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low-crystallinity conjugated polymers with
localized aggregates via ethylene glycol pendants†

Jung-Won An, ab Ho Won Jang, bc Ji-Soo Jang *ad and Junwoo Lee *e

Conjugated polymers are of utmost importance for the detection of harmful gas phase chemicals.

However, the development of highly sensitive polymers remains a challenge due to the trade-off

between gas diffusion and crystallinity. In this study, we report a solution to this issue based on low

crystallinity with localized aggregates. This designed morphology mediated by substitution with ethylene

glycol pendant groups not only enhances electrical conductivity but also simultaneously improves the

diffusion and affinity between the polymer matrix and nitrogen dioxide. Moreover, the promoted

amorphous nature suppressed morphological degradation, thus offering highly sensitive chemiresistors

with enhanced stability against elevated temperature.
1. Introduction

Urbanization and industrialization markedly enhance the
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unwoo Lee is an Assistant
rofessor in the Department of
olecular Science and Tech-
ology at Ajou University in
outh Korea. He earned his PhD
n Chemical Engineering from the
ohang University of Science and
echnology (POSTECH) in 2020.
ollowing his doctoral studies, he
orked as a postdoctoral
esearcher in the Department of
hemical and Environmental
ngineering at Yale University in
he United States. His current
f functional polymeric materials.

Center, Korea Institute of Science and

. E-mail: wkdwltn92@kist.re.kr

ineering, Research Institute of Advanced

08826, Republic of Korea

logy, Seoul National University, Suwon

ology, KIST School, University of Science

orea

hnology, Ajou University, Suwon 16499,

.ac.kr

tion (ESI) available. See DOI:

f Chemistry 2025
substantial disruption on the ecological environment. Nitrogen
dioxide (NO2), particularly produced through the combustion of
fossil fuels, poses signicant threats to both the environment
and human health.1,2 The NO2 gas can engage in photochemical
reactions with other contaminants or water, leading to the
formation of ozone or acid rain, amplifying its detrimental
impact on the environment.3,4 Furthermore, at extremely low
concentrations (<10 ppm), the gas can lead to symptoms like
nose and throat discomfort, temporary coughing, eye irritation,
fatigue, and nausea.5,6 In this regard, developing highly sensi-
tive NO2 sensing devices has become one of the most important
techniques.

Chemiresistors, composed of active layers and electrodes, have
gained signicant interest as sensor devices due to their mini-
malist architecture, which offers advantages in mass production
and cost compared to eld effect transistors (FETs) and optical
sensors.7–10 Sensitivity of chemiresistors is generated by leveraging
transduction based on resistance changes resulting from the
interaction with a specic chemical in active layers.11 In the
selection of active materials, metal oxides can enable detection of
NO2 through chemical interactions with oxygen ions adsorbed on
the metal oxide.12 However, these sensor devices typically operate
at elevated temperatures, making it a primary objective to bring
their operating temperature down to ambient levels.13 Conversely,
two-dimensional (2D) materials such as silicon arsenide, molyb-
denum disulde or graphene can be utilized to fabricate sensor
devices that operate at room temperature.14–16 However, their
functionality mainly hinges on the charge transfer between the
active layers and the physically adsorbed gas molecules. As
a result, they are responsive to a broad range of dipolar gases,
indicating limited selectivity to NO2.

Conjugated polymers (CPs) have emerged as promising
candidates to detect NO2 under ambient conditions, owing to
J. Mater. Chem. A, 2025, 13, 11323–11329 | 11323
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View Article Online
selective interaction between specic moieties in CPs and target
gas molecules.17 Through this interaction, CPs readily transfer
electrons to NO2 gas, resulting in signicant resistance changes.
For example, imine units are weakened via interaction with
NO2. This facilitates the disconnection of p-conjugation and
a subsequent increase in resistance.18 Pyrrole and thiophene
units can be doped, where p-electrons in the units react with
NO2.19,20 This modulates the charge density and mobility,
diminishing the resistance of the semiconducting CPs to
a highly conductive state.21 However, the CPs are inevitably
limited to semicrystalline morphology resulting from a highly
ordered molecular structure.22 Given that gaseous NO2 mole-
cules exhibit limited immobilization capabilities owing to their
rigorous molecular dynamics, the polymer morphology
becomes a critical factor for the diffusion of NO2 into the
polymer matrix.23 Highly crystalline CPs, in fact, have shown to
be unsuitable for sensitive chemiresistors due to their limited
diffusion in the crystalline region.24 This restricted diffusion not
only reduces the affinity between CPs and NO2 but also ulti-
mately diminishes the sensitivity of chemiresistors.25 Taken
together, optimizing polymer morphology to enhance sensi-
tivity remains underexplored.

Herein, we present a facile approach to improving the sensi-
tivity of NO2 chemiresistors based on ethylene glycol pendant
groups. This approach simultaneously facilitates chargemobility
and NO2 diffusion through low-crystallinity CPs with localized
aggregates. In our design, triethylene glycol (TEG) pendant
groups were introduced into CPs based on benzothiadiazole,
thienothiophene, and NO2 sensitive thiophene units (PTEGTT)
(Fig. 1a). We hypothesize that the substitution of TEG pendant
groups promotes amorphous nature and p–p stacking simulta-
neously due to their exibility. This promotes the formation of
localized aggregates, enhancing electrical conductivity related to
Fig. 1 (a) Chemical structure of the CPs for chemiresistors. (b) Schematic

11324 | J. Mater. Chem. A, 2025, 13, 11323–11329
charge mobility by p-orbital overlap among multiple conjugated
backbones within amorphous regions.26 The resulting low crys-
tallinity increases unoccupied space between electronic clouds of
polymer chains, referred to as free volume.27 The gas molecules
occupy the free volume, facilitating the diffusion of NO2 into the
CP matrix.28 Furthermore, the polarity of TEG groups not only
can result in enhancement in the affinity between the CP and
NO2 for improving sensitivity but also can further amplify the
sensitivity under humid conditions due to their hygroscopicity.29

In addition to sensitivity enhancements, the low crystallinity
resulting from TEG groups was found to be critical to thermal
stability, suppressing morphological degradation related to
lateral crystallization against heat.30 Highly sensitive and ther-
mally stable NO2 chemiresistors were fabricated from PTEGTT,
demonstrating NO2 sensitivity 3 times higher than that of the
common alkyl-substituted CP (PC8TT).

2. Results and discussion
2.1. Molecular characterization of CPs

The polymers were prepared via the Stille coupling reaction at
110 °C in toluene (Scheme S1†). The chemical structures were
conrmed using 1H/13C nuclear magnetic resonance (NMR)
spectroscopy (Fig. S1†). In the GPC proles with chlorobenzene
as the eluent at 40 °C and polystyrene as the calibration stan-
dard, PC8TT and PTEGTT showed a number-average molecular
weight (Mn) of 8.05 kDa and 7.97 kDa with dispersity (Đ) of 2.64
and 2.41, respectively (Fig. S2†). To investigate the thermal
degradation, thermogravimetric analysis (TGA) was conducted
(Fig. S3†). Both polymers showed a degradation temperature
(Td) of approximately 350 °C, indicating sufficiently high
degradation temperature for relevant applications against
thermal degradation.
illustrations of the polymermorphologies and NO2 behavior in the CPs.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 2D-GIWAXS images of (a) PC8TT and (b) PTEGTT and (c) X-ray
diffraction spectra extracted from the 2D-GIWAXS data. (d) DSC
profiles of the polymers.
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2.2. Effect of ethylene glycol pendant groups on electrical
conductivity

The inuence of pendant groups on molecular packing and
energy level conguration can be estimated by characterizing
spectroscopic and electrochemical properties. Both polymer
thin lms displayed distinct absorptions at 340 nm, 430 nm,
and 570 nm in UV-vis spectroscopy (Fig. 2a). The absorptions at
340 nm and 430 nm are ascribed to p–p* excitation in the
thiophene and thienothiophene moieties, while the absorption
at 570 nm is indicative of intramolecular charge transfer (ICT)
from the donor to acceptor.31 The degree of coplanarity of the
lms can be determined from the proportion of intensity
between the p–p* excitation and ICT peaks.32 The PTEGTT lm
exhibited a larger difference in the proportion, indicating
enhanced coplanarity compared to the PC8TT lm. Regarding
intermolecular interactions associated with p–p stacking, the
PTEGTT lm not only exhibited an amplied ICT shoulder peak
centered at 605 nm, denoting enhanced intermolecular aggre-
gation, but also manifested a red-shied ICT peak, signifying
closer p–p stacking with extended conjugation length.33,34 For
electrochemical characterization, cyclic voltammetry (CV) was
conducted to determine the energy level congurations. The
highest occupied molecular orbital (HOMO) levels of PC8TT
and PTEGTT were calculated to be −5.11 eV and −4.84 eV, ob-
tained from the onsets of oxidation at 0.82 V and 0.55 V,
respectively (Fig. 2b). To determine the lowest unoccupied
molecular orbital (LUMO) levels, the optical band gap energies
were calculated from the absorption onset.35 The lowest unoc-
cupied molecular orbital (LUMO) levels of PC8TT and PTEGTT
were determined to be−3.33 eV and−3.10 eV. The difference in
energy levels is attributed to the extended conjugation length
arising from the exible TEG pendant groups in PTEGTT. The
spectroscopic and electrochemical properties were reected in
improved electrical conductivity (s). The PTEGTT lm exhibited
a higher s of 8.82 cS m−1 than that of the PC8TT lm (1.31 cS
m−1) in a direct current circuit (Fig. 2c).
2.3. Low-crystallinity with localized aggregates

To examine the microstructure and crystallinity, we conducted
two-dimensional grazing-incidence wide-angle X-ray scattering
(2D-GIWAXS) measurements (Fig. 3a–c). The linear alkyl
pendant groups in PC8TT favorably contributed to lamellar
Fig. 2 (a) UV-vis spectra, (b) cyclic voltammogram, and (c) electrical co

This journal is © The Royal Society of Chemistry 2025
inter-chain packing, resulting in strong lamellar crystallite
peaks (a00) with an edge-on orientation.36 In contrast, PTEGTT
exhibited a notable reduction in lamellar crystallite peaks and
enhanced p–p stacking peaks (0b0) with a face-on orientation.
The quantitative study on the microstructure was conducted by
differential scanning calorimetry (DSC). PC8TT exhibited an
endothermic transition associated with the melting of crystal-
lites associated with the octyl pendant group (3.14 J g−1),
whereas PTEGTT displayed no such transition (Fig. 3d).37

Interestingly, PTEGTT exhibited a notable exothermic transi-
tion (34.42 J g−1) related to conjugated backbone packing,
which was signicantly more pronounced than that seen in
PC8TT (9.56 J g−1). Furthermore, we calculated the distances of
p–p stacking (0b0) to be 3.36 Å and 3.22 Å in PC8TT and
PTEGTT (Fig. S4†). Overall, the exibility of the TEG group in
PTEGTT facilitates low-crystallinity with localized aggregates,
promoting closer p–p stacking.

2.4. Polarity

Hansen solubility parameters (HSPs) were employed to quanti-
tatively assess the polarity dependence on the chemical
nductivity (s) of PC8TT and PTEGTT in film state.

J. Mater. Chem. A, 2025, 13, 11323–11329 | 11325
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structure. HSPs, encompassing cohesive energy densities of
dispersion (dD), polar interaction (dP), and hydrogen bonding (dH)
and interaction radius (R0), were empirically determined based
on the state of dissolution in various solvents (Fig. 4a).38,39 The
calculated HSP values for PC8TT were dD = 17.9, dP = 4.4, dH =

5.0 MPa0.5, and R0= 4.5; and for PTEGTT, they were dD = 18.2, dP
= 4.9, dH = 5.3 MPa0.5, and R0 = 4.2. The higher dP and dH values
observed in PTEGTT suggest that the TEG pendant groups
contribute to stronger polarity and hydrogen bonding.40–42 This
result is in good agreement with the surface energies calculated
from contact angle measurements using water and glycerol
(Fig. 4b). According to the Owens–Wendt–Rabel–Kaelble (OWRK)
model, the surface energy of PTEGTT was 31.5 mJ m−2, which is
5.6 mJ m−2 higher than that of PC8TT.43
2.5. NO2 sensing properties

The ethylene glycol pendant groups in CPs can be introduced to
improve NO2 diffusion and affinity, providing a way to fabricate
high performing chemiresistor-based sensors. A series of poly-
mers were dissolved in 2-methylanisole as a green solvent, and
the resulting polymer lms were cast on the respective platinum
interdigitated electrode to fabricate the chemiresistors.
Fig. 4 (a) State of dissolution in various solvents (dimethylformamide (
roform (CF), 2-methylanisole (2-MA), toluene (Tol)) and HSPs of PC8TT an
the resulting surface energies of the polymers.

11326 | J. Mater. Chem. A, 2025, 13, 11323–11329
The sensitivity of PC8TT and PTEGTT was evaluated at 25 °C
and 40% relative humidity (RH) for six different NO2 concen-
trations: 0.1, 0.5, 1, 2, 3, and 5 ppm relative to ambient air. The
dynamic resistance changes were measured and converted into
sensitivity, i.e., DR/Rb = ](Rb − Rg)/Rb × 100 (%), where Rb and
Rg represent the resistance in baseline gas (air) and target gas,
respectively. While PC8TT showed a modest sensitivity to NO2

(DR/Rb = 3.3% at 0.1 ppm), PTEGTT exhibited a dramatically
improved sensitivity (DR/Rb = 9.3% at 0.1 ppm), presenting
a corresponding decrease in resistance subsequent to NO2

exposure (Fig. 5a). PTEGTT exhibited superior sensing perfor-
mance compared to previously reported CP-based NO2 sensors
operating at room temperature, particularly in achieving a lower
detection limit and higher sensitivity at low NO2 concentrations
(Table S1†). In addition, PTEGTT showed superior reversibility
at 5 ppm of NO2 even with a higher change of resistance than
PC8TT, exhibiting a balanced strength of interaction for rapid
desorption (Fig. 5b). The selectivity of PTEGTT was evaluated by
examining its sensitivity towards other interfering analytes at
a concentration of 5 ppm (Fig. 5c). PTEGTT solely displayed
outstanding sensitivity to NO2, thereby indicating excellent
selectivity (SNO2

/Sinter > 2.41, where SNO2
and Sinter represent the
DMF), anisole (Ani), tetrahydrofuran (THF), chlorobenzene (CB), chlo-
d PTEGTT, respectively. (b) Contact angles with water and glycerol and

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 NO2 chemiresistors. (a) Sensitivity upon exposure to 0.1–5 ppm NO2 using the CPs. (b) Resistance changes under cycling NO2 exposure.
(c) Selective sensing properties towards various analytes. XPS profiles of PTEGTT: (d) N 1s and (e) O 1s. (f) Sensitivity depending on relative
humidity (RH).
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sensitivity to NO2 and interfering analytes) due to the syner-
gistic interaction between sufficient p-electron conjugated
polymers and strong oxidizing nature of NO2.44 To verify the
NO2 sensing ability, X-ray photoelectron spectroscopy (XPS)
analysis of PC8TT and PTEGTT, targeting the 1s of nitrogen, 2s
of sulfur, and 1s of oxygen, was performed aer exposure to
NO2. The nitrogen XPS spectrum of PTEGTT clearly showed
a peak in the presence of NO2 (∼402.0 eV) compared to PC8TT,
indicating that the ethylene glycol pendant group enhanced the
absorption of NO2 by polymer lms (Fig. 5d and S5†).45 The
sulfur element in PTEGTT was tted to a doublet peak, and the
additional doublet at 0.7 eV higher binding energy was assigned
to the signal of the polaron formed through doping, where p-
electrons in the conjugated backbone react with NO2

(Fig. S6†).46 Moreover, we observed the oxygen peak, indicating
the interaction between TEG groups and NO2 at 0.6 eV higher
binding energy than that of pristine TEG groups (∼532.2 eV)
(Fig. 5e). This reects an enhancement in absorptivity between
the CP and NO2.47,48 These results are further supported by
Fourier-transform infrared spectroscopy (FTIR) experiments
conducted in the presence of NO2 (Fig. S7†). The absorption
peak corresponding to the stretching vibration of the N]O
bond in NO2 is observed at 1637 cm−1.49 Moreover, a compara-
tive analysis between PC8TT and PTEGTT reveals that PTEGTT
exhibits a signicantly higher absorption intensity than PC8TT,
demonstrating superior NO2 absorption capability, attributed
to the enhanced free volume and increased chemical affinity
with NO2. Additionally, the chemiresistor was subjected to an
environment from 20% to 80% RH and 5 ppm of NO2, revealing
This journal is © The Royal Society of Chemistry 2025
a substantial increase in NO2 sensitivity in PTEGTT as the RH
level increased (DR/Rb= 60.9%/ 100.4%) in contrast to PC8TT
(DR/Rb = 21.7% / 24.2%) (Fig. 5f and S8†). In FTIR,
a discernible peak (∼3500 cm−1), indicative of O–H stretching,
was exclusively observed in PTEGTT, signifying humidity
absorption (Fig. S9 and S10†).50 Consequently, the heightened
sensitivities corresponding to % RH can be ascribed to these
two aspects. With regard to polarity, absorbed humidity in the
TEG group can lead to a greater increase in polarity, as pre-
dicted by HSP parameters (water: dD = 15.5 MPa0.5, dP = 16.0
MPa0.5, and dH = 42.3 MPa0.5).51 From a doping perspective, the
absorbed humidity can react with NO2, creating an acidic
environment conducive to acidic doping in the conjugated
backbone, thereby increasing s.52

2.6. Thermal stability

The ethylene glycol pendant groups in CPs led to outstanding
thermal stability. PTEGTT exhibited a greater sensitivity
enhancement at 100 °C (DR/Rb = 20.5%/ 72.0% at 1 ppm, RH
40%) than that of PC8TT (DR/Rb = 6.5% / 26.0%) (Fig. 6a and
S11†). The enhanced sensitivity at elevated temperatures is
attributed to the hopping of charge carriers within CPs
according to the Schaefer–Siebert–Roth model.53,54 In-plane X-
ray scattering upon thermal aging (at 100 °C for 3 h) revealed
that PC8TT exhibited an increased peak intensity associated
with lateral crystallization aer thermal aging, but PTEGTT
displayed no changes in peak intensity (Fig. 6b). Correspond-
ingly, atomic force microscopy (AFM) imaging revealed
a considerable increase in surface roughness (RMS) in PC8TT
J. Mater. Chem. A, 2025, 13, 11323–11329 | 11327
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Fig. 6 (a) Sensitivity depending on temperature. (b) In-plane X-ray scattering profiles and (c) film roughness before (dashed line) and after (solid
line) thermal aging.
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compared to PTEGTT, increasing resistance (Fig. 6c and S12†).55

These ndings suggest that unlike in crystalline CPs, the
amorphous nature of PTEGTT avoids additional crystallite
formation at elevated temperatures. As a result, free volume and
charge-transport pathways remain intact, preventing conduc-
tivity loss and instead leveraging thermally promoted charge-
carrier hopping to enhance sensitivity.

3. Conclusions

This study demonstrated the feasibility of synthesizing highly
NO2 sensitive CPs through low crystallinity with localized
aggregates via substitution with ethylene glycol pendant
groups. The ethylene glycol-substituted PTEGTT exhibited
a remarkable enhancement in amorphous nature and polarity
with superior charge mobility. These improved properties led to
exceptional NO2 sensitivity in chemiresistors, driven by the
increased free volume for NO2 diffusion and heightened
polarity for NO2 affinity. Notably, the sensors retained their
performance even at elevated temperatures, without morpho-
logical degradation, due to the amorphous nature. We antici-
pate that our approach can be a viable strategy for the
development of localized aggregates in low-crystalline CPs, with
potential applications in sensing devices and organic
electronics.
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