Optimized Detection of Volatile Organic Compounds Utilizing
Durable and Selective Arrays of Tailored UiO-66-X SURMOF Sensors
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ABSTRACT: Metal—organic frameworks (MOFs), with their well-
defined and highly flexible nanoporous architectures, provide a
material platformideal for fabricating sensors. We demonstrate that
the efficacy and sp ecificity of detecting and differentiating volatile
organic compounds (VOCs) can be significantly enhanced using a
range of slightly varied MOFs. These variations are obtained via
p ostsynthetianodification (PSM) of a primary framework. We alter
the original MOF’s guest adsorption affinities by incorp orating
functional groups into the MOF linkers, which yields subtle
changes in responses. These responses are subsequently
evaluated by using machine learning (ML) techniques. Under
severe conditions, such as high humidity and
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acidic environments, sensor stability and lifesp an are of utmost imp ortance. The UiO-66-X MOFs demonstrate the necessary
durability in acidic, neutral, and basic environments with p H values ranging from 2 to 11, thus surp assing most other similar
materials. The UiO-66-NH, thin films were deposited on quartz-crystal microbalance (QCM) sensors in a high-temperature QCM
liquid cell using a layer-by-layer pump method. Three different, highly stable surface-anchored M OFs (SURMOFs) o f UiO-66-X
obtained via the PSM approach (X: NH,, Cl, and N;) were employed to fabricate arrays suitable for electronic nose applications.
These fabricated sensors were tested for their cap ability to distinguish between eight VOCs. Data from the sensor array were
processed using three distinct ML techniques: linear discriminant (LDA), nearest neighbor (k-NN), and neural network analysis
methods. The discrimination accuracies achieved were nearly 100% at high concentrations and over 95% at lower concentrations

(50—100 ppm).
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Porous materials are particularly well suited to the fabrication
of sensors that detect volatile organic compounds (VOCs).
The uptake of molecules from the gas phase into such
materials can be monitored in a straightforward fashion using
gravimetric, optical, or electrical readout. ™

In this context, metal—organic frameworks (MOFs) recently
have attracted substantial attention as structurally well-defined
systems with record values for their surface areas, large pore
size and volume, and a highly modular structure.”” In
addition, a theoretical description of these porous materials is
rather straightforward. Recent work has demonstrated the
strong potential for MOFs to perform well in a wide variety of
application fields.*”

For most applications, it is highly beneficial to employ
structurally well-defined monolithic MOF thin films. In this
context, surface-anchored MOFs (SURMOFs) in particular
offer a number of advantages.'”"" These films are fabricated by
using layer-by-layer (LBL) processes. In previous work, single-
compound MOF thin films or MOF arrays have been
successfully used to detect and discriminate between pure

single-component gases, vapors, or liquids.">”"* The reliable
detection of multicomponent gases, however, is rare.

In this regard, electronic nose (e-nose) systems based on
sensor arrays made from different MOF types are of particular
interest. The multidimensional response of these arrays can be
analyzed by using machine learning (ML) techniques. Several
algorithms are available for such automatized data analysis,
including principal component analysis (PCA), linear discrim-
inant analysis (LDA), and k-nearest neighbor (k-NN)."> The
e-nose-based sensors are typical molecular systems with the
potential to detect and discriminate several similar molecules.
In fact, chiral MOFs able to discriminate between enantiomers
have also been reported.'®™"*
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Here, we focus on gravimetric e-nose sensors based on a
quartz-crystal microbalance (QCM) array that allows for
simultaneous discrimination of several different VOCs. The
QCM was not only used for sensor readout but also for
monitoring and optimizing the UiO-66-NH, SURMOF
synthesis in a Teflon liquid cell with a pump system at
elevated temperatures.'”” ML methods were then used to
process the multidimensional response of the sensor array and
determine the relative concentrations of the analytes for
different VOCs.

In previous work, QCM-based sensor arrays employing a
variety of materials, including different types of MOFs, were
employed to detect and discriminate between odor molecules,
plant essential oils, and VOCs. 620723 However, in real-world
applications, the sensing of MOF compounds often faces
several obstacles because some of these MOFs are unstable in
humid conditions due to corrosion by water vapor.”*~** For
instance, in the context of CO, gas separation from flue gas
(water vapor: ~10%—15%), thin films of the MOF (HKUST-
1) have been reported to undergo changes in morphology and
framework bonding.29 For this reason, the degradation or even
the change in properties of the MOF has to be considered with
regard to fabrication of MOF-based sensor arrays for operation
under harsh conditions.

We demonstrate here that UiO-66-NH, MOFs are well
suited to such tasks. They perform well under harsh conditions
due to their chemical, thermal, and architectural stabilities
derived from their strong Zr—O bonds. The particulate nature
of the standard form of MOFs, i.e., powders, is not well suited
to the fabrication of gravimetric sensors and many other
application fields."" Our group has pioneered the deposition of
structurally well-defined iconic UiO-66-NH, SURMOFs on
different substrates, followed by thin-film stability tests and
employment of these SURMOFs in hydrogen separation.””
A vparticularly important feature of these UiO-66-NH,
SURMOFs results from the primary amine, which can be
modified using postsynthetic modification (PSM)*” to provide
a wide variety of chemical or structural variants of multifunc-
tional SURMOFs. For instance, the amino group in the
pristine Zr SURMOFs can be converted to an azide (Nj) or a
chloride (Cl), which endows the resultant functional Zr
SURMOFs with high sensing performance toward the
detection of specific target gases or liquids.

Our novel approach provides a sensor platform starting from
a parent MOF, UiO-66-NH,, which is postsynthetically
functionalized to render specific sensing properties to the
device. Since the same SURMOF is always deposited using
optimized conditions, the variation in device performance is
strongly reduced. Since the number of possible different
functionalities that can be attached to the UiO-66-NH,
SURMOFs is virtually infinite, our approach combines high
sensor stability, sensitivity, and selectivity for a broad range of
detection scenarios.

In this work, three highly stable UiO-66-X (X = NH,, Cl,
and N;) SURMOFs were synthesized for e-nose applications.
They were used to discriminate eight VOCs in the gas phase.
The discrimination accuracies obtained using three statistical
models—LDA, k-NN, and neural network analysis (NNA)—
were more than 95% between 50 and 100 ppm and almost
100% at high concentrations.

MATERIALS AND METHODS

Surface Preparation. AT-cut quartz sensor crystals (0.3 mm
thick) coated with a gold layer QSX 301 (100 nm thick) (Q-Sense,
Frolunda, Sweden) with a resonance frequency at 4.95 MHz were first
functionalized by immersion in an ethanolic solution of 11-mercapto-
undecanol (MUD), producing a self-assembled monolayer (SAM)
with an exposed OH-terminated stem.

Synthesis of SURMOFs. The functionalized gold-coated QCM
sensors were installed in a commercial openQCM-D (Novatech,
Italy) instrument equipped with a Teflon liquid cell. To protect
sensitive components against dimethylformamide (DMF)-based
solutions, Kalrez-type O-rings (DuPont, USA) were employed. The
deposition of the UiO-66-NH, SURMOFs on the Au substrate was
carried out in situ following previously described LBL protocols using
a peristaltic pump (Ismatec, Wertheim, Germany). After pumping 1
mL of metal ion solution into a liquid cell and allowing one h for the
reaction to occur with the functionalized surface, the cell was rinsed
with $ mL of DMF to eliminate excess unreacted metal ion clusters.
The liquid cell was then filled with 1 mL of MOF linker solution, with
4S5 min allowed for the linker molecules to bind with the residual
reacted Zr clusters on the surface to complete the reaction. This
resulted in a functionalized surface. Lastly, the deposition cycle of the
SURMOF layer was completed by rinsing with pure DMF that was
pumped through the liquid cell a second time to eliminate any
unreacted linker molecules (Figure 1). The SURMOFs used were
grown using a total of 30 deposition cycles,. All of the synthesis
processes and the data acquisition were coordinated by a program
written in Python.
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Figure 1. A schematic illustration of the working principle of the one-
channel openQCM for SURMOF synthesis.

CHARACTERIZATION

All functional UiQ-66-X SURMOF samples (X = NH,, N, and
Cl) were characterized by X-ray diffraction (XRD) using a
Bruker D8-Advance “DaVinci” (Ettlingen, Germany) in
Bragg—Brentano geometry and a 192-stripe Lynxeye detector
with Cu Ka; radiation (1 = 1.54 A).

In addition, scanning electron microscopy (SEM) measure-
ments utilizing a FEI Philips XL 30 field-emission gun
environmental scanning electron microscope (FEG-ESEM)
(FEI Co., Hillsboro, OR, USA) allowed us to explore the
morphologies of the SURMOFs. Before SEM imaging, each
sample was coated with a thin layer (3—5 nm thick) of gold/
palladium film to protect it from charging. The measurements
were conducted under high vacuum with an acceleration
voltage of 20 keV.

Infrared reflection absorption spectroscopy (IRRAS) spectra
of all functional UiO-66-X SURMOF samples were obtained
by using a Bruker Vertex 80 spectrometer (Germany). The
IRRAS data were collected at room temperature using grazing
incidence (80°) geometry, and a resolution of 4 cm™' was
achieved by accumulating 2048 scans.

Postsynthetic SURMOF Refunctionalization. The UiO-
66-NH, SURMOF-coated QCM crystal sensors were modified
in a Sandmeyer reaction-type two-step procedure to obtain the
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corresponding azide (UiO-66-N;) or chloride (UiO-66-Cl)
functionalized QCM sensors.

First Step: Diazonium Salt Formation. The diazonium-
salt-functionalized SURMOF was prepared by diazotization
from a UiO-66-NH, SURMOF-coated QCM crystal sensor.

A solution of 500 mg of sodium nitrite (7.23 mmol) in 15
mL of deionized water was cooled to 0 °C, and 3 mL of 6 M
HCI was slowly added. Maintaining the solution at 0 °C and
under slow but constant stirring, the UiO-66-NH, SURMOEF-
coated QCM crystal was submerged in the solution for 15 min
using a custom-machined PTFE holder. This holder exposes
the SURMOF-coated surface to the solution while holding the
QCM crystal steady in the stirred solution and prevents
mechanical damage to the SURMOF coating. The SURMOE-
coated QCM sensor was then carefully rinsed with deionized
water and placed in a beaker with deionized water for 1 min.
After rinsing for a second time with deionized water, the
diazonium-salt-functionalized SURMOF was directly subjected
to the second reaction step without further treatment or

drying.

SECOND STEP

Azide Functionalization. The azide-functionalized SUR-
MOF was prepared from the diazonium salt-functionalized
SURMOF-coated QCM crystal sensor.

The diazonium-salt-functionalized SURMOF-coated QCM
crystal was added to a solution of 1.30 g of sodium azide (20.0
mmol) in 20 mL of deionized water cooled to 0 °C. The QCM
crystal was prepared in the first reaction step using the same
PTFE holder described in the first step. The sensor was kept in
the solution under slow but constant stirring at 0 °C for 5 min
before removing the ice bath and allowing the solution to
slowly warm to room temperature. After two hours, the QCM
crystal was removed from the solution, rinsed with deionized
water, placed in a beaker with deionized water for 2 min, and
then rinsed a second time with deionized water. Excess water
was carefully blown oft the sensor in a nitrogen gas stream, and
the sensor was dried in an oven at 40 °C overnight.

Chloride Functionalization. The chloride-functionalized
SURMOF was prepared from the diazonium salt-function-
alized SURMOEF-coated QCM crystal sensor.

We added 1.98 g of copper(I) chloride (1 mol/L) to a
beaker with 20 mL of deionized water and cooled it to 0 °C
under constant stirring. The freshly prepared diazonium-salt-
functionalized SURMOF-coated QCM sensor was then
submerged in the solution using the PTFE holder described
in the first step. The cooling bath was then removed, and the
solution was allowed to slowly warm to room temperature.
After two h, the QCM sensor was removed and carefully rinsed
with deionized water, placed in a beaker of deionized water for
two min, and then rinsed a second time with more deionized
water. Excess water was then carefully blown off in a nitrogen
gas stream, and the sensor was dried in an oven at 40 °C
overnight.

The modified SURMOFs were subjected to a comprehen-
sive characterization utilizing infrared reflection absorption
spectroscopy (IRRAS) to validate the efficacy of the
modification process. As evidenced in Figure S2, the results
unequivocally substantiate the success of the modification
procedure.

Gas Delivery System and VOC Measurements. Figure
S1 depicts our homemade four-channel QCM-type e-nose
experimental setup for VOC measurements with three

functionalized UiO-66-X SURMOFs equipped with a gas
delivery setup. The test cell was constructed from four
openQCM Teflon cells connected in series with Teflon tubes
(1 mm diameter). Three of the four units were used to realize
the functional UiO-66-X sensors (X: NH,, N3, and Cl). The
remaining unit used a bare QCM sensor with a gold surface as
a control channel. There were two mass flow controllers
connected in parallel between the argon (Ar) source and the
test cell. One of them was used to flash the test cell with Ar for
purging the residue of VOC inside, and it also directly
controlled the Ar flow during the dilution of the VOC
concentration. The other mass flow controller determined the
rate of flow passing through the liquid inside the VOC bubbler
that transported the saturated VOC gas just above the surface
to the test cell. The VOC concentration inside the test cell was
obtained by multiplying the saturated value of the concen-
tration with the ratio of the flow rates of these two mass flow
readings. The saturated values of each gas were calculated from
the well-known Antoine parameters>” at room temperature (20
°C). Table 1 shows the calculated saturation concentrations for

Table 1. Calculated Concentrations under Saturated
Pressures of Eight VOCs Used for Gas Adsorption
Measurements at Room Temperature (25 °C)

VOCs e (ppm)
ethanol 68,776.3
water 23,531.6
cyclohexane 117,210.5
2-propanol 50,684.2
methanol 150,328.9
p-xylene 12,907.9
toluene 27,631.6
n-hexane 182,381.6

eight targeted VOC analytes. The same openQCM-D Teflon
liquid cells used for high-temperature SURMOF synthesis
were also employed for VOC tests in gas (Figure Sla) phases.
The temperature was kept constant at room temperature (20
°C) to prevent small temperature fluctuations during the VOC
test measurements.

For the evaluation of the QCM data (both SURMOF
deposition and sensing), we employed the linear relationship
between resonance frequency and the mass upload (Sauerbrey
equation)™*

_AVPR A Af
2}%2 n n (1)

where Am is the change in mass, Af is the measured frequency
shift, and f, is the fundamental frequency of the quartz crystal
before a mass change. Therefore, a change in the mass results
in a frequency change. Consequently, C is usually defined as
the mass sensitivity constant related to the structural and
physical properties of the oscillating quartz QCM substrate and
the driving fundamental resonance frequency.”**> For a $
MHz crystal, C = 17.7 ng/(cm*Hz). The parameter n is the
number of the odd harmonic and can be 1, 3, 5, 7, etc. This
equation allows us to calculate the mass upload of the thin film
during the synthesis of UiO-66-NH, or the amount of VOC
gas absorbed by the SURMOF upon exposure to the
corresponding gases.

Am =




Two concentrations were applied for the gas phase
adsorption measurements to eight VOCs, including water
vapor. The first adsorption measurement was conducted at
high concentrations of VOCs under their saturated pressures,
as given in Table 1. Each VOC gas was injected into the gas
test cell for 10 min for adsorption and then flashed with inert
Ar gas for 10 min for desorption. These adsorption and
desorption cycles were repeated four times to test repeatability.
For the second measurement, solutions with six different low
concentrations (10, 15, 25, 50, 75, and 100 ppm) were chosen
to identify the detection limit of the functional UiO-66-X
SURMOF sensor films. In this case, the gas injection time was
lowered again to 10 min for adsorption, but the Ar rinsing time
was increased to 20 min for desorption to examine the sensor
response time.

Data Analysis. The control of the entire setup, data
acquisition, and e-nose data analysis were conducted with a
program code written in MATLAB 2021B. Two standard
supervised ML algorithms, LDA'®*® and k-NN,'®** as
described in previous work, ®***° were used to classify the
sensing data for e-nose discrimination analysis. During data
analysis, the data in the saturated region (highest response
region) of the adsorption—desorption curves were used to
increase accuracy. A 10-fold cross-validation process was
employed for the classification analysis. Typically, 90% of the
total observations were used for the training set and 10% were
used for testing the discrimination accuracies. The obtained
results were listed as a confusion matrix to present the
discrimination analysis results of LDA, k-NN, and NNA
models.

RESULTS AND DISCUSSION

Synthesis of UiO-66-NH, SUR MOF Films with the

Layer-by-Layer Method Using a High-Temperature
QCM-D Liquid Cell. The synthesis parameters, such as
temperature, injection and exposure times, flow rates, and
metal jon/cluster concentration, as well as the organic linker
and rinsing solutions, directly affect the growth kinetics of the
UiO-66-NH, SURMOF films. The growth of these films on
MUD SAMs was monitored using a QCM. Figure 2 presents
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Figure 2. Typical temperature and time-dependent synthesis kinetics
of UiO-66-NH, SURMOF films with the LBL method using a high-
temperature QCM-D liquid cell.

the typical time-dependent synthesis kinetics of UiO-66-NH,
SURMOF films with the LBL method using a high-
temperature QCM-D liquid cell at 100 °C. In this case, a
short injection time of 7.5 s was chosen for both solutions of
Zr metal clusters and linker with continuous flow. In between,
2 min of DMF rinsing was applied through the MUD-coated
QCM substrate inside the liquid cell for each cycle for fast
SURMOF film formation. Typically, —2100 Hz (37 pug/cm?,
e.g, 57.5 ug with 1.54 cm* Q-Sense QCM substrate surface
area) UiO-66-NH, thin mass upload was obtained with 26

cycles. In this synthesis, the temperature was kept constant at
100 °C. A linearly increasing upload during synthesis was
observed with an increasing LBL cycle. A linear fit provides an
—19.2 Hz/min synthesis upload speed and —2100 Hz in total
for 26 cycles.

Figure S3 displays the structural analysis, and Figure S3a
depicts the XRD pattern of the functional UiO-66-X after
postmodification to exchange the functional groups between
NH,, N;, and Cl. XRD peak positions at 7.4° representing
(111) and at 8.5° at (200) orientation and intensities are fully
consistent with simulations of the previously reported UiO-66-
NH, bulk structure.”*”*” SEM imaging was conducted to
analyze the topography of the synthesized sensors. Figure S3b
displays SEM images of the top surface, and Figure S3c shows
a cross-sectional view for the structural analysis of UiO-66-
NH, SURMOF films. The SEM surface topography presents
smooth crystalline UiO-66-NH, SURMOF films covering the
whole QCM surface with approximate thicknesses of 300—500
nm.

Stability Test. To evaluate the stability of our sensors, the
modified system underwent pre- and postexposure analysis to
saturated hot water vapor under controlled conditions of 90 °C
and 120 min. Figure 3a,b shows the ethanol uptake results
before and after saturated hot water vapor at a relative
humidity condition of 90 °C, respectively. The results
demonstrate the high stability of our system. Slight changes
were observed following exposure to the hot water vapor, since
hot water molecules can easily diffuse through the empty pores
during long exposure, and they cannot be easily recovered in
short period of time. To recover the water molecules
completely, the temperature of the films should be increased
above 100 °C and annealed sufficiently long in a N,
environment.

The mass uptake drops with an increasing temperature due
to a lower concentration of water molecules inside the cell.
This is because the relative humidity inside the cell is
proportionally related to the concentration of the water
molecules. However, the water molecule concentration is
inversely related to the environmental temperature according
to the general gas law as long as the pressure and volume are
kept constant. The QCM sensor adsorption test results show
repeatable cycles even at high temperatures up to 90 °C and
high-humidity vapor conditions up to 100% relative humidity.
XRD results before and after high humidity tests (Figure 3c,d)
indicate that the functionalized UiO-66-X sensors remain
structurally stable at high humidity.

Adsorption Measurements under Saturated VOC
Concentrations. Eight VOCs were tested at high and low
concentrations. The first adsorption measurement of VOCs
was conducted at a high concentration under their saturated
pressures, as given in Table 1. Each VOC gas was injected into
the gas test cell for 10 min for adsorption and then flushed
with inert Ar gas for 10 min for desorption. These adsorption
and desorption process cycles were repeated four times to test
repeatability. The second measurement was performed at low
concentrations (10, 15, 25, 50, 7S, and 100 ppm) to find the
limit of detection (LOD) of functional UiO-66-X SURMOF
sensor films. The gas injection time was again kept to 10 min
for adsorption for quick tests toward practical applications. For
desorption, the Ar rinsing time was chosen to be 20 min.

Figure 4 displays the negative QCM frequency changes as a
result of mass uploads on the three functional UiO-66-X
SURMOF sensors when exposed to eight VOCs, with X =
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Figure 4. Negative QCM frequency changes observed due to mass uploads on three functional UiO-66-X SURMOF sensors with X = NH, (a), X =
CI (b), and X = Nj (c) when exposed to eight VOCs. Each analyte underwent four cycles with 10 min absorption and 10 min desorption times.
UiO-66-X demonstrated a response time of less than 1 min. The radar plot in Figure 4d illustrates the maximum sensor responses against each
VOC gas.

NH, (Figure 4a), X = Cl (Figure 4b), and X = N, (Figure 4c). 4d displays the maximum of the sensor responses against each
Each analyte was tested with four cycles with 10 min VOC gas.
adsorption and 10 min desorption times. The response time The adsorption tests at a high concentration indicated that

of UiO-66-X was less than 1 min, and the radar plot in Figure the response times of the sensors were less than 1 min, and
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Figure S. E-nose analysis results. (a) Two-dimensional plot of LDA with a 95% confidence ellipse of eight VOCs, including water, at their saturated
vapor pressure concentrations. The confusion matrix results of the (b) LDA, (c) k-NN, and (d) NNA models. True classes (Y-axis) represent the
already trained (labeled) values introduced to the models and predicted classes (X-axis) are the calculated results by the model. The discrimination

accuracy is 100% for all three models.

they quickly reached saturation and returned to their initial
background values in 10 min. The NH,-functionalized UiO-
66-X sensor demonstrated higher responses (more than two
times) than the N;- and Cl-functionalized sensors. The Cl-
functionalized sensor had slightly more responses than the Nj-
functionalized one. All three sensors showed the highest
response to water, methanol, and ethanol, while lower
responses were found to toluene and n-hexane.

Adsorption Measurements under Low Concentra-
tions (10—100 ppm). The second measurement was taken at
six low concentrations (10, 15, 25, 50, 75, and 100 ppm) to
examine the lowest sensing limit of the functional UiO-66-X
SURMOF sensor films. The gas injection time was again
chosen to be 10 min for adsorption, but the Ar rinsing time
was increased to 20 min for desorption to test the sensor
response time. Figure S4 illustrates the QCM responses of
three functional UiO-66-X (X = NH,, X = Cl, and X = Nj)
against p-xylene (Figure S4a—c), water (Figure S4d—f),
toluene (Figure S4g—I), ethanol (Figure S4i—k), 2-propanol
(Figure S41—n), n-hexane (Figure S40—r), cyclohexane (Figure
S4v—z) at low concentrations between 10 and 100 ppm.

The sensitivities of each UiO-66-X sensor can be defined as
the slopes of the plots with QCM frequency changes versus
concentration for each sensor response, as shown in Table SI.
Each sensor had a different slope for different gas molecules as
the SURMOF material was loaded with different concen-
trations and functional groups.

The sensitivities of the UiO-66-NH, sensor for 2-propanol,
cyclohexane, ethanol, n-hexane, methanol, toluene, water, and
p-xylene were 0.0028, 0.0024, 0.0055, 0.0007, 0.0025, 0.0036,
0.0169, and 0.0108 Hz/ppm, respectively. The highest
sensitivity of 0.0169 Hz/ppm was observed to water among

all functional UiO-66-X sensors, as given in Table S1b. UiO-
66-NH, was more sensitive than other functionalized sensors.
p-Xylene exhibited the second highest sensitivity (0.0108 Hz/
ppm). The sensitivity was in the range of 0.0004—0.0067 Hz/
ppm for UiO-66-Cl sensors and 0.0006—0.0090 Hz/ppm for
UiO-66-Nj sensors. The lowest sensitivity was observed for n-
hexane (0.0004 Hz/ppm), followed by cyclohexane (0.0011
Hz/ppm) for the UiO-66-Cl sensors. The same UiO-66-X
sensor showed different sensitivities depending on the analytes
due to the different affinities derived from various functional
groups. This feature is important for distinguishing the analytes
via ML methods such as LDA, k-NN, and NNA.

The limits of detection (LOD) of individual sensors (Table
S1) were calculated by three times the standard deviation
divided by sensitivity. For standard deviations of the signals, we
used the average value of the standard deviation of each
individual sensor, determined from the baselines before the
analyte exposure began. The average values of the standard
deviations were 0.23 Hz for the UiO-66-NH, sensor, 0.10 for
the UiO-66-Cl sensor, and 0.28 for the UiO-66-Nj; sensor. The
Ui0-66-Cl sensor exhibited the lowest LOD due to the lowest
standard deviation. The lowest detection limits depended on
the type of analytes and were around 50 ppm for most VOCs.
The obtained LOD values of the present sensor are similar
compared to some published sensors for alcohol vapors, as
shown in Table S2. As previously mentioned, the mass
sensitivity constant C depends solely on the fundamental
resonance frequency f, and the material properties of the
quartz crystal. Accordingly, LOD depends not only on the
affinity of the functional groups of UiO-66-X films but also on
the driving resonance frequency of underlying QCM oscillator

sensors.”””> Consequently, using thinner QCM oscillator
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sensors with higher resonance frequencies, the LOD can
decrease under the ppm level for lower concentrations.

E-Nose Discrimination Analysis. The response of
functionalized UiO-66-X sensors differs for each VOC, thus
acting as a fingerprint for each gas type for use in e-nose
applications. The discrimination analysis used three models:
LDA,"®** in which the ratio of variances between classes and
inside the classes is maximized; k-NN,** using a k = 10 nearest
neighbor model where an unknown data point is classified
according to the nearest distance of its 10 nearest neighbors;
and NNA,** ™" using a single hidden layer with 25 sizes and
lambda zero, rectified linear unit (ReLU) activation function,
and standardized data. E-nose discrimination analysis was
applied to both adsorption data under the saturated vapor
pressure of VOCs and at six low concentrations between 10
and 100 ppm.

The data taken from a saturated region of the adsorption/
desorption curves given in Figure S5 were used for the
discrimination analysis of the VOC data. A 10-fold cross-
validation threshold was employed for classification using 4638
individual observations. Typically, 10% of the data was set
aside for testing. Consequently, 4175 observations were used
for the training set, and 463 were utilized for comparing the
discrimination accuracies obtained with LDA, k-NN, and NNA
models separately.

Figure Sa illustrates a two-dimensional visual discrimination
plot of LDA analysis with a 95% confidence ellipse of eight
VOCs, including water, at their saturated vapor pressure
concentrations. Typically, 96.3% discrimination was obtained
in the first LDA component, and 3.1% discrimination was
obtained in the second LDA component. The confusion matrix
results of the LDA model with 100% test discrimination
accuracy are given in Figure Sb. With the k-NN model, 100%
discrimination accuracy was calculated, as displayed in Figure
Sc. In addition, 100% discrimination accuracy was obtained
with the NNA model, with the confusion matrix presented in
Figure 5d.

The functional UiO-66-X (X = NH,, Cl, and N;) sensors
were also tested under six low concentrations (10, 15, 25, 50,
75, and 100 ppm). During e-nose analysis with all three models
(LDA, k-NN, and NNA), 10-fold calculations were conducted
for all low concentrations between 10 and 100 ppm. For
example, 10 test sets were used with 1780 observations (1602
training size and 178 test size). Here, only the analysis results
of 25 and 100 ppm e-nose measurements are presented for
comparison.

Figure SS displays the e-nose analysis of the functional UiO-
66-X sensor array at 25 ppm using three models: LDA, k-NN
(k =10), and NNA (with 25 single hidden layer size and ReLU
activation). Figure SSa illustrates two-dimensional plots of
LDA with a 95% confidence ellipse of frequency changes of
three functional UiO-66-X sensors against all eight VOC
analytes, including water vapor, at 25 ppm. Typically, 88.7%
discrimination accuracy was obtained with LDA, with the
confusion matrix given in Figure SSb. The discrimination with
96.1% accuracy was obtained from the k-NN model, and the
confusion matrix is given in Figure SSc. With the NNA model,
96.2% discrimination accuracy was obtained and the confusion
matrix is given in Figure SSd. The highest discrimination
accuracy was obtained using the NNA model.

Figure S6 displays the e-nose analysis of the functional UiO-
66-X sensor array at 100 ppm by using three models: LDA, k-
NN (k = 10), and NNA (with 100 single hidden layer size and

RELU activation). Figure S6a illustrates two-dimensional plots
of LDA with a 95% confidence ellipse of frequency changes of
three functional UiO-66-X sensors against all eight VOC
analytes, including water vapor, at 100 ppm. Typically, 90.0%
discrimination accuracy was obtained with LDA with the
confusion matrix given in Figure S6b. Discrimination with
99.9% accuracy was obtained from the k-NN model, and the
confusion matrix is given in Figure S6¢c. With the NNA model,
99.6% discrimination accuracy was obtained, and the confusion
matrix is given in Figure S6d. The highest discrimination
accuracy was obtained using the k-NN model at 100 ppm.
Figure 6 displays the change in discrimination accuracy of
the three models with increasing concentrations from 10 to
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Figure 6. Change in the discrimination accuracy of LDA, k-NN, and
NNA models with increasing concentration from 10 to 100 ppm.

100 ppm. The LDA discrimination accuracy increased from
74.8 to 98.4%, while the k-NN discrimination accuracy
increased from 89.9 to 100%. An increase was observed in
concentrations up to 100 ppm for all three models. However,
k-NN and NNA revealed higher discrimination accuracies
compared to LDA.

Classification models such as LDA, kNN, and ANN help to
discriminate the responses of a sensor array to different VOC
vapors or even different low concentrations, up to 10 ppm in
this work. UIO-66-X is one of the most stable MOF structures,
with a very prominent zirconia cluster in the center with one
large pore and 8 small pores allowing selectivity for the VOC
molecules according to their size and affinity. Here, we see that
those classification models can be used for QCM-type e-nose
applications with only three different functional groups from
the same highly stable UIO-66 SURMOF sensor array. The
greater the difference in the type of sensing response to the
same VOC odor, the greater the selectivity. Therefore, the
selectivity of the SURMOF sensor array used for e-nose
applications can be easily increased by adding another
functional group to the sensor array with the PMS techniques
proposed in this work.

Sensor selectivity and discrimination accuracy of the e-nose
can be improved further by utilizing other types of functional
groups.

Highly stable UiO-66-X SURMOFs can be easily post-
modified for this purpose. Figure 7 and Table S2 show a
possible postmodification of UiO-66-NH, to add several
different functional groups according to needs of industrial
applications.
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Figure 7. Possible postmodification of UiO-66-NH, to add different
functional groups.

CONCLUSIONS

We introduced a novel gravimetric, MOF-based sensor
platform based on UiO-66-X. Different variants of the UiO-
66-family of MOF thin films, or SURMOFs, were obtained by
PSM of a parent UiO-66-NH, SURMOF. As a proof of
principle, three different sensors with X = NH,, Cl, and N
were coupled to an array to detect and differentiate eight
different VOCs. The UiO-66-based sensors showed high
stability and survived harsh conditions, e.g., operation at 100%
RH and 90 °C and even inside water at pH values from 1 to 7
and 20 °C.

The analysis of the sensor array was carried out using three
different ML methods: LDA, k-NN, and NNA. Close to 100%
discrimination accuracy was obtained at saturated vapor
pressure. At low concentrations between 10 and 100 ppm,
the obtained discrimination accuracies were between 74.8 and
99.9%. The lowest detection limits depended on the type of
analyte and were between 19 and 440 ppm for most VOCs.
However, using QCM oscillator sensors with higher resonance
frequencies, LOD can be decreased under the ppm level of the
concentrations since the mass sensitivity of QCM sensors
depends on the square of the driving fundamental resonance
frequency of the QCM resonator circuit.

Our results demonstrate that QCM-based sensors employ-
ing UiO-66-NH, SURMOFs represent a very versatile, robust,
and sensitive platform for VOC detection. High sensitivity for
target VOC can be obtained by suitable functionalization of
the NH, side groups in UiO-66-NH, In the present case, with
only three different side groups, a total of eight different VOCs
could be reliably detected and differentiated. For further
VOCs, other side groups can be employed, such as Br, I, OH,
CN, OMe, and NO,. With regard to applications of chiral
VOCs (e.g., biomolecules), we also foresee the use of click-
chemistry” =" to couple short peptides to the UiO-66-N;
parent MOF, thus rendering the possibility of differentiating
between different enantiomers'® using our e-nose.
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