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Abstract: This study introduces a cost-effective method for fabricating electrochromic (EC) films using a cobalt-com-
plexed poly(N-vinylcarbazole) (PVK-3-tpy-Co) supramolecular metallopolymer. The polymer, functionalized with ter-
pyridine groups, was synthesized through a streamlined process and coordinated with cobalt ions via a simple aqueous
method. The resulting EC films exhibited excellent redox stability, dynamic color modulation, and high optical contrast,
as confirmed by UV-vis spectroscopy and cyclic voltammetry. This scalable approach highlights the potential of PVK-
3-tpy-Co for sustainable and high-performance electrochromic applications.

Keywords: electrochromic materials, supramolecular metallopolymers, conjugated polymers, cobalt coordination com-

plexes, terpyridine functionalization.

Introduction

Electrochromic (EC) materials can reversibly modulate opti-
cal properties, such as color and transparency, via electrochem-
ical reactions under an applied voltage.'” The ability of multi-
color switching EC materials to cover the visible and near-
infrared spectrum makes them particularly valuable for diverse
industrial applications.”® Therefore, EC materials are exten-
sively utilized in energy-efficient technologies, including auto-

dimming windows, mirrors, and memory devices.”"
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EC materials can be broadly classified into inorganic mate-
rials (e.g., WOs;, NiO), organic polymers (e.g., PEDOT), and
supramolecular metallopolymers (MSPs)."""* MSPs, in partic-
ular, have garnered significant attention for their superior elec-
trochromic efficiency and multifunctionality, including applications
in catalysis, biomedical technologies, energy storage, and pho-
tovoltaics.'>'” These unique properties are attributed to coor-
dination bonding interactions between metal centers and polymeric
matrices."*® Despite their potential, the synthesis of MSPs
presents several challenges, including complex multi-step reac-
tions and the difficulty of incorporating specific ligands, which
impede large-scale production. Additionally, reliance on rare
metals and limited recyclability poses significant sustainability

concerns.?*?
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In this study, we propose a novel strategy for fabricating
electrochromic films utilizing MSPs based on poly(V-vinyl-
carbazole, PVK) polymers functionalized with terpyridine
groups.? Terpyridine, a versatile ligand, forms stable coor-
dination complexes with cobalt ions, facilitating reversible oxi-
dation state changes that result in pronounced color transitions
under an applied voltage.” This approach involves the straight-
forward coordination of inexpensive Co cation under aqueous
conditions, achieving a simplified synthesis process.**’ The
resulting films exhibit excellent electrochromic performance,
leveraging the high redox stability and cost-effectiveness of
PVK while introducing enhanced versatility through metal cat-
ion complexation.

Experimental

Materials and Characterization. 2-Acetylpyridine, potassium
hydroxide (KOH), and ammonium hydroxide (NH,OH) were
purchased from TCI (Japan). Azobisisobutyronitrile (AIBN) was
obtained from Samchun Pure Chemical (Korea). All other reagents,
including cobalt(Il) bromide hexahydrate and solvents, were
purchased from Sigma-Aldrich (USA) and used without further
purification. Fluorine-doped tin oxide (FTO) glass substrates were
purchased from Omniscience (Korea). Synthesis of intermediate
compounds 1 and 2 was carried out following previously reported
methods.”®* Detailed procedures for the synthesis of the monomer
(compound 3) and the polymer (PVK-3-tpy) are provided in the
Supporting Information (SI). Proton nuclear magnetic resonance
(‘*H NMR) spectra were recorded using a 400 MHz (Bruker
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Scheme 1. Synthetic route of monomer and polymer.
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BioSpin AG, Switzerland) at 298 K. UV-vis absorption spectra
were measured using a Optizen Pop UV/vis spectrophotometer
(Mecasys Co., Ltd., Korea) at room temperature, unless
otherwise stated. Electrochemical cyclic voltammograms (CVs)
of the EC films were obtained using a SP-200 instrument
(Biologic SAS, France) with a three-electrode configuration: Pt
wire as the counter electrode, Ag/AgCl as the reference electrode,
and polymer-coated FTO glass as the working electrode. The
electrolyte solution consisted of 0.1 M tetrabutylammonium

30,31

hexafluorophosphate in acetonitrile (ACN).

EC Film Fabrication. To fabricate the EC films, an excessive
amount of Co cation solution in water was dropped onto a pre-
treated FTO glass plate. Subsequently, the polymer solution
(PVK-3-tpy dissolved in THF) was added dropwise. Upon
addition, an immediate color change was observed, depending
on the type of metal cation used. The treated plate was then
heated at 60 “C for 30 minutes. After the film formation, the FTO
plate was thoroughly washed with water and THF to remove
any excess metal cations and unreacted polymer. Finally, the
plate was dried under vacuum for 12 hours.

Results and Discussion

Synthesis of Monomer and Polymer. Scheme 1 outlines
the synthesis pathway for the monomer and polymer. Detailed
synthesis procedures and characterization are provided in SI.
The monomer synthesis (compound 3) follows three key steps.
First, carbazole’s nitrogen atom is alkylated with ethyl chloride
to form compound 1,”® providing a precursor for further mod-
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Scheme 2. Complex formation between Co** cations and PVK-3-tpy.

CuBr2 PVK-3- tpy 60 ‘C
30 min

Cu? (aq)

CoBr,
Water

PVK-3-tpy-Co

el

PVK-3-tpy-Co EC film

Figure 1. Process sequence of EC film fabrication and color changes at each stage.

ifications. Second, the Vilsmeier-Haack reaction introduces an
aldehyde group at the 3-position of the carbazole ring, yielding
compound 2. In the final step, a condensation reaction with
a terpyridine derivative produces compound 3, where the alde-
hyde group facilitates coupling, and the ethyl chloride group is
converted into a vinyl group. This vinyl group enables radical
polymerization of compound 3 using AIBN as the initiator,’**
resulting in the polymer PVK-3-tpy. This streamlined process
ensures precise functionalization and prepares both the mono-
mer and polymer for advanced applications in metal coordi-
nation and polymeric systems.

EC Film Fabrication with Polymer-metal Complex. A
simple one-step process was developed to fabricate electrochro-
mic (EC) films comprising polymer-metal cation complexes
(Scheme 2 and Figure 1). This method involved the coordina-
tion of Co with PVK-3-tpy directly on pre-treated FTO glass.
The process began with the sequential addition of a metal cat-
ion solution, followed by the polymer solution, which led to an
immediate color change depending on the cation used, indi-
cating successful complex formation. The films were then sta-
bilized by mild heating and thoroughly washed to remove
unreacted components, yielding uniform and stable EC films,
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Figure 2. Normalized UV-Vis absorption spectra of PVK-3-tpy in
THF solution and PVK-3-tpy-Co film.

denoted as PVK-3-tpy-Co. This approach provides a cost-effec-
tive and scalable strategy for EC film fabrication, eliminating the
need for rare metals and high-cost processes, thereby enabling
practical electrochromic applications.

Optical Properties. The absorption spectra of the synthe-
sized polymer in solution and its corresponding EC films are
presented in Figure 2. In THF solution, PVK-3-tpy exhibits
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Current (mA)

Potential (V)

Figure 3. Cyclic voltammograms of PVK-3-tpy-Co recorded at
different scan rates (25, 50, 75, and 100 mV s™); inset: color switch-
ing of PVK-3-tpy-Co at various potentials.

characteristic absorption peaks at 240 nm and 295 nm, attributed
to the m—7* transitions of the terpyridine and carbazole moi-
eties.**> The PVK-3-tpy-Co film exhibits absorption peaks at
245 nm, 285 nm, and 387 nm, with the peak at 387 nm correspond-
ing to the Co-terpyridine complex. The low-energy absorption
peak of the Co complex, observed at 387 nm, highlights the
strong electronic interactions facilitated by Co*', primarily due
to its d-orbital contributions to metal-ligand charge transfer
(MLCT).***" These spectral features emphasize the unique
electronic transitions and coordination environment introduced
by Co*', demonstrating its impact on enabling the electrochro-
mic property.

Electrochemical Properties. Cobalt exhibits multiple oxi-
dation states, enabling significant color changes during redox
transitions. As shown in Figure 3, the PVK-3-tpy-Co film dis-
played multiple redox potentials at -1 V, -1.75 V, +0.3 V, and
+1.6 V when a potential range from -3 V to +3 V was applied.
These redox transitions correspond to cobalt shifting between
oxidation states (+1, +2, and +3), which its d-electron config-
uration and reflect changes in its electronic structure and coor-
dination environment.*** The pristine orange color of the PVK-
3-tpy-Co film transitioned to black at -2.7 V, bleached at -1 V,
and returned to its original orange color at +1.6 V. This dynamic
color modulation highlights the potential of PVK-3-tpy-Co for
electrochromic applications.

CV experiments conducted at varying scan rates (25, 50, 75,
100 mV/s) revealed distinct behaviors in the oxidation and
reduction processes of the PVK-3-tpy-Co film (Figure 3). The
peak currents at both oxidation and reduction potentials increased
proportionally with the scan rate, indicating a diffusion-con-
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trolled process.***! The reduction potential remained consistent
across all scan rates, reflecting a reversible process with effi-
cient reactant supply to the electrode surface. In contrast, the
second oxidation potential exhibited a slight positive shift of
approximately 0.2 V at 75 mV/s and 100 mV/s, after remaining
stable up to 50 mV/s, suggesting that faster scan rates increase
the concentration gradient near the electrode, slightly limiting
reactant diffusion and necessitating marginally higher poten-
tials to sustain the oxidation reaction.***! Overall, these results
highlight that the electrochromic properties of PVK-3-tpy-Co
are effectively maintained even at higher scan rates.

Conclusions

This study introduces a cost-effective and scalable approach
for fabricating an EC film using a newly synthesized poly(N-
vinylcarbazole)-based supramolecular metallopolymer (PVK-
3-tpy-Co). The PVK-3-tpy polymer, functionalized with ter-
pyridine groups, was synthesized for the first time through a
streamlined process and coordinated with Co cations under
aqueous conditions. This efficient one-step fabrication method
successfully produced a uniform and stable EC film.

Cyclic voltammetry (CV) experiments demonstrated the sta-
bility of both oxidation and reduction processes across varying
scan rates, highlighting the material’s low sensitivity to scan rate
changes and its reliability under diverse conditions. These find-
ings emphasize the electrochemical stability and consistent electro-
chromic performance of PVK-3-tpy-Co. By integrating a simplified
synthesis route with robust redox properties, this study provides a
sustainable and practical framework for developing high-per-
formance EC materials. The results highlight the potential of
PVK-3-tpy-Co for applications in smart windows, energy-effi-
cient devices, and multifunctional technologies.
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