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Modulating electrochromic properties via
thiophene donors in thieno[3,4-c]pyrrole-
4,6-dione-based conjugated polymers

Kok Chan Chong, abc Kang Le Osmund Chin, ab Shi Jun Ang, d Ran Tao, ab
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Thieno[3,4-c]pyrrole-4,6-dione (TPD) is a strong imide-based electron acceptor that remains under-

explored for electrochromic (EC) conjugated polymers, with existing studies limited by narrow donor

scope and the use of varying device structures, hindering systematic structure–property comparisons.

Herein, a series of seven TPD-based donor–acceptor conjugated polymers incorporating thiophene-

derived donors, terthiophene, quaterthiophene, pentathiophene, thieno[3,2-b]thiophene (TT), 3,4-ethylenedioxy-

thiophene (EDOT), dithieno[3,2-b:20,30-d]pyrrole (DTP), and cyclopenta[1,2-b:5,4-b0]dithiophene (CPDT), are

synthesised to elucidate the roles of conjugation length, backbone planarity, and donor strength in

governing EC properties. Systematic modulation of donor structures enables tuning of neutral-state colours

from grey to purple and dark blue, while oxidised states exhibit different grey hues. Stronger electron-

donating units significantly enhance EC performance, with the EDOT-based polymer exhibiting the highest

optical contrasts of 23.8% (595 nm) and 46.7% (1800 nm), while the DTP-based polymer shows the best

open circuit memory retention (ca. 74% retention of initial transmittance after 10 minutes), fastest response

times of 4.3 (bleaching at 608 nm) and 6.8 s (colouration at 1400 nm) and highest coloration efficiencies of

801.1 and 1358.5 cm2 C�1. Meanwhile, long-term switching stability appears to be more influenced by

polymer molecular weight, with the pentathiophene-based polymer having the highest weight average

molecular weight (Mw) of 104.5 kDa, demonstrating the highest durability, retaining 79.1% of its initial optical

contrast after 3000 cycles. In addition, the electrofluorochromic (EFC) behaviour is observed for five

polymers, with the terthiophene-based polymer showing the best contrasts of IOFF/ON 11.7 for fluorescence

switching at 710 nm. Overall, this work establishes a comprehensive structure–property framework for TPD-

based EC polymers, providing design rules that enable predictive tuning of colour, efficiency, and stability,

and supporting the rational and potentially data-driven development of future high-performance EC

materials.

1. Introduction

The colour switching properties of electrochromic (EC) materials
under the control of external applied voltages make them highly

useful and sought after for various applications such as smart
windows, anti-glare vehicle rear mirrors, smart eyewear, optical
displays, and even military camouflage.1–5 Driven by increasing
needs from energy-saving green buildings and automotive appli-
cations, the growing demand for EC materials and technologies
can also be reflected by intensifying research in this area. Unlike
traditional metal oxide-based EC materials, conjugated polymers
offer unique advantages, such as colour tunability, light weight,
flexibility, and solution processability at scale.6 This proves to be
especially useful for smart windows, the biggest driver for EC
market growth, where the tints and colours of window panels in
buildings and vehicles, as well as the extent of light and heat
passing through, can be customized to the preferences and needs
of homeowners, consumers, manufacturers, and developers.

Donor–acceptor (D–A) type conjugated polymers are widely
studied for EC applications. They often exhibit robust EC
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switching performance, and offer tuneable optical properties
such as EC switching colours via the rational selection of
different aromatic electron-donor and electron-acceptor mono-
mers. Common donors include thiophene-based monomers,
triphenylamines, carbazoles, and pyrroles,7–12 while common
acceptors include quinoxalines, benzothiadiazoles (BTD), and
triazoles.13 Based on their different structures, and electron
donating and withdrawing strengths, the selection and combi-
nation of monomers influence the polymers’ frontier molecular
orbital energies, absorption profiles, as well as optical and
electronic bandgaps,14–17 which may also have an effect on
EC switching parameters, such as optical contrasts (OC),
response times (t), open circuit memory retention, colouration
efficiencies (CE) and long-term switching stabilities. Based on
this principle, numerous D–A type EC polymers bearing different
acceptor groups have been developed over the years,13 with
reported working colours spanning almost the entire colour
palette.18,19 However, gaps still remain in the pursuit of precise
colour tuning with the optimization of EC switching performance
in the design of D–A type EC polymers. Future EC materials are
expected to be increasingly tailored to application-specific require-
ments, guided by both expert intuition and emerging artificial
intelligence and machine learning approaches.20,21 In this con-
text, a comprehensive understanding of structure–property rela-
tionships, particularly across a broader range of monomer
building blocks, is essential to enable predictive control over EC
switching colours and performance to rationally guide materials
development.

Imide and amide-based acceptors are widely used building
blocks for low-bandgap conjugated polymers with efficient
charge transport in optoelectronic applications, owing to their
strong electron-withdrawing characteristics and versatile func-
tionalisation, for example through the introduction of different
side chains at the nitrogen positions to fine-tune polymer
properties.22–25 Extensive studies have been carried out on EC
polymers bearing diketopyrrolopyrrole,26–29 isoindigo,30–33 and
rylene diimide34–36 acceptors. Our team has also studied
EC conjugated polymers with bay-isoindigo,37 and pyromellitic

diimide acceptors,38 as well as polymers featuring novel diimide-
based acceptors prepared via inverse electron-demand Diels Alder
or Diels Alder reactions between different diimide precursors and
triazine or tetrazine.39–42 Polythiophenes are widely regarded as
benchmark conjugated polymers due to their favourable photo-
physical and electronic properties for optoelectronic applications.
Incorporation of thieno[3,4-c]pyrrole-4,6-dione (TPD) as an accep-
tor co-monomer provides an effective strategy to further tune
these properties while largely preserving the planarity and rigidity
of the polythiophene backbone. Conjugated polymers bearing a
TPD acceptor have commonly been reported for photovoltaics43–45

and field effect transistor applications,46–49 and more recently,
thermoelectrics50 and photocatalysis.51,52 Studies of TPD-based
EC polymers are however limited, with only recent reports from
Onal et al.,53 Song et al.,54 and Zhen et al.,55 confined to bearing
one to two thiophene, 3,4-ethylenedioxythiophene (EDOT), or
3,4-propylene dioxythiophene (ProDOT) donors (Table S3, SI).
More importantly, with the limited choice of donors and
varying EC device (ECD) structures used in these reports,
it may be difficult to get a clear picture of important
structure–property relationships of TPD-based EC polymers,
which is crucial to guide future materials development.

To fully realise the potential of TPD as a versatile building
block for high-performance EC polymers with tuneable colour,
comprehensive structure–property relationship studies are required.
In this study, seven TPD-based conjugated polymers bearing
different numbers and types of thiophene(-based) donors
(Scheme 1), p(TPD2T-T), p(TPD2T-2T), p(TPD2T-3T), p(TPD2T-
TT), p(TPD2T-EDOT), p(TPD2T-DTP), and p(TPD2T-CPDT),
were synthesized and studied for their EC properties. The use
of different donors actually leads to a significant variation in
neutral state colours from brown to magenta, purple and dark
blue, while the oxidised state colours reveal different hues of
grey. EC switching studies reveal that all polymers exhibit
comparable OCs at both visible and near-infrared (NIR) wave-
lengths, while differing markedly in ts, CEs, and open-circuit
memory. Polymers p(TPD2T-EDOT) and p(TPD2T-DTP), respec-
tively incorporating stronger donors 3,4-ethylenedioxythiophene

Scheme 1 Chemical structures of TPD-based EC polymers p(TPD2T-T), p(TPD2T-2T), p(TPD2T-3T), p(TPD2T-TT), p(TPD2T-EDOT), p(TPD2T-DTP),
and p(TPD2T-CPDT) studied in this work.
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(EDOT) and dithieno[3,2-b:20,30-d]pyrrole (DTP),56 deliver superior
performance: p(TPD2T-EDOT) exhibits the largest OC of 46.7%
at 1800 nm, while p(TPD2T-DTP) shows the fastest switching ts

(4.3/0.7 s for colouration/bleaching at 608 nm), the highest CE
(1358.5 cm2 C�1 at 1400 nm), and best open-circuit memory
(retaining ca. 74% of its initial transmittance after 10 min).
In contrast, p(TPD2T-3T), which has the highest weight-average
molecular weight (Mw = 104.5 kDa), demonstrates the best long-
term switching stability, retaining 79.1% of its initial OC after
3000 cycles. This polymer also exhibits the highest electrofluoro-
chromic (EFC) switching contrast (IOFF/ON = 11.7 at 710 nm).
Collectively, these results provide a comprehensive understanding
of structure–property relationships in TPD-based EC polymers,
addressing the current lack of systematic studies in this area.

2. Experimental
2.1. Materials and instruments

All chemical reagents and solvents used in the synthesis and
purification of intermediates, monomers, and polymers, as well
as in device fabrication, were purchased from commercial
sources (Merck Sigma Aldrich; TCI; BLD Pharmatech; Tedia)
and used without further purification unless otherwise stated.
The purification of intermediates and monomers was per-
formed via column chromatography using high purity grade
silica gel (pore size 60 Å, mesh particle size 230–400, and
particle size 40–63 mm) purchased from Merck Sigma Aldrich.
NMR analysis was performed in deuterated solvents purchased
from Cambridge Isotopes with tetramethylsilane (TMS) as the
internal standard. ECDs use indium–titanium oxide (ITO)-coated
glass substrates (15 O sq�1; 30 � 35 � 1.1 mm) purchased from
Xin Yan Technology Ltd.

1H and 13C NMR spectra were recorded in deuterated
solvents using a Bruker AV400SB 400 MHz NMR spectrometer,
with chemical shifts expressed in parts per million (ppm)
relative to the TMS reference. High resolution electron spray
ionization mass spectrometry (ESI) was performed using an
Agilent LC-QTOF 6545B. Gel permeation chromatography
(GPC) was performed in THF solutions using an Agilent 1260
Infinity II GPC/SEC system using polystyrene as the standard.
UV-Vis-NIR absorption spectra of polymer solutions, and EC
spectroelectrochemistry together with kinetic switching studies
were recorded and performed using an Agilent Cary 5000 UV-
Vis-NIR spectrophotometer. A PalmSens4 Potentiostat/Galvano-
stat was used to perform cyclic voltammetry (CV) and apply
voltages for EC spectroelectrochemistry and kinetic switching
studies. CV studies were performed in a three-electrode cell
configuration with a glassy carbon working electrode, a Pt wire
counter electrode and an Ag wire pseudo-reference electrode.
Polymers were dissolved in 0.1 M TBAPF6 DCM solution for
solution CV studies, whereas polymers were deposited over a
glassy carbon working electrode and immersed into 0.1 M
LiClO4 in acetonitrile electrolyte for thin-film CV studies.
CV studies were performed at a scan rate of 50 mV s�1, and
referenced against the ferrocene/ferrocenium (Fc/Fc+) redox

couple. Fourier-transform infrared (FTIR) spectra of polymers
were recorded using a Bruker Vertex 70 FTIR spectrometer.
Colorimetric analysis was performed using a Hunterlab Color-
Quest XE colorimeter. Thermal gravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were performed on a
TA Instruments TGA Q500 and PDSC Q100, respectively. The
thickness of spin-coated polymer films on ITO/glass substrates
were measured via surface profilometry using a KLA Tencor P16
surface profiler. Scanning electron microscopy (SEM) was per-
formed using a Hitachi SU8220 field emission SEM.

2.2. Device fabrication

Sandwiched-type thin film ECDs were fabricated with the
following device configuration: glass|ITO|EC polymer|gel elec-
trolyte|ITO|glass. ITO–glass substrates were first cleaned with
deionized water and acetone under ultrasonication, followed
by ozone surface treatment at 100 1C for 10 minutes. 150 mL of
polymer solution (10 mg mL�1 in chloroform/chlorobenzene
1 : 1 v/v, filtered over 0.45 mm PVDF filter frit) was pipetted onto
the ITO surface of one pre-cleaned substrate and spin-coated at
500 rpm for 30 s using a Laurell WS-400-LITE spin-coater. The
substrate was allowed to stand on a hotplate at 80 1C for a
minute. The excess edges on the spin-coated substrates were
wiped off with a cotton bud to obtain a 2 � 2 cm active area.
Meanwhile, 250 mL of gel electrolyte, prepared by stirring
0.512 g LiClO4, 6.65 mL of propylene carbonate, and 2.8 g of
PMMA (Mw 120k g mol�1), was pipetted onto the ITO surface of
another substrate over a 2 � 2 cm demarcated area blocked-out
by double-sided tape, and allowed to stand for 15–20 minutes.
The ECDs were then assembled by sandwiching the two sub-
strates with 0.5 cm of uncontacted edges on each substrate for
electrical contact.

2.3. EC switching studies

Spectroelectrochemistry studies were performed by measuring
the absorption spectra of ECDs with different voltages applied
from the potentiostat connected via crocodile clips and wiring.
Likewise, for kinetic switching/chronoabsorptometry studies,
the transmittances of ECDs at selected wavelengths were moni-
tored over time as the voltage applied was varied. The optical
contrasts (OCs) are measured in terms of maximum change in
transmittance under a constant applied voltage, whereas the
switching speed or response times (t) was determined by the
time taken for the ECD to achieve 95% maximum OC in either
the oxidative or subsequent reductive recovery colouration
process. Colouration efficiency (CE) is defined as the change
in optical density per unit charge input or removed. It is
determined with the formula CE = log(Tox/Tred)/(q/A), where
Tox and Tred are the absolute transmittance of the ECDs
measured in the oxidised and reduced states, respectively,
q is the charge input or removed, and A is the active area
(2 � 2 cm = 4 cm2). Open circuit memory was determined by
monitoring the transmittance over time upon removing elec-
trical contact. Finally, long-term switching stability was likewise
studied by monitoring the transmittance over time as applied
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voltage alternates between a positive and negative voltage with
a pre-determined time interval over up to 1000 cycles.

2.4. Synthesis and characterization

The synthesis of the seven polymers is outlined in Scheme S1, SI.
1,3-Bis(4-dodecylthiophen-2-yl)-5-(2-ethylhexyl)-4H-thieno-

[3,4-c]pyrrole-4,6(5H)-dione (2). 1,3-Bis(5-bromothiophen-2-yl)-
5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (212 mg,
0.50 mmol), (4-dodecylthiophen-2-yl)trimethylstannane (519 mg,
1.25 mmol), and Pd(PPh3)2Cl2 catalyst (18 mg, 0.025 mmol)
were added into a flame-dried Schlenk flask and the reaction
chamber was evacuated and backfilled with argon gas 3 times.
Anhydrous tetrahydrofuran (10 mL) was added via a needle and
syringe, and the reaction mixture was stirred at 80 1C for
18 hours. Upon cooling to room temperature, water was added,
and the mixture was extracted with dichloromethane 3 times.
The combined organic layer was dried over anhydrous magne-
sium sulphate, filtered and concentrated. Column chromato-
graphy with a dichloromethane/hexane (1 : 4 v/v) eluent was
performed to isolate the product as a yellow solid (332 mg, 87%
yield). 1H NMR (500 MHz, CDCl3, d): 0.88–0.94 (m, 12H), 1.32–
1.44 (m + s, 40H), 1.90 (t, J = 5.8 Hz, 2H), 3.64–3.75 (m, 4H), 7.16
(s, 2H), 7.47 (dd, J = 8.0 Hz, 0.8 Hz, 2H), 9.12 (d, J = 8.0 Hz, 2H).
13C NMR (100 MHz, CDCl3, d): 10.7, 14.1, 23.03, 24.1, 24.9, 28.6,
30.5, 37.4, 44.1, 83.5, 84.0, 113.3, 113.6, 124.2, 128.7, 128.9,
134.3, 144.4, 168.1. HRMS (ESI, m/z): [M + H]+ calculated for
C44H65B2N2O6, 739.5023; measured, 739.5026.

1,3-Bis(5-bromo-4-dodecylthiophen-2-yl)-5-(2-ethylhexyl)-4H-
thieno[3,4-c]pyrrole-4,6(5H)-dione (3). A flame-dried Schlenk
flask was charged with compound 2 (306 mg, 0.4 mmol) and
the N-bromosuccinimide (171 mg, 0.96 mmol), which was then
evacuated and backfilled with argon gas 3 times. Chloroform
(3 mL) and acetic acid (3 mL) were then added, and the reaction
mixture was allowed to stir at room temperature for 16 hours.
Afterwards, water was added, and the mixture was extracted
with dichloromethane (DCM) 3 times. The combined organic
layer was dried over anhydrous magnesium sulphate, filtered
and concentrated. Column chromatography with a dichloro-
methane/hexane (1 : 4 v/v) eluent was performed to isolate
the product as a yellow solid (314 mg, 85% yield). 1H NMR
(500 MHz, CDCl3, d): 0.84–0.88 (m, 12 H), 1.23–1.34 (m, 64 H),
1.92 (m, J = 2H), 3.69 (d, J = 7.3 Hz, 4H), 4.27 (m, 4H), 4.34
(m, 4H), 6.37 (s, 2H), 7.24 (d, J = 1.5 Hz, 2H), 7.33 (dd, J = 8.5 Hz,
2.7 Hz, 2H), 9.12 (d, J = 8.5 Hz, 2H). 13C NMR (100 MHz, CDCl3, d):
14.1, 22.7, 26.7, 29.3, 29.6, 29.7, 30.0, 31.8, 31.9, 36.5, 44.4, 64.4,
64.9, 99.2, 105.3, 117.8, 119.0, 120.2, 129.7, 131.7, 136.6, 139.5,
142.4, 145.3, 168.8. HRMS (ESI, m/z): [M]+ calculated for
C68H98N2O6S2, 1103.6939; measured, 1103.6935.

General procedure for Stille polymerization. To a flame-
dried Schlenk flask connected to the Schlenk line, the dibro-
mide and bis(trimethyltin) monomers were dissolved in anhy-
drous toluene under an inert gas atmosphere in a 1 : 1 molar
equivalence ratio at a monomer concentration of 10 M.
The Pd(PPh3)4 catalyst (0.05 equivalence) was added and the
reaction mixture thoroughly degassed by the freeze–pump–
thaw method. The reaction mixture was allowed to stir at

100 1C for 24 h, and thereafter upon cooling down to room
temperature, the reaction mixture was added dropwise into a
large excess of methanol to precipitate out the crude product.
The crude product was collected via simple filtration, dried and
purified using a Soxhlet extractor setup first by washing with
hot methanol, acetone and hexane, and then extracted with
chloroform. The solvent was removed using a rotary evaporator
and the polymer product was washed with methanol, collected
via simple filtration, and finally dried using a vacuum oven.

p(TPD2T-T) was synthesized via Stille polymerization between
compound 3 and 2,5-bis(trimethylstannyl)thiophene to afford a
shiny purple solid (98.0% yield). 1H NMR (500 MHz, CDCl3, d):
0.85 (m, 12H), 1.11–1.59 (m, broad, 64H), 1.89 (broad, 2H), 3.74
(broad, 4H), 6.67 (broad, 2H), 7.05 (broad, 2H), 7.47 (broad, 2H),
9.04 (broad, 2H). GPC using PS in THF as a standard (Mn = 9017,
Mw = 9 350, PDI = 1.037). FTIR (KBr): v (cm�1) = 2918 (s), 2849 (s),
1690 (m), 1607 (s), 1457 (m), 1112 (m), 790 (m).

p(TPD2T-2T) was synthesized via Stille polymerization
between compound 3 and 5,50-bis(trimethylstannyl)-2,20-bithio-
phene to afford a shiny purple solid (93.0% yield). 1H NMR
(500 MHz, CDCl3, d): 0.86 (broad, 12H), 1.25 (broad, 64 H), 3.73
(broad, 4H), 6.06–6.66 (m, broad, 8H), 8.62 (m, broad, 2H). GPC
using PS in THF as a standard (Mn = 12 145, Mw = 17 822, PDI =
1.467). FTIR (KBr): v (cm�1) = 2921 (s), 2851 (s), 1687 (s), 1607
(s), 1453 (m), 1358 (m), 1111 (m), 786 (m).

p(TPD2T-3T) was synthesized via Stille polymerization
between compound 3 and 5,50 0-bis(trimethylstannyl)-2,20:50,200-
terthiophene to afford a shiny purple solid (14.0% yield).
1H NMR (500 MHz, CDCl3, d): 0.86 (s, broad, 12H), 1.25 (broad,
64 H), 1.84 (broad, 2H), 3.67 (broad, 4H), 6.89 (m, broad, 6H),
7.56 (m, broad, 4H), 9.01 (m, broad, 2H). GPC using PS in THF
as a standard (Mn = 54 295, Mw = 104 517, PDI = 1.925). FTIR
(KBr): v (cm�1) = 2921 (s), 2850 (s), 1687 (m), 1607 (s), 1456 (m),
1111 (m), 783 (m).

p(TPD2T-TT) was synthesized via Stille polymerization
between compound 3 and 2,5-bis(trimethylstannyl)thieno[3,2-
b]thiophene to afford a shiny purple solid (99.0% yield).
1H NMR (500 MHz, CDCl3, d): 0.84–0.88 (m, broad, 12H), 1.25
(broad, 64H), 4.02 (broad, 4H), 6.42 (broad, 4H), 7.47 (broad,
2H), 8.70 (broad, 2H). GPC using PS in THF as a standard (Mn =
13 546, Mw = 21 500, PDI = 1.587). FTIR (KBr): v (cm�1) = 2921
(s), 2852 (m), 1687 (m), 1607 (s), 1459 (m), 1112 (s), 801 (m).

p(TPD2T-EDOT) was synthesized via Stille polymerization
between compound 3 and 5,7-bis(trimethylstannyl)-2,3-dihydro-
thieno[3,4-b][1,4]dioxine to afford a shiny blue solid (70.4% yield).
1H NMR (500 MHz, CDCl3, d): 0.93–0.99 (broad, 12H), 1.37 (broad,
16H), 1.84 (broad, 2H), 3.70 (broad, 4H), 4.44 (broad, 4H), 7.05–
7.17 (m, broad, 2H), 7.47 (m, broad, 2H), 9.03–9.09 (m, broad, 2H).
GPC using PS in THF as a standard (Mn = 5 078, Mw = 9650, PDI =
1.784). FTIR (KBr): v (cm�1) = 2919 (m), 2854 (m), 1687 (s), 1604
(s), 1431 (s), 1351 (s), 1105 (s), 872 (m).

p(TPD2T-DTP) was synthesized via Stille polymerization of
compound 3 and 4-dodecyl-2,6-bis(trimethyltin)-4H-dithieno-
[3,2-b:20,30-d]pyrrole to afford a shiny blue solid (90.0% yield).
1H NMR (500 MHz, CDCl3, d): 0.86 (m, broad, 12H), 1.26
(m, broad, 64 H), 1.92 (broad, 2H), 3.70 (broad, 4H), 4.35–4.43
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(m, 8H), 7.34 (m, broad, 2H), 7.47 (m, broad, 2H), 9.12 (broad,
2H). GPC using PS in THF as a standard (Mn = 6300, Mw = 10 632,
PDI = 1.688). FTIR (KBr): v (cm�1) = 2921 (s), 2851 (s), 1687 (m),
1607 (s), 1450 (s), 1358 (s), 1114 (s), 1082 (s).

p(TPD2T-CPDT) was synthesized via Stille polymerization
between compound 3 and 2,6-bis(trimethyltin)-4,4-bis(2-dodecyl-
benzo)-4H-cyclopenta[2,1-b:3,4-b0]dithiophene to afford a shiny
purple solid (90.0% yield). 1H NMR (500 MHz, CDCl3, d): 0.86
(m, broad, 12H), 1.26 (m, broad, 64 H), 1.92 (broad, 2H), 3.70
(broad, 4H), 4.35–4.43 (m, 8H), 7.34 (m, broad, 2H), 7.47 (m,
broad, 2H), 9.12 (broad, 2H). GPC using PS in THF as a standard
(Mn = 10 496, Mw = 19 442, PDI = 1.852). FTIR (KBr): v (cm�1) =
2921 (s), 2851 (s), 1687 (m), 1607 (s), 1450 (s), 1358 (s), 1114 (s),
1082 (s).

3. Results and discussion
3.1. Polymer synthesis and characterization

The polymers p(TPD2T-T), p(TPD2T-2T), p(TPD2T-3T), p(TPD2T-TT),
p(TPD2T-EDOT), p(TPD2T-DTP), and p(TPD2T-CPDT) were
synthesized by co-polymerizing bis(5-bromo-4-dodecylthiophen-
2-yl)-TPD monomer with the di-stannylated monomers of
thiophene (T), bithiophene (2T), terthiophene (3T), thieno[3,2-
b]thiophene (TT), EDOT, N-dodecyl DTP, and 4,4-didodecyl
cyclopenta[1,2-b:5,4-b0]dithiophene (CPDT), respectively, via
Stille cross-coupling polymerization and then purified by Soxhlet
extraction (Scheme S1, SI). The choice of these seven thiophene-
based co-monomers represent distinct structural classes, including
linear oligothiophenes with increasing conjugation length
(T, 2T, 3T), fused thiophene systems with enhanced planarity
(TT, CPDT), and stronger donor characteristics (EDOT, DTP),
thus enabling a systematic evaluation of structure–property
relationships in TPD-based EC polymers. All seven polymers
were relatively soluble in chlorinated solvents, hence rendering
them solution processable. The conscious efforts to introduce
long dodecyl chains helps to improve polymer solubility. The
polymers were synthesized in good yields of 470%, except for
p(TPD2T-3T) due to relatively low solubility, given its low alkyl-
to-aromatic groups ratio, hence lesser polymers extracted by
hot chloroform. The polymers exhibit comparable weight aver-
age molecular weights (Mw) between 9.4 and 21.5 kDa, except

for p(TPD2T-3T) which has an exceptionally large Mw of
104.5 kDa. All seven polymers exhibit a good poly-dispersity
index (PDI) of 1.04 to 1.93 (Table S1, SI).

Due to the rigid, p-conjugated backbones and associated
intermolecular aggregation, 1H NMR spectra of the seven
polymers measured in both CDCl3 and toluene-d6 exhibit
broadened signals characteristic of reduced chain mobility.
In the aromatic region (d B 6.5–8.5 ppm), broad low-intensity
resonances are assigned to protons of the thiophene/thio-
phene-based donors. In the downfield aliphatic region (d B
2.5–4.0 ppm), weak, broadened low-intensity signals corre-
spond to the methine and methylene protons adjacent to the
branching point of the 2-ethylhexyl substituent on the TPD
unit, as well as the a- and b-methylene protons of alkyl chains/
groups attached to electron-rich thiophene/thiophene-based
donor units (e.g., EDOT and DTP). The upfield region (d B
0.5–2.0 ppm) is dominated by intense, broad resonances
arising from the remaining methylene and terminal methyl
protons of the dodecyl and 2-ethylhexyl side chains. FTIR
spectra of all seven polymers consistently exhibit strong bands
at B1670 and 1738 cm�1, attributed to the CQO stretching
vibrations of the TPD acceptor units. Intense bands in the
range of B2850–2960 cm�1 correspond to the aliphatic C–H
stretching vibrations of the 2-ethylhexyl and dodecyl side
chains. Additionally, weak bands at B3065–3070 cm�1 are
observed and assigned to aromatic C–H stretching of the
thiophene-based units. Thermogravimetric analysis (TGA) of
the seven polymers also shows that the polymers show con-
siderable thermal stability with decomposition temperatures
(at which 5% weight loss occurs) between 230.68 and 415.13 1C.

3.2. Optical and electrochemical properties

Table 1 summarises the optical and electrochemical properties
of the seven TPD polymers. Fig. 1a shows the normalized
absorption spectra of the TPD polymers in chloroform solutions.
All seven polymers exhibit a main absorption band across the
visible region with a shoulder peak observed at 658 and 624 nm for
p(TPD2T-TT) and p(TPD2T-T), respectively. Increasing the number
of thiophene donors per repeating unit from three in p(TPD2T-T)
to four and five in p(TPD2T-2T) and p(TPD2T-3T) led to a slight
blueshift in labs from 510 nm to 494 and 498 nm, respectively,

Table 1 Summary of optical and electrochemical properties of the seven TPD polymers

Polymer
lSoln

abs
a

(nm)
eb

(M�1 cm�1)
lSoln

onset
c

(nm)
EOpt

g
d

(eV)
lFilm

abs
e

(nm)
lSoln

PL
f

(nm)
lFilm

PL
g

(nm)
EOx

Onset
h

(V)
EHOMO

i

(eV)
ELUMO

j

(eV)

p(TPD2T-T) 510, 624 (sh) 30 818 700 1.77 492 604 710 0.97 �5.77 �4.00
p(TPD2T-2T) 494 35 219 693 1.79 490 608 708 0.79 �5.59 �3.80
p(TPD2T-3T) 498 40 118 697 1.78 520 602 697 0.55 �5.35 �3.57
p(TPD2T-TT) 520, 658 (sh) 30 413 693 1.79 497 610 710 0.85 �5.65 �3.86
p(TPD2T-EDOT) 537 22 159 747 1.66 595 625 — 0.59 �5.39 �3.73
p(TPD2T-DTP) 565 34 218 780 1.59 608 655 — 0.42 �5.22 �3.63
p(TPD2T-CPDT) 558 36 289 685 1.81 555 666 715 0.52 �5.32 �3.51

a Absorption maximum wavelength in chloroform solution. b Molar extinction coefficient. c Absorption onset wavelength. d Optical bandgap =
1240/lSoln

onset.
e Absorption maximum wavelength of the thin film. f Photoluminescence maximum wavelength in chloroform solution. g Photo-

luminescence maximum wavelength of the thin film. h Oxidation onset potential determined by solution CV, vs. Fc/Fc+. i HOMO energy
level = EOx

Onset – (�4.8) eV. j LUMO energy level = EHOMO + EOpt
g .
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together with steady increase in molar absorption coefficient (e)
from 30 818 to 35 219 and 40 118 M�1 cm�1. The largest e
registered for p(TPD2T-3T) amongst the seven polymers could
also be due to its exceptionally high Mw. Meanwhile, replacing
a thiophene in each repeating unit of p(TPD2T-T) with thio-
phene-based donors thieno[3,2-b]thiophene (TT), EDOT,
DTP, and cyclopenta[1,2-b:5,4-b0]dithiophene (CPDT), led to
significant red-shift in labs for p(TPD2T-TT), p(TPD2T-EDOT),
p(TPD2T-DTP), and p(TPD2T-CPDT), at 520, 537, 565, and
558 nm, respectively. p(TPD2T-DTP) exhibits the most red-
shifted absorption profile, which can be attributed to the
strong electron-donating characteristic of the DTP unit and
its ability to enhance intramolecular charge transfer (ICT)
with the TPD acceptor, thereby reducing the bandgap. labs

of polymers p(TPD2T-T), p(TPD2T-2T), p(TPD2T-TT), and
p(TPD2T-CPDT) in thin films were either comparable or
slightly blue-shifted compared to that in solutions, whereas
the thin film labs of polymers p(TPD2T-3T), p(TPD2T-EDOT)
and p(TPD2T-DTP) showed obvious red-shifting (Table 1
and Fig. 3).

Based on the absorption spectra onsets, the seven TPD
polymers were determined to have rather low optical bandgaps
(Eg) between 1.66 and 1.81 eV. Increasing the number of
thiophene per repeating unit from 3 to 4 and 5, as well as the
introduction of the TT donor did not result in remarkable
differences in Eg amongst p(TPD2T-T), p(TPD2T-2T), p(TPD2T-
3T) and p(TPD2T-TT), respectively. As compared to p(TPD2T-T),
the introduction of stronger EDOT and DTP donors led to
marked reduction in Eg for p(TPD2T-EDOT) and p(TPD2T-DTP)
(1.77 vs. 1.66 vs. 1.59 eV, respectively). Meanwhile, with the CPDT
donor, the Eg of p(TPD2T-CPDT) was slightly increased to 1.81 eV.
The HOMO energy levels (EHOMO) of the polymers, as determined
by cyclic voltammetry (Fig. S1, SI), were found to be correlate well
with the strength of the thiophene-based donors, with polymer
p(TPD2T-DTP) having the highest EHOMO of �5.22 eV and the
lowest oxidation potential of 0.42 eV. This is consistent with DTP
being the most electron-rich donor amongst those present in the
seven polymers, which is often used to design low band-gap
conjugated polymers exhibiting similar characteristics.56 Mean-
while, the LUMO energy levels (ELUMO) of the seven polymers were

determined and found to be in the range between �3.51 and
�4.00 eV (Table 1).

All seven polymers exhibit deep-red fluorescence in solu-
tions, with photoluminescence (PL) maximum wavelengths
(lPL) ranging between 604 and 666 nm (Fig. 1b). Polymers
p(TPD2T-T), p(TPD2T-2T), p(TPD2T-3T), and p(TPD2T-TT) have
fairly comparable fluorescence profiles whereas the introduc-
tion of EDOT, DTP, and CPDT donors markedly red-shifted
the fluorescence spectra of p(TPD2T-EDOT), p(TPD2T-DTP),
and p(TPD2T-CPDT), leading to lPL values of 625, 655, and
666 nm, respectively (vs. 604 nm for p(TPD2T-T)). Thin films of
p(TPD2T-EDOT) and p(TPD2T-DTP) appear non-fluorescent,
while the thin film fluorescence of the remaining polymers
were red-shifted compared to that in the corresponding solu-
tions (Fig. S3, SI). The red-shift in fluorescence could be attri-
buted to stronger intermolecular p–p stacking between polymer
chains in thin films, which causes greater structural planarity
in the polymer backbones and enhances electron delocalization,
thus effectively reducing emission energy.57 As such, p(TPD2T-
CPDT), which is structurally more rigid and planar in solution
due to the CPDT donor, experiences only a small redshift in lPL of
49 nm in the thin film, while p(TPD2T-T) being less rigid and
planar in solution, experiences only a greater redshift in lPL of
106 nm in the thin film.

3.3. Density functional theory (DFT) calculations

To further understand the effects of different thiophene-based
donors on the optical properties of TPD polymers, we first
performed conformational sampling of full monomeric units of
the TPD polymers using the Global Optimization Algorithm
(GOAT)58 in conjunction with the GFN2-xTB semiempirical
Hamiltonian59 to obtain the lowest energy conformers. Implicit
solvation was considered via the analytical linearized Poisson–
Boltzmann (ALPB) model60 with chloroform as solvent. Upon
obtaining the lowest energy structures, all long aliphatic chains
were replaced with a methyl group (Fig. 2), and the truncated
structures were refined with DFT at the SMD(chloroform)-
MN15/def2-SVP level of theory.61,62 All dihedral angles were
fixed during the DFT optimization. This retains the intra-
molecular influences of the respective long alkyl chains on

Fig. 1 Normalized absorption (a) and photoluminescence (b) spectra of polymers p(TPD2T-T), p(TPD2T-2T), p(TPD2T-3T), p(TPD2T-TT), p(TPD2T-
EDOT), p(TPD2T-DTP), and p(TPD2T-CPDT) in chloroform solution.
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the conformations of the core structures, while having visual
clarity on the characteristics of the frontier MOs. We believe
that the truncation approach is appropriate due to the negli-
gible contributions of the atomic orbitals, centred on the atoms
of the alkyl chains, to the frontier MOs.

The DFT-calculated HOMOs and LUMOs of the seven struc-
tures display relatively uniform electron-density distributions
along the oligo-thiophene backbones, indicative of delocalized
p and p* frontier orbitals. This delocalization is expected to
facilitate intrachain charge transport upon electrochemical
doping, thus is beneficial for efficient EC switching in the
corresponding polymers.63 The calculated HOMO and LUMO
energies for the repeating units agree with the trend of EHOMO

and ELUMO of the seven polymers (Table 1). This includes
modest reduction of the calculated HOMO–LUMO energy gaps
from TPD2T-T to TPD2T-2T and TPD2T-3T. Meanwhile, repla-
cing a thiophene unit with TT, slightly extending p-conjugation,
resulted in a slightly higher HOMO and lower LUMO for
TPD2T-TT relative to TPD2T-T. Substituting a thiophene unit
with stronger EDOT, DTP, and CPDT donors gave higher HOMO
energies in TPD2T-EDOT, TPD2T-DTP, and TPD2T-CPDT, with
TPD2T-DTP having the highest calculated HOMO energy of
�6.807 eV (vs. �7.304 eV of TPD2T-T). All computations were
carried out with ORCA 6.1.1.64

3.4. EC spectroelectrochemistry

The polymers were soluble in chlorinated organic solvents,
making them solution processable for opto-electronics device
fabrication. Herein, thin film ECDs were fabricated to study
the EC properties of the seven polymers, where they were spin-
coated over ITO/glass substrates as part of the fabrication
process. SEM under 1500� and 6000� magnifications show that
the spin-coated polymer films generally possess homogenous

morphologies (Fig. S4, SI). Polymers p(TPD2T-TT), p(TPD2T-
EDOT), and p(TPD2T-DTP) form notably more homogeneous
and smoother films with minimal phase separation, suggesting
superior film-forming ability. In contrast, p(TPD2T-T), p(TPD2T-
2T) and p(TPD2T-CPDT) films reveal rougher surface textures
reflecting poorer film uniformity, with p(TPD2T-T) showing
granular features under 6000� magnification, while p(TPD2T-
2T) and p(TPD2T-CPDT) exhibit distinct island-like phase seg-
regation features. The differences in film morphologies are
expected to influence charge distribution during EC switching,
thereby affecting device performance, to be discussed later.

While the absorption spectra of the seven polymers did not
show noticeable changes on the application of increasing
negative voltages, they exhibit gradual changes with increa-
sing positive voltages, as shown in Fig. 3a–g, revealing the
anodically-colouring nature of these TPD-based conjugated
polymers. The respective changes in absorption spectra are
due to the formation of polarons and bipolarons when the
polymers undergo electro-oxidation. In the neutral state, the
polymers show an intense absorption band with labs between
490 and 612 nm in the visible region, and a low intensity and
broad absorption band stretching into the NIR region, likely
arising from strong intermolecular p–p interactions, excitonic
coupling and charge-transfer states in the solid thin film state.
Increasing applied voltages to a polymer generally led to the
gradual collapse of its visible absorption band, accompanied by
the emergence of a far-red absorption band and another
broader NIR absorption band. For the polymers p(TPD2T-T),
p(TPD2T-2T) and p(TPD2T-3T), changes in the absorption
spectra occur from ca. +1.0 to +1.2 V. The incremental absorp-
tion changes for the three polymers appear to taper off at +2.2,
+2.2, and +2.0 V, respectively. Beyond this point, distinctly new
absorption profiles with labs ranging from ca. 420 to 375 nm

Fig. 2 DFT calculated HOMOs and LUMOs and their respective energies (MN15/def2-SVP) of one repeating unit of the TPD polymers (structures shown
in the figure) studied in this work.
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emerge as applied voltages increase. Going from p(TPD2T-T)
to p(TPD2T-2T) and p(TPD2T-3T), the intensities of newly-
emerged NIR absorption bands increase relative to the absor-
bance in the visible regions (at 492, 490, and 518 nm, respec-
tively) in the oxidised states (Fig. 3a–c). Likewise, the p(TPD2T-
TT) polymer showed incremental spectral changes from +1.0 V
until +2.2 V, where the absorption intensities at both 525 and
1235 are somewhat comparable (Fig. 3d).

Meanwhile, with the introduction of stronger donors, EDOT
and DTP, the onset of absorption spectral changes for the
p(TPD2T-EDOT) and p(TPD2T-DTP) polymers occurred much
earlier at +0.4 and +0.2 V, respectively. The respective single
neutral state absorption band at labs of 596 and 612 nm
gradually collapsed with increasing applied voltages, transition-
ing into a new far-red absorption band at labs at 830
and 755 nm, respectively. This transition was accompanied by
another broader new NIR absorption band at labs of ca. 1825 and
1400 nm, respectively, with comparable intensities (Fig. 3e and f).

This transition appears to taper off at ca. +1.5 V for p(TPD2T-DTP),
after which the NIR absorbance at 1400 nm continues to rise
until +2.0 V before dropping, while the far-red absorbance at
755 nm starts to reduce. For polymer p(TPD2T-CPDT), absorp-
tion spectra change occurs starting from +0.8 V. At +1.6 V, the
electro-oxidised polymer shows three distinct absorption bands
at labs ca. 470, 800, and 1450 nm (Fig. 3g). Further increasing
the applied voltages led to a decrease in the far-red and NIR
absorbance, accompanied by an increase in the blue absor-
bance at ca. 450 nm.

In the neutral state, the polymers revealed a range of colours
from light grey to brown, magenta brown, and reddish brown
for p(TPD2T-T), p(TPD2T-2T), p(TPD2T-3T), and p(TPD2T-TT),
respectively, as well as greyish blue, dark blue, and purple for
polymers with stronger donors, p(TPD2T-EDOT), p(TPD2T-
DTP), and p(TPD2T-CPDT), respectively. The corresponding
colour changes for polymers p(TPD2T-T), p(TPD2T-2T),
p(TPD2T-3T), p(TPD2T-TT), p(TPD2T-EDOT), p(TPD2T-DTP),

Fig. 3 EC spectroelectrochemistry of the (a) p(TPD2T-T), (b) p(TPD2T-2T), (c) p(TPD2T-3T), (d) p(TPD2T-TT), (e) p(TPD2T-EDOT), (f) p(TPD2T-DTP),
and (g) p(TPD2T-CPDT) polymers with increasing applied voltages from 0.0 to +2.4 V. (h) EC colour changes of the seven polymers upon undergoing
electro-oxidation.
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and p(TPD2T-CPDT) upon electro-oxidation (at +2.2, +2.2,
+2.0 V, +2.0, +1.5, and +1.6 V) are shown in Fig. 3h. Overall,
all seven polymers exhibit grey colours of different hues in
the oxidised state.

3.5. Colorimetric analysis

Colorimetric analysis was performed to quantify the colours of
the polymers in the neutral and oxidised states, using the CIE
1976 L* a* b* colour space, where L* defines the lightness of the
colour from a scale of 0 (brightest white) to 100 (darkest black),
a* defines the extent of redness (positive) against greenness
(negative) of the colour, and b*, the extent of yellowness
(positive) against blueness (negative) of the colour. The corres-
ponding colour coordinates are shown in Fig. S5 (SI), while
Fig. S6 (SI) illustrates the data using a 2-dimensional a* vs.
b* plot, as well as a 1-dimensional L* scale.

In the neutral state, a general decrease in L* is observed
from p(TPD2T-T) to p(TPD2T-2T), p(TPD2T-TT) and p(TPD2T-
3T), indicating progressively darker colours with increasing
conjugation length of the oligothiophene donors. The introduc-
tion of stronger EDOT, DTP and CPDT donors, led to more
drastic reduction in L* for p(TPD2T-EDOT), p(TPD2T-DTP), and
p(TPD2T-CPDT) with respectively. Upon electro-oxidation,
all polymers show an increase in L*, corresponding to lighter
colour and greater transmissivity. The magnitude of this
change (DL*) generally increases with donor strength, with
p(TPD2T-DTP) exhibiting the largest DL* (+10.43), while
p(TPD2T-T) shows only a minimal change (+0.53). It is noted
that absolute L* values may also be influenced by variations in
film thickness (Table S2), although not significantly. For exam-
ple, p(TPD2T-CPDT) has a thinnest film of 59.2 nm thickness
but also the darkest neutral colour (L* = 76.67), whereas
p(TPD2T-TT) has the thickest film of 226.8 nm thickness, but
the third lightest neutral colour (L* = 86.19).

Analysis of the a* coordinate reveals that most polymers
exhibit positive values in the neutral state, indicating a red
component that increases from p(TPD2T-T) to p(TPD2T-TT), in
line with increasing effective conjugation in the donor. How-
ever, incorporation of stronger donors leads to a reduction in
a* that appears to correlate with donor strength (CPDT o
EDOT o DTP), with p(TPD2T-DTP) displaying negative values,
indicative of a shift towards greenish-blue hues. A clearer trend
is observed in the b* coordinate. While polymers with weaker
donors (T, 2T, TT) show small positive or near-zero b* values
(slightly yellowish), increasing conjugation (3T, CPDT), and
especially stronger donors (CPDT, EDOT, DTP) result in increas-
ingly negative b* values, corresponding to more pronounced blue
colouration. This is consistent with the red-shifted absorption
profiles observed for these systems.

In the oxidised state, the colour coordinates converge towards
‘‘true black’’ (a* = 0, b* = 0) (Fig. S6, SI), giving rise to greyish
hues across all seven polymers. Compared to the neutral state,
polymers with weaker donors show smaller magnitude decreases
in b* (become bluer) upon oxidation, whereas those with stronger
donors (EDOT, DTP, CPDT) exhibit larger magnitude increases in
b* (become yellower), with p(TPD2T-DTP) displaying the largest

change (Db* = +12.39). Meanwhile, increasing the extent of
donor’s conjugation from T to 2T, TT, and 3T increases
the magnitude of change in a* as oxidised polymers become
less red (Db* = �1.72, �4.46, �8.61, and �10.56, respectively).
Polymers with stronger donors appear to have smaller Db* with
p(TPD2T-DTP) having a Db* of +0.28 instead.

3.6. Chronoamperometry and EC kinetic switching studies

Chronoamperometry studies were conducted to further evalu-
ate the EC switching behaviour of the seven polymers, where
transmittance at the respective visible and NIR wavelengths was
monitored under alternating positive and negative potentials of
�2.2 V for p(TPD2T-T) and �2.0 V for the rest, applied at
switching intervals (Dt) of 40, 30, 20, 10, and 5 s over several
cycles (Fig. 4). p(TPD2T-EDOT) and p(TPD2T-DTP) exhibit
the highest OCs of 23.8 and 20.0% for visible switching
(at 595 and 608 nm), and 46.7 and 44.8% for NIR switching
(at 1800 and 1400 nm), respectively. The polymers’ OCs
decrease with decreasing Dt, reflecting incomplete switching
at shorter time intervals. This effect is particularly pronounced
for p(TPD2T-T), p(TPD2T-2T), and p(TPD2T-CPDT), where their
NIR OCs decrease from 27.4, 20.2, and 23.7% at Dt = 40 s
to 11.7, 12.9, and 9.8% at Dt = 5 s, respectively, while the
corresponding visible OCs decrease from 20.0, 12.4, and 18.2%
to 10.6, 6.9, and 7.7%, respectively. In contrast, p(TPD2T-3T),
p(TPD2T-EDOT), and p(TPD2T-DTP) show smaller reductions
in OCs, with NIR contrasts decreasing from 42.1, 46.8, and
44.8% at Dt = 40 s to 31.8, 36.8, and 36.6% at Dt = 5 s, and
visible contrasts from 17.5, 23.8, and 20.0% at Dt = 40 s to 11.3,
20.2, and 18.5% Dt = 5 s, respectively.

The above trends are closely related to the polymers’ switch-
ing ts (Table S2, SI), where tox and tre denote the times required
for electro-oxidation and recovery, respectively. All seven poly-
mers exhibit shorter tre than tox at both visible and NIR
wavelengths while switching at NIR wavelengths is generally
slightly slower than at visible wavelengths. Polymers incorpor-
ating stronger donors show faster switching. (TPD2T-EDOT)
and p(TPE2T-DTP) exhibit relatively shorter tox/tre of 9.0/1.7 s
and 4.3/0.7 s, respectively, for visible EC switching, and 11.9/1.3
and 6.8/1.2 s, respectively, for NIR EC switching. The faster
switching of these polymers enable more complete EC transitions
within shorter Dt, thereby allowing them to retain higher OCs
under rapid switching conditions.

The colouration efficiency (CE) of the seven polymers was
measured. Amongst them, p(TPD2T-EDOT) and p(TPD2T-DTP)
exhibited exceptionally high CEs of 720.7 and 801.1 cm2 cm�1

for EC switching at 595 and 608 nm, respectively, and excellent
CEs of 1012.1 and 1358.5 cm2 cm�1 for that in 1800 and
1400 nm, respectively. Comparatively, the other polymers show
relatively lower CEs of 207 to 377 cm2 cm�1 for visible EC
switching, and 200 to 630 cm2 cm�1 for NIR EC switching.

Open-circuit memory retention was evaluated at both visible
and NIR wavelengths to assess the ability of the polymers to
maintain their coloured (charged) states after removal of the
applied potential. The transmittance of fully oxidised electro-
chromic devices (ECDs) was monitored over 10 min under
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open-circuit conditions. All polymers exhibit some degree of
transmittance decay, indicating partial loss of the charged state
over time (Fig. S7, SI). However, the extent of retention corre-
lates strongly with donor strength. p(TPD2T-DTP) shows the
best memory performance, retaining 75.4% and 73.2% of its
initial transmittance at visible and NIR wavelengths, respec-
tively, after 10 min. This is followed by p(TPD2T-EDOT), which
retains 67.9% (visible) and 49.6% (NIR). In contrast, polymers
bearing weaker donors, such as p(TPD2T-T) and p(TPD2T-TT),
exhibit significantly poorer retention, maintaining only 19.7%
and 16.5% (visible) and 19.2% and 22.1% (NIR), respectively.

The EC switching performance of the seven polymers reveals
a clear structure–property relationship governed primarily by
donor strength. The superior performance of p(TPD2T-EDOT)
and p(TPD2T-DTP) in terms of OC, t, CE, and open-circuit
memory retention can be attributed to the strong electron-
donating characteristic of EDOT and DTP, which enhances
donor–acceptor interactions, lowers the bandgaps and oxidation
potentials, and facilitates more efficient charge injection and
extraction. This also promotes greater p-electron delocalisation

along the polymer backbone, thereby stabilising oxidised
polaronic and bipolaronic states. As a result, these polymers
exhibit larger optical modulation, faster switching kinetics,
higher optical modulation per injected charge,65–67 and slower
charge recombination under open-circuit conditions. In con-
trast, secondary factors such as conjugation length (T to 3T)
and structural rigidity (TT and CPDT) mainly influence optical
absorption and colour tuning through bandgap modulation and
improved backbone planarity, but exert a less pronounced effect
on switching kinetics within this polymer series. We also acknow-
ledge that the relatively smoother film morphologies of p(TPD2T-
EDOT) and p(TPD2T-DTP) might have also contributed to these
stellar performances (Fig. S4, SI). Meanwhile, the polymer’s Mw

does not appear to have any influence.
The long-term EC switching stability of the p(TPD2T-3T),

p(TPD2T-EDOT) and p(TPD2T-DTP) polymers at their respec-
tive NIR wavelengths of study was further assessed by monitor-
ing the transmittance at 1256, 1800, and 1400 nm, respectively,
over 3000 cycles while switching at �1.8 V, at a Dt of 20 s
(Fig. S8, SI). Both polymers p(TPD2T-3T) and p(TPD2T-EDOT)

Fig. 4 Chronoabsorptometry studies on the transmittance changes (%T) to the visible and NIR wavelengths of study for the polymers (a) p(TPD2T-T),
(b) p(TPD2T-2T), (c) p(TPD2T-3T), (d) p(TPD2T-TT), (e) p(TPD2T-EDOT), (f) p(TPD2T-DTP), and (g) p(TPD2T-CPDT) performed at �2.2, �2.0, �2.0, �2.0,
�2.0, �2.0, and �2.0 V, respectively, at different interval times (Dt) of 40, 30, 20, 10, and 5 s.
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exhibited relatively gradual changes in OCs indicating good
durability. They experienced 10.7 and 15.1% loss to their initial
OCs after 1000 cycles, respectively, which increased to 20.9 and
24.8% loss, respectively, after 3000 cycles. The relatively high
molecular weight of p(TPD2T-3T) could have contributed to
its robust cycling stability by creating physical entanglements
that provide exceptional mechanical resilience and long-
term cycling stability,68 whilst the electron-rich EDOT units in
p(TPD2T-EDOT) significantly lower the operating oxidation
potential and stabilize oxidized states through resonance delo-
calization and a more favourable oxidation profile.69 On the
other hand, p(TPD2T-DTP) showed a more pronounced decrease
in OC, losing 35.6% of its initial OC after 1000 cycles, and retaining
51.5% of the initial OC after 3000 cycles. This poorer stability may
reflect the greater susceptibility of p(TPD2T-DTP) to over-oxidation,
consistent with it having the highest HOMO level and lowest
oxidation onset potential among the seven polymers (Table 1).

3.7. Electrofluorochromic (EFC) studies

Electrofluorochromism is the modulation of a material’s
fluorescence, commonly the intensity, through external applied
voltages.70–72 In addition to EC properties, we also studied the EFC
properties of polymers p(TPD2T-T), p(TPD2T-2T), p(TPD2T-3T),
p(TPD2T-TT), and p(TPD2T-CPDT) which exhibit red/far-red
fluorescence in the solid thin film state. As shown in Fig. 5,
incrementally increasing the applied positive voltages led to a
decrease in fluorescence intensities and eventual fluorescence
quenching of all five polymers. The onset of the decrease in
fluorescence intensity started at between ca. +0.6 and +0.9 V for
p(TPD2T-T), p(TPD2T-2T) and p(TPD2T-3T) but much earlier at
ca. +0.2 V for p(TPD2T-TT), and p(TPD2T-CPDT). The ECD

fluorescence of the five polymers were totally quenched at
+1.6, +1.4, +1.3, +1.2, and +1.4 V, respectively. Chronofluoro-
metry EFC switching studies for p(TPD2T-T), p(TPD2T-2T),
p(TPD2T-3T), p(TPD2T-TT) were performed at their respective
lPL of 710, 708, 697, and 710 nm, by alternating voltages of
�1.8,�1.6,�1.6, and�2.2 V, respectively, at different Dts of 40,
30, 20, 10, and 5 s for a few cycles (Fig. S9, SI). The fluorescence
signals were generally stable and reversible for all four poly-
mers across the different switching Dts, with the exception of
p(TPD2T-3T) which shows a slight decrease in fluorescence
intensity contrasts at a Dt of 40 s. Switching at a Dt of
40 s, the four polymers were able to achieve contrasts (IOFF/ON,
determined by the ratio of the maximum and minimum fluores-
cence intensities between application of positive and negative
voltages) of ca. 11.7, 3.6, 8.7, and 3.0, respectively. Meanwhile, the
EFC switching signals of p(TPD2T-CPDT) appear less reproducible
and more unstable over the different Dts, with a much lower IOFF/

ON of ca. 1.3 at Dt = 40 s (Fig. S9, SI).

3.8. Comparison with reported TPD-based EC polymers

Table S3 (SI) summarises the key parameters of TPD-based
conjugated polymers reported for EC applications. Onal et al.
electropolymerized three polyhedral oligomeric silsesquioxane-
functionalized TPD monomers with two adjacent thiophene,
EDOT, and 3,4-propylenedioxythiophene (ProDOT) donors,
respectively, and performed oxidative chemical polymerization
for the latter two monomers bearing EDOT and ProDOT donors.53

The polymers reveal a range of neutral colours of pink, blue,
and purple, transiting to grey, light blue and transparent upon
electro-oxidation. Song et al. prepared an alternating polymer with a
TPD acceptor and ProDOT donor via Stille coupling polymerization

Fig. 5 EFC spectroelectrochemistry studies of polymers (a) p(TPD2T-T), (b) p(TPD2T-2T), (c) p(TPD2T-3T), (d) p(TPD2T-TT), and (e) p(TPD2T-CPDT).
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which shows purple-to-transparent grey EC switching in a liquid-
based sandwich device.54 Zhen et al. electropolymerized a ProDOT-
TPD-ProDOT monomer which switches with an OC of 27.1% in the
NIR region (at 1000 nm) with applied positive voltages.55 Unfortu-
nately, other EC properties are unavailable in the study.

Structurally, this work expands the scope of donors for TPD-
based EC polymers compared to existing work, with the inclusion
of other thiophene-based donors such as TT, DTP, and CPDT.
As shown in Table S3 (SI), all seven polymers show comparable Eg

to those reported by Onal et al. and Song et al. Through the use of
four and five thiophenes, as well as TT donors, we are also able to
achieve brown neutral colouration not reported in prior work.
Meanwhile, the greyish colourations of our TPD polymers in the
charged state are consistent with those of previously reported
work. The OCs obtained for our polymers were in the range of
17.5–23.8% for EC switching in the visible wavelength region, and
20.2–46.4% for EC switching in the NIR wavelength region, which
are comparable to prior art (18–52%). Meanwhile, the tox of our
polymers are slightly longer than those reported while the CEs of
our polymers are comparable to those reported, although those of
p(TPD2T-EDOT) and p(TPD2T-DTP) (1012.1 and 1358.5 cm2 C�1,
respectively) were the highest recorded for TPD-based EC poly-
mers thus far.

For long-term switching stability, our work has demon-
strated that p(TPD2T-3T) and p(TPD2T-EDOT) can exhibit con-
siderable stability up to 3000 cycles with 20.9 and 24.8% loss in
initial OCs. This is significantly higher than the 200 cycles with
20% drop in OC reported by Song et al. While these results may be
considered comparable to some other simple D–A type polymers,
such as benzimidazole-EDOT73 and isoindigo-EDOT32-based poly-
mers retaining 76 and 92% of electroactivity after 4000 switching
cycles, respectively, they are still modest compared to some recently
reported multi-donor D–A type conjugated polymers, such as the
quinacridone-CPDT-ProDOT copolymer reported by Li et al.,74 and
a black-to-transmissive BTD-fluorene-ProDOT copolymer reported
by Chen et al.75 which retained 88.4 and 99% of their initial OCs
after 100 000 and 126 000 cycles, respectively.

Finally, thin film ECD lPL values of the five polymers studied
herein (697–715 nm) are more red-shifted than that of the TPD-
ProDOT polymer reported by Song et al. (672 nm), with the IOFF/ON

contrast for p(TPD2T-3T) of 11.7 comparable to that of the
reported polymer (IOFF/ON 12.9).54

However, it is worth noting that the ECD structures differ
between our work and that of prior arts, as our work fabricated
sandwich type full-cell thin film devices with a polymer gel
electrolyte, whilst Onal et al. and Zhen et al. adopted hall-cell
ECDs, and Song et al., a ‘‘liquid-based’’ full cell device. Hence, EC
and EFC switching parameters such as OCs and response times
may not be directly comparable across the different studies.

4. Conclusion

In summary, seven TPD-based polymers incorporating thiophene-
based donors of varying conjugation length, donor strength,
and structural rigidity were synthesised and systematically

investigated. The polymers exhibit tuneable neutral colours
ranging from light grey to brown, blue, and purple, which
transition to lighter hues of grey upon electro-oxidation. Colori-
metric analysis indicates that stronger electron-donating units,
such as EDOT and DTP, produce darker neutral colours with
reduced redness and enhanced blueness, consistent with
increased ICT. Further EC studies reveal donor strength as
the dominant factor influencing EC switching performance,
with p(TPD2T-EDOT and p(TPD2T-DTP) exhibiting higher OCs,
shorter ts, higher CEs, and better open-circuit memory reten-
tion than the other polymers. In comparison, donors’ effective
conjugation length and structural rigidity play secondary
roles, primarily influencing optical absorption and colour tun-
ing. Meanwhile, the stellar long-term switching stability of
p(TPD2T-3T) reflects the influence of its (exceptionally high)
Mw in EC cycling durability. Given the promising performance
of these polymers, future work may entail further device
optimization and integration into practical applications and
real world technologies. Additional EFC studies of polymers
exhibiting thin film fluorescence showed quenching of red/
far-red fluorescence (lPL 697 to 715 nm) with p(TPD2T-T)
having the largest contrasts of IOFF/ON of 11.7. Given the current
scarcity of and growing interest in far-red/NIR emitters for EFC
applications,76,77 TPD could also serve as a promising building
block for future NIR-EFC polymeric materials.

Overall, this work demonstrates the effective tuning of
colours and EC properties of TPD-based conjugated polymers
through systematic donor engineering. The findings provide
important structure–property insights, well addressing the
current scarcity of comprehensive studies on TPD-based EC
systems. These critical findings will be useful to guide the
development of high performance EC and EFC materials with
tuneable switching characteristics tailored to the functional
needs of different end applications, such as smart windows for
energy-saving, user-comfort and aesthetics in green buildings
and automobiles. Furthermore, given the broad applicability of
TPD-based conjugated polymers in other applications such as
photovoltaics, field effect transistors, and thermoelectrics, as
reported, this work may guide the development of multi-
functional TPD-based EC conjugated polymers for advanced
uses in a sustainable urban environment for greater energy-
efficiency.78 With different combinations of donor and accep-
tor building blocks explored thus far in the development of EC
and EFC conjugated polymers, there will also be opportunities
to leverage on artificial intelligence and machine learning in
future EC polymer materials design.
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