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Ultrafast ambipolar switching in electrochromic
copolymer thin films of zinc(u) tetrakis(4-
aminophenyl)porphyrin — 3,4-
ethylenedioxythiophene
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Electrocopolymerization of different monomers is a useful approach for developing materials with tailored
electrochromic properties and expanded color palettes. We report electrocopolymerization of two distinct
monomers — zinc(i) tetrakis(4-aminophenyl)porphyrin (ZnTAPP) and 3,4-ethylenedioxythiophene (EDOT) on
an FTO-coated glass substrate. Our copolymer, poly(ZnTAPP—-EDOT), exhibits a reversible color change from
orange-brown to olive-green, with optical contrasts of 25% and 31% in the visible and beginning of the
near-IR (bNIR) regions, respectively. It also demonstrates high coloration efficiencies of 434 cm? C™1 (visible
region) and 181 cm? C™ (bNIR region). Furthermore, poly(ZnTAPP—EDOT) retains 88%of its electrochromic
performance in the visible and 82% in the bNIR regions after 200 redox cycles, along with a fast switching
response and strong optical memory under open-circuit conditions. Our time-dependent density functional
theory (TDDFT) calculations reveal that the increasing EDOT units between ZnTAPP moieties promote a
systematic redshift in absorption peaks and enhance oscillator strengths, attributed to extended =-
delocalization facilitated by the added EDOT linkages, corroborating experimental UV-vis data. Our results
suggest that the electrocopolymerization of suitable porphyrins with selective monomers can produce
electrochromic materials with tunable optical properties, high efficiency, and stability, making them well-
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1. Introduction

Color is a prominent visual feature in nature, and the ability to
induce or undergo color change is both biologically significant and
scientifically intriguing." This dynamic interplay of colors can also
be triggered in chromic materials by external stimuli such as light,
temperature, pressure, chemical environment, or electric field.
Among these, the electric field offers distinct advantages, includ-
ing precise control, rapid response, environmental adaptability,
and low energy consumption. The phenomenon induced by the
electric field is called electrochromism.”> Electrochromic (EC)
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suited for use in electrochromic devices.

materials are at the forefront of research and development
due to their ability to reversibly modulate optical properties
through redox-driven electronic changes.>> These materials
have progressed significantly, demonstrating promising com-
mercial potential in applications such as low-energy and color-
tunable displays, smart windows, electronic papers, military
camouflage devices, and energy-efficient glasses.®® EC materi-
als are broadly classified as organic and inorganic materials.’
Inorganic EC materials include transition metal oxides and
hexacyanometallates, whereas organic EC materials consist of
small organic molecules, conjugated polymers, and covalent
organic frameworks.>”'® Organic EC materials offer significant
advantages, including ease of fabrication, fast response times,
and rich color palettes. However, they suffer from inferior
durability and chemical stability.»”"'* Recent research aimed
at overcoming these limitations and realizing their full com-
mercial potential is noteworthy. Among organic materials,
conjugated polymers have attracted particular interest due to
their reversible optical behavior under applied electric fields.
These polymers possess flexibility, well-defined redox states,
excellent processability, and the ability to exhibit multiple
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distinct colors. They also offer high optical contrast, improved
switching reproducibility, and long lifetimes.'®™* A significant
number of research studies have focused on designing and
improving EC polymers with specific structural and optical
characteristics.'**®> To achieve multichromatic behavior, a
range of synthetic strategies has been developed. The most
common approaches involve modifying the monomer units,
followed by either homopolymerization or copolymerization of
different monomers."* Copolymerization can be a practical and
straightforward method for producing random, alternating, or
periodic copolymers with intriguing multi-EC properties."*'> EC
copolymers can be synthesized by both chemical and electro-
chemical methods.’® The chemical route is advantageous for
large-scale production; however, it sometimes requires corrosive
transition metal salts, toxic solvents, and time-consuming pro-
cedures. In contrast, electrochemical methods generally avoid
the use of such salts and solvents, and offer better control, easier
synthesis, and structurally diverse EC polymers."”
Poly(3,4-ethylenedioxythiophene) (PEDOT) and its derivatives
are among the most extensively studied conducting polymers,
owing to their low oxidation potentials, fast switching kinetics,
environmental stability, high energy HOMO levels, and remark-
able optical and electronic properties.”'® The electrocopolymer-
ization of EDOT with thiophene, carbazole, pyrrole, indole, and
aniline was widely explored for EC applications.”'**' Beyond
these conventional monomers, porphyrins, which are an 18n
delocalized electron system, could be a classic choice due to their
significant emission and absorption characteristics.*>>*> Porphyr-
ins also represent a promising class of electroactive building
blocks." In addition, porphyrins are amenable to functionaliza-
tion, enabling synergistic interactions through coordinating with
different metal centers, expanding colour tunability.?**> Several
studies have reported porphyrin-based electroactive polymers with
optimized multifunctional performance, particularly those
synthesized electrochemically.?®*° For instance, Cogal et al. elec-
trocopolymerized 2-thienyl-substituted porphyrins with 3-
alkylthiophene to investigate their EC behavior.”” Likewise, multi-
step chemical synthesis followed by electropolymerization has
been used to construct porphyrin-based copolymers for EC
applications.?***3*%3! More recently, Guo et al. reported a series
of electrocopolymers based on four meso-tetrakis(thienyl) porphyr-
ins copolymerized with EDOT and thiophenes, demonstrating
multi-EC behavior." Despite progress in porphyrin-based electro-
active polymers, many meso-substituted metalloporphyrins copo-
lymerized with EDOT remain underexplored as EC materials,
leaving substantial scope to improve switching speed, chromic
memory, broaden the color palette, and extend absorption into
the beginning of the near-IR (bNIR) region. 5,10,15,20-Tetrakis(2-
aminophenyl)porphyrin (TAPP) represents an interesting class
of meso-substituted porphyrins, in which electropolymerization
proceeds via the nitrogen atom of the aminophenyl substituent
at the meso position, while largely preserving the porphyrin n-
system.>>*>?% Although the electropolymerization of TAPP has
been extensively studied, its copolymerization with EDOT and the
consequent impact on its EC properties remain unexplored. In
addition, their optical properties can be readily tuned through
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metal coordination.””** This approach, which combines the
excellent conductivity and stability of PEDOT with the rich redox
and optical properties of ZnTAPP, generates copolymer films with
new hues and enhanced EC performance.

In this work, we report the electrocopolymerization of
ZnTAPP and EDOT on FTO substrate. The similar onset poten-
tials of EDOT and ZnTAPP enable efficient copolymerization
through simultaneous radical formation. The resulting copoly-
mer films (poly(ZnTAPP-EDOT)) were systematically character-
ized using microscopy, spectroscopy, and electrochemical
techniques. The copolymer film showed rapid switching, high
coloration efficiency (CE), and significant optical contrast in the
Vis-bNIR regions. Furthermore, the material demonstrated excel-
lent chromic memory under open-circuit conditions. Operando
UV-Vis spectroscopy was employed to monitor the redox-
dependent optical behavior. Density functional theory (DFT)
and time-dependent DFT (TDDFT) calculations were performed
to model propagation pathways and evaluate optical transitions.
Overall, this study demonstrates the utility of electrocopolymer-
ization as a robust platform for tailoring the EC and optoelec-
tronic properties of porphyrin-EDOT systems, with clear
potential for integration into next-generation EC devices.

2. Experimental section
2.1 Materials

All chemical reagents and solvents used were of analytical
grade or higher. 5,10,15,20-Tetrakis(4-aminophenyl) porphyrin-
Zn(un) (ZnTAPP) [Por-lab], 3,4-ethylenedioxythiophene (EDOT)
[TCI, 98%], ferrocene [Aldrich, 99%], tetrabutylammonium
hexafluorophosphate (TBAPFs) [TCI, 98%] were used without
further purification unless otherwise stated. TBAPF, was dried
in a vacuum oven at 70 °C for 2 hours before use. Anhydrous
acetonitrile (ACN) [Sigma-Aldrich, 99.9%] and dichloroethane
(DCE) [Alfa Aesar, 99%] were distilled and stored in flasks
containing 4 A molecular sieves in a nitrogen-filled
glove box.

2.2 Electrochemical measurements

All electrochemical characterizations were performed by an
Autolab PGSTAT101 potentiostat. Cyclic voltammetry was per-
formed in a conventional three-electrode cell. Fluorinated
indium tin oxide (FTO) coated glass, with a sheet resistance
of 8.1 Q sq ' (Pilkington), was employed as the working
electrode. Before use, the FTO-coated glass was cleaned sequen-
tially in acetone, ethanol, and water using an ultrasonic bath
for approximately 10 minutes each, followed by a 3-minute
oxygen plasma cleaning. A coiled platinum wire served as the
counter electrode, while a silver chloride-coated silver wire (Ag/
AgCl) was used as the reference electrode. The Ag/AgCl elec-
trode was prepared galvanostatically in saturated KCl (aq) and
calibrated against a ferrocene/ferrocenium (Fc/Fc') couple, with
E.ef = 0.45 V in 0.1 M TBAPF; in acetonitrile. All the potentials
are referenced to the Ag/AgCl electrode.

This journal is © The Royal Society of Chemistry 2025
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2.3 Electropolymerization

For separate studies, all the polymer films were prepared using
10 and 20 potentiodynamic cycles. For the 20-cycle preparation,
0.04 mM ZnTAPP and/or 0.04 mM EDOT (feed ratio: 1:1) were
individually added to a 0.1 M TBAPF; in (DCE:ACN (4:1))
solution mixture. For the 10-cycle preparation (intended for
in situ UV-Vis and EC measurements), 1.2 mM ZnTAPP and/or
1.2 mM EDOT (feed ratio: 1:1) were individually added to a
0.1 M TBAPF, (DCE:ACN (4:1)) solution mixture. The electro-
chemical polymerization was conducted within a potential win-
dow of 0.2 and 1.4 V (vs. Ag/AgCl) at a scan rate of 20 mV s~ . The
resulting thin films were thoroughly rinsed with ACN and DCE,
followed by quartz-distilled water, to remove any traces of
starting materials from the electrode surfaces. The cleaned films
were then stored in a desiccator to preserve their integrity.

2.4 Characterizations

UV-Vis absorption spectra of polymer thin films and individual
monomers (dissolved in DCE) were recorded using an Agilent
Cary 60 UV-Vis spectrophotometer. Blank FTO was used as a
reference for background correction. The CIELAB L*a*b* coor-
dinates represent a uniform color space established by the
Commission Internationale de I’Eclairage (CIE) in 1976. In this
system, L* denotes the lightness component, while ¢* and b*
correspond to the two opposing chromatic dimensions: red-
green and yellow-blue, respectively. These values were calcu-
lated using the Cary WINUV color application, employing D50
(5000 K) as the standard illuminant under controlled temperature
conditions and a daylight-simulating light source. FTIR spectra of
the polymer films were obtained using a Bruker Vertex 70 FTIR
spectrometer with an MCT detector cooled with liquid nitrogen.
Each spectrum was recorded at 55° incidence angle relative to the
surface normal using a Harrick Seagull accessory, compiling 256
scans at 4 cm ™! spectral resolution. Raman spectra were recorded
by Renishaw inVia confocal Raman microscope equipped with a
CCD detector and a Leica microscope. Spectra were recorded with
50 objective, 1800 1 mm ™" grating using a 532 nm diode laser as
the excitation source. XPS measurements of all the polymer thin
films on the FTO substrate were recorded by Thermo Scientific
Nexsa XPS spectrometer using Al Ko radiation (1486.7 eV). Bind-
ing energies were calibrated to the peak position of the main C 1s
signal at 284.6 eV of the polyZnTAPP, PEDOT, and poly(ZnTAPP-
EDOT). All the XPS spectra were fitted using Avantage with a smart
background fitting available in the package. The polymer film
surface was analyzed using atomic force microscopy (AFM) con-
ducted by Park systems with a silicon-tipped cantilever operating
in non-contact mode. The image processing and analysis were
carried out using XEI software. Surface morphology was evaluated
using a Thermo Scientific Spreo S field-emission scanning elec-
tron microscope (FE-SEM) equipped with an Oxford instrument
ultim max 100EDS spectrometer. The contact angles of the
polymer thin films were determined under ambient conditions
using an Attension Theta optical tensiometer. The measurements
were performed with a PC-controlled motorized syringe, ensuring
a precision of +1°. Equilibrium contact angle values were
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recorded for a 3 pl water droplet dispensed from the syringe
needle.

2.5 Theoretical studies

Spin-restricted density functional theory (DFT) based calcula-
tions have been performed using the Gaussian 16 software.’®
The electron-electron exchange correlation was approximated
using the B3LYP hybrid exchange-correlation functional.***” A
LANL2DZ***° basis set was used for the Zn atom and a 6-31G(d)
basis for all other types of atoms (C, N, S, O, and H). For Zn, the
valence configuration of 4s”3d'® was utilized, while for other
atoms, all electrons have been included in the calculation.
Additionally, the empirical dispersion correction GD3 was
incorporated.*’ For the EDOT ligands, the B3LYP hybrid
exchange-correlation functional was employed with 6-31G(d)
basis functions. Frequency analysis was conducted for all opti-
mized structures to evaluate the stability of all possible config-
urations. Molecular orbitals of all the configurations using
VESTA software.*” Absorption spectra were computed using the
TDDFT approach using the hybrid B3LYP and cam-B3LYP func-
tionals, and the wave functions were expanded with a 6-311g(d)
basis set for C, H, S, N, and O atoms. For the Zn atom, the
LANL2DZ basis set was used, and the GD3 dispersion correction
was incorporated.

2.6 In situ UV-Vis and electrochromic studies

Experiments were conducted in a quartz cuvette of path length
1 cm, with FTO as a working electrode, Pt wire as a counter
electrode, and Ag/AgCl as a quasi-reference electrode. UV-Vis
spectra were recorded by an Agilent Cary 60 UV-Vis spectro-
photometer with blank FTO serving as the reference for back-
ground correction. The cell was connected to an Autolab
PGSTAT101 potentiostat. Spectra were recorded in the potential
range of —0.5 to +0.5 V, with potential adjustments made in
100 mV intervals in potentiostatic mode. The switching
response was recorded for 200 cycles at selected wavelengths
with a potential of —0. 5 V to +0.5 V and a time interval of 20 s.
The EC studies were performed by switching the potential
between —0.5 V to +0.5 V.

3. Results and discussion

The progression of polymer growth during electropolymeriza-
tion is evidenced by the increasing peak current intensity
observed in cyclic voltammetry (CV) scans (Fig. 1). Fig. 1(a)
and (b) present the cyclic voltammetry (CV) plots of the electro-
polymerization of EDOT and ZnTAPP, respectively. The for-
mation of a blue film (L* = 84.14, a* = —4.83, b* = —3.24) on the
electrode surface (Fig. 2(a), inset) confirms the formation of
PEDOT. Similarly, the appearance of brown film (L* = 75.70,
a* = 2.11, b* = 26.68) on the electrode surface (Fig. 2(b), inset)
indicates the successful polymerization of ZnTAPP to poly-
ZnTAPP. The CV profile for EDOT polymerization (Fig. 1(a)
and (d)) aligns well with previously reported data.*’ In the case
of ZnTAPP (Fig. 1(b) and (e)), the first scan displays reversible
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Fig. 1 Electropolymerization of (CV plots at a scan rate of 20 mV s™3) (a) EDOT to PEDOT, (b) ZNTAPP to polyZNTAPP, and (c) ZnTAPP + EDOT to
poly(ZnTAPP—EDQT), and their respective (d)—(f) 1st, 2nd, 3rd and 20th CV plots in DCE : ACN (4 : 1) containing 0.1 M TBAPFg swept between 0.2 to 1.4V

vs. Ag/AgCl at a scan rate of 20 mV s™%.

oxidation and reduction peaks at ~0.65 V and ~0.54 V,
respectively, attributed to the amino substituents on the por-
phyrin ring.>>** Additionally, an oxidation peak is observed at
~0.43 V, which can be associated with adsorbed species.*
Another oxidation peak appears at ~1.14 V during the initial
scan; however, both peaks are absent in the following
cycles.>*>*® A reduction peak at ~0.8 V appears during the
reverse scan. From the second CV scan onward, well-defined
reversible oxidation/reduction peaks emerge at ~0.63/0.56 V
and ~0.83/0.8 V, indicating the formation of an electroactive
film. When the applied potential remains below the oxidation
threshold of the porphyrin ring, the polymerization primarily
proceeds through the oxidation of amino groups, possibly
forming dihydrophenazine and/or phenazine linkages®>*
(Scheme S2). Notably, the CV profile recorded during the
electrocopolymerization of ZnTAPP-EDOT exhibits characteris-
tics of both monomers. In the first cycle, irreversible peaks
appear at ~0.47 V and ~1.18 V, similar to those observed in
ZnTAPP polymerization, accompanied by two cathodic peaks at
around 0.81 V and 0.57 V. From the second cycle onward,
prominent redox peaks observed at ~0.89 V (oxidation) and
~0.78 V (reduction), shifting gradually to ~0.95V and ~0.83 V
after 20 cycles. This evolution corresponds to the growth of a
uniform, electroactive poly(ZnTAPP-EDOT) film with a dark
green color (L* = 72.11, a* = —3.14, b* = 23.39). The electro-
polymerization process is initiated by the oxidation of monomer
units, leading to the formation of radical cations that couple to
form polymer chains. However, the exact sequence and spatial
arrangement of monomer units within the resulting copolymer
remain unclear. The detailed propagation mechanism is still

23580 | J Mater. Chem. C, 2025,13, 23577-23588

not fully understood, though current evidence suggests that
copolymerization likely proceeds via amino-a coupling (see SI).

Fig. 2 shows the SEM and AFM images of PEDOT, poly-
ZnTAPP, and poly(ZnTAPP-EDOT) thin films. All film surfaces
displayed uniform morphology. SEM images revealed that
PEDOT formed an interconnected web of nanofibers with an
average diameter of 24 nm. In contrast, polyZnTAPP exhibited a
compact globular morphology with an average globule diameter
of 183 nm. Notably, SEM images of poly(ZnTAPP-EDOT) revealed
a distinct flower-like architecture with an average structural
diameter of approximately 207 nm. The copolymer structure also
showed slight porosity, which is likely to facilitate ion diffusion
and migration during the electrochemical process.>® AFM images
corroborated the SEM findings, confirming the uniformity of all
polymer films. Film thickness and surface profiles were analyzed
using AFM in non-contact mode. After 20 electropolymerization
cycles, the average thicknesses of PEDOT, polyZnTAPP, and
poly(ZnTAPP-EDOT) films were measured as 86.5 nm, 38.1 nm,
and 110.1 nm, respectively. The root mean square (RMS) surface
roughness was evaluated over a 5 x 5 pum® area. The RMS
roughness values were approximately 102.4 nm for PEDOT,
11.6 nm for polyZnTAPP, and 10.2 nm for poly(ZnTAPP-EDOT).
To evaluate surface wettability, the water contact angle (CA) of all
polymer films was measured (Fig. 2(a)-(c), insets). A reduction in
hydrophilicity was observed for the poly(ZnTAPP-EDOT) copoly-
mer (CA = 40°) compared to PEDOT (CA = 24°) and polyZnTAPP
(CA = 36°), indicating a modification in surface properties.

The UV-Vis spectrum of the poly(ZnTAPP-EDOT) film
(Fig. 3(a)) showed the combined spectral features of both
monomers (also in SI). The broadened absorption bands at

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 SEM images of (a) PEDOT, (b) polyZnTAPP, and (c) poly(ZnTAPP—EDOT) and AFM images of (d) PEDOT, (e) polyZnTAPP, and (f) poly(ZnTAPP-
EDQOT). (a)—(f) scale = 1 um. Insets in (a)—(c) show the water contact angle and color of the polymer films.

lower wavelengths, along with the broad shoulder in the higher-
wavelength region extending into the bNIR, are characteristic of
porphyrin and PEDOT, respectively. These features indicate the
presence of a conjugated network and extensive electronic
delocalization in the poly(ZnTAPP-EDOT) copolymer.***®

The FTIR and Raman spectra of the polymer thin films
revealed all characteristic peaks, as shown in Fig. 3(b) and (c)
(details in Tables S2-S5). For poly(ZnTAPP-EDOT), the presence
of stretching peaks corresponding to both EDOT and porphyrin
units confirmed the successful formation of the copolymer. The
C-S-C stretching peak of the EDOT unit appeared at 825 cm ™.
Additionally, peaks at around 1070 ecm™" and 1137 cm ™" were
attributed to the stretching vibrations of the alkylene deoxy group
in EDOT (Table S2).*”° Peaks at 968 cm ' and 1012 cm ' are
characteristic of pyrrole ring deformation and Zn-N coordination
within the porphyrin core,” indicating retention of the porphyrin
backbone during the copolymerization. The N-H stretching vibra-
tions (3360-3500 cm™ ') of the amino groups appeared slightly
broadened and redshifted, suggesting interactions during
copolymerization.>*”" However, not all amino groups participated
in the reaction. The absence of characteristic phenazine bands
in poly(ZnTAPP-EDOT) confirmed that the copolymerization
produced EC polymer networks instead of phenazine-type lin-
kages (Table S3).>®> Raman spectroscopy revealed numerous active
modes for the copolymer poly(ZnTAPP-EDOT) (Tables S4 and S5).
The characteristic bands at 440 cm™*, 577 cm ™%, and 988 cm™*
were assigned to oxyethylene ring deformation. The 703 cm™
band corresponded to symmetric C-S-C deformation. Vibrations
at 1367 cm ' and 1567 cm™ " were assigned to C-C stretching and
asymmetric C,~Cp vibrations from the EDOT units.*>*>** Peaks
attributed to ZnTAPP unit included bands at 411 cm™" (Zn-N
stretch and pyrrole ring deformation), 664 cm ™" (related to Cg-H

1

This journal is © The Royal Society of Chemistry 2025

non-plane bending), and a series of in-plane bending vibrations at
885 cm™!, 1013 cm ™, 1068 cm™*, 1183 cm ™}, and 1243 cm™!
(associated with Cy,,—Cpn, Cg-H, and C,,~H). Additional peaks at
1353 cm™ ' (C-N bonds in the pyrrole ring), 1458 cm ™' (Cg—Cp and
Cm~Cph), and 1541 ecm ™' (asymmetric stretching and bending
deformation of the C,~C;,,-C,), further confirmed ZnTAPP incor-
poration into the copolymer.>®

Surface chemical analysis of polymer films was investigated
by XPS. The XPS spectra of PEDOT and polyZnTAPP are
discussed in (Fig. S5 and $6).>"**~*° For poly(ZnTAPP-EDOT),
significant features were observed in the C 1s, N 1s, S 2p, O 1s,
and Zn 2p spectra (Fig. 3(d)—(i)). The C 1s spectra were decon-
voluted into five peaks located at 284.6 eV (C-C/C—C), 285.8 eV
(C-N), 286.7 eV (C-S), 287.5 eV (C—C-0), and 288.3 eV (C=N)
binding energies (BEs). Shake-up satellite peaks at around
288.6 eV and 291.2 eV, originating from adventitious carbon.
The N 1s spectrum displayed features typical of porphyrin
systems, 398.2 eV (Zn-N binding), 399.3 eV (aprotic pyrrolic N),
400.3 eV (imine linkers N), and 402.0 eV (amine N in phenyl
groups), with a satellite component at higher BE.>' The S 2p
spectrum exhibited a well-resolved spin-orbit doublet at 164.0 eV
and 165.2 eV (4 = 1.2 eV), consistent with thiophene sulphur in
EDOT.>**® At high BE, a broad tail indicated n-electron deloca-
lization. The O 1s spectrum showed distinct peaks at 532.0 eV
and 533.4 eV, corresponding to C-O-C and C-O bonds. From the
Zn 2p spectrum, peaks at 1021.3 eV (Zn 2p;p) and 1044.4 eV
(Zn 2py,,) confirmed the presence of Zn(u) in the copolymer.>®
F 1s and P 2p peaks were attributed to hexafluorophosphate
counterions, present in all polymer matrices.”” While XPS
peak intensities broadly agreed with elemental composition,
accurately correlating them to atomic percentages remains chal-
lenging. The average surface composition derived from XPS gave
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(i) Zn 2p XPS plots of poly(ZNnTAPP—EDOT).

Zn/S and Zn/N atomic ratios of approximately 1:1 and 1:9,
respectively. The slight deviation in the Zn/N ratio is likely due to
surface enrichment of nitrogen-containing electrolytes. We pro-
pose that the copolymerization follows a specific sequence,
rather than proceeding through alternating sequences, resulting
in distinct EC behavior (Scheme S3).

TDDFT data on ZnTAPP-(EDOT),-ZnTAPP, ZnTAPP-
(EDOT),-ZnTAPP, and ZnTAPP-(EDOT);-ZnTAPP are shown in
Fig. 4 and Table 1. We stepwise increased the number of EDOT
linkers between the two ZnTAPP units to gain better insights into
the experimental observations of poly(ZnTAPP-EDOT). A mini-
mal shift in the low-intensity Q-band peaks (ZnTAPP-(EDOT);-
ZNnTAPP - 561 nm, ZnTAPP-(EDOT),-ZnTAPP - 561.9 nm, and
ZnTAPP-(EDOT);-ZnTAPP - 562.9 nm) was observed as EDOT
content was increased from 1-3. Interestingly, these peaks
exhibited a significant ~67 nm blue shift compared to the
Q-bands of the ZnTAPP trimer, highlighting the electronic
impact of the EDOT linkage. In the Soret region, ZnTAPP-

23582 | J Mater. Chem. C, 2025, 13, 23577-23588

(EDOT),-ZnTAPP showed a dominant transition at 409.8 nm
(oscillator strength: 1.27), driven by H-10 — L (13%) and
H-3 — L+1 (23%). For ZnTAPP-(EDOT),-ZnTAPP, this band
redshifted to 414.7 nm (oscillator strength: 1.66) with key con-
tributions from H-5 — L+3 (14%) and H-3 — L+2 (12%).
Notably, ZnTAPP-(EDOT);-ZnTAPP exhibited a pronounced red-
shift of the Soret band to 443.8 nm with a significantly higher
oscillator strength of 2.35, mainly driven by the H — L+4 (75%)
transition. These results indicate that increasing EDOT linkage
enhances electron delocalization and strengthens optical
absorption, with ZnTAPP-(EDOT);-ZnTAPP showing the most
pronounced shift. To further confirm these observations, TDDFT
simulations were performed for EDOT-ZnTAPP-EDOT-ZnTAPP.
The resulting spectra closely matched those of ZnTAPP-EDOT-
ZnTAPP, reinforcing the conclusion that EDOT’s position and
quantity play a decisive role in shaping the optical features of the
copolymer. Overall, these findings demonstrate that the electro-
nic and optical properties of ZnTAPP-based systems are highly

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Comparison of computed spectra of ZNnTAPP—(EDOT),,—ZnTAPP (n = 1, 2, and 3) along with ZnTAPP-EDOT-ZnTAPP-EDOT and the molecular
orbitals of ZNTAPP—(EDOT)3—-ZnTAPP (HOMO: highest occupied molecular orbital and LUMO: lowest occupied molecular orbital, isocounter: 0.01)
involved in the transitions.

Table1l The important TDDFT major electronic transitions and oscillator strengths of ZnTAPP—(EDOT),,—ZnTAPP (n = 1, 2, and 3) and EDOT-ZnTAPP-

EDOT-ZnTAPP

Wavelength (nm)

Oscillator strength

Major transitions

ZnTAPP-(EDOT),-ZnTAPP

561.12
411.88
409.78
409.35

0.1206
0.898

1.2713
0.1963

ZnTAPP-(EDOT),-ZnTAPP

561.83
414.69
410.72
409.88
409.41

0.1299
1.6584
0.4615
0.6212
0.5035

ZnTAPP-(EDOT),~ZnTAPP

562.93
443.75

ZnTAPP-EDOT-ZnTAPP-EDOT

561.62
444.68
419.6

410.08

0.204
2.3516

0.1326
0.3056
0.5515
0.5608

H-3 - L+1

H—-10 - LUMO
H-3 —» LUMO
H—6 - LUMO

H-4 —» LUMO
H-5 - L+3
H—-11—> L+2
H-4 - L+1
H-7 —» LUMO

H—-1 - L+3
HOMO — L+4

HOMO - LUMO
H-4 > L
H-5-> L

H-2 — L+2
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24%
13%
12%
13%

22%
14%
11%
13%
10%

14%
75%

26.7%
58.3%
41.5%
13.3%

H-1 - LUMO
H-7 - L+1
H-2 - L+2
H-5 — L+2

31%
11%
16%
21%

32%
12%
14%

—12 - LUMO 8%

H—-4 - LUMO

LUMO
L+1
L+1
L+1

Ll

15%

9%

23.3%
22.9%
21.1%
11.6%
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HOMO — LUMO 22%

H-6 - LUMO
H-11 - L+1

HOMO — L+1
H-3 - L+3
H-3 - L+3
H-4 - L+1

H—-4 — L+2

H-3 - L+1

H-2 - L+3

10%
4%

18%
11%
15%
10%

5%

22.7%

11.6%

H-3 - L+1
H—-11 —» L+3

H-12 - L+1

H-3 - L+1

23%
8%

2%

7%
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sensitive to the structural arrangement and delocalization effects
of EDOT units. This underscores the importance of molecular
design in tailoring materials for enhanced optoelectronic per-
formance. Frontier molecular orbitals associated with these
transitions are provided in Tables S6 and S7 (see also Fig. S7
for visualization). The TDDFT predicted UV-vis spectra for
ZnTAPP; offer insight into their electronic properties and show
strong agreement with experimental data (Fig. S8a and Table S8).
Additionally, TDDFT spectra were calculated for EDOT,, (n = 1-4)
in their neutral forms to support the interpretation of results
(Fig. S8b).

Based on TDDFT simulations, electropolymerization behavior,
and analysis, we propose a plausible mechanistic pathway for the
electrocopolymerization of ZnTAPP and EDOT (Scheme S3). The
Zn: S atomic ratio observed in XPS suggests a balanced incorpora-
tion of both monomer units within the copolymer matrix. Given
the similar oxidation potentials of ZnTAPP and EDOT, it is likely
that both monomers undergo oxidation simultaneously on the
FTO electrode surface, generating radical cations that subse-
quently couple to form the copolymer network. This simultaneous
oxidation and coupling mechanism aligns with previous studies
on electrocopolymerization of monomeric mixtures, where the
oxidation potentials of the monomers play a crucial role in
determining the copolymer structure.”® To confirm this, indivi-
dual electropolymerization of each monomer was performed
(Fig. 1(a) and (b)), verifying their oxidation behavior and support-
ing their compatibility for copolymerization. Under electrochemi-
cal conditions, such radical coupling is more likely to result in a
specific sequence of copolymer rather than an alternating one.*
Considering the steric bulk of the ZnTAPP unit and the TDDFT
results, the polymerization likely follows a pathway where multi-
ple EDOT units bridge adjacent ZnTAPP moieties. This is con-
sistent with the observed polaronic features in the copolymer and
the TDDFT-predicted preference for at least three EDOT units
between ZnTAPP units.®>®* Such an arrangement supports effec-
tive m-delocalization and accounts for the structural and optical
behavior of the final copolymer, which likely contains a varied
sequence distribution with a balanced representation of both
monomeric components.

The electronic structure and optical properties of the poly-
mer films were evaluated using operando UV-Vis spectroscopy.

View Article Online
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Fig. 5 shows the absorption spectra of the polymer films at
various applied potentials, spanning the visible to bNIR region.
PEDOT exhibited a broad and intense absorption peak centered
around 608 nm, corresponding to the m-m* transition in its
neutral state (at —0.5 V), resulting in a deep blue film (L* =
28.34, a* = 7.96, b* = —43.01). As the potential increased from
—0.5 V to +0.5 V, the formation of polarons was evidenced by a
gradual decrease in the 608 nm peak and the growth of a broad
absorption band around 800 nm, extending into the bNIR
through a well-defined isosbestic point.®>®® At higher positive
potentials (+0.5 V), a new band emerged at approximately 950-
1000 nm, attributed to bipolaron formation in PEDOT (L* =
65.25, a* = —9.83, b* = —18.76).°* In contrast, polyZnTAPP films
showed minimal electrochromic response across the applied
potential range (—0.5 V to +0.5 V) (Fig. 5(b)). The colorimetric
values remained relatively constant (L* = 75.61, a* = 0.75, b* =
33.11 at —0.5 V and L* = 74.72, a* = 0.47, b* = 31.69 at +0.5 V).
Upon oxidation, only a slight reduction in the Soret band
(430 nm) intensity and a minor increase in the Q bands
(565 nm and 610 nm) were observed, along with the emergence
of a weak band around 685 nm."

The poly(ZnTAPP-EDOT) copolymer exhibited spectral
features of both ZnTAPP and EDOT units (Fig. 4(c)). At —0.5 V
(L* = 54.70, a* = —1.84, b* = —6.67), the orange brown
copolymer showed a distinct Soret band at ~430 nm and a Q
band at ~523 nm. A second Q band at ~564 nm overlapped
with PEDOT’s absorption at ~575 nm, which became more
prominent at higher potentials. A hypsochromic shift (blue
shift) of approximately 44 nm in the Q bands was observed,
suggesting a higher degree of polymerization and influence of
EDOT units in the copolymer network (Fig. 5(c)). Upon oxida-
tion, the intensity of the porphyrin bands gradually decreased,
while a broad absorption band developed around 750 nm,
extending into the bNIR, again passing through a clear iso-
sbestic point. These features indicate the formation of polaron-
like structures in the copolymer backbone,® facilitating m
electrons migration between at least 3 EDOT units and por-
phyrin in the copolymer network.®®®" The absorption at
~575 nm, corresponding to the n-rm* transition, progressively
diminished during oxidation. While at +0.5 V, an olive green
copolymer film with bipolaron band appeared above 900 nm
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a b
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Fig. 5
with Ag/AgCl as reference electrode and Pt wire as the counter electrode.
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In situ UV-Vis spectra of the (a) PEDOT, (b) polyZnTAPP, and (c) poly(ZnTAPP—EDOT) film deposited on FTO electrode in 0.1 M TBAPFg in ACN
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due to m-polaron transition (L* = 74.72, a* = 0.47, b* = 14.52).
These results confirm the integration of monomeric and oligo-
meric EDOT and ZnTAPP units in the polymer backbone,
significantly influencing the electrochromic and optical beha-
vior of the copolymer. A detailed comparison of the forward
and reverse scans is provided in Fig. $11.®° Importantly, the
potential range associated with the main spectral transitions
closely aligns with the redox peaks observed in the cyclic
voltammogram (Fig. S2a), supporting the electrochemical ori-
gin of these optical changes.

Kinetic studies were conducted to evaluate the electrochro-
mic characteristics of the copolymer. Potentials were applied to
switch the film between its neutral state (—0.5 V) and oxidized
state (+0.5 V), with percentage transmittance monitored at
specific wavelengths during potential switching every 20 s.
Fig. 6 illustrates the variation in transmittance in response to
the applied potentials at 575 nm and 1020 nm. The switching
time refers to the speed at which an electrochemical system
changes from one redox state to another when an external
potential is applied.

The copolymer film exhibited rapid switching behavior,
attributed to its high ion diffusion rate. At an applied potential
of —0.5 V, the copolymer actively blocked visible light, and at
+0.5 V, it blocked bNIR light. The copolymer showed an optical
contrast of 25% at 575 nm and 31% at 1020 nm (Fig. 6(a) and
(d)) upon switching between +0.5 V and vice versa, respectively.
In contrast, poly(ZnTAPP) did not exhibit electrochromic activ-
ity (Fig. S12a). The transition from the neutral to 90% oxidized
state occurred within 0.36 s and 0.65 s at 575 nm and 1020 nm,
respectively. The reverse transition required 0.67 s and 1.8 s for
the respective wavelengths, confirming a notably fast response
(<2 s) for a 1.2 cm? copolymer film. The copolymerization of

View Article Online
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ZnTAPP with EDOT enhanced the visible-bNIR EC performance.
Poly(ZnTAPP-EDOT) retains 88% and 82% of its EC performance
after 200 redox (8000 s) cycles in the visible (@575 nm) and bNIR
(@1020 nm) regions, respectively (Fig. 6(b) and (e)). Even after
16000 s (400 cycles), the poly(ZnTAPP-EDOT) film retained
excellent stability, along with a visibly apparent color change
(Fig. $13).*” Comparatively, PEDOT exhibits lower optical con-
trasts of 15% in the bNIR region at 1020 nm and 24% at 608 nm.
In addition, PEDOT shows longer coloration times.

The coloring efficiency (CE) (1) of the system is defined as
the proportion of the change in optical density (AOD) and the
quantity of electronic charge (Q) injected or ejected into the
system (polymer film) per unit area. It reflects the energy
efficiency of the EC material. The relationship between AOD
and the transmittance values in the oxidized (7,) and neutral
(T,,) states is expressed as: AOD = log(7,/T,). The 5 values for
the poly(ZnTAPP-EDOT) are 434 cm’ C '@575 nm and
182 cm® C'@1020 nm, which were obtained from the slope of
AOD vs. Q curves (Fig. S14). The CE of poly(ZnTAPP-EDOT) was
comparable to that of PEDOT (Table S12). This enhancement is
attributed to the synergistic interaction between ZnTAPP and
EDOT, which promotes efficient counterion transport within the
copolymer matrix. As a result, smaller charge injection is sufficient
to induce a significant optical change, yielding higher contrast
ratios and energy-efficient switching behavior. This makes the
copolymer suitable for practical applications.

Optical memory, also known as open circuit memory, refers
to the ability of EC materials to retain their optical state after
the electric field is removed, a property essential for energy-
efficient EC materials.®®®” The optical spectra for Poly(ZnTAPP-
EDOT) were recorded at 575 nm and 1020 nm as a function of
time by alternately applying potentials of £0.5 V for 2 s with a
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Fig. 6 Electrochromic switching data for the poly(ZnTAPP—EDQOT) (a) and (d) 1st cycle, (b) and (e) 200 cycles, and (c) and (f) optical memory at 575 nm

and 1020 nm, respectively.
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200 s open circuit interval. As shown in Fig. 6(c) and (f), the
transmittance values exhibited negligible change over 8000 s in
the copolymer film, demonstrating excellent optical memory
under open-circuit conditions. These findings affirm the mate-
rial’s potential for use in energy-efficient EC devices (ECDs).

Electrochemical impedance spectroscopy (Fig. S15) was per-
formed to understand the equivalent series resistance (ESR)
and charge transfer resistance (Rcr) of PEDOT, polyZnTAPP,
and poly(ZnTAPP-EDOT). The semicircle in the Nyquist plot is
characteristic of the kinetic processes in the film (characterized
by the Rcr), indicative of the doping/dedoping process. A
semicircle was observed with both PEDOT and poly(ZnTAPP-
EDOT) thin films, suggesting a doping/dedoping phenomenon.
However, the poly(ZnTAPP-EDOT) thin film showed a larger
Rcr, indicating sluggish kinetics. In contrast, the absence of a
semicircle in the polyZnTAPP film indicates high resistance
and a non-doping nature. In the low-frequency region, both
PEDOT and poly(ZnTAPP-EDOT) films exhibited a nearly ver-
tical profile, characteristic of capacitive behavior, whereas the
polyZnTAPP film deviated from this trend. These observations
suggest that PEDOT and poly(ZnTAPP-EDOT) possess signifi-
cantly higher capacitance, enhancing their electrochemical
performance relative to polyZnTAPP.**

4. Conclusion

We have successfully synthesized and characterized an electro-
chromic copolymer thin film of poly(ZnTAPP-EDOT) via electro-
polymerization. Cyclic voltammetry revealed that polymerization
proceeds through radical cation formation followed by coupling
reactions. The resulting copolymer demonstrated a distinct
flower-like morphology and exhibited reversible color changes
(orange brown to olive green) upon applying potential. The color
changes lead to strong absorption in the Vis (n-n* transition)
and bNIR regions (due to polaron formation). The copolymer
showed fast switching and good coloring efficiency in the Visible
and bNIR region on applying +0.5 V versus Ag/Ag’. The films
showed optical contrast of 25% and 31% at 575 nm and
1020 nm, respectively, with strong EC memory and stability over
multiple redox cycles, inferring that the electrocopolymerization
of ZnTAPP with EDOT can enhance the Vis-bNIR electrochro-
mism. Additionally, copolymerization enables access to new
hues, expanding the color palette of EC materials.

TDDFT calculations on ZnTAPP-(EDOT);-ZnTAPP, ZnTAPP-
(EDOT),-ZnTAPP, and ZnTAPP-(EDOT);-ZnTAPP revealed a
systematic redshift in absorption bands with increasing EDOT
linkages, driven by 1 — m* transitions localized on the ZnTAPP
units. These findings support a mechanistic pathway involving
simultaneous oxidation of both monomers and a preference for
multiple EDOT bridges between porphyrin units, favoring a
specific sequence in copolymer structure. This mechanism is
consistent with previous studies on multichromic copolymers,
where oxidation potential alignment and steric effects govern
sequence distribution.

23586 | J Mater. Chem. C, 2025, 13, 23577-23588

View Article Online

Journal of Materials Chemistry C

This work establishes a mechanistic and foundational fra-
mework for designing porphyrin-EDOT systems with improved
optical and electronic features. The electropolymerization
approach can be extended to other functional porphyrin deri-
vatives, alternative metal centers, mixed metal centers, and
various classes of organic molecules, offering a robust strategy
for developing tunable EC devices.
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