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Abstract: In this work, sensing behaviors and mechanisms of two crosslinked copolymers with
dimethylamine and dimethylamide functional groups were compared and investigated for their
ability to detect hydrogen chloride (HCl) gas. The crosslinked copolymer films were photopoly-
merized on quartz crystal electrodes using a micro-contact printing technique. The gas sensing
behaviors were analyzed by measuring resonant frequency (Af) of quartz crystal microbalance
(QCM). The HCl binding capacity of photopolymerized films, with a mass between 4.6 and 5.9 ug,
was optimized. Under optimized film mass conditions, the poly(2-dimethylaminoethyl methacrylate-
co-ethylene glycol dimethacrylate) (DMAEMA-co-EGDMA), poly(DMAEMA-co-EGDMA), film,
C2-DMA, showed a 13.9-fold higher binding capacity than the poly(N,N-dimethylacrylamide-co-
ethylene glycol dimethacrylate, poly(DMAA-co-EGDMA), film, C0-DMA, during HCI gas adsorption.
HCl gas was effectively adsorbed on the C2-DMA film because of the formation of tertiary amine salts
through protonation and strong ionic bonding. Furthermore, the C2-DMA film exhibited excellent
sensitivity, of 2.51 (ng/pg) (1/ppm), and selectivity coefficient (k* = 12.6 for formaldehyde and 13.5
for hydrogen fluoride) compared to the CO-DMA film. According to the experimental results, and
due to its high functionality and stability, the C2-DMA film-coated QC electrode could be used as an
HCl gas sensor, with low-cost and simple preparation, in future endeavors.

Keywords: toxic gas; 2-dimethylaminoethyl methacrylate; quartz crystal microbalance

1. Introduction

Hydrogen chloride (HCI) gas is generated by incinerating chloride-containing materi-
als, such as plastics (e.g., polyvinyl chloride), papers, and coals [1,2]. It has been recognized
as one of the acid gas air pollutants due to its toxic effect on the environment and human
health. Exposure to HCl gas can have adverse effects on the human body, including the
eyes, mucous membranes, and skin. In addition, exposure to highly concentrated HCl gas
(>100 ppm) can lead to acute laryngeal cramps or pulmonary edema [3]. Therefore, various
types of gas sensors, including optochemical [4-8], colorimetric [9,10], amperometric [11],
conductometric [12], and electrochemical [13] sensors, have been proposed to control and
monitor HCI gas discharged into the atmosphere. In particular, quartz crystal microbalance
(QCM) has been used as a sensing instrument to detect HCI gas because of the ease of quan-
titative analysis observed by converting a measured frequency variation into a mass change.
In a QCM-based sensing system, various functional materials can be used on the QCM
electrode in order to amplify the signal resulting from the binding reaction of analytes. In
this context, Matsuguchi et al. reported three kinds of poly(acrylamide) derivative-coated
quartz resonators for accurately detecting HCl gas in the air [14]. They found that the
sensitivity, response time, and reversibility of resonators depend on the chemical structure
of the amide group, and they concluded that poly(N,N-dimethylacrylamide) (PDMAA)
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among the used polymers was the best suited for HCI sensors when considering the rel-
evant data measured using a QCM instrument. Furthermore, they have used various
functional polymer-based materials, such as electrodeposited polymer [15], fluorescent
polymer [16], poly(N-isopropylacrylamide) (PNIPAM) nanoparticles (NPs) [17-19], and
PNIPAM brushes [20,21] to detect HCI gas. Despite extensive efforts to develop polymer-
based gas sensors, a fabrication process which includes greater simplicity and lower cost
should be required to produce efficient gas-sensing platforms. In this regard, our group has
previously reported aminated polystyrene (a-PS) colloids, which could be prepared through
a simple substitution process to detect HCl gas [22]. Secondary amine salts were formed on
the QCM sensors with the a-PS colloids through the reaction between a secondary amine
group and HCI gas, resulting in a high binding capacity, of 102 pg/mg, and excellent
sensitivity and selectivity. Here, we concluded that the structure of the amine group can
influence HCl adsorption properties. However, it was difficult to immobilize spin-coated
colloids on quartz crystal (QC) electrodes for the development of QCM-based HCl gas
sensors. Moreover, the harsh treatment, with a toxic acid, was essentially required to attach
amine groups on the PS colloids.

As an extension of our previous study, we used 2-dimethylaminoethyl methacrylate
(DMAEMA) to develop a QCM-based HCI gas-sensing crosslinked copolymer film. The
tertiary amine salt is formed by a chemical reaction between the tertiary amine groups of
DMAEMA and HCI. As a crosslinking monomer, ethylene glycol dimethacrylate (EGDMA)
was used for sufficient polymer film stability; thus, poly(DMAEMA-co-EGDMA) films,
denoted by C2-DMA, were prepared on quartz crystal (QC) substrates through ultraviolet
(UV) radical polymerization. The mass dependence of the copolymer film was confirmed
by comparing HCl-binding capacities on the films fabricated in various masses. Using
N,N-dimethylacrylamide (DMAA), proven to be a suitable functional monomer of HCl sen-
sors, poly(DMAA-co-EGDMA) films, i.e., CO-DMA, were also produced as control samples.
This copolymer film can interact with HCl gas on the carbonyl group of the tertiary-amide
group. Therefore, the HCI adsorption behavior of the two copolymer film types, containing
different functional groups (i.e., tertiary amine and amide), was comparatively analyzed.
Furthermore, adsorption characteristics, e.g., the binding capacity, oxygen/moisture de-
pendence, sensitivity, and selectivity of the two film types, were investigated using a QCM
instrument under flowing HCl gas.

2. Materials and Methods
2.1. Materials

Both functional monomers, DMAEMA and DMAA were purchased from Tokyo
Chemical Industry Co., Tokyo, Japan. Ethylene glycol dimethacrylate (EGDMA) and 1-
hydroxycyclohexyl phenyl ketone (HCPK), purchased from Tokyo Chemical Industry Co.,
Japan, were used as the crosslinking monomer and the photoinitiator, respectively. Dry
gas mixtures (=100 umol/mol HCHO/N,, HF/N,, and HCI/N,) and synthetic air were
obtained from Korea Standard Gas Co., Daegu, Korea. All materials were used as received,
without further purification.

2.?. Fabrication of Poly(2-dimethylaminoethyl methacrylate-co-ethylene glycol dimethacrylate)
Film

Poly(DMAEMA-co-EGDMA) films were fabricated through UV radical polymeriza-
tion (Figure 1a). First, DAMEMA (950 mg), EGDMA (40 mg), and HCPK (10 mg, initiator)
were orderly injected into a 5-mL vial. After ultrasonication for 5 min, a 0.1-uL well-mixed
solution was dropped onto a 9-MHz gold-coated AT-cut QC (QA-A9M AU, M, Seiko
Instruments Inc., Tokyo, Japan) substrates using a micropipette. Then, a polyethylene
terephthalate (PET) film was covered on the QC substrates, under a certain pressure, to
form a smooth planar film over the entire area, and, sequentially, photopolymerization
was performed using a UV lamp (365 nm, 36 W) for 5 min. After physical detachment
of the covered PET film, the QC substrates were dried at room temperature for 1-h. The
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mass of crosslinked films coated on the QC electrodes was adjusted by controlling induced
pressure during micro-contact printing, and it was calculated from a change in resonant
frequency (Af) of QC electrode. Several crosslinked polymer films, in the mass range of
1.7-11.8 ug (film thickness = 104-547 nm), were prepared in order to find film coating
conditions with optimized thickness for obtaining the maximum sensing signal (Figure S1).
As comparable samples, C0-DMA films were prepared through the same procedures using
DMAA monomers.
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Figure 1. (a) Fabrication process of poly(2-dimethylaminoethyl methacrylate-co-ethylene glycol
dimethacrylate), poly(DMAEMA-co-EGDMA), film via photopolymerization. (b) Resonant frequency
change (Af) as a function of adsorption time of poly(DMAEMA-co-EGDMA) films, ranging from 1.7
to 11.8 pg, in 70-ppm HCl gas flow, at 22 °C and 10% RH. (c) Mass change (Am) and binding capacity
(Qt) as a function of film mass of poly(DMAEMA-co-EGDMA) film in 70-ppm HCI gas flow, at 22 °C
and 10% RH. (d) SEM images for poly(DMAEMA-co-EGDMA) and poly(N,N-dimethylacrylamide-
co-EGDMA), poly(DMAA-co-EGDMA), films (above: top view; bottom: cross-sectional view). All
scale bars are 1 pm.

2.3. Adsorption Properties

The surface morphology and dimensions of copolymer films were characterized using
field emission scanning electron microscopy (FE-SEM, Hitachi SU 8220, Tokyo, Japan). A
Fourier transform infrared (FT-IR) spectrometer (FI-IR-4100, Jasco Inc., Easton, MD, USA),
with an attenuated total reflectance (ATR, PRO450-S) accessory, and an X-ray photoelectron
spectrometer (XPS, NEXSA, Thermo Fisher, Waltham, MA, USA), with an Al-Kx X-ray
source (1486.6 eV), were used to investigate adsorption behaviors after HCI adsorption,
which were related to the chemical structure and functional groups of copolymer films.
The Af value of two copolymer films was monitored using a QC analyzer (QCA 922, Seiko
EG&G, Seiko instruments Inc., Tokyo, Japan), under flowing HCl gas, controlled using
a remote-control software installed on a mass flow controller (MFC, i-300CV-V4). The
adsorption experiments were conducted, in the concentration range of 10-70 ppm, at
atmospheric pressure with an ambient temperature of 22 °C and relative humidity (RH) of
10%. Each gas concentration was modulated by mixing synthetic air, of 21-450 standard
cubic centimeters per minute (sccm), and main toxic gases, of 50 sccm. For the selectivity
test, the Af values were measured, flowing 70-ppm each dried gas, i.e., HCl, formaldehyde
(HCHO) and hydrogen fluoride (HF), in the same gas flowing system.
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The Af value was converted into the mass deposited on the surface of the copolymer
films using the Sauerbrey equation [23] as follows:

—2f2Am
—5 ¢y
A (Prﬂ‘q)l/z

where Af and Am represent the resonant frequency change (Hz) and mass change (ng),
respectively. The f( represents the fundamental resonant frequency of QCM, p, represents
the density of quartz, y, represents the shear modulus of the crystal’s material, and A
represents the active area of the crystal. The sensitivity factor of the 9-MHz AT-cut gold-
coated QC substrate was approximately 0.1834 Hz cm? ng~!. Considering the defined
active area (A = 0.19625 cm?), the mass change is calculated as 1.07 ng, corresponding to a
frequency shift of 1 Hz.

Af =

3. Results

The mass of the copolymer film coated on the QCM electrode is an important factor
affecting the adsorption capacity and diffusion coefficient in the HCl adsorption process.
An ultrathin copolymer film can cause an insufficient signal for HCl adsorption, whereas,
in the case of extremely thick film, the diffusion rate may be very slow, even if the detection
signal is amplified. Thus, the mass dependence of the C2-DMA film coated on the QCM
electrode should be optimized to maximize the adsorption signal. In this regard, various
copolymer films, with a mass range of 1.77-11.83 pg, were investigated, monitoring Af
values under a 70-ppm HCI gas flow. As shown in Figure 1b, the Af values of copolymer
films with a mass up to 7.5 ug were linearly increased as a function of adsorption time,
and this occured because of an increase in adsorption sites for the HCI gas. However, the
Af value of the C2-DMA film with a mass of 9.5 pg was slightly reduced because of the
relatively lower diffusion rate at the thick film. Figure 1c depicts HCl mass and adsorption
capacity (Q;) value, in 2-h adsorption, pertaining to various C2-DMA masses on the films.
The film with a mass of 4.6 pg had the highest Q; value (162 mg/g). As a comparison
sample, a CO-DMA film was also prepared with a mass range of 5.1-5.5 pg. The thicknesses
of the C2-DMA (m,, = 5.54 pg) and CO-DMA (m;, = 5.11 ug) films were 227 + 8.9 and
195 £ 16.6 nm, respectively (Figure 1d).

To investigate the adsorption response for each crosslinked film, Af values were
recorded while flowing dry HCl of 70 ppm in a chamber until the frequency reached an
equilibrium state in the process of adsorption (2-h for C2-DMA and 10-min for C0-DMA)
and desorption (10-min for both films). Figure 2 and Figure S2 show Q; and Af values as a
function of time for two different films. In both crosslinked films, the Q; values gradually
increased with time, owing to HCl adsorption toward functional groups on each film. The
C2-DMA film exhibited an equilibrium adsorption capacity (Q.) value of 161.7 £+ 2.8 ng/ug
in the equilibrium state, and a 13.9-times-higher adsorption signal than CO-DMA film
(11.6 £ 0.3 ng/ug). The significantly increased adsorption response depended highly on
the functional group of the copolymer film. The tertiary amine groups of the DMAEMA
could interact with HCI molecules through strong chemical bonds, forming tertiary amine
salts, whereas the carbonyl groups of the DMAA may form relatively weak hydrogen bonds
with HCI gas. The origin of different interactions resulted in vastly different desorption
behaviors.
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Figure 2. Binding capacity (Qs) as a function of time for (a) poly(DMAEMA-co-EGDMA) and
(b) poly(DMAA-co-EGDMA) films in 70-ppm HCl, and synthetic air flow at 22 °C and 10% RH
during the adsorption process. Synthetic air was used for desorption. The adsorption-desorption
process was performed until the signal stabilized.

In order to confirm the desorption behavior of the two copolymer films, the recovery
value (R.) was calculated using the following equation:

~ Qe(HCI) — Q(air)

Re (%) = 5. (T x 100 ©)

where Q.(HC) is the equilibrium binding capacity after the binding process of HCI gas
and Q.(air) is the equilibrium binding capacity after flowing synthetic air. The adsorption
signal of the CO-DMA film was almost restored to its original state, with a Re value of 98.8%,
during the air flowing process due to the easy desorption of HCl gas caused by a weak
hydrogen-bonding interaction between carbonyl groups and HCl molecules (Figure 2b).
However, the Re value of the C2-DMA film was extremely low, approximately 14.3%,
because of an irreversible reaction between the tertiary amine groups of the copolymer
film and HCI gas; in other words, this irreversible adsorption—desorption behavior was
derived from strong ionic bonding between protonated tertiary amine groups of DMAEMA
and chloride ions (Figure 2a). The film might be recovered through post-treatment by
immersing it in NaOH aqueous solution to eliminate the bound C1~ ions [22]. However, the
C2-DMA film could be used only as disposable HCI gas; this is because of low film stability
on the electrode in the recovery process. Similar adsorption—desorption behaviors were
exhibited on both the films while flowing 100 ppm HCl gas for three-cycles (Figure S3).
The Af value of CO-DMA was almost recovered as initial value according to the elapsed
cycle. However, the Af value of C2-DMA was accumulated by binding HCI gas without
restoration during the desorption process. The Re values for C2-DMA and C0-DMA were
95.3% and 12.4%, respectively.

In order to gain further understanding of the interaction mechanisms between polymer
films and gas analytes, XPS wide-scan spectra were performed, with two different films,
before and after HCI adsorption (Figure S4). Three sharp peaks were observed in the
CO0-DMA film at 532.08 eV for O 1s, 400.08 eV for N 1s, and 285.08 eV for C 1s before the
HCI adsorption process. After HCl adsorption, no signals appeared, and this was related
to HCl adsorption, because of the detachment of unstable adsorbed HCI molecules in
ambient conditions. However, a new peak corresponding to the Cl 2p signal was observed
at 198.08 eV in the C2-DMA film after the adsorption process, confirming that the HCl
analyte irreversibly interacted with DMAEMA. More specifically, Figure 3a illustrates the
high-resolution XPS N 1s spectra ranging between 394 and 406 eV for the two films. In the
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C0-DMA film, only one peak corresponding to the tertiary-amide nitrogen was observed at
399.78 eV for preadsorption and 399.48 eV for postadsorption. In contrast, the C2-DMA
film exhibited one peak at 398.78 eV due to neutral nitrogen atoms in tertiary amine groups,
whereas a new peak appeared at 401.58 eV, implying positively charged amine (N*) in
tertiary ammonium salt after the HCI adsorption process [24]. Furthermore, the XPS CI 2p
scan spectra of the two films are presented in Figure 3b. No noticeable peaks were observed
on both the films at HCI preadsorption. However, after HCI adsorption occured on the
C2-DMA film, two clear peaks including 2p3,, and 2p; s, chloride ion (C1™) were observed
at 197.08 and 198.38, respectively [25]. These results were reconfirmed, via FT-IR spectra,
before and after HCI adsorption. As shown in Figure 3c, a strong peak was observed
at 1618 cm ™!, and this was associated with CO-N stretching on the IR spectrum of the
CO-DMA film before HCI adsorption. The absorption bands at 1496, 1354, and 1138 cm ™!
are attributed to the C—H bending, C-N stretching, and C-O stretching, respectively. The
two weak peaks can be assigned to the O-H stretching and C-H stretching at 3464 and
2927 cm™ !, respectively. Interestingly, two IR spectra of the CO-DMA film before and after
HCI adsorption were almost overlapped, on the basis of the CO-N stretching peak at
1628 cm ™!, because there was no chemical interaction between HCI gas and the amide-
based film. In the case of C2-DMA film, the absorption peaks were observed at 1723, 1455,
and 1146 cm ! for C-O stretching, C-H bending, and C-O stretching vibration, respectively.
The peaks in ranges of 2944-2769 cm~! were ascribed to the C-H stretching of tertiary
amine. Remarkably, for the C2-DMA film, N-H and C-H stretching peaks appeared in
ranges of 3410 to 2463 cm !, owing to protonation on tertiary amine groups, which is
similar to the FT-IR peaks of pure triethylamine hydrochloride [26].

As shown in Figure 4a,b, HCI adsorption (2-h for C2-DMA and 10-min for C0-DMA)
and desorption (10-min for both films) behaviors of crosslinked films were investigated
while flowing three individual carrier gases, i.e., dried N, (RH 10%) or synthetic air (RH
10% or 50%), including 50-ppm dried HCI, to identify the effects of oxygen and moisture
on the adsorption response. For the C2-DMA film, the Q, values for 2-h HCI adsorption
were 150.7 £ 7.1 ng/pg in N and 148.0 £ 9.1 ng/ ug in the air, respectively. Considering
that the protonated tertiary ammonium salt ionically bonded with the HCl analyte during
the adsorption process, the adsorption response did not exhibit any significant difference,
and this finding occurred, notably, in the presence of oxygen in the HCl/air—gas mixture.
After the desorption process through air gas flow, the Q, value was not recovered, and this
was because of the strong bonding of the HCl analyte to the film. At high RH (50%), the
Q. value was approximately 100-ng/ug higher than that at the other conditions (RH 10%),
owing to the effect of a signal increase which was caused by water moisture adsorbed on
the film [27]. However, the Q, value decreased to 168.8 + 1.4 ng/ug after 10-min desorption
process, nearly reaching the value reflected by adsorbed HCI mass itself, with no moisture
effect, because the adsorbed moisture on the film was removed. In contrast, the Q, value of
the CO-DMA film in the dried air (7.26 & 0.7 ng/pg) showed a 0.45-fold decrease compared
with that in the N, gas (15.9 &+ 3.5 ng/ug), and this was due to the interference effect
of oxygen on the hydrogen bond between the carbonyl group and HCI. In addition, the
increase in Q. value caused by the adsorption of water molecules also occurred on the
CO-DMA film at high RH (50%). After the desorption process, Q. values became zero,
indicating that few HCI molecules, weakly bonded on the film, were easily removed; thus,
this film exhibited a worse adsorption response than the C2-DMA film.
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Figure 3. (a,b) High-resolution X-ray photoelectron spectra for (a) N 1s and (b) Cl 2p on poly
(DMAEMA-co-EGDMA) and poly(DMAA-co-EGDMA) films before and after HCI adsorption and
(c) Fourier transform infrared spectra for poly(DMAEMA-co-EGDMA) and poly(DMAA-co-EGDMA)
films before and after HCI adsorption. (d) Predicted HCI adsorption mechanism on poly(DMAEMA-
co-EGDMA) and poly(DMAA-co-EGDMA) films.

As shown in Figures 4c,d and S5, the 2-h adsorption responses, i.e., Q. and Af values,
were studied with respect to an HCl gas concentration ranging from 10 to 70 ppm in order
to determine the concentration dependence of the two crosslinked films. As shown in
Figures 4c and S5a, the Q. and Af values of the C2-DMA film were significantly increased
within the HCI concentration range of 10-50 ppm, and they were saturated at higher con-
centrations (>50 ppm). On the other hand, for the CO-DMA film, the adsorption responses
gradually increased with an increase in the concentration of HCI gas (Figures 4d and S5b).
A linear regression curve of the C2-DMA film, for adsorption at a concentration range of
less than 50 ppm, is shown in the inset of Figure 4c. Its sensitivity was calculated to be
2.51 (ng/ug)(1/ppm) with a coefficient of determination (R?) of 0.977, indicating that it
was 14.8-fold higher than the CO-DMA film with 0.17 (ng/pg)(1/ppm) and R? = 0.984. The
sensitivity of the C2-DMA film could also be obtained from the linear regression curve in
the plot of Af value as a function of HCI concentration in ranges of 10-50 ppm (Figure S6).
The sensitivity (13 Hz/ppm) of the C2-DMA film was much higher than other sensors in
previously reported studies (Table S1). Furthermore, the limit of quantitation (LOQ), and
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the limit of detection (LOD), for the two copolymer films were determined using equations
such as LOQ =10 S/m and LOD = 3.3 S/m, where S represents the standard deviation
of the y-intercept, and m represents the slope of the linear calibration curve [28,29]. LOQ
and LOD values of 1.67 and 0.55 ppm were obtained for the C2-DMA film, and 4.84 and
1.59 ppm for the CO-DMA film, respectively.

a 300 — b 300
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250 f { 250 [ —@— HCl/air (50 ppm, 10% RH)
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Figure 4. (a,b) Binding capacity (Q;) as a function of time for (a) poly(DMAEMA-co-EGDMA) and
(b) poly(DMAA-co-EGDMA) films in 50-ppm HCl with various carrier gases, i.e., dried N, (10% RH)
and synthetic air (10% and 50% RH) at 22 °C during the adsorption process. Synthetic air was
used for desorption. The adsorption—desorption process was performed until the signal stabilized.
(c) Equilibrium binding capacity (Qe) for (c) poly(DMAEMA-co-EGDMA) and (d) poly(DMAA-co-
EGDMA) films as a function of initial concentration (Cp) of HCI gas ranging from 10 to 70 ppm at
22 °C and 10% RH after the adsorption process. The inset of Figure 4 represents the Q. for two films
as a logarithmic function of the initial concentration of HCI gas flow ranging from 10 to 50 ppm.

Furthermore, the Langmuir and Freundlich isotherm models were used to compare
the adsorption behavior of the two films. The Langmuir isotherm model assumes that
adsorption behavior is based on monolayer adsorption on a solid surface, which has a
homogeneous surface for the target molecules. However, the Freundlich isotherm describes
multilayer adsorption for a heterogeneous surface. Equations (3) and (4) describe the
Langmuir and Freundlich models, respectively [30,31]:

o kLCeQm
QE - TkLCe (3)
Q. = kpCl/m )

where Q. (mg/g) is the equilibrium adsorption capacity, C. (mg/L) is the equilibrium
concentration of HCI during adsorption, Q;; (mg/g) is the maximum adsorption capacity,
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1/n is a factor used to evaluate surface heterogeneity, and k; and kr represent the Langmuir
and Freundlich adsorption equilibrium constants, respectively.

Figure 5 depicts the nonlinear fitted curves of the Langmuir isotherm and Freundlich
isotherm models, respectively, pertaining to HCl adsorbed on the surface of the two films
during the adsorption process. The parameters of the two isotherm models are presented in
Table S2. Based on R? values, the experimental data points of the C2-DMA film were better
fitted to the Langmuir model than the Freundlich isotherm model. This result indicates
that only one HCl molecule is adsorbed at a tertiary amine group of the copolymer film.
For the CO-DMA film, the experimental data points were not fitted to both models due to
low Q. values caused by the small adsorption response for HCI adsorption. According to
these results, the experimental data of the C2-DMA film were well fitted to the Langmuir
linear model because the copolymer film is based on a stoichiometric chemical reaction
with HCI gas.

300
. ® Poly(DMAEMA-co-EGDMA) (data)
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Figure 5. Nonlinear and linear adsorption isotherm curves for poly(DMAEMA-co-EGDMA) and
(DMAA-co-EGDMA) films. Experimental data were obtained from the conversion of the resonant
frequency change (Af) in 10-70-ppm HCl gas flow, at 22 °C and 10% RH.

In order to evaluate the selective adsorption performance of the two crosslinked films,
Af values by gas adsorption and/or desorption were monitored, flowing 70 ppm each gas
of HCHO and HE, including HCl in a chamber until the sensing signal was stabilized in the
process of adsorption (2-h for C2-DMA and 10-min for C0-DMA) and desorption (10-min
for both films) (Figure 6). On the C2-DMA film, the Af value with HCl gas adsorption
reached approximately —767 Hz, whereas the value was maintained at —61.6 £ 6.6 Hz for
HCHO gas adsorption and —57.4 &+ 11.4 Hz for HF gas adsorption in a 2-h gas flow. With
regard to the desorption process under air gas flow, the Af value was slightly decreased
before it stabilized because of the irreversible binding of HCI molecules. However, the
Af value was approximately zero in nonselective adsorption of other gases (Figure 6a).
Furthermore, on the C2-DMA film, Q, values were 12.9 & 1.4 and 12.0 £ 2.4 ng/ ug for the
HCHO and HF gases, respectively, which are extremely low compared with the adsorption
response of HCl gas (162.1 & 2.2 ng/nug) (Figure 6a). The selectivity coefficient (k*), as the
ratio of the Qe 11/ Qe (HCHO or HE), Was especially high, with numbers of 12.6 and 13.5 for
the HCHO and HF gases, respectively, because HCI gas reacts by protonation and ionic
bonding toward the tertiary amine groups. In addition, the R, values for HCHO and HF
were 103.5% and 99.9% after the desorption process of the adsorbed toxic gas, and this
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Af /| Hz

Af/ Hz

was due to the breakdown of hydrogen-bonding interactions. In contrast, the adsorption
response on the CO-DMA film for 10-min was extremely low, with a Af value between —39
and —61 Hz, regardless of the type of toxic gas. Q. values were 11.6 £ 0.3, 9.8 == 0.4, and
8.0 &+ 0.3 ng/ pg for the HCl, HCHO, and HF gases, respectively; the k* values of 1.2 for
HCHO and 1.5 for HF were significantly lower than those of the C2-DMA film. Thus, the
use of an amine-based crosslinked film could lead to a highly sensitive response to, and an
improved selectivity for, HCI gas.

200 —_— b 200
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Figure 6. (a) Resonant frequency change (Af) for poly(DMAEMA-co-EGDMA) film as a function of
time in flow of 70-ppm different gases (HCl, HCHO, and HF), at 22 °C and 10% RH, during a 2-h
adsorption process and (b) 2D bar plot of equilibrium binding capacity (Q.) as a function of toxic
gas types in flow of 70-ppm different gases (HCl, HCHO, and HF). (c,d) Resonant frequency change
(Af) for poly(DMAA-co-EGDMA) film as a function of time in gas flow, and equilibrium binding
capacity (Q,) as a function of toxic gas type during a 10-min adsorption process under the same gas
flow conditions.

4. Conclusions

In this study, crosslinked C0-DMA and C2-DMA films were successfully manufactured
on QC electrodes for the adsorption of HCI gas via photopolymerization. Their adsorption
response (Q.) was strongly dependent on film mass, and their mass was optimized in
order to obtain maximum adsorption of HCl molecules. Regarding the optimized film
mass, the Q. value (161.7 &+ 2.8 ng/ng) of the C2-DMA film was 13.9-fold higher than
that of the CO-DMA film (Q, = 11.6 £ 0.3 ng/ug) when 70-ppm HCl was flown through
a chamber. The adsorption response of the C2-DMA film was unaffected by specific
atmospheric conditions (synthetic air or N gas) during the HCl adsorption process because
the film had a strong interaction with HCI gas through protonation and ionic bonding.
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Furthermore, the film showed an 14.8-fold higher sensitivity (2.51 [ng/pg][1/ppm]), and a
higher selectivity coefficient (k*) (12.6-fold for HCHO gas and 13.5-fold for HF gas), than
the CO-DMA film. Thus, the dimethylamine-based crosslinked copolymer films could be
used as highly sensitive and selective HCI gas sensors which are inexpensive and easy to
produce.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/chemosensors10020070/s1. Figure S1: Cross-sectional scanning
electron microscopy (SEM) images of poly(DMAEMA-co-EGDMA) films with mass of (a) 1.7 pug and
(b) 11.8 pg, respectively. All scale bars are 1 um. Figure S2: Resonant frequency change (Af) as a
function of time for poly(DMAEMA-co-EGDMA) and poly(DMAA-co-EGDMA) films in 70-ppm HCI,
and synthetic air flow at 22 °C (10% RH). The adsorption—desorption process was performed until the
signal stabilized. Figure S3: Resonant frequency change (Af) as a function of time for poly(DMAEMA-
co-EGDMA) and poly(DMAA-co-EGDMA) films in 100-ppm HCI and N flow at 22 °C (10% RH).
A three cycle adsorption—desorption process was performed. Figure S4: XPS wide scan spectra for
poly(DMAEMA-co-EGDMA) and poly(DMAA-co-EGDMA) films before and after HCI adsorption.
Figure S5: Resonant frequency change (Af) as a function of time for (a) poly(DMAEMA-co-EGDMA)
and (b) poly(DMAA-co-EGDMA) films in HCI gas flow ranging from 10 to 70 ppm, at 22 °C and
10% RH during the adsorption process. Synthetic air was used for desorption, and the desorption pro-
cess was performed until the signal stabilized. Figure S6: Linear regression curve of poly(DMAEMA-
co-EGDMA) for resonant frequency change (Af) as a function of HCI concentration in HCI ranging
from 10 to 50 ppm. Table S1: Comparison of HCI on various sensor configurations, including the
sensitivity and limit of detection in a linear range [14,17,19,22,32]. Table S2: Fitting parameters of the
Langmuir and Freundlich models for the adsorption of HCl gas on two crosslinked films.
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