Microporous and Mesoporous Materials 343 (2022) 112187

Contents lists available at ScienceDirect

MICROPOROUS AND
MESOPOROUS MATERIALS

Microporous and Mesoporous Materials

journal homepage: www.elsevier.com/locate/micromeso

ELSEVIER

Check for

Metal-organic framework MIL-100(Fe) as a promising sensor for COVID-19 [
biomarkers detection

Nuttapon Yodsin *, Kunlanat Sriphumrat ”, Poobodin Mano *, Kanokwan Kongpatpanich >
Supawadee Namuangruk *
@ National Nanotechnology Center (NANOTEC), National Science and Technology Development Agency (NSTDA), Pathum Thani, 12120, Thailand

Y Department of Materials Science and Engineering, School of Molecular Science and Engineering, Vidyasirimedhi Institute of Science and Technology, Rayong, 21210,
Thailand

ARTICLE INFO ABSTRACT

Keywords: The development of fast and non-invasive techniques to detect SARS-CoV-2 virus at the early stage of the
COVID-19 infection would be highly desirable to control the COVID-19 outbreak. Metal-organic frameworks (MOFs) are
MIL-100 orous materials with uniform porous structures and tunable pore surfaces, which would be essential for the
S p p p
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selective sensing of the specific COVID-19 biomarkers. However, the use of MOFs materials to detect COVID-19
biomarkers has not been demonstrated so far. In this work, for the first time, we employed the density functional
theory calculations to investigate the specific interactions of MOFs and the targeted biomarkers, in which the
interactions were confirmed by experiment. The five dominant COVID-19 biomarkers and common exhaled gases
are comparatively studied by exposing them to MOFs, namely MIL-100(Al) and MIL-100(Fe). The adsorption
mechanism, binding site, adsorption energy, recovery time, charge transfer, sensing response, and electronic
structures are systematically investigated. We found that MIL-100(Fe) has a higher sensing performance than
MIL-100(Al) in terms of sensitivity and selectivity. MIL-100(Fe) shows sensitive to COVID-19 biomarkers, namely
2-methylpent-2-enal and 2,4-octadiene with high sensing responses as 7.44 x 10° and 9 x 107 which are
exceptionally higher than those of the common gases which are less than 6. The calculated recovery times of 0.19
and 1.84 x 10 * s are short enough to be a resuable sensor. An experimental study also showed that the MIL-100
(Fe) provides a sensitivity toward 2-methylpent-2-enal. In conclusion, we suggest that MIL-100(Fe) could be used
as a potential sensor for the exhaled breath analysis. We hope that our research can aid in the development of a
biosensor for quick and easy COVID-19 biomarker detection in order to control the current pandemic.

VOCs biomarker
Density functional theory (DFT)

becoming a primary non-invasive method for determining health status
and disease types. Specific types of volatile organic compounds (VOCs)

1. Introduction

The COVID-19 outbreak has dramatically altered society in the past
two years. A fast and efficient method for detecting SARS-CoV-2 virus is
necessary to control the spread of this disease. Although the polymerase
chain reaction (PCR) technique provides high accuracy and specificity
for COVID-19 diagnosis, its approach is hampered by its high cost and
time-consuming nature. Sensor is another crucial tool that allows fast
and easy detection of a given analyte. Various approaches and devices
are being proposed and actively researched for SARS-CoV-2 virus
detection. However, most of them rely on invasive diagnosis using ma-
terials taken from nasal or oral swabs, blood, sputum, and faces [1-4].
On the other hand, diagnostics of exhaled breath are progressively
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have been found in the exhaled breath of patients in addition to the
common gases and VOCs [5-11]. Therefore, “breath print” or
“biomarker” could be considered to determine the current health status
with the ability to predict future outcomes [12]. Due to the easy, rapid,
and great potential in clinical diagnostics, this method has been suc-
cessful in cases of cancer detection [13-16]. Success in cancer biomarker
detection drew our attention to study gas sensors for direct detection of
SARS-CoV-2 virus from human breath.

To control the pandemic, the development of a simple and fast point-
of-care sensing technology has piqued researchers’ curiosity to achieve
an ideal sensor for SARS-CoV-2 detection. Recently, studies have
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reported that the five most prominent VOCs in COVID-19 patients are
ethyl butyrate (EB) [17-19], 2-methylpent-2-enal, nonanal, 1-chloro-
heptane, and 2,4-octadiene, with typical concentrations ranging from
10 to 250 parts per billion (ppb) [20-23]. Recently, research has linked
these specific breath VOCs with COVID-19 infection [24-27]. However,
adsorption and detection of VOCs related to COVID-19 are challenging
due to their low concentration, fast adsorption equilibria, and the wide
range of chemical functional groups in VOCs [28]. So far, only a few
theoretical studies have been performed to predict sensing materials
such as metal-doped carbon-based materials to detect EB biomarker [18,
19,29]. Generally, metal-doped carbon-based materials are active ma-
terials for interacting with many gases. However, those studies did not
consider other breath-borne gases, which can interfere with the selec-
tivity and sensitivity of the sensing materials. Moreover, there is no
experimental report on sensing the VOCs from exhaled breath in
experiment.

Metal-organic frameworks (MOFs) are porous materials that contain
metal nodes and organic linkers. MOFs are considered as an effective
material in many disciplines such as gas capture and storage, catalysis,
gas sensing, drug delivery, and gas separation [30-35]. Porous struc-
tures of MOFs are tailorable by their building units and synthesis con-
ditions, providing better sensitivity and selectivity than classic sensing
materials. Zhang et al. explored the NUS-1 sensor, a 2D layered MOF
with large channels, to detect VOCs such as benzene, cyclohexane,
toluene, and p-xylene, which can be employed as cancer biomarkers
[36]. In addition, graphene and MOF hybridization were synthesized to
boost sensing performances. Graphene serves as an excellent conductive
material, while MOFs have a high surface area and adsorption ability,
which allows the monitoring of human health for non-invasive
biomedical diagnostics [14]. MIL-100(M) or M30O(H20)20H(1,3,5-ben-
zenetricarboxylate), [37] is one of the most interesting MOFs. MIL-100
contains two coordinatively unsaturated metal sites (CUS) at the
oxo-centered trimer unit, which could serve as the binding sites for gas
adsorption. This carboxylate MOF is seen in many reactions [38-40].
Recently, MIL-100(Fe) was successfully evaluated as an ideal SERS
substrate for toluene detection with a limit of detection (LOD) of 2.5
ppm. This proposed sensor can be utilized to detect VOCs biomarker for
lung cancer with a low detection limit [15]. However, there is still no
report on the application of MOFs for sensing COVID-19 biomarkers.
Though there are some reports on MOFs for sensing cancer biomarkers,
most cancer biomarkers (toluene, benzene, xylene) are non-polar VOCs.
Biomarkers of COVID-19 are mainly esters or polar aprotic VOCs, which
may require different sensing mechanisms.

Inspired by the great sensing performance of MOFs and the research
gap mentioned above, we study MIL-100(Al, Fe) for sensing ethyl
butyrate, 2-methylpent-2-enal, 1-chloroheptane, nonanal, and 2,4-octa-
diene, which are the five dominant biomarkers from COVID-19 patients
[17-22,41]. In addition, we also considered the interference gases from
breath of healthy humans, such as isopropanol, acetone, methanol,
ethanol, CO,, and H,0. To understand the sensing mechanism and gas
sensing performance, we calculated geometrical structures, adsorption
energy, the band gap, recovery time, and electronic properties of
MIL-100(Al, Fe) before and after interaction with those biomarkers. We
also performed experimental confirmation by synthesizing and charac-
terizing these MOFs as sensing materials. We propose MIL-100(Fe) as a
highly sensitive and selective material for the detection of 2-methylpen-
t-2-enal which could be helpful in the fast screening of COVID-19
patients.

2. Methodology
2.1. Experimental study
The chemicals are analytical-grade reagents and were used without

further purification. A Bruker D8 ADVANCE X-ray diffractometer was
used to collect the X-ray diffraction patterns of all samples using Cu Ka
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radiation (40 kV, 40 mA, A = 1.5418 .ﬁo\). Nitrogen adsorp-
tion—desorption was determined with a MicrotracBEL BELSORP-mini X
at —196 °C. The samples were activated at 150 °C for 24 h under a
vacuum before adsorption experiments. After sensing measurement,
MOF pellets were ground into a fine powder with a mortar for FTIR and
UV-Vis characterization. UV-Vis absorption spectra were collected on a
PerkinElmer Lambda 1050 spectrophotometer. FTIR spectra were
measured by a PerkinElmer frontier FT-IR in attenuated total reflectance
(ATR) mode with a KBr window. High-resolution mass spectra of
adsorbed VOCs were measured on Bruker Compact (APCI Q-TOF mode)
and Bruker Autoflex speed (MALDI-TOF mode). The adsorbed VOCs
were extracted from the MOFs by using dichloromethane. The imped-
ance measurements were performed using an Autolab PGSTAT302 N
equipped with FRA32 M module (Metrohm) over the frequency range of
1 Hz to 1 MHz with an input voltage amplitude of 300 mV and the
current range of 1 mA. Impedance values were measured from Nyquist
plots of MIL-100(Al, Fe) before and after VOC adsorption of preparation.
Impedance data analysis was performed on NOVA software.

2.1.1. Synthesis of MIL-100 (AD)

MIL-100(Al) powder was prepared by dissolving 1,3,5-benzenetri-
carboxylic acid (1.01 g, 4.82 mmol) and Al(NO3)3-9H50 (1.80 g, 7.31
mmol) in distilled water (20 mL) with vigorous stirring. After that, acetic
acid (4 mL) was added, see Fig. 1. The reaction mixture was stirred at
room temperature for 5 min and then heated at 150 °C for 30 min in a
microwave oven (MARS 6, CEM). The obtained product was washed
three times with distilled water (20 mL) and dried at 80 °C for 12 h.

2.1.2. Synthesis of MIL-100 (Fe)

MIL-100(Fe) powder was prepared by dissolving 1,3,5-benzenetri-
carboxylic acid (0.84 g, 4.00 mmol) and FeCl3-6H20 (2.43 g, 6.01
mmol) in distilled water (30 mL). The reaction mixture was heated at
130 °C for 6 min in a microwave oven (MARS 6, CEM) and then main-
tained at 25 °C to cool down for 1 min. The orange solid was washed
with distilled water (20 mL) and ethanol via centrifugation.

2.1.3. Sensing measurements

The properties determining gas sensitivity were tested by a home-
made setup. First, the MIL-100(Al, Fe) (40 mg) was activated at 150 °C
under vacuum for 24 h and further prepared as pellets with a diameter of
5 mm in the Np-filled glovebox. The MOF pellets were placed on top of
the sealed container filled with the solvent (10 mL). The temperature of
the system was controlled at the boiling temperature of each solvent to
generate solvent vapor for 2 h. Subsequently, the MOF tablet was taken
out from the sealed container and kept without air exposure for further
characterization.

2.2. Models and calculation methods

2.2.1. GCMC simulations

To investigate the host-guest interaction and the preferable adsorp-
tion site of VOCs in MIL100 at room temperature (T = 300K), the grand
canonical Monte Carlo (GCMC) simulation was conducted using a large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) soft-
ware [42]. Since the low concentration of VOCs, we considered a low
pressure at 1 mbar of 2-Methylpent-2-enal inside MIL100(Fe) as the case
study. The tetragonal structure model of MIL100(Fe) used in the

calculation is in a space group of I41/amd witha =b =51.73 A, ¢ =

73.30 A anda = B =y =90.0. The primitive cell (1 x 1 x 1) was used
as a simulation box consisting of 5440 atoms with periodic boundary
conditions adopted in 3 dimensions, see Fig. S1. The Lennard-Jones (LJ)
12-6 potential was applied to describe the interatomic interaction with a
global cutoff radius of 12.5 A. The parameterizations of interaction

parameters were determined based on the universal force field (UFF)
[43], while the cross-interaction parameters were calculated from the
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Fig. 1. —(a) Schematic of the MIL-100(ALFe) synthesis procedure, selected
cluster models representing the structural configuration, electrostatic potential
maps, and Mulliken charge of (b) MIL-100(Al) and (c) MIL-100(Fe).

Lorentz-Berthelot mixing rule. The initial generation of bonds, angles,
dihedrals, improper torsion, and pair interactions were done using
lammps-interface code [44]. To simulate the grand canonical ensemble,
the chemical potential (1), the volume (V), and the temperature (T) were
fixed along the simulation. During Monte Carlo (MC) steps, the molecule
translations and the molecule rotations are induced with equal proba-
bility, while the attempts of GCMC exchange (insertion and deletion) are
invoked at every 10 simulation steps. We first conducted 5x 10° steps to
equilibrate the number of inserted molecules at particular conditions
and then conducted another 5 x 10° steps to sample thermodynamic
behavior at equilibrium. The time average radial distribution function
(RDF) was performed using the latter half part to evaluate the adsorp-
tion behavior from a statistical perspective.

2.2.2. DFT calculations

The results from GCMC suggested that the preferential adsorption
site of 2-Methylpent-2-enal is at the Fe atom, see discussion in section 3.
To accurately study the interaction of the VOCs at the active site of MIL-
100, DFT calculation was adopted in this section. Due to a large unit cell
of MIL-100, a finite-size M3O oxo-trimer cluster containing 126 atoms
(Fig. 1) was cut from the crystallographic structures of MIL-100(Al, Fe)
and saturated with carboxylate groups. The models of MIL-100(Al, Fe)
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contain two CUS metal centers and obtained by integrating one counter
anion per oxo-centered trimers of metal(III) octahedra connecting 1,3,5-
benzene tricarboxylate (BTC) linkers (M(III)sOOH(CgHs—C30¢)6)
determined from X-diffraction [45]. It was reported that the type of
counteranions (-Cl, -OH, -F, -SQOy, ...) does not significantly affect the
all adsorption behavior of this MOF [46]. Here, we selected the MIL-100
configuration with —OH group in MIL-100(Al, Fe), assembled by a
corner-sharing supertetrahedra consisting of M3O trimers (M = Al, Fe)
and 1,4-benzenedicarboxylic acids. This is also consistent with the
synthesis condition of MOF samples without the use of strong acid (HF,
HCD). A cluster with the inorganic M3O node saturated by formate is
cleaved. This cluster model was also adopted by Fu et al. for studying the
selectivity and sentitivity of MIL-100(Fe) to toluene, acetone and chlo-
roform [15].

Density functional theory (DFT) calculations were performed by
Gaussian 16 code. We used Becke’s three-parameter gradient-corrected
exchange functional and the unrestricted Lee-Yang-Parr gradient-cor-
rected correlation functional (UB3LYP) [47-49], and Grimme’s D3-BJ
dispersion correction (UB3LYP-D3BJ) [50] to perform geometry opti-
mizations for all complexes. In these DFT calculations, the TZVP basis
set [51] was used for C, O, H, Cl, and Al atoms, while for the Fe atom, we
used the effective core potential (ECP) basis of Stuttgart and Bonn [52].
The B3LYP functional and TZVP basis set were chosen to study the NO
adsorption and oxidation on MIL-100(M) where M = Al, Fe, Mn, Ru, Ti,
Cr. This method of calculation could well explain the spin at the ground
state structure and spin change during the reaction in all systems [38].
The MIL-100(Al) model shows stability at the singlet state since all
electrons are fully filled. However, in the case of MIL-100(Fe), there are
many possible spin states that need to be considered. We have checked
the six spin states covering from low to high spin configurations, (1,1,
-1, (1,1,1), (-5,5,5), (5,-5,5), (5,5,-5), and (5,5,5). Noted that, in the
case of sextets, which represent an antiferromagnetic state, there are
three possibilities that the five spin-down electrons are located at Fel,
Fe2, or F3, respectively. From the calculations, we found that the sextet
state with a spin configuration of (+5, —5, +5) provided the most stable
state, as demonstrated in Fig. 2, which supports the experiment that
MIL-100(Fe) shows high spin state [53,54]. The IR spectrum of all
minimum structures was calculated to help us confirm the presence of
gas molecules adsorbed inside the MOFs in our experiment. For the
vibrational frequencies, we employed a universal scale factor of 0.972 to
counterbalance the systematic errors caused by an insufficient basis set
and vibrational anharmonicity [55].

All atomic charges in this work were simulated by the Mulliken
charge method [56]. The adsorption energy of the adsorbed molecules
and MIL-100 was calculated according to the equation:

Euds = Egasimir-100 —EmiL-100 — Egas (€]

where, Egqs/Mi-100, Emi-100, and Egqs refer to the total energies of the
adsorbed VOC gas on MIL-100, the bare MIL-100, and the isolated VOCs
gas, respectively. A negative value represents strong adsorption of the
VOC on the MOF.

3. Results and discussion
3.1. GCMC calculation

Most dynamic simulation studies of metal-organic frameworks have
focused on the adsorption and transportation of small molecules, such as
Hy, CO2, Hy0, CH4, and hydrocarbons [57,58]. In this work, the
host-guest interaction of 2-Methylpent-2-enal, one of the Biomarkers,
inside the framework of MIL-100(Fe) has been studied using GMCM
simulation at low pressure, where host-guest interactions is dominate.
Fig. S1 shows a snapshot of 2-Methylpent-2-enal in MIL-100(Fe) at
300K. It is clearly seen that a 2-Methylpent-2-enal is located inside the
pore of MIL-100(Fe) near the FeOs area, which is known as the active
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Fig. 2. Structural property and relative energy of cluster models with different spin states of MIL-100(Fe). Spin density distribution plot (isovalue 0.005 e/A%).

site for gas interactions [38-40].

The radial distribution functions (RDFs) between framework atoms
of MIL-100(Fe) and different atoms of 2-Methylpent-2-enal have been
calculated to identify the preferential adsorption sites. RDFs between
the oxygen atom of 2-Methylpent-2-enal (Oyoc) and different atoms of
MIL-100(Fe) and RDFs between the Fe atoms of MIL-100(Fe) and
different atoms of 2-Methylpent-2-enal are shown in Fig. S2. The most
preferential site can be identified by quantifying all the distances of host-
guest interactions. RDFs show that the most left peaks belong to the
interaction distances between the Fe atoms of MIL-100(Fe) and the O
atom of 2-Methylpent-2-enal, which are around 2.5-3 A, indicating that
Fe atoms are the preferential adsorption sites for 2-Methylpent-2-enal.

3.2. Cluster models of MIL-100(Al, Fe)

To understand the adsorption performance of MIL-100(Al, Fe), we
first investigated the electronic and structural properties of MIL-100(Al,
Fe). The MIL-100(Al) model shows stability at the singlet state since all
electrons are fully filled. However, in the case of MIL-100(Fe), there are
many possible spin states that need to be considered. We have checked
the six spin states covering from low to high spin configurations, (1,1,-
1), (1,1,1), (-5,5,5), (5,-5,5), (5,5,-5), and (5,5,5). Noted that, in the
case of sextets, which represent an antiferromagnetic state, there are

three possibilities that the five spin-down electrons are located at Fel,
Fe2, or F3, respectively. From the calculations, we found that the sextet
state with a spin configuration of (45, —5, +5) provided the most stable
state, as demonstrated in Fig. 2, which supports the experiment that
MIL-100(Fe) shows high spin state [53,54]. Fig. 1b-c shows the most
table structure of MIL-100(Al, Fe) clusters with crucial bond lengths. In
MIL-100(Al), the optimized bond distances between Al and O from a
ligand node are around 1.85-1.91 A, while the Fe-O bond lengths for
MIL-100(Fe) are 1.95-2.04 A. The metal clusters of MOF materials,
especially those with the CUS, are generally considered to be the active
sites for adsorptions of small molecules, including VOCs. The Mulliken
charge and electrostatic potential maps reveal that the open M1 site with
a positive charge is the binding site for the incoming gases.

3.3. Adsorption of VOCs molecules on MIL-100 (AL Fe)

Here, we initially focus on the biomarker adsorption and sensor
performance of MIL-100(Al, Fe). The first step in comprehending the
sensor performance is the adsorption of biomarkers. All of the structures
are fully relaxed during the optimization, and their adsorption energies
are analyzed to quantify the most stable adsorption configuration. Fig. 4
illustrates the most stable optimized structure of all biomarkers on MIL-
100(Fe), while those on MIL-100(Al) are depicted in Fig. S3. The
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adsorbed biomarker molecule exhibits varied positions and orientations.
Moreover, adsorption properties, interaction distance, the net charge
transfer, HOMO and LUMO energies, the band gap energy, and recovery
time in different conditions of the stable configuration are tabulated in
Table 1 and Table S1 for MIL-100(Fe) and MIL-100(Al), respectively.

From our calculations, we found a similar adsorption behavior for all
gases on both MIL-100(Al) and MIL-100(Fe), as seen in Fig. S3 and
Fig. 3. Thereby, only the results from MIL-100(Fe) will be presented in
the main text. We divide the gas adsorptions into two groups, 1.
biomarker from a COVID-19 patient (ethyl butyrate, 2-methylpent-2-
enal, 1-chloroheptane, nonanal, and 2,4-octadiene) and 2. those from
a healthy human (isopropanol, acetone, methanol, ethanol, CO, and
H50). For the ethyl butyrate adsorption on MIL-100(Fe), O carbonyl is
coordinated to the CUS of MIL-100(Fe) with the adsorption energy of
—1.17 eV. In the case of 2-methylpent-2-enal and nonanal, they adsor-
bed vertically. The O atom points toward the metal site with the inter-
molecular bond distances of 2.13 and 2.19 A for 2-methylpent-2-enal
and nonanal, respectively.

We need to confirm if these calculated geometries are consistent with
the experimental situation. We compared the calculated IR spectra with
the experimental IR spectra taken when the biomarkers were adsorbed
on the MIL-100(Fe). The preference for C=0 binding mode is verified by
the FTIR spectrum of 2-methylpent-2-enal on MIL-100(Fe) (Fig. 4b). The
additional peak corresponding to the C=0O stretching of the carbonyl
group in 2-methylpent-2-enal is observed at 1683 cm ™!, which confirms
the existence of the target gas on MIL-100(Fe). In addition, the C=0
stretching peak of 2-methylpent-2-enal on MIL-100(Fe) is shifted to a
lower wavenumber, indicating the interaction between the carbonyl
group of 2-methylpent-2-enal and MIL-100(Fe).

To confirm that the Fe is the primary binding site, we looked at the
bands related to this metal. We can see that the band of O-Fe-O is
redshifted after the adsorption (622 cm ! shifted to 619 cm’l), sug-
gesting the formation of the Fe-O—C in the adsorption process. The
Fe-O-Fe stretching band was calculated to be at 652 cm™!, while it was
experimentally observed at 709 cm™'. Remarkably, a characteristic
absorption peak appears in the experiment at 456 cm ™. Our calculation
assigns this peak as corresponding to the Fe-O(=C) stretching vibration,
which is at 474 cm . A similar trend in IR peak shift is also observed for
2-methylpent-2-enal on MIL-100(Al) (Fig. 4a). Upon adsorption of 1-
chlorohaptane on MIL-100(Fe), the molecule takes a tilted geometry
pointing its Cl atom to the Fe metal site. In addition, 2,4-octadiene favors
a parallel orientation to the MIL-100(Fe) cluster with the diene aligned
to the metal site. The presence of 2-methylpent-2-enal in the pores of
MIL-100(Fe) is further confirmed by the decreasing of BET surface area
from 1553.20 cm?g™ to 90.20 cm?g™! after the adsorption process. These
results demonstrate that 2-methylpent-2-enal is indeed adsorbed on
MIL-100(Fe) by chemical adsorption.

To clarify the selectivity of our proposed sensor, we have considered
the adsorption properties of gas molecules found in healthy humans,
such as water, acetone, ethanol, methanol, isopropanol, and CO5 on the

Table 1
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MIL-100(Fe). The water molecule is adsorbed in the parallel direction.
The experimental IR spectrum of water on MIL-100(Fe) exhibits an in-
crease in the board O-H stretching peak signal at around 3086-3402
cm™! compared with the pristine MOF (Fig. S5b), confirming the pres-
ence of H,O in the MOF. Moreover, we confirmed the H,O interaction on
MIL-100(Fe) by DFT calculations. The O-H stretching peak of water on
MIL-100(Fe) is red-shifted, showing the interaction between water and
the MOF. In addition, we found a signature of (Hy)O-Fe interaction at
the fingerprint region (334 cm™?). Carbon dioxide is tilted with the O
atom pointing toward MIL-100(Fe). Moreover, acetone, ethanol, meth-
anol, and isopropanol gases prefer to adsorb in a vertical orientation,
where the O atom binds to the Fe atom of MIL-100(Fe) with the FeO
bond lengths of 2.14, 2.16, 2.15, and 2.12 10\, respectively. In addition, to
mimic a situation where water and 2-methylpent-2-enal coexist, we
calculated a mixed gas. Water was systematically added to the 2-meth-
ylpent-2-enal on MIL-100(Fe) system (Fig. S5). We observe minor
changes in geometries, and the adsorption energies of gases are still
greater than 1 eV. This suggests that the addition of HoO gas will only
result in minor effects on COVID-19 biomarker detection. Hence, in the
presence of interfering gases, our MOF can display remarkable selec-
tivity to 2-methylpent-2-enal, indicating its potential utility as a sensor
for detecting COVID-19 biomarkers in exhaled breath.

For effective sensing, the binding between the adsorbent and
adsorbate should be strong enough to cause a detectable change in the
sensor’s material. On the other hand, the binding should be weak
enough to recover the sensor function for multiple uses. The calculated
Eqgs of COVID-19 biomarkers are —1.17, —1.08, —1.16, —0.76, and
—0.84 eV for ethyl butyrate, 2-methylpent-2-enal, nonanal, 1-chloro-
heptane, and 2,4-octadiene molecules, respectively, which are strongly
adsorbed on MIL-100(Fe). Interestingly, the O-functionalized structures
suggest larger adsorption energies in comparison with 1-chrolohaptane
(Cl-functionalized molecule) and 2,4-octadiene (an aliphatic hydrocar-
bon). Moreover, the adsorption properties of the biomarkers in breath
exhaled by healthy humans are also investigated to see the selectivity of
sensing materials. The Eg4s of water, acetone, ethanol, methanol, iso-
propanol, and carbon dioxide are —0.90, —1.02, —1.09, —1.07, —1.17,
and —0.41 eV, respectively. These values show a strong interaction be-
tween the gas molecule and the sensor. Especially, the O-functionalized
gases (acetone, ethanol, and methanol) show high Eg4;, while CO4 gives
a low Egg;. The adsorption properties are related to charge transfer and
the interaction distances between adsorbed molecules and sensors. Key
distances and the change in Mulliken charge are given in Fig. 3 and
Table 1. The adsorption distance of ethylbutyrate, 2-methylpent-2-enal,
nonanal, 1-chloroheptane, 2,4-octadiene, Hy0, acetone, ethanol, meth-
anol, isopropanol, and CO2 on MIL-100(Fe) cluster are 2.12, 2.13, 2.19,
2.70, 2.91, 2.19, 2.14, 2.16, 2.15, 2.12, and 2.44 fo\, respectively. In
addition, we collect the amount of atomic charge that is transferred
between the adsorbed molecules and the MIL-100(Fe) cluster. The
charges indicate that the adsorbed molecule donates electrons to MIL-
100(Fe). The structural and electronic properties of all biomarkers

The calculated VOCs adsorption energy (E.qs), HOMO-LUMO energy level, energy band gap (Eg), sensing response of the system after adsorption (SR), interaction
distance (D) between the molecule and MIL-100(Fe), Charge transfer (Aq), and recovery time (t) at 398.15K.

System Eads (ev) HOMO (eV) LUMO (eV) Eg (ev SR D(f\) Aq € T(s)
MIL-100(Fe) —7.88 —4.24 3.63

EthylButyrate-MIL-100(Fe) -1.17 —7.59 —3.85 3.74 6.76 2.106 0.247 2.56
2-Methylpent-2-enal-MIL-100(Fe) —-1.08 —6.75 -3.81 2.94 7.44 x 10° 2.128 0.293 0.19
Nonanal-MIL-100(Fe) -1.16 —7.60 —3.89 3.71 3.92 2.186 0.254 1.85
1-Chloroheptane-MIL-100(Fe) —0.76 —7.72 —4.02 3.70 2.80 2.702 0.220 1.49x10°°
2,4-Octadiene-MIL-100(Fe) —0.84 —6.65 —3.96 2.69 9.02x 107 2.913 0.291 1.84x107*
H,0-MIL-100(Fe) —0.90 -7.73 —4.01 3.71 3.69 2.187 0.251 9.98x 10~*
Acetone-MIL-100(Fe) —1.02 —7.57 —3.85 3.73 5.08 2.143 0.273 2.94x 1072
Ethanol-MIL-100(Fe) -1.09 -7.67 —3.95 3.72 4.65 2.156 0.253 0.22
Methanol-MIL-100(Fe) -1.07 —7.67 —3.95 3.72 4.96 2.148 0.247 0.14
Isoporpanol-MIL-100(Fe) -1.17 —7.64 —3.90 3.73 5.98 2.118 0.244 2.21
CO,-MIL-100(Fe) —0.41 -7.91 —4.32 3.58 1.66 2.445 0.117 6.53x 10710
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(a) Ethyl Butyrate

(b) 2-Methylpent-2-enal
©
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(c) Nonanal |

(h) Ethanol

Fig. 3. The most stable adsorption configurations for (a) Ethyl Butyrate, (b) 2-Methylpent-2-enal, (c) Nonanal, (d) 1-Chloroheptane, (e) 2,4-Octadiene, (f) Water, (g)
Acetone, (h) Ethanol, (i) Methanol, (j) Isopropanol and (k) Carbon dioxide on MIL-100(Fe).

adsorption on MIL-100(Al) are similar to those on MIL-100(Fe). More-
over, the E,q4; of biomarkers on MIL-100(Al, Fe) is greater than those
reported for the adsorption on pristine BCgN [57] and graphene sheets
[58-63]. Therefore, MIL-100(Al) or MIL-100(Fe) may provide better
performance toward gas sensing than the 2D materials reported
previously.

Reusability of the sensor is evaluated by the recovery time () of a
sensing material after gas exposure, which can be calculated based on
the transition state theory as follows [64]:

Ty o2amasT V[ T \'0'0QV i
kdeszTQAS -

e 2
wCr 0 \6,0,0.) 0. " @
Edes
= 1/1% —voleTt 3)
Where kg is the rate of desorption. The desorption energy Eg,; = —

Eqs, Q5 and QY are the electronic and vibrational partition function of
the molecule A, Q¥ (QX‘) is the vibrational partition function of the bare

surface, S° is the sticking probability per active site which we assume as
1, my is the mass of the desorbing molecule, O, are the rotational
temperature for the nonlinear molecule, and Cr is the concentration of
reactive site per unit area [64,65]. Here, we will use two reactive sites
per unit cell; thus, we have Cr = ﬁ. T is the temperature (K), kg is the
Boltzmann constant and v is pre-exponential factor. Our calculated
recovery time on the MIL-100(Fe) systems is listed in Table 1 while those
at different conditions are given in Table S4. Taking equation (3), the
calculated pre-exponential factor (v = 2.61x10'* s71) at T = 398.15 K
results in a short recovery time for MIL-100(Fe) sensor which are 2.56,
0.19, 1.85, 1.49 x 107> and 1.84 x 10™* s for ethylbutyrate, 2-methyl-
pent-2-enal, nonanal, 1-chloroheptane, and 2,4-octadiene, respec-
tively. The short T values propose the reusability of this gas sensor.
Apart from the proper Eq4; of gas on the sensor, the sensor’s electrical
properties must be changed when interacting with the analyte. The band
gap energies are given in Table 1. To elucidate the sensor performance as
well as selectivity of the materials, we calculated the sensing response
(SR) of the MIL-100(Al, Fe) to the biomarkers and the common exhaled
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Fig. 4. Experimental and calculated FTIR of 2-Methylpent-2-enal on a) MIL-100 (Al) and b) MIL-100 (Fe).

gases. From equation (4), the resistivity and the electrical conductance

(EC) of the MIL-100 (AlFe) can be tuned by their electronic properties SR :M: Ro| _ 1 5)
[66]: R, R,

5, where Ry and R; signify the resistivity of the gas/MIL-100 and the
EC = AT U7 4 pristine MIL-100, respectively, There is an inverse relationship between

EC and resistivity. Therefore, we can write:
here A, T and kg are a constant, temperature (K), and the Boltzmann
: . |aEg|
constant, respectively. The SR was calculated as follows: SR EC, (szT) ) ©)
= _1=e _
ECZ

3
;:gﬂ& E MIL-100 (Al)
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Fig. 5. The calculated sensing response of the system after biomarker VOCs adsorption with reference to the bare MIL-100 (Al, Fe).
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Here, EC; and EC, refer the EC of the MIL-100 after and before gas
adsorption, respectively. AE, signifies the difference between Eg of the
gas/MIL-100 and the pristine MIL-100. For MIL-100(Fe), the sensing
response for ethylbutyrate, 2-methylpent-2-enal, nonanal, 1-chlorohep-
tane, 2,4-octadiene, Hy0, acetone, ethanol, methanol, isopropanol, and
CO4 are calculated at 298.15 K, as can be seen in Fig. 5. Previous DFT
calculations reported that ethyl butyrate could give a good response to
metal-doped carbon materials [18,19,29], while 2-methylpent-2-enal
and 2,4-octadiene biomarkers have not been investigated before. In
our work, we found that MIL-100(Al,Fe) are highly sensitive to 2-meth-
ylpent-2-enal and 2,4-octadiene much more than ethylbutyrate.

Compared to the common exhaled gases that interfere with our
detection, our proposed sensor shows excellent sensitivity toward
COVID-19 biomarkers with the SR values are 7.44 x 10° and 9 x 107 for
2-methylpent-2-enal, and 2,4-octadiene, respectively. The SR values are
negligible for H,O, CO,, acetone, ethanol, methanol, and isopropanol
which are less than 6. For the gases reversibly, it is demonstrated that 2-
methylpent-2-enal and 2,4-octadiene on MIL-100(Fe) show the high
sensitivity and the short recovery time. We also discovered that MIL-100
(Fe) has a better sensor property than MIL-100(Al). From these calcu-
lations, we suggest that MIL-100(Fe) is a promising candidate porous
material sensor for the identification of the COVID-19 biomarker (2-
methylpent-2-enal and 2,4-octadiene).

3.4. Experimental results

MIL-100(Al) was synthesized from aluminium nitrate nonahydrate
and 1,3,5-benzenetricarboxylic acid in the water, while the metal pre-
cursor was changed to iron chloride hexahydrate for the synthesis of
MIL-100(Fe), see Fig. 1. Powder X-ray diffraction (XRD) patterns of both
MIL-100(Al) and MIL-100(Fe) match well with the simulated pattern of
MIL-100 topology [45], suggesting the same topology in both samples.
The particle size of MIL-100(Al) and MIL-100(Fe) are found to be 0.37
pm owing to the fast crystal growth process in microwave syntheses, as
demonstrated in Fig. S8. The Brunauer, Emmett and Teller (BET) surface
area of MIL-100(Al) and MIL-100(Fe), which were estimated from the N
adsorption isotherms, are 1164 m?g™ and 1553 m%g’, respectively (see
Table S4 for details). The BET surface area values of both samples are in
good agreement with the reported values, suggesting the successful
syntheses of MIL-100(Al) and MIL-100(Fe) [67]. It is found that the
crystal structures of MIL-100 remain intact after 3-cycle tests, as indi-
cated by the XRD patterns shown in Fig. S10. N adsorption experiments
were conducted at 77K to evaluate the porosity, which is an essential
property of MOF materials for sensing COVID-19 biomarkers, Fig. S11.
Both MIL-100(Al) and MIL-100(Fe) provide type I adsorption isotherms
corresponding to microporous solids. It should be noted that hysteresis is
not observed in MIL-100(Al) and MIL-100(Fe) due to the aggregation of
small particles [67].

Powders of MIL-100(Al) and MIL-100(Fe) were further prepared as 5
mm pellets for VOC adsorption studies. VOC of the targeted biomarker
was generated in the closed container and allowed to diffuse to MOF
pellets in gas phases. Unfortunately, the most predominant biomarker,
2,4-octadiene, were not commercially available. Thus, only 2-methyl-
pent-2-enal, ethyl butyrate, 1-chloroheptane and nonanal were studied
in the experimental part. The common exhaled breath VOCs (ethanol,
methanol, isopropanol, acetone, and water) are comparatively studied.
The VOCs trapped in the pore of MOF after adsorption processes are
investigated by mass spectroscopy (Table 2). It is found that all eight
VOCs could adsorb in the pore of MIL-100, which is consistent with the
theoretical studies discussed above. However, the amounts of each VOC
adsorbed in MIL-100 are different, suggesting the different binding
ability of VOC in the pore of MIL-100. Following the calculation results,
the sensing performance of MIL-100(Al, Fe) sensors was studied by
UV-Vis spectroscopy to confirm the calculated band gap changes upon
the adsorption of VOCs (Fig. 6, Figs. S14-15 and Table S7). Although all
VOCs could adsorb on MIL-100(Al, Fe), a significant band gap change is
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Table 2
Mass spectrometric (MS) measurements after biomarker VOCs adsorption on
MIL-100 (Al, Fe).

VOCs Molecular mass [M+H]™
MIL-100 (Al MIL-100(Fe)

Acetone 58.04 59.04 59.04
Isopropanol 60.06 61.05 61.06

Ethyl Butyrate 116.08 117.11 117.11
2-Methylpent-2-enal 98.07 99.08 99.08
1-Choroheptane 134.65 135.08 135.07
Nonanal 142.14 143.16 143.15

only observed in a few VOCs. In most cases, the band gap of MIL-100
does not vary upon the adsorption of VOCs. According to Eq. (6), we
have calculated SR to preliminary confirm the sensitivitiy of the pro-
posed sensor. Note that the SR is minor for VOCs exhaled from healthy
humans, such as alcohol, acetone, and water. But, the adsorption of 2-
methylpent-2-enal, a COVID-19 biomarker, shows the outstanding SR
at 32.63 for MIL-100(Fe). On the other hand, other VOCs result in 6 folds
less than that of 2-methylpent-2-enal. This indicates the selective
sensing of 2-methylpent-2-enal biomarker in MIL-100(Fe). We expected
to see a better performance sensing for 2,4-octadiene biomarker if it is
commercially available. In addition, the sensing signal can be increased
by applying techniques such as surface-enhanced Raman scattering
(SERS) [15].

To evaluate the potential of MIL-100 for electrochemical sensing, we
have studied the change in resistivity of MIL-100(Al, Fe) upon exposure
to 2-methylpent-2-enal. The resistivity of all samples was analyzed from
impedance data at room temperature (298 K). Changes in impedance
after 2-methylpent-2-enal adsorption were evaluated from the Nyquist
plot (Table S6), which demonstrated preliminary evidence that MIL-100
(AL Fe) can be used as a highly sensitive sensor for 2-methylpent-2-enal.
Furthermore, we also studied the reusability of MIL-100 for biomarker
sensing. A sample after VOC adsorption was reactivated by placing it in
the vacuum oven to evacuate the VOCs from the MOF structure. The
VOC adsorption process is repeated three times to ensure the reusability
of MOF materials. Moreover, we also observed the same trend of sensing
response in all types of VOCs in the 2nd and 3rd cycle tests.

4. Conclusions

We investigated the possible use of MIL-100(Al, Fe) as sensing ma-
terials for COVID-19 biomarkers detection. The GCMC simulations
revealed that the Fe atoms of MIL-100(Fe) are the preferential adsorp-
tion sites for 2-methylpent-2-enal. The adsorption mechanism of the five
dominant VOCs components from exhaled breath of COVID-19 patients,
ethyl butyrate, 2-methylpent-2-enal, 1-chloroheptane, nonanal, and 2,4-
octadiene, on MIL-100(Al,Fe) were investigated by mean of first-
principles DFT calculations. The adsorption properties of interfering
gases such as H,0, acetone, ethanol, methanol, isopropanol, and CO5
were also considered to evaluate the sensitivity of MIL-100(Al,Fe) sen-
sors. The adsorption configuration, adsorption energy, band gap,
sensing response, recovery time, and electronic properties of MIL-100
(AL Fe) before and after adsorption with VOCs are also determined. In
addition, we confirmed the calculated geometries by comparing the
theoretical and experimental IR spectra of VOCs adsorbed in the MOF. It
is found that MIL-100(Fe) has higher performance than MIL-100(Al) and
it demonstrates high sensitivity to 2-methylpent-2-enal and 2,4-octa-
diene in the presence of interference gases. The calculated sensing
response of MIL-100(Fe) to 2-methylpent-2-enal is exceptionally high as
7.44 x 10° while those for interference gases are less than 6. Moreover,
the recovery time of MIL-100(Fe) for 2-methylpent-2-enal is 1.84 x 10™*
s which is beneficial as a reusable sensor. Therefore, we predict that it
has potential use as a sensor for detecting COVID-19 biomarkers in
exhaled breath. The discovery in this work is useful for further
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Fig. 6. Experimental study of sensing response of the system after biomarker VOCs adsorption with reference to the solitary MIL-100 (Al, Fe) by using the Tauc

plot method.

developing rapid and efficient sensors for the detection of COVID-19 to
control the disease outbreak.
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