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Introduction

Redox-active metal complexes are one of the important targets
in the fields of materials science because they have various
functions including conduction, catalysis,> molecular magne-
tism,* and electrochromism.* Electrochromism is a phenom-
enon in which materials change their color as a result of
electrochemical redox reactions. In order to understand the
mechanism of electrochromism, it is important to track the
oxidation state of the material. Cyclic voltammetry (CV), elec-
tron spin resonance (ESR), and X-ray absorption fine structure
(XAFS) analysis are representative methods used to observe the
electronic state of materials. Among the XAFS analysis methods,
X-ray absorption near-edge structure (XANES) spectroscopy is
useful to determine the oxidation and chemical states of
metals® and extended X-ray absorption fine structure (EXAFS)
spectroscopy is useful to investigate the local structure around
the ion.® Liu and Wang have reported the electronic states of Co-
based nanosheets.®” Moreover, Lin has reported the XANES and
EXAFS spectra of catalytic metal-organic layers to reveal the
electronic states and local structures of metal ions.®” Recently,
in situ XAFS measurements have been conducted to investigate
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applying a voltage to the redox cell. During the impedance measurements, we found a drastic decrease
in the charge transfer resistance (Rct) of the polymer films near the electrochemical redox potential.

the catalytic reactions of metal oxides.” In addition, impedance
spectroscopy is important to determine the charge transfer
resistance of materials for their applications such as in batteries
or capacitors.® Kawasoko has reported a low charge transfer
resistance at the Li;PO, electrolyte/Li(NiysMn, 5)O, electrode
interface and revealed that the inserted MgO layer was the
origin of the impedance response.®** Recently, Siroma and Itou
have suggested a transmission-line model (TLM) for porous
systems.®>5¢

Metallo-supramolecular polymers (MSPs)® are prepared by
the complexation of metal ions with multitopic organic ligands.
These polymers have a coordination structure composed of
alternating metal ions and ligands. Previously, we have reported
the electrochromic (EC) properties of MSPs.* The MSPs have
received significant attention for application in non-volatile
displays, such as electronic papers and smart windows,
because they retain their changed color without the application
of any voltage. Among transition metal ions, Fe*>" and Ru** ions
are suitable for application as metal species in polymers
because of their stable redox properties, which trigger electro-
chromism in polymers.* Recently, we have also reported Os-
based metallo-supramolecular polymers (poly(OsL)**) and
their EC properties.* These EC properties originate by the redox
reaction of metal ions; however, to date, we have confirmed this
only by CV (the redox potential (Ey,,): 0.94 V vs. Ag/Ag"). Herein,
we selected poly(OsL)** among the reported MSPs and tracked
their electronic states during electrochromism by in situ XAFS,
IR, and impedance spectroscopies. XAFS spectroscopy at the Os
Lz-edge was carried out at the BL-9A and BL-12C beamline of the
Photon Factory, High Energy Accelerator Research Organization
(KEK).
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Results and discussion
Tracking of EC changes by in situ XAFS spectroscopy

Herein, poly(OsL)** (Fig. 1a) was synthesized by the 1:1
complexation of an osmium salt, (NH,),0sClg, with bis(terpyr-
idyl)benzene (L) according to our previous study.'® As (NH,),-
OsClg was used in the polymerization, it is considered that the
original oxidation state of the metal complex is divalent and the
counter anions in the obtained polymer are 2 Cl™ ions.
Poly(OsL)>* was obtained by the treatment of (NH,),0sCls with
the counter anion ClO, , as described later. In the UV-vis
spectrum of methanol solution, the singlet and triplet metal-
to-ligand charge transfer absorptions appeared at 511.2 and
677 nm, respectively. The color of poly(OsL)** is pale pink. The
polymer displayed EC changes, and the color of the oxidized

2¢lo,

Fig. 1 (a) The molecular structure of poly(OsL)?*. (b) The crystal
structure of half of the Os complex. (c) The expected schematic for
electronic charge migration in poly(OsL)** and poly(OsL)®**. The
complexes poly(OsL)?* and poly(OsL)** highlighted with a dot frame
have the major oxidation states of Os ions, as suggested by in situ XAFS
spectroscopy.
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Table 1 Coordination bond lengths around the Os ion in poly(OsL)?*
R-Factor: 1.0% N R/A Rer 4
N1 2 2.020 1.972 0.0485
N2 4 2.059 1.999 —0.0603
C1 1 2.872 2.868 0.0042
C2 6 2.926 2.901 0.0244
C3 1 2.841 2.934 —0.0928
Cc4 4 3.032 3.059 —0.0269
C5 4 4.350 4.205 0.1445
Cé6 4 4.287 4.248 —0.0385
Cc7 2 4.852 4.733 0.1190
C8 4 5.043 4.822 0.2209

polymer poly(OsL)** is yellow green.’® As the ClO, anions
compensate the change in the charges during redox reactions,
poly(OsL)** includes three ClO,~ anions.

Before performing in situ XAFS spectroscopy, we obtained the
XAFS spectra of the standard samples by the transmittance
method to confirm the position of the white line of both Os*" and
0s*" ions (10 873.3 eV and 10 874.3 €V, respectively). In addition,
in the EXAFS region, the fitting of the crystal structure of the
reported Os complex (Fig. 1b) revealed that the Os-N coordina-
tion bond lengths in poly(OsL)>* are 2.020 and 2.059 A (R-factor;
1.0%, Table 1, EXAFS) (EXAFS oscillation and the Fourier trans-
form spectra of EXAFS are shown in Fig. S1, ESIT). These values
are similar to the Os-N distances determined in the crystal
structure. These results suggested that the Os ion of poly(OsL)**
has an octahedral coordination structure.'* Next, for conducting
in situ XAFS spectroscopy, we constructed a redox cell, as shown
in Fig. 2a and c, with a poly(OsL)*" film (working area: 2 x 2.5 cm)
on an ITO glass (8 Q sq ', 2.5 x 2.5 cm). The polymer film was

Redox cell
Rl W
1m0 X-ray
electrolytes [ > \
|
v
lon chamber
Lytle
uni-pack detector

polymer

Fig. 2 (a) An image of the redox cell. (b) An image of the set up used
for in situ XAFS spectroscopy. (c) The redox cell structure (polymer:
a poly(OsL)?* film, W: working electrode (ITO), C: counter electrode
(Pt wire), R: reference electrode (Ag/Ag")), and electrolyte: a 0.1 M
acetonitrile solution of (LiClO,). (d) A schematic of the measurement.

This journal is © The Royal Society of Chemistry 2020
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prepared by spray coating a methanol solution of poly(OsL)**
(5 mg ml™", mass concentration of the Os ion was ~20%) on the
ITO glass. The polymer film was washed with a 0.1 M acetonitrile
solution of LiClO, to change the counter anion from Cl~ to
ClO,, as shown in Fig. 1a. We used the polymer-coated ITO glass
as a working electrode, the 0.1 M acetonitrile solution of LiClO,
as an electrolyte solution, a Pt wire as a counter electrode, and Ag/
Ag" as a reference electrode. We replaced the quartz cuvette with
Uni-Pak (zipper bag) and maintained the distance between the
poly(OsL)** film and Uni-Pak or the thickness of the electrolyte at
less than 1 mm to decrease the absorption of both the cell and
the electrolyte. Then, we measured the XAFS spectra of the
original-state poly(OsL)** and the oxidized-state poly(OsL)** in
the fluorescence yield mode using a Lytle detector by applying
a potential of 0 V and 0.9 V vs. Ag/Ag" (ref. 10) to the redox cell
(Fig. 2b and d), respectively.

The in situ XAFS spectra of poly(OsL)>* are shown in Fig. 3a.
The position of the white line in the XANES region represents
the oxidation state of the metal atom. The white line of OsCl; is
at 10 873.3 eV and that of a poly(OsL)*" pellet is at 10 873.9 eV.
Interestingly, these results suggest that the oxidation state of
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Fig. 3 XAFS spectra at the Os Ls-edge (a) XANES spectra: black:
references (OsCls and poly(OsL)?*), green: poly(OsL)** at 0.9 V, and
pink: reduced poly(OsL)** at 0.0 V. (b) The XANES data analysis of
poly(OsL)®* by a curve fitting method.
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Table 2 The ratios of Os®* (10 8733 eV) to Os** (10 874.3 eV)
calculated by curve fitting the XAFS spectra of poly(OsL)?*, poly(-
OsL)**, and electrochemically reduced poly(OsL)**

Poly(OsL)** Poly(OsL)** Reduced poly(OsL)*™
os* 0.64 0.16 0.60
os* 0.36 0.84 0.40

the osmium ion in poly(OsL)** is Os*" or higher."> However,
a divalent state is strongly suggested in many complexes
synthesized using Os* salts.** Therefore, we speculate that the
direct detection of an Os** species in the XAFS spectrum was
caused by electronic charge migration, such as the formation of
Os’"-[terpyridine]”, inside the metal complex moieties of
poly(OsL)** (Fig. 1c).

Furthermore, when the polymer was oxidized to poly(OsL)*" by
applying an oxidation potential (0.9 V vs. Ag/Ag"), the white line
moved to a further higher-energy region (10 874.2 eV). It has been
reported that the energy difference between Os*>" and Os*" is about
1 eV." As the white line of Os** appeared at 10 873.3 eV in the
spectrum, the observed value of 10 874.3 eV represents the white
line of Os**. According to our consideration that the Os®>* species is
observed in poly(OsL)**, the observation of Os*" suggests the
formation of poly(OsL)**. In contrast, when a reduction potential
(0.0 Vvs. Ag/Ag") was applied to the poly(OsL)** film, the white line
returned to 10 873.5 eV. This indicates that the Os*" ions of
poly(OsL)** were again electrochemically reduced to Os*". We
changed the applied potentials (0.0 and 0.9 V vs. Ag/Ag") for five
times and confirmed the repeatability of the spectral changes.

The electronic states of poly(OsL)**, poly(OsL)**, and elec-
trochemically reduced poly(OsL)** were further analyzed by
curve fitting the spectra with the two peaks of 10 873.3 eV (0s*")
and 10 874.3 eV (0s"). The fitting profile of poly(OsL)** is
shown in Fig. 3b. The results of peak separation are summa-
rized in Table 2, which reveal that both Os*" and Os*" exist in
the polymers. However, the ratio of Os** to Os** was different
among the polymers. In poly(OsL)>*, the proportion of Os** is
major (64%). On the other hand, Os* is prominent in
poly(OsL)**. In electrochemically reduced poly(OsL)**, the ratio
of 0s** to Os** was similar to that in poly(OsL)**. These results
support that poly(OsL)** is electrochemically reduced to orig-
inal poly(OsL)**.

Tracking of EC changes by IR measurements

The electronic charge migration shown in Fig. 1c was also
supported by the IR spectrum of poly(OsL)** (Fig. S2 and ESIT).
The large absorption band at ~3300 cm™' (~0.41 eV) in the
spectrum of poly(OsL)>* (Fig. 4a) can be attributed to the inter-
valence charge transfer (IVCT) between Os®* and Os*" in
poly(OsL)** (In the spectrum, the band at 3180 cm ™" is assigned
to the used KCl pellet). The fine modulation at 3600-3900 cm ™"
is due to water vapors in the air. We used the spectrum of ITO as
the background spectrum; however, there is a small influence of
ITO because of scattering. In order to exclude “arbitrariness”,

RSC Adv, 2020, 10, 24691-24696 | 24693
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Fig. 4 IR spectra of (a) poly(OsL)?>* and (b—e) the polymer film
repeatedly oxidized/reduced at 0.9 V or 0 V vs. Ag/Ag*, respectively.
((b) The first oxidation to poly(OsL)**; (c) the reduction of (b); (d) the
second oxidation of (c); and (e) the reduction of (d)).

the spectrum was not treated by any baseline corrections or
smoothing.

In order to obtain further evidence of IVCT, we measured the
IR spectrum of poly(OsL)** prepared by the electrochemical
oxidation of poly(OsL)>* as follows. The poly(OsL)** film on the
ITO glass was oxidized to poly(OsL)** by applying an oxidation
potential (0.9 V vs. Ag/Ag") to the redox cell until the film
changed from pale pink to yellow green. Then, the polymer film
was taken out from the cell and washed with acetonitrile. The
yellow green color of the polymer film confirms that the
oxidation state was retained even after the washing step. The IR
spectrum of the obtained poly(OsL)** film in the range of 3000~
4300 cm ' is shown in Fig. 4b. Interestingly, a new peak
appeared around 3800 cm ™' (~0.47 €V) in the spectrum. The
slightly higher energy band than the IVCT band of poly(OsL)**
could be assigned to the inter-polymer IVCT through the
counter anion (ClO, ") because poly(OsL)** has 1.5 times more
counter anions than poly(OsL)®>* to maintain the charge
balance. Then, the poly(OsL)** film was again reduced at 0.0 V
vs. Ag/Ag”. The spectrum of poly(OsL)*" after reduction (Fig. 4c)
was quite similar to that of original poly(OsL)>*. By varying the
oxidation state of the polymer film for four times (Fig. 4b-e), we
confirmed the repeatability of the IR spectral changes. Although
electrochemical IR measurement itself is a general method,*
this is the first report where IR spectral changes were observed
during electrochromism in MSPs.

Tracking of EC changes by impedance spectroscopy

For the further investigation of the EC properties of poly(OsL)>",
we tracked the impedance response. At first, we measured the
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Fig. 5 Nyquist plots of poly(OsL)?* at various temperatures and 50%
RH.

impedance spectra of a poly(OsL)** pellet using a two-probe
method without applying any DC voltage. The impedance
response at various temperatures is shown in Fig. 5. The ion
conductivities of the polymer pellet at 25, 35, 45, 55, 65, and
75 °C and 50% RH (same as the ambient atmosphere) were
calculated to be 3.00 x 1077, 4.38 x 1077, 5.80 x 10”7, 7.28 X
1077,8.72 x 1077, and 1.28 x 10" ° S cm™*, respectively, by the
x-axis intercept of the semicircle at higher frequencies (Table S1
and ESIT). The activation energy for the ion conductivity was

anion

Rsol

ITO polymer
("))
Y
\
(b)
{3
L1 | I—
RITO Rpolymer Rsol RP:
pore
Rian Rmn

= |
— o = i interface
Rpo!vmer T 1
]
@ L
Re Re
firm
O o=
_—
Re Re >_polymer
Re_order

Fig. 6 (a) The transmission-line model. (b) Circuits for the trans-
mission-line model.
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calculated to be 0.24 eV by Arrhenius plots (Fig. S3 and ESI¥).
This value was significantly smaller than that of an Fe-based
MSP, poly(FeL)*" (cf. 2.5 eV).'®

Next, we investigated the effect of deuterium on the ion
conductivity. We immersed a pellet of poly(OsL)** in both H,0
(control) and D,O (replacing H,O with D,0) for 30 min to
prepare poly(OsL)**H and poly(OsL)*'D. Then, the ion
conductivity was measured at RT (Fig. S4 and S5, ESIT). The ion
conductivities of poly(OsL)>"H and poly(OsL)*'D were calcu-
lated to be 2.07 x 107> and 3.67 x 10~ ®S cm ™', respectively, by
the Nyquist plots. These results indicate that the hydrogen
atoms of water molecules act as ion carriers.

Next, we investigated the impedance changes of the poly-
mer pellet by applying 1.0 V; however, we observed only a noisy
signal because of the low electronic conductivity of the poly-
mer. Therefore, we prepared a poly(OsL)>" film on an ITO glass
and measured its impedance response using the three-probe
method at liquid-solid interfaces (open-Q) and various
potentials (0.0-1.2 V vs. Ag/Ag’) with a 10 mV AC amplitude
(the same setup as the redox cell used for XAFS spectroscopy).
Herein, we used a transmission-line model (Fig. 6 and 7a).?
The impedance responses of poly(OsL)** at liquid-solid
interfaces are shown in Fig. 7b and S6, ESL.f The ionic resis-
tivity (Rion) and resistivity of the electrolyte (Ryo;) were calcu-
lated to be 68.8 and 80.5 Q cm?, respectively. These values are
constant in this system. In the range of 0.0-0.6 V vs. Ag/Ag" at
a 10 mV AC amplitude, the slope of the Nyquist plots gradually
declines and shows a semicircle because of the decrease in the
charge-transfer resistance (Rcr). On the other hand, in the
range of 0.6-1.2 V vs. Ag/Ag’ at a 10 mV AC amplitude, the
slope of the Nyquist plots gradually increases because of the
increase in Rqp. At 0.6 V, there are two semicircles of electron
resistivity (R.) and Rcy. The R, is composed of the resistivity of
the polymer itself (Re_polymer), the resistivity raised from the
ordering of polymer chains (R. order (if there are many junc-
tions among the polymer chains, it will increase. Herein, it is
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Fig. 7 (a) The model of impedance responses. (b) Impedance
responses of a poly(OsL)?* film on an ITO glass at 0.3-0.8 V vs. Ag/
Ag™. (c) The Rt at various potentials. (d) UV-vis spectra of a polyOs
film on an ITO glass at 0.5-0.9 V vs. Ag/Ag™.
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almost dominant in R.)), and the resistivity of the capacitor.
The Re oraer Was calculated to be 28 Q cm”. The values of Ry at
0.3-0.8 V vs. Ag/Ag" were calculated to be 547, 149, 196, 137,
196, and 839 Q cm?” using the semicircle (Fig. 7c). These values
are as high as the values (~200-2000 Q cm?) reported for the
electrode/solid electrolyte interface."” To investigate the rela-
tionship with the EC change, we measured the UV-vis spectra
of the polymer film at various potentials (Fig. 7d). There is no
difference between the transmittance at 500 nm in the ranges
of 0.0-0.5 V and 0.7-0.9 V vs. Ag/Ag’, whereas large spectral
changes occurred in the range of 0.5-0.7 V vs. Ag/Ag’. These
large changes in the abovementioned range are consistent
with the charge transfer process occurring during electro-
chromism. Remarkably, there is no difference between the
transmittance at 500 nm; however, we observed a charge
transfer process especially at 0.3 V, 0.4 V, and 0.8 V. These
phenomena indicate that poly(OsL)** and poly(OsL)** already
have different oxidation states of osmium ions (Os** and 0s*")
in them due to electron migration, which is shown in Fig. 1c.

Conclusions

In summary, we established a method to track the electronic
states of MSPs during electrochromism by in situ XAFS, IR, and
impedance spectroscopies. The XAFS spectra suggested elec-
tronic charge migration in the Os-based metallo-
supramolecular polymers (poly(OsL)*>*) and the reversible
changes caused by the electrochemical redox reactions. The IR
spectra showed the IVCT band attributed to the electronic
charge migration in the polymer, and the reversible changes
were confirmed by applying a voltage to the redox cell. The
impedance spectra revealed a drastic decrease in the charge
transfer resistance (Rcr) of the polymer film around the elec-
trochemical redox potential. These techniques are widely
applicable to other redox-active MSPs and metal complexes.

Experimental
Preparation of poly(OsL)>*

Poly(OsL)** was synthesized by the same procedure as reported
in the literature.' The polymer film (working area 2 cm x 2.5
cm) on ITO (8 @ sq ™", 2.5 cm x 2.5 cm) was prepared by a spray
coating method using 5 mg ml™" of a methanol solution of
Poly(OsL)>".

XAFS spectroscopy

XAFS spectroscopy was carried out at the BL-9A (energy: 2.1-
15 keV, energy resolution: AE/E ~ 2 x 10~* (9 keV), photon
flux at sample position: 6 x 10"" phs per s (7 keV), mono-
chromator: Si(111) water-cooled double crystal, focusing
mirror: double bent conical mirror (Rh coated), beam size
(FWHM): 0.5 mm X 0.3 mm), BL-12C (energy: 4-23 keV,
energy resolution: AE/E ~ 2 x 10, photon flux at sample
position: 9 x 10'° phs per s (8 keV), monochromator: Si(111),
focusing mirror: double bent conical mirror (Rh coated),
beam size (FWHM): 0.6 mm x 0.5 mm) beamline of the

RSC Adv, 2020, 10, 24691-24696 | 24695
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photon factory (ring energy: 2.5 GeV, max. current: 450 mA
(usually top-up operation), critical energy: 4 keV, horizontal
acceptance: 3 mrad), High Energy Accelerator Research
Organization (KEK) (the edge position was calibrated by that
of the Os metal powder and Pt foil). Analysis was performed
using the Demeter software platform. We used the reported
crystal data for calculating Fegr.®

Spectroscopy

FTIR spectra were acquired using the FTIR-8400S infrared
spectrophotometer. UV-vis spectra were obtained by an Ocean
spectrometer (Ocean Optics, Inc.).

Electrochemistry

The Solartron 1260 Impedance gain/phase analyser coupled
with the Solartron 1296 dielectric interface and Princeton
Applied Research VersaSTAT 4 were used for the impedance
spectroscopy. Working electrode: ITO, counter electrode: Pt
wire, reference electrode: Ag/Ag', and supporting electrolyte:
0.1 M MeCN solution of LiClO,.
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