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Abstract: Micromechanical sensors, in which the sensor response is created as a result of molecular
interactions on the sensors’ surfaces, have been employed as a powerful technique for rapid and
sensitive detection of low concentrations of chemical and biological materials. In the study reported
herein, poly(methyl methacrylate) (PMMA)-coated microcantilever (MCL) sensors were used to detect
the vapors of volatile alcohols (methanol, ethanol, and isopropanol) at three different concentrations.
A vapor generator was used to generate and flow the alcohol vapor onto the PMMA coated MCL
surface in a closed system chamber. The vapor adsorption onto the MCL surface results in a rapid and
measurable deflection of the MCL. No significant deflections of the uncoated MCL occurred when
the different vapors were passed through into the microcantilever chamber. Linear concentration–
deflection responses were observed, with the highest sensitivity shown with methanol, followed by
ethanol and then isopropanol. Density functional theory (DFT) quantum chemical calculations were
conducted to estimate the electronic interaction energies (∆IE) between the alcohol molecules and
MMA and two different model tetrameric segments of PMMA. The computed ∆IEs were in the same
order as the experimentally observed order: methanol > ethanol > isopropanol.

Keywords: microcantilever sensor; poly(methyl methacrylate) (PMMA); volatile alcohols;
vapor generator; density functional theory (DFT)

1. Introduction

Volatile organic compounds (VOCs) are found ubiquitously in our immediate envi-
ronments [1] and are mainly linked with emissions from transportation and industrial
processes. VOCs result from the use of organic solvents and many different industrial
organic chemicals, which are widely used [2] as ingredients for pharmaceuticals, pesticides,
plastics, fuels [3], solvents, explosives, surface coatings, adhesives, disinfectants, and fire
retardants. All of these substances have the potential to emit and disperse volatile organic
molecules into the surrounding environments during their use and storage. Due to their
potential global and human health effects [4], even at the relatively low concentrations of
VOCs released into the atmosphere, their detection and monitoring are very important.
This also includes detecting and monitoring VOCs in indoor air environments where hu-
mans spend many hours daily. The sources of VOCs encountered in domestic or office
and non-industrial workplace indoor air include solvents from cleaning products, personal
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cosmetic and hair product use materials, formaldehyde emissions from synthetic fibers
and/or furniture and flooring laminates, printer and photocopier use, paints, cooking,
and tobacco or other smoking product use [5–7]. Analyses of VOCs obtained from breath
samples have been associated with certain diseases and used as biomarkers for disease
diagnoses [8,9].

Some alcohols such as methanol, ethanol, ethylene glycol, diethylene glycol, iso-
propanol, etc., [10] are also commonly encountered as VOCs in a variety of domestic, office,
and non-industrial and industrial workplace indoor air environments. In principle, toxic
exposure to these alcohols can occur through skin absorption, inhalation, or ingestion, and
the routes of exposure depend on the type of alcohol(s) involved [11]. Although the most
common route of exposure for methanol, ethanol, and isopropanol, which are the subject
alcohols in this study, is direct ingestion, exposure by inhalation to these compounds as
VOC components can also occur in indoor air environments. The toxicity of these alcohols
arises due to their metabolic breakdown products, including their corresponding aldehydes
and, in the case of isopropanol, to acetone [10,11].

The detection of VOCs has been conducted with many different analytical meth-
ods which have employed, for example, photoionization [12], surface acoustic wave sen-
sors [13,14], field-effect transistors [15], calorimetry [16], gas chromatography [17], and
infrared spectroscopy [18]. In recent years, microcantilevers (MCLs) which can be oper-
ated in static or dynamic modes, have been used as sensitive transducers in a variety of
applications. These include the detection of VOCs [19–23] and other trace volatile organic
amines [24]. The adsorption of analyte vapors on exposed MCL surfaces, which have been
coated with various polymers which can be easily applied using either spray, drop, or
spin coating processes, have been shown to be enhanced. Examples of such MCL poly-
mer coatings which have been reported include gelatin [19]; polydimethylsiloxane [20];
polyethylene oxide, polyethylenevinylacetate (PEVA), polyvinyl alcohol (PVA) [22]; poly-
methylmethacrylate (PMMA) [25–27], and polyaniline [28]. All of these have shown good
reproducibility and are linearly proportional to VOC concentrations. Since there are sig-
nificant differences in the hydrophilicity and hydrophobicity of the polymers and their
suitability for the diffusion of polar and nonpolar analyte molecules, the type of polymer
selected for the detection of specific VOCs is critical. The MCL surface for gas molecu-
lar sensing must have a functional group able to detect the specified chemical based on
adsorption/desorption principles.

In this study, we investigated the use of polymethyl methacrylate (PMMA) as a
potential low-concentration VOC sensing layer. We report herein on the study we conducted
using the static mode detection of different concentrations of three representative VOCs,
namely methanol, ethanol, and isopropanol, using PMMA-coated MCL sensors. The
alcohol samples analyzed were vaporized using a customized steady-state stream vapor
= generating system linked to the microcantilever sensor chamber. To provide further
insight into our experimental findings, we conducted Density Functional Theory (DFT)
computations using model systems based upon a mechanism for our hypothesized mode
of adsorption of the alcohol vapors onto the PMMA-coated MCLs.

2. Materials and Methods
2.1. Chemicals and Materials

Methanol, ethanol, isopropanol, hydrogen peroxide (H2O2), sulfuric acid, and poly-
methyl methacrylate (PMMA) were purchased from Sigma Aldrich. All solvents and
reagents were of analytical or reagent grade and were used as received. The silicon MCL
arrays used in this study were purchased from Micromotive (Germany). Each array consists
of eight individual 500 ± 5 µm × 90 ± 2 µm × 1 ± 0.3 µm MCLs.

2.2. Experimental Setup and Instrumentation

The experimental setup consisted of a customized vapor generator system and a
Picomeasure PM3 (both from Fourien Inc, Edmonton, AB, Canada), and is depicted in the
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schematic shown (Figure 1). The vapor generator system was used to deliver the nitrogen
gas carrier gas and to generate the volatile liquid analytes. In this system, a microcantilever
was mounted on a closed sensing chamber, and a laser beam was allowed to focus on the
free end of the MCL. The reflective laser beam was then focused on a position sensitive
detection (PSD), which translates the mechanical deflection signal into an electrical one.
A detailed description of the PM3 is discussed elsewhere [29]. The Picomeasure PM3
device [30] was used to measure the microcantilever deflection. The nitrogen carrier gas
was channeled using a mass flow controller to deliver a flow rate of 100 mL/min. The flow
rate, temperature, and other parameters are controlled directly via the Picomeasure PM3
instrument. The nitrogen gas was transferred from the mass flow controller to a vapor
generating glass chamber containing the target alcohol analyte. The temperature of the
MCL chamber was 23 ◦C and was also controlled via the Picomeasure PM3 instrument.
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Figure 1. Schematical illustration of the measurement system (Picomeasure PM3).

To remove any organic contaminants before immobilizing PMMA onto the MCLs, the
MCLs were pre-treated for 5 min by rinsing with piranha solution (3 parts of concentrated
sulfuric acid and 1 part 30 wt. % hydrogen peroxide solution), followed by rinsing with
distilled–deionized water and then ethanol. The MCLs were then dried for 10 min at 250 ◦C
and then cooled to room temperature in a desiccator. A PMMA solution was prepared by
mixing PMMA (0.50 g) with chloroform (100 g) and stirred using a magnetic stirrer for 1 h
to form a homogenous solution. The cleaned MCL arrays were immersed in the PMMA
solution for 5 min and then placed in a desiccator, where they were maintained at room
temperature for 24 h before being used. The average thickness of the PMMA layer on the
MCLs surface was 55 ± 5 nm, as measured with a Bruker Dektak XT surface profiler.

Steady-state vapor streams of the alcohols were generated by passing the nitrogen
carrier gas over a reservoir of the liquid alcohol in the glass vapor-generating chamber.
The chamber volume was 25.0 mL and was heated with an external water bath set at three
different temperatures (23, 30, and 35 ◦C) to generate the three different concentrations
of the tested alcohol vapors. The volume of the analyte alcohol (methanol, ethanol, or
isopropanol) in the vapor-generating chamber was fixed at 6.0 mL. For each determination,
a fixed volume of the dry nitrogen gas (controlled with the flow rate of 100 mL/min) was
injected into the vapor generator to vaporize the respective alcohol analyte, which was
then channeled by the carrier gas into the microcantilever chamber. The PM3 Picomeasure
instrument [30] containing the PMMA-coated MCL measures the deflection using a laser
beam passing through the optical windows at the top of the flow cell and was focused onto
a single MCL in the array.

Since a constant stream of the carrier gas was passed over the alcohol in the reservoir,
a steady state of the vapor phase of the alcohol was maintained and was dependent only on
the temperatures of the liquid. It was therefore estimated that the number of molecules of
the vapor reaching the MCLs was equal to the corresponding value, which was calculated
using the ideal gas law, where the number of moles of the vapor n = (PV)/(RT) and where
P = vapor pressure (kPa) of the alcohol at T (K) and V = volume (25.0 mL +/− 5%) of the
space in which the vapor + carrier gas is generated, and R = 8.314 L kPa/mol K.



Chemosensors 2022, 10, 452 4 of 15

2.3. Density Functional Theory (DFT) Calculations

All gas phase computational calculations were conducted with Gaussian 16, Revision
C.01 [31] at the B3LYP/6-311++G(d,p) level of theory. To understand the effect of the
noncovalent interaction energies of the complexes, we also computed the interaction
energies using the basis set superposition error (BSSE) [32] correction with a counterpoise
of the complexes that were optimized in the gas phase at the B3LYP/6-311++G(d,p) level
of theory. A vibrational analysis was conducted for each optimized molecule to ensure
that they were in a vibrational energy minimum and had no imaginary frequencies. Using
Equations (1) or (2), gas phase interaction energy (∆IE) values were calculated from the
electronic energies [31] of the components for the hypothetical modeled complexes formed:
(i) with a monomeric MMA with a single alcohol molecule; and (ii) with the respective
modeled tetrameric segments (“s-TMMA” or “a-TMMA”) of PMMA, as shown in Figure 2
where n = 4) and as discussed further in Section 3.2 below.

∆IE = E[MMA]⊃[analyte] − (E[MMA] + E[analyte]) (1)

∆IE = E[TMMA]⊃[analyte] − (E[TMMA] + E[analyte]) (2)

where, E[MMA]⊃[analyte] = optimized energy of the MMA complex with analyte alcohol;
E[MMA] = optimized electronic energy of the free monomer MMA; E[PMMA]⊃[analyte] = opti-
mized electronic energy of the tetrameric complex(es) with 1–4 molecules of the analyte;
E[TMMA] = optimized electronic energy of the free TMMA or TMMA segment(s); and
E[analyte] = optimized electronic energy of the individual analytes (methanol, ethanol or
isopropanol).

Additional quantum chemical parameters were also calculated from the optimized
most stable geometries of the species examined: (a) EHOMO and ELUMO frontier molecular
orbitals (FMO) [33] generated using GaussView 6.0.16 software and their energies. From
Koopmans’ theorem [34,35], the EHOMO of a species gives a measure of its ionization
potential (IP) and is a characteristic of its nucleophilicity. The corresponding ELUMO
is related to the negative of the electron affinity (EA) and is a measure of the species’
susceptibility towards reacting with electrophiles, i.e., EHOMO = −IP; and ELUMO = −EA.

The energy gap (∆EHOMO-LUMO) is related to the polarizability of the species, and the
large HOMO-LUMO gap indicates high stability and low chemical reactivity. Other quan-
tum chemical properties which give a measure of chemical reactivity were also determined
from the HOMO-LUMO energy values. These included global hardness (η), global softness
(S), electronegativity (χ), chemical potential (µ), and electrophilicity index (ω), which can
be calculated using the respective Equations (3)–(7):

η =

⌊
ELUMO − EHOMO

2

⌋
=

⌊
IP − EA

2

⌋
(3)

S =

⌊
2
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⌋
=

⌊
2
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⌋
=

1
η

(4)

χ =

⌊
ELUMO − EHOMO

2

⌋
=

⌊
IP + EA

2

⌋
(5)

µ =

⌊
EHOMO − ELUMO

2

⌋
= −

⌊
IP + EA

2

⌋
(6)

ω =
χ2

2η
=


(

EHOMO−ELUMO
2

)2

(ELUMO EHOMO)

 =


(

IP+EA
2

)2

IP − EA

 (7)



Chemosensors 2022, 10, 452 5 of 15
Chemosensors 2022, 9, x FOR PEER REVIEW 5 of 15 
 

 

Figure 2. Proposed hypothetical steps for the coating of PMMA onto the MCL surfaces 
and the binding mode (via hydrogen bonding) of the VOCs with the PMMA. 

Additional quantum chemical parameters were also calculated from the optimized 
most stable geometries of the species examined: (a) EHOMO and ELUMO frontier molecular 
orbitals (FMO) [33] generated using GaussView 6.0.16 software and their energies. From 
Koopmans’ theorem [34,35], the EHOMO of a species gives a measure of its ionization poten-
tial (IP) and is a characteristic of its nucleophilicity. The corresponding ELUMO is related to 
the negative of the electron affinity (EA) and is a measure of the species’ susceptibility 
towards reacting with electrophiles, i.e., EHOMO = −IP; and ELUMO = −EA. 

The energy gap (ΔE HOMO-LUMO) is related to the polarizability of the species, and the 
large HOMO-LUMO gap indicates high stability and low chemical reactivity. Other quan-
tum chemical properties which give a measure of chemical reactivity were also deter-
mined from the HOMO-LUMO energy values. These included global hardness (η), global 
softness (S), electronegativity (χ), chemical potential (μ), and electrophilicity index (ω), 
which can be calculated using the respective Equations (3)–(7): 

𝜂 = ⌊ாಽೆಾೀ ି ாಹೀಾೀଶ ⌋ = ⌊ூ ିாଶ ⌋ (3)

𝑆 = ⌊ ଶாಽೆಾೀ ି ாಹೀಾೀ⌋ = ⌊ ଶூିா⌋ = ଵఎ (4)

𝜒 = ⌊ாಽೆಾೀ ି ாಹೀಾೀଶ ⌋ = ⌊ூ ା ாଶ ⌋ (5)

Figure 2. Proposed hypothetical steps for the coating of PMMA onto the MCL surfaces and the
binding mode (via hydrogen bonding) of the VOCs with the PMMA.

3. Results
3.1. MCL Deflection Measurements

All experiments were conducted using PMMA as the VOC sensing layers on the
MCL surfaces only with the carrier gas without, and in the presence of methanol, ethanol,
and isopropanol vapors at each of the three different concentrations. As controls, the
MCL was tested both with and without the sensing PMMA layers, in the absence of the
alcohol vapors, Figure 3 shows the deflection of the MCL alone, as a function of time at
different concentrations of the VOC analytes and in the static mode [25]. The appearance
of a clear baseline (shown as the green plot) devoid of vibration indicates that the sensor
was unaffected by the carrier gas flow, external vibration, or thermal effects. Substantial
deflections were observed with methanol and ethanol vapors for all three concentrations.
However, for all three concentrations of isopropanol vapor, only weak deflections were
observed. Clearly, the more volatile, smaller, and polar methanol molecules saturated the
PMMA-coated MCL surfaces faster than the other two alcohols.

The calculations for these determinations are shown in Table 1. The validity of the
methodology was ascertained by conducting experiments with methanol in which different
volumes (i.e., 4.0, 6.0, and 8.0 mL) were used as the reservoir in separate experiments at
23 ◦C. The MCL deflection results showed only a small 4–5% standard deviation. As can
be seen in Figure 3, the baselines initially reveal a negative deflection due to the change
in pressure as the flow of the dry nitrogen carrier gas enters the sensing chamber and the
ensuing moisture removal from the PMMA surface, which has been shown to be relatively
insensitive towards water vapor exposure [25]. Within a few seconds, the target VOC
molecules reach the cantilever chamber, and their interaction with the MCL coated with the
PPMA sensing layer molecules results in the observed deflections, which appeared after
approximately only 13 s. Table 1 shows the data for the deflections for each of the alcohol
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vapors and their concentrations recorded at up to 580 s. Over the same time ranges, the
MCL deflections as a function of the different concentrations were linear, as can be seen in
Figure 4.
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Table 1. Microcantilever deflection values at 580s for the alcohol vapor analytes at the different vapor
pressures and corresponding concentrations measured.

Analyte Vapor Pressure
(Vp) (kPa) mg Concentration

(mg/L = ppm) Deflection (nm)

Methanol

15.2 4.95 200 3.3 × 103 ± (4.59%)

21.8 6.93 280 4.8 × 103 ± (5.16%)

27.9 8.72 350 6.4 × 103 ± (5.81%)

Ethanol

6.97 2.26 91 1.1 × 103 ± (5.24%)

10.4 3.30 130 1.7 × 103 ± (6.41%)

13.7 4.28 170 2.2 × 103 ± (6.18%)

Isopropanol

5.14 1.67 67 1.9 × 102 ± (4.87%)

7.88 2.50 100 2.9 × 102 ± (6.28%)

10.5 3.29 130 3.9 × 102 ± (5.06%)
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Figure 5 compares the sensitivity of the PMMA-coated MCL towards the three different
alcohol vapors as a function of the deflections (nm) vs. vapor concentrations (in ppm).
These values compare favorably with those reported by Steffans et al. [28] and others [25–27]
for methanol and ethanol vapors measured with their systems.
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3.2. Quantum Chemical DFT Calculations

The DFT and other quantum chemical calculations were conducted to investigate
the electrostatic interactions between the PMMA with alcohol vapors tested. We hypothe-
sized that the alcohol vapor analytes are adsorbed onto the MCL surface PMMA layer by
electrostatic hydrogen bonding interactions between the alcohol hydroxyl groups and the
carbonyl groups of the PMMA, as is depicted in Figure 2. Our experimental data supports
our hypothesis since control experiments using uncoated MCLs showed that there were
no deflections and only stable baselines (Figure 3) could be recorded, thus indicating no
interactions of the vapor molecules with the uncoated MCL silica surfaces.

To simplify the quantum chemical calculations and reduce the computation time, the
DFT calculations were conducted using a monomeric and modeled tetrameric (“TMMA”)
partial segments of the PMMA as isotactic all-syn “sTMMA” (Figure 6) and as syndiotactic
all-anti “aTMMA” (Figure 7) segments of PMMA bound to the corresponding SiO2. The
figures depict the idealized minimized conformations in which adjacent monomeric units
are either syn (or isotactic) or anti (syndiotactic) to each other and are covalently attached to
the corresponding SiO2 surface segments of the MCLs. The optimized molecular structures
of MMA and the PMMA tetramers and their binding modes with 1 to 4 molecules of either
methanol, ethanol, or isopropanol are also shown in Figures 6 and 7. Table 2 shows the
comparison of the resulting electronic binding interaction energies (∆IE kJ/mole) with
both uncorrected and corrected BSSE values. Negative ∆IE values correlate with favorable
interactions.
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Figure 6. Formulas and optimized ball-and-stick molecular structures of: Top row: (a) MMA,
(b) the all-syn-tetrameric segment of PMMA (“sTMMA”). Second row: (c) MMA ⊃ MeOH,
(d) MMA ⊃ EtOH and (e) MMA ⊃ IPA. Third row: (f) sTMMA ⊃ MeOH, (g) sTMMA ⊃ EtOH and
(h) sTMMA ⊃ IPA. Fourth row: (i) sTMMA ⊃ (MeOH)2, (j) sTMMA ⊃ (EtOH)2 and (k) sTMMA ⊃
(IPA)2. Fifth row: (l) sTMMA ⊃ (MeOH)3, (m) sTMMA ⊃ (EtOH)3 and (n) sTMMA ⊃ (IPA)3. Sixth
row: (o) sTMMA ⊃ (MeOH)4, (p) sTMMA ⊃ (EtOH)4 and (q) sTMMA ⊃ (IPA)4. Color code: carbon
= black grey, oxygen atom = red, and all hydrogen atoms = white except for the alcohol hydrogen
atoms = green.
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vapors. Our findings were in agreement with the findings from two earlier reports [25,26]. 
Shin et al. [27] reported the detection of methanol and ethanol vapors on PMMA-coated 
piezoelectric microcantilevers with sensitivities of 0.03 Hz/ppm and 0.01 Hz/ppm, respec-
tively. The MCL response times reported herein were much faster than those reported by 
Shin et al. and also by Steffens et al. [28], who used a polyaniline coated sensing layer. The 
modes of exposure to the same two volatile liquids reported by these latter two groups 
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Figure 7. Formulas and optimized ball-and-stick molecular structures of all-anti-tetrameric segment of
PMMA (“aTMMA”) with MeOH, EtOH, and IPA. Top row: (a) Free aTMMA. Second row: (b) aTMMA
⊃ MeOH, (c) aTMMA ⊃ EtOH and (d) aTMMA ⊃ PA. Third row: (e) aTMMA ⊃ (MeOH)2, (f) aTMMA
⊃ (EtOH)2 and (g) aTMMA ⊃ (IPA)2. Fourth row: (h) aTMMA ⊃ (MeOH)3, (i) aTMMA ⊃ (EtOH)3

and (j) aTMMA ⊃ (IPA)3. Fifth row: (k) aTMMA ⊃ (MeOH)4; (l) aTMMA ⊃ (EtOH)4; (m) aTMMA ⊃
(IPA)4. Color code: carbon = black grey, oxygen atom = red, and all hydrogen atoms = white except
for the alcohol hydrogen atoms = green.

Table 2. Comparison of DFT-calculated electronic binding interaction energies (∆IE kJ/mole) for the
alcohol vapor complexes of MMA; sTMMA and aTMMA with 1 to 4 equivalents of the corresponding
alcohols (methanol, ethanol, and isopropanol) at the B3LYP/6-311++G(d,p) the gas phase level of
theory.

Complex
Electronic Interaction Energies (∆IE kJ/mole) of the VOC Analytes

Methanol Ethanol Isopropanol

Uncorrected
BSSE

Corrected
BSSE

Uncorrected
BSSE

Corrected
BSSE

Uncorrected
BSSE

Corrected
BSSE

[MMA] ⊃ [analyte] (1:1) −22.38 −20.62 −21.58 −19.92 −20.74 −19.07

[sTMMA] ⊃ [analyte] (1:1) −22.35 −19.03 −21.02 −18.10 −20.07 −17.23

[aTMMA] ⊃ [analyte] (1:1) −18.09 −16.05 −18.02 −15.45 −16.99 −14.78

[sTMMA] ⊃ [analyte] (1:2) −42.82 −36.80 −40.58 −34.97 −38.68 −33.29
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Table 2. Cont.

Complex
Electronic Interaction Energies (∆IE kJ/mole) of the VOC Analytes

Methanol Ethanol Isopropanol

Uncorrected
BSSE

Corrected
BSSE

Uncorrected
BSSE

Corrected
BSSE

Uncorrected
BSSE

Corrected
BSSE

[aTMMA] ⊃ [analyte] (1:2) −39.99 −35.23 −37.66 −33.15 −34.52 −30.31

[sTMMA] ⊃ [analyte] (1:3) −64.59 −56.82 −61.47 −54.24 −58.99 −51.74

[aTMMA] ⊃ [analyte] (1:3) −62.91 −56.96 −59.17 −52.71 −56.19 −49.66

[sTMMA] ⊃ [analyte] (1:4) −86.63 −76.31 −82.50 −72.81 −79.10 −69.43

[aTMMA] ⊃ [analyte] (1:4) −84.34 −76.28 −80.47 −71.76 −77.82 −69.12

4. Conclusions

PMMA has had many applications which have been extensively reviewed [36–39]. In
the present study, we have shown that PMMA was a suitable and stable polymer coating
for the silica surfaces of MCLs and was capable of being used to detect volatile alcohol
vapors. Our findings were in agreement with the findings from two earlier reports [25,26].
Shin et al. [27] reported the detection of methanol and ethanol vapors on PMMA-coated
piezoelectric microcantilevers with sensitivities of 0.03 Hz/ppm and 0.01 Hz/ppm, respec-
tively. The MCL response times reported herein were much faster than those reported by
Shin et al. and also by Steffens et al. [28], who used a polyaniline coated sensing layer. The
modes of exposure to the same two volatile liquids reported by these latter two groups
were also different from ours.

The magnitude of the MCL deflections showed linear deflection vs. concentration
responses. That stable baselines over the time periods examined suggests that the PMMA
layer could be covalently bound to the SiO2 surfaces and supports the hypothesis proposed
for the DFT study. Methanol, the most volatile of the three alcohol vapors tested, showed
the highest responses compared to those of ethanol and isopropanol vapor molecules. The
generation of the target molecule vapors inside a custom-made vapor generating chamber
was a convenient way to generate different concentrations of the vapors of volatile organic
liquids and resulted in rapid, reproducible, and quantifiable microcantilever deflections.
These findings could be extended in a more general sense towards the MCL sensor device
being used for highly sensitive and rapid detection(s) of these and potentially other VOC
vapors in the air.

Finally, the DFT-calculated electrostatic electronic interaction energies in all cases were
consistent with the experimental results and were in general support for the hypothetical
basis for the modes of interaction between the analyte alcohols and the PMMA sensing layer
on the silica MCL surfaces. The molecular electrostatic surface potentials [40,41] of MMA
and PMMA and their complexes with alcohols (methanol, ethanol, and isopropanol) are
shown in Figures 8–10. The surfaces were formed by mapping the electrostatic potentials
(MESPs) onto their HOMO electron density surfaces. The ESPs show the relative polarities
and thus the reactive sites of the species: the negative ESP are shown in red, and the order
of increasing electrostatic potentials (i.e., highest–ve value) is: red > orange > yellow >
green > blue. From Figures 8–10, it was clearly evident that the carbonyl oxygen (-C=O)
atom of the ligands (MMA and PMMA) contain high electron density, as shown in red color
(Figure 8, ESP) and are the most preferable sites for electrophilic attack and interaction
with the nucleophilic partially positive charged hydroxyl hydrogen atoms (blue color) of
the alcohols (methanol, ethanol, and isopropanol). As can be seen, the negative potentials
are generated over the more electronegative oxygen atom, whereas the H-atom exhibits a
positive potential region in the structures (represented by the blue color located around the
hydrogen atom of the alcohol hydroxyl group). The yellow color indicates the slightly rich
electron regions, and the green reflects more neutral zones.
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311++G(d,p) level of theory.
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Figure 9. Optimized gas phase molecular structures, ESP, LUMOs, and HOMOs structures of MMA
1:1 complexes with alcohols: (a) MMA ⊃ MeOH; (b) MMA ⊃ EtOH; and (c) MMA ⊃ IPA at the
B3LYP/6-311++G(d,p) level of theory.
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Figure 10. Optimized gas phase molecular structures, ESP, LUMOs and HOMOs structures of
sTMMA; aTMMA and their 1:4 complexes with methanol: (a) sTMMA; (b) sTMMA ⊃ MeOH;
(c) aTMMA; and (d) aTMMA ⊃ MeOH at the B3LYP/6-311++G(d,p) level of theory.

The ESP data presented in Table 3 indicate the following:

(a) The reactivity of the MMA was clearly greater than that of the two tetrameric segments
(i.e., sTMMA and aTMMA). This was reflected in the larger electronegativity (χ)
and electrophilicity Index (ω) of MMA. This is to be expected since MMA is easily
polymerized.

(b) The data for the 1:1 MMA:alcohol complexes show very few differences in their
values.

(c) The difference in stability between the two tetrameric segments (sTMMA and aTMMA)
as measured using their HOMO-LUMO gaps (∆Egap) was relatively small (0.130 eV),
whereas there was a much larger relative difference between the EAs (0.268 eV), the
ω values (0.284 eV) and the dipole moments (3.774 Debyes), shown for the aTMMA
over the sTMMA. The higher dipole moment for the aTMMA could be easily visu-
alized from the ESP map shown in Figure 10c. This could account for the stronger
binding of the isotactic polymer (used in this study) to the silicon surface.

(d) In contrast, the stability for the model 1:4 complexes of sTMMA vs. aTMMA binding
with methanol (and the other alcohols) favors the sTMMA.

Table 3. HOMO-LUMO gap (∆Egap), ionization potential (IP), electron affinity (EA), electronega-
tivity (χ), chemical potential (µ), hardness (η), softness (S), electrophilicity index (ω) and dipole
moments (dm) of MMA; sTMMA; aTMMA and their complexes with alcohols (methanol; ethanol
and isopropanol) at the B3LYP/6-311++G(d,p) level of theory. (gas phase).

EHOMO
(eV)

ELUMO
(eV)

∆Egap
(eV)

IP
(eV)

EA
(eV)

χ
(eV)

µ
(eV) η (eV) S (eV) ω (eV) dm

(Debye)

[MMA] −7.605 −1.525 −6.080 7.605 1.525 4.565 −4.565 3.040 0.329 3.427 1.763

[sTMMA] −7.467 −0.477 −6.990 7.467 0.477 3.972 −3.972 3.495 0.286 2.257 6.031

[aTMMA]) −7.605 −0.745 −6.860 7.605 0.745 4.175 −4.175 3.430 0.292 2.541 9.805

[MeOH] −7.737 −0.360 −7.377 7.737 0.360 4.048 −4.048 3.689 0.271 2.222 1.890
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Table 3. Cont.

EHOMO
(eV)

ELUMO
(eV)

∆Egap
(eV)

IP
(eV)

EA
(eV)

χ
(eV)

µ
(eV) η (eV) S (eV) ω (eV) dm

(Debye)

[EtOH] −7.636 −1.525 −6.111 7.636 1.525 4.580 −4.580 3.055 0.327 3.433 1.761

[IPA] −7.597 −1.795 −5.803 7.597 1.795 4.696 −4.696 2.901 0.345 3.800 1.770

[MMA] ⊃ [MeOH] (1:1) −6.990 −1.795 −5.195 6.990 1.795 4.392 −4.392 2.597 0.385 3.713 3.429

[MMA] ⊃ [EtOH] (1:1) −6.938 −1.785 −5.152 6.938 1.785 4.362 −4.362 2.576 0.388 3.692 3.368

[MMA] ⊃ [IPA] (1:1) −6.961 −1.773 −5.188 6.961 1.773 4.367 −4.367 2.594 0.386 3.677 3.289

[sTMMA] ⊃ [MeOH] (1:4) −6.850 −0.690 −6.160 6.850 0.690 3.770 −3.770 3.080 0.325 2.308 10.361

[aTMMA] ⊃ [MeOH] (1:4) −6.709 −0.991 −5.718 6.709 0.991 3.850 −3.850 2.859 0.350 2.592 9.373

[sTMMA] ⊃ [EtOH] (1:4) −6.777 −0.680 −6.097 6.777 0.680 3.729 −3.729 3.048 0.328 2.280 9.410

[aTMMA] ⊃ [EtOH] (1:4) −6.846 −0.898 −5.948 6.846 0.898 3.872 −3.872 2.974 0.336 2.520 8.960

[sTMMA] ⊃ [IPA] (1:4) −6.778 −0.682 −6.095 6.778 0.682 3.730 −3.730 3.048 0.328 2.283 6.372

[aTMMA] ⊃ [IPA] (1:4) −6.609 −1.046 −5.562 6.609 1.046 3.827 −3.827 2.781 0.360 2.634 11.586

Future investigations will use a vapor-generated approach combined with a microcan-
tilever device to detect other VOCs.

Supplementary Materials: The input and output files for the DFT calculation for all the geometry
optimized structures reported can be downloaded at: https://www.mdpi.com/article/10.3390/
chemosensors10110452/s1.
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