IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Detection of Volatile Organic Compounds Using Microfabricated
Resonator Array Functionalized with Supramolecular Monolayers

Yao Lu, Ye Chang, Ning Tang, Hemi Qu, Jing Liu, Wei Pang,* Hao Zhang, Daihua Zhang,

and Xuexin Duan*

State Key Laboratory of Precision Measuring Technology & Instruments, College of Precision Instrument and Opto-Electronics

Engineering, Tianjin University, Tianjin 300072, China
© Supporting Information

ABSTRACT: This paper describes the detection of volatile
organic compounds (VOCs) using an e-nose type integrated
microfabricated sensor array, in which each resonator is coated
with different supramolecular monolayers: p-fert-butyl calix[8]-
arene (Calix[8]arene), 2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphine (Porphyrin), pS-cyclodextrin (f-CD), and
cucurbit[8]uril (CB[8]). Supramolecular monolayers fabri-
cated by Langmuir—Blodgett techniques work as specific
sensing interface for different VOCs recognition which
increase the sensor selectivity. Microfabricated ultrahigh
working frequency film bulk acoustic resonator (FBAR)
transducers (4.4 GHz) enable their high sensitivity toward

monolayer gas sensing which facilitate the analyses of VOCs adsorption isotherms and kinetics. Two affinity constants (K;, K;)
are obtained for each VOC, which indicate the gas molecule adsorption happen inside and outside of the supramolecular cavities.
Additional kinetic information on adsorption and desorption rate constants (k,, k4) are obtained as well from exponential fitting
results. The five parameters, one from the conventional frequency shift signals of mass transducers and the other four from the
indirect analyses of monolayer adsorption behaviors, thus enrich the sensing matrix (Af, K;, K, k,, kq) which can be used as
multiparameter fingerprint patterns for highly selective detection and discrimination of VOCs.

KEYWORDS: resonator array, electronic nose, supramolecular chemistry, Langmuir—Blodgett films, VOCs, adsorption isotherms,

kinetics

1. INTRODUCTION

Over the past decade, development of portable gas sensors that
can be used for on-site and real-time detection of volatile
organic compounds (VOCs) has been of great significance in
the fields of environmental monitoring, chemical warfare,
explosive detection, and health assessment.'~* VOCs are
participants in the reaction of atmospheric photochemistry
and can be used as biomarkers contained in the exhaled breath
from cancer patients for diagnoses purposes and for monitoring
the treatments of the diseases.” ® Although some portable gas
sensors are commercially available, such as sensing devices
integrated with photoionization detector, they cannot distin-
guish between different VOCs and the cross reactivity in
complex vapor mixtures remains a major challenge in this
concise way.9

So far, electronic nose (e-nose) sensor array which comprises
a large number of different sensors coupled with pattern-
recognition protocols is one of the most successful platforms
for VOCs discriminations.'” In each sensor of e-nose system,
chemically sensitive layer for target gas molecule detection is
coupled with a transducer which transforms the interactions
between the gas molecules and chemical coatings into readable
signals. In most electronic noses, each sensor is sensitive to all
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volatile molecules but each in their specific way; thus, a
fingerprint pattern is generated for specific target recognition.
Acoustic wave (AW) transducers, such as quartz crystal
microbalance (QCM)"'™** and surface acoustic wave (SAW)
resonators'>~'® are popular sensor components for an e-nose
set. They generate acoustic waves and measure the variation of
the wave propagation properties as a signal of frequency shift
for probing the mass uptake of a sensing layer when exposed to
vapors.'” Surface functionalization of the sensors plays a key
role in molecule recognitions, and it directly controls the sensor
sensitivity, selectivity, stability, and reversibility.””*" Polymer
coatings are the most popular surface functionalization of e-
noses; however, such modification process is complex and the
selectivity is too low to distinguish between different kinds of
VOCs.””** Besides, it suffers the irreversible gas adsorption into
thick polymer layers which may induce the malfunctions of the
e-noses.” "> Achieving effective molecular recognition at the
gas—solid interface is a demanding task for e-nose applications.
In recent years, supramolecular coatings have been applied in
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Scheme 1. (a) Schematic of a FBAR Sensor Array Functionalized with Four Supramolecular Monolayers, (b) Sectional View of
the FBAR Structure, and (c) Top View of Scanning Electron Micrograph (SEM) Image of a FBAR
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the detection of VOCs. Because of their specific “host—guest”
interactions, supramolecular coatings increase the sensor
specificity and accuracy.”*"*’ For instance, multiple layers of
porphyrin and its derivatives have been deposited on QCM to
detect n-propyl alcohol (NPA), chloroform, and toluene;**~**
Calix[n]arenes have been used as well for VOCs detec-
tions.”” > However, most of the previous studies are using
multiple layers of supramolecules which suffer less specificity
and low reversibility due to the gas molecule nonspecific
adsorption between the multilayers of supramolecules. Besides,
the gas molecule adsorption isotherms and kinetics are less
covered in these studies, since it normally requires longer
contact time to get stable sensor signals which is partially due to
the target molecule noncontrollable diffusion into the receptor
multiple layers. The operating frequency range of QCM or
SAW device is only several MHz to dozens of MHz, which
decides a restricted sensitivity and sets a limit to the utilization
of multiple layers of supramolecules in order to adsorb more
VOCs to enhance frequency response.

In this work, we fabricated film bulk acoustic resonators
(FBARs) with ultrahigh working frequency (4.4 GHz) as mass
transducers to evaluate different monolayers of supramolecular
coatings for their gas recognition behaviors. FBAR sensors have
been demonstrated as promising biosensor for detections of
DNA hybridizations,®® protein adsorptions,”” and other
biomolecule interactions.'” The applications of such types of
sensors as selective gas sensors are less covered.”” Since they
have important features of miniature device sizes, high quality
factor (Q), and compatibility with complementary metal oxide
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semiconductor (CMOS) technology,”” FBARs are beneficial to
be integrated as sensor arrays for e-nose applications. Here, an
array of FBAR gas sensors was created with the coatings of four
different amphiphilic supramolecular monolayers through
Langmuir—Blodgett (LB) process (p-tert-butyl calix[8]arene
(Calix[8]arene), 2,3,7,8,12,13,17,18-octaethyl-21H,23H-por-
phine (Porphyrin), f-cyclodextrin ($-CD), and cucurbit[8]uril
(CB[8])). Benefit from the monolayer coatings, fast and
reversible detection of VOCs, was realized by monitoring the
supramolecular gas phase “host—guest” interactions with high
frequency FBAR sensors vibrating at 4.4 GHz. The functional
groups at the interface of monolayer coatings behaved
differently amphiphilically and acted as molecular recognition
sites for vapor molecules with increased sensor selectivity. The
adsorption isotherms of supramolecular monolayers toward
different VOCs were fitted using a dual-site Langmuir—
Freundlich (DSLF) equation. The adsorption and desorption
rate constants of the four functional monolayers with different
VOC:s have also been obtained with kinetic analyses; thus, these
constants can be used as additional sensing parameters to
enrich the library of gas recognition fingerprints for selective
VOCs detections. The demonstrated FBAR sensor arrays are
promising candidates as a new type of e-nose gas sensors, and
the studies of the supramolecular coatings would benefit the
developing of new interface materials for gas sensor
applications.
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Figure 1. 7—A compression isotherms and chemical structures of supramolecular monolayers of (a) Calix[8]arene, (b) Porphyrin, (c) #-CD, and (d)

CB[8].

2. EXPERIMENTAL SECTION

2.1. Materials. p-tert-Butyl calix[8]arene (Calix[8]arene),
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine (Porphyrin), -cyclo-
dextrin (f-CD), and cucurbit[8]uril (CB[8]) were purchased from
Sigma-Aldrich and utilized without further purification. HPLC-grade
VOCs (chloroform, acetone, n-propyl alcohol (NPA), methanol,
hexane, and cyclohexane) were purchased from Tianjin Yuanhua and
used as received with no further purification.

2.2. Device Fabrication. In this work, film bulk acoustic
resonators (FBARs) were fabricated using standard microfabrication
according to a previous published process (see also Supporting
Information).** The series resonant frequency signal of FBAR was
obtained by network analyzer (Agilent ES061B).

2.3. Device Functionalization. The aluminum nitride (AIN)
substrates and FBAR sensors were oxidized in air plasma for S min to
form hydrophilic interface with plasma cleaner. The resulting
hydrophilic surfaces were coated with supramolecular monolayers
using Langmuir—Blodgett (LB) trough (Kibron Micro-Trough XS).
All compounds were dissolved in chloroform with a typical
concentration of 0.2 mg mL™' and filtered by 0.22 um Teflon
membranes. Among the four supramolecular compounds, Calix[8]-
arene, #-CD, and CB[8] are less soluble; a short sonication treatment
is required to get them fully dissolved in chloroform. An amount of 50
HL of each filtered solutions was spread onto the precleaned water
subphase with a pipet and then compressed at the speed of 10 mm
min~" until the surface pressure reached 18 mN m™'. Afterward, the
substrates (or devices) were pulled up vertically from the subphase
interface at a constant speed of 1 mm min'; thus, regularly arranged
supramolecular monolayers were coated on the substrates.

2.4. Surface Characterization. The supramolecular monolayers
coating on AIN substrates were characterized by contact angle (CA)
measurements (JC2000DM, Zhongchen), Fourier transform infrared
(FT-IR) spectrometry (Vertex 70v, Bruker Optics, Germany), and
atomic force microscopy (AFM, Veeco, Nano Scope III) in tapping
mode.
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2.5. VOCs Detection System. Figure S2 shows the VOCs
detection setup (see Supporting Information). The system consisted
of two gas channels. One channel produced saturated VOC vapors by
bubbling nitrogen gas through VOC liquids in a glass bubbler, the flow
velocity of which was monitored by a mass flow controller (MFC).
The other one carried out pure nitrogen gas and joined in the VOCs
channel at a confluence to form a mixed channel, which guided VOC
vapors to the sensor surfaces. Nitrogen gas (99.999%) was used as
background gas to avoid the influence by the humidity effect.
Experiments were conducted with sequent exposure to VOCs at 10
different concentrations in terms of P/P, from 0.1 to 1, where P stands
for the partial pressure of the VOCs and P, stands for the saturated
vapor pressure at room temperature.

3. RESULTS AND DISCUSSION

3.1. FBAR Sensor Array. Scheme la shows the schematic
of a functionalized FBAR sensor array used in this work. The
four FBARs were coated with monolayers of Calix[8]arene,
Porphyrin, -CD, and CB[8], respectively, and bonded on a
printed circuit board (PCB) to form an integrated sensor array.
A typical sandwiched structure of FBAR comprises two
molybdenum (Mo) layers as electrodes (top electrode and
bottom electrode) and a piezoelectric layer of aluminum nitride
(AIN) in the middle to generate acoustic waves (see Scheme
1b). An additional passivation layer of AIN is deposited on the
top electrode to prevent oxidation and corrosion and to
function as an interface for supramolecular coatings. Scheme 1c
presents the top view of scanning electron microscope (SEM)
image of a FBAR.

3.2. Compression Isotherms. In this work, we selected
four different amphiphilic supramolecular coatings (Calix[8]-
arene, Porphyrin, $-CD, and CB[8]). Calix[8]arene and
Porphyrin have similar structures that one brim of the molecule
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is hydrophobic (alkyl group) and the other side is hydrophilic
(hydroxyl or amino group). f-CD and CB[8] both are class of
macrocyclic hosts with a rigid hydrophobic cavity and two
identical fringed portals (see chemical structures in Figure 1).
The surface pressure—area (7—A) compression isotherms of
the four supramolecules are shown in Figure 1.

During the film fabrication process, the same quality of each
compound was applied in the LB trough; thus, the occupied
space per unit molecule is approximately proportional to the
molecular weight (MW) of the molecule. This agreed with the
compression isotherms as shown in Figure 1. Porphyrin
monolayer shows the smallest area per molecule (200 A?).
The MW of Calix[8]arene, f-CD, and CB[8] is approximately
twice of that of porphyrin; thus, the area per molecule is almost
double. Different types of 7—A compression isotherms
appeared which is due to their different chemical structures
and amphiphilic properties. The transition points of molecular
phase are clear on the Porphyrin monolayer 7—A curve but
inconspicuous for Calix[8]arene. The S-type 7—A curves of f3-
CD and CB[8] mean that the macrocyclic host molecules form
monolayers under higher surface pressure. All these results
indicated that well-organized monolayers of supramolecules
were formed on the water subphase.

The monolayers of supramolecules were transferred to the
devices at a constant pressure, considering of the film stability
at such pressure and better comparison of their gas recognition
behaviors. We have compared the LB films formed at different
fixed surface pressures (at 12, 15, and 18 mN m™, respectively)
and further tested their VOCs detection. The results showed
that with the increasing of the surface pressure during the
formation of the LB films, the frequency shifts to the same
VOC adsorption increased, which indicated that higher
molecular density would result in more VOC adsorptions.
However, when the surface pressure continued increasing, the
frequency response to VOCs dropped, which was likely due to
the collapse of supramolecular monolayers at higher
compression pressures. Thus, we found that 18 mN m™" was
the most appropriate value for the formation of densely packed
supramolecular monolayers for VOC detection.

3.3. Characterization. 3.3.1. Contact Angle Measure-
ments. Water contact angle (CA) measurements were used to
characterize the fabricated supramolecular LB films on flat AIN
substrates (see also the Supporting Information, Figure S3).
After plasma treatment, AIN substrate becomes superhydro-
philic (CA is below 4°). After deposition of amphiphilic
monolayers, the CA values of Calix[8]arene and Porphyrin turn
into 107° and 82° indicating that the interfaces are
hydrophobic. On the contrary, the AIN substrates coated
with #-CD and CB[8] remain hydrophilic with repeatable CA
values of 55° and 61°. This result confirms the molecule
orientations of the supramolecular monolayers. The relations
between the hydrophilicity of the interface and the gas
adsorption are in fact the interactions between functional
groups of supramolecular monolayers and VOCs molecules;
thus, the hydrophobicity and hydrophilicity of the top layers
can be used to distinguish different types of gas molecules and
applied in the VOCs selective detection.

3.3.2. FT-IR Spectrometer Tests. FT-IR spectra were used to
characterize the LB films on AIN surfaces. It was obtained using
an IR spectrometer equipped with an attenuated total reflection
(ATR) accessory. A liquid nitrogen cooled mercury—
cadmium—telluride (MCT) detector was used to record the
FT-IR spectra at permanent vacuum condition. With the above

characteristics, the monolayers of LB films could be analyzed
with high sensitivity. Figure 2 shows the FT-IR reflection
spectra of the four supramolecular monolayers coated on AIN
substrates.
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Figure 2. FT-IR reflection spectra of Calix[8]arene, Porphyrin, $-CD,
and CB[8].

Calix[8]arene monolayer shows characteristic peaks at 1470
and 1536 cm™" which are assigned to the band of benzene ring.
The peaks of C—H stretching frequency appear at 2858 and
2955 cm™', whereas the peaks of C—H bending frequency
appear at 1295 and 1368 cm™".*' For Porphyrin monolayer, the
N—H stretching frequency is found to be weak at 3350 cm™
which contains hydrogen bonding in the condensed ring
systems. The peaks at 2850—3140 cm™ are due to =C—H
stretching vibrations. The skeletal in-plane conjugated phenyl
C=C vibrates near 1582 cm™, and the strong frequency near
1350 cm™' is tentatively assigned to the C—N stretching
vibration.*” In the FT-IR spectra of f-CD monolayer, the peaks
at about 1028, 1640, and 2925 cm™' can be indexed to C—H,
O-H, and C—O—C groups, respectively.*”** CB[8] monolayer
exhibits characteristic peaks at 1730, 2931, and 3436 cm™’
indicative of CO—N, C—H, and C=O stretching, respec-
tively. ™

Besides FT-IR, we performed energy dispersive spectroscopy
(EDS) on the same supramolecular monolayers (see Table S1
in Supporting Information). The element contents of the four
supramolecular coatings are consistent with their molecular
structures. All these results confirm the successful formation of
supramolecular monolayers on AIN substrates.

3.3.3. Surface Morphology Analysis. Furthermore, the
surface morphology of the supramolecular LB films is
characterized by AFM with a tapping mode (see Figure 3).
The shapes of the four supramolecular coatings are rather
similar, and the average height is 2.83 + 0.86 nm, 1.84 + 0.35
nm, 1.87 + 0.52 nm, and 4.25 + 0.97 nm for Calix[8]arene,
Porphyrin, $-CD, and CB[8], respectively, which indicates the
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Figure 3. AFM images of the supramolecular coatings of (a) Calix[8]arene, (b) Porphyrin, (c) f-CD, and (d) CB[8].
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Figure 4. (a) Real-time sensor responses of the FBAR sensor array functionalized with supramolecular monolayers with exposure to chloroform at
10 different concentrations in terms of P/P, from 0.1 to 1 (i.e., the red numbers labeled inside (a)), where P stands for the partial pressure of
chloroform and P, stands for the saturated chloroform pressure at room temperature. (b) Adsorption isotherms of chloroform. The dots represent
the measuring data, and the solid lines represent the fitting results with eq 2.

formation of smooth supramolecular monolayers on AIN
substrates.

3.4. VOCs Detection Results. As described in Sauerbrey’s
eq 1," when adding a layer of mass loading on the top of
FBAR, the series resonant frequency decreases linearly to the
mass loading in accordance. Higher working resonance
frequency will induce more frequency shift with the same
mass loading on the sensor surface. In this work, we applied
ultrahigh resonance frequency FBARs as the transducers (4.4
GHz), which are able to measure the small mass change by the
adsorption of VOCs to the monolayers of supramolecular
receptors.
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Af  Ppm
fo Pdo (1)

Here f, and Af are the resonance frequency of FBAR and
frequency shift after adsorption of VOCs. p,, and p, are the
mass density of adsorption layer and resonator itself,
respectively. d,, and d; are the thickness of the adsorption
layer and resonator.

3.4.1. Real-Time Sensor Responses of the FBAR Sensor
Array. Figure 4a shows the real-time sensor responses of the
FBAR sensor array functionalized individually with monolayers
of Calix[8]arene, Porphyrin, f-CD, and CB[8] in exposure to
chloroform vapors at 10 different concentrations.
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Table 1. Adsorption Affinity Constants of Six VOCs Fitted by DSLF Equation

affinity constant

Calix[8]arene Porphyrin p-CD CB[8]
voC K; x 1072 K, X 1072 K; x 1072 K, X 107 K; x 1072 K, X 1072 K; x 1072 K, X 1072
chloroform 3.0 +£02 0.63 + 0.04 12 +07 0.93 + 0.02 21+02 0.67 + 0.04 27 + 04 123 + 0.05
acetone 3.5 + 04 0.82 + 0.05 17 + 04 0.74 + 0.03 15+ 06 0.71 + 0.07 10 + 05 0.79 + 0.06
NPA 22 + 07 0.91 + 0.04 1L1+08 1.04 + 0.06 L1 +0.5 0.91 + 0.04 12403 1.01 + 0.06
methanol 52+ 03 091 + 0.02 34+ 06 125 + 0.07 12+ 07 0.94 + 0.06 5.1+ 0.6 0.82 + 0.07
hexane 28 £ 0.5 0.75 + 0.08 4.8 + 04 112 + 0.06 14 + 04 1.01 + 0.08 20 + 0.7 L11 + 0.04
cyclohexane 41 + 04 1.01 + 0.07 15 £ 0.5 0.82 + 0.04 24 + 04 0.82 + 0.03 39 +02 0.87 + 0.03
Scheme 2. VOCs Adsorption on Supramolecular Monolayers”
'é\. Gas molecule
Outside-cavity Adsorption Supramolecule
Inside-cavity Adsorption
e
K
1 K2
d \
7 '
Substrate

“Gas molecules can adsorb inside and outside the cavity of supramolecules.

The FBAR sensor array was first flushed with nitrogen gas to
reach a stable baseline, and 10 sensing cycles were performed. A
sensing cycle comprised both VOCs absorption and desorption.
In the adsorption process, chloroform vapor was introduced to
the functionalized FBAR sensors and negative resonance
frequency shifts were observed, indicating the quick adsorption
of gas molecules to the supramolecular monolayers.

The attachment of the VOCs to the supramolecular
monolayers is maintained by the van der Waals forces for the
presented device. The van der Waals forces between the VOCs
molecules and supramolecular monolayers are weak; thus, the
interactions are concentration dependent and reversible. After
switching to nitrogen, the concentration of VOCs became zero
and the van der Waals forces did not maintain balance; thus,
the VOCs molecules were blow off by the nitrogen gas. As
shown in Figure 4a, in the desorption process, the resonance
frequency went up quickly and returned to the baseline. These
results demonstrate the merit of quick response and full
recovery of supramolecular monolayers coated FBAR sensors
for VOCs detections.

The sensor responses of the FBAR sensor array coated with
different supramolecular monolayers behave discriminatively in
Figure 4a. The main reason is the different van der Waals force
between the gas molecules and the supramolecular receptors.
The interface of Calix[8]arene and Porphyrin proved to be
hydrophobic in the CA tests, which is suitable for the
absorption of hydrophobic chloroform molecules, while the
adsorption happening on hydrophilic f-CD and CB[8] is
different. It is likely that the chloroform molecules prefer to
enter the hydrophobic cavities of these macrocyclic hosts and
interact with interior groups. For f-CD, it shows the most
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hydrophilic property which is not favorable for VOC molecules
to enter its cavity so that the frequency shifts are smaller
compared to those of the other three compounds in most
situations. Beside the hydrophilicity, the sensor response is a
comprehensive result of multiple factors. The size of the
supramolecular cavity and the species of the functional groups
on the interface affect the sensor response as well. Real-time
sensor responses of the other five VOCs (acetone, n-propyl
alcohol (NPA), methanol, hexane, and cyclohexane) were
obtained using the same four supramolecules coated FBAR
sensor array (see Figure S4, Supporting Information).

3.4.2. Adsorption Isotherms of VOCs on Supramolecular
Monolayers. The adsorption isotherms of chloroform on four
supramolecular monolayers were plotted in Figure 4b. The
adsorption isotherms show a two-step adsorption process. In
low concentration range (P/P, below 0.8), the adsorbed gas
molecules increased slowly with the increased gas concen-
tration, while in the second process, the adsorbed molecules
increased much more quickly and when the VOCs concen-
tration is close to their saturated pressure, the frequency shifts
of FBAR sensors increase to a higher level rather than terminate
at a finite value. This is likely due to the VOCs molecules
accumulating themselves in a layer by layer fashion and
inducing multiple-layer adsorptions at higher concentrations.
The final frequency shift at saturated pressure (P/P, = 1.0)
does not affect the affinity constants too much, since a single
point will not decide the variation trend. To be consistent, we
used the frequency shift after 10 min at P/P, = 1.0 as the
response value at saturated concentration in practical usage of
the sensor array.
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Figure 5. (a) Real-time sensor responses of chloroform adsorption and desorption processes on Calix[8]arene monolayer. The circles represent the
measuring data, and the solid lines represent the fitting results. Here the minus values of frequency shifts were used to fit the monoexponential
equations for convenience. (b) Plots of adsorption rates (k, (P/P,) + k;) versus P/P, for chloroform adsorption. The linear fits of the data at P/P; =
0.1-0.5 give the adsorption rate constants k, = 0.306 + 0.016 s™', k,, = 0.254 + 0.012 s, k;; = 0.396 + 0.065 s7', k,, = 0.148 + 0.007 s™*,
respectively, for Calix[8]arene, Porphyrin, #-CD, and CB[8], monolayers.

Table 2. Adsorption and Desorption Rate Constants of Six VOCs Fitted by Monoexponential Equations

adsorption/desorption

Calix[8]arene Porphyrin B-CD CB([8]

VvOC kX 1070 (s7Y) kg x 1072 (s71) kX 107! (s71) kg x 1072 (s7Y) Kk, x 107N (s7Y) kg X 1072 (s7Y) kX 107! (57N kg x 1072 (s7V)
chloroform 3.06 + 0.16 1.9 £ 0.5 2.54 + 0.12 15+ 04 3.96 + 0.65 25+07 148 + 0.07 1.2 + 0.6
acetone 4.58 +£0.23 25+ 04 1.34 + 0.28 1.1 + 0.6 4.78 + 0.79 23 +£0.7 237 £ 0.25 1.8 £ 0.5
NPA 242 + 040 13+ 0.7 1.92 + 0.27 12 £ 0.6 323 £0.11 29 + 04 0.99 + 0.06 0.6 +£ 0.7
methanol 2.08 + 0.17 1.1+ 04 1.5§ + 0.18 0.8 + 0.8 5.69 + 0.22 23+ 0.5 1.05 + 0.08 0.5 + 04
hexane 4.74 + 0.22 32+03 0.82 + 0.07 0.7 £ 0.7 447 + 035 2.6 £ 0.6 1.89 + 0.07 14+ 04
cyclohexane 2.81 + 0.07 2.8 + 0.6 1.24 + 0.11 13 +03 343 + 0.31 2.7 £ 0.5 1.08 + 0.10 1.6 +£ 0.5

Dual-site Langmuir—Freundlich (DSLF) eq 2 was used to fit the substrate, and this interaction is determined only by the
the adsorption isotherms, since the simple Langmuir model properties of VOCs.

cannot match well with the experiment data.*® 3.4.3. Adsorption Kinetics of VOCs on Supramolecular

Monolayers. Besides the adsorption isotherms, the kinetic

Af = NK(P/B)" N,K,(P/R)" analyses of different VOQS adsorption on four suprarr'lolecular

1+ K((P/R)" 1+ K,(P/B)" @) monolayers were applied as well. The adsorption and

desorption rates of different VOCs on the same sensitive
Here Af is the frequency shift of a FBAR sensor which is coating are different, which is likely due to the polar or

linearly proportional to the total number of adsorbed gas nonpolar characteristics of the VOCs molecules. And such
molecules, N; is the maximum loading in site i, K, is the affinity distinction varies with supramolecular monolayers containing
constant, and #; is used to characterize the deviation from the different func'Fional groups on the gas.—solid interface.
simple Langmuir equation (i = 1, 2). Adsorption isotherms of Monoexpone‘ntlal egs 3 anfl 3b werﬁjgphed to fit the real-
the other five VOCs (acetone, n-propyl alcohol (NPA), time adsorption and desorption data.

methanol, hexane, and cyclohexane) were fitted using the

- =(k,(P/R)+ky)t

same DSLF equation (see Figure SS, Supporting Information). Af = feq(l - ¢ ) (3a)
Two aflinity constants K; and K, were obtained during the

equation fitting and listed in Table 1. Af=f ekt (3b)

According to the fitting results, the affinity constant K; shows 1

larger distributions compared with K, which means two Here f,, is the frequency shift of FBAR sensor when VOCs
equivalent adsorption types simultaneously affect the adsorp- adsorption reaches equilibrium and k, and k4 are adsorption
tion isotherms and K, is more selective. This can be explained and desorption rate constant, respectively. The solid lines in
by the gas adsorption inside and outside of the supramolecular Figure Sa represent the fitting results of chloroform adsorption
cavities (see Scheme 2). For affinity constant K;, the gas on Calix[8]arene monolayer at 10 concentrations.

molecules interact with the supramolecular functional groups The desorption rate constants (kg) were directly determined
and enter into the cavity of the supramolecules; thus, the value by fitting the desorption curves of different concentrations with

of K| is determined by both the sensing layers and the VOCs to eq 3b. The average values are kg, = 0.019 + 0.005 s/, kg, =
be detected. The affinity constant K, can be used to describe 0.015 + 0.004 577, kg3 = 0.025 + 0.007 s, kg, = 0.012 + 0.006
the outside-cavity adsorption between two supramolecules on s™!, respectively, for chloroform desorption from Calix[8]arene,
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Figure 6. (a) Frequency responses of FBAR sensor array versus VOCs concentrations. (b) Radar plots of the sensor responses (normalized Af, K,
K,, k, and k,) for the fingerprint library of VOCs detection on Calix[8]arene, Porphyrin, f-CD, and CB[8].

Porphyrin, -CD, and CB[8] monolayers. By fitting the concentrations from P/P, = 0.1—0.5 (Figure Sb). The slopes
adsorption curves (Figure Sa), the five obtained values of of the fitted solid lines give the adsorption rate constants: k,; =
(k,(P/Py) + ky) were then plotted versus chloroform 0.306 + 0.016 s}, k,, = 0.254 + 0.012 574, k3 = 0.396 + 0.065
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s7, ky = 0.148 + 0.007 s". It is likely that monolayer
adsorption occurs at low concentration (P/P, below 0.5 for
chloroform) which is suitable with simple Langmuir model, and
the adsorption rates can be calculated using monoexponential
eq 3a. In contrast, (k,(P/P,) + k,) decreases after the turning
point of P/P; = 0.5 and keeps almost the same value for P/P, =
0.6—1.0, which is likely due to the multiple layers gas
adsorption with longer interaction time. The adsorption
equilibrium constant ky/k, is close to the affinity constant
(K,) in the order of magnitudes. Differences are likely caused
by the measuring deviations of the network analyzer.
Adsorption and desorption rate constants of the other five
VOCs are calculated using the same method; however, the
turning points of VOCs concentrations P/P, between
monolayer and multilayer gas adsorption vary with different
VOCs (see Figure S6, Supporting Information). All the fitting
results of adsorption and desorption rate constants are shown
in Table 2.

Figure 6a shows the frequency shifts of the FBAR sensor
array with exposure to different concentrations of six VOCs,
which can be used as single-parameter fingerprints for the
discrimination of VOCs. Along with the frequency shifts (Af)
from readable signals of the FBAR sensor array, parameters
from adsorption isotherms (Kj, K,) and kinetics analyses (k,,
ky) inherent to the supramolecular “host—guest” interactions
constitute a distinctive matrix (Af, K;, K,, k,, kg) of different
VOCs, which can be used as a multiparameter recognition
fingerprint for the classification of VOCs. Figure 6b shows the
radar plots of the sensor responses containing five normalized
parameters (Af, K;, K,, k, kg). Different VOCs display
distinctive patterns with the functionalized FBAR sensor
array, thus allowing for a simple and straightforward
identification of the VOCs to be detected.

The frequency shifts of the functionalized FBAR sensor array
(Figure 6a) display a concentration-dependent behavior when
exposed to different concentrations of VOCs and can be used
in the concentration detection, while the additional sensing
parameters (K, K,, k, k;) of each VOC is kept constant
regardless the concentration (see Figure 6b) and can be used
for the classification of VOCs.

So far we have demonstrated an e-nose type gas sensor that is
composed of microfabricated resonators functionalized individ-
ually with different supramolecular monolayers to enhance the
sensitivity toward different VOCs. However, regarding the real
samples, a preconcentrator is normally integrated before the gas
sensor array to separate the gas mixtures and to concentrate the
VOCs which will further improve the limit of detection (LOD)
of the e-noses.>’

4. CONCLUSIONS

In this work, a FBAR sensor array functionalized with four
supramolecular monolayers (Calix[8]arene, Porphyrin, 5-CD,
and CB[8]) has been demonstrated for selective detection of
VOCs through frequency shifts and analyses of adsorption
isotherms/kinetics through the specific “host—guest” gas phase
recognitions. To our knowledge, these results are the first
experimental demonstration that the microfabricated resonator
array can be used as high-throughput sensors to quantify gas
molecule—supramolecular monolayer interactions. The supra-
molecular monolayers were fabricated on FBAR surfaces using
LB techniques. Compression isotherms, contact angle (CA)
measurements, Fourier transform infrared (FT-IR) spectrom-
etry, and atomic force microscopy (AFM) were used to verify
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the formation of the supramolecular monolayers. The ultrahigh
frequency FBAR transducers working at 4.4 GHz enhanced
their sensitivity to gas molecules, thus enabling the detection of
VOCs with the monolayer coatings. Fitting with a dual-site
Langmuir—Freundlich equation, two affinity constants (K, K,)
were obtained that are representing inside- and outside-
supramolecular cavity adsorption. Furthermore, kinetics anal-
yses derived the adsorption and desorption rate constants (k,
ky) of VOCs on different supramolecular monolayers. All the
parameters from adsorption isotherms and kinetic analyses
along with frequency shifts constituted a matrix (Af, K;, K, k,,
ky) as parts of the fingerprint library for VOCs selective
detections and discriminations. Compared with the conven-
tional single parameter sensing (e.g., only with frequency shifts
from acoustic wave transducers), the multiple parameter
sensing by supramolecular monolayers functionalized FBAR
sensor array can detect VOCs with high specificity and
selectivity, which is a promising candidate for the development
of e-nose systems.
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