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Abstract. Here, we describe an N,N-dimethyl formamide (DMF) vapour sensor fabricated by
coating polyacrylonitrile (PAN) nanofiber structured on quartz crystal microbalance (QCM). The
PAN nanofiber sensors with an average diameter of 225 nm to 310 nm were fabricated via
electrospinning process with different mass deposition on QCM substrate. The nanostructured of
PAN nanofiber offers a high specific surface area that improved the sensing performance of
nanofiber sensors. Benefiting from that fine structure, and high polymer-solvent affinity between
PAN and DMF, the development of DMF sensors presented good response at ambient
temperature. Since there is no chemical reaction between PAN nanofiber and DMF vapour, weak
physical interaction such absorption and swelling were responsible for the sensing behavior. The
results are indicating that the response of PAN nanofiber sensors has more dependency on the
nanofiber structure (specific surface area) rather than its mass deposition. The sensor also showed
good stability after a few days sensing. These findings have significant implications for developing
DMF vapour sensor based on QCM coated polymer nanofibers.

Keywords: polyacrylonitrile (PAN), nanofiber, quartz crystal microbalance (QCM), N,N-
dimethyl formamide (DMF), vapour sensing

1. Introduction

Polar organic solvent such N,N-dimethyl formamide (DMF) are widely used the chemical in various
industries, such as the production of synthetic fibers, films, and coatings, and leather tanning [1].
Recent studies have suggested its serious health concerns that associated with exposure to DMF vapor
through skin contact and inhalation. Many studies show the effect of DMF vapor both on exposed
worker [2] and animal experiments [3] have confirmed the hepatotoxicity of DMF. The other
experiment suggested embryotoxicity [4] and carcinogenesis [5] effect due to exposure to DMF
vapors. Because of the health-related issues and the widespread use in industry, DMF has been
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prioritized for field study. The detection and standard sampling for DMF vapor in the air require
lengthy and complicated procedures and the use of gas chromatography (GC) [6]. Therefore an
efficient, selective, and convenient sensor for DMF vapor is desirable.

Recently, various vapor sensors have been produced by using different sensing materials, such as
inorganic thin films [7,8], semiconductor metal oxides [9,10], and conducting polymers [11] with
excellent sensitivity results. Various vapor sensor was also have been developed based on different
sensing mechanisms such as photoelectric sensors [12], resistance sensor [13], optical sensor [14],
amperometric sensor [15] and acoustic wave sensor [15]. Quartz crystal microbalance (QCM) is one
example of acoustic wave (AW) sensor platform based on acoustic-electric effect and mass deposition.
A QCM sensor offers an accurate, real-time detection, and suitable sensors with high sensitivity
response that is widely used as vapor/gas sensors [16]. Nanostructure material especially nanofibers
have received increasing attention for various applications including gas sensor application due to
their large specific surface area, high porosity and interconnected porous structures [17-19]. Many
researchers have been used electrospun nanofiber [20,21] and polymer modified nanofiber [16,22] as
sensing layer for various vapor/gas sensing.

The sensing mechanism of vapor sensor mainly dominated by chemical interaction between the
active layer and the analytes. However, many volatile organic compounds like methanol, benzene, and
toluene are not reactive at room temperature and mild conditions; fortunately, they may have weak
physical interactions with the sensing layer, involving absorbing or swelling the polymer matrices.
These interactions do not change the oxidation levels of conducting polymers, although, can also
affect the properties of the sensing layer and make these vapor/gases detectable [23]. Several studies
have been done investigating the swelling behavior of various polar solvent at electrospun nanofiber
membrane to improve their electrical or mechanical properties [24-27]. Huang et al. (2013)
investigated the swelling effect of polyacrylonitrile (PAN) and polysulfone (PSU) nanofiber after
solvent vapor treatment with N,N-dimethyl formamide. The results confirmed that swelling behavior
occurred when PAN nanofiber was exposure with DMF. The swelling behavior of PAN nanofiber and
DMF vapor is expected due to their high polymer-solvent affinity. Based on their results, we are
developing an N,N-dimethyl formamide (DMF) sensor based on polyacrylonitrile (PAN) nanofiber as
sensing layer. We suspected that the weak physical interaction including absorption and swelling
phenomena between PAN nanofiber and DMF vapor is responsible for DMF sensing.

2. Experimental

Typical Polyacrylonitrile (PAN) with a molecular weight of 150,000 from Sigma—Aldrich was used
for the preparation of nanofiber. Non-ionic surfactant Triton x-100 was purchased from Merck,
Germany. The solvents used for dissolving PAN and vapor sensing N, N-dimethyl formamide (DMF)
was purchased from Merck, Germany. AT-Cut QCM sensor with the gold electrode and 10 MHz
resonant frequency were purchased from Novaetech, Italy. All above materials used as received
without any further purification.

Polyacrylonitrile (PAN) nanofiber was prepared by dissolving 0.5 g and 0.6 g polymer PAN into
10 mL DMF followed by mechanical stirring at 1000 rpm for 24 hours at ambient temperature until a
homogeneous solution was achieved. After PAN fully dissolved in DMF, a small amount (1%) of non-
ionic surfactant Triton X-100 was added to the solution. The non-ionic surfactant is added to lower the
surface tension of the solution. Followed by mechanical stirring at 900 rpm for 30 min to fully
dissolve the surfactant.

The solution then transferred into 10 mL plastic syringes for electrospinning process. When the
electrospinning process was performed, a DC voltage of 5 kV and 10 kV was applied, and the tip to
collector distance was set as 10 cm. The collector used in the electrospinning process was metal plate
covered with aluminum foil with crystal QCM put in the collector. The electrospinning process was
carried out for 30 s to get a suitable thickness nanofiber film. Finally, the nanofiber film was placed in
the desiccator for 12 hours to evaporate the residual solvent before further treatment. To vary the
nanofiber morphology, we used a different parameter in electrospinning process. Detailed listed of
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electrospinning parameter used in this study is listed in Table. 1. Scanning electron microscope (SEM)
JEOL-JSM-6510 with auto fine coater JEOL JEC-3000FC was used for investigating the

morphologies of electrospun nanofiber PAN.
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Figure 1. Schematic illustration of PAN nanofiber QCM vapor sensing process

A schematic diagram of the N,N-dimethyl formamide vapor sensing system is presented in Fig. 1.
The QCM sensor was installed in the testing chamber with Sensirion SHT 31 (temperature and
humidity sensor) included to monitoring the humidity and the temperature of the chamber. During the
experiments process, several of gas flow rate was used. The sensing of the QCM sensor was measured
by a shift in the resonance frequency. The shift in the resonance frequency is directly related to mass
deposition on sensing layer according to Sauerbrey equations [28]. The resonance frequency sent to
PC accompanies RS232 or serial protocol with graphical programing language LabVIEW.

3. Results and Discussion

The representative SEM image of the PAN nanofiber membrane used in this study is shown in Fig. 2.
The as-spun nanofibers were randomly oriented three-dimensional structure (3D) porous structure
with relatively random diameter varies from 225 nm to 310 nm. The electrospinning parameter was
varying to obtain three different nanofiber morphologies. Several studies have been revealed that the
sensitivity of gas sensors can be efficiently improved by increasing the specific surface area (SSA) per
unit mass of the sensing layer. The specific surface area of smooth nanofiber is higher compared than
the beaded fiber. However, the smooth nanofiber with higher diameter has lower specific surface area
[29]. So, the optimum morphologies are a crucial aspect to improve the sensor sensitivity.

10 pm —
Figure 2. SEM image of PAN nanofiber with different electrospinning parameters

The parameter used and detailed nanofiber form with frequency shift after the deposition was
shown in Table. 1. It shows that the frequency shift after coating increase from QCM A to QCM C. It
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means that the mass deposition of nanofiber PAN in QCM substrate was also increasing. Fig. 3 shows
the mass deposition and nanofiber diameter of PAN nanofiber sensors. The nanofiber diameter was
found about 225 nm, 242 nm, and 310 nm for QCM A—C, respectively. The increase in the nanofiber
diameter is due to the increased viscosity of the solution. The viscosity of the polymer solution
directly depends on their solution concentration. In the electrospinning process, high viscosity solution
means that the polymer chain bonding is high enough to maintain its shape thus make nanofiber with
higher diameter.

Table 1. The parameter used in the electrospinning process with frequency shift after coating and nanofiber

formation.
Sample Electrospinning parameter (t =20 s) Frequency Shift
d(cm) c (Wt%) V (kV) after Coating (Hz)
CMA 5 5 1344
10 10 2163
6 5 4130

The correlation of frequency shift with mass deposition as mention before is described by
Sauerbrey equations. We found that the mass deposition is about 296 ng, 476 ng, and 909 ng for QCM
A—C, respectively. The difference in the mass deposition is due to the different deposition rate when
the electrospinning process. The deposition rate of electrospinning process depends on the velocity of
the polymer molecule under the influence of processing voltage. The increasing of processing voltage
would increase the velocity of polymer molecules and make the deposition rate increased. Both
nanofiber mass deposition and nanofiber diameter increase from QCM A to QCM C. The response of
the QCM sensor is highly dependent on the change in humidity and usually utilized as humidity
sensors [30]. Since the response of QCM sensor is highly dependence to the alteration of relative
humidity; we also investigated the response of our sensor in the influence of relative humidity change.
The linear correlation between humidity shift and frequency response of our sensor is shown in inset
Fig. 3 (a). It shows that the correlation is about 2.17, 0.68, 1.96, and 2.72 Hz/%RH for uncoated
(blank), QCM A, QCM B, and QCM C, respectively. The value is insignificant compared to the
response of PAN nanofiber sensors, and being neglectable to the response measurement.
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Figure 3. (a) Mass deposition and nanofiber diameter of PAN nanofiber QCM sensors (inset: humidity
dependence of PAN nanofiber QCM sensors), (b) Dynamic response of QCM sensors coated with PAN
nanofiber upon exposure to increasing the gas flow of DMF vapor, (inset: one cycle of QCM response against
DMF vapor 1 L/min).

Fig. 3 (b) shows the dynamic response of PAN nanofiber QCM sensors with several of gas flow
rate. It shows that the response is increasing consecutively from blank to QCM A, QCM C, and the
highest response is achieved with QCM B. For commonly QCM sensors increasing mass deposition
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would increasing its sensor sensitivity [22]. However, in our results, the highest response was
achieved by QCM B which has lower mass deposition than QCM C. These results were occurred due
to the higher specific surface area (SSA) that QCM B possessed. Jia et al. (2017) found that smooth
nanofiber formation with larger diameter has lower specific surface area [29]. This particular reason is
the causes of the higher response of QCM B. In our cases, the specific surface area of nanofiber sensor
has more influence rather than its mass depositions. Inset Fig. 3 (b) shows the dynamic response
(adsorption/desorption) of the sensor of PAN nanofiber sensors with 1 L/min gas flow rate. The results
show that the response time is faster than its recovery time. The slow response time (over 300 s) is
suspected due to the low evaporation rate of DMF solvent. The DMF solvent has a boiling point of
153 °C which makes the DMF solvent hardly to evaporate at ambient temperature.
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Figure 4. (a) Respons stability of PAN nanofiber QCM sensors with 1 L/min gas flow of DMF vapor, (b)
Schematic illustration of sensing mechanism

We also investigated the stability of the response frequency of PAN nanofiber sensors under the
influence of DMF vapour. Fig. 4 (a) shows the response of sensor after sensing DMF vapor with vapor
flowrate 1 L/min. It shows that QCM C is quite unstable for one week used, while the other sample is
relatively stable. This is probably due to beaded morphologies that QCM C possessed. The sensing
mechanism of PAN nanofiber gas sensor under the influence of DMF vapour shows in Fig. 4 (b). We
believe that the weak physical interaction such as absorption and swelling is responsible for the
change in the resonance frequency. From Fig. 4 (b) we illustrated the phenomena that occurred after
the PAN nanofiber exposure with DMF vapour. The DMF molecules are partly absorbed into the PAN
nanofiber utilizing the high affinity between DMF molecules and PAN polymers via the swelling
process. However, this mechanism alone couldn’t deliver such high response. In addition to swelling
behavior, we believe that the porous structure in PAN nanofiber film may contribute as a temporary
shelter for DMF molecules and increase the mass loading of the active layer. Both phenomena in our
belief are responsible for the change in the resonance frequency of the PAN nanofiber sensor under the
influence of DMF vapour.

4. Conclusion

N,N-dimethyl formamide vapour sensor based on polyacrylonitrile nanofiber deposited on QCM
substrate has been successfully developed. The increase in nanofiber specific surface area and its mass
deposition increasees the sensor sensitivity. The change in the resonance frequency of the sensing
element upon exposure to DMF vapour is caused by weak physical interaction such as absorption and
swelling of DMF molecules and into polyacrylonitrile nanofibers. The PAN nanofiber sensors show
excellent stability in sensing DMF after one week.
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