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Abstract

QCM-based alcohol vapor sensors have been widely researched, and various materials have been
deposited onto the sensor surface to serve as a functional layer. However, non-conductive polymers such
as SBS as a functional layer for alcohol sensors are still minimally reported. In this study, the SBS was
deposited on 1 side of the QCM using the spin coating technique. After deposition, the layer was annealed
for 1 h. The annealing temperatures are 100, 150 and 200 °C. The concentrations of exposed alcohol vapor
were 5, 10, 15, 20, 25, 50, 75 and 100 ppm. This study demonstrated that the SBS layer has the potential to
be a functional layer of alcohol sensors. SBS 200 °C is an optimum functional layer for alcohol vapor
sensors due to its high Af and sensitivity. Meanwhile, SBS 100 °C has poor Af and sensitivity. This is due
to the morphology of 200 °C SBS, which consists of more valleys that perform as interaction sites for SBS

and alcohol molecules. However, one of the limitations of SBS as a functional sensor layer for alcohol

sensors is its low selectivity, which is a characteristic of rubbery polymers.
Keywords: Alcohol vapor, QCM, SBS, Sensor

Introduction

Alcohol is one of the VOCs present in household products. Alcohol-containing household products
include hand sanitizers, detergents, perfumes, hair products, insect repellents, and so on [1-6]. Continuous
alcohol exposure affects human health, causing hypoglycemia, cancer, respiratory problems, and even death
[3,7-10]. As a result, sensors are required to monitor alcohol concentration in the air. Alcohol sensors have
been developed using mass spectrometry (GCMS) [6,11,12], optical sensors [13-15], and acoustic sensors
[16-18]. In this study, the alcohol sensor is an acoustic sensor with the advantages of real-time
measurement, a rapid response time, and can operate at room temperature [19,20].

Quartz Crystal Microbalance (QCM)-based alcohol vapor sensors have been widely researched by
depositing various materials as the functional layer of the sensor, including polyvinyl acetate [17], MOF
[21], polyvinylpyrrolidone [22], chitosan [23], etc. Conductive polymers are widely used as functional
layers for vapor/gas sensors [24-27]. This is due to its high sensitivity to VOCs, short response time, and
cheap fabrication costs. However, due to the doping process during polymerization, this polymer has low
stability and is sensitive to temperature and humidity changes [28-32]. Because conductive polymers have
limitations, non-conductive polymers can be an alternative as a functional layer. Non-conductive polymers
have better reproducibility and selectivity than conductive polymers, operate at room temperature, and have
the ability to interact with certain types of gas, especially aromatic compounds [28,33-36].
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Poly(styrene-block butadiene-block styrene) (SBS) is a thermoplastic elastomer composed of 2
polymers with distinct properties. Polystyrene (PS) is a glassy polymer; its chains are stiff. Meanwhile,
polybutadiene (PB) is a rubbery polymer. Combining these 2 polymers gives SBS good durability due to
the PS chain and high reversibility due to the PB chain [37-42]. SBS is commonly used in vehicle wheels,
shoe soles, and asphalt mixtures. Adding SBS to asphalt increases strength and improves abrasion resistance
[43-46]. Aside from that, SBS can be used as an additional material/filler in composites. The addition of
SBS can improve sensor stability and sensitivity [47-50]. Meanwhile, SBS as a single material for the
functional layer of the sensor is still rarely reported [51].

Annealing is a procedure to heat a material to a specific temperature and period and then cool it to
room temperature to modify its properties. The annealing process in polymers is intended to relieve internal
stress in polymer chains due to the deposition process. The annealing process in amorphous polymers
provides enough energy for the polymer chains to organize themselves, increasing the unoccupied volume
between the chains [52-57]. The amount of unoccupied volume can influence the number of alcohol
molecules interacting with the layer. This may have an impact on sensor performance.

Although non-conductive polymers have several advantages over conductive polymers, limited
studies have been conducted regarding applying non-conductive polymers as functional layers. Thus, the
main objective of this study is to investigate the ability of SBS, a non-conductive polymer, to be utilised as
a functional layer for QCM-based alcohol sensors. According to several previous studies, SBS has the
advantage of high sensitivity. Thus, it can potentially be utilized as a functional layer for sensors.
Furthermore, observations were made regarding the effect of SBS annealing temperature on layer
morphology. These morphological differences are speculated to influence sensor performance.

Materials and methods

QCM 10 MHz with gold electrodes obtained from Shenzen Renlux Crystal Co. Ltd.,. Poly(styrene-
block butadiene-block styrene) (SBS) 30 wt% styrene (Mw: 1.4x10% g/mol; CAS: 9003-55-8) from Sigma
Aldrich. The organic solvents toluene (CAS: 108-88-3), methanol (CAS: 67-56-1), ethanol (CAS: 64-17-
5), and 2-propanol (CAS: 67-63-0) with a purity of 99.9 % were bought from Merck.

SBS deposition on 1 side of the QCM was carried out using the spin coating technique. A specific
mass of SBS dissolved in toluene solvent to produce solution concentrations of 1, 3 and 5 wt%. The spin
coating settings are V =50 uL, t; = 5s, @1 =500 rpm, t, = 60s, and ®, = 3,000 rpm. After deposition, the
SBS layer was annealed for 1 h. The annealing temperatures are 100, 150 and 200 °C. The objective of
selecting these 3 temperatures was to observe the effect of temperature on the morphology of the SBS. The
QCMY/SBS is then exposed to alcohol vapor (methanol, ethanol, and 2-propanol) in a closed chamber [58].
The duration of the VOC exposure was set to 600 s. The concentrations of exposed alcohol vapor were 5,
10, 15, 20, 25, 50, 75 and 100 ppm. The layer characterization was done using Scanning Electron
Microscopy (SEM) FEI-Quanta FEG 650 and Topography Measurement System TopMap p.Lab TMS-
1200 Polytec.

Results and discussion

SBS layer’s characterization

The deposited SBS thickness (h) on the QCM sensor’s surface is calculated by evaluating sensor
frequencies before and after SBS deposition [59]. The thickness of the deposited SBS layer ranges from
39.4 to 355.1 nm (Table 1). The factor determining the thickness of the deposited layer using the spin
coating technique is the concentration of the polymer solution [60,61]. The polymer layer is thicker as the
solution concentration increases. Varying the concentration of the SBS solution from 1 to 5 wt% increases
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layer thickness up to 800 %. This suggests that changes in solution concentration can effectively control
the thickness of the SBS layer deposited by the spin coating technique.

Table 1 The effect of annealing temperature on the average roughness (Sa) and the effect of solution

concentration on layer thickness (h).

T (°C) wt% Sa (nm) h (nm)
SBS 1 % 570.53 £24.32 394
100 SBS 3 % 640.63 +24.98 155.5
SBS 5 % 662.64 +43.14 336.2
SBS 1 % 627.03 +£19.53 47.6
150 SBS 3 % 639.89 +7.54 122.4
SBS 5 % 687.49 +15.09 355.1
SBS 1 % 516.82+10.61 41.4
200 SBS 3 % 631.30 + 34.03 155.4
SBS 5 % 602.87 = 51.65 345.5
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Figure 1 Characterization of SBS 5 %. (a), (b), (c) line profile of SBS layer surface and (d), (e), (f) SEM

characterization.

SEM examination reveals that the annealing temperature influences the layer morphology (Figure 1).
The higher annealing temperature causes the SBS layer to have more valleys with a smaller diameter. TMS
characterization results support this as well. The TMS line profile demonstrates that the annealing
temperature influences layer morphology. In addition, the roughness parameter measured with TMS is Ssk.
The negative Ssk indicates that the layers have more valleys rather than hills. This is consistent with the
SEM results, which show that the 200 °C SBS layer contains the most valleys. Moreover, the Sa parameter
shows the same pattern. Sa will become rougher due to the increase in annealing temperature. The rougher

SBS surface is expected to improve sensor performance.
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The presence of more energy (due to the annealing treatment) causes the SBS chains to move and
arrange themselves in a more ordered pattern. However, the degree of order in the polymer chains will not
be as high as in crystalline polymers. This is because SBS is not a crystalline polymer. The movement of
the polymer chains becomes more regular, resulting in a constant distance between the chains. As a result,
the layer morphology currently has valleys of relatively uniform distances and diameters.

Response to alcohol vapor

In this study, the sensor response is expressed as a frequency shift of QCM (Af). QCM is a mass
sensor that operates following the Sauerbrey equation; thus, the additional mass on the sensor is
proportional to Af [62]. Figure 2(a) depicts the frequency pattern formed by SBS 100 °C with various
thicknesses (SBS 1 - 5 wt%) exposed to ethanol with concentration of 5 - 100 ppm. At exposure of 10 ppm
alcohol, layer thickness influences the sensor’s response. QCM sensors with the thickest SBS layers exhibit
the highest Af. This is because this layer has the most interaction sites. As a result, more alcohol molecules
engage with the layer. Figures 2(b) - 2(d) shows the Af of SBS 5 % with different morphology (due to
annealing temperature) for 3 types of alcohol at concentrations ranging from 5 - 100 ppm. SBS 5 % exhibits
the most significant response to alcohol (Figure 1(a)). The Af for the 3 alcohols follows the same pattern;
layers annealed at higher temperatures exhibit a more significant response. This is because the SBS
morphology grows more valley as the annealing temperature rises. The influence of the layer’s annealing
temperature on the sensor response appears significant, especially at higher alcohol concentrations (Figures
2(b) - 2(d)). At 25 ppm methanol, the annealing temperature increasing from 100 to 150 °C causes Af'to
increase by 35.78 and 116.60 Hz for 150 to 200 °C. Meanwhile, at 100 ppm methanol, the sensor response
increased significantly, up to 76.27 Hz (100 to 150 °C) and 122.40 Hz (150 to 200 °C). The sensor response
to ethanol increased 145 and 54.8 % for 2-propanol due to the SBS layer’s different morphology. Thus, it
can be stated that the annealing temperature of the SBS layer significantly affects the QCM sensor’s

response.

Af(H7)

Figure 2 (a) Response curve of the SBS 100 °C exposed to 5 - 100 ppm ethanol. The effect of annealing
temperature on the Af of the sensor after exposure to (b) methanol, (c) ethanol, and (d) 2-propanol 5 - 100
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Based on Af; SBS 200 °C has the best response due to the presence of the most valleys. This suggests
that each valley can interact with only 1 alcohol molecule. At annealing temperatures of 100 and 150 °C,
the SBS layer has valleys larger than SBS 200 °C. If each valley can interact with more than 1 alcohol
molecule, the layer’s annealing temperature should not affect the sensor response. Thus, the Langmuir
model was used to prove this phenomenon. According to the Langmuir model, each site can interact with
a single analyte molecule [23]. Fitting data show that the interactions between SBS and the 3 types of
alcohol follow the Langmuir model (Figure 3). This is supported by the R? parameter, which is close to
one. This explains why SBS 200 °C has the highest response.
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Figure 3 Data fitting using the Langmuir model on the response of SBS to (a) methanol, (b) ethanol, and
(c) 2-propanol.

Response time

Figure 4 depicts the sensor’s response time to 50 ppm alcohol. This concentration is in the middle
range. At higher concentrations, it is hard to see the effect of SBS morphology on sensor response time
because it approaches the end of the measurement (600 s). Response time is the required time of a sensor
to detect an analyte with a specific concentration in a system [63]. The sensor response time is 4 - 61 %

longer as the SBS annealing temperature rises from 100 to 200 °C. This condition occurs when SBS
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interacts with the 3 types of alcohol. These findings suggest that the morphology of the SBS layer has a
significant effect on sensor response time. The previous discussion stated that each interaction site can only
interact with 1 alcohol molecule. SBS 200 °C has the most valley/interaction sites (according to SEM and
TMS data). As a result, the layer takes longer to interact with the alcohol molecules.

Methanol, ethanol, and 2-propanol are homologous series alcohols. Methanol is the 1% homologous
series of alcohols because it has 1 carbon atom. Ethanol has 2 carbon atoms and thus belongs to the 2"
homologous series of alcohols. Meanwhile, 2-propanol is a secondary alcohol with 3 carbon atoms that

belong to the 3™ homologous series. The increasing number of C atoms indicates that the molecule is larger
(Table 2).

1 Methanol B Ethanol B 2-propanol

700

600

500

Times (s)
I
2
1

150C| 200C 150C| 200C
SBS 1% SBS 3% SBS 3%

Figure 4 Response time of QCM/SBS exposed to 50 ppm alcohol vapor.

Table 2 Molecular size of alcohols [64].

No. vOC Diameter (A)
1. Methanol 3.80
2. Ethanol 4.30
3. 2-propanol 4.70

Alcohol with a larger size causes the sensor’s response time to be longer. This occurs in all 3 different
SBS layer morphologies. Methanol has the smallest molecular size and can interact with the SBS layer in
121 - 266 s. Meanwhile, the response times for ethanol and 2-propanol are 220 - 470 and 158 - 597 s,
respectively.

Sensitivity

Sensitivity (S) is another parameter for analyzing sensor performance. Sensitivity describes the
sensor’s ability to deliver output according to a given input. Sensor sensitivity was calculated from the
slope of the sensor response to alcohol concentration [24,65]. The effect of SBS morphology on sensitivity

follows the same pattern as the sensor response (4f), with SBS 200 °C having the highest average sensitivity
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compared to the other 2 annealing temperatures. This layer has the most interaction sites, allowing it to

interact with more alcohol molecules than SBS 100 and 150 °C.
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Figure 5 Sensitivity of SBS layer exposed to alcohols.

The sensor’s sensitivity to methanol is 0.14 - 0.42 Hz/ppm for SBS 100 °C, 0.27 - 1.02 Hz/ppm for
SBS 150 °C, and 0.16 - 2.16 Hz/ppm for SBS 200 °C (Figure 5). The sensitivity of SBS 200 °C is the
highest compared to other annealing temperatures. The same pattern was observed in SBS sensitivity to
ethanol and 2-propanol. SBS 200 °C has the highest sensitivity because it was based on response data (Af).
So, the sensor response and sensitivity will follow the same pattern. As a result, the sensor’s sensitivity

increases as the annealing temperature increases.

Partition coefficient

A layer’s permeability and selectivity are indicated by the partition coefficient (K) [66-71]. Sensor
selectivity is unaffected by layer morphology (Figure 6). No clear pattern indicates a correlation between
layer morphology and partition coefficient. This is because SBS is a rubbery polymer. One of the
disadvantages of rubbery polymers is their poor selectivity [72]. As a result, increasing the selectivity of
the SBS functional layer will be more challenging.

5“"_11 Mathanol . : i im."“ Erhannl -,.u;-i 2-propanol

Figure 6 The partition coefficient of PS exposed to 100 ppm alcohol vapor.

Interaction SBS-alcohol
The desorption energy can determine the interaction type between alcohol and SBS. Unlike the

adsorption process, where the activation energy is negligible (due to the low energy barrier), the desorption
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process requires a specific barrier energy (the molar desorption energy, Eq), which must be greater or equal
to the analyte-substrate interaction energy [73,74]. Physisorption occurs when the interaction energy
between the analyte and the substrate is 10 - 40 kJ/mol [75]. According to Table 3, the interaction for the
3 types of alcohol is physisorption (Ed = 27 - 45 kJ/mol). Physisorption interactions are reversible. Alcohol
molecules can be released from the SBS surface without changing the layer’s properties. Thus, it can be
concluded that SBS meets the requirements as a functional layer for alcohol vapor sensors because it can

be used multiple times.

Table 3 Desorption energy of alcohol (100 ppm).

Desorption energy (kJ.mol )

T. annealing (°C) Sample Methanol Ethanol 2-propanol
SBS 1 % 38.60 29.71 35.30
100 SBS 3 % 39.19 36.32 36.78
SBS 5 % 41.36 38.99 28.37
SBS'1% 39.43 37.08 28.64
150 SBS 3 % 41.33 36.52 27.51
SBS 5 % 43.54 40.68 32.06
SBS1% 39.78 37.17 30.64
200 SBS 3 % 41.80 38.01 33.34
SBS 5 % 44.94 35.90 31.40

The interaction of alcohol molecules with SBS does not affect its properties. This is demonstrated by
the sensor’s impedance when exposed to methanol. In this study, SBS was deposited on the surface of the
QCM sensor. Thus, changes in SBS properties can be determined by measuring the sensor’s impedance
when exposed to alcohol. The value and shape of the impedance curve can provide information about
changes in layer properties. The thickest SBS (355.1 nm) was exposed to 5 mL methanol. The sensor
impedance is measured before the exposure (expressed as t = 0), then the sensor is exposed to methanol for
10 min, with the sensor impedance measured every minute (expressed ast =1 - 10 min). The exposure was
stopped after 10 min (identical to the time used to measure the sensor response (4£)). The sensor impedance
was measured until it returned to its initial condition. Measurements are also performed every minute in
this process (expressed as t = 11 min and so on).

The sensor frequency is also monitored during the impedance measurement process. This frequency
can determine whether the methanol desorbs completely and the sensor has returned to its original state.
Figure 7 depicts the impedance curve of SBS after 5 mL of methanol exposure. At = 1 min, the sensor
impedance does not change significantly (AZ = 4.063Q), but the frequency does (Af=-349 Hz). Interaction
SBS-methanol causes the frequency changes. The frequency change is due to methanol molecules
interacting with SBS. Apart from the impedance value, which remained constant, the impedance curve
formed before and during exposure remains the same. The curve’s shape is related to the layer’s properties.
It can be concluded that the interaction between alcohol molecules - SBS does not affect the layer’s

properties.
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Figure 7 Impedance curve of SBS 5 % exposed to SmL methanol.

SBS is undissolved in alcohol. According to the findings of this study, SBS can detect the presence
of alcohol vapor in a closed system. According to the Hansen Solubility Parameter (HSP), SBS is not
soluble in alcohol. SBS’s insolubility in alcohol and its responses to alcohol show that it can be employed
as an alcohol sensor. This is due to SBS’s ability to meet sensor coating criteria, including high stability
and chemically inert. As a result, sensors coated with this functional layer can be used repeatedly. SBS
annealed at 200 °C is the optimum layer for an alcohol vapor sensor since it has high Af'and good sensitivity.
Meanwhile, SBS 100 °C is undesirable for an alcohol vapor sensor because this layer has poor Af and
sensitivity (Table 4). The partition coefficient indicates that SBS has a poor sensitivity towards alcohol.
This is one of the disadvantages of rubbery polymers. Further study is required to improve the SBS’s
selectivity. Several possible methods include the addition of other alcohol-selective materials to the SBS
layer, surface activation such as UV irradiation or plasma treatment to produce certain functional groups
that react with alcohol. Therefore, in the future, SBS layers with a high response, sensitivity, and selectivity

to alcohol can be produced.

Table 4 Comparison of sensor performance based on 4 parameters.

. Partition Sensitivity
T. annealing (°C) Af (Hz) Response time (s) .
coefficient (Hz.ppm™)
100 13.04 - 121.54 121 - 309 74.23 - 453.13 0.14-0.64
150 29.44 - 202 204 - 371 165.69 - 388.34 0.14-1.69
200 20.63 - 296.97 213 -597 153.1-502.41 0.16 -2.28

In this study, the sensor was placed in a closed system and then exposed to alcohol. Meanwhile, in
practice, the sensor may be placed in a room containing not only alcohol but also other VOCs (aromatics,
ketones, ethers, and so on). Thus, it is necessary to consider and observe how SBS interacts to other VOCs.
Specific patterns can be obtained that distinguish the interactions of SBS with alcohol from SBS with other

VOC:s. This information may be processed further using Artificial Intelligence.
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Conclusions

This research demonstrated that annealing temperature influences layer morphology. The SBS layer
has more valleys when annealed at a higher temperature. This is proved by the characterisation using SEM
and TMS. Layer morphology influences the sensor’s interaction with methanol, ethanol and 2-propanol.
This study examined 4 sensor parameters: Sensor response (Af), response time, partition coefficient, and
sensitivity. Layer morphology does not affect sensor selectivity (represented by the partition coefficient).
Because SBS is a rubbery polymer, one of its disadvantages is its low selectivity. SBS layer annealed at
200 °C has a high Af and sensitivity but longer response time. Meanwhile, SBS 100 °C has low Af and
sensitivity. This is due to the morphology of 200 °C SBS, which consists of more valleys that perform as
interaction sites for SBS and alcohol molecules. Each interaction site can only interact with a single alcohol
molecule. This is proved by fitting with the Langmuir model, where the R? parameter is close to 1. The
impedance curve and value show that the interaction between SBS and alcohol does not affect the layer

properties. The desorption energy shows that the interaction between SBS and methanol is physisorption.
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