polymers Tbleached [%]
a Tcolored [%]

a ΔT [%]a tcoloring [s]
b tbleaching [s]

b charge/discharge [mC]c η [cm2/C]d

FeL1100% 93.2 51.6 41.6 0.31 0.58 1.46/1.44 263.8
FeL195%L25% 92.5 43.9 48.6 0.21 0.51 1.69/1.65 287.2
FeL190%L210% 94.0 46.5 47.5 0.23 0.52 1.38/1.35 332.2
FeL185%L215% 91.6 40.9 50.7 0.19 0.36 1.37/1.34 383.4
FeL182%L218% 78.8 54.8 24.0 0.37 0.60 1.69/1.65 140.0
FeL180%L220% 81.6 54.4 27.2 0.37 0.62 2.02/1.97 130.7

All the values of the electrochromic properties, including transmittance (Tbleached and Tcolored), transmittance change (ΔT), switching time (tcoloring
and tbleaching), and coloration efficiency (η), were averaged from three data points of our polymer films. The errors of these values were less than ±5%.
aThe transmittances of the MLCT absorption (λmax) in the bleached (Tbleached) and colored states (Tcolored) of the polymer film coated on an ITO
glass were measured by in-situ UV-vis spectroscopy at 0 or 1.2 V vs. Ag/Ag+ with an interval time of 5 s (electrolyte: 0.1 M LiClO4/ACN; the ITO
working area: 1 × 1.5 cm). The transmittance difference (ΔT) was calculated from Tbleached and Tcolored.

bThe times for coloring and bleaching
(tcoloring and tbleaching) were defined as the time taken for 95% of ΔT to change. cThe charge/discharge values were calculated from the integration of
the coulomb number in the current response during the redox. dThe coloration efficiency (η) was defined as the relationship between the electron
charge used and the change of ΔT.

Figure 7. (a) Transmittance change (ΔT, %) of the FeL185%L215% film
at 580 nm during voltage switching between 0 and 1.2 V (interval: 5 s)
in 0.1 M LiClO4/ACN. (b) Change of charge in the FeL1100%,
FeL185%L215%, and FeL180%L220% films during switching between 0
and 1.2 V. The larger slope of FeL180%L220% means more electron loss
during voltage switching; the slopes of the three lines can also indicate
the charge resistance in polymer films. The change of charge shows
how much charge is used in switching: the smaller the charge used, the
higher the obtained coloration efficiency.
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the coloring, 0.19 s; response time for the bleaching, 0.36 s;
ΔT, 50.7%; η, 383.4 cm2 C−1), probably because of the smooth
anion transfer inside the porous polymer film. In addition, this
method of changing the film morphology will be useful for
improving the electrochromic properties of the other metallo-
supramolecular polymers.
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