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ABSTRACT: Real-world samples contain reducing and
oxidizing chemical agents as well as large and small
(bio)molecules, which are polar or nonpolar in nature. Sensing
nonpolar analytes, which is of paramount importance for a
wide variety of applications, is generally more difficult to
achieve than sensing polar analytes. Here, we report on
empirical observations of a unique polycyclic aromatic
hydrocarbon derivative, referred as PAH-A, whose structure
has a triangular-shaped aromatic core (with a carbon number
of 60) and contains hydrophobic mesogens terminated with

hydrophobic alkyl chains. We show that films made of PAH-A enable excellent sensitivity to nonpolar analytes, compared to
polar analytes, in a setting of 5—40% counteracting relative humidity. This finding is based on monitoring the changes in the
physical/optical properties of thin PAH-A films upon exposure to nonpolar and polar analytes, by means of quartz crystal
microbalance and spectroscopic ellipsometry measurements. A comparison with other polycyclic aromatic hydrocarbon
derivatives with different cores or organic functionalities is provided and discussed.
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1. INTRODUCTION

Real-world samples contain reducing and oxidizing chemical
agents as well as large and small (bio)molecules, which are
polar and/or nonpolar in nature." Sensing nonpolar analytes,
which serve among the rest as diagnostic markers of various
diseases,””® is generally more difficult to achieve than sensing
polar analytes."”'* Polar analytes are usually detected directly
through charge exchange between the sensing material and the
analyte,">"'™'* and chemical selectivity of polar analytes is
achieved through covalent functionalization with suitable
organic molecules that interact strongly with the targeted
analyte(s)."'*~'® Nonpolar analytes, on the other hand, have to
be detected indirectly via dielectric effects'”'* or via steric
interaction between the sensing material and the analyte (e.g,,
film swelling due to analyte adsorption), which might alter the
transport of specific physical properties, such as charge carrier
or optical wavelength.l’4’5’14 Nevertheless, the interaction of the
nonpolar analytes with sensing materials under real-world
conditions is still hindered by weak to moderate selectivity and,
also, by high and/or nonconstant humidity levels present in the
environment and/or targeted sample.'”~*°

Recently, we have shown that an array of cross-reactive
chemiresistive bilayers of single-wall carbon nanotubes and
polycyclic aromatic hydrocarbons (PAHs),"®™*° in conjugation
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with sophisticated pattern recognition methods, provides >90%
classification accuracy between polar and nonpolar analytes.'®
While promising, the use of sensor arrays requires increased
power consumption and employment of sophisticated and
time-consuming pattern recognition algorithms for data analysis
and interpretation. A single, standalone sensor that can detect
nonpolar analytes under counteracting humidity conditions
would have major scientific and technological benefits.

In this paper, we report on a unique PAH derivative, referred
as PAH-A, whose structure has a triangular-shaped aromatic
core (with a carbon number of 60) and contains hydrophobic
mesogens terminated with hydrophobic alkyl chains — see
Figure 1 and Table 1. We show that films made of PAH-A
enable excellent detection of nonpolar analytes from polar
analytes at various counteracting humidity levels. This finding is
based on monitoring the changes in the physical/optical
properties of PAH-A thin film (see Figure 1 and Table 1) upon
exposure to representative nonpolar analytes (decane, octane,
hexane, dibutylether, and mestylene) and, for the sake of
comparison, upon exposure to polar analytes (decanol, octanol,

Received: July 15, 2012
Accepted: August 30, 2012
Published: August 30, 2012

dx.doi.org/10.1021/am3013328 | ACS Appl. Mater. Interfaces 2012, 4, 4960—4965


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

PAH-5

PAH-6

hydrophobic or hydrophilic functional substituents (PAH-B,
PAH-C, and PAH-1 to PAH-6; cf. Figure 1 and Table 1).

2. EXPERIMENTAL SECTION

Properties of PAH Derivatives. Figure 1 and Table 1 summarize
the main structural properties of the PAH derivatives used in this
study. The synthesis of PAH-A>' PAH-B,** PAH-C,** PAH-1,* and
PAH-2** has been described in previous reports, whereas the synthesis
of PAH-3 to PAH-6 will be reported elsewhere. These PAH derivatives
contain hydrophobic mesogens that are terminated with different alkyl
chains and functional substituents, such as alcohol (for PAH-6), ester
(for PAH-2 and PAH-3), carboxylic acid (for PAH-4 and PAH-5), etc.
PAH-B, PAH-C, PAH-1, PAH-2 and PAH-6 contain a PAH aromatic
core (with a carbon number of 42), whereas PAH-3, PAH-4 and PAH-
S have a semitriangle-shaped aromatic core (with a carbon number of
48) and PAH-A possesses a triangle-shaped core (with a carbon

PAH-4
Figure 1. Structures of the PAH derivatives used in the current study; see Table 1.
Table 1. Main Structural Properties of the PAH Derivatives
Used in the Experiments
number
of
carbon
corona core atoms in side-group side-group
PAH shape corona termination type
PAH-A  triangular 60 alkyl chain nonpolar
PAH-B  hexagonal 42 alkyl chain nonpolar
PAH-C  hexagonal 42 alkyl chain nonpolar
PAH-1  hexagonal 42 ether (methyl) weak polar
PAH-2  hexagonal 42 ester (ethyl) strong polar
PAH-3  semi-triangular 48 ester (methyl) strong polar
PAH-4  semi-triangular 48 carboxyl strong polar
PAH-5  semi-triangular 48 carboxyl strong polar
PAH-6  hexagonal 42 alcohol (hydroxyl)  strong polar

hexanol, and ethanol), under different relative humidity (RH)
levels, by means of spectroscopic ellipsometry (SE) and quartz
crystal microbalance (QCM) — NOTE: RH is defined as the
ratio of the partial pressure of water vapor in the air—water
mixture to the saturated vapor pressure of water at the
prescribed temperature. The unique sensing properties of the
PAH-A are compared with PAH derivatives having carbon
corona of different shapes and sizes and terminated with either
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number of 60). These PAH molecules are able to self-assemble into
long molecular stacks with a large, electron rich, semiconducting core,
which guarantees good charge carrier transport along the molecular
stacking direction and a relatively insulated periphery.”">*>¢
Furthermore, the nanometer thick PAH columns can easily form
3D, micrometer sized, spongelike structures with a high surface-to-
volume ratio.*

Preparation of PAH Films. PAH-A, PAH-C, PAH-1, PAH-2,
PAH-3, and PAH-6 solutions were prepared at 1 X 107 M
concentration in toluene. PAH-4 and PAH-S solutions were prepared
at 1 X 107> M concentration in tetrahydrofuran (THF). PAH-B was
prepared at 1 X 107> M concentration in xylene. For spectroscopic

dx.doi.org/10.1021/am3013328 | ACS Appl. Mater. Interfaces 2012, 4, 4960—4965



ACS Applied Materials & Interfaces

Research Article

0.6 —— Decanol
os] @ s%RH _ SE  40%RH | — octana
= —— Hexanol
;\? 0.4 - - || | === Ethanol
~ 03] e Decane
 02] 1 2 s
] = di-Butylether
g:) J ﬁ Mestylene
* T d T T d T T T
1 2 4
150 0 0 0 30 420/RH 50 675
& CM :
(:! 450 |
>
—y
~
225 =
J
-0
T T T T T T T T T T
0 10 20 30 40 50 60 70

Time (min)

Figure 2. (a) Thickness changes of the PAH-A film measured by SE (NT = AT/T,, where AT stands for the change in the thickness and T}, stands
for the film’s thickness before exposure) upon exposure to various polar and nonpolar analytes in the presence of different humidity contents. (b)
Changes in frequency (—Af; right y-axis) of a QCM that is disturbed by the addition or removal of a small mass (Am; left y-axis) at the surface of the
acoustic resonator upon exposure to various polar and nonpolar analytes in the presence of different humidity contents.'® The polar analytes are
represented in green and blue, whereas the nonpolar analytes are represented in red, orange, and pink. The gap between the signals acquired in the

presence of nonpolar and polar analytes (an,P

) is presented by arrow 1 and the range of responses (RR) is presented by arrow 2. G

upp Was

calculated as lowest response to any nonpolar analyte minus highest response to any polar analyte, while RR as highest response to any of the

analytes minus lowest response to any of the analytes.

ellisopmetry (SE) experiments, 100 uL of PAH solution was drop-
casted onto planar p-type Si(100) substrate that was coated with a
thermally grown 100 nm SiO, layer. The samples were then slowly
dried under ambient conditions for 30 min and subsequently placed in
a desiccator and kept under vacuum overnight. This process led to the
formation of nearly continuous films, with thicknesses ranging
between 100 + 5 nm and 800 + 10 nm. For quartz crystal
microbalance (QCM) experiments, 2 uL of PAH solution was drop-
casted on gold-plated QCM resonators. The samples were then slowly
dried under ambient conditions for 30 min and subsequently placed in
a desiccator and kept under vacuum overnight. The deposition process
was repeated twice to completely cover the gold electrode with nearly
continuous PAH layers.

Exposure to Analytes. Oil-free, purified air, obtained from a
compressed air source that had a baseline RH of 5.0 + 0.2% and an
organic contamination of <0.3 ppm (measured by a commercial PID
detector — ppbRAE 3000), was used as a carrier gas for the analytes
and as reference gas. The vapors of different analytes or water were
produced by bubbling air through their liquid states, using glass
bubblers. The analyte saturated vapor was carried out the side arm of
the bubbler and diluted with a dilution flow of carrier gas at a flow rate
of 0.5-5.0 L/min. The RH of the dilution flow was regulated by
mixing dry (5.0 & 0.2% RH) and wet (100% RH, coming out of the
water bubbler) air flows. In this manner, the partial pressure of analyte
vapors could be varied between p,/p, = 0.01—0.2 (where p, stands for
the partial pressure of the analyte and p, stands for the saturated vapor
pressure at 21 °C) in an environment of 5% RH to 40% RH, where
humidity effects become seriously significant on the sensors perform-
ance.”’7** Unless otherwise stated, we focus our presentation on
analytes at p,/p, = 0.08 in an environment of either 5% RH or 40%
RH

For testing the effect of ambient humidity on the sensors’ responses,
binary mixtures of volatile analyte and water vapor were used. Sensing
experiments with SE and QCM were performed continuously at 20 +
2 °C, using three subsequent exposure cycles: (i) exposure to a dry air
flow (5.0 + 0.2% RH) for 10 min; (ii) exposure to the analyte of
interest at p,/p, = 0.01—0.2 in 5% or 40% RH background for 10 min;
and (iii) purging the chamber with a flow of dry air for 10 min. All
measurements were repeated three times in order to check the
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congruency of the results. The analytes used in the experiments were:
DI-water that is provided by a commercial water purification system
(Easypure II), 1-decanol (Sigma-Aldrich Ltd.), dibutylether (Sigma-
Aldrich Ltd.), mesitylene (trimethylbenzene; Sigma-Aldrich Ltd.), 1-
hexanol (Fluka Analitical Ltd.), 1-octanol (Fluka Analitical Ltd.),
ethanol (Frutarom Ltd.), n-hexane (Frutarom Ltd.), n-decane (Arcos
Organics), and n-octane (Merck Schuchardt Ltd.). All analytes had a
purity of more than 99%. All measurements were repeated three times
in order to check the congruency of the results. The responses of the
SE and QCM were satisfactorily reproducible from sample-to-sample
(2% variance) and from batch-to-batch (+3% variance). The PAH
films exhibited negligible changes over time (+2% experimental
error)—for an extended period of 6—8 months—as well as negligible
responses toward fluctuations in temperature (+2 °C) in the
measurement apparatus.

Spectroscopic Ellipsometry (SE). SE is an optical technique used
for studying dielectric properties and changes in thin film thicknesses.
These properties are calculated from the measurement of changes in
the polarization of the light that is reflected from the analyzed sample.
In the current study, reflected light spectra were recorded over a range
between 250—1700 nm using a variable angle rotating compensator
spectroscopic ellipsometer (M-2000U Automated Angle, J. A.
Woollam Co., Inc, USA), equipped with a specially designed
triangular exposure cell that allowed in situ measurements at 70°
incidence angle. The thickness of the SiO, layer was determined prior
to the deposition of the PAH films at three incidence angles (65°, 70°,
75°) on an open sample stage, using tabulated values for the refractive
indices of Si and $i0,.>*** A three-phase cap-layer/SiO,/Si model was
employed to extract the optical constants and the thickness (T) of the
PAH layers, using the effective media approximation to account for the
inclusion of voids into the PAH layer.*® SE was employed afterward to
monitor the thickness changes of the PAH layers during exposures to
the (gaseous) analytes, assuming that the changes in the optical
constants are much smaller than the thickness changes - NOTE: This
assumption is based on the similar dielectric properties of the organic
analytes and the organic cap-layers. Our SE probe had an area of about
1 X 5 mm?, and the thickness might vary locally. However, the increase
of the average thickness upon exposure to the analytes, measured in
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Table 2. Gap between the Signals Provided by Nonpolar and Polar Analytes Exposures (G,,,), and Spread of the Signals

Acquired upon Exposure to Nonpolar Analytes of Similar Nature (S

RH (%) Gopp Sap
SE (%) 5 029 + 0.05 0.09 + 0.02
40 0.23 + 0.04 0.12 + 0.02
QCM (ng) s 659 + 0.4 23.0 + 0.4
40 68.1 + 0.4 24.1 + 0.4

) and Polar Analytes of Similar Nature (S,)

np
S Gapp/Sap Gupp/Sp
0.08 + 0.01 3.22 + 048 3.61 £ 0.54
0.06 + 0.01 1.89 + 0.29 3.80 + 0.57
7.8 + 04 2.8 +0.1 82 + 0.1
92 + 04 2.8 +0.1 7.5+ 0.1

NT (%)

0.01-

1E-3-
3000l o L1 | |

mm Decanol mm Octane (C)
mm Octanol mm Hexane :
mm Hexanol mm di-Butylether :

a 2004 mm Ethanol mm Mesitylene E

= mm Decane ]

— | 7

< 100

0

(®)

Figure 3. Thickness changes of the various PAH layers (cf. Figure 1) measured by SE (NT = AT/T,, where AT stands for the change in the
thickness and T, stands for the film’s thickness before exposure) upon exposure to various polar and nonpolar analytes (a) $% RH, and (b) 40% RH;
and changes in frequency (—Af; right y-axis) of a QCM that is disturbed by the addition or removal of a small mass (Am; left y-axis) at the surface of
the acoustic resonator upon exposure to various polar and nonpolar analytes at (c) $% RH and (d) 40% RH.'® The polar analytes are represented in
green and blue, whereas the nonpolar analytes are represented in red, orange, and pink. For SE measurements, the error bars for the three repetitions
are shown. The error bars in the QCM measurements are not shown because they are negligible (1 Hz or +0.2208 ng). Representative reference
responses, viz. SE and QCM responses upon exposure to various RH levels without analytes, are presented in the Supporting Information, Figure 1S.

the same place of the sample, can be used as a measure for the amount
of analytes adsorbed on the PAH films.

Quartz Crystal Microbalance (QCM). QCM is a piezoelectric
mass-sensing device that has the ability to measure very small mass
changes, down to a fraction of a monolayer or a single layer of atoms.
QCM evaluates a mass per unit area by measuring the change in
frequency (f) of a quartz crystal resonator that is disturbed by the
addition or removal of a small mass (Am) at the surface of the acoustic
resonator. The relationship between Am and Jf is described by the
Sauerbrey’s equation

Am = —CASf (1)
where C;is the mass sensitivity (= 1.104 ng cm™ Hz™') and A is the
active area of the QCM resonator (= 0.2 cm?)." In the current study,
gold-plated QCM resonators (S mm in diameter; 20 MHz resonant
frequency) were used to explore changes in the mass of the PAH
sensing films caused by exposures to the (gaseous) analytes. Frequency
shifts (5f), before and after exposure to analytes, were recorded by
LibraNose 2.1 (Technobiochip, Elba Island, Italy), which is a system
composed of a measurement chamber with eight QCM sensors, an
internal micropump, and a microelectric valve that conveys the gas
samples to the measuring chamber.
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3. RESULTS AND DISCUSSION

Figure 2 presents changes in the SE and QCM signals of the
PAH-A thin film upon exposure to various polar and nonpolar
analytes at p,/p,= 0.08, in the presence of different RH
conditions in the background. As seen in the figure, exposure of
the PAH-A films to various analytes leads to abrupt changes in
the SE signals (changes in the thickness of the film; see the
Experimental Section). The SE signals stabilize quickly (within
1-2 s) and maintain almost a constant value during the whole
exposure period. This behavior is observed regardless the type
of the analyte. As for the QCM responses (changes in the
adsorbed mass of analytes in/on the film; see the Experimental
Section), all nonpolar analytes (excluding hexane) lead to slow
changes in the sensing signal, indicating an increase in the mass
of adsorbed analyte in/on the PAH-A film. In the case of
hexane, a very rapid change in film’s mass is produced
immediately after the exposure. However, following the rapid/
initial response, a continuous (slight) decrease in the response
is obtained. Further securitization of the results presented in
Figure 2 shows that the nonpolar analytes exhibit significantly

dx.doi.org/10.1021/am3013328 | ACS Appl. Mater. Interfaces 2012, 4, 4960—4965
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Table 3. Ratio between DA for PAH-A and All Other PAH Films, Based on the Results Obtained in Both SE and QCM Studies

RH DApar.a)/ DA par.a)/ DA par.a)/ DA pr.a)/ DA pa.a)/ DA pr.a)/ DA pr.a)/ DA pa.a)/
(%) DA(parB) DA par.c) DA@pan.1) DA@pan.2) DA pan.3) DApan.4) DApans) DApan.e)
SE S 1.1 +0.2 09 + 0.1 4.0 + 0.6 6.1 +09 33+ 0.5 3.1+0.S5 4.5 + 0.7 233 + 3.5
40 3.7+ 06 -32+ 0.5 125 + 19 2.8 + 04 3.5+ 0.5 1.3 £ 0.2 4.6 + 0.7 22 +03
QCM S 26.6 + 3.5 3.0 + 0.6 —40.8 + 5.9 4.8 + 0.3 43 +0.2 19 + 0.1 17.1 + 5.3 —-2.0 + 0.1
40 —-0.9 + 0.1 12 + 0.1 =35+ 0.1 35+0.1 34 +02 1.6 £ 0.1 32 +02 -14 + 0.1

higher signals than the polar analytes for both SE and QCM
platforms.

From Figure 2, we could calculate important parameters
associated with the detection ability of nonpolar analytes, such
as the gap between the signals acquired in the presence of
nonpolar and polar analytes (G,,,) and the spread of the
signals acquired in the presence of analytes of similar nature
(S,p and S, for nonpolar and polar analytes, respectively). The
extracted values (Table 2) show that G,,, is much higher (1.9
to 8.2 times higher) than either S, or S,. The values from
Table 2 obtained by QCM are similar at both S and 40% RH,
demonstrating the suitability of the PAH-A for the detection of
nonpolar analytes in the presence of counteracting background
of 5—40% RH.

Intuitively, the excellent sensitivity of PAH-A toward
nonpolar analytes under high counteracting humidity levels
(40% RH) could be ascribed to the hydrophobic nature of the
film. To examine this hypothesis, the sensing properties of
PAH-A were compared with other hydrophobic PAH
derivatives (PAH-B and PAH-C) as well as with a series of
hydrophilic PAH derivatives (PAH-1—-PAH-6). PAH-B and
PAH-C contain hydrophobic mesogens terminated with
hydrophobic alkyl chains similar in their chemical nature/
structure to those of PAH-A, whereas PAH-1—PAH-6 contain
mesogans terminated with hydrophilic functional groups such
as hydroxyl and carboxyl; see Figure 1 and Table 1. As seen in
Figure 3, the signals acquired by PAH-B, PAH-C, and PAH-1—
PAH-6 in the presence of nonpolar analytes are in general
slightly higher than the signals acquired in the presence of polar
analytes. However, in most cases, the G,,, values are
insignificant or even overlap each other. As a matter of fact,
only QCM that is coated with PAH-4 could lead to an obvious
distinction between the nonpolar and polar analytes. However,
increasing the background humidity from S to 40% RH
increases the G,,, by 133% and the S, by 151% (see Figure 3c,
d). This observation indicates that the PAH-A/QCM is highly
affected by the actual humidity background. Furthermore, the
nonadditive nature of this humidity effect is difficult to
compensate by post-treatment processes.17

The ability of the PAH films to discriminate between
nonpolar and polar analytes was examined further by dividing
the G,,, by the range of responses (RR = highest response to
any of the analytes minus lowest response to any of the
analytes, ie., the total spread of the responses to all analytes
analyzed), viz.:

)

Table 3 shows the ratio between DA calculated for PAH-A and
all other PAH films considered in this study (i.e., PAH-B, PAH-
C, and PAH-1-PAH-6). The fact that almost all values from
Table 3 are > [1l, independent of the measurement method
and/or background humidity, unequivocally demonstrates that
PAH-A is the most suitable material for clear differentiation
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between the nonpolar and polar analytes - NOTE: the negative
values in Table 3 indicate overlapping between the responses to
nonpolar and polar analytes in these cases. The excellent
sensitivity of the PAH-A might be ascribed to the preferred
dissolution of the nonpolar analgrtes into the PAH-A film, in
comparison to polar analytes.””*® The preferred analyte
dissolution leads to higher swelling effect (i.e, an increase in
the PAH-A film thickness) upon exposure to nonpolar analytes,
compared to polar analytes."” The low dissolution of the water
molecules in the PAH-A’s hydrophobic side-terminations
prevent the water penetration into the PAH-A film. However,
the QCM results demonstrate that the water molecules exist on
the PAH-A surface, most probably as a condensed layer. For
each analyte, the mass adsorbed on the PAH-A/QCM
(proportional to the measured Am or —Af; see the
Experimental Section) at 40% RH was higher than that
adsorbed at 5% RH (Figure 2). Additionally, the difference
between the QCM response at 40% RH and 5% RH was almost
constant (within +8% experimental error) and equivalent to
the mass of water layer condensed at the PAH-A/QCM surface.
With this in mind, it is reasonable to argue that water molecules
are adsorbed on the PAH-A surface, but do not affect the SE
signals, due to negligible changes in the PAH-A film thickness
and/or refractive index.

Measuring the SE and QCM responses of the PAH-A films
upon exposure to different analyte concentrations (see the
Experimental Section) revealed a detection limit of 1—10 ppm.
This range of detection limits is equivalent to the majority of
sensing technologies, but, on the other hand, is lower than
other state-of-the-art ones. For example, state-of-the-art
nanomechanical oscillators have high detection limits (down
to sub-ppb levels),**** but the high costs of fabrication and
high-vacuum and low-temperatures required for operation
make them currently impracticable to some extent. Addition-
ally, there is a substantial possibility that the high levels of RH
neutralize the frequency (changes) produced by the nano-
mechanical oscillators. Chemiresistors of conducting polymers
are simple to implement but the high response to humidity
(also, when the humidity coexist in mixtures containing 1—10s
ppm of nonpolar VOCs) can be a disadvantage.*"**
Chemicapacitors are more stable than chemiresistors, but the
response to humidity as well as the long times of response and
recovery might be a disadvantage.*> Polymer-coated surface
acoustic wave (SAW)44 or Q_CM45 sensors are mostly
responsive to humidity and limited to a detection level of few

4. SUMMARY AND CONCLUSIONS

The results presented in this study evidence excellent detection
of nonpolar analytes achieved with a gas-sensitive film made of
PAH-A. Even though the results presented here were obtained
through empirical observations, we believe that they are
extremely useful for important practical applications under
counteracting humidity conditions in the range between S and

dx.doi.org/10.1021/am3013328 | ACS Appl. Mater. Interfaces 2012, 4, 4960—4965
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40% RH. As yet, the origin of the sensing mechanism of the
studied PAH-A derivative is still puzzling. Studies investigating
the sensing properties of PAH molecules whose mesogen’s
shape and size as well as functional groups are, synthetically,
changed systematically, would provide an insight on the sensing
mechanism of the PAH-A. Since the hydrophobicity per se
cannot explain the obtained results (mainly PAH-A versus
PAH-B and PAH-C), studying the self-assembly and morpho-
logical properties of the PAH-A is of critical importance.
Elucidating the PAH-A discriminative power toward nonpolar
analytes under higher humidity (40—100% RH) conditions,
where the interference of water molecules is likely higher than
in the 5—40% RH region,””~** would widen the spectrum of
applications of this material under counteracting humidity
conditions in the future. The method is simple to apply and
interpret, and does not require the use of sophisticated pattern
recognition algorithms.

B ASSOCIATED CONTENT
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Exposure of PAH-A, PAH-C, and PAH-4 to variable humidity
levels, without analytes. This material is available free of charge
via the Internet at http://pubs.acs.org.
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