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Abstract: This work investigates how post-synthetic hydrolysis of the ester-
containing 2-ethylhexyl ester (EHE) side chains of PProDOT(EHE) affects
the surface composition, electronic structure, and electrochromic properties
of the hydroxylated derivative PProDOT(OH). Structural and surface
analyses confirmed that hydrolysis modifies the side-chain functionality
while preserving the ProDOT-based conjugated backbone. XPS analysis
showed changes in the sulfur chemical environment after hydrolysis,
including a decrease in neutral thiophene sulfur and an increase in the high-
binding-energy sulfur component, which may be related to surface oxidation,
residual post-treatment species, or fitting-related effects. Tauc analysis
showed that the optical band gap decreases from 1.64 to 1.43 eV after
hydrolysis. UPS analysis revealed a decrease in the work function and
photoemission onset energy from 4.70 and 1.20 eV to 4.31 and 0.88 eV,
respectively, with HOMO/LUMO levels shifting from —5.90/—4.26 eV to
—5.19/-3.76 eV. These changes indicate easier oxidation of the hydrolyzed
polymer. Spectroelectrochemical measurements at —2.0/+2.0 V showed
reversible electrochromic behavior, with decreased visible 7—n* absorption
and increased long-wavelength absorption upon oxidation. Cyclic
voltammetry at 25-500 mV s confirmed the retained redox activity of both
polymers, although PProDOT-OH showed a lower current response. At the
device level, hydrolysis accelerates switching, with Tc/Tb values of 0.28/0.25
s compared with 0.60/0.35 s for PProDOT-EHE but decreases optical contrast
and coloration efficiency from 61.99% and 872.2 cm? C! to 43.41% and 599
cm? C!, respectively. Therefore, hydrolysis provides an effective route for
tuning the balance between switching speed, optical contrast, and electronic
structure in ProDOT-based electrochromic polymers.

Keywords: PProDOT-based polymer; conducting polymer; electrochromism; hydrolysis; side-chain engineering; optical

switching; coloration efficiency.
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1 Introduction

Electrochromic materials are capable of reversibly
changing their optical properties under an applied
electrical potential, making them attractive for smart
windows, low-power displays, adaptive camouflage,
optical shutters, energy-saving glazing, and wearable
optoelectronic ~ devices[1], [2], [3]. The
electrochromic effect is generally associated with
reversible redox processes, where charge injection
and extraction alter the electronic structure of the
active material and produce changes in color,
transparency, or near-infrared absorption[4], [5]. An
ideal electrochromic material should exhibit high
optical contrast, fast switching time, good coloration
efficiency, long-term cycling stability, low operating
voltage, and compatibility with flexible or solution-
processable device architectures[6], [7].

Among different classes of electrochromic materials,
conducting polymers have attracted particular
attention because their molecular structures can be
rationally designed to tune, morphology, and film-
forming behavior[8], [9], [10]. Compared with
inorganic  electrochromic  oxides, conducting
polymers often offer faster switching kinetics, easier
processing, mechanical flexibility, and the possibility
of large-area fabrication by spin coating, spray
coating, printing, or electropolymerization[11], [12].
Their optical properties can be controlled by
modifying the conjugated backbone, introducing
donor—-acceptor  motifs, changing side-chain
architecture, or using post-polymerization chemical
treatments[13], [14].

Polythiophene derivatives are among the most widely
studied conducting polymers for electrochromic
applications due to their relatively high
environmental stability, tunable electronic structure,
and reversible p-doping/dedoping behavior[15], [16].
Poly(3,4-ethylenedioxythiophene)  and
poly(3,4-alkylenedioxythiophene) derivatives have

related

become important electrochromic systems because of
their low oxidation potentials, stable doped states,
and strong optical modulation between neutral and
oxidized forms[17], [18]. The presence of electron-
rich dioxythiophene units lowers the oxidation
potential and promotes the formation of stable charge
carriers, such as polarons and bipolarons, during
electrochemical oxidation[19], [20].

Poly(3,4-propylenedioxythiophene), commonly
known as ProDOT-based polymers, provides an
especially useful platform for structural modification
because the propylenedioxy bridge can be
functionalized with different side chains[21], [22],
[23], [24]. Through side-chain engineering, the
solubility, processability, intermolecular packing,
surface morphology, electrolyte compatibility, and
ion-transport behavior of ProDOT polymers can be
adjusted without significantly disrupting the
electroactive conjugated backbone. Bulky alkyl or
branched side chains can improve solubility and film
uniformity, while polar functional groups can
enhance interaction with electrolytes and influence
electrochemical switching. Therefore, the design of
functionalized ProDOT polymers is an effective
approach for balancing optical contrast, switching
speed, coloration efficiency, and device stability[25],
[26].

Post-polymerization  modification is  another
powerful strategy for tuning conducting polymer
properties. Unlike direct synthesis of multiple
monomers, post-polymerization transformation
allows chemical modification of side chains after
polymer formation while maintaining the same
conjugated backbone[27], [28]. In electrochromic
polymers, this approach is particularly useful because
small changes in side-chain polarity, hydrogen
bonding, and ion-accessibility can strongly affect
film morphology and redox kinetics. Hydrolysis of
ester-containing side chains into hydroxyl-containing
groups is one such transformation that can increase
polarity and modify intermolecular interactions.
However, the influence of ester-to-hydroxyl side-
chain conversion on the optoelectronic and
electrochromic behavior of ProDOT-based polymers

remains insufficiently explored[29], [30].

In this work, we report the synthesis and
electrochromic  investigation of an  ester-
functionalized ProDOT-based polymer,

PProDOT(EHE), and its hydrolyzed derivative,
PProDOT(OH). The main objective is to understand
how side-chain hydrolysis affects the chemical
structure, electronic energy levels, electrochemical
activity, and electrochromic device performance of
ProDOT-based conducting polymers. The polymers
characterized by FTIR, XPS, UV-Vis
UPS,

WEre

spectroscopy, cyclic voltammetry, and
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electrochromic switching measurements.
Electrochromic devices were assembled using a
PMMA-based gel electrolyte, and their optical
contrast, switching time, coloration efficiency, and
cycling response were evaluated. The results reveal
that hydrolysis narrows the optical band gap, shifts

2 Materials and Methods

Materials

3,4-Dimethoxythiophene, 2,2-
bis(bromomethyl)propane-1,3-diol, p-

toluenesulfonic acid (p-TSA), 2-ethylhexanoic acid,
N-bromosuccinimide (NBS), palladium(Il) acetate
[Pd(OAc),], pivalic acid, potassium carbonate
(K2CO3), magnesium sulfate (MgSOy),
bicarbonate (NaHCO3), and all organic solvents were
purchased from Sigma-Aldrich and used as received
unless otherwise stated. Dry toluene and dry N,N-
dimethylacetamide (DMAc) were used for moisture-
sensitive synthesis steps. Hexane, dichloromethane,
ethyl acetate, diethyl ether, methanol, acetone, and
chloroform were used for extraction, precipitation,

sodium

column chromatography, Soxhlet purification, and
polymer recovery. Deionized water was used for all
aqueous washing procedures.

Synthesis of 3,3-bis(bromomethyl)-3,4-dihydro-2H-
thieno[3,4-b][1,4]dioxepine.

Monomer and polymer were prepared according to a
previously reported procedure with  minor
modification. In brief, 3,4-dimethoxythiophene (1.00
g, 6.94 mmol), 2,2-bis(bromomethyl)propane-1,3-
diol (3.72 g, 14.2 mmol), and p-toluenesulfonic acid
(p-TSA, 0.119 g, 0.694 mmol) were combined in dry
toluene under an argon atmosphere. The reaction
mixture was heated under reflux to promote the acid-
catalyzed transacetalization/cyclization reaction.
After the initial reaction period, an additional portion
of 2,2-bis(bromomethyl)propane-1,3-diol (0.372 g,
1.42 mmol) was introduced, and the reaction was
continued until completion. The mixture was then
cooled to room temperature and worked up by
extraction with ethyl acetate and water. The organic
phase was dried over MgSQO,, filtered, and
concentrated under reduced pressure. The crude dark
purified by silica gel

residue was column

the frontier energy levels, modifies the sulfur and
carbon chemical environments, and improves
switching kinetics. This study demonstrates that side-
chain hydrolysis is a simple but effective strategy for
tuning the structure—property relationship of

ProDOT-based electrochromic polymers.

chromatography using a 1:1
hexanes/dichloromethane eluent to afford M4 as a
pale-yellow solid.

Synthesis  of  ProDOT  bis(2-ethylhexanoate)

derivative

ProDOT(CH:Br):2 (1.00 g, 2.92 mmol, 1.0 equiv.), 2-
ethylhexanoic acid (ca. 1.1 g, 7.6 mmol, 2.6 equiv.),
K.COs (1.21 g, 8.76 mmol, 3.0 equiv.), and dry
DMACc (ca. 28 mL) were added to a dry round-bottom
flask under an argon atmosphere. The reaction
mixture was heated at 100 °C overnight. After
cooling to room temperature, the mixture was
extracted with diethyl ether and brine. The combined
organic layers were washed several times with
saturated NaHCO:s solution to remove residual acid,
followed by washing with water. The organic phase
was then dried, filtered, and concentrated under
reduced pressure. The crude oily residue was purified
by silica gel column chromatography, using a
gradient from hexanes to 20% ethyl acetate in
hexanes. After drying under high vacuum overnight,
the desired product was obtained as a pale yellow oil.

Synthesis of ProDOT(EH)-Br-

ProDOT(EH):, bearing 2-ethylhexanoate ester side
chains, was brominated following a modified
literature procedure. In a typical reaction,
ProDOT(EH): (1.00 g, approximately 2.13 mmol, 1.0
equiv.) was dissolved in dry DMAc (approximately
24 mL) under argon and cooled to 0 °C. NBS (0.84
g, 4.69 mmol, 2.2 equiv.) was added in one portion,
and the reaction mixture was protected from light
with aluminum foil. The mixture was stirred
overnight while slowly warming to room
temperature. The reaction mixture was then extracted
with diethyl ether, washed with saturated NaHCOs
solution and brine, and concentrated under reduced
pressure. The crude product was purified by silica gel

column chromatography using a gradient from

© 2026 Jusan Science Publisher LTD. All rights reserved.
This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY 4.0) license.

100


https://doi.org/10.66973/jees.26.008

Tilekkabylova et al.,

Journal of Engineering and Environmental Systems, 2026, 1(1), 98—110

https://doi.org/10.66973/jees.26.008

hexanes to 20% ethyl acetate in hexanes. The desired
ProDOT(EH)-Brz,
obtained as a pale-yellow oil after drying under high

dibrominated monomer, was

vacuum.
Polymerization of ProDOT(EH)-Br:

PProDOT(EHE)
heteroarylation polymerization using equimolar
amounts of ProDOT(EHE) and ProDOT(EHE)-Br.
ProDOT(EHE) (0.3572 g, 1.20 mmol, 1.0 equiv.) and
ProDOT(EHE)-Br2 (0.5461 g, 1.20 mmol, 1.0 equiv.)
were initially weighed into separate vials. PA(OAc)2
(0.0052 g, 2 mol%), pivalic acid (0.0444 g,
approximately 0.3 equiv.), K:COs (0.436 g, 2.5

was synthesized via direct

3 Results and Discussion

The ProDOT-based polymer was designed to
combine the electroactive 3,4-
propylenedioxythiophene core  with  flexible
branched ester side chains to improve solubility,
film-forming ability, and electrochromic
performance. The synthetic route involved
preparation of the ProDOT monomer, introduction of
2-ethylhexanoate ester side chains, bromination at
the thiophene o-positions, and subsequent direct
heteroarylation polymerization using Pd (OAc),,
pivalic acid, and K,CO3 in DMAc. After purification
by precipitation and Soxhlet extraction, the polymer
was obtained as a pink—magenta solid. The successful
formation of the target monomers and polymer was
confirmed by NMR spectroscopy (Figure S (1-4)),
and further structural verification was carried out by
FTIR analysis.

For electrochromic measurements, both
PProDOT(EHE) and PProDOT(OH) films were
prepared with a comparable thickness of
approximately 300 nm. Maintaining the same film
thickness is important because electrochromic optical
contrast and switching kinetics are strongly thickness
dependent. In general, thicker films can provide
higher optical density and stronger color modulation,
whereas excessively thick films may limit ion
diffusion and slow down switching[31], [32].

FTIR spectroscopy was used to confirm the chemical
structure of the ester-functionalized polymer and to
evaluate the structural changes after hydrolysis.
Figure 1 shows the FTIR spectra of the unhydrolyzed

equiv.), and a magnetic stir bar were added to a 50
mL round-bottom flask. The monomers were
transferred into the flask using dry DMAc (12 mL),
and the reaction mixture was degassed by argon
bubbling. The flask was then placed in an oil bath at
100 °C, and the reaction was stirred vigorously
overnight. After cooling to room temperature, the
polymer was precipitated into stirred methanol. The
precipitate was collected in a Soxhlet thimble and
purified by sequential washing with methanol,
acetone, ethyl acetate, and hexane, followed by
extraction with CHCls. The chloroform fraction
appeared as a dark magenta solution.

PProDOT(EHE)-based polymer and the hydrolyzed
PProDOT(OH)-based polymer. Both spectra display
characteristic vibrational features of the poly(3,4-
alkylenedioxythiophene)-type backbone, indicating
that the conjugated main chain was preserved after
hydrolysis. The bands observed in the fingerprint
region can be assigned to thiophene ring vibrations,
C-S—C deformation, C-O—C stretching of the
alkylenedioxy ring, and C—H bending vibrations of
the alkyl substituents. For the unhydrolyzed
PProDOT(EHE)-based polymer, the presence of
ester-containing side chains is supported by the
characteristic carbonyl stretching vibration in the
region around 1700-1750 cm™. In addition, strong
absorption bands in the 1000—1300 cm™* region can
be attributed to C-O-C and C-O
vibrations arising from both the ProDOT ring and the
ester/ether side-chain functionalities. The bands
associated with aliphatic C—H bending and thiophene
ring deformation further confirm the presence of the
substituted ProDOT framework.

After hydrolysis, clear changes are observed in the
FTIR spectrum of the PProDOT(OH)-based polymer.
The intensity of the ester carbonyl band increases
significantly, indicating the successful conversion of

stretching

ester-containing side chains into hydrolyzed
functional groups. At the same time, changes in the
1000-1300 cm™ region suggest modification of the
C—O environment after hydrolysis. The hydrolyzed
polymer also shows a broad absorption feature in the
high-wavenumber region, which can be associated

with O-H stretching vibrations. The broad nature of
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this band suggests the possible formation of
intermolecular hydrogen bonding between hydroxyl-
containing side chains. Importantly, the characteristic
vibrations of the ProDOT/thiophene backbone
remain visible after hydrolysis, suggesting that the
post-polymerization modification mainly affects the
side-chain functionality rather than destroying the
conjugated polymer backbone[33], [34]. Therefore,

PProDOT(EHE)
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0.008
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the FTIR results confirm the successful hydrolysis of
the ester-functionalized polymer and support the
formation of the hydroxyl-functionalized polymer
structure. These structural changes are expected to
influence the polarity, intermolecular interactions,
film morphology, and
electrochemical/electrochromic behavior of the
polymer.
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0.18 (b)
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Figure 1. FTIR spectra of ProDOT-based polymers: (a) pristine PProDOT(EHE), (b) hydrolyzed PProDOT(OH).

X-ray photoelectron spectroscopy (XPS) was used to
investigate the surface elemental composition and
chemical-state changes of the unhydrolyzed
PProDOT(EHE) and hydrolyzed PProDOT(OH)
samples (Figure 2). The survey spectra of both
polymers show the expected signals corresponding to
C 1s, O 1s, and S 2p, confirming the presence of

carbon- and oxygen-containing side chains together
with the sulfur-containing thiophene/ProDOT
backbone. The absence of additional intense impurity
peaks indicates that the polymers were successfully
purified after synthesis and post-polymerization
modification.
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Figure 2. XPS analysis of unhydrolyzed and hydrolyzed ProDOT-based polymers: survey spectrum of (a)
PProDOT(EHE) and (d) PProDOT(OH); high-resolution S 2p spectra of (b) PProDOT(EHE) and (e) PProDOT(OH);
and high-resolution C 1s spectra of (¢) PProDOT(EHE) and (f) PProDOT(OH).

For the unhydrolyzed PProDOT(EHE) sample, the
high-resolution C 1s spectrum can be deconvoluted
into three main components. The dominant peak at
approximately 284.5-284.8 eV is assigned to C—
C/C=C bonds from the conjugated thiophene
backbone and alkyl side chains. The component
around 286.0-286.5 eV corresponds to C—O bonds
originating from the alkylenedioxy ring and
ether/ester side-chain environment. A higher binding
energy contribution near 288.5-289.0 eV is attributed
to O—C=0 carbonyl carbon, confirming the presence
of ester groups in the EHE-substituted polymer.

After hydrolysis, the C 1s spectrum of
PProDOT(OH) changes significantly. The high-
binding-energy O-C=0 component
decreases or disappears, indicating
cleavage/removal of the ester functionality. At the
same time, the C-O contribution becomes more
dominant, which is consistent with the formation of

strongly
successful

hydroxyl-containing side chains after hydrolysis. The
main C—C/C=C component remains present in both
samples, suggesting that the n-conjugated
ProDOT/thiophene backbone is largely retained
during the hydrolysis process. This is important
because it confirms that hydrolysis modifies mainly
the side-chain chemistry rather than destroying the
electroactive polymer backbone[35], [36].

The high-resolution S 2p spectra were analyzed to
evaluate changes in the sulfur chemical environment
of the ProDOT-based polymers before and after
hydrolysis. Since sulfur is in the thiophene/ProDOT
backbone, the S 2p region provides useful
information on the preservation of the conjugated
structure and possible changes in the local oxidation
state of sulfur. The relative contribution of each
sulfur component was calculated from the fitted peak
areas using Atotal = XAi and Relative contribution
(%) = (Ai/ Atoa) * 100, where Ao is the total fitted
S 2p peak area and Ai is the fitted area of an
individual S 2p component.

For PProDOT-EHE, the S 2p spectrum shows a
dominant peak at 163.7 eV, assigned to neutral
thiophene sulfur, and a weaker high-binding-energy
component at 167.8 eV, attributed to oxidized sulfur
species. The calculated contributions of neutral and

oxidized sulfur are 78.9% and 21.1%, respectively,
indicating that sulfur in the unhydrolyzed polymer is
mainly present in the neutral thiophene environment.
After hydrolysis, PProDOT-OH shows a noticeable
change in the S 2p profile. The neutral thiophene
sulfur components appear at 163.4 and 164.7 eV,
corresponding to the S 2ps/> and S 2pi/2> spin—orbit
while  the
component at 168.4 eV is assigned to oxidized sulfur
species. The combined neutral thiophene sulfur
contribution decreases to 25.0%, whereas the
oxidized sulfur contribution increases to 75.0%. This

components, high-binding-energy

change suggests that hydrolysis affects the surface
chemical environment of the polymer, possibly due
to increased polarity, interaction with oxygen-
containing groups, partial surface oxidation, or
residual species after post-treatment. The fitted
parameters and calculated relative contributions are
summarized in Table S1[33], [37], [38].

The comparison between PProDOT(EHE) and
PProDOT(OH) demonstrates that hydrolysis does not
completely remove the thiophene sulfur signal,
meaning that the conjugated ProDOT backbone is
still preserved. However, the large increase in the
high-binding-energy contribution  after
hydrolysis indicates a substantial change in the
surface electronic environment of sulfur atoms.

The work function (®) was calculated from the UPS
spectra using the kinetic-energy scale according to ©
= hv — (Er,KE — Ecuo, KE), where hv is the photon
energy, Er,KE is the kinetic energy of the Fermi
level, and Ecutoff,KE is the kinetic energy of the
secondary electron cutoff[39], [40], [41]. For He I
excitation, hv = 21.22 eV. For PProDOT(EHE),
Ecuoft, KE and Er,KE were determined to be 14.02 and
30.54 eV, respectively, giving ® = 21.22 — (30.54 —
14.02) = 4.70 eV. For PProDOT-OH, Ecuor, KE and
Er,KE were determined to be 13.98 and 30.89 eV,
respectively, giving ® = 21.22 — (30.89 — 13.98) =
431 eV

The HOMO energy level was calculated using

sulfur

HOMO = - ((D + Eonset)
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where Eonet is the photoemission onset energy
obtained from the UPS spectrum. The LUMO energy
level was estimated using

LUMO = HOMO + E,

where E, is the optical band gap obtained from the
Tauc plot (Figure S5).

For PProDOT(EHE), the optical band gap was
estimated to be 1.64 eV, whereas PProDOT(OH)
showed a lower band gap of 1.43 eV. The decrease in
band gap after hydrolysis suggests that the
conversion of the EHE side chains into hydroxyl-
containing groups affects the electronic structure of
the polymer. This may be related to changes in
intermolecular interactions, polymer chain packing,
and conjugation efficiency in the solid state. The
lower band gap of PProDOT(OH) indicates improved
electronic delocalization or stronger interchain
interaction compared with the
polymer.

unhydrolyzed

UPS analysis also shows clear differences between
the two polymers (Table S2). The work function

PProDOT(EHE)
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decreases from 4.70 eV for PProDOT(EHE) to 4.31
eV for PProDOT(OH). At the same time, the onset
energy decreases from 1.20 eV to 0.88 eV after
hydrolysis. Based on these values, the HOMO level
of PProDOT(EHE) was calculated as —5.90 eV,
while that of PProDOT(OH) was —5.19 eV. This
upward shift of the HOMO level after hydrolysis
indicates that the hydrolyzed polymer may be more
easily oxidized, which is consistent with improved
electrochemical activity.

The LUMO levels were estimated from the HOMO
values and optical band gaps. PProDOT(EHE)
exhibited a LUMO level of —4.26 eV, while
PProDOT(OH) showed a LUMO level of —3.76 eV.
The simultaneous shift of both HOMO and LUMO
levels after hydrolysis confirms that side-chain
modification strongly influences the -electronic
energy structure of the polymer. These results
suggest that hydrolysis does not only change the
chemical functionality of the side chains, but also
affects the electronic properties of the conjugated
backbone in the thin-film state.

ITO
Base layer
= ProDOT(EHE)
— = Anode layer
. KR L0 =F
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/; ProDOT(EHE)
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. S ITO
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Figure 3. UV—Vis spectroelectrochemical response and device color change of PProDOT(EHE), PProDOT(OH)
electrochromic devices and device architecture of the fabricated electrochromic cell.

The electrochromic behavior of PProDOT(EHE) and
PProDOT(OH) evaluated by UV-Vis
spectroelectrochemistry at —2.0 and +2.0 V. Both
devices show clear potential-dependent optical
changes, confirming their electrochromic activity. In

was

the neutral state, strong visible absorption bands are
observed around 550-620 nm, corresponding to —m*
transitions of the conjugated ProDOT backbone.
Upon oxidation, the visible absorption decreases,
while broad absorption in the longer-wavelength
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region increases, indicating the formation of
polaronic/bipolaronic charge carriers. Compared
with  PProDOT(EHE), PProDOT(OH) shows

stronger spectral modulation, which may result from

functionalized polymer and the PMMA gel
electrolyte (Figure 3). The photographs further
confirm visible color switching in the assembled
devices.
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Figure 5. Optical switching and cycling stability of PProDOT(EHE) and PProDOT(OH) electrochromic devices:
response-time analysis of (a) PProDOT(EHE) and (¢) PProDOT(OH), and repeated transmittance switching profiles of
(b) PProDOT(EHE) and (d) PProDOT(OH) under alternating applied potentials.

The electrochemical behavior of PProDOT(EHE)
and PProDOT(OH) was investigated by cyclic
voltammetry at scan rates from 25 to 500 mV s
(Figure 4). Both polymers show clear redox activity
within the applied potential window, confirming the
electroactive nature of the ProDOT-based conjugated
backbone. As the scan rate increases, the anodic and
cathodic current responses increase, indicating faster
charge transfer and ion movement during the
doping/dedoping process.

Compared with PProDOT(EHE), the PProDOT(OH)
sample shows lower current intensity, suggesting that
hydrolysis affects the electrochemical response of the
polymer film. This difference may be related to
changes in film morphology, polarity, thickness, or
ion transport after conversion of the ester-containing
side chains into hydroxyl-containing groups. The
retained redox behavior of PProDOT(OH) confirms
that  the backbone
electrochemically active after hydrolysis.

conjugated remains

The dynamic electrochromic switching behavior of
PProDOT(EHE) and PProDOT(OH) was evaluated
by monitoring the transmittance change as a
function of time under repeated potential switching.
Both polymers exhibit clear and reversible optical
modulation, confirming their ability to switch
between colored and bleached states in the device
configuration.

For PProDOT(EHE), the transmittance changes
sharply between approximately 25% and 85%, giving
a high optical contrast of about 60% (Figure 5). The
coloration and bleaching processes are fast, with
estimated response times of Tc = 0.6 s and Tb = 0.35
s, respectively. This indicates efficient redox
switching and rapid ion transport within the
polymer/electrolyte interface.

For PProDOT(OH), the device also shows reversible

switching, with transmittance changing between

approximately 35% and 78%. Although the optical
contrast is slightly lower than that of
PProDOT(EHE), the response is faster, with Tc =
0.28 s and Tb = 0.25 s. The faster switching of
PProDOT(OH) may be attributed to the hydroxyl-
functionalized side chains, which increase polymer
polarity and improve interaction with the PMMA gel
electrolyte. This can facilitate ion penetration and
charge compensation during the doping/dedoping
process.

The long-term switching curves further demonstrate
the cycling stability of both devices over repeated
operation. PProDOT(EHE) maintains a large and
stable transmittance window over multiple cycles,
while PProDOT(OH) shows slightly smaller but
highly reproducible switching behavior. The stable
periodic response indicates that both polymer films
tolerate repeated redox cycling without severe
degradation during the tested period.

The electrochromic performance of PProDOT(EHE)
and PProDOT(OH) was compared with previously
reported ProDOT-based materials, as summarized in
Table 1. The present PProDOT(EHE) device shows a
switching time of 0.6/0.35 s, an optical contrast of
61.99%, and a high coloration efficiency of 872.2
cm? C!. These values indicate that PProDOT(EHE)
exhibits fast switching, strong optical modulation,
and efficient charge utilization compared with many
reported ProDOT derivatives.

The hydrolyzed PProDOT(OH) sample shows even
faster switching behavior, with coloration and
bleaching times of 0.28/0.25 s. Although its optical
contrast is (43.41%) than that of
PProDOT(EHE), its coloration efficiency remains
high at 599 cm? C'. This suggests that hydrolysis
improves the switching kinetics, likely due to
enhanced polymer—electrolyte interaction and faster
ion transport through the hydroxyl-functionalized

lower

polymer film.
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Table 1. Comparison of electrochromic performance of PProDOT(EHE) and PProDOT(OH) with previously reported
ProDOT-based electrochromic materials.

Material Switching | CE (cm?> C™?) Optical Ref.
time (s) contrast (AT)
PProDOTs 2 - 70 % [41]
PProDOT(Me). ~0.7 NR 60 % (4]
P(ProDOT-ester) 0.3/3.7 123 27.7 % (4]
Homopolymer ProDOT 1.8 - 56 % [42]
OSProzZ 0.64 s/0.47 598 66.4 % [7]
]
ProDOT-sultone 1.2s 250 40 % [43]
PProDOT(EHE) 0.6/0.35 872.2 61.99 % Present work
PProDOT(OH) 0.28/0.25 599 43.41 % Present work
Conclusion eV for PProDOT(OH), while the HOMO level

In summary, ester-functionalized PProDOT(EHE)
and hydrolyzed PProDOT(OH) were successfully
prepared and investigated as electrochromic
conducting polymers. Structural characterization
confirmed that hydrolysis modified the side-chain
functionality while preserving the ProDOT-based
conjugated backbone. FTIR analysis showed clear
changes in the ester- and C—O-related vibrational
regions after hydrolysis, while the XPS C 1s spectra
confirmed a decrease in the ester-related O-C=0
contribution and an increased presence of C-O
environments. S 2p XPS analysis further
demonstrated that thiophene sulfur remained present
in both polymers, supporting retention of the sulfur-
containing conjugated backbone, although hydrolysis
produced a significant change in the surface sulfur

environment.
Optical and UPS analyses revealed that side-chain
hydrolysis strongly influenced the electronic

structure of the polymer. The optical band gap
decreased from 1.64 eV for PProDOT(EHE) to 1.43

shifted from —5.90 to —5.19 eV. These changes
suggest that hydrolysis modifies electronic
delocalization and/or interchain interactions in the
solid state. Cyclic voltammetry confirmed that both
polymers remained electrochemically active,
demonstrating that the hydrolysis process did not
destroy the electroactive backbone.

Electrochromic device measurements using a PMMA
gel electrolyte showed clear and reversible optical
switching for both polymers. PProDOT(EHE)
exhibited a higher optical contrast of 61.99% and a
high coloration efficiency of 872.2 cm? C7,
indicating strong optical modulation and efficient
charge utilization. In contrast, PProDOT(OH)
showed faster switching behavior, with coloration
and bleaching times of 0.28 and 0.25 s, respectively,
while maintaining a good coloration efficiency of
599 cm? C!'. This difference suggests that the
hydroxyl-functionalized side chains enhance
polymer—electrolyte interactions and facilitate faster
ion transport during redox switching.
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