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Enhanced Conductivity in Conjugated Microporous
Polymers via Integrating of Carbon Nanotubes for
Ultrasensitive NO, Chemiresistive Sensor

Weisi He, Qian-Wen Li, Sijie Chen, He Liu, Zhonghua Cheng,* Shuang Li, Wei Lyu,

Gang Xu,* Yong-Jun Chen,* and Yaozu Liao*

1. Introduction

Conjugated microporous polymers (CMPs) present high promise for

chemiresistive gas sensing owing to their inherent porosities, high surface
areas, and tunable semiconducting properties. However, the poor
conductivity hinders their widespread application in chemiresistive sensing.
In this work, three typical CMPs (PSATA, PSATB, and PSATT) are synthesized
and their chemiresistive gas sensing performance is investigated for the first
time. To further improve performance, PSATT are modified on the surface of
amino-functionalized multi-walled carbon nanotubes (NH,-MWCNTs) to
improve the conductivity. As a result, the obtained material, PSATT-7NC
exhibited a high sensitivity of 9766% toward 4 ppm NO,, which is 2.5 times
higher than that of pristine PSATT. It also demonstrated remarkable selectivity
and excellent long-term stability. Furthermore, the lowest limit of detection
(0.79 ppb) among all polymers-based sensors is achieved at a low operating
temperature of 100 °C. This work provides a valuable strategy into the
development of a new material platform for advancing high-performance gas

sensing applications.
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As the fundamental component of ol-
factory sensing, gas sensors have exten-
sive potential applications in environmen-
tal monitoring, public safety, healthcare,
food safety, military aerospace, and other
fields.'"*1 Compared with other gas de-
tection, chemiresistive gas sensor converts
the type and concentration of gas into re-
sistance change as a readout signal with
the advantages, including simplified de-
vice design, low cost, high sensitivity, and
long life.>7] The most used chemiresis-
tive sensing materials employing metal ox-
ide semiconductors (MOS) have inherent
shortcomings, such as poor selectivity, high
operating temperatures, and high power
consumption.®#? All of these serve to limit
the practical application and industrial de-
velopment of gas sensors. Thus, there is an
urgent requirement to explore alternative
gas sensing materials that can offer high sensitivity and operate
at a relatively low temperature to cut down on energy usage, all
without compromising on sensitivity.

Porous organic polymers (POPs) are a class of porous net-
works constructed from organic building unit by strong co-
valent bonds.'%M] Due to their diverse structures, high sta-
bility, and large surface area, POPs hold great promise in
many applications, such as gas storage, catalysis, sensing,
energy storage, and conversion.['>”5] Currently, covalent or-
ganic frameworks (COFs) and covalent triazine frameworks
(CTFs), act as POPs, are used in chemiresistive gas sensors.
Compared to COFs and CTFs, conjugated microporous poly-
mers (CMPs), another type of POPs, offer a simpler synthe-
sis method that is not constrained by crystallization or spe-
cific reaction conditions. Additionally, CMPs not only possess
the characteristics of POPs, but also exhibit unique semicon-
ducting properties due to their large ring-conjugated framework
structure.[1®17] This makes CMPs highly promising for chemire-
sistive gas sensing materials. Although optical chemical sensors
are fabricated,'*181°1 CMPs have not yet been utilized in the
realm of chemiresistive gas sensing. This is mainly attributed
to the poor processability and low conductivity of CMPs, which
hinders the effective electron transfer in chemiresistive gas
sensing.
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Scheme 1. Scheme showing the design principle of CMPs for the detection of NO, with enhanced conductivity and improved sensitivity.

To obtain high-performance sensing materials, it is necessary
to enhance the conductivity of CMPs. The hybrid strategy of
CMPs and amino-functionalized multi-walled carbon nanotubes
(NH,-MWCNTs) might be a good choice for improving conduc-
tivity to bring excellent CMPs-based chemiresistive gas sensing.
This is due to: 1) The surface amino groups of NH,-MWCNTs
provide the strong forces for hybridizing CMPs, 2) Large delo-
calization system and interlayer z—z interactions of CMPs lead
to efficient electrons transport between complexes,[2°22 and 3)
High conductivity of NH,-MWCNTS serves as electrons transfer
channels for CMPs to bring improved conductivity and sensitiv-
ity. In the CMPs and NH,-MWCNTs integrated system, it can be
assumed that hybrid materials with high surface area and con-
ductivity ensure effective gas adsorption and electron transfer to
achieve high-performance chemiresistive gas sensing. In addi-
tion, most conjugated polymers adsorb gas molecules primarily
through dispersive forces or dipole-dipole interactions, which are
insufficient for efficient charge transfer between the material and
the gas molecules. Constructing stronger interactions, such as
hydrogen bonds or ionic dipoles with the target gas molecules is
a promising approach. Lu et al.l?] prepared a linear conjugation
polymer, para-polyphenylsquaraine (p-PPS), with high sensitivity
to NO, via a reaction between squaric acid and o-phenyldiamines
under reflux conditions. It has been demonstrated that squaric
acid, with its unique zwitterionic resonance structure, provides
a zigzagged skeleton and extends the z-conjugation, which is
beneficial to enhance charge transfer and improve sensing per-
formance. Subsequently, He et al.[?*l constructed a squaric acid-
based COFs (SA-TAPB) with high selectivity for NO, through the
solvothermal condensation between squaric acid and 1,3,5-tris(4-
aminophenyl) benzene in o-dichlorobenzene catalyzed by acetic
acid. The results indicate that hydrogen bonding and ionic dipole
interactions between SA-TAPB and NO, facilitate the reversible
adsorption and desorption of NO,, thereby improving sensing
performance. Therefore, squaric acid-based CMPs exhibit poten-
tial as effective sensing materials, as their large delocalization
system and the z-z interaction effectively enhance the charge
transfer, while their ionic dipole and hydrogen bonding interac-
tions with NO, ensure reversible adsorption and desorption of
gas molecules.

As a proof-of-concept, squaric acid-based CMPs with simple
preparation and abundant ion dipole interactions and hydro-
gen bonding for the reversible adsorption of gas molecules were
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selected as the desired platforms to hybridize NH,-MWCNTs
(Scheme 1) and investigated their chemiresistive gas sensing per-
formance for the first time. In this work, a C—N cross-coupling
technique was employed to synthesize various squaric acid-based
CMPs with different ligands center, denoted as PSATA, PSATB,
and PSATT, respectively. Among these, PSATT was further modi-
fied on the surface of NH,-MWCNT5s with varying amounts to ob-
tain a series of conductivity-improved CMPs, denoted as PSATT-
nNC (n=3, 5,7, 10). Furthermore, these CMPs were successfully
applied in chemiresistive gas sensing to detect NO,. Notably, the
best of them, the response value of PSATT-7NC toward 4 ppm
NO, is 9766% at 100 °C, which is 2.5 times higher than that of
the pristine PSATT. These results demonstrate that the strategy
of hybridizing NH,-MWCNTs effectively enhances conductivity
to achieve the improvement of sensing performance in CMPs.
This work has successfully realized ultrasensitive NO, detection
using CMPs-based materials, thereby paving the way for further
exploration of amorphous POPs in gas sensing applications.

2. Results and Discussion

PSATA, PSATB, and PSATT were prepared through a simple and
green substitution reaction of C—N cross-coupling method.[?’]
The synthetic route of these three squaric acid-based CMPs
with different ligands center is shown in Figure Sla (Support-
ing Information). Among them, PSATT was further modified
on the surface of NH,-MWCNTs with varying amount to ob-
tain PSATT-nNC (n = 3, 5, 7, 10) as depicted in the synthetic
scheme shown in Figure S1b (Supporting Information) (details
see the experiment section). The photos of the series of ob-
tained CMP materials are shown in Figure S2 (Supporting In-
formation). The morphologies of PSATA, PSATB, and PSATT
were investigated through scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). SEM images show
the morphologies of nanowires, nanoparticles, and nanorods as
PSATA, PSATB, and PSATT, respectively (Figure 1a-c). TEM im-
age showed that the nanorods of PSATT were ~50 — 60 nm in
diameter (Figure le). After modifying NH,-MWCNTs, the mor-
phologies of PSATT-nNC (n = 3, 5, 7, 10) showed that their sur-
face is rougher than that of NH,-MWCNTs with a uniform di-
ameter of ~37 nm (Figure 1d-i; Figures S3 and S4, Supporting
Information). There is no big difference in the morphologies
for PSATT-nNC (Figure S4, Supporting Information). However,
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Figure 1. SEM images of a) PSATA, b) PSATB, c) PSATT, d) NH,-MWCNTs and e) PSATT-7NC, TEM images of f) NH,-MWCNTs, g) PSATT, and

h—i) PSATT-7NC.

the diameter decreases as the amount of NH,-MWCNTs from
PSATT-3NC to PSATT-10NC, illustrating the reduction in the
thickness of PSATT layer (Figure S4, Supporting Information).
These results revealed that PSATT is successfully formed on the
surface of NH,-MWCNTTs.

The detailed synthesis route of PSATA, PSATB and PSATT was
displayed in Figure 2a. The chemical composition and structure
of these CMP materials were characterized by Fourier-transform
infrared (FT-IR), 1*C solid-state nuclear magnetic resonance (*C
NMR) spectra and 'H solid-state nuclear magnetic resonance
(*H NMR) spectra. Concretely, the peak of near 1785 cm™ for
the characteristic vibration of the C=0 bond and the peak of
~1528 cm™! corresponding to C—N—C bond were observed
in the FT-IR spectra, which showed the presence of squaric
acid units in the structure of PSATA, PSATB, PSATT and
PSATT-nNC (n = 3, 5, 7, 10) (Figure 2b; Figures S8 and S9,
Supporting Information). Furthermore, the new formation of
C—N bond from the squaric acid linked to the amino monomer
was evidenced by the appearance of signals at 140 ppm in the
13C NMR spectra and 9.5 ppm in the 'H NMR spectra, which
clearly confirmed the successful synthesis of PSATA, PSATB, and
PSATT (Figures S6 and S7, Supporting Information).

Powder X-ray diffraction (PXRD) showed that PSATA, PSATB
and PSATT were amorphous polymers (Figure S10, Support-
ing Information). After hybridization with NH,-MWCNTs, the
PXRD peaks of PSATT-nNC nearly remained compared to pris-
tine PSATT (Figure S10, Supporting Information). Moreover, the
surface amino groups of NH,-MWCNTs could provide the strong
forces for hybridizing CMPs. Based on the same C—N cross-
coupling reaction as PSATT synthesis, in PSATT-nNC, PSATT
chemically bonds to the surface of NH,-MWCNTs (Figure 2a).
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It was revealed by X-ray photoelectron spectroscopy (XPS) mea-
surements of of PSATT and PSATT-nNC (Figures S11 and S12,
Supporting Information). Through the semiquantitative analysis
of XPS, the ratios of C—N and C—C in PSATT-nNC are signif-
icantly larger than that of pure PSATT to demonstrate the for-
mation of more C—N bonds in PSATT-nNC (Figures S11 and
S12, Supporting Information). These results confirmed the co-
valent bond between PSATT and the surface of NH,-MWCNTs
in PSATT-nNC.

The N, isothermal adsorption-desorption curves were mea-
sured at 77 K to reveal porous structures of these CMP mate-
rials. All samples showed the type-I isotherm, which demon-
strated microporous structures (Figure 2f,g). The specific sur-
face area (Sppr) of PSATA, PSATB, PSATT were 31.3, 68.6, and
78.6 m? g1, respectively (Figure 2f,g; Table S1, Supporting In-
formation). The increased in Sy is attributed to the enhanced
conjugation of these materials, which is brought about by the
central regulation of the amino monomers (Figure 2a). After the
modification of NH,-MWCNTS, the Sy of PSATT decreased
and continued to decrease as the content of NH,-MWCNTs in-
creased (Figure 2f,g; Table S1, Supporting Information). Furthe-
more, the bandgap structures of PSATT, NH,-MWCNTs, and
PSATT-nNC were explored through UV-vis adsorption spec-
tra and cyclic voltammetry (CV) measurements (Figure 2c;
Figures S13 and S15, Supporting Information). With the en-
hancement of NH,-MWCNTs amount from PSATT to PSATT-
10NC, the bandgap gradually decreases (Figure S13, Supporting
Information). As shown in Figure 2d; Figure S14 (Supporting
Information), the valence bands/conduction bands for PSATT
and PSATT-nNC (n = 3, 5, 7, 10) were further revealed from CV
measurements.
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Figure 2. a) Synthetic route for the formation of PSATA, PSATB, and PSATT, b) FT-IR spectra of PSATT and PSATT-7NC, c) UV-vis absorption spectra
of PSATT and PSATT-nNC (n = 3, 5, 7, 10) in the solid state, d) Energy band of PSATA, PSATB, PSATT, and PSATT-7NC, €) |-V curves of PSATT-nNC
(n=13,5,7,10), f) N, adsorption and desorption isotherms (77 K), g) Density functional theory-pore size distribution of PSATA, PSATB, PSATT, and

PSATT-nNC (n=3,5, 7, 10).
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To prove that the conductivity of PSATT is improved after

modification with NH,-MWC

NTs, we explored their elec-

trical properties. The electrical conductions of PSATT and
PSATT-nNC were measured through -V curves (Figure 2e).
Under room temperature, the conductivity gradually in-
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creases with the increase of NH,-MWCNTs amount (Table
S2, Supporting Information). The conductivity of PSATT-
7NC and PSATT-10NC is =26 and 46.8 times higher than
that of pristine PSATT (Table S2, Supporting Information).

These results indicated that the NH,-MWCNTs hybrid
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Figure 3. a) Schematic illustration of the sensing device, b) Temperature dependent response of PSATA, PSATB and PSATT toward 4 ppm NO,,
c) Column charts of response toward 4 ppm NO, of PSATT, PSATT-3NC, PSATT-5NC, PSATT-7NC and PSATT-10NC at 100 °C, d) Response-concentration
log-log plots for PSATT and PSATT-7NC, e) Sensing response of PSATT and PSATT-7NC to various gases, f) Reproducibility of the PSATT-7NC-based
sensors toward 0.4 ppm NO,, g) Long-term stability of PSATT and PSATT-7NC toward 0.4 ppm NO,.

strategy has successfully enhanced the conductivity of CMP
materials.

The obtained series of CMPs with large surface area and
improved conductivity might serve as desired platforms for
chemiresistive gas sensing. These CMP materials were tested in
a home-made system as shown in Figure S16 (Supporting In-
formation) and the sensing devices were depicted in Figure 3a.
To optimize the operating temperature of devices, the chemire-
sistive gas sensing of PSATA, PSATB and PSATT were tested
within the temperature range of 25 to 150 °C toward 4 ppm NO,
(Figure 3b; Figures S17 and S18, Supporting Information). All
three samples reached its highest response value at 100 °C, in-
dicating optimal working temperature of these devices. Under
100 °C and dark conditions, PSATT exhibited response value
of 3961% toward 4 ppm NO,, which is 12.7 times higher than
PSATA and 3 times higher than PSATB (Figure 3b). Thereafter,
the NO, sensing performance of PSATT-nNC is tested under
the same conditions (Figure S19, Supporting Information). Com-
pared with pristine PSATT, the response values of PSATT-3NC
and PSATT-5NC are lower, which might be attributed to the re-
duction of Sgp; (Figure 3c; Table S1, Supporting Information).
However, as the amount of NH,-MWCNT5 increases, the re-
sponse value of PSATT-nNC first increases and then decreases,
reaching the maximum at PSATT-7NC, even exceeding pristine
PSATT (Figure 3c). PSATT-7NC showed a response value of

Small 2024, 2407880

2407880 (5 of 8)

9766%, which is 2.5 times higher than that of the pristine PSATT
(Figure 3c). These results demonstrated that enhancing electri-
cal conductivity effectively improves the sensing performance
of CMP materials. With the introduction of NH,-MWCNT5, the
number of active sites decreases, leading to reduced sensing per-
formance. However, as the amount of NH,-MWCNTs increases,
the resulting improvement in conductivity enhance the sensing
properties. When the conductivity improvement is minor, it is in-
sufficient to compensate for the performance reduction caused
by the fewer active site, resulting in poor performance of PSATT-
3NC and PSATT-5NC. When the level of modification reaches
a critical threshold (PSATT-7NC), the conductivity enhancement
compensates for the loss of active sites, yielding better perfor-
mance than the original PSATT. However, further increasing the
amount of NH,-MWCNTs (PSATT-10NC) leads to a decline in
sensing performance. This is because the conductivity of PSATT-
7NC already fully meets the electron transport required for the
material when it is applied to gas sensing. Therefore, the contin-
uous increase in electrical conductivity (PSATT-10NC) does not
significantly improve performance, but rather degrades perfor-
mance due to the reduction of the active site. Additionally, PSATT
and PSATT-7NC showed concentration-dependent response to
NO, in the range of 0.16 to 4 ppm (Figure S20, Supporting In-
formation). The theoretical limit of detections (LOD) for PSATT
and PSATT-7NC were calculated to be ~1.37 and 0.79 ppb,
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Figure 4. a) Calculated binding energy (BE) between CMPs and NO, at the optimum adsorption site, b,c) Electrostatic potential surface maps of PSATT
and PSATT-7NC models, d) Time-resolved DRIFTS and e) EPR spectra of PSATT and PSATT-7NC.

respectively, by setting the response at 10% (Figure 3d). The LOD
of PSATT-7NC is the lowest for all polymers-based sensors at low
operating temperature (Table S3, Supporting Information).!-"]

Selectivity is an important parameter for the sensing per-
formance evaluation.?3%32] To explore gas sensing selectivity,
PSATT and PSATT-7NC were conducted to exposure in 12 kinds
of other interfering gases with a concentration of 100 ppm at
100 °C (Figure 3e; Figure S22, Supporting Information). Notably,
the responses of PSATT and PSATT-7NC toward 4 ppm NO,
were much higher than 100 ppm other interfering gases, indicat-
ing superior selectivity (Figure 3e; Figure S22, Supporting Infor-
mation). In addition, the response/recovery time of PSATT and
PSATT-7NC toward 4 ppm NO, at 100 °C are estimated to be
2.9/6.7 min and 2.9/13.9 min, respectively (Figure S19, Support-
ing Information).

Furthermore, the cycling stability of PSATT-7NC towards 4
ppm NO, was investigated (Figure 3f). PSATT-7NC-based sen-
sors showed a low coefficient of variation (7%) over 4 cycles, in-
dicating good repeatability (Figure 3f). The PSATT and PSATT-
7NC are selected as the desirable platform for investigating the
long-term stability. After 7 days, ~90% of the original response
value to 4 ppm NO, mixed air was retained, indicating excellent
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long-term stability of PSATT and PSATT-7NC (Figure 3g; Figure
S23, Supporting Information).

The gas sensing mechanisms of PSATT and PSATT-7NC were
systematically studied. First, possible adsorption sites of NO,
molecules were investigated through density functional theory
(DFT) calculation. Among all possible bonding models, the most
stable interaction model formed the hydrogen bonds between
two amide hydrogen atoms of PSATT and NO, molecules
(Figure 4a). Compared to PSATA and PSATB, the
O=N=0..H—N in PSATT exhibited the largest binding en-
ergy (0.245 eV), which matches the result of gas sensing test
well.®*] Second, most charges of PSATT and PSATT-7NC
were concentrated at the edge of molecules and exhibited a
completely localized positive and negative charge distribution
(Figure 4b,c). The results indicate that introduction of NH,-
MWCNTs did not significantly alter the charge distribution
of CMPs to bring good electron transport. The energy level
demonstrates that the electrons transfer from NH,-MWCNTs
to PASTT. The interaction between NO, and CMPs was in-
vestigated through the in situ diffuse reflectance infrared
FT-IR spectroscopy (DRIFTS) to monitor the sensing process
of PSATT when exposed to 4 ppm NO, (Figure 4d). It was

© 2024 Wiley-VCH GmbH
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clearly showed the presence of adsorption peaks ascribed to
oxygen vacancy (1807 cm™'), NO, (1040 cm™!) and N,O,
(1743 cm™!) with the continuously increasing intensity under
extending the exposure time.[?*3*35] Finally, both PSATT and
PSATT-7NC exhibited different EPR signal intensity with g =
2.06 (Figure 4e), indicating the same type of EPR source with
different amounts of cationic radical signals formed on nitrogen
sites.’®37] The formation of a cationic radical results in the gen-
eration of a free electron hole, which can facilitate high mobility
within the conjugated structure when an external electric field
is applied.*®] This increased mobility contributes to enhanced
electrical conductivity in the materials. This improvement in
electron transport results in superior sensing performance, with
the sensitivity of PSATT-7NC reaching its maximum. Notably,
the decline in sensing performance observed in PSATT-3NC
and PSATT-5NC compared to pure PSATT can be attributed
to the fact that the rise in conductivity resulting from the in-
crease in free radicals is insufficient to offset the impact of the
reduced surface area and the decline in active sites (Figure S24,
Supporting Information).

3. Conclusion

In summary, three squaric acid-based CMPs were successfully
synthesized and their chemiresistive gas sensing performance
was investigated. Among them, PSATT exhibited the best per-
formance and was selected as the desired platform to demon-
strate the significance of enhancing conductivity through hy-
bridization NH,-MWCNTs in improving the chemiresistive gas
sensing performance of CMP materials. As the amount of NH,-
MWCNTs increased, the electrical conductivity of PSATT gradu-
ally increased. Although the responses of PSATT-3NC, PSATT-
5NC and PSATT-10NC are worse than PSATT,. PSATT-7NC ex-
hibited an excellent response value of 9766%, which is 2.5 times
higher than that of the pristine PSATT. PSATT-7NC also showed
superior selectivity to NO,, among 12 typical interference gases
and excellent long-term stability for up to 7 days. This work pro-
vides a feasible strategy to design the high performance of CMP-
based chemiresistive gas sensing materials.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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