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Introduction

Systematic investigation of urea containing
sidechains in electrochromic ProDOT and EDOT
copolymers

Md Mahmudul Hasan,® Raul S. Ramos,? Kavish Saini,®> Md Shahjahan Mahmud,®
Ashley Morales,? Adrian Bocanegra Richarte,® Michael Lyubchenko,®
Sreeprasad T. Sreenivasan, {2 @ Yirong Lin® and Robert M. Pankow ) *2

Strategies for the sidechain engineering of conjugated polymers have advanced to include H-bonding
functional groups, such as amides, carbamates, and amino acid derivatives, enabling new capabilities in
emerging organic electronic device technologies. However, this has been limited to secondary amides
and carbamates with limited examples of urea functional groups. Here, the systematic investigation of
both the alkyl substituent and the inclusion of a H-bonding urea functional group is reported for a series
of 3,4-propylenedioxythiophene (ProDOT) and 3,4-ethylenedioxythiophene (EDOT) copolymers to deter-
mine how both modification of the alkyl substituent on ProDOT [hexyloxy (C6) or decyloxy (C10)] and the
functional group on EDOT [phthalimide (Ph) or urea (Ur)] alters the optical, electrochemical, and electro-
chromic properties. The polymers (PC6-Ph, PC6-Ur, PC10-Ph, and PC10-Ur) were synthesized via direct
arylation polymerization, and fully characterized via ATR-FTIR, high-temperature NMR, MALDI-TOF, DSC,
TGA, AFM, and SEM. ATR-FTIR, NMR, and MALDI-TOF revealed the desired functional groups were
retained in the polymer. It was found that the optical and electrochemical properties showed a greater
dependence on the pendant substituent identity (phthalimide or urea) rather than the alkyl substituent.
Electrochromic characterization revealed a dependence on both the alkyl substituent and functional
group identity where proper pairing could yield a 50% reduction in switching time and desirable color-
ation efficiencies (up to 93 cm? C™1). Overall, these findings provide a comprehensive analysis of both the
role of the alkyl substituent identity and the inclusion of a urea functional group guiding the future mole-
cular design of electrochromic polymers.

shown to promote the formation of semicrystalline domains,
due to improved sidechain interdigitation and n-m inter-

Sidechain engineering is an effective strategy for tuning the
optical, electrochemical, and charge-transport properties and
morphology and microstructure of conjugated polymers."”
This aspect of molecular design includes modification of the
sidechain identity from typical linear or branched alkyls to
sidechains with heteroatoms or various functional groups
enabling sustainable solvent processing, compatibility with
aqueous electrolytes, or opportunities for post-polymerization
functionalization.®*™ For example, linear alkyl sidechains
when incorporated into a regioregular arrangement have been
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actions, while branched alkyl substituents can disrupt the for-
mation of crystalline domains by inhibiting efficient interpoly-
mer n-n overlap.'>"® Additional structural considerations,
such as the length of the sidechain, the location of the
branching point, and the inclusion of heteroatoms can
further influence polymer self-assembly and the preferential
formation of polymer semicrystalline or amorphous
phases.'*™® Recently, there has been growing research interest
in the inclusion of heteroatoms and various functional groups
in conjugated polymers to enable new materials capabilities
or optimize organic electronic device performance metrics
(Fig. 1A). Specifically, the inclusion of oligo(ethylene glycol)
sidechains have provided improved electrolyte penetration
and exchange with aqueous electrolytes suitable for organic
electrochemical transistors,"”” *° and H-bonding functional
groups, such as amides and carbamates, have afforded conju-
gated polymers with robust mechanical properties and self-
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Fig. 1 (A) Depiction of notable morphological parameters controlled through polymer sidechain engineering: self-assembly, self-healing, and elec-
trolyte ion penetration. (B) Overview of select 3,4-alkoxythiophene polymer structures highlighting strategies in conjugated polymer sidechain
engineering. (C) Depiction of the polymer structures synthesized in this study.

healing capabilities where the H-bonds impart a dynamic 3,4-Alkoxythiophenes, such as 3,4-ethylenedioxythiophene
network capable of dissipating mechanical force or (EDOT) and 3,4-propylenedioxythiophene (ProDOT), are a
resolving nanocrack formation from applied mechanical structural class of repeat unit where sidechain engineering is
strain.>' 2% prevalent, due to the widespread incorporation of EDOT and
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ProDOT in numerous organic electronic technologies, includ-
ing electrochromics,>®! photovoltaics,>® electrochemical
transistors,**** and lithium-ion batteries (Fig. 1B).>**® The key
advantages of 3,4-alkoxythiophenes imparted through the
molecular design include electrochemical redox stability, due
to the electron-donating alkoxy substituents in the 3,4-posi-
tions, and the ease of structural modification through the use
of common building blocks with tuneable scaffolds and
concise syntheses.>® Examples include linear or branched ali-
phatic sidechains (P1 and P5), oligo(ethylene glycol) side-
chains (P2), and those incorporating various carbonyl func-
tionalities (P3-P9).*”™** Of particular note are P7-P9, which
incorporate carbamate sidechains capable of H-bonding (P7)
or amino-acid derivatives (P8 and P9).**™** P7-P9 are syn-
thesized via chemical or electrochemical oxidative polymeriz-
ation yielding insoluble polymer products, due to the absence
of solubilizing alkyl substituents, that preclude extensive struc-
tural characterization or limit solution processing capabilities.
Moreover, the incorporation of H-bonding functionalities,
such as amides or related derivatives, often occurs at low com-
positions (5-20%) to ensure solubility and processability in
common organic solvents where over incorporation can lead to
insoluble polymers due to extensive H-bonding.*’>**® Less
studied H-bonding functionalities in conjugated polymers
include urea, which have imparted desirable mechanical pro-
perties and self-healing capabilities in non-conjugated poly-
mers and have provided improved charge transport properties
in conjugated polymers through morphological control.>®*7:8

Here, ProDOT and EDOT copolymers with phthalimide or
urea containing functional groups are systematically investi-
gated where the identity of the alkyl substituent on ProDOT
[either hexyloxy (C6) or decyloxy (C10)] and the functional
group on EDOT [phthalimide (Ph) or urea (Ur)] are modified
to elucidate the effects on the polymer optical, electro-
chemical, and electrochromic properties (Fig. 1C). By varying
the identity of the alkyl substituent and inclusion of the phtha-
limide or urea functional group of the polymers (PC6-Ph, PC6-
Ur, PC10-Ph, and PC10-Ur), the effects of alkyl substituent
elongation (C6 versus C10) and inclusion of H-bonding func-
tional group (urea) can be simultaneously probed and com-
pared to the non-H-bonding control (phthalimide). The syn-
thesis of the urea functionalized EDOT monomer incorporates
Gabriel synthesis for the synthesis of amine precursor followed
by treatment with ¢butyl isocyanate to yield the urea func-
tional group. The polymers were synthesized via direct aryla-
tion polymerization (DArP), and the structures of the polymers
were confirmed using ATR-FTIR spectroscopy, high-tempera-
ture 'H-NMR spectroscopy, and MALDI-TOF spectrometry.
Optical absorption spectroscopy and cyclic voltammetry
revealed a greater dependence of the identity of the urea/
phthalimide functional group rather than that of the alkyl sub-
stituent (C6 or C10). Electrochromic characterization also
revealed a greater dependence on functional group identity
(phthalimide or urea) where the phthalimide functional group
provides comparable switching times for PC6-Ph/PC10-Ph (t/t.
= 6.1/10.4 and 9.7/8.1 s) and coloration efficiencies (CE = 55

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and 61 cm”® C') while the urea functional group in PC6-Ur/
PC10-Ur affords markedly different switching times (¢,/t. = 6.4/
15.4 and 6.2/8.4 s) and coloration efficiencies (CE = 93 and
25 em® C™). Lastly, the polymer morphology and surface topo-
logy was probed via AFM and SEM revealing a smooth, feature-
less morphology characteristic of regiorandom
polythiophenes.

Results and discussion
Monomer and polymer synthesis

Monomer and polymer synthesis are shown in Fig. 2A with
detailed synthetic procedures and structural characterization
(NMR, ATR-IR, and MALDI-TOF) provided in the SI (SI; see
Schemes S1 and S2 and Fig. S1-S18). Briefly, 1 was substituted
with phthalimide followed by bromination to yield 3, which
was then treated with hydrazine hydrate to afford 4. Notably, 4
is typically prepared by treating 1 with sodium azide followed
by reduction to yield the free amine, and so the synthetic route
detailed here provides a facile, scalable alternative to access
the amine via Gabriel synthesis.*® Next, 4 was combined with
t-butyl isocyanate to provide the urea functionalized EDOT
monomer 5. The t-butyl substituent was selected, due to its
ability to limit H-bonding thereby ensuring solution processa-
ble polymers.*> ProDOT monomers 6 and 7 were prepared fol-
lowing literature procedures where monomer 6 contains hexy-
loxy sidechains and monomer 7 contains decyloxy
sidechains.®®

The regiorandom and stereorandom polymers were then
synthesized via direct arylation polymerization (DArP), which
has been used to prepare a variety of ProDOT and EDOT
copolymers.>*~> Specifically, monomer 6 was paired with 3 or
5 to yield PC6-Ph and PC6-Ur, and 7 was paired with 3 or 5 to
yield PC10-Ph and PC10-Ur. This pairing of monomers allows
for the direct comparison of the alkyl substituent length [hexy-
loxy (C6) versus decyloxy (C10)] and presence of a carbonyl con-
taining functionality capable of hydrogen bonding [urea (Ur)]
or incapable of hydrogen bonding [phthalimide (Ph)]. The
high-temperature (140 ©°C), phosphine-free conditions
employed by Reynolds et al. were found to afford desirable
polymer products in good yields (51-81%).°*>' Other DArP
conditions, such as those employing CPME and DMA solvent
mixtures, were evaluated, but these did not afford any polymer
products.*® The polymers were isolated in the CHCl; Soxhlet
fraction, and no insoluble material was observed in the
thimble following extraction. Overall, the polymers were found
to be soluble in heated chlorinated solvents, such as CHCl;
and C,D,Cl,. However, due to the incorporation of the polar
phthalimide or urea groups, the solubility of oligomeric
species was observed in the MeOH fraction rather than in
hexanes, and the polymers had to be precipitated in hexanes
rather than MeOH. Note, analysis of the molecular weight dis-
tribution was attempted using gel-permeation chromatography
(GPC). However, the polymers were found to be incompatible
with GPC instrumentation (CHCl; eluent at 40 °C) necessitat-
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Fig. 2
PC6-Ph, PC6-Ur, PC10-Ph, and PC10-Ur.

ing analysis via MALDI-TOF, which is detailed in a following
section.

ATR-FTIR (Fig. 2B and Fig. S11 and S12) and high-tempera-
ture (80 °C in C,D,Cl;) NMR spectroscopy (Fig. S13-516) were
used to evaluate the polymer structure. ATR-FTIR measure-
ments show comparable spectral features corresponding to the
functional groups present in the monomers and polymers
(phthalimide and wurea). With PC10-Ph and PC10-Ur as
examples, notable features in the IR spectrum include the
C=0 stretches for phthalimide (1736 cm™') versus urea
(1666 cm™) and the presence of a N-H stretch (3365 cm™") for
PC10-Ur. These align well with the respective monomers where
the C=0 stretch for 3 (1700 em™") and 5 (1632 cm™") occur at
comparable wavenumbers, as well as the N-H stretch for 5
(3319 em™). The chemical shifts of the resonances present in
the monomer NMR spectra (Fig. S5-510) provide alignment
with the respective polymers (Fig. S13-S16) with identifiable
resonances corresponding to the phthalimide (circa 7.90 ppm)
and urea moieties (circa 4.50 ppm), albeit the broad, feature-
less resonances of the polymer NMR spectra limit the extent of
analyses possible.

Contact angle measurements were performed on polymer
films coated on glass-ITO substrates using DI-H,O and ethyl-
ene glycol to assess the relative hydrophilicity (Fig. S19, SI). It
was observed that the identity of the ProDOT alkyl sidechain
(C6 or C10) played a predominant role in determining the
hydrophilicity of the polymers where H,O drop contact angles
for PC6-Ph/PC6-Ur and PC10-Ph/PC10-Ur were found to be
82.5°/87.6° and 91.2°/95.4°, respectively. This indicates that

RSC Appl. Polym.

Potential vs. Fc/Fc* (V) Temperature (°C)

(A) Monomer and polymer synthesis. (B) ATR-FTIR spectra, optical absorption spectra, cyclic voltammograms, and DSC thermograms of

PC10-Ph/PC10-Ur are hydrophobic, and although the water
drop contact angle for PC6-Ph/PC6-Ur is considered within the
hydrophilic regime (8 < 90°)* it is well above the contact angle
for PEDOT:PSS and glycolated thiophenes which are compati-
ble with aqueous electrolytes (9 < 65°).>*

Optical absorption and cyclic voltammetry

Optical absorption measurements were performed using
polymer films coated on glass substrates with the spectra pro-
vided in Fig. 2B and the corresponding data tabulated in
Table 1. It was found the identity of the sidechain unit on the
ProDOT comonomer (C6 or C10) has little influence on the
optical absorption, where the inclusion of either the phthali-
mide or urea functionalized EDOT results in marked changes
in the absorption profile. Specifically, PC6-Ph/PC10-Ph were
found to have redshifted Amax (Amax = 578 nm) and comparable
optical bandgaps (Eg) (1.76/1.74 eV) relative to PC6-Ur/PC10-Ur
(Amax = 541 nm and 1.81/1.86 eV), respectively. The optical
absorption profiles for PC6-Ph/PC10-Ph and PC6-Ur/PC10-Ur
align well with those reported for other ProDOT and EDOT
containing copolymers.?”-*°7>2

Electrochemical measurements (CV and scan rate depen-
dence) were performed using polymer films drop-casted onto a
glassy-carbon working electrode from 20 mg mL™" solutions in
0.1 M LiPF,/PC with a Pt-wire counter and Ag-wire psuedorefer-
ence electrode (Fig. 2B and Table 1). The polymer films were
electrochemically conditioned prior to measurement (cycled
10x from —1.0 to +1.0 V) to ensure a stable polymer mor-
phology and reproducible redox features.>* As with the optical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Molecular weight, thermal, optical, electrochemical, and electrochromic characterization data for PC6-Ph, PC6-Ur, PC10-Ph, and PC10-Ur

Polymer M, (kg mol™)% B T¢” (°C)  Amax (nm); E,S (€V)  ESC?(V) HOMO® (eV) LUMO’(eV) AT% (%) to/t.(s) CE(em*C™)
PC6-Ph  3.7;1.05 320 578,1.76 -0.25 -4.55 -2.79 39.8 6.1/10.4 55
PC6-Ur  3.0;1.02 292 541,1.81 -0.32 —4.48 —2.67 28.9 6.4/15.2 93
PC10-Ph  3.6; 1.08 300 578,1.74 —-0.26 —4.54 -2.80 27.7 9.7/8.1 61
PC10-Ur  3.2;1.03 315 541,1.86 —0.45 -4.25 -2.39 32.3 6.2/8.4 25

“Estimated via MALDI-TOF spectrometry following purification via Soxhlet extraction. ® Measured at 5% mass loss. °Estimated using the
equation Eg = 1240/Agnset- ¢ Measured using 0.1 M LiPF4/PC electrolyte versus Fc/Fc'. © Estimated using the formula E = —Egee¢ + (—4.80 eV).

JEstimated using the formula Erymo = Enomo + Eg-

absorption measurements, the voltammograms show a greater
dependence on identity of the EDOT sidechain functionality
(Ph or Ur) rather than the sidechains of the ProDOT comono-
mer (C6 or C10). Specifically, PC6-Ph/PC10-Ph and PCé6-Ur/
PC10-Ur show comparable electrochemical oxidation onsets
(B2 (—0.25/—0.26 V and —0.32/—0.45 V) and HOMO energy
levels (—4.55/—4.54 eV and —4.48/—4.25 eV). Although there is
greater deviation between PC6-Ur/PC10-Ur relative to PC6-Ph/
PC10-Ph, PC6-Ur and PC10-Ur follow a similar trend where
E2%set is observed at more negative potentials affording a more
destabilized HOMO in comparison to their phthalimide ana-
logues. These findings align with the calculated trends from
density functional theory (DFT) calculations [B3LYP/6-31+G(d)]
using model compounds based on the repeat unit structures
(PE-Ph and PE-Ur in Fig. S20 and Table S4, SI). Specifically,
stabilization of the LUMO (PE-Ph/PE-Ur LUMO = —2.78/-1.07
eV) and a decrease in E, (PE-Ph/PE-Ur E, = —2.33/—4.04 €V)
was observed and is consistent with similar compounds from
literature reports.*’

Next, increases in the peak anodic current/peak cathodic
current (ipa/ipc) as a function of scan rate (25-300 mV s~ ') were
measured for PC6-Ph, PC6-Ur, PC10-Ph, and PC10-Ur (Fig. S21
with the quantitative data compiled in Tables S5-S8, SI). A
linear and comparable increase in ip./i,. with an increasing
voltage scan rate was observed indicating that electrochemical
oxidation is reversible and not diffusion limited.>*™’

Thermal analysis

Analysis of the polymer thermal properties was performed
using thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) with the findings provided in Fig. 2B,
Table 1, and Fig. S17. TGA indicates decomposition tempera-
tures (Tyq at 5% mass loss) within a proximal range of
292-320 °C highlighting the polymers’ excellent thermal stabi-
lity up to ~300 °C and comparable to ProDOT copolymers with
N-containing functionalities (Table 1).*® The thermograms
also show notable mass loss events during pyrolysis that could
correspond to alkyl sidechain cleavage and functional group
degradation (~300-400 °C) followed by degradation of the
polymer backbone (~450-500 °C), which has been reported for
functionalized polythiophenes and various polymers.’>®® DSC
measurements show an absence of thermal transitions corres-
ponding to polymer melt (T,,,) or crystallization (T.) indicating
an amorphous morphology, which is expected for these poly-

© 2026 The Author(s). Published by the Royal Society of Chemistry

mers given the regiorandom incorporation of the Ph or Ur
functionalities on the EDOT comonomer. Note, regiorandom
incorporation of the phthalimide or urea substituent could
inhibit formation of the periodic microstructure and self-
assembly necessary to achieve semicrystalline domains.

MALDI-TOF analysis

MALDI-TOF spectrometry was used to determine the molecular
weight distribution of the polymers, due to incompatibility
with the GPC eluent and an absence of end-groups in the
NMR spectra suitable for estimating M,,, with the results pro-
vided in Fig. 3 and S18 and Tables 1 and S3. MALDI-TOF was
performed using polymer films drop-casted from CF solutions
(0.25 mg mL™") with trans-2-3-(4-tert-butylphenyl)-2-methyl-2-
propenylideneJmalononitrile (DCTB) as the matrix material,
which has been successfully implemented as matrix material
for ProDOT-EDOT copolymers and other polythiophenes.®*
Note, terthiophene was also evaluated as a matrix material,
but the optimal ionization and signal intensity was achieved
using DCTB.®?

PC6-Ph provided my/z peaks corresponding to the desired
repeat unit ranging from the trimer to the tetramer affording a
M, of 3.7 kg mol™" and P of 1.05 (Fig. 3). Although the M,
value is lower than many polythiophenes, this value is within
range of other ProDOT-EDOT copolymers and polythiophenes
with polar sidechains.®®®! Additionally, it is possible that the
higher-molecular polymer chains were not detected due to pre-
ferential ionization/detection of low molecular weight
species.®>®® End-groups for PC6-Ph were identified as contain-
ing both or combinations of Br and H (e.g. Br/Br, Br/H, and
H/H) indicating dehalogenation as a likely side-reaction, which
is a commonly encountered in DArP.

PC10-Ph (M,, = 3.0 kg mol™" and P = 1.02) shows a m/z peak
corresponding to the trimer with H/H end groups, and inter-
estingly polymer chains containing ProDOT homocoupling
defects were detected. Note, while MALDI-TOF does not
directly confirm connectivity, the m/z peaks align well with
polymer chains containing an abundance of the ProDOT
comonomer indicating defective homocouplings as a likely
occurrence. Homocouplings of electron-rich thiophene mono-
mers, such as 3,4-alkoxythiophenes, has been reported for
DATrP, supporting this structural assignment.®*

For PC6-Ur (M, = 3.6 kg mol™" and P = 1.08) and PC10-Ur
(M,, = 3.2 kg mol™" and P = 1.03), m/z peaks corresponding to

RSC Appl. Polym.
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Fig. 3
species detected via MALDI-TOF for PC6-Ph and PC6-Ur.

tetramers with H/H or H/Br end groups can be readily identi-
fied, but major intensity peaks likely correspond to polymers
where matrix-adduct formation and subsequent fragmentation
of the urea functionality is likely, since this has been reported
with N-containing functional groups, such as urea, and the
DCTB matrix (Fig. 3B).®”%8

Electrochromic characterization

Spectroelectrochemistry and  electrochromic  switching
measurements were performed using polymer coated glass-
ITO substrates submerged in 0.5 M LiPF¢/PC electrolyte using
a Ag/AgCl reference and a Ag-wire counter electrode. The spec-
troelectrochemical measurements and electrochromic switch-
ing dynamics are provided in Fig. 4 and the quantitative data
compiled in Table 1. All films were electrochemically con-
ditioned prior to measurement, as described above. It is
acknowledged that film thickness and surface morphology
play a critical role in determining the number of electro-

RSC Appl. Polym.

CeHiO  O-CgHys CeHizO O-CeHyz  CeHiz©Q  O-CeHys

(A) MALDI-TOF spectra of polymers PC6-Ph, PC10-Ph, PC6-Ur, and PC10-Ur. (B) Representative repeat units and end-groups for the ionized

chemical redox accessible sites and the overall performance
metrics for electrochromic conjugated polymers.>” To account
for this, proximal optical densities of ~0.8-1.1 were targeted
for the optical absorption of the neutral polymer films, which
is a typical range for solution processed electrochromic
polymers.**® For optical contrast (AT%), switching times (t,/
t.), and cycling stability, the measured wavelength corresponds
to Amax Of the neutral state (1 = 578, 541, 578, and 541 nm for
PC6-Ph, PC6-Ur, PC10-Ph, and PC10-Ur respectively).
Spectroelectrochemistry (Fig. 4A) indicates a dependence of
the alkyl sidechain identity on the ProDOT comonomer (C6 or
C10) on the potential needed to induce electrochromic switch-
ing and the optical absorption of the polaron. Specifically,
with PC6-Ph/PC6-Ur marked bleaching of the ground state
absorption band and growth of the p-polaron absorption band
(~900-950 nm) occurs at more negative potentials (—1.2/—0.6
V) compared to PC10-Ph/PC10-Ur (—0.8/—0.4 V), respectively.
However, complete bleaching of the ground state optical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Spectroelectrochemical spectra (A) and switching dynamics (B) of PC6-Ph, PC6-Ur, PC10-Ph, and PC10-Ur. (C) Representative cycling stabi-
lity measurements of PC6-Ph and PC6-Ur. (D) CIELAB chromaticity diagram for neutral and oxidized PC6-Ph, PC6-Ur, PC10-Ph, and PC10-Ur.

absorption band occurs at lower potentials for PC10-Ph/PC10-
Ur versus PC6-Ph/PC6-Ur (+0.6/+0.4 V versus +2.0/+2.0 V).
Although the HOMO energy levels and ESy** values are com-
parable for all polymers, the influence of the sidechain iden-
tity on the polymers morphology and microstructure may allow
increased electrolyte penetration facilitating electrochemical
oxidation at lower potentials. This is particularly apparent
with the spectroelectrochemical spectra of PC6-Ur, which does
not achieve complete bleaching of the ground state optical
absorption band within the potential window of the electrolyte
(Eox < +2.0 V), indicating electrochemically inaccessible
regions of the film. Lastly, for PC10-Ph/PC10-Ur an absorption
band corresponding to the bipolaron becomes apparent at
+0.2/+0.2 V. This contrasts with the optical absorption of
the ground state (neutral form) where it was found the absorp-
tion profile is dependent on the phthalimide or urea
functionality on the EDOT comonomer. It is likely that the
influence of the ProDOT sidechain identity on the spectroelec-
trochemistry stems from the alkyl sidechain’s role in the
polymer self-assembly and microstructure, as well as influen-
cing the electrolyte penetration and ion exchange under an
applied bias.

Electrochromic optical contrast (AT%), switching times (¢/
t.), coloration efficiencies [CE (i7)], and cycling stability (Fig. 4B
and C and Table 1) show dependence on both the identity of
the alkyl substituent on ProDOT (C6 or C10) and the identity
of the functional group on the EDOT monomers (phthalimide
or urea). Specifically, PC6-Ph/PC6-Ur show comparable bleach-
ing times (6.1/6.4 s), but the coloration time for PC6-Ur is slug-
gish compared PC6-Ph (15.2 vs. 10.4 s), which may be due to
the urea functionality trapping electrolyte ions and inhibiting
efficient exchange under negative potentials. Additionally,

© 2026 The Author(s). Published by the Royal Society of Chemistry

PC6-Ph affords an improved optical contrast compared to PC6-
Ur (AT% = 39.8 versus 28.9%) but a moderate coloration
efficiency (CE = 55 versus 93 cm® C™'). In comparison, PC10-
Ph/PC10-Ur provide distinct performance metrics with more
comparable optical contrast (AT% = 27.7/32.3%) and color-
ation times (8.1/8.4 s). PC10-Ph shows very similar coloration
efficiency to PC6-Ph (CE = 61 versus 55 cm® C™'), indicating
very little influence of the alkyl substituent identity for this
metric, but a shorter switching time (¢,/¢. = 9.7/8.1 s versus 6.1/
10.4 s). In comparison, PC10-Ur shows improved switching
times (tp/t. = 6.2/8.4 s versus 6.4/15.2 s) but a diminished color-
ation efficiency (CE = 24.7 versus 93 cm” C™') relative to PC6-
Ur. These findings emphasize the profound impact of the side-
chain identity on the electrochromic performance metrics and
reveal the nuanced relationship between the conjugated
polymer sidechains and functional groups. The polymers all
show comparable stability with minimal degradation after
cycling for 1200 s (Fig. 4C and S23).

Changes in the coloration of PC6-Ph, PC6-Ur, PC10-Ph, and
PC10-Ur following electrochromic switching are shown with
CIE L*a*b* color coordinates provided in Fig. 4D and Table S9.
The polymers PC6-Ph, PC6-Ph, PC10-Ph, and PC10-Ur all show
a variable amaranth color in their neutral form. Upon electro-
chromic oxidation, all polymers achieve a transparent color-
ation. These findings show that by modification of the side-
chain identity (C6 or C10) and the functional group (urea or
phthalimide) the color of the polymer can be tuned to
different shades of red/amaranth. It has been shown with
ProDOT copolymers that the sidechain identity has a profound
influence on the coloration, likely due to the influence of the
sidechain identity on steric interactions and =-conjugation
achieved through polymer backbone coplanarity.*’

RSC Appl. Polym.
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Fig. 5 AFM height (top) and phase (bottom) images (A) and SEM images (B) for PC6-Ph, PC6-Ur, PC10-Ph, and PC10-Ur.

Polymer morphology

AFM and SEM were employed to determine changes in the
polymer morphology and surface topology due to modification
of the ProDOT alkyl sidechain (C6 or C10) and the functionali-
zation of the EDOT comonomer (phthalimide or urea).
Polymer thin-films were prepared by spin-coating polymer/CF
solutions onto glass substrates with the AFM height/phase
images and SEM images provided in Fig. 5.”° PC6-Ph, PC6-Ur,
and PC10-Ur all show smooth, featureless morphologies in
both AFM and SEM images with comparable RMS roughness
(0.54, 0.51, and 0.51 nm, respectively). PC10-Ph also shows a
comparable morphology but with an increased presence of
polymer aggregates causing a steep increase in RMS roughness
(3.85 nm). Correlating the surface topology of PC10-Ph to the
electrochromic performance metrics, it is likely the presence
of these aggregates results in the diminished optical contrast
(25%), since the aggregates may inhibit electrolyte penetration
thereby becoming electrochemically inaccessible. The smooth
morphology of these polymers is characteristic of an amor-
phous morphology, which correlates well with DSC measure-
ments that showed an absence of endothermic/exothermic
transitions corresponding to a T,/T.. Additionally, these
measurements show that the ProDOT sidechain identity (C6 or
C10) and the functional group identity on EDOT (phthalimide
or urea) hold minimal influence on the polymer morphology,

RSC Appl. Polym.

which is likely due to the regiorandom arrangement of the
functional groups on EDOT.

Conclusions

In this work, a series of ProDOT and EDOT copolymers were
synthesized where the identity of the alkyl substituent on
ProDOT [hexyloxy (C6) or decyloxy (C10)] and the functional
group on EDOT [phthalimide (Ph) or urea (Ur)] was varied to
probe how the alkyl substituent identity and inclusion of
H-bonding functional groups influences the polymer optical,
electrochemical, and electrochromic properties. The polymers,
PC6-Ph, PC6-Ur, PC10-Ph, and PC10-Ur, were synthesized via
direct arylation polymerization (DArP), which has been
employed extensively for ProDOT/EDOT containing copoly-
mers. Structural analysis via ATR-FTIR and NMR revealed
incorporation of the desired functionalities from the
monomer to the polymer. The polymer molecular weight dis-
tribution and end-group identity was analysed using
MALDI-TOF spectrometry, which shows the presence of Br/Br,
H/Br, and H/H end-groups indicating hydrodehalogenation as
a likely side-reaction during the polymerization. In addition,
MALDI-TOF spectrometry revealed the presence of ProDOT
homocoupling defects for PC6-Ur, PC10-Ph, PC10-Ur, which

© 2026 The Author(s). Published by the Royal Society of Chemistry
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could not be realized using typical spectroscopic techniques
(e.g. NMR). Electrochromic characterization shows the poly-
mers have moderate optical contrasts (27.7-39.8%) and color-
ation efficiencies (up to 93 em> C™'), albeit with more sluggish
switching times compared to ProDOT/EDOT copolymers (/.
as low as 5.8/8.1 s). Regardless of the alkyl substituent identity,
inclusion of the phthalimide functional group provides com-
parable switching times for PC6-Ph/PC10-Ph (t,/t. = 6.1/10.4
and 9.7/8.1 s) and coloration efficiencies (55 and 61 cm* C™%),
while the urea functional group in PC6-Ur/PC10-Ur affords
markedly different switching times (t,/t. = 6.4/15.2 and 6.2/8.4
s) and coloration efficiencies (93 and 25 cm® C™') indicating
greater dependence on the alkyl substituent identity, respect-
ively. Lastly, DSC and AFM/SEM reveal an amorphous and fea-
tureless morphology for all the polymers, which is character-
istic of regiorandom polythiophenes. Overall, these findings
show that the identity of the alkyl substituent (C6 or C10) does
not directly influence the polymer optical, electrochemical, or
electrochromic properties, but is coupled with the identity of
the phthalimide or urea functional group. It is foreseeable that
inclusion of branched aliphatic sidechains or oligo(ethylene
glycol) sidechains on the ProDOT comonomer could have
more pronounced effects, as well as modification of the alkyl
substituent on the urea, indicating areas for future research
efforts.

Experimental
General

All reagents and chemicals were used as purchased from com-
mercial sources: Fisher Scientific, VWR International, Sigma-
Aldrich, and Ambeed Inc. All glassware for synthetic and
characterization procedures was oven dried (120 °C) and
cooled under N,. Anhydrous propylene carbonate (PC) was pur-
chased from Thermo Fisher Scientific, stored in a nitrogen-
filled glovebox, and used as received. Glass-ITO substrates
(Delta Technologies, Limited; RS = 15-25 ; 0.7 x 2.0 cm) were
cleaned via sonication with an aqueous detergent, DI-H,0,
MeOH, isopropanol, and acetone (15 min) and UV-ozone treat-
ment (20 min).

Polymer synthesis

An oven-dried 50 mL Schlenk tube with a stir bar was cooled
under nitrogen. This was followed by the addition of 3 or 5
(0.23 mmol 1.0 equiv.) and 6 or 7 (0.23 mmol, 1.0 equiv.),
PivOH (0.07 mmol, 0.3 equiv.), K,CO; (0.58 mmol, 2.5 equiv.)
and Pd(OAc), (0.01 mmol, 0.04 equiv.) under nitrogen and
vacuum-backfilled with N, three times. Then, 2.3 mL of anhy-
drous DMA was added to the mixture and stirred for 10 min at
room temperature to dissolve the monomers. The Schlenk
flask was then placed into a pre-heated oil bath (140 °C) for
24 h. After cooling at room temperature, polymer solids were
dissolved in chloroform, and the reaction mixture was precipi-
tated into the chilled hexanes with rapid stirring. The polymer
product was then filtered into a cellulose thimble and purified

© 2026 The Author(s). Published by the Royal Society of Chemistry
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via Soxhlet extraction (hexanes, MeOH, and chloroform). The
chloroform fraction was concentrated and precipitated into
chilled hexanes. The purple solid was then collected via fil-
tration and dried overnight under vacuum.

MALDI-TOF analyses

A Bruker Microflex LRF MALDI-TOF mass spectrometer was
used for measurements. The polymers were initially dissolved
into CHCl; in the concentration of 1 mg mL™". Then the
polymer solution was diluted on the concentration at 0.5 mg
mL~". The matrix (DCTB) was prepared by dissolving into
CHCl; in the concentration of 0.5 mg mL™", and it was com-
bined with the polymer solution to yield a final concentration
of 0.25 mg mL~". PEG 3500 was used as a calibration standard,
and it was prepared by dissolving in CHCI; at 0.25 mg mL™".
Number average molecular weights (M,) and weight average
molecular weights (M,) were calculated following literature
procedures.®>”*

Cyclic voltammetry and optical absorption spectroscopy

A Shimadzu UV-3600 I Plus controlled by Lab Solutions soft-
ware was used for all optical absorption measurements.
Polymer films were prepared by spincoating (2500 rpm) 10 mg
mL~" CHCI; solutions (stirred at 65 °C overnight) onto 2 x
2 cm pre-cut glass-substrates. Cyclic voltammetry (CV) was per-
formed using a BioLogic SP-50e potentiostat controlled by
EC-Labs software. The working electrode was a glassy carbon
electrode coated with a polymer film prepared via drop-casting
from a 10 mg mL™" CHCI; solution. Ag-wires served as the
counter and pseudoreference electrodes, and all measure-
ments were referenced to the Fc/Fc' redox couple. Degassed
0.1 M LiPF¢/PC served as the electrolyte, and all measurements
were performed under an atmosphere of N,. Prior to electro-
chemical analysis, the film was conditioned by cycling 10
times between —1.0 V to +1.0 V at a scan rate of 100 mV s™".

Electrochromic characterization

Spectroelectrochemisty and electrochromic switching measure-
ments were performed using 0.5 M LiPF¢/PC electrolyte with a
polymer coated glass-ITO substrate as the working electrode, a
Ag-wire counter electrode, and a Ag/AgCl pellet electrode as
the reference. Each polymer sample was dissolved in the con-
centration of 30 mg mL~" in CHCI; and stirred overnight at
65 °C to ensure complete dissolution. Then, the polymer solu-
tion was spin-coated onto pre-cleaned glass-ITO substrates at
3000 rpm. The polymer films were electrochemically con-
ditioned prior to measurement, as previously described.
Optical transmittance was measured at the respective 4.y to
determine optical contrast, switching times, coloration
efficiency, and cycling stability.
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