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ensor development is a rapidly evol-

ving field that is driven by the increas-

ing demand for fast online detection of
a wide range of chemical and biological
species in different branches of industry,
homeland security, environmental monitor-
ing, and medicine."~” An emerging sensing
strategy that is useful for the analysis of
complex mixtures of relatively similar com-
pounds involves the use of arrays of broadly
cross-reactive sensors."*%® Sensor arrays
mimic the biological systems responsible
for the sense of smell and of taste.” Every
constituent sensor in an array responds to
all (or to a large subset) of the mixture
compounds.*®? Logically, the sensors should
be sufficiently diverse to provide individu-
ally different responses to a given mixture
but do not have to be strictly chemically
selective.

A wide variety of excellent sensors have
been developed for sophisticated sensor
array applications (see refs 1, 4—6, 8, and
10—14 and literature therein). Desirable
attributes of sensor arrays for important
real-world applications, such as quality con-
trol or point-of-care diagnosis (cf. ref 15)
include appropriate detection limits and, at
the same time, a wide dynamic range, tol-
erance for variable chemical backgrounds,
room temperature operation, reasonable
size and mass, low cost, etc. The possibilities
to achieve these attributes by fine-tuning
sensors that are based on bulk materials,
especially for applications in actual con-
founding humidity conditions, are rather
limited. Indeed, real-world applications
with gas sensors are hindered by the
high and/or not constant humidity levels
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ABSTRACT In the present work, we introduce a cross-reactive array of synthetically designed

polycydlic aromatic hydrocarbons (PAH) and single-walled carbon nanotube (SWCNT) bilayers and

demonstrate the huge potential of the array in discriminating between polar and nonpolar volatile

organic compounds (VOCs), as well as between the different VOCs from each subgroup. Using

appropriate combinations of PAH/SWCNT sensors, we demonstrate that high sensitivity and accuracy

values can be obtained for discriminating polar and nonpolar VOCs in samples with variable humidity

levels (5—80% RH). The same array of sensors exhibited self-learning capabilities that facilitated

exchanging information about environmental properties under observation. The results presented

here could lead to the development of a cost-effective, lightweight, low-power, and non-invasive

tool for a widespread detection of VOCs in real-world environmental, security, food, health, and

other applications.
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present in the environment and/or detec-
ted sample.

Recent studies have shown that hybrid
structures containing a quasi-2D network of
single-walled carbon nanotubes (SWCNTSs)
and organic layers can overcome many of
these limitations and, simultaneously, yield
devices that are simpler to fabricate.>'' 31617
A random network of SWCNTs coated with
on-chip VOC-amplifiers—for example, films
of the non-polar nanographene molecule
hexa-peri-hexabenzocoronene (HBC) —showed
different sensing signals when separately
and successively exposed to (either polar or
nonpolar) VOCs or water molecules.'®' As
a typical polycyclic aromatic hydrocarbon
(PAH), HBC and its derivatives are particu-
larly interesting for this application because
() they organize into nano- or microcol-
umns with distinctive geometrical and mor-
phological features; (ii) they expose only
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their side groups to the VOCs; and/or (iii) they hold
promise for futuristic sensors that are based on single
PAH nano- or microcolumns.?*?' Additionally, depend-
ing on the device configuration, PAH assemblies can be

Figure 1. Scanning electron micrograph of (a) SWCNT be-
tween two adjacent electrodes in ID configuration; and (b)
SWCNT coated with PAH-1 structures.

PAH-1 PAH-2

PAH-5

used as an adsorption layer having either semicon-
ducting or relatively insulating properties.??

In this article, we show that an array of cross-reactive
PAH and SWCNT bilayers can detect both polar and
nonpolar VOCs under various humidity conditions
resembling the conditions in real-world applications.
Furthermore, we provide evidence that the discrimi-
native power of the sensor array is obtained primarily
by controlling the aromatic corona and functional
substituents of the PAHs. The results presented here
are a major step toward the development of a cost-
effective, portable, and non-invasive tool for real-world
sensing applications.

RESULTS AND DISCUSSION

The sensors developed in this study were composed
from bilayers of PAH derivatives and random network
of SWCNTs. A random network of pristine SWCNTs
served as a reference sample. Figure 1a shows a typical
scanning electron microscopy (SEM) micrograph of a
random network of intersecting SWCNTs dispersed
between ID electrodes. As seen in the figure, the
SWCNTs have made up many paths connecting the
two adjacent electrodes together.'”** This geometry
possesses several advantages: it eliminates conductiv-
ity variations due to nanotube chirality and geometry
and is tolerant to individual SWCNT channel failure
because the device characteristics are averaged over a
large number of nanotubes."? Elimination of align-
ment and assembly problems'” is an additional benefit
of the random network of SWCNTs; consequently,
they can be integrated into devices of arbitrary size
using conventional microfabrication technology
(cf. also ref 24).

PAH-3 PAH-4

S

PAH-6 PAH-7

Figure 2. Discotic hexa-peri-hexabenzocoronene (PAH) derivatives used in the experiment.
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Figure 3. Sensor response to successive concentrations of
(a) hexanol diluted in synthetic dry air; (b) octane diluted in
both dry (5% RH) and highly humid (80% RH) airflow, and

the response to 80% RH. Red curve: response acquired by

the pristine SWCNT sensor. Black curve: response acquired
by the PAH-4-functionalized SWCNT sensor.

To impart cross-reactive adsorption properties, the
SWCNTs were coated with continuous layers (1—2 um
thickness) of PAH derivatives (see Figure 1b). We
convincingly demonstrate that employing PAHs
with various aromatic corona and functional substit-
uents enables reliable discrimination between dif-
ferent VOCs as well as between different VOCs and
various humidity levels (see Methods). Additionally,
we show that the same sensors can detect small VOC
concentrations from VOC and water mixtures (see
Methods).

Figure 3 presents the normalized response, NR (or
AR/Ry,, where Ry, is the baseline resistance of the sensor
in the absence of analyte and AR is the resistance
change upon analyte exposure) of a pristine SWCNT
and PAH-4/SWCNT sensors (where PAH-4 is a PAH
molecule terminated by carboxylic acid groups via a
phenylene bridge) to successive VOC concentrations
(represented by p./p., where p, is the partial pressure
of the VOC and p,, is the saturated vapor pressure at 21 °C).
As seen in Figure 3a, the pristine SWCNTs produced
a change in the NR upon exposure to hexanol.

ZILBERMAN ET AL.

Nevertheless, the sensitivity (i.e., the change in the
measurement signal per VOC concentration) and re-
producibility from cycle to cycle were rather low. Coat-
ing the SWCNTSs with the PAH-4 layer increased the NR
value (at a given concentration) and the sensor sensi-
tivity in a significant manner. For p,/p, =0.5 or 1, the S,
(see Methods) calculated from the PAH-4/SWCNT sen-
sor exceeded by 1 order of magnitude the S, calculated
from the pristine SWCNTSs. Remarkably, the PAH-4 coating
increased the reproducibility of the sensors from cycle
to cycle (see Figure 3a) and from sample to sample (not
shown). This is an important achievement, as the lack of
reproducibility and drift are well-known drawbacks of
the gas sensors, mainly those containing SWCNTs. As
reference devices, pristine PAH devices (baseline resis-
tance = 1-2 TQ) exhibited no changes beyond the
intrinsic noise upon exposure to the tested analytes
and pertinent concentrations (not shown).

Figure 4 presents image plots of the S, values calculated
from the pristine SWCNT and PAH/SWCNT sensors upon
successive exposure to various concentrations of VOCs
and water molecules. Each point in these plots is an
average of two independent exposures from two dupli-
cated sensors.>®> The main observations emerging from
these plots follow

(i) Theincorporation of the PAH derivatives improved

the sensing signals toward part or all of the tested
VOCs, compared to pristine SWCNTs.

(i) The PAH-5/SWCNT provided the highest sen-
sing signals for ethanol, compared to the other
PAH derivatives. As an exemplary illustration,
the S, value calculated for ethanol (228.4% at
pa/po = 1) was ca. 3 times higher than the S,
value calculated for the PAH-4/SWCNT sensor
(69.9% at p./p, = 1). The high affinity of the PAH-
5 to ethanol can readily be attributed to the
carboxyl group of the substituent functionality.

(iii) The detection of the OH-terminated (polar)
VOCs was most likely promoted by the pre-
sence of oxygen in the substituent functionality
(i.e., PAH-1, PAH-2, PAH-4, PAH-5, and PAH-6).
The longer the OH-terminated VOC, the lower
the sensing signal. In light of this correlation, it
is likely that the longer the OH-terminated VOC,
and the lower the adsorption in the PAH layer,
most probably due to an increased steric effect
(cf. refs 26 and 27).

(iv) All PAH/SWCNTs exhibited high responses
upon exposure to ethyl benzene. This can be
explained by van der Waals interactions be-
tween the benzene rings of the ethyl benzene
and PAH corona (which is made of fused
benzene rings).?3°

(v) The response of the PAH/SWCNTSs to water vapor
was relatively low, compared to the other VOCs
tested under similar p,/p, conditions.
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Figure 4. Image plot of S, values calculated for the VOCs and water analyzed. VOCs concentrations were (a) 1, (b) 0.5, (c) 0.2,
and (d) 0.09. The detection capability of the various sensors is represented by the differences in color and intensity of the
points.

PAH-3/SWCNT
PAH-4/SWCNT
PAH-5/SWCNT
PAH-6/SWCNT
PAH-7/SWCNT

SWCNT

E =
& &
2 2
~N S
< q
=
Y o

PAH-3/SWCNT
PAH-4/SWCNT
PAH-5/SWCNT
PAH-6/SWCNT
PAH-7/SWCNT

TABLE 1. Discrimination Accuracy between Polar and Nonpolar VOCs Obtained Using (a) Various Sensors Employed in

This Study and (b) Array of Different Sensors

Table 1a
PAH-1/SWCNTs PAH-2/SWCNTs PAH-3/SWCNTs PAH-4/SWCNTs PAH-5/SWCNTs PAH-6/SWCNTs PAH-7/SWCNTs SWCNT sensor
nonpolar 37.5% 45.8% 50.0% 50.0% 37.5% 41.7% 50.0% 58.3%
polar 79.2% 77.1% 81.3% 79.2% 77.1% 72.9% 83.3% 62.5%
accuracy 65.3% 66.7% 61.1% 69.4% 63.9% 62.5% 72.2% 61.1%
Table 1b
7PAHs/SWCNTs 6PAHs/SWCNTs 5PAHs/SWCNTs 4PAHs/SWCNTs 3PAHs/SWCNTs 2PAHs/SWCNTs
nonpolar 87.5% 87.5% 79.2% 70.8% 70.8% 58.3%
polar 91.7% 91.7% 93.8% 95.8% 95.8% 95.8%
accuracy 90.3% 90.3% 88.9% 87.5% 87.5% 83.3%
PAH molecules all 123467 1,24,6,7 13471467 147 6,7

To investigate the classification between the polar and
nonpolar VOC groups for each of the tested sensors, the
obtained sensing signals were treated by discriminant
factor analysis (DFA);*' see Methods section for more
details. As seen in Table 1, the addition of the PAH

ZILBERMAN ET AL.

improved the discrimination accuracy between the polar
and nonpolar VOCs. Among all sensors, the PAH-7/
SWCNTs exhibited maximum discrimination accuracy
(72.2%) (cf. Figure 5a). Nevertheless, an integration of
cross-reactive signals from other PAH-SWCNT sensors
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Figure 5. (a) DFA discrimination result between polar and nonpolar VOCs obtained with the PAH-7-functionalized SWCNT
sensor; (b) DFA discrimination result between polar and nonpolar VOCs obtained with an array of all PAH-functionalized
SWCNT sensors; (c) DFA discrimination result between the nonpolar VOCs obtained with an array of 4 PAH-functionalized
SWCNT sensors; (d) DFA discrimination result between the polar VOCs obtained with an array of 5 PAH-functionalized SWCNT

sensors.

TABLE 2. Discrimination Accuracy of the Nonpolar VOCs
Obtained with an Array of PAH-Functionalized SWCNT
Sensors

nonpolar VOCs 4PAHs/SWCNTs 3PAHs/SWCNTs 2PAHs/SWCNTs
decane 87.5% 75% 62.5/62.5%
octane 87.5% 75% 27.5/50.0%
hexane 62.5% 62.5% 87.5/75.0%
accuracy 79.2% 70.8% 62.5%

PAH molecules 1237 13,7 2,4/4.6

could increase this accuracy value. The more PAH/SWCNT
signals included in this integration, the higher the dis-
crimination accuracy. The best accuracy (90.3%), under
Da/Po = 0.04—1 conditions, was obtained upon integra-
tion of six or seven PAH/SWCNT sensors (see Table 1b).
Focusing on the nonpolar VOC group, the DFA provided
maximum discrimination accuracy (79.2%) between de-
cane, octane, and hexane when an array of four sensors
(PAH-1/SWCNT, PAH-2/SWCNT, PAH-3/SWCNT, and PAH-
7/SWCNT) was used (see Table 2 and Figure 5¢).32 On the
other hand, focusing on the polar VOC group, the DFA
provided maximum discrimination accuracy (80%) be-
tween ethanol, decanol, octanol, hexanol, and ethyl

ZILBERMAN ET AL.

TABLE 3. Discrimination Accuracy of the Polar VOCs
Obtained with an Array of PAH-Functionalized SWCNT
Sensors

6PAHs/ 5PAHs/  4PAHs/  3PAHs/  2PAHs/
polar VOCs SWCNTs SWCNTs ~ SWCNTs  SWCNTs  SWCNTs
ethanol 50/37.5% 62.5% 62.5%  37.5%  62.5%
decanol 87.5/75% 87.5% 100.0%  100.0%  100.0%
octanol 75/81.5% 87.5% 875%  87.5%  62.5%
hexanol 75/75% 87.5% 750%  75.0%  75.0%
ethyl benzene  50/62.5% 75.0% 62.5%  62.5%  75.0%
accuracy 67.5% 80.0%  775%  725%  75.0%
PAH molecules  1,2,3,4,6,7/ 23456 3456 167 23
23,4567

benzene when an array of five sensors (PAH-2/SWCNT,
PAH-3/SWCNT, PAH-4/SWCNT, PAH-5/SWCNT, and PAH-
6/SWCNT) was used (see Table 3 and Figure 5d). Subse-
quently, DFA considerations with all PAH/SWCNT sensors
showed a simultaneous discrimination between all tested
polar and nonpolar VOCs at various concentration levels.
Figure 6 presents the response of the array to p./p, = 0.04
at the plot's center. Gradual movement from the plot's
center to the periphery indicates a gradual increase of the
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Da/bo Value. In this way, the points closest to the graph
boundaries are for p./p, = 1 VOC concentration. As seen
in Figure 6, the nonpolar VOCs (open symbols) appeared
in the second quadrant of the plot (in the northwest
direction). Increasing the concentration of the octanol
spread the signals east. The decanol formed a very
compact cluster close to the approximate center of the
graph, most likely because of the extremely weak re-
sponse of the sensors to this VOC. Increasing the con-
centrations of the other three polar VOCs (ethanol,
hexanol, and ethyl benzene) spread the signal south
while exhibiting distinctive pathways in each case. On
the other hand, increasing the humidity spread the signal
exclusively in the north direction.

Models for predicting the concentration of each VOC
were built using the partial least-squares (PLS)** meth-
od (see Methods for more details). For all cases, a reason-
able correlation coefficient (CC) between the real and
predicted VOC concentration was obtained (see Table 4).
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Figure 6. DFA discrimination result between all VOCs ob-
tained with an array of all PAH-functionalized SWCNT
sensors. As represented by the black arrow (in the case of
water), gradual movement from the plot's center (where

pa/po = 0.04) to the periphery indicates a gradual increase of

the p./p, value. In this way, the points closest to the graph
boundaries stand for p,/p, = 1 VOC concentration.

The results in Table 4 indicate the suitability of PAH/
SWCNTs for smart, self-training sensor systems. In parti-
cular, as depicted in Table 4, information from different
sensors can be exchanged to build a representation of
what is happening in the environment.>* After the model
has been built, some needed information can be pro-
vided to help the sensor(s) system construct a model for
interpreting sensor data readings.

Representative VOCs (octane, ethyl benzene, and
ethanol) were measured in an air mixture with a humid
background. Figure 3b shows the response of PAH-4/
SWCNT and pristine SWCNT sensors toward air with
successively increasing concentrations of octane+
5% RH, water (80% RH), and octane+80% RH. As could
be seen in the figure, the NR of the pristine SWCNTs
exhibited positive values upon exposure to octane-+
5% RH and negative values upon exposure to 80% RH
or upon exposure to octane+80% RH. As water

SWCNT

PAH-1/SWCNT
PAH-2/SWCNT
PAH-3/SWCNT
PAH-4/SWCNT
PAH-5/SWCNT
PAH-6/SWCNT
PAH-7/SWCNT

Figure 7. Hot-plot representation of S, values calculated for
different VOC exposures in dry (5%) and highly humid (80%
RH) airflow, as well as for exposures to 80% RH airflow.

TABLE 4. Correlation Coefficient between Real and Estimated VOC Concentrations Obtained Using the Various Sensors

Employed in This Study®

voc PAH-1/SWCNTs PAH-2/SWCNTs PAH-3/SWCNTs PAH-4/SWCNTs PAH-5/SWCNTs PAH-6/SWCNTs PAH-7/SWCNTs SWCNTs
decane 0.9755 0.9765 0.9814 0.9372 0.9962 0.9797 0.9815 0.9870
octane 0.9896 0.9767 0.9797 0.9990 0.9336 0.9581 0.9730 0.9800
hexane 0.9946 0.9810 0.9772 0.9998 0.9553 0.9835 0.9876 0.9877
water 0.8563 0.6665 0.6187 0.7778 0.0998 0.9564 0.5682 0.9054
ethanol 0.9592 0.9461 0.5619 0.9298 0.9027 0.9406 0.8416 0.9160
decanol 0.7000 0.8450 0.8678 0.7421 0.6725 0.2943 —0.2290" 0.4565
octanol 0.5387 0.3742 0.3274 0.8204 0.3380 0.6277 0.3907 0.3021
hexanol 0.8386 0.9036 0.9670 0.9020 0.9384 0.8680 0.9841 0.7120
ethyl benzene 0.9936 0.9605 0.9207 0.9937 0.9841 0.9770 0.9962 0.8223

“Two replicates per each VOC concentration (i.e., 1,0.5, 0.2, and 0.09), providing a total number of eight different samples, were used to calculate each correlation coefficient.
The most appropriate sensor for predicting the concentration of each particular VOC is dlearly evidenced i the table. ® A negative correlation coefficient indicates a negative
linear relationship; i.e., while one variable increases (e.g., the actual concentration), the other decreases (e.q., predicted concentration), and vice versa.
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TABLE5. Discrimination Accuracy between Octane, Ethyl Benzene, and Ethanol Measurements Diluted in Highly Humid
(80% RH) Carrier Airflow, Using (a) Various Sensors Employed in This Study and (b) Array of Different Sensors

Table 5a
PAH-1/SWCNT PAH-2/SWCNT PAH-3/SWCNT PAH-4/SWCNT PAH-5/SWCNT PAH-6/SWCNT PAH-7/SWCNT SWCNT

octane 33.3% 16.7% 0% 33.3% 16.7% 50.0% 0% 16.7%
ethyl benzene 83.3% 83.3% 333% 100% 83.3% 83.3% 66.7% 50.0%
ethanol 100% 100% 100% 83.3% 100% 83.3% 100% 100%
accuracy 72.2% 66.7% 44.4% 72.2% 66.7% 72.2% 55.6% 55.6%

J1O1LdV

Table 5b
3PAHs/SWCNT 2PAHs/SWCNT

octane 100% 100/100/100

ethyl benzene 100% 100/83.3/83.3
ethanol 100% 83.3/100/100
accuracy 100% 94.4%

PAH molecules 134 1,4/3,4/4,7

molecules behave as electron donors to the SWCNTSs, 10

this turn over effect could be explained by the opening (a) : :tcl:;ln;mzene
of electron channels at high humidity levels (>65%).> <« 4 Ethanol
Coating the SWCNTs with a PAH-4 layer exhibited
improved responses, compared to pristine SWCNTs,
with positive values for 80% RH, octane+5% RH, and
octane+80% RH. A similar observation was noted
upon exposure of the PAH-4/SWCNT sensor to ethyl
benzene and ethanol. All results were reproducible,
within 9% experimental error, from cycle to cycle and k¥
from sample to sample. These observations imply two *
possible mechanisms: (1) the PAH-4 film coating the 1055 > 5 : m 75
SWCNTs acts as a water-selective filter that permits Canonical Variable #1

VOC diffusion and adsorption into the SWCNT network

but blocks/inhibits the penetration of water molecules 4
through the PAH-4 film (in accordance with the gradual (b) %
versus spike-like resistance change of the PAH-4/ 3
SWCNT sensor when exposed to 80% RH and to
octane, respectively); or (2) a combination of resistance
and an increase in the PAH-4 film, together with an
overall lower resistance compared to the SWCNT net-
work, makes the PAH-4 film the dominant sensing
element for humidity. Figure 7 presents an image plot
of the S values calculated from the pristine SWCNT
and PAH/SWCNT sensors upon exposure to various S 4 o 1
VOCs at different concentrations (p./p, = 0.04, 0.08, 4 . . . . . N
and 0.2) and background humidity. Each point in these ® - é:nomca?\,ariablze 1 4 °
plots is an average of three independent exposures

from three dup“cated Sensors_25 As seen in the ﬁgure, Figure 8. (a) DFA discrimination result between octane,

. . . . ethyl benzene, and ethanol measurements diluted in highly
although the incorporation of the PAHs slightly in- humid (80% RH) carrier airflow, obtained with an array of

creased the sensitivity to humidity, it substantially 3 PAH-functionalized SWCNT sensors. (b) DFA discrimina-
improved the sensing signals toward part or all of the ~ tion result betwd"-f“ °§ta“§r e;hé" bfnze;ﬁi a“: ﬁthzrol
. measurements diluted in both dry (5% and highly
tested VOCs, as compared to pristine SWCNTs. The humid (80% RH) carrier airflow, obtained with an array of
higher the VOC concentration, the higher the detec- 4 PAH-functionalized SWCNT sensors. Open symbols re-

tion improvement. In many cases, the higher the present measurements performed at 5% RH, while filled

. e . . . symbols represent measurements performed at 80% RH.
relative humidity in the mixture, the higher the im-
provement as compared to pristine SWCNTs. In some
cases, such as for the PAH-5/SWCNT sensor, the sensi- increased with the increase in the RH. This is indicated
tivity to the polar VOCs (ethyl benzene and ethanol) by the enhanced color variation when VOC
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TABLE 6. Discrimination Accuracy between Octane, Ethyl Benzene, and Ethanol Measurements Diluted in Both Dry
(5% RH) and Highly Humid (80% RH) Carrier Airflow, Using (a) Various Sensors Employed in This Study and (b) Array of

Different Sensors

Table 6a
PAH-1/SWCNT PAH-2/SWCNT PAH-3/SWCNT PAH-4/SWCNT PAH-5/SWCNT PAH-6/SWCNT PAH-7/SWCNT SWCNT
octane 333% 33.3% 41.7% 41.7% 33.3% 33.3% 25.0% 8.3%
ethyl benzene 58.3% 4.7% 8.3% 33.3% 33.3% 25.0% 16.7% 16.7%
ethanol 91.7% 83.3% 83.3% 83.3% 100% 75.0% 91.7% 83.3%
accuracy 61.1% 52.8% 44.4% 52.8% 55.6% 44.4% 44.4% 36.1%
Table 6b
6PAHs/SWCNT 5PAHs/SWCNT 4PAHs/SWCNT 3PAHs/SWCNT 2PAHs/SWCNT
octane 100% 100% 100% 100% 100%
ethyl benzene 83.3% 83.3% 83.3% 83.3% 66.7%
ethanol 75.0% 91.7% 91.7% 91.7% 100%
accuracy 86.1% 91.7% 91.7% 91.7% 88.9%
PAH molecules 1,24,56,7 1,24,57 2456 24,6 24

TABLE 7. Correlation Coefficient between Real and Estimated VOC Concentrations for the Measurements Performed at
80% RH Obtained Using the Various Sensors Employed in This Study®

voc PAH-1/SWCNTs PAH-2/SWCNTs PAH-3/SWCNTs
octane 0.9952 0.9913 0.9418
ethyl benzene 0.9900 0.9675 0.9432
ethanol 0.9942 0.9432 0.7560

PAH-4/SWCNTs

0.9990
0.9981
0.9976

PAH-5/SWCNTs PAH-6/SWCNTs PAH-7/SWCNTs SWCNTs
0.9852 0.9729 0.9869 0.7849
0.9797 0.9246 0.9760 0.8885
0.9869 0.8281 0.4199 0.9415

“Two replicates per each VOC concentration (i.e., 0.2, 0.08, and 0.04), providing a total number of six different samples, were used to calculate each correlation coefficient. The
most appropriate sensor for predicting the concentration of each particular VOC is clearly evidenced in the table.

concentrations are increased in a background of 80%
RH compared to 5% RH. The classification results based
on the S, feature obtained under 80% RH conditions
are summarized in Table 5a. Among all individual
sensors, PAH-1/SWCNT or PAH-4/SWCNT or PAH-6/
SWCNT exhibited maximum discrimination accuracy
(72.2%); see Table 5a and Figure 7 (showing enhanced
color variation for these sensors). This discrimination
accuracy could be further enhanced by integrating
sensing signals from other sensor types. A combination
of two or three PAH/SWCNT sensors, under p./p, =
0.04—1, increased the discrimination accuracy to 94.4
or 100%, respectively (see Table 5b and Figure 8). The
discrimination power of each sensor, based on the S,
feature, under both VOC+5% RH and VOC+80% RH
conditions is summarized in Table 6a. The best accu-
racy in this case (61.1%) was obtained by the PAH-1/
SWCNT sensor. Of special interest, the PAH-5/SWCNT
sensor was able to correctly classify ethanol at different
concentrations and different humidity levels in the
sampled mixtures. This is an important achievement
that could serve as the basis for immediate develop-
ment of reliable alcohol breath analyzers (which cur-
rently lack robust accuracy) as well as diagnostic tools
for oxidative stress and alcohol-related diseases (e.g.,
liver disease, hyperlactacidemia, etc.).3®

The discrimination of the VOCs in the 5—80% RH
interval reached 91.7% accuracy when data from a

ZILBERMAN ET AL.

combination of various PAH/SWCNT sensors was
adopted (see Table 6b). Figure 8b shows the DFA
discrimination between octane, ethyl benzene, and
ethanol diluted in 5 and 80% RH, as obtained with an
array of PAH-2/SWCNT, PAH-4/SWCNT, PAH-5/SWCNT,
and PAH-6/SWCNT sensors. As seen in the figure, the
selected PAH/SWCNT sensor array was able to reli-
ably discriminate between the different VOCs, irre-
spective of the humidity level in the sample. A study
for understanding the structure—property relation-
ship between the PAH corona, PAH substituent
functionality, PAH/SWCNT binding interface, and
the VOC chemical nature is underway and will be
published elsewhere.

The PLS algorithm revealed an excellent correlation
between real and estimated VOC concentrations in a
mixture with 80% RH (Table 7). As the table shows, the
PAH-4/SWCNT sensor exhibited CC=0.9990 for octane,
CC = 0.9981 for ethyl benzene, and CC = 0.9976 for
ethanol. All PAH/SWCNT sensors exhibited higher CC
values than the pristine SWCNT sensor in predicting
the concentration of octane (nonpolar VOC) and ethyl
benzene (weakly polar VOC) in a mixture having 80%
RH (see Table 7). For polar molecules, PAH-1/SWCNTs,
PAH-4/SWCNT, and PAH-5/SWCNTs exhibited the best
CC (>0.9869) values, slightly higher than the CC values
obtained by the pristine SWCNT sensor (0.9415). Such
results further increase the chances to use these
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sensors in self-training systems, such as robots and
diagnostic, screening, and/or prevention tools.>*

SUMMARY AND CONCLUSIONS

We provide extensive and comprehensive evidence
that employing PAHs with various aromatic coronae
and functional substituents allows reliable discrimina-
tion between polar and nonpolar groups and, also,
between the different components in each of these
VOC groups. In most cases, good discrimination be-
tween the VOC and water signals was obtained. A
cross-reactive array that is based on PAH/SWCNT sen-
sors and DFA and/or PLS recognition methods exhib-
ited discrimination between various VOCs in mixtures
with either 5 or 80% RH. Using appropriate combina-
tions of PAH/SWCNT sensors, the sensitivity and accu-
racy of the cross-reactive PAH/SWCNT array was
tailored according to the detection (or application) of
interest. Combining the sensors with the PLS algo-
rithm allowed prediction of VOC concentration in
various constant humidity levels. This result is of great
importance for the construction of smart, self-

METHODS

Fabrication of Sensors. The sensors were prepared on device
quality, degeneratively doped p-type Si(100) wafers capped
with a 2 um thick thermally grown SiO, insulating layer. Ten
pairs of 45 mm wide, interdigitated (ID) electrodes with an
interelectrode spacing of 100 um were formed on the sub-
strates by evaporation of 5 nm/40 nm Ti/Pd layer through a
shadow mask. SWCNTSs (from ARRY International LTD, Germany;
~30% metallic, ~70% semiconducting, average diameter =
1.5 nm, length = 7 mm) were dispersed in dimethylformamide
(DMF, from Sigma Aldrich Ltd., >98% purity) using sonication for
15 min, resulting in a 0.02 wt % dispersion, which was then left
for 0.5 h in a 50 mL vial for sedimentation of large aggregates.
The resulting homogeneous dispersion above the precipitate
was then taken from the vial and further purified by ultracen-
trifugation for 25 min. The purification procedure was per-
formed twice to ensure that the majority of the aggregates
and impurities were removed. Electrically continuous random
network of SWCNTs were formed by drop-casting the SWCNT
dispersion onto the preprepared ID electrodes (see Figure 1a).
After the deposition, the devices were slowly dried overnight
under ambient conditions to enhance the self-assembly of the
SWCNTs and to evaporate the solvent. The procedure was
repeated until a resistance of 100 KQ to 10 MQ2 was obtained.
As a reference, devices that included pristine PAH only exhib-
ited a baseline resistance of 1—2 TQ.

The SWCNT layers were then coated with seven PAH
compounds having different aromatic coronae and side groups
(see Figure 2). The synthesis of PAH-1,2® PAH-2,%° and PAH-7°°
has been described in previous reports, whereas the synthesis
of PAHs 3—6 will be reported elsewhere. These PAH derivatives
contain hydrophobic mesogens that are terminated with dif-
ferent 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-1, PAH-2, and PAH-6 contain a PAH
aromatic core (with a carbon number of 42), while PAH-3, PAH-4,
and PAH-5 have a semi-triangle-shaped aromatic core (with a
carbon number of 48) and PAH-7 possesses a triangle-shaped core
(with a carbon number of 50). These molecules are able to self-
assemble into long molecular stacks with a large, electron-rich,
semiconducting core, which guarantees good charge carrier

ZILBERMAN ET AL.

learning sensing systems that can work indepen-
dently under real confounding factors. Using the
PAH/SWCNT sensors, it will be possible to exchange
information and construct a model of some environ-
mental properties under observation. Such a model
can then be used to classify events of interest and take
actions on the basis of a high-level representation of
the system context. This would allow pervasive in-
formation and communication systems using the
model to autonomously adapt to highly dynamic
and open environments.

Ultimately, the results presented here could lead to
the development of a cost-effective, lightweight, low-
power, non-invasive tools for the widespread detec-
tion of VOCs in real-world applications, including, but
not confined to, environmental, security, food, health,
or disease diagnosis from breath analysis applications
(just to name only a few). A study for understanding the
structure—property relationship between the PAH cor-
ona, PAH substituent functionality, PAH/SWCNT bind-
ing interface, and the VOC chemical nature is
underway and will be published elsewhere.

transport along the molecular stacking direction and a relatively
insulating periphery.2273%3” Furthermore, the nanometer thick
PAH columns can easily form 3D, micrometer-sized, sponge-like
structures with a high surface-to-volume ratio.'® In this work, we
have examined the affinity of PAH layers, so-called adsorption
layers, to a variety of VOCs and mixtures of VOC and water vapor.

Nearly continuous, polycrystalline PAH layers were formed
on top of the SWCNTs by drop-casting 10 uL of 107> M solution
in toluene of either PAH-1, PAH-2, PAH-3, PAH-6, and PAH-7 or
10 uL of 1073 M solution in tetrahydrofuran (THF) of either PAH-
5 or PAH-6 (see Figure 1b for a representative example). After
the fabrication, the devices were slowly dried under ambient
conditions for 2—5 h to enhance the self-assembly of these PAH
molecules and to evaporate the residual solvent. The deposition
process was repeated until the molecules formed nearly con-
tinuous layers that completely cover the supporting and con-
ductive SWCNT layer, as verified by scanning electron microscopy
(see Figure 1b) and resistance measurements. The baseline
resistance of the PAH/SWCNT sensors generally ranged be-
tween ~90 kQ and a few MQ, except for the PAH-4/SWCNT
sensor, whose baseline resistance was ~5 kQ.

Characterization of Sensors. Eight representative VOCs diluted
in synthetic airflow containing ~5 or ~80% relative humidity
(RH) have been analyzed in this study. Most importantly, water is
a polar compound (dipole moment = 1.85 D) that usually
screens the VOC signals in mixtures of VOCs and water.*'? For
the current study, DI water (18.2 MQ-cm) was supplied by a
commercial water purification system (Easy Pure Il). Hexane,
octane, and decane (all obtained from Sigma Aldrich Ltd.) were
used as representative examples for nonpolar alkane hydro-
carbons (dipole moment = 0 D). Ethyl benzene (Sigma Aldrich
Ltd.) was used as a representative example for aromatic VOCs
(dipole moment = 0.4 D). Hexanol (dipole moment = 1.42 D),
octanol (dipole moment = 2 D), decanol (dipole moment =
1.68 D), and ethanol (dipole moment = 1.684 D), all received
from Sigma Aldrich Ltd., were used as representative cases for
polar VOCs.

The sensors were tested electrically during exposure to
the VOCs of interest in an automated, computer-controlled
flow system. This system is capable of regulating the VOC
concentration via their vapor pressure. For this study, the
sensors were investigated under a range of concentrations,
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from pa/po = 0.04to p./p, =1, where p, is the partial pressure of
the VOC and p,, is the saturated vapor pressure at 21 °C. The
response of the pristine SWCNT and the PAH/SWCNT sensors
was tested simultaneously, in the same exposure chamber,
using an Agilent multifunction switch 34980. A Stanford Re-
search System SR830 DSP lock-in amplifier controlled by an IEEE
488 bus was used to supply the AC voltage signal (0.2 V at 1 kHz)
and to measure the corresponding current (<10 uA in the
studied devices). This setup enables measuring normalized
changes in conductance as small as 0.01%. Sensing experiments
were performed continuously, using subsequent exposure
cycles, each cycle consisting of three main steps: (i) exposure
to synthetic airflow with 5% RH for 10 min; (ii) exposure to the
VOC of interest (at a given concentration), with or without
humidity background, for 10 min; and (iii) purging the cham-
ber/sensors by a synthetic airflow with 5% RH for 10 min. In
order to acquire reliable data, each measurement was repeated
at least twice on two duplicates that were prepared from
different batches.

Data Analysis. Three parameters were extracted from each
sensor response: (i) the normalized change in sensor resistance
at half of the time after VOC exposure (Sy,); (ii) the corresponding
value at the end of the VOC exposure (S.); and (iii) the area under
the response curve (S,). An advanced discrimination between
the various VOCs was carried out by employing a discriminant
factor analysis (DFA) algorithm.31 DFA is a supervised linear
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 combina-
tion of the input variables, computing these factors to minimize
the variance within each class and maximize the variance
between classes. The accuracy of VOC classification is calculated
employing a leave-one-out cross-validation method. Given n
measurements, DFA is computed n times using n — 1 training
vectors. The vector left out during the training phase (ie.,
validation vector that is unseen by the DFA method during
the training phase, thus completely new for the DFA model
built) is then projected onto the DFA model built, which has
produced a classification result. The classification accuracy is
estimated as the averaged performance over the n tests.

A linear multivariate statistical algorithm, specifically partial
least-squares (PLS),*® was used to build predictive models for
estimating VOC concentrations. PLS is a multivariate calibration
method that attempts to find factors (ie., latent variables),
which capture as much variance as possible in the predictor
block (response matrix), under the constraint of being corre-
lated with the predicted block (concentration matrix). The
prediction of the VOC concentration was evaluated using a
leave-one-out cross-validation method. Thus, for each VOC, a
model was built n times using n — 1 measurements, and the
remaining one has been used for testing.
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