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Traditional strategies for manipulating the optical properties of conjugated polymers primarily focus

on modifications of the polymer backbone, including donor—acceptor engineering and adjusting the

conjugation length. Here, we report a novel approach to modulate the electronic structure of conju-

gated polymers by incorporating alicyclic rings through inverse electron-demand Diels—Alder reactions.

Two conjugated polymers, PCT-8 and PBT-7, were synthesized using monomers with an eight-

membered and a bridged six-membered aliphatic ring, respectively. These structural modifications lead
to noticeable changes in UV-visible absorption (Aimax = 47 nm for PCT-8 and PBT-7), optical band gaps
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while maintaining the integrity of the polymer backbone. Besides,

(2.38 eV and 2.19 eV, PCT-8 and PBT-7, respectively), polymer packing, and intermolecular interactions,

both polymers demonstrate

electrochromic properties. This strategy offers a versatile, minimally invasive method for tuning the

optical properties of conjugated polymers, paving the way for the design of multifunctional materials for

rsc.li/materials-advances optoelectronic applications.

1. Introduction

Electron-deficient n-conjugated units, referred to as electron
acceptors, are essential components in the design and synth-
esis of functional organic electronic materials." Electron accep-
tors play a pivotal role in tuning the energy levels of the frontier
orbitals and modulating the optical properties of the
materials.>? In numerous instances, the selection of an appro-
priate electron acceptor is a crucial factor that influences the
performance of the resulting materials. One of the defining
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characteristics of electron acceptors is their significant electron
deficiency, which is critical for a wide range of applications,
such as donor-acceptor dyes with near-infrared absorption and
emission,” n-type organic thermoelectric materials,® electro-
chromic materials®® and light-harvesting components in
organic light-emitting diodes."°

In our previous work, we introduced electron-deficient
n-conjugated units by using Diels—Alder reactions. For exam-
ple, we reported the synthesis of a highly electron-deficient
acceptor, pyrrolopyridazinedione (PPD), characterized by ultra-
high electron deficiency." PPD-thiophene was copolymerized
with 3,4-propylenedioxythiophene to obtain three polymers: P1,
P2, and P3 (Table S1, SI). Additionally, we developed a novel
electron acceptor, pyrrolo-acenaphtho-pyridazinedione (PAPD),
that exhibits ultra-high electron deficiency for the synthesis of
donor-acceptor conjugated polymers. The PAPD monomers,
which have a low LUMO energy level of —3.42 eV, were
synthesized through a regioselective inverse electron demand
Diels-Alder reaction, obtaining a series of high-molecular-
weight electrochromic polymers (P4-P8) (Table S1, SI). These
polymers exhibit absorption maxima of about 500-530 nm, as
well as reversible color transitions from purple/red to greyish
blue/grey."” Recently, we explored the use of fluorinated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electron acceptors synthesized via the inverse electron demand
Diels-Alder reaction involving tetrazine with 1-ethynyl-4-fluoro-
benzene and 1-allyl-2,3,4,5,6-pentafluorobenzene.® Three new elec-
tron acceptors were polymerized with 5,5-ditin-bithiophene to
form conjugated polymers, exhibiting solution-state absorption
maxima ranging from approximately 465 nm to 485 nm.

In earlier research, the primary focus was on the electronic
properties of the donor acceptor pair. However, the tunability of
the polymer was somewhat limited, with a difference in absorp-
tion maxima of only up to 30 nm despite a significant differ-
ence in the electronic properties. In the current study, we
introduce an approach by incorporating two diverse types of
alicyclic rings as substituents: an eight-membered aliphatic
ring and a six-membered ring with a CH, bridge. These were
polymerized with thiophene-based monomers to yield two new
conjugated polymers, PCT-8 and PBT-7. Although both poly-
mers exhibited aliphatic pendent groups with presumably
similar electronic properties, they exhibited a surprising differ-
ence in the optical properties, with an absorption maxima
difference of 47 nm.

We postulate that this discrepancy arises from the difference
in the spatial arrangement of the substituents, affecting their
HOMO, LUMO, and bandgap characteristics. This finding
provides a complementary strategy for tuning the properties of
conjugated polymers together with conventional methods such
as the donor-acceptor strategy,"'® adjusting the conjugation
length,>** heteroatom doping, and n-n stacking®?* to
modulate the bandgap of conjugated polymers. The results
highlight the potential of the unique structure of an aliphatic
ring to be used as a powerful tool for tailoring the optoelectronic
properties of conjugated polymers, paving the way for develop-
ing innovative strategies for designing conjugated polymers.

20-22

2. Experimental section

2.1. Measurements

Nuclear magnetic resonance (NMR) spectra were recorded on a
JEOL ECA-II 400 or 500 MHz NMR instrument using CDCIl; as
the solvent. UV-vis and UV-vis-NIR absorption spectra were
recorded with a Shimadzu UV-3600 UV-vis-NIR spectrophoto-
meter. Cyclic voltammetry (CV) was carried out using an Auto
lab PGSTAT128N potentiostat. The measurements were con-
ducted in a glove box in a three-electrode cell configuration,
with the polymer-coated glassy carbon as the working electrode,

Fig. 1 Synthetic routes leading to polymers PCT-8 and PBT-7.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Pt wire as the counter electrode, and Ag wire as the pseudo-
reference electrode. The electrolyte/solvent couple used was
0.1 M LiClO, in acetonitrile, with measurements taken at a
scan rate of 50 mV s '. In situ electrochromic studies were
performed using both the potentiostat and spectrophotometer.
The atomic force microscopy (AFM) images were obtained
using the Bruker Dimension Icon SPM, and a high-resolution
scanning probe microscope was used for detailed surface
characterization and imaging. X-ray diffraction (XRD) patterns
of the thin films were recorded in reflection mode using Cu-K,
radiation (4 = 0.15406 nm) on a Bruker D8 General Area
Detector Diffraction System. Photoluminescence measure-
ments were performed using a HORIBA Jobin Yvon Fluorolog™
spectrofluorometer. Thermogravimetric analysis (TGA) was
conducted on a TGA Q500 from TA Instruments. The differen-
tial scanning calorimetry (DSC) testing was carried out using
Q100, TA Instruments, USA.

2.2. Material synthesis

The monomers, 1,4-bis(5-bromothiophen-2-y1)-5,6,7,8,9,10-hexahydro-
cycloocta[d]pyridazine (M4) and 1,4-bis(5-bromothiophen-2-yl)-
5,6,7,8-tetrahydro-5,8-methanophthalazine (M5), were synthesized
through an inverse electron-demand Diels-Alder reaction between
3,6-bis(5-bromothiophen-2-yl)-1,2,4,5-tetrazine and (Z)-cyclooctene
and bicyclo[2.2.1]hept-2-ene, obtaining 67% and 25%, respectively.
Next, these monomers were subjected to Stille cross-coupling
polymerization with the compound 6, (4,4’-didodecyl-[2,2'-
bithiophene]-5,5'-diyl)bis(trimethylstannane), resulting in the for-
mation of polymers PCT-8 and PBT-7, respectively.

2.3. Fabrication of devices

The polymer solution (10 mg mL ™", in a 1:1 (V/V) mixture of
chloroform and chlorobenzene) was filtered and spin-coated
onto ITO substrates at 1000 rpm for 30 seconds to yield a film
thickness of around 30 nm. Excessive polymer edges were
removed by swabbing with chloroform using a cotton bud to
obtain an active area of 2 x 2 cm®. On another piece of the ITO
substrate, a 2 x 2 cm” area was blocked out using a parafilm
spacer. 275 pL of the gel electrolyte (prepared by dissolving
0.512 g of lithium perchlorate and 2.8 g of poly(methyl metha-
crylate) (molecular weight = 120000 g mol ') in 6.65 mL of
propylene carbonate) and 28 mL of dry acetonitrile were
pipetted into the 2 x 2 cm? area and left to dry for 15 minutes.
The device was fabricated by assembling the two ITO glass
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substrates together with the polymer film and the gel electrolyte
in contact.

3. Results and discussion

3.1. Synthesis of polymers

The synthesis route leading to the two polymers, PCT-8 and
PBT-7, is illustrated in Fig. 1. First, compound 1 was reacted
with (Z)-cyclooctene and bicyclo[2.2.1]hept-2-ene to produce the
monomers M4 and M5, with yields of 25 and 67%, respectively.
The low yield of M4 is likely due to side reactions of highly strained
bicyclo[2.2.1]hept-2-ene, particularly at high temperatures. These
two monomers were subsequently reacted with compound 6, (4,4'-
didodecyl-[2,2'-bithiophene]-5,5’-diyl)bis(trimethylstannane),
to yield the respective polymers PCT-8 and PBT-7. The polymers
were purified via Soxhlet extraction, resulting in solid products
with yields of 76% for PCT-8 and 69% for PBT-7. The molecular
weights and polydispersity indices of the two polymers were
determined using gel permeation chromatography, with the
results summarized in Table 1 (below).

3.2. Optical and electrochemical properties

As shown in Fig. 2, PCT-8 and PBT-7 exhibit distinct optical
behaviors. In solution, PCT-8 shows a maximum absorption at
435 nm (red), while PBT-7 absorbs at 388 nm (yellow). The
47 nm bathochromic shift of PCT-8 implies that it has better
intramolecular conjugation than PBT-7. Upon transitioning to
the solid-state thin film, the absorption peaks of both polymers
undergo further red-shifts, with the peak of PCT-8 shifting to
451 nm and the peak of PBT-7 moving to 400 nm. This red-shift
observed in the solid state, compared to the solution state,
indicates enhanced n-n stacking interactions. These stronger
n-m interactions deepen the conjugation and boost intermole-
cular forces, leading to improved optoelectronic properties in
the polymers. In contrast to PCT-8 and the above-mentioned
polymers (Table S1), different absorption characteristics of
PBT-7 may be due to its steric hindrance effect.

The HOMO and LUMO energy levels of the two polymers were
determined using cyclic voltammetry. Fig. S1 presents the cyclic
voltammograms of the polymer thin films, where two polymers
exhibit quasi-reversible oxidation and reduction behavior.

The cyclic voltammogram (CV) of ferrocene is shown in
Fig. S2. As presented in Table 1, the HOMO energy levels for
the polymers PCT-8 and PBT-7 were estimated to be —5.14 eV
and —5.54 eV, respectively, with corresponding LUMO levels of
2.76 eV for PCT-8 and 3.35 eV for PBT-7. The bandgap (E,)

Table 1 Molecular weights, PDI and synthesis yields of polymers
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values were calculated as 1.93 eV for PCT-8 and 1.66 eV for PBT-
7. PCT-8 exhibits a lower bandgap than PBT-7, which correlates
with their observed colors. PCT-8 appears red, while PBT-7
appears yellow. The optical band gaps, estimated from the
onset absorption wavelengths of thin-film polymers, tend to
be larger than those obtained from the CV method. This
discrepancy is likely because optical measurements such as
UV-Vis spectroscopy measure the energy required for an elec-
tron to transition to the first excited state.

Additionally, density functional theory (DFT) calculations
were performed on the oligomers PCT-8 and PBT-7. As shown
in Fig. S3, the simplified molecular models of these conjugated
polymers, together with their HOMO and LUMO distributions
and corresponding energy levels, are displayed. The HOMO and
LUMO energy levels for PCT-8 are —4.81 eV and —2.23 eV,
respectively, while for PBT-7 they are —4.76 eV and —2.30 eV.
Their corresponding band gaps for PCT-8 and PBT-7 are 2.58 eV
and 2.46 eV, which are close to their optical band gaps of
2.38 eV and 2.19 eV, respectively. The HOMO and LUMO
electron density distributions reveal that the n-electron clouds
are predominantly localized on the conjugated units along the
polymer backbone, indicating effective electron delocalization.
The differences observed between the experimentally deter-
mined and DFT-calculated HOMO and LUMO levels are attrib-
uted to the use of simplified oligomer models in the DFT
calculations, which omit the side chains to reduce computa-
tional complexity.

To explore the influence of structural differences on the
optical properties, we conducted single-crystal structural ana-
lyses of monomer 4 (M4) and monomer 5 (M5). As shown in
Fig. 3, M4 and M5 exhibit distinct molecular structures. The
single-crystal structure data are summarized in Table S2.
For M4, the dihedral angles between the thiophene and tetra-
zine units are 14.90° (left) and 15.07° (right). In contrast, the
corresponding dihedral angles between the thiophene and
tetrazine units for M5 are 19.29° (left) and 11.97°(right). In
addition, the average dihedral angle between the thiophene
and tetrazine units is 14.99° for M4, while the average dihedral
angle between the thiophene and tetrazine units is 15.63°
for M5.

Generally, large dihedral angles weaken m-orbital overlap,
thereby compromising the overall conjugation within the poly-
mer and leading to a wider electronic bandgap. Compared to
the bridged six-membered ring in M5, the eight-membered ring
in monomer M4 imposes less steric hindrance. As a result, the
steric hindrance in polymer PCT-8 is relatively low, whereas
PBT-7 suffers from greater steric hindrance, which disrupts its

Polymers j-max,solution (nm) j'max,flim (nm) ;'Onset,ﬂim (nm) Egpta (eV) EHOMOb (CV) ELUMOC (eV) Eg'd (ev) Mne (kDa) wa (kDa) PDIg Synthesis ylelds

PCT-8 435 451 521 2.38
PBT-7 388 400 565 2.19
1240
a Eg — b
)~onsel

I M,: weight average molecular weight. ¢ PDI: polydispersity index.
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—5.14
—5.54

—2.76
—3.35

1.93 10 17
1.66 7.2 11

1.64 76%
1.58 69%

(1). ” Exomo™ —(Eonset,ox + 4.8)  (2).  Erumo = —(Eonset,red + 4.8)  (3). d Ey = Erymo — Enomo. © Mp: number-average molecular weight.
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(a) Normalized UV-Vis absorption spectra of PCT-8 and PBT-7 in chloroform solution with the corresponding photographs of the solutions; (b)

normalized UV-vis absorption spectra of PCT-8 and PBT-7 in thin films and the corresponding photographs.

(a)

(b)

Fig. 3

n-conjugation. Consequently, PBT-7 exhibits a blue-shifted
maximum absorption wavelength (Zmax) at 388 nm in chloro-
form, while the enhanced conjugation in PCT-8 results in a red-
shifted A, at 435 nm.

M5 exhibits a maximum dihedral angle of 19.29°, signifi-
cantly larger than that of M4. This larger dihedral angle reduces
n-conjugation efficiency in M5, resulting in a wider electronic
bandgap, a blue shift in the absorption spectrum to 388 nm. In
contrast, the smaller dihedral angles in M4 enhance n-
conjugation efficiency, leading to a red shift in its absorption
spectrum to 435 nm. Additionally, as shown in Table S2,
according to the bond length data, the N— and N-C bonds in
M5 are slightly longer than those in M4, which may weaken the
n-orbital overlap efficiency and further reduce the overall con-
jugation. In contrast, the better conjugation in M4 leads to a
red shift in the absorption spectrum of its corresponding
polymer PCT-8, whereas the poorer conjugation in M5 results
in a blue shift in PBT-7. This trend in the optical properties is
consistent with their molecular structural differences.

To further investigate the thermal properties of the poly-
mers, DSC and TGA measurements were conducted. TGA
measurements were carried out under a nitrogen atmosphere
with a heating rate of 10 °C min~". As shown in Fig. S4, both

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) Single crystal of monomer M4; (b) single crystal of monomer M5.

polymers exhibit good thermal stability, with 5% weight loss
temperatures (T4°%) of approximately 304 °C for PCT-8 and
263 °C for PBT-7. After 900 °C, both polymers exhibit a
negligible residual carbon content. The slightly higher thermal
decomposition temperature and residual weight of PCT-8 indi-
cate enhanced thermal stability. For DSC analysis, no obvious
glass transition temperature (7,) was observed within the mea-
sured range of 30-200 °C. The absence of a clear T, may result
from the rigid conjugated backbone, which restricts chain mobi-
lity and leads to a higher or undetectable T, within the measured
range. Moreover, no significant melting peak was observed,
indicating that both polymers are largely amorphous. This amor-
phous nature helps ensure uniform film formation and better
morphological stability in optoelectronic applications.

To investigate the morphological characteristics of the two
polymer films, atomic force microscopy (AFM) analysis was
performed. Fig. S5 presents AFM images of two polymer films.
In Fig. S5a, the average surface roughness (R,) of the polymer
PCT-8 film is measured to be 0.39 nm, indicating a relatively
smooth and uniform surface. In contrast, Fig. S5b shows the
polymer PBT-7 film with a significantly rougher surface, exhi-
biting a R, of 1.01 nm. In contrast, the surface in Fig. S5b
exhibits pronounced fibril-like structures and interconnected

Mater. Adv., 2025, 6, 7436-7442 | 7439
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networks, suggesting higher surface roughness. This enhanced
texture could result from polymer aggregation, phase separa-
tion, or crystalline domains within the film. The differences in
the morphology between the two films may significantly influ-
ence their properties in the solid state. To investigate the
differences in crystallinity between the two polymer films,
X-ray diffraction (XRD) analysis was conducted. As shown in
Fig. S6, both PCT-8 and PBT-7 exhibit broad diffraction peaks,
indicating their predominantly amorphous nature. However,
PBT-7 shows significantly higher diffraction intensity than PCT-
8, particularly at 20 ~ 10° and 25°, suggesting a greater degree
of molecular ordering or localized crystallinity. This disparity
likely arises from differences in their chemical structures and
intermolecular interactions. The higher crystallinity of PBT-7
can be attributed to its enhanced n-n stacking interactions,
facilitated by its segmental structure, whereas the structural
characteristics of PCT-8 may result in a more loosely packed
molecular arrangement. These variations in molecular packing
and crystallinity may play a crucial role in determining
the distinct absorption behaviors of the two polymers. In
general, in an electrofluorochromic device, crystallinity can be
optimized to balance charge transport and excitation confine-
ment, while an ultra-smooth interface (e.g., less than a
few nanometers RMS roughness) can significantly enhance

PCT-8
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fluorescence output. In our case, the roughness, not exceeding
1.1 nm, together with the amorphous nature of the two poly-
mers PBT-7 and PCT-8, suggest a limited influence on device
parameters. The observed differences are primarily attributed
to the polymer structures, which induce variations in their
optical and physical properties.

3.3. Performance of electrochromic and fluorescent dual-
function devices

Fig. 4a and b display the electrochromic behavior of devices
with PCT-8 and PBT-7 as the electrochromic layers, respectively,
highlighting their optical transitions between neutral and
colored states. Spectroelectrochemistry studies showed that
while PBT-7 revealed an overall broad increase in absorption
from ca. 500 to 1600 nm as the applied positive voltages
increased, PCT-7 revealed the evolution of a small absorption
band at ca. A,ps Of 720 nm, along with a broad increase in
absorption beyond ca. 1000 nm. This was accompanied by an
intensified increase in absorption in the UV range. These
changes are reflected by PCT-8 undergoing a colour change
from reddish orange to cyan whereas PBT-7 underwent a pale
yellow to blue-cyan colour change (Fig. 4a and b). Further
kinetic studies on PCT-8 switching at + 2.0 V monitored
through the transmittance at 456 nm showed that the device

0.30
—00V . —
(b) —02V * —" ox. —
——04V AN
SpE 5

0.00 PBT-7
T T T T T T
400 600 800 1000 1200 1400 1600
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Fig. 4 Electrochromic spectroelectrochemistry of (a) PCT-8; (b) PBT-7; with inset photographs showing respective colour changes. Electrofluor-
ochromic spectroelectrochemistry of (c) PCT-8; (d) PBT-7; with inset photographs showing respective fluorescence quenching.
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exhibited a switching response time of 25.3 s and an initial
optical contrast of 25%. However, this contrast gradually
decreased with subsequent cycles (Fig. S7). Further efforts
may be required to optimize device fabrication to improve the
electrochromic switching performance.

Meanwhile, the electrofluorochromic properties of PCT-8
and PBT-7 devices were further investigated under the same
device structure (Fig. 4c and d) with photoluminescence (PL)
spectra respectively recorded under varying applied voltages.
The PCT-8 and PBT-7 devices exhibit distinct photolumines-
cence (PL) peaks at 580 nm and 502 nm, corresponding to pink
emission. In both devices, the PL intensity progressively
decreases with increasing applied voltage—ranging from 0 to
1.8 V for PCT-8 and from 0 to +1.8 V for PBT-7, indicating
voltage-dependent fluorescence quenching, particularly more
significantly for PCT-8. Applying an electric potential can
induce oxidation or reduction of the fluorophore or nearby
materials, alter their electronic structures and enhance non-
radiative decay pathways, thereby reducing fluorescence. Addi-
tionally, charge injection under the electric field can facilitate
non-radiative energy transfer from the excited fluorophore to
acceptor states or quenchers, further decreasing fluorescence
intensity. The trend of voltage-dependent fluorescence quench-
ing suggests that electrochemical doping at elevated voltages
suppresses excitonic radiative recombination by increasing
charge carrier density and enhancing non-radiative decay.
The distinct emission wavelengths further demonstrate the
tunable optical properties of these materials, highlighting their
potential for optoelectronic applications.

4. Conclusion

This work investigates how specific fused alicyclic rings in
electron acceptors influence the optoelectronic properties of
conjugated polymers, with a particular focus on the steric
hindrance effects of these structures in modulating those
properties. By incorporating different alicyclic structures,
PCT-8 and PBT-7 exhibit distinct absorption behaviors
(AAmax = 47 nm) and optical band gaps (2.38 eV vs. 2.19 eV
for PCT-8 and PBT-7), underscoring the critical role of alicyclic
rings in tailoring the optical and electronic characteristics of
conjugated polymers. Furthermore, both polymers demon-
strate voltage-dependent photoluminescence quenching, indi-
cating their dual functionality in electrochromism and
fluorescence. This highlights their potential for applications
in voltage-tunable color-switching systems and multifunctional
optoelectronic devices. This study not only deepens the under-
standing of how alicyclic ring structures influence the conju-
gated polymer properties but also provides new insights for
designing multifunctional optoelectronic materials.
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