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ABSTRACT

Arrays of broadly cross-reactive sensors are key elements of smart, self-training sensing
systems. Chemically sensitive resistors and quartz-crystal microbalance (QCM) sensors are
attractive for sensing applications that involve the detection and classification of volatile
organic compounds (VOCs) in the gas phase. Polycyclic aromatic hydrocarbon (PAH)
derivatives as sensing materials can provide good sensitivity and robust selectivity towards
different polar and nonpolar VOCs, while being quite tolerant to large humidity variations.
Here, we present a comparative study of chemiresistor and QCM arrays based on a set of
custom-designed PAH derivatives having either purely nonpolar coronas or alternating
nonpolar and strongly polar side chain termination. The arrays were exposed to various
concentrations of representative polar and nonpolar VOCs under extremely varying humidity
conditions (5-80% RH). The sensor arrays’ classification ability of VOC polarity, chemical
class and compound separation was explained in terms of the sensing characteristics of the
constituent sensors and their interaction with the VOCs. The results presented here contribute

to the development of novel versatile and cost-effective real-world VOC sensing platforms.

KEY WORDS: Polycyclic Aromatic Hydrocarbon; volatile organic compound; polarity;

sensor array; chemiresistor; quartz-crystal microbalance
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INTRODUCTION

Arrays of broadly cross-reactive sensors have received significant attention as key elements of
smart, self-training sensing systems.'” These arrays could meet the growing demand for rapid
and flexible online detection of a wide range of chemical and biological agents in different
branches of industry, homeland security,™ ¢ environmental monitoring,” " * and medical
diagnosticsl's’ 20 Combined with statistical algorithms, these sensor arrays can provide
convenient bionics of the mammalian olfactory system for identifying complex gas samples,
without the necessity of identifying their separate ingredients.l'5 In this configuration, every
sensing element responds to all or to part of the chemical compounds in the gas sample. Odor-
specific response patterns are then established by applying pattern recognition- and
classification algorithms.*"" * A sensor array can be trained for the selective detection of a
specific odor by repeated exposure. Thereafter, unknown samples can be identified by
comparison with the patterns stored in a database.

When using this strategy, the sensing platforms and sensing materials must be
prudently chosen to ensure sufficient detection limits and dynamic ranges for the chemical
compounds that cause the odors of interest.””* Additionally, it has to be chosen with tolerance
to variable background parameters that typically occur in real-world applications." * ° For
example, varying levels of ambient humidity usually alter the sensing signals, leading to a
decrease in sensitivity and selectivity towards the desired compound(s).'* ** The
implementation of the sensors should be simple and cost-effective enough to be economically
viable for real-world applications. Sensors with electronic and electro-acoustic transduction

mechanisms, such as chemically sensitive resistors**™

and quartz-crystal microbalance
(QCM) sensors®*?® are among the most attractive and widespread elements for sensing

applications that involve the detection and classification of volatile organic compounds

. 9,11, 13, 16, 19, 20, 24, 37
(VOCs) in the gas phase.” > "> 77> 7
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Recently, we have shown that polycyclic aromatic hydrocarbon (PAH) derivatives as
sensing materials in chemiresistors, field effect transistors or QCM sensors can provide good
sensitivity and robust selectivity towards different polar and nonpolar VOCs, while being
highly tolerant even to drastic humidity variations.'" ** 3* ¥4 For example, we have shown
that a bilayer structure with a quasi 2D network of single wall carbon nanotubes (RN-
SWCNTs) as an under-layer and a micron-thick PAH film as an overcoat, can provide
excellent detection and classification between polar and nonpolar VOCs, both in dry
atmospheres with ~ 5% relative humidity (RH) and in almost fully humidified atmospheres
(~80% RH).3 33438 Electrical current flowing through the structure favors the low resistance
RN-SWCNTs, and, therefore, the PAH films serve mainly as an adsorption phase for the
targeted VOCs.** ***° Nevertheless, the interaction between the VOCs the chemical/physical
properties of the PAH sensing materials, as well as their incorporation into arrays of
chemiresistors and QCM sensors still need further exploration.

Here, we present a comparative study of the sensing performance of six custom-
designed PAH derivatives having purely nonpolar alkyl side chains or alternating nonpolar
and strongly polar side chain termination. The PAH layers were applied as sensing elements
in PAH-functionalized RN-SWCNT chemiresistors and in PAH-coated QCM sensors. The
sensing responses to representative polar and nonpolar VOCs from the families of alcohols,
alkanes, ethers and aromatics were studied at a range of concentrations and under extremely
varying humidity conditions, from dry to almost fully humidified atmospheres. The
classification ability of VOCs polarity, chemical class and compound separation was
determined for chemiresistor arrays and QCM sensor arrays incorporating the same set of
sensing materials and was explained in terms of the sensing characteristics of the constituent

sensors. Sub-arrays containing either PAH with nonpolar alkyl side chains or PAHs

ACS Paragon Plus Environment

Page 4 of 38



Page 5 of 38

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

containing alternating nonpolar and strongly polar end groups were tested and compared in

order to gain better insight into the interaction between VOCs and PAH sensing elements.

EXPERIMENTAL SECTION
Device preparation
The properties (core and side-chains) and the widely modified molecular structures of the six
PAH derivatives that were used in this study are listed in Table 1. The cores are hydrophobic
mesogens, either aromatic cores with a carbon number of 42 (PAH-B, PAH-C), semi-triangle
shaped aromatic cores with a carbon number of 48 (PAH-3, PAH-4 and PAH-5), or a triangle-
shaped core with a carbon number of 60 (PAH-A). The side chains are different straight and
branched alkyl chains that are in part terminated with functional substituents, such as ester
(PAH-3) and carboxylic acid (for PAH-4 and PAH-5). The synthesis of the three PAH
derivatives with nonpolar side-chains (PAH-A, PAH-B, PAH-C) has been described in Refs.
41, 42. The synthesis of the three PAH derivatives with alternating nonpolar and strongly
polar side-chains (PAH-3, PAH-4, and PAH-5) will be described elsewhere. 10° M PAH
solutions were prepared in toluene (PAH-A; PAH-C; and PAH-3), in tetrahydrofuran (PAH-4;
and PAH-5) or in xylene (PAH-B). PAH molecules easily self-assemble into long molecular
stacks with a large, electron rich, semiconducting core, providing good charge carrier
transport along the molecular stacking direction and a relatively insulating periphery.*"* #*
The molecular PAH columns typically form micrometer sized, and sponge-like 3D structures
with a high surface-to-volume ratio.*> 3% 4

Mass-sensitive sensors were prepared by drop-casting 2ul. of PAH solution on gold-
plated Quartz Crystal Microbalance (QCM) resonators. 33,34, 39.40.96 The devices were dried

for 30 min under ambient conditions, then placed into a desiccator and kept overnight under

vacuum. Chemiresistors were prepared from hybrid layers of quasi-2D random networks of
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single walled carbon nanotubes (RN-SWCNTs) that were capped with micron-thick PAH
layers, as described previously.™ ** * Briefly, 10 pairs of circular interdigitated (ID)
electrodes (outer diameter: 3000 um; electrode spacing & electrode width: 25 um) were
deposited on substrates (p-type Si (100) with a lum thermal oxide), by electron-beam
evaporation of 25nm/200nm Ti/Au, using conventional photolithography. Electrically
continuous RN-SWCNTs were prepared by drop-casting 0.02%wt SWCNT solution (ARRY
International LTD, Germany; average diameter: 1.5 nm; average length: 7 pum; ~30%

metallic/70% semiconducting) in dimethylformamide (DMF; Sigma Aldrich Ltd.; >98%
purity) onto the ID electrodes. The RN-SWCNT devices were dried overnight in a vacuum
oven and subsequently coated with chemiresistive PAH layers by drop-casting 2ul. of
solution. The PAH/RN-SWCNT chemiresistors were dried under ambient conditions for 30
min, subsequently placed in a desiccator and kept under vacuum overnight. The PAH
deposition process was twice repeated to obtain nearly continuous PAH cap-layers, as in the
QCM devices. The morphology of the PAH films in both chemiresistors and QCM devices
were similar to each the other and were similar to those presented and discussed by us in an

earlier report.”®

Description of the Sensor Arrays

Two sensor arrays were studied. The constituent sensors of these arrays are summarized in the
Table S1 in the supporting information. Array 1 incorporated six PAH/RN-SWCNT
chemiresistors. Array 2 consisted of six PAH-functionalized mass sensitive QCM devices.
Each of the six constituent sensors was functionalized with one of the six PAH derivatives
listed in Table 1; both arrays included all of the six available PAH derivatives. The PAH
derivatives formed two groups (see Table 1): (i) PAH-A,B&C had different poly-aromatic

cores and different nonpolar hydrophobic alkyl side-chains; (ii)) PAH-3,4&5 had the same
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semi-triangular poly-aromatic cores (carbon number: 48) and different side chains: alternating
nonpolar hydrophobic alkyl side-chains and strongly polar hydrophilic side-chains terminated
with different polar functional substituents.

Array 1 was characterized by electrical measurements before and after exposure to a
series of polar and nonpolar VOCs (see Table 2) at various concentrations and under different
relative humidity (RH) backgrounds. Array 2 was characterized by mass absorption

measurements under the same exposure conditions (see below).

Exposure to VOC Vapors

Table 2 lists the polar and nonpolar VOCs that were used in this study: DI-water from a
commercial water purification system (Easypure II); 1-decanol, dibutylether and mesitylene
(all from Sigma-Aldrich Ltd.); 1-hexanol and 1-octanol (from Fluka Analytical Ltd), ethanol
and n-hexane (from Frutarom Ltd.); n-decane (from Arcos Organics); n-octane (from Merck
Schuchardt Ltd). Purity of all VOCs >99%.

VOC vapors were supplied to the sensors using an automated, computer-controlled
flow system, capable of regulating the VOC concentrations and the background humidity
level. Oil-free, purified air from a compressed air source (baseline RH: 5.0+0.2%; organic
contamination determined by a commercial PID ppbRAE 3000 detector < 0.3 ppm), was used
as a carrier gas and as a reference gas. The VOC or water vapours were produced by bubbling
air through liquid VOCs in glass bubblers. Saturated VOC vapors were carried out from the
side arm of the bubbler and diluted with a carrier gas at a flow rate of 0.5-5.0 L/min. By
regulating the flow between the saturated VOC vapor and the gas carrier, various
concentrations (p,/p,=0.05 to 0.2, where pa stands for the partial pressure of the VOC and po
stands for the saturated vapor pressure at 21 °C)*’ were achieved. The background relative

humidity (RH; i.e. the ratio of the partial pressure of water vapor in the air—water mixture to
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the saturated vapor pressure of water at the prescribed temperature) of the carrier gas was
regulated by a deliberate mixing of dry air (5.0 = 0.2% RH) and fully humidified air (100%
RH) coming out of the water bubbler) flows. Three main background RH were used: 5%,
40% and 80% RH.

Sensing experiments were performed continuously, using 9 subsequent exposure
cycles in a flow mode with incremental increase of the VOC concentration: (i) exposure to
synthetic dry air flow with RH=5% for 10 min; (ii) exposure to VOC vapor at p,/p,=0.05 at a
fixed background RH for 10 min; (iii) purging the chamber with dry air for 10 min; (iv)
exposure to VOC vapor at p,/p,=0.10 (fixed RH background) for 10 min; (v) purging the
chamber with dry air for 10 min; (vi) exposure to VOC vapor at p,/p,=0.16 (fixed RH
background) for 10 min; (vii) purging the chamber with dry air for 10 min; (viii) exposure to
VOC vapor at p,/p,=0.2 (fixed RH background) for 10 min; (ix) purging the chamber with dry
air for 10 min.*’ These 9 exposure cycles were performed for three fixed background RH
levels of 5%, 40% and 80%.*® Every experiment was run twice to test reproducibility. Array 1
was characterized by electrical measurements during the multi-cycle exposures to a series of
polar and nonpolar VOCs (see below). Array 2 was characterized continuously by mass

absorption measurements under the same exposure conditions (see below).

Electrical Measurements

The six PAH/ RN-SWCNT chemiresistors were integrated into TOS5 holders by wire bonding.
The bonded devices were then mounted on a custom circuit board with twenty separated
sensor sites and were horizontally inserted into a 350 ml stainless steel exposure chamber.
Both gas inlet and outlet were parallel to the sensors stage in the chamber. The changes in
resistance under VOC exposure were measured using the Agilent multifunction switch 34980.

A Stanford Research System SR830 DSP lock-in amplifier controlled by an IEEE488 bus
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was used to supply the AC voltage signal (0.2 V at 1 kHz) and to measure the corresponding
current (<10pA in the studied devices). The entire system was controlled by a custom
Labview program. The relative resistance change, AR/R; was determined from the measured
data (see supporting information, Figure S1b), where AR is the resistance change (R-Rj) of the
film upon exposure to VOC and R, is the films baseline resistance in dry air prior to the

exposure.

Mass Absorption Measurements

QCM sensors are piezoelectric mass-sensing devices that can detect very small mass changes,
down to a fraction of a monolayer or a single atomic layer. A QCM sensor measures the
change in frequency (Jf) of a quartz crystal resonator resulting from the addition or removal
of a small mass (4m) at the surface of the acoustic resonator. Am can be determined from Jf

using the Sauerbrey’s equation, Am=-C,4-6f; C: mass sensitivity (here:1.104 ng-em’

2.Hz"); 4: active area of the QCM resonator (here: 0.2 cm?). The frequency shifts (¢f), before
and after exposure to VOC vapors were recorded simultaneously for the six PAH-QCM
sensors, using a LibraNose 2.1 system (Technobiochip, Elba Island, Italy). This QCM system
incorporates a stainless steel exposure chamber with eight QCM mounts that are located in
parallel to gas flow, an internal micro-pump and a micro-electric valve that conveys the VOC
vapors to the exposure chamber with the sensors. The gas inlet entered from the bottom of the
chamber and the outlet stream exited from its top. The relative frequency shift, Af/f,,, was
determined from the measured data (see supporting information, Figure Sla), where Afis the
frequency change (f— f) of the device upon exposure to VOC and f; is the baseline frequency.
The baseline normalizations were carried out in order to remove any variability due to the use
of different film thickness and/or mass between experiments on a given type of film. The
results were given as relative mass change, Am/my.

9
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Statistical Analysis of the Sensors Array Output

Collective patterns were derived from the output of the sensor arrays, using principle
component analysis (PCA) and discriminant factor analysis (DFA).*’ PCA is a non-supervised
linear multivariate analysis method which reduces the complexity of the data-set, from initial
n-dimensional space to a few dimensions. This is done using a linear combination of the
original measured variables resulting in new uncorrelated (orthogonal) variables called
principle components (PCs). These PCs allow preserving the date-set inherent structure while
its resulting variance is maximized. PCA is performed with no information on the
classification of samples and it is based solely on the intrinsic variance of the original data set.
On the other hand, DFA is a supervised linear multivariate analysis method that is supplied
with the classification information regarding every measurement in the training set. DFA
finds new orthogonal axes (canonical variables) as a linear combination of the input variables,
computing these factors for minimizing the intra-class variance while maximizing the inter-
class variance. The classification accuracy is determined by leave-one-out cross-validation.
Given n measurements, DFA is computed n times using n-/ training vectors. The left out
vector (i.e. the validation vector that is invisible during the training phase) is then projected
onto the DFA model, producing a classification result. The classification accuracy is
estimated as the averaged performance over the n tests. The statistical tests were performed by

SAS JMP, ver. 9.

RESULTS AND DISCUSSION

Response Characteristics of PAH/RN-SWCNT Chemiresistors and PAH-QCM

Each of the twelve tested sensors in array 1 & array 2 (see supporting information, Table S1)
responded rapidly and reproducibly to the exposure of the polar and nonpolar VOCs that are

listed in Table 2, at the studied concentrations between p,/p,=0.05 and p,/p,=0.2, and under

10
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different RH background levels of 5%, 40% and 80%. All signals were well above the
detection- and quantification limits of the sensors. Two representative examples of the
recorded net sensing responses (of the PAH-4 QCM sensor and the PAH-4/RN-SWCNT
chemiresistor during one complete hexane cycle at 5% RH), are given in the supporting
information, Figure S1.

Negative frequency shifts were observed for all the PAH-coated QCM sensors upon
exposure to the VOCs, corresponding to an increase in the PAH films’ mass. This mass
increase could be due to (i) dissolution of VOC molecules into the PAH layer, and/or (ii)
accumulation of VOC molecules on top of the PAH layer surface. Positive resistance shifts
were observed for all six PAH/RN-SWCNT chemiresistors, corresponding to a decrease in
the PAH films’ conductivity. When switching off the vapor supply and purging the exposure
chamber with dry air, the QCM sensors returned rapidly to their baseline frequencies. The
baseline shifts were negligible. The chemiresistors showed a small and constant drift in
baseline resistance with time. The changes in the electrical resistance and resonant frequency
that can be observed in Figure 1S of the supporting information were caused exclusively by
exposure to the VOC/water vapors since the total flow rate, RH level (£3%) and temperature
(2 °C) were maintained constant throughout the experiments. Evidently, as the VOC
concentration increased, the responses, in their absolute value, increased as well. For the sake
of comparative analysis, we extracted the relative responses in the form of AR/R;, and Am/my
form the measured time-dependent sensing responses of the chemiresistors and of the QCM
sensors, respectively.

The sensing properties of PAH-films are primarily determined by the properties of the
side chains of the PAH molecules. Figure 1 compares the performance as sensing matrix in
chemiresistors and QCM devices of a PAH derivative with only nonpolar side-chains to that

of a PAH derivative having strongly polar outer termination. PAH-A with branched alkyl

11
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chains was taken as a representative example of the former, and PAH-4 with alternating
branched alkyl and carboxyl terminated phenyl side-chains served as representative example
for the latter.

Figures 1 (a&b) show AR/R, of the PAH-A/RN-SWCNT and PAH-4/RN-SWCNT
chemiresistors vs. the VOC concentration (p./p,) for all studied VOCs at 5% background RH.
Figures 1 (c&d) show the concentration dependence of Am/m; for QCM devices incorporating
the same PAH films under identical conditions. It was observed that for all tested VOCs both
R/R, and Am/my, increased in good approximation linear with increasing VOC concentrations
(R* > 0.9) within the tested range of concentrations (p,/p,=0.05-0.2). The chemiresistors
exhibit good VOC separation of similar magnitude over the entire range of compositions for
both PAH molecules, while the signals of the QCM devices overlapped strongly at
Ppa/P,=0.05, but fanned out at higher concentrations. This trend was more pronounced for
PAH-A than for PAH-4.

Both PAH-A and PAH-4 showed lower uptake of the polar VOCs than of the nonpolar
ones (see Figure 1 c&d); the mass uptake of PAH-A was almost negligible and smaller than
that of PAH-4, in agreement with our earlier studies.”® However, the relatively small mass
changes after polar VOC exposure were sufficient to produce significant changes in the
electrical resistance both for PAH-A and PAH-4. In contrast, the nonpolar VOCs yielded
significant mass uptakes correlated with relatively low changes in AR/R;, (see Figure 1 a&Db).
Remarkably, the uptake of polar molecules and water was smaller for PAH-A than for PAH-
4, while their resistance responses were similar. Hence, the difference in sensing performance
between the QCM devices and the chemiresistors must be more pronounced for the PAH-A
macromolecule with the nonpolar side-chains than for PAH-4 with mixed nonpolar and polar

side chains. This could be observed clearly when plotting AR/Ry, vs. Am/my, (see Figure 1 e&f).

For PAH-A, the curves for the polar VOCs had a very steep increase of AR/R;, within a very

12
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small Am/my interval and remained close to the AR/R; -axis, while the curves for nonpolar
VOCs were shallow and displayed only a moderate increase of AR/Rj, with increasing mass
uptake. PAH-4 showed a similar but considerably less pronounced trend.

The change in the slopes of AR/Rj, vs. Am/m; was illustrated in Figures 1 g&h by
plotting their ratio against the VOC concentration for PAH-A and PAH-4, respectively. For
the nonpolar VOC:s, the ratios of AR/R, and Am/m;, were almost constant and close to 1 over
the entire range of VOC concentrations. This trend was observed both for PAH-A and PAH-4.
The good agreement between mass uptake and resistance response could possibly indicate the
following: the nonpolar VOCs causing the observed mass increase of the PAH layer were
mostly dissolved into the layer (and did hardly accumulate on top of the layer surface), thus
causing a corresponding volume change or fractional swelling of the PAH film, which in turn
disrupted the underlying RN-SWCNTs, thus leading to the observed proportional increase in
the electrical resistance. However, further investigations of the morphological changes of the
PAH layer under VOC exposure would be necessary before far-reaching conclusion can be
drawn. In contrast, a strong discrepancy was observed for polar VOCs at low concentrations
between resistance response and mass uptake. This trend was most pronounced for all the
polar VOCs (except for water) at the lowest VOC concentration of p,/p,=0.05. Again, the
discrepancies were more obvious for PAH-A (4R/R; up to two orders of magnitude higher
than Am/m;) than for PAH-4 (about 1 order of magnitude difference). The discrepancies
decreased monotonically, in a linear way, for increasing VOC concentrations, but still
remained higher than for the nonpolar VOCs over the entire range of concentrations. We
propose the following educated guess about the possible underlying physical mechanism:
only part of the polar VOCs could be dissolved into the PAH layer, while the rest remained on
the surface, forming VOC accumulation layer.so’ 11t would be reasonable to assume that at

low VOC concentrations the proportion of VOC molecules entering the PAH layer would be

13
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higher than at higher concentrations, due to saturation.””* However, as mentioned before,
detailed morphological studies under VOC exposure would be necessary to confirm this
hypothesis. For pure water vapor at concentrations of p,/p,=0.05-0.2, the relative resistance
response AR/R, of PAH-A was about 30 times higher than relative mass uptake Am/m;, while
AR/Ry, of PAH-4 was only about 5 times higher than Am/m;. Clearly, the sensing mechanism
for polar VOCs is more complex than for nonpolar VOCs and most probably results from an
interplay of different physical mechanisms for the interaction of the polar VOCs with the
PAH layer that are related to charge exchange and/or dielectric effects. This may include, but
are not limited to: (a) a decrease in the electron hopping rate in the film caused by an increase
in the dielectric constant of the film's medium® due to the incorporation of polar molecules
having a high dielectric constant than the PAH host layer (see Table 2); and/or (b) a reduction
in the concentration of the charge carriers and, hence, in the conductivity, of the PAH layer,
probably due to electron withdrawal by the electronegative oxygen atom in the hydroxyl
group attached to the saturated carbon in the polar molecule.”

Similar trends were observed for all six PAH derivatives, both as chemiresistors and
as QCM sensors, irrespective of the humidity background levels. The heat-map representation
in Figure 2 summarizes the relative resistance changes for the six studied PAH derivatives to
polar and nonpolar VOCs at concentrations between p,/p, = 0.05 and p,/p, = 0.2 and under
low (5%), intermediate (40%) and high (80%) background RH levels. The corresponding
relative mass changes are summarized in Figure 3. We assume that the sensing of polar and
nonpolar VOCs by the PAH films is related to molecular interactions such as dipole
interactions and van der Waals forces between the VOCs and PAH macromolecules, as well
as to the film’s microstructure. At the molecular level, we assume parameters like core size
and shape, conjunction length, side chain nature and length and intermolecular forces (such as

46, 56

hydrogen bonding, van der Waals and aromatic/n-stacking®’) can dominate individually or

14
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cooperatively to establish the organization of the system, thus may influence the charge
transport. At the macrostructure level, we assume that parameters like film morphology,

distribution of delocalized hopping states and density and height of grain boundary barrier™®

©CoO~NOUTA,WNPE

10 may also affect the conductivity. The interactions between VOCs and sensing film most likely
12 modulate one or more of these parameters, thus regulating the current density through the
14 film.

16 The following observations emerged from a comprehensive comparative analysis of
the sensing signals:

21 (1) The responses of all chemiresistors and QCM sensors increased systematically as
23 higher VOC concentrations were introduced. The increase of the sensing response
25 was in good approximation proportional (linear) to the increasing VOC
concentration.

30 (i)  All PAH/RN-SWCNTs chemiresistors exhibited a higher resistance increase to
32 ethanol than to the other VOCs. Among the nonpolar VOCs, the highest resistance
34 increase was observed for decane.

36 (ii1))  All PAH-coated QCM sensors showed the highest mass increase when exposed to
the aromatic compound mesitylene. Indeed, mesitylene can act as a solvent for the
41 PAH macromolecules. It is reasonable to assume that aromatic-aromatic
43 interactions and/or van der Waals forces between the fused benzene I rings in the
45 PAH cores and those of the mesitylene occur that cause the enhanced mass uptake.
47 (iv)  In most cases the PAH-A,B&C/RN-SWCNTs chemiresistors, which possess only
50 hydrophobic alkyl side-chains, showed lower resistance increases than the PAH-
52 3,4&5/RN-SWCNTs, which possess alternating hydrophobic alkyl side-chains and
54 hydrophilic side-chains terminated with different polar functional substituents. The

56 same was observed for the PAH-coated QCM sensors.

60 15
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)

(vi)

(vii)
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In all PAH/QCM sensors the mass adsorption of nonpolar VOCs was higher than
that of the polar VOCs, while in most PAH/RN-SWCNTs sensors the polar VOCs
exhibited higher increases in resistance than the nonpolar VOCs, with the exception
of decane.

One of the most crucial practical issues in the gas sensing field is the influence of
the humidity on the sensing parameters. Many studies have assessed the response
of sensors to different VOCs, using dry nitrogen as the carrier gas. However, most
practical gas sensing applications involve operation under atmospheric conditions
with moderate to high humidity back grounds. Here we have studied and compared
the performance of the tested PAH-based sensors in dry air (~5% RH) and in
humidified air (~40% and ~80% RH). All chemiresistors showed a clear increase in
resistance when the background RH levels were increased, while the VOC
concentration remained the same (see Figure 2). Most resistance responses to
VOCs diluted in 80% RH were higher than the response to the same VOCs at 5%
RH, as illustrated by the drastic change of the response patterns in the heat-maps in
Figure 2. For example, all PAH/RN-SWCNTs exhibited high responses upon
exposure to ethanol, which became more substantial than 80% RH. Interestingly, as
the RH background increased, the resistance responses to the nonpolar VOCs
increased stronger than those of the polar VOCs (excluding mesitylene, which for
most PAH films showed the opposite trend).

In contrast, the QCM sensors gave only very low mass uptakes of water (<0.3%),
even at fractions of saturated VOC vapor pressure up to 20%. In general, the PAH-
coated QCM sensors did show a small increase in response to a specific VOC at a
set concentration after a higher humidity background was introduced. However, the

heat-maps in Figure 3 reveal that the response patterns of the QCM sensors were

ACS Paragon Plus Environment

Page 16 of 38



Page 17 of 38

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

not dramatically affected by the drastic increase in the RH background level from
5% to 80%. The only exception was the performance of the PAH-B QCM sensor in

an atmosphere of 80% background RH.

Performance of Cross-reactive Sensors Arrays

The discriminative power of the PAH/RN-SWCNT chemiresistor array (Array 1; see
supporting information, Table S1) and the PAH-QCM sensor array (Array 2) under different
RH background levels was tested and compared by means of collective statistical treatment of
the sensing responses of the constituent sensors, using both non-supervised (i.e., PCA) and
supervised (i.e., DFA) linear multivariate data analysis methods (see Experimental Section).
Initially, PCA was used to remove the redundancy of variables and to depict representative
maps of the data obtained from both sensor arrays. This is achieved using a linear
combination of the original measured variables (i.e., AR/R;, for array 1 and A4m/m,, for array 2),
resulting in new uncorrelated variables called principle components (PCs). These PCs allow
the reduction of the data dimensionality, facilitating its visualization while retaining as much
information as possible.

The main panels of Figures 4 (a&b) show PCA plots that depict the separation
between all nine VOCs examined in the study (see Table 2) at p,/p, = 0.05 and 0.2 and RH=5-
80%, using arrays 1 and 2, respectively. In the large panel of Figure 4a, it can be seen that
PC1 (63.3%), PC2 (22.8%) and PC3 (5.8%) account for 91.9% of the total variance. In the
large panel of Figure 4b, it can be seen that PC1 (76.6%), PC2 (15.3%) and PC3 (5.5%)
account for 97.4% of the total variance. Although it is rather difficult to observe clear clusters
and trends in these figures, the separated PCA plots for the three RH levels provide better
visualization of the data-set. The side panels of Figure 4a shows that the six PAH-

functionalized RN-SWCNT chemiresistors in array 1 effectively differentiate between the
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various VOCs under 5% RH background environment. As seen in the PCA panel at 5% RH,
the data points of the polar VOCs (i.e., decanol, octanol, hexanol and ethanol; presented as
blue and green hollow triangles) were rather spread over the top-right quarter of the plot.
From the same panel, it can be seen also that the points of nonpolar VOC data (i.e., decane,
octane, hexane, dibutylether and mesitylene; presented as full orange, violet and reddish
shapes) are scattered over (or in proximity) to the bottom-left quarter of the plot. However,
increasing the RH background levels to 40% and 80% RH blurs this separation slightly.

The PCA plots ascribed to the six PAH-coated QCM sensors in array 2 (see side
panels of Figure 4b) show that the data points of the polar VOCs under atmosphere of 5% RH
are concentrated in the bottom-left quarter of the plot. Additionally, the same plot shows that
the nonpolar data points are scattered mostly in the right hemisphere of the plot. While slight
overlap of data points is presented under atmospheres of 40% and 80% RH, their general
distribution does not change compared to that obtained under 5% RH background.
Interestingly, both array 1 and array 2 exhibit an increase in the PC1 values upon increasing
the concentration from p./p,=0.05 to p./p,=0.2 for all examined VOCs. Note that the PC
values calculated for each VOC in the separate panels were not identical to the PC values
presented in the main figure, because the input data for the models was different.

In order to extensively study and evaluate the classification abilities of the two arrays
we employed several DFA models on the data-set. The main panel of Figure 5a shows how
array 1 successfully separated the entire group of polar VOCs from the entire group of
nonpolar VOCs (cf. Table 2) at mixed concentrations between p,/p, = 0.05 and 0.2, and under
extremely variable RH background levels between 5% and 80% RH. The side panels provide
separate DFA models for the three RH background levels. Note the CV1 values calculated for
each VOC in the separate DFA models were not identical with the CV1 values of the same

VOC at the corresponding RH levels in the overall model, because the input data for the
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models was different. The corresponding classification accuracies were derived by leave-one-
out cross validation and are listed in Table 3. Despite the extreme variation in concentrations
and RH levels within the two compared VOC groups, the six PAH-functionalized RN-
SWCNT chemiresistive sensors of array 1 achieved a good overall classification accuracy of
73.2%, using only one type of input variable (AR/R;) from each sensor. As seen in the main
panel of Figure 5a, the nonpolar VOCs at the lowest RH level (5%) formed a tight cluster of
data points (full blue squares) that was well separated from the polar data points under 5% RH
(hollow red squares). The latter gave rise to two separate clusters corresponding to ethanol at
different concentrations spreading out to the upper right corner of the DFA map and all other
polar VOCs within a tight cluster on the upper left side of the nonpolar cluster. However, with
increasing RH background levels (40% RH and 80% RH) the clusters of polar and nonpolar
VOCs spread out and the data points gradually shifted from the right hemisphere of the DFA
map (i.e. positive values of CV1) to the left hemisphere (i.e. towards negative CV1 values).
The separate DFA models for the three RH levels further illustrate this trend (see side panels
of Figure 5a): The two clusters were very well defined and perfectly separated in an
atmosphere of 5% RH, spreading out and moving closer together while the RH level was
increased to 40% (classification accuracy of polar vs. nonpolar VOCs of 94%; see Table 3),
until the clusters started to overlap at 80% RH, slightly reducing the classification accuracy to
87%.

Array 2 of the six PAH-coated QCM mass-sensitive sensors achieved an even better
overall separation between the two groups of polar and nonpolar VOCs (see Figure 5b and
Table 3), with an excellent classification accuracy of 92% after cross validation. The separate
DFA analysis at a low background RH of 5% yielded two clusters that were less well-defined
and closer together than the corresponding clusters derived from the resistance responses of

array 1. Nevertheless, the intra-cluster spread of data points, the inter-cluster separation, the
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classification accuracy and even the cluster position on the CV1 axis were hardly affected by
the strong increase in background RH between the partial models for 5%, 40% and 80% RH
represented in the side panels of Figure 5b. Hence, an array of the PAH-coated QCM sensors
such as array 2 could be used for the accurate classification of a VOC’s polarity in an
atmosphere of extremely variable humidity.

Afterwards, we attempted a more detailed classification of the studied VOCs
according to the four different chemical groups that they belong to: alcohols, alkanes, ethers
and aromatics (see Table 2). Each group contained different VOCs at concentrations between
Ppa/P,=0.05 and p,/p,=0.2 at variable background RH levels between 5% and 80%. The large
panel in Figure 6a displays a three-dimensional DFA model that was derived from the
resistance responses of array 1. As the figure shows, the clusters of the four chemical groups
were spread out and overlapped, when analyzing all the data at the different background RH
levels together, so that no separation between could be achieved. The classification accuracy
of the four groups was almost arbitrary after cross-validation (57%; see Table 3). This failure
resulted from the strong sensitivity of the PAH-functionalized RN-SWCNT sensors to the
humidity background. However, when analyzing the data separately at their three separate RH
levels, excellent classification results could be achieved. This can be seen in the three side
panels of Figure 6a, which demonstrate 2-dimensional DFA maps of the first two canonical
variables (CV1 and CV2). At 5% background RH, each chemical group formed a tight
cluster. The four clusters were well-separated from each other with a total classification
accuracy of 97% after cross-validation. Thereby the cluster of the polar alcohols was
especially far removed from the other three clusters of the nonpolar groups of alkanes, ethers
and aromatics. However, as the humidity background increased, we observed a pronounced
increase of the intra-cluster data spread within each chemical group and a decrease in inter-

cluster separation, leading to a decrease in classification accuracy of 94% for 40% RH to 80%
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for 80% RH (see Table 3). The inability to classify all data gathered at varying RH levels
together stemmed mainly from a strong shift of the alcohol group (in red) to low values of
CV1 and a simultaneous shift of the alkanes group to higher values of CV1.

Figure 6b shows the same classification attempt according to the chemical groups,
using array 2 of 6 PAH-coated QCM sensors. Excellent and stable values were achieved for
the separation accuracy under each humidity background separately (all were above 94%; see
Table 3 and side panels of Figure 6b). Moreover, a very good overall classification was
obtained for all the data combined at variable RH levels between 5% and 80%t (87.1%; see
Table 3). Each chemical group clustered separately, however, the mean distance of the
aromatic cluster from the other three chemical groups was most pronounced. This is in
agreement with the large responses of the separate QCM sensors to the aromatic compounds
and can be attributed to the similarity between the VOCs and the fused benzene rings in the
PAH cores.

Subsequently, we attempted separating all the nine different VOC examined in this
study (see Table 2). An overall separation at RH levels between 5% and 80% failed both for
array 1 and array 2, since there were too many separation variables (i.e. VOCs) and not
enough predictor variables (i.e. sensing responses). However, we did succeed in separating
the clusters of the nine VOCs at each RH background level separately. Figure 7 summarizes
the DFA maps for the separate DFA models that were derived from the resistance responses
and the QCM mass uptakes. In agreement with our previous results, the best separation was
achieved, using the resistance responses of array 1 at 5% RH (97% accuracy; see Table 3).
The classification accuracy of array 1 decreased slightly and systematically to 89% for 80%
RH. In contrast, the accuracy of classification of the QCM sensor array increased from 78% at
5% RH to 94% at 80% RH. This behavior was expected and can be understood in terms of the

lack of compound separation of each separate QCM sensor at low RH and the pronounced
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improvement thereof at increasing RH (see Figures 1&3). Also in agreement with the results
of the separate QCM sensors, the cluster of mesitylene could most easily be distinguished by
array 2, again due to the similarity between mesitylene and the fused benzene rings in the
PAH cores.

Finally, we divided array 1 and array 2 into two sub-arrays, in order to gain insight
into the role of the polarity of the PAH side-chains on their discrimination power between the
separate VOCs. The first sub-array consisted of the PAH-3,4&5 derivatives which possess
alternating hydrophobic alkyl side-chains and hydrophilic side-chains terminated with strong
polar functional substituents (ester and carboxyl). The second sub-array consisted of the PAH-
A,B&C having only hydrophobic alkyl side-chains (see Table 1). As described above, higher
resistance responses and mass uptakes upon exposure to both polar and nonpolar VOCs were
measured with the PAH-3,4&5 sensors than with the PAH-A,B&C sensors. Nevertheless the
higher responses did not yield better discrimination abilities. Table 4 summarizes the
classification accuracy for separate DFA models distinguishing between the 4 different polar
and the 5 different nonpolar VOCs under the different background RH levels of two sub-
arrays of PAH-functionalized RN-SWCNT chemiresistors and the corresponding two sub-
arrays of PAH-coated QCM sensors. Indeed, the sub-arrays based on PAH-A,B&C showed
superior discriminative ability both for nonpolar and for polar VOCs, despite their lower
sensing responses. The same observation was made for the chemiresistor array and the QCM
array. The PAH-3,4&5 derivatives performed reasonably well as chemiresistors, but were
clearly inferior to the PAH-A,B&C molecules as QCM sensing layers. Furthermore, in
agreement with the previous results, the classification accuracy for both QCM sub-arrays
improved with increasing background RH level, reaching their maximal values for 80% RH,
while the accuracy of classification with the chemiresistor-sub arrays showed a trend towards

lower values in more humid atmospheres. An exception to this rule was the separation of the 4
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polar alcohols, which revealed a maximum at the intermediate RH value of 40% for both sub-
arrays. However, this result could very well be an arbitrary outlier. More systematic studies
with a larger number of independent measurements would be necessary to confirm these
results. The DFA method allows better valuation of the classification abilities of the two

arrays and improves their selectivity compared with the PCA results.

SUMMARY AND CONCLUSION
We have presented a comparative study of the VOCs sensing performance of six custom-
designed PAH derivatives with different types of side chains as sensing elements in arrays of
chemiresistors and QCM sensors. The PAH derivatives provided good sensitivity and
selectivity towards different polar and nonpolar VOCs from the families of alcohols, alkanes,
ethers and aromatics under extremely varying humidity conditions (5-80% RH), while being
quite tolerant to large humidity variations. PAH derivatives having purely nonpolar side
chains had lower sensing responses than PAHs with alternating nonpolar and strongly polar
side chain termination, but nevertheless showed generally superior classification ability of
VOC polarity, chemical class and compound separation when grouped into arrays. Varying
humidity levels had opposite effects on arrays of QCM sensors and chemiresistors
incorporating the same PAH functional layers: While the resistance response was strongly
influenced by background humidity variations, the frequency response was relatively stable
over a wide range of humidity levels in the samples, from dry to almost fully humidified
atmospheres. We demonstrated that the chemiresistor arrays performed superior at controlled
RH levels, especially in dry atmospheres, whereas the QCM arrays were ideally suited for
applications under extremely variable background humidity.

Note, however, that the frequency/mass measurements obtained in this work were
performed on pure PAH films, while the resistance measurements were performed on

PAH/RN-SWCNT bilayers. The reasoning behind facilitating relationships between the two
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sets of measurements is that the resonant frequency/mass changes of RN-SWCNT-coated
QCM were between 4 to 15 times lower than the values measured by PAH-coated QCM. This
observation led us to the postulation that the RN-SWCNT layer has a minor effect on the
physical interaction with the organic vapors in relation to the PAH films which act as the
sensing layers with the sensors environment.

The results presented here could suggest guidelines governing the use of PAH
derivatives in different sensing platforms for a wide range of versatile real-world sensing
applications. An investigation the molecules’ self-assembly and the resulting morphological
properties of the PAH layers would be of great value for mechanistically rationalizing the
sensing properties and optimizing PAH devices for sensing applications. A detailed
morphological study of the self-assembled layers presented in this report is underway and will
be published elsewhere. However, a true in-depth understanding of the sensing mechanism
that would allow flexible adaption of PAH-based sensing platforms requires additional
studies of different PAH molecules in which only one property is synthetically altered (e.g.

side chain length, functional end groups, and core geometry).
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Table 1: Structural properties of the PAH derivatives
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Table 2: Physical properties of the VOCs used for the exposure experiments (taken from ref. 59)

vVOC polarity ;::;ril;;cal formula molif::slar p:::;(:; . dipole dielectric densigf

oty | Gz | O | e | e
hexane nonpolar alkanes CH;(CH,),CH; 86.23 17.6 0 1.89 0.655
octane CH;(CH,)sCHj 114.2 1.47 0 1.94 0.703
decane CH3(CH,)sCH; 142.3 1.58 0 1.98 0.730
di-butylether ether [CH;5(CH,)5],0 130.2 0.640 0 3.1 0.769
mesitylene aromatic C¢H3(CH;); 120.2 0.230 0 2.4 0.864
ethanol polar alcohols CH;CH,-OH 46.07 5.95 1.69 243 0.789
1-hexanol CHj3(CH,)s-OH 102.2 0.133 1.80 133 0.813
1-octanol CH3(CH,);-OH 130.2 0.114 1.76 10.3 0.824
1-decanol CH;3(CH,)o-OH 158.3 0.015 1.68 7.93 0.830
water water H,0 18.01 2.34 1.85 80.4 1.000

Table 3: Classification accuracy (%) derived by leave-one-out cross validation for the DFA models

represented in Figures 5-7.

DFA model Sensors array classification accuracy (%)
5% RH | 40% RH | 80% RH all data

differentiating between a group of | array 1: PAH-functionalized
polar and a group of nonpolar RN-SWCNTSs chemiresistors 100 . 86.9 72
VOC:s (¢f- Figure 5)

array 2: PAH-coated QCM 100 100 94.4 91.6
differentiating between different array 1: PAH-functionalized
chemical families of alcohpls, ‘ RN-SWCNTSs chemiresistors 97.2 94.4 80.6 56.6
alkanes, ethers and aromatic (cf.
Figure 6) array 2: PAH-coated QCM 94.4 98.1 94.4 87.1
differenti{a/tci)ncg b(ztween lthe | array 1 PAH-functionalized RN-
separate s (decanol, octanol, Lo . . . .
hexanol, ethanol, decane, octane, SWCNTSs chemiresistors 772 . 88.9 arbitrary
hexane, dibutylether and 2: PAH-coated QCM results
mesitylene; cf Figure 7) array = -eoate 77.8 91.6 94.4
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Table 4: Discrimination accuracy between the four different polar VOCs and five different nonpolar

VOCs under various background RH levels of two sub-arrays of PAH-functionalized RN-SWCNT

chemiresistors (PAH-3,4&5, which stands for alternating strongly polar and nonpolar side chains; and

PAH-A,B&C that stands for nonpolar side chains alone) and the corresponding two sub-arrays of
PAH-coated QCM sensors.

PAH-functionalized RN-SWCNTs PAH-coated QCM
group humidity background PAH-3,4&5 PAH-A,B&C PAH-3,4&5 PAH-A,B&C
5% RH 90 100 55 65
nonpolar o
VOCs 40% RH 70 95 60 75
80% RH 70 85 75 90
5% RH 87.5 87.5 50 87.5
polar o
VOCs 40% RH 93.8 100 68.8 87.5
80% RH 87.5 93.8 75 100
30
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27 Figure 1: Plots of relative electrical resistance changes (4R/R;) vs. VOC concentration (p,/p,) for (a) PAH-A, as a representative example for the group of
29 PAH derivatives with only hydrophobic alkyl side-chains; and (b) PAH-4, as a representative example for the group of the PAH derivatives with alternating
hydrophobic alkyl side-chains and hydrophilic side-chains. Plots of relative mass changes (4m/my;) vs. VOC concentration for (¢) PAH-A; and (d) PAH-4.
32 Plots of AR/R,, vs. Am/m,, for (¢) PAH-A; and (f) PAH-4. Plots of the ratio between AR/R;, and the Am/m, vs. VOC concentration (p./p,) for (g) PAH-A; and
34 (h) PAH-4. All data presented in the plots were obtained under 5% RH background. The error bars of the measurements are smaller than the symbol size.
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Figure 2: Heat-maps of the relative electrical resistance changes (AR/R;) of the six constituent PAH-
functionalized RN-SWCNT chemiresistors in array 1 upon exposure to 4 polar VOCs and 5 nonpolar
VOCs, at four VOC concentrations (columns): p,/p,=0.05, 0.1, 0.16, and 0.2; under three levels of
background humidity (rows): RH = 5%, 40% and 80%. The signal strength is represented by the

differences in color.
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Figure 3: Heat-maps of the relative mass changes (4m/m;) of the six constituent PAH-coated QCM

sensors in array 2 upon exposure to 4 polar VOCs and 5 nonpolar VOCs, at four VOC concentrations

(columns): p./p,=0.05, 0.1, 0.16, and 0.2; under three levels of background humidity (rows): RH =

5%, 40% and 80%. The signal strength is represented by the differences in color.
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Figure 4: PCA plots separating between the different VOCs examined in the study (decanol, octanol,
hexanol, ethanol, decane, octane, hexane, dibutylether and mesitylene, p./p, = 0.05-0.2, RH = 5-80%)
using (a) the complete array 1 of six PAH-functionalized RN-SWCNT chemiresistive sensors, and (b)
the complete array 2 of six PAH-coated QCM mass-sensitive sensors. The side panels show the PCA

plots of separate analysis at the three RH levels. The arrows direction indicate an increasing
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DFA results differentiating between the group of polar VOCs and the group of nonpolar

VOCs (c¢f. Table 1) at different concentrations (p./p, = 0.05, 0.1, 0.16, 0.2) under 5%, 40% and 80%

RH using (a) the complete array 1 of six PAH-functionalized RN-SWCNT chemiresistive sensors, and

(b) the complete array 2 of six PAH-coated QCM mass-sensitive sensors. The side panels show the

binary DFA maps of separate analysis at the three RH levels.
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Figure 6: DFA results differentiating between different chemical families of alcohols, alkanes, ethers
and aromatics (c¢f. Table 1) at different concentrations (p./p, = 0.05, 0.1, 0.16, 0.2) under 5%, 40%
and 80% RH using (a) the complete array 1 of six PAH-functionalized RN-SWCNT chemiresistor,
and (b) the complete array 2 of six PAH-coated QCM mass-sensitive sensors. The side panels show

the DFA maps of separate analysis at the three RH levels.
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Figure 7: DFA maps of models separating between the different VOCs examined in the study under
humidity levels of (a) 5%, (b) 40% and (c) 80% RH using a complete array of 6 PAH-functionalized
RN-SWCNT chemiresistor. DFA results of the data measured for the same VOCs under (d) 5%, (e)
40% and (f) 80% RH using a complete array of six PAH-coated QCM mass-sensitive sensors.
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