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ABSTRACT: Detection and recognition of volatile organic compounds (VOCs) are crucial in many applications. While pure VOCs
can be detected by various sensors, the discrimination of VOCs in mixtures, especially of similar molecules, is hindered by cross-
sensitivities. Isomer identification in mixtures is even harder. Metal−organic frameworks (MOFs) with their well-defined,
nanoporous, and versatile structures have the potential to improve the VOC sensing performance by tailoring the adsorption
affinities. Here, we detect and identify ternary xylene isomer mixtures by using an array of six gravimetric, quartz crystal microbalance
(QCM)-based sensors coated with selected MOF films with different isomer affinities. We use classical molecular simulations to
provide insights into the sensing mechanism. In addition to the attractive interaction between the analytes and the MOF film, the
isomer discrimination is caused by the rigid crystalline framework sterically controlling the access of the isomers to different
adsorption sites in the MOFs. The sensor array has a very low limit of detection of 1 ppm for each pure isomer and allows the isomer
discrimination in mixtures. At 100 ppm, 16 different ternary o−p−m-xylene mixtures were identified with high classification accuracy
(96.5%). This work shows the unprecedented performance of MOF-sensor arrays, also referred to as MOF-electronic nose (MOF-e-
nose), for sensing VOC mixtures. Based on the study, guidelines for detecting and discriminating complex mixtures of volatile
molecules are also provided.
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Clean air and the detection of pollution are of utmost
importance for human health. Many common air

pollutants are characterized as volatile organic compounds
(VOCs), including benzene, toluene, and xylene.1 Therefore,
the realization of reliable and practical VOC sensors is very
important. Due to its chemical similarities, its low reactivities,
and low required limits of detection, the efficient recognition
and discrimination of VOCs present a great scientific and
technical challenge.2 Usually, VOCs occur in mixtures of
different molecules with different hazardous potentials.3 The
precise sensing of such complex mixtures is an unsolved
problem, especially when the mixture is composed of
molecules with similar physical properties, like molecular
isomers.
Xylene has three isomeric forms, which are 1,2-dimethyl-

benzene, 1,3-dimethylbenzene, and 1,4-dimethylbenzene,
referred to as o-xylene, m-xylene, and p-xylene, respectively
(Figure 1a).4 Xylene is an important chemical feedstock,
finding widespread use not only in the large-scale synthesis of

various polymers like polyethylene terephthalate (PET) and
parylene but also in the printing, rubber, and leather
industries.5,6 Like many VOCs, at certain concentrations,
xylene is harmful to human health. The US-American National
Institute of Occupational Safety and Health (NIOSH)
generally recommends a limit for long-term exposure of
100 ppm for xylene.7 Although having similar structures and
physical properties, the three xylene isomers have different
metabolic pathways in the human and mammal body.8 In
animal tests with mice, the lethal concentration for 50% of the
animals was 5,267 ppm, 4,595 ppm, and 3,907 ppm for m-
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xylene, o-xylene, and p-xylene, respectively.9 Hence, the
detection and discrimination of xylene isomers are very
important for environmental monitoring and medical care.
The standard analytical method for xylene isomer detection

is based on high-resolution gas chromatography (GC).10,11 In
addition to being expensive, laborious, and time-consuming, a
complex preconcentration sampling process is often required
before GC analysis. In previous studies, different cost-effective
methods for detecting xylene have been developed, such as
mass sensor arrays,12 chemical sensor arrays,13 metal oxide-
based sensor semiconductors,14−16 and catalytic luminescence

sensor arrays.17 For example, oxide-nanowire-based sensors
working at 400 °C were used for sensing p-xylene with a
detection limit of 5 ppm.15 Using a semiconducting-
copolymer-based field-effect-transistor sensor, the individual
xylene isomers were detected and identified at a concentration
of 40 ppm.18 While the pure isomers can be identified,
distinguishing different binary and ternary xylene mixtures
could not be realized. So far, the classification of ternary
mixtures of xylene isomers or of other ternary VOC isomers
has not yet been demonstrated.
Due to their large specific surface area, their well-defined

structure, and their tunability, metal−organic frameworks
(MOFs) have the potential to improve the performance of
VOC sensors.19−27 MOFs are crystalline porous materials with
periodic network structures formed by self-assembly of metal
nodes and organic linkers.28,29 Several MOFs with good
performance for adsorption and separation of xylene isomers
have been developed. For example, several MOF-5-based
structures with different selectivities have been developed for
the separation of xylene isomers by gas chromatography and
gas adsorption.30 The separation of xylene isomers was also
achieved by refining the pore size or by tuning the interaction
with the MOF metal nodes.31,32 These studies have focused on
the separation of xylene isomers, and the discrimination and
detection of xylene isomers have not yet been developed.
For VOC sensing, gravimetric transducers like quartz crystal

microbalances (QCMs) have proven to be useful.33−35 QCMs
have the advantages of a simple setup, low cost, high
sensitivity, and short response time.36 The recorded frequency
shifts, which are proportional to the mass changes,37 are used
as sensor signals. Various compounds and materials such as
metal oxides,38 zeolites,39 polymers,40 macrocyclic molecules,41

and thiols42 have been used to modify the surface of QCM
sensors with the aim of tailoring the sensor affinity. Employing
MOF films as active sensing layers, mass sensors based on
QCM have been used for the detection of various pure VOCs,
like formaldehyde, toluene, and chiral compounds.43−46

Here, we present for the first time a sensing system able to
detect and distinguish several unary, binary, and ternary
mixtures of the xylene isomers. It is based on a sensor array,
also referred to as an electronic nose (e-nose), composed of six
QCM sensors coated with six different nanoporous MOF
films: HKUST-1, Cu(BDC), Cu(BPDC), UiO-66, UiO-67,
and UiO-68-NH2 (see Figure 1). (The abbreviations are: BDC
is benzene-1,4-dicarboxylate, BPDC is biphenyl-4,4′-dicarbox-
ylate, HKUST stands for Hong Kong University of Science and
Technology (also referred to as Cu3(BTC)2 with BTC =
benzene-1,3,5-tricarboxylate), and UiO stands for Universitetet
i Oslo.) We performed classical grand canonical Monte Carlo
(GCMC) simulations to provide insights into the molecular
level of the adsorption affinities that result in the observed
isomer discrimination. With a machine learning algorithm
based on the k-nearest-neighbor (kNN) analysis,47 the sensor
array can discriminate between 16 different o-, p-, and m-xylene
mixtures with 96.5% accuracy at a concentration of 100 ppm.
The detection limit is very low (1 ppm), and, worth
emphasizing, the pure xylene isomers can be distinguished
with acceptable accuracy, even at very low concentrations. The
study demonstrates the superior performance of nanoporous
crystalline materials with versatile, well-defined, and tunable
structures for gravimetric VOC sensing.

Figure 1. (a) Isomers of xylene. Important physical properties are
given, i.e., temperature of the boiling point at atmospheric pressure
Tboil, the vapor pressure at a temperature of 25 °C pvapor, and the
density at 25 °C ρ. (b) Structure of the MOF thin films. Top row:
HKUST-1, Cu(BDC), and Cu(BPDC). Bottom row: UiO-66, UiO-
67, and UiO-68-NH2 (left to right). The color code of the atoms is C,
gray; H, white (not shown for the MOFs); O, red; N, blue; Cu,
orange; and Zr, cyan. (c) Sketch of the setup. The electronic nose
system is composed of an array of QCM sensors coated with MOF
films of six different structures. The xylene vapor concentration is
controlled by the flow rates through the mass flow controller (MFC-1
and MFC-2). The sensor array is located in a gas flow chamber with
an inner diameter of 15 mm and a length of 35 mm.
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■ EXPERIMENTAL SECTION
Synthesis of MOF Films. The MOF films are prepared following

previously optimized synthesis protocols.48,49 The HKUST-1, Cu-
(BDC), and Cu(BPDC) MOF film samples are prepared in a layer-
by-layer method, where the substrates are alternately exposed to the
metal node and linker solutions.49,50 MOF films with an HKUST-1
structure51 are prepared from ethanolic 1 mM copper acetate and
ethanolic 0.2 mM trimesic acid (BTC) solutions. Cu(BDC) MOF
films are prepared from ethanolic 1 mM copper acetate and ethanolic
0.2 mM terephthalic acid (BDC) solutions.52 Cu(BPDC) MOF films
are prepared from ethanolic 1 mM copper acetate and ethanolic 0.2
mM biphenyl dicarboxylic acid (BPDC) solutions.52 All samples are
prepared in 30 synthesis cycles by using a spray method.53 Before
SURMOF syntheses, all QCM substrates are functionalized with 16-
sulfanylhexadecanoic acid (MHDA) self-assembled monolayers
(SAMs).
UiO-66, UiO-67, and UiO-68-NH2 films are prepared by vapor-

assisted conversion (VAC).48 The precursor solution was composed
of ZrOCl2, dicarboxylic acid, and acetic acid dissolved in DMF. A
solution containing a mixture of DMF and acetic acid is dropped into
a glass container. Droplets of the precursor solution (50 μL) are
deposited uniformly on the sensor surface. The container is then
sealed and heated to 100 °C for 3 h. Finally, the samples are dried
under vacuum.
X-ray diffraction analysis is performed with a Bruker D8

diffractometer. The measurements are done in the Bragg−Brentano
geometry (θ−θ) with copper Kα (λ = 1.54 Å) radiation with a
position-sensitive detector (LynxEye).
Scanning electron microscope (SEM) images are taken using a

TESCAN VEGA3 SEM. The samples are coated with a thin (∼2 nm)
platinum film using the LEICA EM ACE600 system to prevent the
accumulation of charge on the sample surface.
Sensor Array. The electronic nose is a homebuilt multichannel

QCM system (see Figure 1c). The frequency shift of each quartz
sensor with AT-cut and approximately 10 MHz resonance frequency
is recorded by the computer. Each QCM sensor, purchased from JWT
China, has a circular shape of approximately 10 mm diameter. The
circular Ag top electrode has a diameter of approximately 6 mm and
an area of 28.3 mm2. This is the area covered by the MOF film.
During the measurements, the frequency shifts of all sensors are
recorded every 1−1.7 s. The entire setup is controlled by a program
code written in MATLAB.
A gas flow system is used to control the gas atmosphere at the

sensors. The gas flow of the carrier gas (nitrogen) is split into two
streams, whose flow rates are controlled by mass flow controllers. One
stream is enriched with the VOC vapor by bubbling through liquid
VOCs using a gas wash bottle. (Previous dew-point experiments with
the gas flow setup showed that the resulting vapor pressure is only
slightly smaller than the saturated vapor pressure.46,54) The other
stream is pure nitrogen. Then, both streams are merged and the VOC
concentration can be controlled by adjusting the flow rates. For
example, the pure nitrogen channel flow rate is 60 mL/min and the
VOC channel passing through liquid m-xylene has a flow rate of 0.55
mL/min. This results in a mixed vapor concentration of 0.55/60 times
the saturated vapor pressure (10,900 ppm for m-xylene at 25 °C), i.e.,
100 ppm.
Each sensing experiment is composed of three phases. First, the

sensors are in a flow of pure nitrogen and the MOF pores are empty.
Then, the gas flow is instantly enriched with a constant VOC
concentration. The VOC molecules adsorb in the MOF films, and the
VOC uptake results in the frequency shift of the QCM sensors, which
is the sensor signal. The third step is the desorption of the adsorbed
VOCs in an atmosphere of pure nitrogen. The adsorption steps are 2
h. The desorption step usually had a length of 4 h to ensure all VOC
molecules desorb. In the experiments, gas flows with xylene
concentrations of 1, 2, 5, 10, 50, 100, 500, 1000 ppm, and maximum
concentration (i.e., close to the saturated vapor concentration of
approximately 10,900 ppm for m-xylene, 8,500 ppm for o-xylene, and
11,000 ppm for p-xylene) were used. The numbers of uptake

experiments are 3 at a concentration of 1 ppm, 3 at 2 ppm, 3 at 5
ppm, 10 at 10 ppm, 3 at 50 ppm, 16 at 100 ppm (plus six experiments
for the reproducibility experiment, S10), 3 at 500 ppm, 3 at 1000
ppm, and 3 at maximum concentration. All experiments were
performed at room temperature.

Data Analysis. For the data analysis, the data are classified via a
machine learning algorithm based on a standard k-nearest-neighbor
(kNN) algorithm, using a program code written in python (see also
the Associated Content).47,55 For the kNN classification of the sensor
response, 100 data points at the end of each xylene exposure period
are used. This means the data at about 2 h after the beginning of the
analyte exposure (i.e., right before the desorption starts) are
accumulated during a time period of approximately 2.5 min. This
results in 1600 data points for all 16 xylene mixtures (Figures 6c and
S16), where each data point includes the frequency shift values of all
six sensors. For the classification of the pure isomers (Figure 6a), 300
data points, i.e., 100 data points of each isomer, were used. The K-
value in kNN is set to 40, corresponding to the square root of the
number of points, here 1600, following a general recommendation for
setting K.56−58 (Varying the K-value by 50% did not result in a
significant change of the classification results.) The kNN classification
was performed using 10-fold cross-validation, with 90% of the data
points used as the training set (i.e., 1440 points) and 10% as the test
set (160 points). Each mixture composition is considered a separate
class; this means there are 3 classes for classifying the pure isomers
(Figure 6a) and 16 classes for classifying the ternary mixtures (Figure
6c).

Data analysis with standard linear discriminant analysis (LDA) is
also performed.

■ RESULTS AND DISCUSSION

Xylene Uptake by the MOF-Coated QCM Sensor
Array. The electronic nose, i.e., the sensor array, is composed
of six quartz crystal microbalance (QCM) sensors coated with
thin films of different MOF structures. The MOF films have
structures of types HKUST-1, Cu(BDC), Cu(BPDC), UiO-66,
UiO-67, and UiO-68-NH2 (see Figure 1b). The MOF films
were chosen due to their good properties regarding the pore
size, stability, uptake and diffusion properties, and synthesis
conditions. The X-ray diffraction patterns (Figure S1) show
that all samples are crystalline and they possess the targeted
structures. Moreover, the diffraction patterns show that all
samples have a high degree of crystalline orientation.
Cu(BDC), Cu(BPDC), and HKUST-1 MOF films are
grown in the (100) crystal orientation perpendicular to the
substrate surface. The UiO-MOF films are grown in the (111)
orientation. The surface morphology is imaged by scanning
electron microscopy (SEM) (Figure S2).
For exploring the sensor array performance, the response of

the sensor array in the atmosphere of a defined xylene mixture
is investigated. To this end, the QCM frequency shifts are
recorded and the gas atmosphere surrounding the sensors is
switched from initially pure nitrogen to nitrogen enriched with
xylene (or xylene mixture) of a certain vapor pressure. The
frequency shifts of each QCM sensor, which are proportional
to the mass change caused by the VOC adsorption in the MOF
films, are recorded. The frequency shifts are used as sensing
signals. In this way, the sensor response to xylene of various
concentrations, i.e., 1, 2, 5, 10, 50, 100, 500, 1000 ppm and
about 10,000 ppm, was explored. In addition, the sensor
response to binary and ternary mixtures at 10 and 100 ppm
was explored. In total, experiments with 47 different
concentrations and compositions were performed. The
frequency shifts of the QCM sensor array under exposure to
the pure xylene isomers with concentrations of 10 and 50 ppm

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.2c00301
ACS Sens. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00301/suppl_file/se2c00301_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00301/suppl_file/se2c00301_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c00301/suppl_file/se2c00301_si_001.pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c00301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


are shown in Figure 2. Further uptake data are shown in
Figures S3−S9 in the Supporting Information.
The sensor signals in equilibrium with the gas phase as a

function of the pure xylene vapors of various concentrations
are shown in Figure S12. The data for all MOFs and molecules
can be described with single-site Langmuir isotherms. The
plots show essentially linear responses in the concentration
range up to 100 ppm, referred to as Henry’s region.
The slopes in the linear range of the isotherm (from 0 to 500

ppm), which corresponds to the sensitivity at low concen-
tration, are shown in Table 1. The values of the sensitivity are
between approximately 0.2 and 0.9 Hz ppm−1. It is noteworthy
that each sensor has a different slope (i.e., sensitivity) for the
same analyte. This is caused by the different absorption
properties of different MOF materials and also the different
amounts (or thicknesses) of the MOF films. For all xylene
isomers, the HKUST-1 sensor shows the largest sensitivity,
followed by Cu(BPDC). More important, some sensors show
different sensitivities for the different xylene isomers. This
indicates different affinities of the different isomers in the same
MOF. For example, the affinity in the Henry region toward o-
xylene is larger than for m and p in UiO-66. In UiO-67, the
affinity toward p-xylene is highest.

The calculated limits of detection (LOD; right column in
Table 1) for the individual sensors range between 0.7 and 1.9
ppm, with an average value of 1.1 ppm. The estimated LOD of
about 1 ppm is in agreement with the recorded data for the
isomers of 1 ppm concentration (see Figure S4a−c), where the
classification of the individual isomers is feasible, however, with
a significant error rate (see below). Since 1 ppm is far below

Figure 2. QCM response for the uptake of 10 ppm (a−c) and 50 ppm (d−f) xylene molecules as a function of time. The isomers and
concentrations are labeled in the panels. (a, d) o-Xylene, (b, e) p-xylene, and (c, f) m-xylene. The color codes for the MOF sensors are black,
HKUST-1; red, Cu(BDC); green, Cu(BPDC); blue, UiO-66; cyan, UiO-67; and magenta, UiO-68-NH2.

Table 1. Sensitivity of the Individual Sensors Determined
from Figure S12a

sensitivity in Hz/ppm

m-xyl. o-xyl. p-xyl.
standard deviation

in Hz
LOD in
ppm

HKUST-1 0.92 0.921 0.922 0.2 0.7
Cu(BDC) 0.38 0.39 0.33 0.15 1.4
Cu(BPDC) 0.6 0.601 0.606 0.17 0.8
UiO-66 0.23 0.29 0.21 0.13 1.9
UiO-67 0.51 0.513 0.514 0.17 1.0
UiO-68-NH2 0.53 0.527 0.532 0.17 0.9
aThe standard deviations are determined from the baselines in Figure
2 before the analyte exposure begins (at about 20 min). The average
values from the data of all six panels in Figure 2 are shown here. The
LOD is calculated by 3×standard deviation divided by the sensitivity.
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the NIOSH-recommended long-term xylene exposure limit of
100 ppm, the sensitivity of the sensor array is sufficient.
The time response of the sensors varies with the xylene

concentration. For concentrations above 50 ppm, the sensor
essentially reaches the equilibrium signals within 20 min. For
concentrations below 50 ppm, the sensor response was slower.
No significant differences were found in the uptake rates of the
individual isomers at the same concentration. We like to stress
that we found in previous studies43,46 that the vapor
classification in an MOF-e-nose is already possible with very
high accuracy before the final equilibrium values are reached.
The response time of the sensor is governed by the uptake
kinetics of the xylene molecules in the MOF films. In general,
intracrystalline diffusion controls the guest uptake by MOFs,
where the uptake time scales with the square of the film
thickness.59 In addition to diffusion, the mass transfer can be
decelerated by defects like surface barriers, hindering the
molecules from entering the pores.59−61 In future studies, the
aim is to accelerate the sensor response, e.g., by decreasing the
film thickness to some extent, without significantly decreasing
the sensitivity.
Simulation of the Xylene Adsorption. We used

molecular simulations to better understand the affinities of
the various MOFs for each of the xylene isomers. The well-
defined, highly crystalline structure of the samples (see Figure
S1) allows a meaningful comparison of the simulation results
with the experimental findings. To this end, we performed
classical GCMC adsorption simulations using the software
package RASPA2.62 Universal force field (UFF) parameters
and EQeq partial charges were used for the MOFs, and OPLS
parameters were used for the xylene molecules.63−65 Due to
the similarities of the xylene stereoisomers, most of the MOFs
considered show closely matching adsorption behavior for all
three molecules. However, Cu(BDC) and UiO-66 demon-
strated the ability to favorably adsorb a subset of the xylenes,
depending on the pressure of the system. Since Cu(BDC) and
UiO-66 show different adsorption affinities, in agreement with
the experimental data (see Table 1), the simulations focus on
these MOF structures. Pure (i.e., single-component) adsorp-
tion isotherms for both MOFs are shown in Figure 3.
Our simulations show that, at low pressures, the adsorption

of o-xylene in UiO-66 is highly preferred, and this is consistent
with the predicted heats of adsorption (o: −72.1 ± 7.5 kJ
mol−1, m: −59.5 ± 5.4 kJ mol−1, p: −59.6 ± 4.5 kJ mol−1).
UiO-66 has larger octahedral pores (∼8.9 Å) and smaller
tetrahedral pores (∼3.8 Å), and snapshots from the low-
pressure simulations show that o-xylene resides primarily in the
tetrahedral pores (Figure 4a). Similarly, m-xylene and p-xylene
first adsorb into the tetrahedral pores, but since it is less
energetically favorable, significant loading of these pores does
not occur until higher pressures than for o-xylene. At elevated
pressures, all three isomers begin to fill the octahedral pores. At
high pressures, we observe o-xylene double-packing octahedral
pores at higher frequencies than for the other two isomers,
hence the slightly higher saturation loading shown in Figure 3a.
It should be noted that, while all three xylenes measure slightly
longer than 3.8 Å, which is the diameter of the largest sphere
that can fit in the tetrahedral pores, their aromatic centers are
small enough to fit entirely in those pores, and the methyl
groups can extend into the neighboring pores.
As can be seen in Figures 4b and S13, Cu(BDC) has a

layered structure with spacing comparable to the length of a
vertically oriented p-xylene. At low pressures, our simulations

show slight preferential adsorption of p-xylene in this MOF,
likely because it is energetically favorable for the p-xylene
molecules to orient themselves in the pores perpendicular to
the layers, stabilized by van der Waals interactions with the
framework. Despite this, the heat of adsorption for p-xylene
(−70.7 ± 4.7 kJ mol−1) is only marginally larger than that for
o-xylene (−69.0 ± 7.2 kJ mol−1) and m-xylene (−70.2 ± 2.5 kJ
mol−1), but p-xylene is only marginally favored at low
pressures, suggesting that the heat of adsorption determines
the adsorption behavior at low pressures. Conversely, at high
pressures, o-xylene is strongly favored (see Figure 3b). We
attribute this to the compact arrangement of the methyl groups
in o-xylene, allowing it to take on various orientations in the
pore. Snapshots from the simulations show o-xylene arranged
both perpendicular and parallel to the layers (see Figure S13),
whereas the less compact m-xylene and p-xylene can take on
fewer orientations, with the latter observed almost exclusively
in the perpendicular arrangement, resulting in a net lower
uptake.
The simulation data show that steric effects are fundamental

for the discrimination of the isomers. While at small pressures
the 9-isomers fill both pores of UiO-66, i.e., the small
tetrahedral and the large octahedral pores, the filling of both
pores is hindered for the m- and p-isomers, which then occupy
only the small pores. Similar steric effects result in the
preferential adsorption of p-isomer in Cu(BDC) at low
pressures, compared to the other isomers. Due to the rigid
crystalline framework, the steric hindrance controlling the

Figure 3. Simulated single-component adsorption isotherms of the
xylene isomers in (a) UiO-66 and (b) Cu(BDC).
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access to the adsorption sites is strict. This results in a sharp
cutoff controlling the size and shape of the sensed analytes.
Such strict control cannot be realized by noncrystalline
materials, like polymers, or by more flexible crystalline
materials, such as MOF ZIF-8.
Classification of Xylene Mixtures. In addition to

exploring the sensor response to the vapor of pure xylene
isomers, the sensor performance for binary and ternary xylene
mixtures is experimentally explored at 10 and 100 ppm,
respectively. In Figures S6 and S7, the sensor signal data versus
time for xylene at a total concentration of 100 ppm are shown.
The m:o:p-xylene mixture compositions are 1:1:0, 3:1:0, 1:1:1
and 2:1:1 and permutations resulting in 13 mixtures plus 3
pure xylene vapors. The sensor response curves for all vapors
(pure and blends) are qualitatively similar with small
quantitative differences. Figure 5a shows the radar plots of
the (final) frequency shift of the pure xylene isomers and the
binary 1:1 mixtures at a concentration of 100 ppm. Radar plots
for other ratios of binary mixtures and ternary mixtures are
shown in Figure S11. The radar plots show that the response
patterns of the different isomers are different. This means it is
principally possible to distinguish p-, o-, and m-xylene.
Moreover, the binary 1:1 mixtures also show unique patterns
in the radar plot, allowing also their visual discrimination.
For comparing all mixtures, the differences in the frequency

shifts relative to the average value are shown in Figure 5b for
the individual sensors. The data show that the largest
differences between the (pure) isomers are realized for UiO-
66 and Cu(BDC) MOFs. These MOFs show the largest
isomer selectivity. The maximum and minimum values (i.e.,
adsorption amounts) are reached for the pure vapors, and the
mixture signals are within these signals. As an example, for
Cu(BDC), the signal of o:p = 1:1 is in between the signals of
(pure) o- and p-xylene. Moreover, the signal of o:p = 1:3 is in
between the signals of pure p-xylene and o:p = 1:1 mixture.
The same can be found for ternary mixtures. For example, for
Cu(BDC), the signal of m:o:p = 1:2:1 is in between m:o:p =
1:1:1 and pure o-xylene. Noteworthy, the 1:1:1 ternary mixture
shows a frequency response close to the average of all sensor
responses, i.e., Δf norm is close to 0 (see Figure 5b). The same

plot as Figure 5b is expected for all concentrations within
Henry’s region, provided a sufficient signal-to-noise ratio exists.
To visualize the sensor performance and to quantify the

accuracy of detecting and discriminating the xylene isomers
and their mixtures, the sensor array data were analyzed with a
machine learning algorithm; here, kNN was used. The
performance of the classification by machine learning is
shown in the confusion matrices, where the correct
classifications are on the diagonal (in green) and false signal
assignments are shown in red. The confusion matrices for the
pure components are shown in Figure 6a. It shows that the
isomers can be classified with perfect accuracy for high
concentrations (i.e., 100 ppm and higher). For concentrations
smaller than 100 ppm, a small cross-sensitivity between xylene
isomers can be seen. With decreasing concentration, the
classification accuracy decreases. While the classification is still
acceptable at 5 and 10 ppm (approximately 77.3 and 91.2%),
the classification accuracies at 1 and 2 ppm are moderate at
60.3 and 68.8%. Please note that these accuracies are
significantly higher than the pure statistical assignment,
which would result in 33% accuracy. The average classification
accuracy as a function of vapor concentration is shown in
Figure 6b.
In addition to the kNN analysis, the data were analyzed by

linear discriminant analysis (LDA), shown in Figure S14. The
LDA scatter plots directly display the sensor grouping and
classification of xylene isomers.
For the unary, binary, and ternary mixtures at 100 ppm, the

accuracy of the correct classification is shown in the ternary
plot in Figure 6c. (The confusion matrix is shown in Figure
S16.) It shows that all mixtures can be correctly identified by
the sensor array. On average, the classification accuracy is
96.5% for distinguishing all 16 different isomer vapor mixtures.
The composition of most mixtures can be identified with
perfect accuracy. The smallest classification accuracy, which is
still remarkable at 90.3%, is reached for the ternary mixture of
m:o:p = 1:2:1. A detailed inspection of the confusion matrix
(Figure S16) shows a small overlap of 7.6% between the m:o:p
= 1:1:1 signal with m:o:p = 1:2:1 signal. Both mixtures have
rather similar compositions, where the m:p-ratio is 1:1 (each

Figure 4. Snapshots of the xylene molecules in UiO-66 (a) and Cu(BDC) (b) at low pressure (0.1 Pa). For UiO-66, o-xylene occupies both the
octahedral and tetrahedral pores, while m-xylene and p-xylene show low occupancy in the tetrahedral pores and none in the octahedral ones. For
Cu(BDC), the snapshots show that o-xylene prefers to orient parallel to the layers, and p-xylene prefers to orient perpendicularly to the layers, the
latter being the more energetically favorable. More data are shown in Figure S13.
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33 and 25%, respectively) and the o-ratio is either 33 or 50%
and their precise discrimination is remarkable. To the best of
our knowledge, the ability to distinguish the ternary mixtures
of VOC isomers with such similar compositions has not yet
been presented before.
At 10 ppm, the accuracy for the classification of the ternary

mixtures is shown in Figure S15. The average accuracy
(85.7%) is somewhat smaller than for 100 ppm. Nevertheless,
the classification of the ternary m:o:p mixtures, e.g., 1:1:1 from
1:1:2, is realized with acceptable accuracy, i.e., 69.2% to 98.1%.
The sensors that show the largest isomer selectivity are UiO-

66 and Cu(BDC) (see Figure 5 as well as Figures 3 and 4).
Using only the data of these two sensors (Figure S17) results
in a classification accuracy of the ternary xylene mixtures of

94.5% at 100 ppm and 41.1% at 10 ppm. For 100 ppm, this is
slightly smaller than the accuracy based on the entire sensor
array (96.5%). However, for 10 ppm, the accuracy based on
the data of only two sensors is substantially reduced, compared
to the entire sensor array (85.7%).
The regeneration and reproducibility of the sensor are

important features of the application. Reproducibility was

Figure 5. (a) Radar plot of the frequency shifts Δf as a response to
the exposure to vapor of pure xylene isomers and binary 1:1 mixtures
at 100 ppm. Please note each axis has a different scale covering 30% of
the maximum value. (This means −77 to −110 Hz for HKUST-1,
−29.4 to −42 Hz for Cu(BDC), −49 to −70 Hz for Cu(BPDC),
−22.4 to −32 Hz for UiO-66, −42 to −60 Hz for UiO-67, and −42 to
−60 UiO-68-NH2.) (b) The relative frequency shifts of the isomers
(Δfnorm) are shown for the pure, binary, and ternary mixture xylene
vapors. Δf norm is the frequency shift Δf from which the average
frequency shift ⟨Δf⟩ in that sensor at 100 ppm is subtracted, divided
by ⟨Δf⟩, i.e., Δfnorm = (Δf − ⟨Δf⟩)/⟨Δf⟩. The mean values averaged
over 100 points at the end of the vapor exposure step are shown. Solid
spheres are pure xylene vapor, diamonds are binary mixtures (slightly
shifted to the left-hand side), and triangles are ternary mixtures
(slightly shifted to the right-hand side) (see the legend). The total
concentrations are 100 ppm. Figure 6. (a) Confusion matrices for the classification of the pure

isomers at various concentrations, given on the right-hand side. (b)
The average classification accuracy for different concentrations. The
classification of the pure vapors is shown in black, binary 1:1 mixtures
are shown in red, and ternary (including pure and binary) mixtures
are shown in blue. (c) Accuracy of correctly classifying 16 different
ternary xylene isomer mixtures at 100 ppm shown in a ternary plot.
All numbers are given in %.
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explored by repeating the sensing experiment for three cycles
(Figure S10). The results were very similar across cycles with
standard deviations less than 0.5 Hz (corresponding to less
than 1%), indicating the high reproducibility of the sensor
performance.
The confusion matrix of the sensor data for all explored

vapors from 1 ppm to saturation vapor pressure is shown in
Figure S18 and that from 10 ppm to saturation vapor pressure
is shown in Figure S19. The average classification accuracy for
concentrations of 10 ppm and larger is 93.9%, showing that the
MOF-based e-nose can not only be used to discriminate the
isomers but also to discriminate the concentration of the
different explored xylene vapors. While the kNN algorithm can
classify the isomer composition at a certain concentration,
applying the kNN analysis to all data without an assignment to
the concentration (i.e., classifying the o-, m-, and p-isomers
without information on the concentration) results in a rather
poor accuracy of about 45%. There, different algorithms need
to be applied.
Here, the sensor data are analyzed by classifying them

according to their compositions (and concentrations) by using
standard algorithms and metrics. We believe that more
advanced algorithms, also based on regression allowing the
estimation of composition and concentration beyond the
training data, will further enhance the performance of such
sensor arrays based on MOFs with defined adsorption sites and
high selectivities.

■ CONCLUSIONS
For the detection and discrimination of xylene vapors and their
ternary isomer mixtures, an electronic nose based on an array
of six QCM sensors coated with different nanoporous MOF
films is presented. The isomer selectivity of the sensor array is
mainly based on the MOF sensors with Cu(BDC) and UiO-66
structures. Cu(BDC) exhibits an affinity for p-xylene at low
pressures and o-xylene at high pressures, and UiO-66 exhibits
an affinity for o-xylene. When combined with the data of the
other MOF sensors, which have less significant isomer
affinities, the electronic nose can be used to determine the
composition of all three isomers in binary and ternary
mixtures. At 100 ppm, the compositions of 16 ternary mixtures
were determined with an average classification accuracy of
96.5%. Even at a small vapor pressure of 1 ppm, the xylene
isomers can be detected and discriminated with acceptable
accuracy.
The study shows that the attractive interaction between the

analyte molecules and the different MOF films combined with
steric effects, resulting in a size exclusion for the access to
certain parts of the pore system, allows the discrimination of
molecular mixtures. Due to the rigid crystalline structure, the
cutoff for the size exclusion is very sharp and results in a clear
distinction of the isomers. We foresee that extending the e-
nose with further MOFs with distinguished affinities and pore
sizes will expand the range of VOC mixtures, which can be
precisely detected. There, tailored side pockets in rigid MOFs,
for instance, in MOFs like HKUST-1 and differently
functionalized UiO-type-MOFs, will allow us to tune the
shape and size exclusion.
In the future, the detection and discrimination performance

of the MOF-e-nose in a humid environment need to be
explored. There, moisture-stable MOFs, whose uptake
amounts are not affected by water exposure, have to be used,
while MOFs like HKUST-160 and UiO-67,66 whose adsorption

capacity decreases upon water exposure, are not suitable.
Fortunately, the MOF structures, which are the key to the
xylene discrimination here, i.e., UiO-66 and Cu(BDC), have
demonstrated a stable uptake and release performance, which
is not impeded by exposure to moisture.66,67 So, these MOFs
can be used to explore their sensing performance in a more
realistic environment. Thus, the tailored MOF-e-noses can be
an excellent alternative to existing complex systems for
determining VOC mixture composition in environmental
monitoring and noninvasive diagnostics and it provides a
promising solution for artificial olfactory systems.
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