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ABSTRACT: We present a thermally stable, mechanically compliant, and sensitive polymer-based NO, gas sensor design.
Interconnected nanoscale morphology driven from spinodal decomposition between conjugated polymers tethered with polar side
chains and thermally stable matrix polymers offers judicious design of NO,-sensitive and thermally tolerant thin films. The resulting
chemiresitive sensors exhibit stable NO, sensing even at 170 °C over 6 h. Controlling the density of polar side chains along
conjugated polymer backbone enables optimal design for coupling high NO, sensitivity, selectivity, and thermal stability of polymer
sensors. Lastly, thermally stable films are used to implement chemiresistive sensors onto flexible and heat-resistant substrates and
demonstrate a reliable gas sensing response even after 500 bending cycles at 170 °C. Such unprecedented sensor performance as well
as environmental stability are promising for real-time monitoring of gas emission from vehicles and industrial chemical processes.
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Accurate and real-time monitoring of toxic gas emissions is interactions with the industrial hazardous gases, typically polar
crucial to mitigating potential health threats from small molecules (e.g, NO, and SO,)."”~"7 This facilitates
increasing atmospheric pollution. In this regard, high perform- controllability of sorbate—analyte interaction and, thereby,
ance, low-cost sensors for toxic gases are needed.' " Until now, eventual enhancement in sensing performances.

most gas sensor designs have relied on porous materials, 2D As most of the industrial emissions are generated from fossil
materials, and inorganic oxides as the sorbates for sensitive fuel combustion, real-time monitoring of toxic gases inevitably
detection.”® Unfortunately, those inorganic materials are hard requires operating under elevated temperature conditions.
to process into desired architectures in a cost-effective way, Ideally, monitoring of these gases should be implemented at
and the resulting devices are mechanically rigid and hence smoke stack or exhaust pipe levels. There, the use of
difficult to incorporate onto gas pipes and exhausts directly. conjugated polymers is commonly challenging as their

functionality tends to be vulnerable under such high
temperature environments.'* 7' Polymer n—n stacking,
which is crucial to electrical conductivity, is greatly perturbed

Recently, conjugated polymers have garnered increasing
attention as active materials for gas sensing, owing to their
lightweight and mechanically flexible characteristics, highly
desirable for facile system integration,””” their high-perform-

ance sensing capabilities,10 their facile chemical tunability for Received: July 25, 2023
engineering device selectivity and sensitivity, as well as their Accepted:  September 14, 2023
solution-based processability, which is attractive for low Published: September 18, 2023
manufacturing cost.''~'* Conjugated polymers can be

designed to bear abundant delocalized electrons along the #
conjugation as well as polar side groups, allowing electrostatic
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by the thermal fluctuations, leading to poor device perform-
ances.”””* Consequently, polymer-based gas sensors have been
limited to temperatures below 100 °C."” To overcome
inherent limitations related to extreme environments in
polymer-based electronics, researchers typically employ mo-
lecular-level design and engineering strategies.”* >’ Notably,
organic electronics based on polymer composites structures
have been reported to sustain unusually high temperatures
over 220 °C.*>*' Among several strategies to form such
composites, blending conjugated polymers with high glass-
transition temperature (high Tg) matrices has been demon-
strated as a versatile and straightforward approach to combine
environmental robustness with high electronic perform-
ance.””™*' In such blends, interpenetrating spinodal-like
morphologies between conjugated polymers and thermally
stable matrices are used to effectively prevent the collapse of
n—r stacks between neighboring polymer chains and thus to
retain electronic functionality at the elevated temperatures.

To deploy this composite strategy into gas sensors, one
intriguing class of conjugated polymers is organic mixed ionic-
electronic conductors (OMIECs).>*** Such polymers have
been actively researched for organic electrochemical transistors
(OECTs),”™*° where the voltage-driven insertion of ionic
species in the polymeric bulk modulates the channel
conductance. Typically, these polymers are conjugated back-
bones tethered with the polar side chains for ionic
insertion.””~*' This chemical structure is also an advantageous
platform for investigating molecular interactions between
polymers and small-molecule analytes (e.g., toxic gases) as
well as for scalable synthesis. Like other polymers mentioned
above, these structures also suffer from poor environmental
stability, including thermal stability. The common OMIECs
are stable only up to 120 °C bakes,*”*’ with the recent
exception of diketopyrrolopyrrole (DPP)-based OMIECs.**~*°
For instance, our group recently showed that with systematic
control over the amount of polar side chains (triethylene
glycol, TEG, which is known for enhancing gas affinity)">~""
along the backbone, we can achieve optimal electrochemical
modulation and unprecedented thermal stability (300 °C
baking) in DPP copolymers.”® Motivated by the chemically
tunable affinity toward polar molecules in these DPP-based
copolymers, as well as their thermal stability, we are intrigued
by whether such OMIEC systems can be employed for sensing
toxic gases (especially NO,) for real-time monitoring of
industrial and domestic emissions.

In this work, we demonstrate a thermally stable and flexible
NO, gas sensor using blend composites of a DPP-based
OMIEC and a polyimide matrix. We form a spinodal-like
morphology between the mixed conductor and the high T,
matrix to synergistically combine high affinity toward NO, as
well as high-temperature operation stability. The blend system
is readily solution-processable into thin films, thus facilitating
the fabrication of chemiresistive sensing devices, even onto
flexible substrates. Chemiresistive NO, gas sensors with
excellent response values, low detection limit, high selectivity,
and long-term stability even in the temperature range, such as
those found in exhaust pipes, are thus presented. The
composite design we report showed one of the best NO,
detection performances to date, and the flexible device
architecture we employ demonstrated potential integration
into exhaust pipes and chimneys. This work thus demonstrates
both the importance of structural design of new sensing
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materials, especially conjugate polymers, and promising device
architectures for integrated monitoring of toxic gases.

To combine eflicient gas absorption and thermal stability,
we designed an active channel comprised of a blend system
between a semiconducting polymer (DPP-30¢T) and a high
T, and hence morphology stabilizing matrix, herein Matrimid
(MI). Figure la illustrates the studied architecture of a gas
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Figure 1. Design of a thermally stable chemiresistive sensor for real-
time monitoring of NO, emission. (a) Ilustration of a gas sensor
design based on semiconducting polymer composites. (b) Chemical
structures of DPP-30gT and Matrimid. (c) AFM height image of the
blend film. (d) Illustration of the proposed NO, sensing mechanism.
(e, f) Proposed NO, absorption sites and respective calculated
binding energies with the DPP-30gT:MI blend system.

sensor, where the active channel is a blend composite made of
a DPP-30¢T copolymer and MI (Figure 1b). The semi-
conductive DPP-30gT, serving as the active material for NO,
gas absorption, was used to form a bicontinuous morphology
across the film with the thermally stable MI (T, ~ 325 °C).
The matrix polymer surrounds the semiconducting domains
and enables the overall environmental and thermal robustness
(Figures 1c and S1) in accordance with previous works.”® Our
previous works have shown that, though beneficial for
electrochemical activity, the increased density of polar side
chains deters the electronic properties in mixed conducting
copolymers.***” We thus selected DPP-30gT to endow the
sensor channel with (i) sufficient affinity toward NO,
molecules, (ii) a semicrystalline morphology promoting facile
diffusion, and (iii) sufficient electronic charge transport needed
to record the chemiresistive sensor response (Figure 1d). To
control the blend morphology, we varied the compositional
ratio between DPP-30gT and MI between 0 and 100 wt % ML
Upon rapid evaporation of a common solvent during the spin
coating, a spinodal-like interpenetrating morphology between
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the two components at 1:1 ratio was triggered (Figure S1). We
hypothesize that once this interpenetrating morphology is
formed, the high T, matrix polymer will effectively suppress the
thermal fluctuations within the blend film, particularly when
the films are heated below its T, (Figure $2),°%*" and thus
allow stable sensing performance even at elevated temperature.

To understand the sensing mechanism in our polymer
system, we first used Raman spectroscopy to evaluate the
chemical interaction between the polymer system and NO,.
There was no specific peak shift in the DPP-30gT spectrum
before and after NO, exposure (Figure S3a), indicative of no
specific binding between DPP-30gT and NO,. This behavior
agrees with previous reports using conjugated polymers for
NO, gas sensing, where the gas molecules have been shown to
simply function as dopants, thus changing the conductance of
the semiconducting polymer during exposure.”*”"” We also
calculated the binding energy and charge transfer level around
all possible absorption sites in the blend system and further
confirmed the lack of specific bonding between the polymers
and NO, (Figure le and f). Our simulations accounted for all
potential binding positions in accordance with previous reports
but simplified the system as one repeat unit with a shortened
side chain.'” In a fully relaxed state, the NO, molecules were
found to equilibrate around each site at distances over 3 A. In
the case of bond forming interactions, distances under 2 A are
expected. As shown in Figure 1f, the binding energy and charge
transfer degree were greatest around the conjugated polymer
compared to the matrix, which means that the insulating
polymer mostly acts as a rigidifying host and does not
contribute to molecular adsorption. These computation results
thus supported the Raman results that NO, gas simply acts as a
doping gas without any specific bonding. Note that our
simulations do not capture the entire polymer system including
nm—r stacking of polymer chains, long alkyl chains, TEG side
chains, and potential sites obstructed by the 7—x stacking in a
real polymer crystallite morphology.'> Nonetheless we
anticipate that the porous nature of our blends would facilitate
the NO, diffusion, thus enhancing the device sensitivity, as
illustrated in Figure 1d.

With this operating mechanism, the sensitivity of our
polymer channel would depend on its ability to attract NO,
molecules into the bulk, i.., the doping level of the
semiconducting component. We thus evaluated this doping
capability of NO, toward DPP-30gT using field-effect
transistor devices (Figure S3b). Upon exposure to NO, gas,
the source-drain current showed to increase, indicative of
channel doping. We also used the unfunctionalized DPP
analogue (no TEG side chains, DPP-0gT) to show that
without the TEG groups in the polymer structure, only a slight
change in the current is detected (Figure S3c). The less
hydrophilic DPP-0gT does not efficiently uptake the polar
NO, molecules, thus underscoring the importance of the side
chains on the sensitivity of the sensor. Note that this shift in
the drain current was attainable in a bottom-contact device
configuration (where the current is measured at the bottom
interface). This was more indirect evidence that the active
material in our sensor allows effective diffusion of NO,
molecules into the bulk as illustrated in Figure 1d, a property
that is enabled herein by both the presence of polar pendant
groups as well as amorphous domains within the film bulk. We
could thus deduce that, with the presence of TEG side chains,
NO, gas is attracted toward the polymer backbone and easily
abducts the electron from the latter, thus generating mobile
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holes which translate into a greater electrical conductivity in
the device channel.">™"” It is thus implied that semicrystalline
films are preferred here (given that the electronic performance
is retained, which is the case for DPP-30gT)46 as the
amorphous regions within the active sensing area will facilitate
the diffusion of gas molecules into the film bulk (Figure
1 d).6'16

We then fabricated chemiresistive-type sensors and
evaluated the NO, gas sensing properties of the DPP-
30gT:MI blends. More details regarding the lab-made gas
measurement setup and the fabrication steps of the gas sensing
devices can be found in the Experimental details section in the
Supporting Information. Note that all the sensing measure-
ments were conducted under dry air conditions (1.5% relative
humidity), and the sensing response is determined by
measuring the difference in channel resistance when NO, gas
is present and when it is absent (R,,/Ry). We primarily
assessed the chemiresistors’ sensing performance based on
sensitivity, selectivity, reversibility, and operational stability,
especially at elevated temperatures. We thus measured the
sensing performance within a temperature range of 60 to 170
°C, a range similar to the conditions found in exhaust pipes
and chimneys. Figure 2a shows the dynamic response of our
sensor to 1 ppm of NO, at different temperatures indicating
high sensitivity of the DPP-30gT:MI channel toward NO, gas
across a wide range of heating conditions. Due to the thermally
promoted hopping of charge carriers in the polymer channel,”
the sensors showed enhanced performance with increasing
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Figure 2. NO, sensing performance of chemiresistors based on DPP-
30¢gT:ML (a) Response values of DPP-30gT:MI toward 1 ppm of
NO, at various operating temperatures. (b, c¢) Dynamic resistance
changes in the DPP-30gT:MI channel toward 2—0.25 ppm of NO,
gas at 140 °C. (d) Selectivity tests of NO,, H,S, NH;, and CO,. (e)
Long-term cycling (S8 cycles, >6 h) stability tests of DPP-30gT:MI
sensors at 170 °C.
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temperature and showed optimal response around 140 °C.
Excessive heating (above 170 °C) was found to be detrimental
to the sensors response as evidenced by a decline in charge
transport characteristics as well as the loss in molecular-level
order (Figure S4). We thus set ~140—170 °C as the optimal
operating temperature for our blend system. Among polymer-
based sensors to date, this is over 70 °C higher than the best
achievable temperature for NO, sensing,'” promising potential
for real-time and integrated (at the exhausts level) monitoring
of emitted gas in industrial and residential setups. Additionally,
at such temperatures, the DPP-30gT:MI-based sensors exhibit
a dynamic response toward varying the gas concentration (2 to
0.25 ppm at 140 °C) (Figure 2b, c). Even at extremely low
NO, concentrations (0.25 ppm), the sensors could yield
dynamic responses as high as 5.7, which is desirable for
practical use. The blend-based sensors also showed a response
time of 1.5 min, which is among the fastest polymer-based
NO, sensors (Figure S5).">~"7 This level or sensitivity was also
accompanied by excellent selectivity toward NO, versus other
common small molecule gases. In polymer-based sensors, it is
often challenging to differentiate between common gases such
as NO,, H,S, NH;, and C02.17’48_50 As shown in Figure 2d,
DPP-30gT:MI-based sensors exhibits excellent selectivity
toward NO, gas (R,/Ry,s ~ 25.04 @ 1 ppm) compared to

air/ “tgas
HZS (Rair/Rgas ~ 106 @ 1 ppm)) NH3 (Rair/R ~ 1.01 @ 5

ppm), and CO, (Rair/Rgas ~ 1.04 @ 250 ppmi with a cross-
selectivity value (Ryoy/Rineer > 23.62, where Ryg, and Ry,
denote the response toward NO, and interfering gases,
respectively).'” Such sensitivity, selectivity, and response
speeds under trace amounts (sub-ppm) of gas molecules
showed potential feasibility for environmental monitoring
applications using polymer-based sensors.

We then sought to evaluate the feasibility of integrating our
sensor devices into real-world scenarios (e.g, pipes and
chimneys) by fabricating fully flexible devices and monitoring
their performance under both extreme temperatures and
bending radius. Given the facile processability of the studied
all-polymer active material, we could readily cast DPP-
30¢T:MI blends onto prepatterned polyimide substrates
(Figure 3a). We then evaluated the gas sensing performances
under four different measurement scenarios: (i) flat state, (ii)
bent state, (iii) flat state after 100 bending cycles, and (iv) flat
state after SO0 bending cycles (Figure 3b, c). The flexible
sensors exhibited stable and reversible sensing performances in
both flat and bent states. Even after S00 bending cycles, the
sensors maintained stable and reversible response as shown
during 6 cyclic exposures to 1 ppm gas (Figure 3c). This
mechanical endurance was also concomitant with tolerance
versus extreme temperatures. For instance, after subjecting the
flexible sensor to 500 bending cycles, we brought the operating
temperature to 170 °C, emulating real-world scenarios (Figure
3d), and probed the performance toward low (1 ppm) NO,
concentrations. As shown in Figure 3e, the DPP-30gT:MI-
based sensors exhibit robust sensing capabilities. Despite the
slight downward drift in the baseline resistance over time,
stable and reversible sensing behaviors occurred after
subjecting our sensors to both mechanical and thermal stress.
This level of tolerance to harsh conditions is highly desirable
for the real-time monitoring of gas emissions using polymer-
based sensors. Upon surveying the literature (Table S1 and
Figure S6), the sensitivity levels found in DPP-30gT:MI blends
toward NO, gas especially at such elevated temperatures were
unprecedented, thus promising future polymer-based sensors.
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Figure 3. Demonstration of a thermally stable and mechanically
flexible sensor for real-time monitoring of NO,. (a) Illustrations of
flexible polymer chemiresistor based on a polyimide substrate. (b)
Photograph of sensors in flat and bent states. (c) Dynamic resistance
transitions of sensors in flat and bent states upon exposure to 1 ppm
of NO, gas at 140 °C before repeated flexing. (d) Illustration of the
thermally stable and flexible NO, chemiresistor attached onto a car
exhaust pipe. (e) Long-cycling stability tests of DPP-30gT:MI-based
sensors after 500 bending cycles at 170 °C.

To summarize, we have presented a thermally stable NO,
gas sensor enabled by a judicious composite design composed
of a polymer mixed conductor and a thermally robust matrix.
The insulating matrix could effectively suppress the thermal
fluctuations of the NO,-affine semiconductor, resulting in
stable sensing performance even at elevated temperatures
above 170 °C over 6 h. Moreover, the blend system we studied
showed an extremely high sensing response due to not only the
chemically engineered binding sites for polar NO, gas, but also
the systematic balance of amorphous regions within the
sensing volume to further boost the NO, gas diffusion into the
bulk film. Finally, typical solution processing of the blend
composites onto flexible and heat resistant substrates allowed
us to demonstrate reliable gas sensing performance even under
severe mechanical bending. We anticipate that the structurally
controllable response to various analytes available in this class
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of polymers, as well as their thermal stabilization through
polymer blending, can serve as a valuable platform for
designing a real-time monitor for toxic gases.
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