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Strategic Design of Hemi-Isoindigo Polymer for a Highly
Sensitive and Selective All-Printed Flexible Nitrogen Dioxide

Chemiresistive Sensor

Jenner H. L. Ngai, Zhao Li, Jia Wang, Jinghui He, Jianfu Ding, and Yuning Li*

1. Introduction

The study has developed two hemi-isoindigo (HID)-based polymers for

printed flexible resistor-type nitrogen oxide (NO,) sensors: poly[2-ethylhexyl
3-((3’“,4'-bis(dodecyloxy)-3,4-dimethoxy-[2,2":5",2""-terthiophen]-5-
yl)methylene)-2-oxoindoline-1-carboxylate] (P1) and poly[2-ethylhexyl
2-0x0-3-((3,3'“,4,4’-tetrakis(dodecyloxy)-[2,2":5',2'"-terthiophen]-5-
yl)methylene)indoline-1-carboxylate] (P2). These polymers feature thermally
removable carbamate side chains on the HID units, providing solubility and
creating molecular cavities after thermal annealing. These cavities enhance
NO, diffusion, and the liberated unsubstituted amide —C(=O)NH— groups
readily form robust double hydrogen bonds (DHB), as demonstrated by
computer simulations. Furthermore, both polymers possess elevated highest
occupied molecular orbital (HOMO) energy levels of —4.74 and —4.77 eV,
making them highly susceptible to p-doping by NO,. Gas sensors fabricated
from P1 and P2 films, anneal under optimized conditions to partially remove
carbamate side chains, exhibit remarkable sensitivities of +1400% ppm~' and
+3844% ppm~', and low detection limit (LOD) values of 514 ppb and 38.9
ppb toward NO,, respectively. These sensors also demonstrate excellent

selectivity for NO, over other gases.
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Nitrogen dioxide (NO,) is a preva-
lent air pollutant!’?! known to cause
health issues®>! and contribute to the
formation of acid rain, which acidi-
fies aquatic systems, disrupts natural
ecology, pollutes soil, and damages
infrastructures.*®!  Additionally, NO,
functions as a photochemical oxidant,
facilitating the conversion of volatile
organic compounds (VOCs) into sec-
ondary pollutants under sunlight. This
process generates smog, leading to visual
pollution, severe environmental dam-
age, and respiratory issues in humans
and animals.'*12] The World Health
Organization (WHO) recommends that
humans and animals should not be
exposed to NO, at a concentration ex-
ceeding 200 ug m~* (0.53 ppm) for more
than one hour.["3! Therefore, it is crucial
to continuously detect and monitor
the concentration of NO, in the envi-
ronment. Moreover, NO, is generated
as a by-product of nitro-containing explosives,'¥ making it a
potential indirect analyte for detecting the presence of such
explosives.

Commonly used NO, gas sensors are chemiresistive devices
using semiconducting metal oxides (MO,) such as tin oxide
(SnO,) as sensing materials. Although MO,-based NO, gas sen-
sors offer high sensitivity and long-term stability, they suffer from
poor selectivity and typically operate at high temperatures in the
range of 200-600 °C,>"'7] which consumes significant energy
and restricts device portability. In addition, the fabrication of
MO, -based sensors necessitates harsh conditions such as high
vacuum, high temperature, and complex processing technol-
ogy, resulting in increased sensor production costs.['®2!] These
limitations impede the widespread adoption of MO,-based NO,
sensors.22]

In recent years, the utilization of z-conjugated polymers as
active sensing layers in gas sensors has garnered increasing
attention.[23-3% This is due to their high sensitivity at or near room
temperature, their structural adaptability for various target gases,
and the cost-effective device fabrication achievable through print-
ing techniques. Specifically, chemiresistive gas sensors employ-
ing w-conjugated polymers as active materials, known for their
convenience in fabrication and operation, have demonstrated

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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Scheme 1. Synthesis of polymers P1 and P2.

remarkable sensitivity and selectivity toward NO,.3-33] When a
r-conjugated polymer encounters an analyte, the response can
encompass physical, chemical, or a combination of changes,
such as alterations in morphology, chemical structure, redox re-
actions, and charge transfer. Charge transfer or doping repre-
sents an interaction between electron-rich (or p-type) conjugated
polymers and oxidizing gases (like NO,, SO,, and PCL,). This in-
teraction increases the polymer’s conductivity, leading to a surge
in sensor output current.>*7 Consequently, p-type conjugated
polymer-based gas sensors exhibit greater sensitivity to oxidiz-
ing gases than non-oxidizing ones. To improve NO, sensitiv-
ity, the inclusion of polar side chains®®! and the utilization of
conjugated building blocks capable of forming hydrogen bonds
with NO, molecules®! have shown to be effective strategies. Fur-
thermore, the morphology of the sensing material plays a piv-
otal role in sensor sensitivity. To increase the surface area of the
sensing material and enhance the diffusion of gas molecules,
electrospun polymer nanofibers!*’! and inorganic-organic hybrid
polymer nanocomposites!*!! have been employed. These mate-
rials have proven effective in detecting low-level gas analytes,
achieving sensitivities down to parts per billion (ppb) concen-
trations. However, the fabrication processes for devices incor-
porating these materials involve complexities, including in-situ
polymerizations, precise control of electrostatic self-assembly,
and electrospinning. Most importantly, these materials suffer
from inadequate printability, making it challenging to produce
uniform thin films for consistently performing devices. Spe-
cialized techniques including phase inversion,[***} and breath-
figure self-assembly method!**! have also been explored to intro-
duce porosity and boost surface area. However, these methods are
limited to creating relatively large micrometer-sized pores and
are not well-suited for high-throughput, roll-to-roll printing pro-
cesses.
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In this study, we developed two p-type semiconductor poly-
mers based on hemi-isoindigo (HID) that incorporate carbamate
side chains for improved solubility and easy thermal removal
after deposition. The thermal annealing process creates molec-
ular cavities to facilitate the diffusion of NO, molecules. Fur-
thermore, the liberated amide —C(=O)NH— groups on the HID
units establish strong dual hydrogen bonds (DHB) with NO,,
as demonstrated by computer simulations, boosting sensitivity
and selectivity. Additionally, strategically utilizing electron-rich
alkoxy-substituted thiophene units raises the polymer’s HOMO
energy level, further enhancing NO, sensitivity. Our chemire-
sistive sensors utilizing these polymers demonstrate exceptional
sensitivity, low LOD values, and superior selectivity for NO, over
other gases. Notably, these sensors operate at room temperature
with a driving voltage as low as 0.5 V.

2. Results and Discussion

2.1. Polymer Synthesis and Characterization

Polymers P1 and P2 were synthesized following the steps
outlined in Scheme 1. Monomer M1 was synthesized using 3,4-
dimethoxythiophene (1a) as the starting material. The process in-
volved formylation of 1a through lithiation using n-butyllithium,
followed by the addition of N,N-dimethylformamide at 0 °C to
yield 3,4-dimethoxythiophene-2-carbaldehyde (2a). A piperidine-
catalyzed Knoevenagel condensation reaction between 2a and
6-bromooxinsole in refluxing ethanol produced 6-bromo-3-((3,4-
dimethoxythiophen-2-yl)methylene)indolin-2-one (3a), existing
as a mixture of (Z) and (E) geometric isomers at a 1:1 ratio.
Without separating the isomers, 3a underwent a carbamation re-
action to yield 2-ethylhexyl 6-bromo-3-((3,4-dimethoxythiophen-
2-yl)methylene)—2-oxoindoline-1-carboxylate (4a). Subsequent

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH

d 0 ‘809699€T

:sdny woiy papeoy

ASULOI' suowo)) dAnear) a[qearjdde ay) Aq pauIaA0S a1k SA[ONIR V() 95N JO SN J0f ATRIQIT QUI[UQ) AJ[TAY UO (SUONIPUOD-PUE-SULIA}/ WO AB[IM" ATRIQI[AUT[UO//:sdNY) SUONIPUOL) Puk SWIA], ) 39S “[$707/60/81] U0 A1eIqT autjuQ A[IA\ ‘[IOUNOY) YIIBASAY [BUONEN Aq [ZST0EZOT PIWS/ZO0] (0 1/10p/W0d" KI[IA "


http://www.advancedsciencenews.com
http://www.small-methods.com

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

Table 1. Optical, electrochemical, and physical properties of P1 and P2.

www.small-methods.com

Polymer Amax [NM] Aonset [NM] HOMOg, [eV] LU Moopt/CV [eV] Egopt [€V] M, M, b
sol. Film sol. film film film film - - -

P12 688 694 867 919 —4.74 -3.39 1.35 12398 7635 1.62

P2 680 721 821 1004 —4.77 —3.54 1.23 17964 10204 1.76

) The optical, electrochemical properties, and molecular weights of P1 had been reported in a previous literature by the same principal authors.[44]

bromination using N-bromosuccinimide (NBS) resulted in
2-ethylhexyl 6-bromo-3-((5-bromo-3,4-dimethoxythiophen-2-
yl)methylene)—2-oxoindoline-1-carboxylate (M1), present as a
mixture of (Z) and (E) isomers in a 1:1 ratio.

Monomer 2-ethylhexyl (Z)—6-bromo-3-((5-bromo-3,4-bis(do-
decyloxy)thiophen-2-yl)methylene)—2-oxoindoline-1-carboxylate
(M2) was synthesized similarly to M1. The process involved
the transetherification of 1a with 1-dodecanol to obtain 3,4-
bis(dodecyloxy)thiophene (1b). Formylation of 1b was carried
out using n-butyllithium and dimethylformamide at 0°C, re-
sulting in 3,4-bis(dodecyloxy)thiophene-2-carbaldehyde (2b).
A piperidine-catalyzed Knoevenagel condensation reaction
between 2b and 6-bromooxinsole yielded the pure geometric
isomer (Z)—3-((3,4-bis(dodecyloxy)thiophen-2-yl)methylene)—6-
bromoindolin-2-one (3b). Carbamation of 3b led to 2-ethylhexyl
3-((3,4-bis(dodecyloxy)thiophen-2-yl)methylene)—6-bromo-2-
oxoindoline-1-carboxylate (4b) as a mixture of (Z) and (E)
isomers (Z:E = 1:1). Bromination of 4b using NBS produced
2-ethylhexyl 6-bromo-3-((5-bromo-3,4-bis(dodecyloxy)thiophen-
2-ylymethylene)—2-oxoindoline-1-carboxylate (M2) as a mixture
of (Z) and (E) isomers (Z:E ~ 7:1).

Stille polymerization was subsequently carried out using
(3,3'-bis(dodecyloxy)-[2,2’-bithiophene]—5,5’-diyl)bis(trimethyl-
stannane) (5) and either M1 or M2 to yield P1 and P2, respectively.
The molecular weights of these polymers were characterized
using high-temperature gel-permeation chromatography (HT-
GPC), with results provided in Table 1 and Figure S1 (Supporting
Information).

Thermogravimetric analysis (TGA) was employed to investi-
gate the thermal stability of the polymers. The TGA plots revealed

(a)

that, when heated at 250 °C in air for 20 min, ~78% of the carba-
mate side chains in P1 and 59% in P2 were removed (Figure S3,
Supporting Information). This removal process resulted in the
release of unsubstituted amide —C(=0)NH— groups on the HID
units.[***] To further characterize the polymers, attenuated total
reflectance infrared (ATR-IR) spectroscopy measurements were
conducted on P1 and P2 after annealing at 250 °C. As shown in
Figure 1a,b, prior to thermal annealing, both P1 and P2 exhibited
characteristic carbamate side chain functional vibrations, includ-
ing the C-N bending (v, = 1096, and v,” = 1097 cm™!), C-O bend-
ing (v, = 1153, and v,” = 1153 cm™!), C-N stretching (v, = 1537,
and v’ = 1417 cm™!), and C=0 stretching (v, = 1775, and v, =
1774 cm™) (Figure 1). After thermal annealing, these character-
istic peaks weakened or even disappeared. Concurrently, a broad
band in the range of 3200-3600 cm™! emerged for both poly-
mers, originating from the characteristic N-H stretching of the
liberated ~C(= O)NH- groups. Within this broad peak, a small
peak at v, = 3444 cm~! was observed, which could be attributed
to the stretching frequency of the free (non-bonded) amide N-H
groups,“~*! while other peaks around 3400 cm™! corresponded
to the stretching of hydrogen-bonded amide N-H groups.[*-1l
These IR results confirm the facile thermal removal of carbamate
groups, resulting in the liberation of —C(=O)NH— groups.

2.2. Optical and Electrochemical Properties

Ultraviolet—visible-Near-Infrared (UV-vis-NIR) spectroscopy was
used to study the light absorption properties of the polymers.
In chloroform solutions, P1 and P2 exhibited significantly red-
shifted absorption peaks at (4,,,,, = 688 and 680 nm, respectively)

(b)

max

Transmission

—pt.
——250°C

r:t
——250°C (15 min)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™')
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Figure 1. ATR-IR spectra of a) P1; and b) P2 before and after thermal annealing at 250 °C for 15 min in ambient air.

Small Methods 2024, 2301521

2301521 (3 of 12)

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH

d ‘0 “809699€T

:sdny woiy papeoy

ASULOI' suowo)) dAnear) a[qearjdde ay) Aq pauIaA0S a1k SA[ONIR V() 95N JO SN J0f ATRIQIT QUI[UQ) AJ[TAY UO (SUONIPUOD-PUE-SULIA}/ WO AB[IM" ATRIQI[AUT[UO//:sdNY) SUONIPUOL) Puk SWIA], ) 39S “[$707/60/81] U0 A1eIqT autjuQ A[IA\ ‘[IOUNOY) YIIBASAY [BUONEN Aq [ZST0EZOT PIWS/ZO0] (0 1/10p/W0d" KI[IA "


http://www.advancedsciencenews.com
http://www.small-methods.com

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

—men
§ — P 3.2+
E| s
§ 06 —PzEan])) -3.54
3 A—3.6 -
§ 0.4 i
S o2} g 4.0
0.0 2 -
500 1000 1500 2 44l
Wavelength (nm) o
(b) o 474 477
e
o
3| . /’ 52} —— LUMO
— HOMO
45 10 05 00 05 10 15 P1 P2

Voltage (V)

Figure 2. a) UV-vis-NIR spectra of monomers M1 & M2 and polymers P1
& P2 in chloroform solutions and as-cast films dried at room temperature.
b) Cyclic voltammograms (versus Ag/AgCl) of P1 and P2. c) Energy levels
of P1 and P2 determined from CV diagrams and UV-vis spectra.

in comparison to their monomers M1 and M2 (4,,,, = 420 nm)
(Figure 2a and Table 1). This redshift in the absorption spectra of
the polymers suggests an extension of their z-conjugation length
relative to the monomers. Moreover, when examining the UV-
Vis-NIR spectra of the as-cast P1 and P2 films, we observed ad-
ditional red shifts of 6 and 41 nm, respectively, in 4,,,, compared
to their solutions (Figure 2a). These shifts indicate the formation
of J-aggregates resulting from interchain z-z interactions in the
solid state. Notably, the more substantial red shift in P2, transi-
tioning from solution to the solid state in comparison to P1, can
likely be attributed to the longer dodecyloxy side chains, which
may facilitate the self-assembly of polymer chains into a more
planar backbone conformation.>?! This better chain packing and
increased crystallinity in P2 were confirmed by XRD data, as dis-
cussed later.

The  incorporation  of  the  electron-rich  3,3'-
bis(dodecyloxy)—2,2’-bithiophene unit into the polymer back-
bone was intended to raise the HOMO energy level of the
polymer, facilitating electron transfer from the polymer to the
electron-deficient NO,.*! Cyclic voltammetry (CV) measure-
ments of the polymer films were carried to determine the
HOMO energy levels of P1 and P2. Both polymers exhibited
distinctive oxidation processes, with no observed reduction
processes due to their highly electron-rich nature (Figure 2b).
The calculated HOMO energy levels for P1 and P2 were —4.74
and —4.77 eV, respectively, using ferrocene as the standard,
which has a HOMO energy of —4.8 eV.’*] The LUMO energy
levels were subsequently calculated from their HOMO energy
levels and optical band gaps, determined from the UV-Vis-NIR
absorption onsets, to be —3.39 eV for P1 and —3.54 eV for P2
(Figure 2c and Table 1).

2.3. Fabrication and Testing of Chemiresistive Gas Sensors

The fabrication of chemiresistive sensors involved drop-casting
a 5 pL solution (0.625 mg mL~! in chloroform) of P1 or P2 onto
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the top insulating SiO, layer of a SiO, /Si wafer substrate, result-
ing in a 30 nm thick polymer thin film. The substrate featured
gold interdigitated electrode pairs with a channel length of 5 um
and a channel width of 2 mm (with a W/L ratio of 400). The sen-
sors underwent annealing at various temperatures, ranging from
room temperature to 250°C, and were subsequently tested using
a custom-built gas sensing system (Figure S2, Supporting Infor-
mation).

The gas sensing test was conducted by applying a DC voltage
to the two interdigitated electrodes of the sensor while utilizing
dry N, or air as the carrier gas at a total flow rate of 300 mL min~".
Gases with various NO, concentrations were prepared by blend-
ing NO, with carrier gases in different ratios, all while maintain-
ing a constant total flow rate. The temperature of the gas sen-
sor chamber was maintained at 25.0°C with the assistance of an
Omega CN32PT-330 temperature controller. Sensor current was
recorded as a function of time (I-t) or voltage (I-V) employing
a Keysight B2902A Precision Source/Measure Unit. During dy-
namic sensing tests, at each NO, concentration level, the gas was
introduced for 50 s, followed by a 250 s recovery period under con-
tinuous carrier gas flow before commencing the next cycle. The
I-V characteristics of the NO, sensors were measured under a
gas flow at constant NO, concentrations, ranging from 167 ppb
to 4.00 ppm, with the devices scanned from 0to 1.0 V.

Figure 3 illustrates the dynamic sensing responses (I-t) of the
sensors with polymer films annealed at 150 °C when exposed to
increasing concentrations of NO, gas. In the absence of NO, gas,
the baseline currents for sensors based on P1 and P2 were 1.67
and 0.011 nA, respectively. Following exposure to NO, gas, both
sensors exhibited increased currents. This interaction between
the polymers and NO, is attributed to a charge transfer process,
wherein electrons from the electron-rich polymer backbone were
drawn by the electron-deficient oxidant NO,, leading to the gen-
eration of delocalized holes or polarons as the primary charge
carriers in the polymer.[2*315557] Given that the reduction poten-
tial of NO, is 0.80 V versus normal hydrogen electrode (NHE), 58!
NO, possesses an electron affinity (EA) of 5.24 eV or a LUMO en-
ergy of —5.24 eV, based on the energy levels relative to the stan-
dard hydrogen electrode (SHE), which is —4.44 eV relative to the
vacuum (0 eV).’) Clearly, electron transfer from the high-lying
HOMO energy levels of P1 (—4.74 eV) and P2 (—4.77 eV) to the
LUMO of NO, is energetically favorable. This electron transfer
from P1 or P2 to NO, (or p-doping) resulted in increased poly-
mer conductivity and elevated device current.

The dynamic sensing responses of polymers annealed at other
temperatures are provided in Figures S4 and S5 (Supporting In-
formation). Unexpectedly, devices annealed at high temperatures
above 200 °C exhibited no response. This is surprising consider-
ing our prior study,**) which demonstrated that P1 annealed at
an even higher temperature of 250 °C could be doped by FATCNQ
that has a weaker electron affinity (E; ;0 = —5.01 eV) than NO,
(ELumo = —5.24 V)58 This phenomenon is likely caused by
the excessive removal of carbamate side chains, deactivating the
—C(=0)NH— groups due to the formation of interchain hydro-
gen bonds, as further discussed in subsequent sections.

The I-V characteristics of sensors annealed at the optimized
temperature (150 °C) and exposed to NO, gases with varying
concentrations ranging from 167 ppb to 4 ppm are presented
in Figure 3c,d. Prior to NO, gas exposure, the I-V curves of
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Figure 3. a) Dynamic sensing response of sensors by applying a D/C bias voltage of 500 mV upon exposure to NO, gas for Polymer P1 from 167 ppb to
2.67 ppm (refer to Figure S4d, Supporting Information for sensing data at 4.00 ppm NO,); and b) P2 from 167 ppb to 4.00 ppm; c,d) I-V characteristics
of NO, sensors exposed to a gas flow at constant NO, concentrations ranging from 167 ppb to 4.00 ppm. The devices were scanned from 0-1.0 V. All

devices were annealed at 150 °C.

the device based on the P1 film displayed Ohm’s Law behav-
ior, indicated by a linear [-V relationship passing through the
origin. This observation indicates that, even in the absence of
NO,, the P1 film displayed a notable conductivity of 1.66 X 10~
S cm~!. This ohmic I-V relationship can be attributed to the
p-doping of the electron-rich P1 by oxygen in the ambient air,
a phenomenon commonly observed in highly electron-rich p-
type polymers, such as poly(3-hexylthiophene).[®*-4] In contrast,
the device based on P2 only exhibit noise signals before expo-
sure to NO,. Upon exposure to NO,, both polymers displayed
an increase in current with rising NO, concentration, character-
ized by steeper slopes in their I-V curves (Figure 2). This be-
havior is indicative of increased NO, doping, a characteristic of
chemiresistive-type sensors. Utilizing the I-V relationship pre-
sented in Figure 3c,d as calibration curves, the limit of detection
(LOD) for the optimized P1 and P2 devices was determined to
be 514 and 38.9 ppb, respectively, in accordance with the [U-
PAC’s recommendation.[®>/] Remarkably, the LOD values for
both polymers, especially for the P2-based device, are on par
with those of other highly sensitive NO, sensors based on small
molecules and inorganic materials.[31:68-7°]

Overall, the P2-based device exhibited an absolute current ap-
proximately two orders of magnitude lower than that of the P1-
based device at the same NO, concentration, indicating its lower
conductivity. Specifically, when exposed to 4 ppm NO,, the cal-
culated conductivity of the polymer channel was 6.04 x 10~* S
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cm™! for P1 and 6.25 x 107° S cm™! for P2. P2 features longer
dodecyloxy groups on the bithiophene comonomer units, result-
ing in increased interchain distances compared to P1, which has
shorter methoxy groups. This longer interchain distance in P2
hinders charge transport, contributing to its lower conductivity.
Additionally, P2 possesses a slightly lower HOMO energy level
(—4.77 eV) compared to P1 (—4.74 eV), making the charge trans-
fer from P2 to the dopant NO, (or O,) more challenging.

2.4, Sensor Sensitivity and Device Optimization

The sensitivity of a sensor to a particular analyte can be quantified
using Equation (1):7172]

AI/ Iinert
C

Sensitivity = x100% (1)
where I, ... represents the initial current measured in an inert
environment, such as under N,, prior to exposure to the analyte
gas, and A is the change in current, defined as I — I, where I,
and I are the baseline current before introducing an analyte at
a concentration C and the maximum current (I) recorded after
introducing the analyte. AI/I ., is commonly referred to as the
response of the device at a specific analyte concentration.!”?]

It is noteworthy that in a dynamic sensing test involving mul-
tiple analyte gas feeds, characterized by a drifting baseline (poor
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Figure 4. a,b) Sensitivities of sensor devices based on P1 and P2 films annealed at different temperatures and at different NO, concentrations. Circled
data points in (a) may have been overestimated because the devices showed poor recovery (Figure S4, Supporting Information). c) The average sensor
sensitivities of devices measured in the NO, concentration range between 167 ppb and 4.00 ppm with sensors annealed at different temperatures. Each
error bar represents the sensitivity variation across a NO, concentration range shown in (a) and (b) (with some data points marked with dashed circles
excluded) at a specific annealing temperature for the same device. The devices were annealed for 15 min at each annealing temperature. The devices

were operated at 500 mV.

baseline recovery), as depicted in Figure 3a,b, I, is identical to
Lo for the initial feed but undergoes changes after the initial
analyte exposure. Consequently, it is crucial to use the baseline
current of a fresh device or a fully recovered device to establish
L, €nsuring consistent sensitivity values. In practical applica-
tions, a pair of sensors is often employed, consisting of an encap-
sulated reference sensor for background correction (obtaining a
relatively constant I, unaffected by the sensing environment)
and a working sensor for analyte detection (yielding AI). These
two sensors operate simultaneously, ensuring precise and accu-
rate measurements.

Figure 4a,b depict the sensitivities of devices based on P1
and P2 films annealed at various temperatures, calculated using
Equation (1) based on dynamic sensing responses recorded at dif-
ferent NO, concentrations (Figures S4 and S5, Supporting Infor-
mation). Devices employing P1 films annealed at temperatures
below 130 °C exhibited rapid response and excellent recovery
within the measured NO, concentration range from 167 ppb to
4 ppm (Figure S4, Supporting Information) and maintained rel-
atively stable sensitivity in the NO, concentration range of 1 to
4 ppm (Figure 4a). However, at higher annealing temperatures
of 150 and 180 °C, the P1 devices exhibited poor recovery at NO,
concentrations above 2 ppm, suggesting substantial trapping of
NO, gas within the P1 film. This resulted in abnormally high sen-
sitivities at these elevated NO, concentrations. In contrast, all P2
devices demonstrated swift response with effective recovery and
consistent sensitivity across the tested NO, concentration range
(Figure S5, Supporting Information; Figure 4a).

The sensitivity of both P1 and P2 devices showed significant
dependence on the annealing temperature, as illustrated more
clearly in Figure 4c, which presents plots of the average sensi-
tivity obtained at different concentrations versus the annealing
temperature. For the reasons mentioned earlier, data points
measured at NO, concentrations above 2.67 ppm were excluded
from the calculation of the average sensitivity for P1-based sen-
sors annealed at 150 °C and 180 °C. Without annealing (room
temperature), P1 and P2 devices exhibited average sensitivities
of +210 and +125%ppm ™, respectively. When the polymer films
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were annealed at 80 °C, the P1-based device displayed a reduced
sensitivity of +118%ppm~! compared to the non-annealed de-
vice, while the P2-based device exhibited a substantial increase in
sensitivity to +990%ppm™!. At a higher annealing temperature
of 130 °C, the sensitivity of the P2-based device changed only
slightly (+890%ppm™"'), while the sensitivity of the P1-based
device increased to +497%ppm™'. At an annealing temperature
0f 150 °C, both P1 and P2-based devices exhibited a remarkable
increase in sensitivity, reaching +1400 and +3844%ppm™,
respectively. Annealing at 180 °C resulted in reduced sensitivity
for both P1 and P2 devices, to +1138 and +1434%ppm™!, re-
spectively. Further elevating the annealing temperature to 210
°Cled to a complete loss of sensitivity in both sensors. The above
results indicate that the highest sensitivity for both P1 and P2
sensors was achieved at an annealing temperature of 150 °C.

2.5. Sensor Selectivity Study

To assess the selectivity of P1 and P2-based sensors, we con-
ducted tests with six other common gases: sulfur dioxide (SO,),
ammonia (NH,), formaldehyde (CH,O), ethylene (C,H,), hydro-
gen sulfide (H,S), and hydrogen (H,). Initially, we used nitrogen
(N,) as an inert carrier gas. Sensitivity to these analyte gases was
measured and calculated, following the same procedure as for
NO,, and compared to the sensitivity to NO, at the same concen-
tration to determine sensor selectivity.

Remarkably, both the P1 and P2 sensors exhibited very low
sensitivity to all four interfering gases, even at a high analyte con-
centration of 4 ppm. Given the concentration-dependent nature
of sensor sensitivity, it was essential to maintain consistent con-
centrations of interfering gases and NO, for a fair comparison. A
P1 device annealed at 130 °C and a P2 device annealed at 150 °C
were selected for this study, as these devices demonstrated the
highest sensitivity and effective signal recovery at a NO, concen-
tration of 4 ppm. Specifically, P1 and P2-based sensors were sub-
jected to four sensing cycles for each gas. Each cycle introduced
an analyte at a concentration of 4 ppm for 50 s, followed by a
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Figure 5. Dynamic sensing response of a) 130 °C annealed P1-based and b) 150 °C annealed P2-based sensors toward six different gases at a concen-
tration of 4.00 ppm injected at different time intervals. Orange shaded areas show the approximate time when the analyte was being introduced. The

subset graphs show magnified views of the responses to H,S. c¢) Dynamic

sensing response of P1, and P2 devices to 4 ppm NO, gas at different time

intervals. d) Sensitivity comparison of seven different gases at 4 ppm concentrations, where each error bar represents the sensitivity variation of four
consecutive measurements at 4 ppm with the same device. All devices were operated at 500 mV.

200 s recovery period. The dynamic sensing responses of the de-
vices toward different gases are presented in Figure 5a—c, and the
calculated sensitivities of the sensors are detailed in Figure 5d
and Table 2.

The P1-based device exhibited strong responses to 4 ppm NO,,
displaying a high average sensitivity of 588% ppm™" as obtained
from the measurement cycles (Figure 5c). Upon introducing
4 ppm SO,, the device exhibited only slight increases in current,
with an average sensitivity of +0.0365% ppm~'. The marginal in-
crease in current suggested the possibility of some electron trans-
fer from the polymer to SO, molecules or occurrence of doping,
although this effect was relatively weak. The device displayed a
weak negative current response when exposed to NH;, and an al-
most negligible current response to H,S (Figure 5a). Since both
polymers may have been lightly doped by atmospheric oxygen,
electron-rich compounds such as ammonia and hydrogen sulfide
might have caused a dedoping effect on the polymer, resulting in
a decrease in current.[”>74 No response in current was observed
for the P1-based device when 4 ppm CH, O, C,H,, or H, was in-
troduced.

The P2-based device exhibited very strong responses when
4 ppm NO, was introduced, achieving a high average sensitivity
of +3010% ppm™" (Figure 5¢,d). Interestingly, this device exhib-

Small Methods 2024, 2301521 2301521

ited only a very weak response to H,S and no response to other
five interfering gases (Figure 5b). The decrease in electric current
signal when exposed to H,S was associated with the previously

Table 2. Gas sensor sensitivity of P1 and P2 polymer toward seven different
gases.

Cas Polymer Chemiresistor Sensitivity (% ppm™' + std)?)

P1 (130 °C annealed)

Nitrogen dioxide (NO,)
Sulfur dioxide (SO,)
Ammonia (NH,)
Formaldehyde (CH,0) 0
Ethylene (C,H,) 0
Hydrogen sulfide (H,S) —0.0823P) (+0.0541) —0.235%) (+0.120)
Hydrogen (H,) 0 0

+588 (+31)
+0.0365 (+0.0053)
—0.338 (+0.028)

+3010 (£315)

0
0
0
0

% The standard deviation (std) value represents the sensitivity variation from four
consecutive exposures to 4 ppm gas with the same device; ~ The negative response
for this gas analyte is barely noticeable in both P1 and P2 based sensor devices.
The responses were also relatively poor in terms of repeatability in dynamic sensing
experiments.

(7 0f12) © 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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mentioned dedoping process of the polymer. The sensitivity for
4 ppm H,S was found to be —0.235% ppm™', which is consid-
erably insignificant, being 1.28 X 10* times weaker when com-
pared to the response to 4 ppm NO, gas. These findings high-
light the remarkable selectivity of this sensor for NO,. Figure S6
(Supporting Information) further illustrates the 4-ppm dynamic
NO, sensing response of the P2 polymer before and after the in-
terfering gas experiments using the same 150 °C-annealed P2
sensor device. These results provide strong evidence of the sen-
sor’s excellent reversibility.

To further demonstrate the practical applications of these sen-
sors, we conducted dynamic NO, sensing response experiments
using air as the carrier gas (Figure S7, Supporting Information).
In addition, devices were also fabricated on flexible PET sub-
strates, which are more compatible for the printing processes
and wearable electronics applications. The P2-based device con-
sistently exhibited superior response and recovery compared to
the P1-based device. Notably, the PET-based device outperformed
the SiO,-based devices. These results strongly suggest that these
polymers remain fully functional as NO, sensors in an air en-
vironment. Additionally, their ability to be deposited onto PET
substrates holds promise for printable electronics applications.

In an effort to demonstrate the real-world utility of these
sensors, we designed and constructed a proof-of-concept (POC)
portable handheld NO, alarm system prototype using the all-
solution-processed PET-based P1 device. The device is powered
by a standalone 9 V battery. We selected polymer P1 for this pur-
pose due to its higher baseline current and substantial absolute
change in resistance response compared to P2. Figure S8 (Sup-
porting Information) shows the set-up and general scheme of
the electronic component of the NO, alert system. The simple
circuit design did not require external amplifiers or transducers.
Figure S8a (Supporting Information) demonstrates the activation
of a blinking LCD screen and buzzer alarm system when the sen-
sor is exposed to ~0.1% NO, gas. A demonstration video simu-
lating a #0.1% NO, gas leakage can be accessed in the Support-
ing Information. Figure S8c (Supporting Information) shows the
schematic circuit diagram of the POC device. The potential ap-
plications of this technology range from personal safety devices
for factory workers to large-scale gas leakage detection and emer-
gency ventilation systems. Programming codes for the microcon-
troller can be found in the Supporting Information.

2.6. Study of Polymer-NO, Interaction through DFT Calculations

For an in-depth understanding of the electronic interaction be-
tween the polymers and NO, and to shed light on the sensing
mechanism, we conducted density functional theory (DFT) calcu-
lations using the DMol3 code with generalized gradient approx-
imation (GGA). To expedite the computational process, we em-
ployed a simplified model compound I, featuring methoxy sub-
stituents on the thiophene units and no side chains on the HID
unit, thus representing the repeat units of P1 and P2 after the
thermal removal of the carbamate chains (Figure 6a,b). Among
various binding models explored between the model compound
and NO, (Figure S9 and Table S1, Supporting Information), two
predominant modes emerged, both involving DHB interactions
between the amide moiety of HID and NO, (Figure 6a,b).
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Figure 6. (a) and (b) present the two most stable binding modes (lla and
1Ib) between NO, and a model molecule (1), representing P1 and P2,
respectively. In these modes, NO, and the unsubstituted amide group
of HID establish dual hydrogen-bonds (DHB) with binding energies of
0.48 eV for mode (a) and 0.47 eV for mode (b). The DFT simulations in-
volved optimizing molecular structures based on a geometric convergence
criterion of energy at 1X107> eV and a residual force of 0.02 eV A~". ¢) de-
picts the proposed electron transfer process (p-doping) from the model
compound (I) to a NO, molecule: i) NO, accesses | by forming DHB, as
shown in (a), leading to the formation of a complex Ila; ii) electron transfer
from I to NO, in lla results in the formation of a charge transfer complex
Ill, generating a polaron (a radical cation) within 1; iii) the polaron then
delocalizes along the polymer main chain, ultimately achieving a p-doped
state (IV).

In the first binding mode (a), DHB interactions occur between
the two oxygen atoms of NO, and two hydrogen atoms from HID,
forming complex ITa. One hydrogen atom comes from the amide
—C(=0)NH—group, and the other is associated with the benzene
ring, with bond lengths measuring 2.041 and 2.139 A, respec-
tively (Figure 6a). In this configuration, an electron transfer of
0.288 electrons from the polymer to NO, was observed, result-
ing in a binding energy of 0.48 eV. The second binding mode
(b) also involves DHB, with one bond established between one
oxygen atom of NO, and the amide hydrogen, and the other be-
tween the nitrogen atom of NO, and the HID benzene ring hy-
drogen atom, leading to the formation of complex IIb. The bond
lengths in this arrangement measure 1.939 and 2.387 A, respec-
tively. In this case, the calculations indicated an electron transfer
of 0.286 electrons from the polymer to NO,, yielding a binding
energy of 0.47 eV. It is noteworthy that the utilization of DHB
has been documented as an effective strategy in the design of
sensing materials with high selectivity, particularly in the context
of NO, sensing.[**7>78] Figure 6¢ illustrates the proposed elec-
tron transfer processes between the polymer and NO, via binding
mode (a). In this process, NO, accesses the polymer model com-
pound I through the formation of complex Ila, resulting in the
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Figure 7. AFM height images of P1 and P2 thin films annealed at different temperatures (scale bar: 1 pm).

generation of a polaron (a radical cation) and ultimately leading
to the p-doped state of the polymer (IV).

2.7. Investigation of the Sensitivity Dependence on Annealing
Temperature

The sensitivity of P1 and P2-based sensors displayed a strong
dependence on the annealing temperature, as demonstrated in
Figure 4. Generally, the sensitivity of a chemiresistive gas sensor
is contingent upon several factors: 1) the strength of the interac-
tion between analyte gas molecules and the sensing material, 2)
the portion of the sensing material accessible to gas molecules, 3)
the diffusion rate of analyte gas molecules into the active sensing
material layer, and 4) the charge transport properties of the sen-
sor material. All of these factors are intricately tied to the chemi-
cal composition and microstructure of the sensor material, which
can be altered through thermal annealing.

One potential explanation for the sensitivity’s dependence on
annealing temperature lies in morphological changes within the
film, which can influence the diffusion rate of NO, molecules.
Figure 7 presents atomic force microscopy (AFM) images of
P1 and P2 films annealed at varying temperatures. The non-
annealed (room temperature) P1 film exhibits a root mean square
roughness (Rq) of 2.8 nm. Up on annealing with temperatures
ranging from 100 to 250 °C, the P1 films become smoother, with
decreased Rq values between 0.5 and 1.2 nm. However, no ob-
servable morphological alterations in the P1 films could be cor-
related with the sensitivity’s dependence on annealing tempera-
ture. For the P2 films, the film roughness remains relatively con-
sistent across annealing temperatures from room temperature
to 200 °C. At an annealing temperature of 250 °C, the Rq of the
film increases notably to 5 nm. This increase may be attributed
to thermally induced chain movement, facilitated by the presence
oflong, flexible dodecyloxy side chains in this polymer. Similar to
P1, P2 also displays no clear sensitivity dependence on thermally
induced morphological changes.

Additionally, the crystallinity or chain packing of the polymer
gas-sensing material significantly impacts the sensor’s sensitiv-
ity. Enhanced chain packing is favorable for charge carrier trans-
port but can impede the diffusion of gas molecules.[””! X-ray
diffraction (XRD) data reveals that the P1 films remain amor-
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phous at all annealing temperatures (Figure S10, Supporting In-
formation). P2 films exhibit amorphous characteristics when an-
nealed below 150 °C. Films annealed at 200 and 250 °C exhibit
weak (100) diffraction peaks, indicating the formation of short-
ranged lamellar crystal structures. Nonetheless, the films remain
highly disordered, implying that gas diffusion is unlikely to be
substantially impeded. The XRD data thus suggests that the sen-
sitivity’s dependence on annealing temperature is not closely as-
sociated with changes in chain order within these polymer films.

The above results obtained from DFT simulations reveal that
the unsubstituted amide —C(=O)NH— groups on the HID units
have the ability to form robust DHB, thereby attracting NO, to the
polymer backbone. It is worth noting that thermal decomposition
of carbamate groups is likely initiated at temperatures ranging
from ~100to 150 °C, liberating some —C(=O)NH— groups.[*+30]
This may account for the notable increase in sensitivity observed
in both P1 and P2 films at an annealing temperature of 150 °C.
However, as the annealing temperature rises to 180 °C, and even-
tually 210 °C, both devices exhibit a diminishing sensitivity, ul-
timately losing their sensitivity entirely.

The TGA results indicate that at 150 °C for 20 min, 64% of
carbamate chains are removed in P1, while 78% are removed at
250 °C for 20 min. For P2, 27% of carbamate chains are elim-
inated at 150 °C for 20 min, while 59% are removed at 250 °C
for the same duration. These findings show that increasing the
concentration of —C(=0)NH— groups does not always lead to an
enhancement in NO, sensitivity.

A plausible hypothesis is that at a mild annealing temperature
(e.g., 150 °C), carbamate side chains are partially removed, yield-
ing a limited concentration of —C(=O)NH— groups. The steric
effects arising from the side chains of the remaining carbamate
groups and the lengthy dodecyloxy side chains keep the liberated
—C(=0)NH— groups unbound, allowing them to interact indi-
vidually with NO,. Concurrently, the removal of carbamate side
chains generates cavities between polymer chains, facilitating the
access of NO, molecules to —C(=O)NH— groups (as illustrated
in Figure 8Db). These combined factors enhance the sensor’s sen-
sitivity.

However, at a higher annealing temperature (e.g., 250 °C), a
significant number of carbamate groups are removed, yielding
an excess of —C(=O)NH— groups (Figure 8c). The remaining
side chains can no longer maintain separation between the main
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Figure 8. Schematic illustration of chains in the chemical structure of P1 and P2 caused by thermal annealing: a) Before thermal annealing; b) Annealed
at mild temperatures (e.g., 150 °C), where some carbamate side chains are removed to create cavities and liberate a moderate amount of —C(=0)NH—
groups that act as active sites to attract NO, molecules; c) Annealed at high annealing temperatures (e.g., 250 °C), where many carbamate side chains are
removed to liberate an excessive amount of —C(=O)NH— groups, which form hydrogen bonds with —C(=0) NH— and alkoxy groups on the neighboring

chains, hindering the entry of NO, molecules and weakening the —C(=O)NH— groups with NO, molecules.

polymer chains, causing the liberated —C(=O)NH— groups on
one polymer chain to engage in tight hydrogen bonding with
those on neighboring chains, a phenomenon observed in amide-
containing polymers like Nylon-6 and Nylon-66.14¢31-83] Addition-
ally, —C(=O)NH— groups can form hydrogen bonds with the
ether C-O-C groups (methoxy and dodecyloxy in P1 and P2) of
adjacent polymer chains.®*#¢ These hydrogen-bonded amide
—C(=O)NH— groups tend to weaken or lose their capacity to
interact with NO, molecules. Furthermore, the removal of ex-
cessive carbamate chains closes the cavities created by their ab-
sence, impeding NO, molecule diffusion. The formation of in-
terchain hydrogen bonds introduces higher steric hindrance,
further obstructing NO, molecules from accessing the polymer
backbone and ultimately reducing the device’s sensitivity. No-
tably, the ATR-IR spectra of samples P1 and P2 annealed at 250
°C exhibit a faint peak at 3444 cm™, corresponding to free N—
H groups. This peak is superimposed on the broader peak rep-
resenting hydrogen-bonded N-H groups (Figure 1), indicating
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the presence of a significant number of interchain hydrogen
bonds.

3. Conclusion

This study introduced the design and synthesis of hemi-isoindigo
(HID)-based polymers for highly sensitive and selective flexible
NO, chemiresistive sensors. Two HID polymers, denoted as P1
and P2, feature their thermally cleavable carbamate side chains,
which create molecular cavities that enhance NO, diffusion upon
thermal annealing. These polymers are further distinguished by
their elevated HOMO energy levels of —4.74 and —4.77 eV, re-
spectively. These elevated HOMO levels promote the formation
of stable charge transfer complexes with the oxidizing gas NO,,
thereby enhancing NO, sensitivity.

Chemiresistive gas sensors were successfully developed utiliz-
ing P1 and P2 as active layers. Both P1 and P2-based sensors
exhibited p-type chemiresistive behavior, resulting in increased
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current upon exposure to NO, gas. When P1 and P2 films were
subjected to annealing under optimized conditions, the sensors
exhibited high sensitivities of +1400 and +3844%ppm~?, low
LOD values of 514 and 38.9 ppb, and remarkable selectivity for
NO,.

DFT calculations shed light on the mechanism of interaction
between these polymers and NO,. They reveal that the liber-
ated amide moiety (—C(=O)NH—) and the adjacent hydrogen
atom on the benzene ring of the polymer can readily engage
with NO,, forming dual hydrogen bonds (DHB) characterized by
high binding energies. This interaction facilitates electron trans-
fer from the polymer to NO,. The unique interactions between
the —C(=O)NH— groups and NO, also endow the P1 and P2-
based sensors with exceptionally high selectivity for NO, over
other types of gases. Furthermore, it was observed that exces-
sive formation of —C(=O)NH— groups at elevated annealing tem-
peratures (>150 °C) leads to the development of interchain hy-
drogen bonds. This deactivates the —C(=O)NH— groups’ ability
to interact with NO, and hinders the diffusion of NO, into the
polymer film. This work highlights the significant potential of
HID-based polymers in high-performance NO, gas sensor appli-
cations. It also offers valuable insights into the structure-property
relationships of conjugated polymers and the strategic design
principles for developing high-performance gas sensors, paving
the way for future advancements in this field.
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