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Reliable and inexpensive sensors for the detection and discrimination of various volatile organic compounds like
different alcohols are required for many applications, for example to proof the alcohol quality and for avoiding
methanol poising. Here, we develop a sensor array of films made of different types of surface-mounted metal-
organic frameworks (SURMOFs) with a periodic three-dimensional structure of mesoscopic voids, referred to as
inverse opal structure. The wavelength shift (or alternatively, the intensity change) of the photonic reflectance
peak caused by the analyte vapor adsorption in the SURMOF was used as signal. The sensor array is applied for
the detection of various pure low-carbon alcohols, which are methanol, ethanol, 1-propanol, and 1-butanol. The
sensor array shows a low limit of detection (LOD) in the range of 10-60 ppm and is able to reliably discriminate
the alcohols from each other. Furthermore, the sensor array is able to precisely discriminate their pure vapors
and binary mixtures with methanol. We foresee such sensor array with SURMOF-based inverse opal films offer a
great potential for the precise and cost-efficient detection of various analytes.

1. Introduction

Methanol poisoning can cause severe health problems such as
blindness, permanent neurologic dysfunction, and even death [1,2]. For
example, more than 5000 methanol poisonings were reported in Iran,
Turkey, and India in 2019 [3-5]. Toxic alcohol poisoning can be asso-
ciated with a significant degree of morbidity and mortality if not
promptly recognized and treated after the accidental and non-accidental
exposures [6]. Toxic components, including methanol, propanol, iso-
propyl alcohol and butanol [7,8], can be widely found in homemade
alcoholic beverages. Therefore, it is crucial to detect the concentration
and identify the types of alcohol vapors safely and precisely. This needs
to be realized by cost-efficient, reliable, and available sensors. So far,
only limited research in this field has been reported.

Metal-organic frameworks (MOFs) are a class of nanoporous crys-
talline hybrid materials, which possess numerous distinct features,
including high porosity, high specific surface area and diversified
structures [9,10]. Based on the versatile host-guest interaction and the
large surface area, MOF films have been used in various sensor appli-
cations [11-16]. MOF thin films can also be made in a layer-by-layer
fashion, resulting in surface-mounted metal-organic frameworks
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(SURMOFs) [17,18]. To date, SURMOF films have been used in single
optical sensor such as one-dimensional photonic crystals (Braggs stacks)
sensors [19,20] and Fabry-Perot cavity sensors [21]. Sensor arrays based
on SURMOFs of different structures in combination with a gravimetric
quartz crystal microbalance have been used to detect and identify
various volatile compounds [22-24].

An opal structure is a periodic three-dimensional mesoscopic align-
ment of materials with different dielectric constants, like a regular
closed-packed assembly of identical spheres [25,26]. An inverse opal
structure is a regular three-dimensional mesoscopic structure of voids, i.
e. it is inverse to the opal structure [27,28]. The characteristic di-
mensions of an opal or inverse opal structure are in the order of visible
light. Light is diffracted by such an opal structure and the optical
properties are very sensitive to the change in its refractive index (RI), see
supporting information (SI) [29,30]. Since the RI can be altered by the
uptake of guest molecules, the incorporation of porous materials, like
SURMOFs, into such a photonic material will provide a general signal
transduction scheme for the development of optical sensors. This results
in portable, label-free, room temperature vapor/gas sensors. (Label-free
refers to sensors without colorimetric labels, such as functionalized
nanoparticles with strong, specific adsorption sites, where the sensor
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Fig. 1. : a) The synthesis of the SURMOF-based-inverse-opal film array. b) Sketches of the SURMOFs structures: HKUST-1, Cu(BDC) SURMOF-2, Cu(BPDC) SURMOF-

2 and Cuy(BDC)z(dabco), left to right, see labels.

response is typically not reversible.) For example, a single
inverse-opal-film made of MOFs like HKUST-1 has been used for the
detection of different organic vapors [31]. ZIF-8 has also been applied in
a inverse-opal film for the sensing of linear alcohols homologs analytes
[28]. A MOF-based inverse-opal sensor array, able to detect and
discriminate various analytes and mixtures, has not yet been presented.

Herein, we present the first optical sensor array of SURMOF-based
inverse opal films. The array is composed of four sensors made of
different SURMOF films with structures of type HKUST-1 [31], Cu(BDC)
[32], Cu(BPDC) [32] and Cuy(BDC)s(dabco) [33]. The MOF structures
were chosen because of their high porosity and good stability [31]. The
pore size of the MOF films is in between 0.6 nm and 1.5 nm [31-34].
Moreover, the synthesis procedures for preparing thin homogenous
films of these MOFs with a low defect density in a layer-by-layer fashion
at mild conditions are known [35-37]. The inverse opal structure films
are made by employing polystyrene spheres (PS) as opal templates for
the SURMOFs growth. To fabricate the SURMOF-inverse-opal-structure
films, the PS films are employed as sacrificial opal template for the
SURMOF growth. Subsequently, the PS spheres were dissolved to form
the inverse opal MOF structure. The characteristic dimensions of the
periodic opal or inverse opal structure are in the order of the wavelength
of visible light, causing photonic properties of the film. These photonic
properties are highly sensitive to changes of the refractive index (RI) of
the film (see SI), which is affected by the uptake of guest molecules in
the MOF pores. Thus, the exposures and uptake of analyte molecules
affects the photonic properties of the MOF film with the inverse opal
structure. These changes of the photonic properties (i.e. the shift of the
wavelength and of the intensity of the photonic reflectance peaks) are
used as sensor signals. Taking advantage of the photonic properties of
the inverse opal films and the sensitivity to the changes of the refractive
index, the SURMOF-inverse-opal-array is used as sensor system for the
detection and discrimination of volatile molecules. Here, we explore the
sensor response to alcoholic analytes, which are methanol (MeOH),

ethanol (EtOH), 1-propanol (PrOH), and 1-butanol (BuOH) in their pure
form as well as of their binary mixtures with MeOH. The sensor array
data are analyzed by applying established machine learning algorithms
like k-Nearest Neighbor (k-NN) [38,39], Support Vector Method (SVM)
[20] and Artificial Neural Network (ANN) [40]. As result, the sensor
array is able to identify all alcohol analytes and their binary mixtures
with very high accuracy. The sensors also show a very low limit of
detection in the range of 10-60 ppm.

2. Synthesis

The synthesis of the SURMOF-based-inverse-opal film sensor array is
outlined in Fig. 1. First, COOH-terminated polystyrene nanospheres (PS)
with a diameter of 350 nm were dispersed in deionized water and
deposited on Au-coated silicon wafer substrates to form an opal struc-
ture film (PS opal film) using an evaporation-induced self-assembly
approach, see ref. [41]. Second, the SURMOFs were grown on the
PS-opal film in a stepwise layer-by-layer fashion. This was performed by
alternatively exposing the PS-opal film to the metal node and linker
solutions via a dipping-robot method [35] to construct the
SURMOF@PS-infiltrated-opal films. For synthesizing the different
SURMOF structures, different components were used. While all used
SURMOFs are based on copper-dimer-nodes (the metal node solution
was 0.2 mM ethanolic copper acetate solution), ethanolic linker solu-
tions were trimesic acid (BTC, 0.1 mM) for HKUST-1, terephthalic acid
(BDC, 0.1 mM) for Cu(BDC), bipheny! dicarboxylic acid (BPDC, 0.1 mM)
for Cu(BPDC) and mixed terephthalic acid and 1,4-diazabicyclo[2.2.2]
octane (BDC and dabco, each 0.1 mM) for Cuy(BDC)2(dabco). Finally,
the SURMOF-based-inverse-opal films were obtained after removing the
PS spheres in a tetrahydrofuran solution. More details are given in the
Supporting Information (SI).



K. Zhan et al.

Fig. 2. : The SEM images of the PS-opal template film (a and b) and of the HKUST-1-inverse-opal film (¢ and d). The top view (a and ¢) and the cross section (b and
d) of the broken samples are shown. The insets in a) and ¢) show the Fourier transformations of the images.
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Fig. 3. : X-ray diffractograms of the SURMOF-inverse-opal films, SURMOF-infiltrated-opal films, pure SURMOF films and compared with the calculated structures for
a) HKUST-1, b) Cu(BDC) SURMOF-2, ¢) Cu(BPDC) SURMOF-2 and d) Cuy(BDC)y(dabco). The diffraction peaks observed for the SURMOF-inverse-opal films

are labelled.
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Fig. 4. a) The reflectance spectra of the HKUST-1-inverse-opal film in an at-
mosphere of saturated alcohol vapors, see labels. b) The wavelength shift of the
reflectance peak of the HKUST-1-inverse-opal film (at ~427.6 nm) versus con-
centration. The inset shows the reflectance wavelength shift with the linear fits,
where the slopes represent the wavelength sensitivity. The same color code as
in panel a) is used. c¢) The repeatability test of the HKUST-1-inverse-opal film
for the exposure to 400 ppm of different alcohols, see labels in a).

3. Characterization

The PS-opal template film is imaged by scanning electron micro-
scopy (SEM) in Fig. 2a and b. The PS film has a face-centered-cubic
(FCC) structure and a (111) crystalline orientation perpendicular to
the substrate surface. The Fourier transformation of the SEM image
(inset in Fig. 2a) also verifies the regular structure.

The SEM images of the HKUST-1-inverse-opal structure (where the
sacrificial PS template was removed) are shown in Fig. 2c and d. The
voids in the inverse-opal-structure have approximately the same diam-
eter as the PS-spheres of the template (d=350 nm). This indicates the
successful replication of the template structure. SEM images of the
HKUST-1@PS-infiltrated-opal film (before removing PS) and other
SURMOF-inverse-opal-films are displayed in Fig. S3.

The crystalline structures of the SURMOFs in the inverse-opal-films
are explored by X-ray diffraction (XRD) analysis, Fig. 3. The XRD data
show that the SURMOF films in the inverse-opal-structure (as well as in
the infiltrated-opal structure, i.e. before removing the PS) are crystalline
and the films have the targeted structures as shown in Fig. 1b.

The infrared reflection absorption spectra (IRRAS) of the PS opal
film, the pure SURMOF films, the SURMOF-infiltrated-opal films and
the SURMOF-inverse-opal-films are shown in Fig. S2. The part of the
spectra in the range of 3200-2800 cm! represents the region of the
C-H stretching vibrations in PS. The peaks at 3082, 3060, 3062, 2923,
and 2848 cm™ correspond to the aromatic C-H stretching vibrations
and the asymmetric and symmetric stretching vibrations of methy-
lene groups -CHy- [42,43]. Most important, the absence of these
bands in the inverse-opal-samples indicate the PS removal, while the
SURMOF vibration bands are still present in the inverse-opal
samples.

4. Sensor properties

The photonic properties of the inverse-opal can be described by the
Bragg equation, see SI [27,28]. The main reflectance wavelength and
reflectance intensities are sensitive to the changes in lattice parameters
and the average refractive index (RI). Upon exposure to the vapors of the
analytes, the analyte molecules diffuse into the MOF material. The an-
alyte uptake increases the RI of the SURMOF-inverse-opal film, shifting
the reflectance to larger wavenumbers.

First, the sensing performance was tested for the pure alcohol ana-
lytes. The reflectance spectra of the HKUST-1-inverse-opal film, either
empty (pristine) or exposed to the saturated vapors of four different
alcohols, are shown in Fig. 4a. (The vapor pressures of the analytes are
given in Table 1.) The wavelengths of the reflectance peaks of the empty
(pristine) sensors are ~428 nm for HKUST-1, ~422nm for
Cuy(BDC)o(dabco), ~436 nm for Cu(BDC)-SURMOF-2 and ~438 nm for
Cu(BPDC)-SURMOF-2. The wavelength shifts (as well as the intensity
changes) of these peaks are used as sensor signals.

The reflectance wavelength shift and reflectance intensity changes in
the sensor are caused by the analyte adsorption in the SURMOF-inverse-
opal films. Three major factors govern the size of the sensor response:
the RIs of the analytes (1.328 of MeOH < 1.361 of EtOH < 1.384 of PrOH
< 1.399 of BUOH) [44,45], the molecular size (MeOH < EtOH < PrOH <
BuOH) and the polarity (MeOH > EtOH > PrOH > BuOH). The wave-
length shift of the photonic reflectance peak of the
HKUST-1-inverse-opal film versus analyte concentration are shown in
Fig. 4b. The sensitivities, determined from the slopes, are given in
Table 1. The calculated LODs are in between 10 and 60 ppm. Moreover,
its excellent repeatability caused by the reversible uptake and release is
demonstrated in Fig. 4c. The data for the SURMOF-inverse-opal-film
sensors based on Cu(BDC) SURMOF-2, Cu(BPDC) SURMOF-2,
Cuy(BDC)y(dabco) are shown in Fig. S3~S9, the parameters are also
shown in Table 1. Noteworthy, each sensor shows a different sensitivity
for the same analyte vapor, and different analytes exhibit different
sensitivities in the same sensor.
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Table 1

Sensor parameters: wavelength and intensity sensitivity and LOD of the SURMOF-inverse-opal films for the pure alcohols. The LODs are calculated by 30/s, where o is
the standard deviation of the baseline (i.e. from 3 blank measurements, which is determined to be ~0.1 nm for the wavelength-analysis and ~0.01 % for the intensity-
analysis) and s is the respective sensitivity). The saturated vapor pressures of the analytes are also shown.

SURMOF Wavelength-sensitivity in 102 nm / ppm Wavelength-LOD in ppm Intensity-sensitivity in 104/ ppm Intensity-LOD in ppm
Methanol (MeOH) HKUST-1 1.4 21.4 -0.7 42.9
Psat = 16.7 kPa Cu(BDC) 1.5 20 -1.2 25
Cu(BPDC) 1.8 16.7 -1.0 30
Cu,(BDC)»(dabco) 1.8 16.7 -0.6 50
Ethanol (EtOH) HKUST-1 2.0 15 -0.9 33.3
Psat = 7.96 kPa Cu(BDC) 1.2 25 -1.0 30
Cu(BPDC) 1.6 18.75 -0.8 37.5
Cu,(BDC),(dabco) 2.8 10.7 -1.2 25
1-Propanol (PrOH) HKUST-1 1.6 18.75 -0.8 37.5
Psat = 2.78 kPa Cu(BDC) 1.0 30 -0.8 37.5
Cu(BPDC) 1.2 25 -0.7 42.9
Cuy(BDC),(dabco) 2.0 15 -0.8 37.5
1-Butanol (BuOH) HKUST-1 0.8 37.5 -0.5 60
Psat = 0.73 kPa Cu(BDC) 0.7 42.9 -0.6 50
Cu(BPDC) 1.0 30 -0.5 60
Cup(BDC),(dabco) 1.2 25 -0.4 75

In addition to using the wavelength shift (with the determined
wavelength-sensitivity and wavelength-LOD), the intensity of the
reflectance peak was used as sensor response. There the determined
parameters are referred to as intensity-sensitivity and intensity-LOD, see
Table 1. Noteworthy, the data show that the method based on the
wavelength results in somewhat higher sensitivities and lower LODs.

The radar plot of the wavelength shifts of the SURMOF-inverse-opal-
sensors in different alcohol vapors at 100 ppm is shown in Fig. 5a. In the
radar plot, each analyte has a different shape, presenting its character-
istic pattern or fingerprint. Therefore, their identification is principally
possible.

Further radar plots for the wavelength shifts at different concentra-
tions are shown in Fig. S10. The radar plot of the wavelength-sensitivity
of the SURMOF-inverse-opal-sensor-array in the different alcohol vapors
is shown in Fig. 5b. Noteworthy, since the wavelength-shift is essentially
proportional to the analyte concentration (as expected for small con-
centrations, i.e. in the Henry region), the shape of the radar plots of the
same analyte at different concentrations are identical (only the scale of
the radar plots are different). Due to the linear change of the wavelength
(or reflectance intensity, see e.g. Fig. 4b or S9¢), once the type of alcohol
is determined (e.g. from the characteristic shape in the radar plot), its
concentration can be determined.

For a detailed quantification of the sensing data and for a performance
investigation, the data were analyzed by simple machine learning algo-
rithms. Here, we used k-NN, SVM and ANN and we used the data from the
intensity change of the reflectance peak. The confusion matrices, sum-
marizing the performance of the classification algorithm for the test data,
are shown in Fig. 5b and Fig. S11-S13. Fig. 5b shows the quantitative
classifications of the pure alcohols vapors at a concentration of 100 ppm
by k-NN. The average classification accuracy is 95.4 %, indicating a high
discrimination accuracy for the pure alcohol vapors. Different machine
learning algorithms, i.e. SVM and ANN, result in similar results, Figs. S14
and S15.

The sensing performance of the SURMOF-inverse-opal-sensor-array
toward mixtures of alcohol vapors was also investigated. To this end,
the sensor response to binary alcohol mixtures of MeOH and either
EtOH, PrOH or BuOH, each with a concentration of 200 ppm, compared
to pure alcohols of 400 ppm was explored, Fig. S16. The Radar plot of
the wavelength shifts and the classification confusion matrix of the
sensor data are shown in Fig. 6. The average classification accuracy is
96.1 %, indicating a high classification accuracy for the identification of
these pure and binary mixture vapors.

In comparison to existing optical alcohol sensors in the literature, the
SURMOF-inverse-opal-sensor-array exhibits a great sensing perfor-
mance, in particular with respect to the sensitivity, detection limits and
discrimination capabilities among different types of alcohols. Details are
show in table S2. The anti-interference ability and repeatability of the
sensors are given in table S1.

5. Conclusion

A sensor array based on films with inverse-opal-structures made of
different nanoporous MOFs has been presented. The MOF structures
were prepared in a layer-by-layer fashion. Here, the sensor is composed
of 4 different SURMOF structures, all based on copper-dimers connected
by different short linker molecules. The photonic properties are
responsive to the analyte uptake by the SURMOFs, thus, the change of
the wavelength as well as the change of the intensity of the reflectance
peak can be used as optical sensor signal. The sensor array was applied
for the detection and discrimination of four volatile alcohols. The sensor
array shows very high sensitivities and very low limits of detection in the
range of 10-60 ppm. Moreover, the different pure alcohols can be
distinguished by their unique pattern in the radar plots. Machine
learning algorithms show that the alcohols can be classified with very
high accuracies of more than 90 %. Moreover, binary 1:1 alcohol mix-
tures were also identified from pure vapors and from each other with
high classification accuracies.

This study shows that simple and inexpensive optical sensors based
on SURMOF-inverse-opal-films provide a sufficient sensitivity and
repeatability for detecting different alcohols and their mixtures. While
we focused here on various alcohols, we believe the present study is
the ideal starting point for exploring also the response to many
different analytes, like esters, acetone, ether and water and many
more, either in their pure form or as mixtures. We foresee that
increasing the number of sensors and using specialized SURMOFs with
more specific host-guest interaction towards the targeted molecules
will provide a new approach toward the application of MOF-based
optical sensors to detect and identify various targeted molecules at
room temperature.
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Fig. 5. a) Radar plot of the wavelength shift of the SURMOF-inverse-opal-
sensor-array in the analyte vapors with a concentration of 100 ppm. The
units of the axes are nm. b) Radar plot of the wavelength sensitivity of the
SURMOF-inverse-opal-sensor-array. The units of the axes are 102 nm / ppm. c)
The classification confusion matrix for the pure alcohol vapors at a concen-
tration of 100 ppm and the pristine sample. The pristine sample (with empty
pores) is obtained upon desorbing the analytes in a flow of pure nitrogen at
room temperature for at least 2 h. The matrix is determined by k-NN. The true
classes are the rows and the predicted classes are the columns. The accuracies of
the classification of the data are shown in the matrix. The numbers are in
percent. Correct classifications are on the matrix’s main diagonal; mis-
classifications are the other values.
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