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ABSTRACT: A phen-1,4-diyl-bridged tris-bidentate diruthe-
nium complex 3(PFy),, [Ru,(dpb)(vbpy),](PFs), has been
designed and prepared, where dpb is 1,4-di(pyrid-2-yl)benzene
and vbpy is S-vinyl-2,2"-bipyridine. Upon reductive electro-
polymerization, metallopolymeric thin films of this complex
have been deposited on platinum and ITO glass electrode
surfaces. These films display two well-separated redox couples
at +0.16 and +0.60 V versus Ag/AgCl In the mixed-valent
state, these films display intense intervalence charge transfer
absorptions around 1300 nm. The electrochromic behavior at
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this wavelength has been examined by spectroelectrochemical measurements and double-potential-step chronoamperometry. A
highest optical contrast ratio of 41% at 1300 nm with a coloration efficiency of 200 cm’?/C has been achieved. The
electrochromic behavior is highly dependent on the surface coverage. The highest contrast ratio was obtained with a film of 6.0 X
10~° mol/cm?® In addition, a monoruthenium complex 2(PF4), [Ru(dpb)(vbpy),](PF¢), has been prepared and

electropolymerized for a comparison study.

B INTRODUCTION

Electrochromism refers to the reversible spectral and color
changes of a material in response to an external electric
stimulus." Electrochromic materials are highly useful in a wide
range of applications, such as smart windows/mirrors,
electronic displays, dynamic camouflage, and information
storage." Typical electrochromic materials include inorganic
metal oxides,” conducting polymers,®> and molecular dyes.'
Recently, transition metal complexes and coordination metal-
lopolymers have received increasing interest as electrochromic
materials. Transition metal complexes often exhibit well-
defined redox properties and intense charge transfer
absorptions. More importantly, the absorption features of
transition metal complexes are significantly dependent on the
redox state of the material, which make them excellent
candidates for electrochromic uses.®

For practical purposes, electrochromic materials must be
deposited onto electrode surfaces as thin films. Routine film
formation methods include vacuum deposition, spin-coating,
drop-casting, layer—bgf—layer assembly, and electropolymeriza-
tion, among others.” Vacuum deposition is not suitable for
forming thin films of metallopolymers, because these materials
are difficult to evaporate. Spin-coating and drop-casting are
only useful for those with good solubility, e.g, the metallo-
supramolecular polymers reported by Higuchi, Kurth, and co-
workers.” With appropriate molecular design, layer-by-layer
assembled films with electrochromic functions have been
constructed from pyridine or terpyridine-functionalized materi-
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als.® In comparison, electropolymerization is advantageous for
forming thin films of metallopolymers, which only requires
good solubility of monomers, and the polymeric films are in situ
deposited on the electrode surfaces.” With appropriate
polymerizable groups, such as thiophene,'® pyrrole,'" triaryl-
amine derivatives,'* and vinyl groups,'® either oxidative or
reductive polymerization of transition metal complexes have
been reported to afford adhesive and electrochromic polymeric
films.

Depending on the chemical structures and intrinsic proper-
ties of materials, the operating wavelength of electrochromism
differs significantly. Materials showing electrochromism in the
visible region have been frequently examined. In comparison,
electrochromic materials and films concerning the spectra
changes in the near-infrared (NIR) region are much less
known,'* although they are very useful in many civilian and
military aspects.”> In particular, NIR electrochromic films are
potentially useful as variable optical attenuators for fiber
telecommunications. The common optical fiber has the lowest
energy loss at 1310 and 1550 nm,"® and materials that display
electrochromism at these two wavelengths are mostly desirable.
Among known NIR electrochromic materials,'* mixed-valence
compounds have received much attention, displaying character-
istic intervalence charge transfer (IVCT) transitions in the NIR
region, and these transitions disappear in the homovalent states.
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For instance, Wang and co-workers have elegantly demon-
strated the electrochromism behavior of cross-linked polymerlc
films of diruthenium-dicarbonyl-dydrazido complexes,'®*™¢
which display intense IVCT transitions around 1550 nm at
the mixed-valent state. In addition, organic polymers with
mixed-valent bis-triarylamine components have been shown to
display promising NIR electrochromism by Liou and others.'”
In spite of these advances, new NIR electrochromic materials
and films that can operate at the fiber-optic communication
wavelengths with good contrast ratio and low operational
voltages are still highly desirable.

We previously reported that bis-tridentate diruthenium
complexes [Ru,(tpb)(tpy),]** (tpb = 1,2,4,5-tetra(pyrid-2-
yl)benzene; tpy = 2,2';6’,2"-terpyridine, Figure 1) and

[Ruz(dpb)(bPy)al®*, My, max at 1300 nm

Figure 1. Mixed-valent diruthenium complexes with different IVCT
absorption maxima.

[Ru,(tppyr) (tpy),]** (1,3,6,8-tetra(pyrid-2-yl)pyrene) display
promising NIR electrochromism due to the presence of intense
IVCT transitions in the mixed-valent states.'® The metal-
lopolymeric films obtained via reductive electropolymerization
of related vinyl-containing diruthenium complexes showed
appealing NIR electrochromic behav10rs with good contrast
ratio and low switching voltage However, the operating
wavelengths of these two films locate at 1160 and 2050 nm,
respectively (Figure Sl in the Supporting Information, SI),
which deviate significantly from the ideal wavelength for optical
fiber communications (1310 or 1550 nm). We noticed that a
similar tris-bidentate diruthenium complex, [Ru,(dpb)-
(bpy),J** (dpb 1,4-di(pyrid-2-yl)benzene; bpy = 2,2'-
bipyridine, Figure 1), possesses intense IVCT transition around
1300 nm in the mixed-valent state.’® The change of the
ruthenium coordination configuration from bis-tridentate to
tris-bidentate leads to a dramatic shift of the energies of the
IVCT transitions, which makes [Ru,(dpb)(bpy),]** a promis-
ing candidate for potential uses in optical fiber communica-
tions. We present in this Article the electropolymerization of a
vinyl-containing analogous of [Ru,(dpb)(bpy),]**, 3(PF),
(Scheme 1), and the electrochromic behavior at 1300 nm of
the resulting metallopolymeric films.

B RESULTS AND DISCUSSION

Complex 3(PFy), was designed as the monomer for the
reductive electropolymerization (Scheme 1), where one vinyl
group is appended to each bpy ligand of the [Ru,(dpb)(bpy),]
framework. The reaction of dpb>° with [Ru(p-cymene)Cl,], in
the presence of NaOH and KPF afforded the diruthenium
intermediate 1(PFy),, [Ru,(dpb)(p-cymene),(CH;CN),]-
(PFg),, in 50% yield. This intermediate is unstable in solution
and used directly for the next transformation without full
characterization. The MALDI-TOF mass spectrum of 1(PFy),
shows signals at 890.3 and 7022 D (Supporting Information
Figure S2), corresponding to the [Ru,(dpb)(p-cymene),-
(CH5CN)](PFs) and [Ru,(dpb)(p-cymene),] fragment, re-
spectively. The treatment of 1(PFy), with S-vinyl-2,2'-
bipyridine (vbpy)*' gave two isolated complexes, 2(PF,) and
3(PFg), in 12% and 33% yield, respectively. Two possible
reasons can be imagined to explain the isolation of the
monoruthenium complex 2(PFg). One is that the diruthenium
intermediate 1(PFg), was contaminated with a related
monoruthenium intermediate. Another possibility is that

Scheme 1. Synthesis of 2(PF;) and 3(PF),
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Figure 2. Reductive electropolymerization of (a) 2(PF) and (c) 3(PFy), (0.5 mM in CH;CN) on a disk platinum electrode (d = 2 mm) by 15
repeated potential scan cycles at 100 mV/s. (b) CV of the poly-2(PF)/Pt film in 0.1 M Bu,NCIO,/CH,Cl, at 100 mV/s. (d) CVs of the poly-
3(PF¢),/Pt film in 0.1 M Bu,NCIO,/CH,Cl, at different scan rates (S, 10, 20, S0, and 100 mV/s, respectively).

some amounts of 1(PF4), were decomposed into a
monoruthenium intermediate in the second step, which
subsequently was transformed into 2(PF). We did not attempt
to fully address this issue at this stage and turned our attention
into the following electropolymerization studies.

The MALDI-TOF mass spectrum of 2(PF;) shows the signal
at 697.5 D (Supporting Information Figure S3), corresponding
to the [Ru(dpb)(vbpy),] fragment after the loss of the PF,~
anion. The MALDI-TOF mass spectrum of 3(PF), shows
signals at 1306.2, 1162.2, and 697.8 D (Supporting Information
Figure S4), corresponding to the [Ru,(dpb)(vbpy),](PF),
[Ru,(dpb)(vbpy),], and [Ru(dpb)(vbpy),] fragment, respec-
tively.

The 'H NMR signals corresponding to the vinyl groups of
2(PFq) can be clearly discerned around $.3, 5.7, and 6.4 ppm
from its NMR spectrum (Supporting Information Figure SS).
Moreover, the '"H NMR spectrum shows that three different
isomers are present in the isolated sample of 2(PFy), judging
from the signals at 5.3 ppm. Complex 3(PF), shows ill-defined
and broad 'H NMR signals (Supporting Information Figure
S6), possibly due to the contamination of partially oxidized
paramagnetic species. In the presence of a small amount of
aqueous hydrazine, the signals become more distinct. However,
these signals are very complex, apparently due to the presence
of many stereoisomers. These isomers are expected to make
little difference to the energies of the IVCT transitions. The
samples obtained were used for the following electropolyme-
rization without further purification.

The electropolymerization was first examined on a platinum
disk electrode. A clean platinum electrode was placed in a
solution of 2(PFy) in 0.1 M Bu,NCIO,/CH,CN, and the
potential was repeatedly scanned between —1.0 V and —1.8 V
versus Ag/AgCl. The current increased gradually and
continuously (Figure 2a), which indicated that the electro-
polymerization of 2(PF) took place smoothly on the electrode
surface. The mechanism of the polymerization is believed
anionically initiated, followed subsequent radical—radical chain
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propagation."? Figure 2b shows the cyclic voltammogram (CV)
of the obtained polymeric film at 100 mV/s in a clean
electrolyte solution in CH,Cl,. A redox couple, attributed to
the Ru™" process,20 at +0.59 V versus Ag/AgCl is observed for
the thin film. The potential separation between the anodic and
cathodic peak is 50 mV, which is slightly smaller relative to the
theoretical value (59 mV) of a diffusion-controlled one-electron
Nernstain wave. This is because the redox reaction of the thin
film is confined on the electrode surface, instead of a diffusion-
controlled process. For a surface-immobilized redox process,
the peak potential separation should be theoretically zero. The
relatively large peak separation of poly-2(PF) is possibly
caused by the charge repulsion between neighboring metal
complexes and the anion diffusion to compensate the charge
changes upon redox reactions. This point will be further
discussed below.

The cathodic CV scan of 2(PF) shows two redox couples at
—1.41 and —1.63 V, respectively, attributable to the reductions
of two bipyridine ligands (Figure 2a). The cathodic scan of the
diruthenium complex 3(PFy), shows less well-defined waves in
the same region (Figure 2c), as a result of the reductions of four
bipyridine ligands and the bridging ligand. However, the
reductive electropolymerization of 3(PF¢), proceeded equally
well, and the polymerization efficiency is higher relative to
2(PFy). This can be reflected by the higher current of the poly-
3(PFy), film with respect to the poly-2(PF) film, which were
both obtained via 15 cycles of potential scans and from the
same concentration of corresponding monomers. This is
reasonable because the diruthenium complex 3(PFy), has two
more vinyl groups than the monoruthenium complex 2(PF). A
cross-linked polymeric network could be imagined for the poly-
3(PF), film, considering the presence of multiple vinyl groups
in this complex. Figure 2d shows the CVs of the poly-3(PFy),/
Pt film in a clean electrolyte solution in CH,Cl, at different
scan rate (from S to 100 mV/s), which displays two stepwise
and well-defined redox couples at +0.16 and +0.60 V. The
previously reported prototype complex [Ru,(dpb)(bpy),]**
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without vinyl groups possesses similar two stepwise redox
couples at +0.18 and +0.62 V versus Ag/AgCL.*° This indicates
that the basic electrochemical properties of the dimetallic unit
are retained after electropolymerization. The low Ru'™!
potentials of these ruthenium complexes are a result of the
presence of the electron-rich anionic phenyl ligand, which
makes the oxidation of the ruthenium ion much easier relative
to those of conventional ruthenium complexes.*’

The anodic—cathodic peak potential separation of each redox
couple of the poly-3(PF), film is much larger with respect to
that of poly-2(PF) film at the same scan rate. For instance, the
peak separation of the poly-3(PFy), film is 270 mV at 100 mV/
s. This peak potential separation decreases with decreasing scan
rate. At the scan rate of 10 mV/s, the peak potential separation
of each couple of the poly-3(PF), film is 54 mV. The large
peak potential separation of poly-3(PF¢), film is partially
because it has a higher surface coverage and thus lower electron
transfer kinetics relative to the poly-2(PFy) film. Another
possible reason is that poly-2(PF4) is essentially a linear
polymer, while poly-3(PFy), is expected to have a cross-linked
polymeric structure, which will suppress the counteranion
diffusion accompanied by the interfacial electron transfer
process. Both anodic and cathodic currents of poly-2(PFs)
and poly-3(PF), films are linearly dependent on the scan rate,
which is characteristic of redox processes confined on an
electrode surface.

In order to examine the electrochromism of the above
polymeric materials, thin films of 2(PFs) and 3(PFg), were
prepared by similar reductive electropolymerization on trans-
parent indium—tin-oxide (ITO) glass electrodes (typical
dimension of 0.8 cm X 2.0 cm). The obtained films were
immersed in a clean electrolyte solution in CH,Cl,, and the
absorption spectral changes were monitored upon stepwise
oxidative electrolysis. When the potential was stepwisely
applied to the poly-2(PF)/ITO film from +0.3 to +0.9 V
versus Ag/AgCl, the metal-to-ligand-charge-transfer (MLCT)
transitions in the visible region gradually decreased (Figure 3a).
This process is reversible when the potential was reduced.

When the poly-3(PF,),/ITO film was subjected to the
stepwise oxidative electrolysis from —0.1 V to +0.4 V, the
MLCT decreased as well. Concomitantly, intense IVCT
absorptions™® around 1300 nm appeared (Figure 3b). When
the potential was further increased to +0.9 V, the IVCT
absorptions decreased significantly (Figure 3c). The appearance
of a new band around 650 nm was attributed to the ligand-to-
metal-charge-transfer (LMCT) transitions.”® These two step
processes are totally reversible (see below). The film is wine,
orange, and dark cyan at —0.1, +0.4, and +0.9 V, respectively
(Supporting Information Figure S7).

The NIR electrochromism of the poly-3(PF),/ITO film was
further investigated by double-potential-step chronoamperom-
etry (—0.1 and +0.4 V vs Ag/AgCl) in conjunction with the
monitoring of the transmittance (T%) changes of the film at
1300 nm (Figure 4). A contrast ratio (AT%) of 41% was
achieved when a film with a surface coverage (I') of 6.0 X 107
mol/cm? was examined. The surface coverage was determined
by using the equation I' = Q/nFA, where Q is the charge under
the Ru™" wave of the polymeric films, n is the number of
electrons per molecule reduced (1 = 1), F is Faraday’s constant
(96 485 C/mol), and A is the area of the electrode in cm* The
contrast ratio dropped 1.5% after 30 cycles of potential
switching between —0.1 and +0.4 V (Figure 4), implying a
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Figure 3. Absorption spectral changes of (a) poly-2(PF¢)/ITO film
and (b,c) poly-3(PF¢),/ITO film in 0.1 M Bu,NCIO,/CH,Cl,
recorded during oxidative spectroelectrochemical measurements. The
applied potentials are referenced versus Ag/AgCl

good stability and steady electrochromic performance of the
film.

The response time for the contrast ratio to reach over 90% of
its maximum of the above film is around 15—20 s for the
oxidation and reverse reduction process, respectively. The slow
response time is possibly caused the slow electron transfer
kinetics of the film, as has been discussed in the above CV
studies. The coloration efficiency (CE) at 1300 nm was
calculated to be 200 cm?/C according to the equation CE(4) =
AOD/Qg, where AOD = log[T},/T.], OD is optical density, Qq
is the injected/ejected charge density (C/cm?), and T, and T,
are the transmittance in the bleached and colored states at
indicated wavelength.

The electrochromism involving the second redox couple of
the poly-3(PF),/ITO film has not been examined. The first
redox couple has a relatively lower redox potential, which will
be advantageous in reducing the operational voltage of practical
devices. The second redox couple is associated with the
absorption spectral changes at the same the wavelength, but has
a much higher redox potential relative to the first one.

The surface coverage of the polymeric film makes a big
difference to the electrochromic performance. By changing the
electropolymerization duration, a series of poly-3(PF),/ITO
films with the surface coverage ranging from 2.0 X 107 to 1.2
X 107 mol/cm? have been prepared. Figure S shows the plot of
the contrast ratio at 1300 nm achieved for these films as a
function of the surface coverage. The highest contrast ratio
achieved is 41% with the film with I = 6.0 X 10~ mol/cm>
Films with a lower or higher surface coverage show poorer
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Figure 4. Thirty cycles of electrochromic switching of poly-3(PFy),/
ITO film (T = 6.0 X 107 mol/cm?) between —0.1 and +0.4 V versus
Ag/AgCl with an interval of 20 s in 0.1 M Bu,NClO,/CH,CL, (a)
Current assumption. (b and c) Transmittance changes monitored at
1300 nm as a function of time.
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performance. However, films showing a lower contrast ratio,
irrespective of the film thickness, have a relatively shorter
response time. For instance, the poly-3(PF),/ITO film with I’
of 2.7 X 107 mol/cm* shows a contrast ratio of 19% and a
response time of 7 s (Supporting Information Figure S8a), and
a thicker film with I" of 1.2 X 10™® mol/cm? shows a contrast
ratio of 21% and a response time of 12 s (Supporting
Information Figure S8b). The thick film with I" of 1.2 X 107°
mol/cm? has transmittance of 76% and 55% when the potential
was applied at —0.1 and +0.4 V, respectively (Supporting
Information Figure S8b). In comparison, the film with the
optimal contrast ratio has transmittance of 94% and 53% at
—0.1 and +0.4 V, respectively. This means that the drop in the
contrast ratio with thicker films is mainly caused by the
decrease of the transmittance at —0.1 V, which is likely a result
of the molecular aggregation in thick films.

B CONCLUSION

In conclusion, the phen-1,4-diyl-bridged tris-bidentate diruthe-
nium complex 3(PFg), with four vinyl substituents has been
designed and prepared. This complex was successfully
deposited onto platinum and ITO glass electrodes by reductive
electropolymerization. The resulting metallopolymeric films
display promising electrochromism at the fiber-optic commu-
nication wavelength (1300 nm) with low operation potential. A
highest contrast ratio of 41% with a coloration efliciency of 200
cm?/C has been achieved. The films have good stability and
show steady NIR electrochromic performance. They are
potentially useful as variable optical attenuators for fiber
telecommunications.

B EXPERIMENTAL SECTION

Electrochemistry. All electrochemical experiment were carried out
using a CHI 660D potentiostat. All measurements were carried out in
0.1 M Bu,NCIO, in CH;CN or CH,Cl, with a Ag/AgCl reference
electrode. The working electrode was a homemade disk platinum
electrode or a transparent ITO glass electrode (<10 €2/square), and a
platinum coil was used as the counter electrode. A three-compartment
electrochemical cell was used in the electropolymerization experi-
ments. In the case of using ITO as the working electrode, it was
positioned parallel and opposite to the counter electrode.

Oxidative Spectroelectrochemical Measurements. Absorp-
tion spectra were recorded using a PerkinElmer Lambda 750 UV—vis—
NIR spectrophotometer at room temperature in denoted solvents. The
polymeric ITO film was immersed in 0.1 M Bu,NCIO,/CH,C], in a
conventional cell, with a platinum wire as the counter electrode and
Ag/AgCl in saturated aqueous NaCl solution as the reference
electrode. The cell was put into the spectrophotometer to monitor
the spectral changes upon stepwise oxidative electrolysis using a CHI
660D potentiostat.

Synthesis of 2(PF¢) and 3(PFg),. To a solution of 1,4-di(pyrid-2-
yl)benzene (dpb, 32.0 mg, 0.14 mmol) in 10 mL dry CH;CN were
added [Ru(p-cymene)Cl,], (100 mg, 0.17 mmol), KPF, (102 mg, 0.55
mmol), and NaOH (11.0 mg, 0.28 mmol). The resulting mixture was
stirred at S0 °C for 48 h under nitrogen atmosphere. After cooling to
room temperature, the solvent was removed under reduced pressure.
The residue was subjected to flash column chromatography on neutral
Al,O; with CH;CN as the eluent. The yellow band was collected to
give 74 mg of 1(PF), in 50% yield. This complex was used for the
next transformation without further purification. MALDI-MS: 890.3
for [Ru,(dpb)(p-cymene),(CH;CN)(PF)]*, 702.2 for [Ru,(dpb)(p-
cymene),]".

To a solution of the above-prepared 1(PFy), (120 mg, 0.11 mmol)
in 10 mL of DMF was added S-vinyl-2,2'-bipyridine (vbpy, 91 mg,
0.50 mmol). The mixture was refluxed in a sealed pressure tube for 24
h. After cooling to room temperature, the solvent was removed under
reduced pressure. The residue was subjected to flash column
chromatography on neutral ALO; (eluent: CH,Cl,/CH,;CN, 10/1
— 6/1) to give 11 mg of 2(PF) (12% yield) and 53.0 mg of 3(PFy),
(33% yield) as black solids.

Data for 2(PFg). "H NMR (400 MHz, CD;CN): § 5.20—5.37 (m,
2H), 5.47—5.82 (m, 2H), 6.27—6.60 (m, 2H), 6.83—7.20 (m, 4H),
7.28—8.10 (m, 15H), 8.12—8.46 (m, 6H). MALDI-MS: 697.5 for [M
— PF]*. Anal. MALDI-HRMS for C,oH, NgRu: 697.1659. Found:
697.1653. Anal. Calcd for C,0H; N4RuPF2H,0: C, 54.73; H, 4.02;
N, 9.57. Found: C, 54.42; H, 4.02; N, 9.94.

Data for 3(PF,),. "H NMR (400 MHz, CD,CN, in the presence of
small amount of aqueous hydrazine): § 5.32—5.50 (m, 4H), 5.77—6.00
(m, 4H), 6.51-6.72 (m, 4H), 6.87—7.25 (m, 6H), 7.30—7.47 (m, 4H),
7.48—7.61 (m, 4H), 7.61-8.29 (m, 14H), 8.38—8.74 (m, 10H).
MALDIL-MS: 13062 for [M — PF,]*, 11622 for [M — 2PE,]*, 697.8
for [M — 2PF¢ — 2vbpy]*. Anal. MALDI-HRMS for CgH N,
Ru,PF: 1307.1973. Found: 1307.1977. Anal. Caled for CgHgoN, (-
Ru,P,F ,-3H,0: C, 51.07; H, 3.75; N, 9.31. Found: C, 50.80; H, 3.71;
N, 9.33.
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Normalized IVCT transitions of three mixed-valent diruthe-
nium complexes shown in Figure 1, MALDI-TOF mass and 'H
NMR spectra of new compounds, different colors of the poly-
3(PF¢),/ITO film at three different oxidation states, and
transmittance changes of the poly-3(PF),/ITO film with
different surface coverage. This material is available free of
charge via the Internet at http://pubs.acs.org.
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