chemistry

Article

Fluorescent Detection of Carbon Disulfide by a Highly
Emissive and Robust Isoreticular Series of Zr-Based
Luminescent Metal Organic Frameworks (LMOFs)

Ever Velasco I'¥, Yuki Osumi '*, Simon J. Teat 2, Stephanie Jensen 3, Kui Tan 4, Timo Thonhauser 3 and Jing Li 1"*

check for

updates
Citation: Velasco, E.; Osumi, Y,;
Teat, S.J.; Jensen, S.; Tan, K.;
Thonhauser, T.; Li, J. Fluorescent
Detection of Carbon Disulfide by a
Highly Emissive and Robust
Isoreticular Series of Zr-Based
Luminescent Metal Organic
Frameworks (LMOFs). Chemistry
2021, 3, 327-337. https://doi.org/
10.3390/ chemistry3010024

Received: 23 December 2020
Accepted: 17 February 2021
Published: 1 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Department of Chemistry and Chemical Biology, Rutgers University, 123 Bevier Road, Piscataway, NJ 08854,
USA; eov2@chem.rutgers.edu (E.V.); ytol@scarletmail rutgers.edu (Y.O.)

2 Advanced Light Source Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA; sjteat@lIbl.gov
Department of Physics and Center for Functional Materials, Wake Forest University, Winston-Salem,

NC 27109, USA; jensensj@wfu.edu (S.]J.); thonhauser@wfu.edu (T.T.)

4 Department of Materials Science & Engineering, University of Texas at Dallas, Richardson, TX 75080, USA;
kuitan@utdallas.edu

Correspondence: jingli@rutgers.edu

1t These authors contributed equally to this work.

Abstract: Carbon disulfide (CS,) is a highly volatile neurotoxic species. It is known to cause atheroscle-
rosis and coronary artery disease and contributes significantly to sulfur-based pollutants. Therefore,
effective detection and capture of carbon disulfide represents an important aspect of research efforts
for the protection of human and environmental health. In this study, we report the synthesis and char-
acterization of two strongly luminescent and robust isoreticular metal organic frameworks (MOFs)
Zrg(u3-O)4(OH)g(tcbpe) (Hp0)4 (here termed 1) and Zrg(u3-0)4(OH)g(tcbpe-f),(HpO)4 (here termed
2) and their use as fluorescent sensors for the detection of carbon disulfide. Both MOFs demonstrate
a calorimetric bathochromic shift in the optical bandgap and strong luminescence quenching upon
exposure to carbon disulfide. The interactions between carbon disulfide and the frameworks are
analyzed by in-situ infrared spectroscopy and computational modelling by density functional theory.
These results reveal that both the Zr metal node and organic ligand act as the preferential binding
sites and interact strongly with carbon disulfide.

Keywords: metal organic frameworks (MOFs); coordination polymers (CP); luminescent sensing;
carbon disulfide

1. Introduction

Metal organic frameworks (MOFs) are an extremely versatile class of crystalline,
permanently porous inorganic-organic materials that have gained significant attention over
the past two decades. These materials are constructed from the self-assembly process of
metal ions or metal clusters and organic linkers to form coordinatively bonded extended
and porous network structures. The ability to control the nature of the metal ions and
linkers make MOFs a promising class of materials for applications in gas storage and
separation, catalysis, luminescent sensing, and other areas [1-9].

The incorporation of either luminescent metal nodes or organic linkers into frame-
works make it possible to design and construct luminescent MOFs (LMOFs). As a sub-
category of MOFs, LMOFs have been extensively studied for the luminescent detection
of chemical species, as LED phosphors, and so on [10-16]. As chemical sensors, they
serve as promising candidates for the detection of a wide range of molecules whereby
analyte interactions alter the optical properties of the LMOF. These changes in their optical
properties may manifest as either quenching or enhancement in luminescence intensity,
and/or shifts in emission energy. Such effects are governed by electron or energy transfer
processes that occur between the analyte and the framework [5,17]. LMOF-based sensors
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offer rapid and sensitive detection limits resulting in a promising and simple alternative
for current sensing technology that requires the use of expensive instrumentation.

Carbon disulfide (CS;) is a highly volatile neurotoxic species produced in the manu-
facturing of viscose rayon fibers, the production of agricultural pesticides, as a vulcanizing
accelerant, and as a chemical by-product of syngas produced from biomass [18-20]. CS; is
a nonpolar organic solvent that can dissolve a wide range of chemicals; however, it is also
known to cause atherosclerosis and coronary artery disease [21]. In addition to its detri-
mental effects on human health, environmentally, CS; is known to contribute significantly
to sulfur-based pollutants as it readily oxidizes into carbonyl sulphide and sulfur dioxide
that contribute to the formation of acid rain [22]. Despite the toxicity of CS; there has been
limited work on the luminescent detection of CS; and less for the capture of this chemical
using MOFs [23]. While MOFs have been reported previously for the luminescent sensing
of CS;, they are limited to magnesium, indium, calcium, and lead-based coordination
polymers which often suffer from framework instability [24-27]. In addition, the exact
interactions between the frameworks and CS; were not investigated in depth in these
studies. To the best of our knowledge, the current work represents the first example that
makes use of highly robust zirconium-based MOFs for the detection of CS,. Our study
is not only on the luminescent sensing performance of the two Zr-LMOFs but also on
the molecular interactions that occur in the MOF-analyte system with the help of in-situ
Fourier-transform infrared (FTIR) spectroscopic experiments and density functional theory
(DFT) calculations.

2. Materials and Methods
2.1. Materials

All reagents were used directly from commercially available sources without further
purification. Both ligands were synthesized according to previously published methods
with slight variations [28,29]. Their synthesis is outlined in Schemes 1 and 2, and detailed
in the Supporting Information.
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2.2. Synthesis of 1 and 2

Zr6(u3-0)4(OH)g(tcbpe)2(H,0)4 (here termed 1). A solution containing 35.7 mg of
ZrOCl,-xH,O was suspended in 3 mL of DMA, to which 1.7 mL of formic acid was added
and sonicated for 10 min until fully dissolved. To this solution was added 16.7 mg of
Hytcbpe and it was sonicated for an additional 10 min. The suspension was then placed
in a pre-heated 120 °C oven for 48 h. Reactions were filtered to afford (20 mg 53.1% yield
based on the inorganic salt of) pale green needle-shaped crystals suitable for single crystal
X-ray diffraction.

Zr6(u3-0)4(OH)g(tcbpe-f)2 (H20)4 (here termed 2). Similarly, 35.7 mg of ZrOCl, -xH,O,
3 mL of DMA, and 1.7 mL of formic acid were added into a 20 mL scintillation vial and
sonicated until dissolved. Upon full dissolution, 18.5 mg of Hytcbpe-F was added into the
vial and it was sonicated for 10 min. The cloudy suspension was placed into a preheated
oven at 120 °C for 48 h. Pale green needle-shaped single crystals were collected after
filtration (20 mg, 52% yield based on the inorganic salt).

2.3. Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction measurements were taken at room temperature from 3-35°
(20) with a scan speed of 2° min~! using a copper ky radiation source (A = 1.5406 A) from
a Rigaku Ultima-IV X-ray diffractometer (Billerica, MA, USA).

2.4. Thermogravimetric Analysis (TGA)

The thermal decomposition analysis was performed using a TA instruments Q5000IR
analyzer (TA Instruments, New Castle, DE, USA) under a flow of nitrogen and sample
purge rate at 10 mL/min and 12 mL/min, respectively. About 10 mg of sample was loaded
on the platinum pan and gradually increased from room temperature to 600 °C with a

heating rate of 10 °C min 1.

2.5. Diffuse Reflectance Measurement(UV-VIS)

Absorption spectra at room temperature were collected with a Shimadzu UV-3600
(Kyoto, Japan) from 200-800 nm. Samples were prepared by evenly loading the powders
in between two quartz glass plates. The collected reflectance data were then converted
through the Kubelka-Munk function, «/S = (1 — R)%/2R (e is absorption coefficient, S is
scattering coefficient, and R is reflectance).

2.6. Photoluminescence Spectra (PL)

Photoluminescence data were recorded at room temperature using a Duetta fluores-
cence and absorbance spectrometer from Horiba scientific (Kyoto, Japan). Fluorescence
measurements of single crystals of 1 or 2 were collected at different states. Since 1 and 2
undergo mechanochromic shifts in emission that resemble those of outgassed samples, the
fluorescence spectra were collected in both the as-made and outgassed states. To collect
fluorescent measurements for as-made samples, reactions were filtered off, washed with
DMF and immediately measured. Outgassed samples were dried prior to treatment with
the specified solvent exchanged measurements without grinding.

2.7. Internal Quantum Yield Measurements (QY)

Internal quantum yield measurements were measured on a C9920-02 absolute quan-
tum yield system from Hamamatsu Photonics (Shizuoka, Japan). The light source is a
150 W xenon monochromatic with a 3.3 inch integrating sphere. Either sodium salicylate
(360 nm excitation) or cerium-doped yttruim aluminum garnet (YAG:Ce, 450 nm excitation)
were used as standards for QY measurements with QY values of 60% and 95% at their
respective wavelengths.
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2.8. Chemical Stability Experiments

The chemical stability of 1 and 2 was explored: in brief, approximately 20 mg of 1 or
2 was immersed into 10 mL of different solutions of varying pH and allowed to set for
48 h. Samples were collected through vacuum filtration, washed with 3 aliquots of water
(20 mL) and 3 aliquots of N’,N’-Dimethylformamide (10 mL). After washing, samples were
collected and used to collect PXRD patterns.

2.9. Fluorescent Sensing Experiments

Fluorescent measurements for the detection of CS, were performed using 5 mg of 1 and
2 previously ground in an agate mortar and pestle with 2 mL of DMF. The resulting slurry
was then pipetted into a cuvette. Grinding in DMF allows for the formation of fine powder
without affecting the luminescence profile of the as-made samples (mechanochromic
behavior if ground dry, Figure S19). The PL spectra of the outgassed samples may be
replicated after extensive grinding. Under continuous stirring, CS; was added in and
allowed to stir for 5 min in between sample measurements of increasing concentration
of CSQ.

2.10. In-Situ Infrared Spectroscopy (FTIR)

In-situ IR measurements were performed on a Nicolet 6700 FTIR spectrometer (Waltham,
MA, USA) using a liquid Nj-cooled mercury cadmium telluride (MCT-A) detector. A vac-
uum cell is placed in the sample compartment of the infrared spectrometer with the sample
at the focal point of the beam. The samples (~5 mg) were gently pressed onto KBr pellets
and placed into a cell that was connected to a vacuum line for evacuation. The samples of
1 and 2 were activated by evacuation overnight at 150 °C, respectively, and then cooled
back to room temperature for CS, vapor exposure measurement.

2.11. Computational Methods

We explored the interactions of the CS, with the LMOFs by looking at the charge
rearrangement upon binding of the CS; by subtracting CS, and framework charge densities
from the CS; + framework charge density. This allowed us to see how the guest molecules
rearranged the charge density of the system. The charge densities were obtained by first
calculating the optimized structures in the Vienna Ab initio Simulation Package (VASP) [30,31]
at the DFT level with the vdW-DF exchange-correlation functional [32-34] in order to
capture the long range van der Waals interactions between the CS; and the framework.
Optimizations were performed until SCF loops reached an energy convergence of 1 x 10~*
eV and forces were below 1 meV/A for each atom. Only the T-point was considered with a
plane-wave energy cutoff of 600 eV. Once the optimizations were completed, the charge
density images were created using the aforementioned methods.

3. Results and Discussion

Here, we report the synthesis of Zrg(u3-O)4(OH)s(tcbpe),(HpO)s (1) and Zrg(ps-
0)4(OH)g(tcbpe-F),(H20)4 (2) through modified conditions [35] using ZrOCl,-xH,O,
Hytcbpe (or Hytcbpe-F), DMA (N,N’-dimethylacetamide) and formic acid at 120 °C for
48 h. Compound 1 crystallizes in an orthorhombic crystal system, space group Cmcm
with ZrgO4(OH)g(Hp0O)4 secondary-building units (SBUs) that are bridged together by
4-connected organic linkers. The overall structure is a two-fold interpenetrated network
with scu topology (Figure 1a—d). Single crystals for 2 were not solved but the PXRD patterns
of as-made 1, as-made 2, and the simulated diffraction pattern of 1 are in good agreement,
suggesting it is isoreticular to 1 (Figure 2a). Both compounds inherit flexibility from their
interpenetrated network where the nature of the solvent within the pores can alter the
structure slightly. Compound 1 was previously reported under packing with solvents such
as DMEF, EtOH, Et,O, MeOH, and toluene; here we include the single crystal structure for
the altered packing with DMA molecules within the pores (CCDC: 2005129). The chemical
stability of 1 and 2 in water and acidic/basic aqueous solutions at room temperature was
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confirmed by PXRD analysis (Figure 2b and Figure S1, Electronic Supporting Information
(ESI)). The thermal stability of the two compounds was evaluated by thermogravimetric
(TG) analysis. Both compounds remained highly crystalline upon heating at 150 and 200
°C for 6 h, as confirmed by PXRD patterns (Figures S2 and S3).
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Figure 1. Crystal structure of 1. (a) 8-connected zirconium SBU, (b) two-fold interpenetrated nets along the crystallographic
a-axis, (c) b-axis, and (d) c-axis.

As demonstrated in previous work, the incorporation of a strongly emissive ligand
with aggregation induced-emission (AIE) properties into a framework results in highly
emissive LMOFs [28,29,36-38]. The optical properties of 1 and 2 were analyzed by UV-Vis
and photoluminescence (PL) spectroscopy. Under the excitation of UV light (365 nm) 1
has an emission centered at 457 nm (blue color) with a relatively high internal quantum
yield (IQY) of 68%. Upon outgassing, 1 undergoes a bathochromic shift and emits at
532 nm (green color) under 455 nm excitation (Figure S4, ESI). An IQY value of 69% is
achieved. Similarly, the as-made sample of 2 exhibits an emission peak centered at 492 nm
under 365 nm excitation and an IQY value of 48.7%. Upon fully outgassing, 2 displays
an emission centered at 557 nm under 455 nm excitation with a significantly increased
IQY value of 73.6% (Figure S5, ESI). The emission profiles of the individual ligands used
in the assembly of 1 and 2 resemble the emission profiles of the outgassed versions of
both materials (Figure S6, ESI). The observed shift in emission of 1 and 2 corresponds
well with their optical band gap shifts from 2.72 eV to 2.44 eV (Figure S7, ESI) and from
2.53 eV to 2.42 eV (Figure S8, ESI) in the as-made and outgassed samples, respectively.
To outgas samples and retain permanent porosity we referred to a previously published
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technique that exploits the use of organic solvents with low dipole moments and surface
tension due to the structural sensitivity upon outgassing [39]. Briefly, samples were solvent
exchanged with dimethylformamide, dichloromethane and finally hexane without letting
samples dry in between steps. Small amounts of samples were removed and studied by
TGA to ensure complete removal of solvents in between solvent exchange steps (Figure
510, ESI). Using this solvent exchange strategy, N, isotherms collected at 77 K indicate that
1 has a Brunauer-Emmett-Teller (BET) surface area of ~527 m?/g with a pore size of ~6 A
(Figure S11, ESI). The pore size distribution analysis suggests that 1 is microporous, with
a pore diameter of ~5.8 A. Furthermore, the flexible nature of the framework is seen as
the structure undergoes significant peak shifting upon outgassing, and this flexible nature
will be explained later (Figure S12, ESI). Both 1 and 2 are stable in either aqueous, acidic,
or high boiling point solvents which prompted us to study their sensing performance
under these solvent systems. Upon the addition of CS; to 1 and 2 we noted the following
changes: i) significant decrease in luminescence intensity; ii) large bathochromic shift in
the optical band gap; iii) slight structural alternations upon packing of CS; that manifest as
shift in peaks of their respective PXRD patterns. Subsequent photoluminescence studies
reveal that 1 and 2 are good sensors for the detection of CS,. The addition of CS;, at
various concentrations to suspensions of 1 (Figure 2c) in DMA led to gradual decrease
in the overall luminescent intensity associated with a color change (Figure 2e,f). We then
tested the quenching efficiency of 1 and 2 in low concentrations of CS, (in the range of
0 to 350 uM, Figures 513 and S14, ESI). From this information we applied a Stern—Volmer
analysis (Figures S15 and 516, ESI), where we observed a linear decrease in luminescence
intensity with regards to the concentration of analyte. From the Stern—Volmer plots, we
calculated the limit of detection (LOD) for 1 and 2 (based on 30/m) to be 2.89 ppm and
2.58 ppm, respectively. As seen in Figure 2d and Figure S9, ESI, 1 and 2 exhibit a significant
reduction in optical bandgap associated with color change upon exposure to CS,. As-made
samples of 1 and 2 possess band gaps of 2.72 eV and 2.53 eV that shift to 2.38 eV and
2.36 eV, respectively. To understand the PL quenching mechanism, we investigated the
possibility of both energy transfer and electron transfer processes. The optical absorption
spectrum of CS, and the emission profiles of 1 and 2 show no spectral overlap (Figure 3a
and Figure 517, ESI), clearly suggesting that there is essentially no energy transfer [40].
The quenching is likely due to the electron transfer as described in detail in our previous
studies [40—43]. Previous work has demonstrated that the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels of a
LMOF can be altered through the functionalization of the organic linker [44] which can
improve the efficiency of the electron transfer process. In this study, we selected fluorine for
the ligand functionalization as the process can be carried out by Suzuki cross coupling, and
as it is small enough not to cause a severe steric effect resulting in a different structure [45].
Indeed, the overall connectivity and topology of the resulting MOF was retained thus
generating an isoreticular structure. However, the results from our sensing experiments
suggest that fluorine functionalization did not provide a noticeable improvement to the
overall quenching performance. To demonstrate the selectivity of the MOF, we also tested
the change in luminescence of sample 1 when suspended in other common volatile organic
compounds (VOCs) including dichloromethane, ethyl acetate, acetone, methanol, benzene,
and toluene. In all cases, very little quenching was observed (Figure S20).
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washed and outgassed). (b) PXRD patterns of the as-made 1 and CS;-loaded 1 and 2. (c) The PXRD patterns of 1 after three

cycles of regeneration upon exposure to CS,, 1 M HCl, and DMF.

In addition, PXRD analysis on both 1 and 2 recovered after exposure to CS; indicates
structural changes related to the packing of the interpenetrated nets as the shifts in the
diffraction peaks correspond mainly to the (2 2 0) and (1 3 1) planes (Figure 3b). The
PXRD patterns of the as-made samples of 1 and 2 are nearly identical with no obvious
shifts in the peak positions, suggesting that, even with the addition of the fluorine atom
to the organic linker, the packing of the interpenetrated nets remains the same and that
the shifting between the two nets is a direct result from the loading of CS,. Exposing
CS;-loaded samples of 1 to dilute HCI reverts the structures to their original as-made
form with respect to both structural and luminescent profiles, and samples maintain their
crystallinity for up to three cycles (Figure 3c). To understand the analyte interactions that
occur within the framework at the molecular level and identify potential interaction sites
within the system we used in-situ IR spectroscopy to probe the interaction of 1 and 2 upon
exposure of CS; in the vapor phase. The IR measurements were conducted to monitor
changes in the vibrational modes of 1 or 2 before and after exposure to 3 Torr of CS;.
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The spectra were collected in-situ during the exposure to CS; and desorption under
evacuation of gas phase. Carbon dioxide, a close relative to CS;, is known to interact
strongly with Zr-MOFs through the Zr metal nodes. [46] The spectroscopic results here on
CS; also reveal that the molecule has a prominent interaction with bridged p3;-OH bonds
from the Zrg SBU. In addition, it also interacts with the C-H bonds of the organic linkers in
both 1 and 2 (Figure 4a and Figure 518, ESI), as evidenced by following observations. First,
upon exposure to CSy, the vibrational bands of both 1 and 2 at 3674 cm !, corresponding to
stretching modes v(u3-OH) of the Zrg node [47], show an obvious red shift in the difference
spectra (Figure 4a). Furthermore, the in plane and out of plane C-H vibrational modes
of the organic linkers at 1200-600 cm ! are significantly perturbed. In addition to these
changes in the vibrational bands of 1 and 2, the spectra of adsorbed CS; collected under
desorption also show notable differences with respect to those of free CS, (Figure 4a and
Figure S17, ESI). Specifically, the hot band (v1 + v3) exhibits a much sharper peak centered
at 2164 cm™1! [48]. As seen in the desorption profiles, the application of a static vacuum is
capable of desorbing CS, from the framework, indicative of a relatively weak interaction.
Thus, the in-situ IR study not only confirms the interaction of CS; with the framework
but also reveals that the hydrogen atoms of the ligand may play a role in the binding
of CS;. To help elucidate the interactions between CS; and the MOF we also employed
DFT calculations to analyze the electronic structure of CS;-loaded 1. Within the structure
of 1, there are two distinct types of “pockets” near the Zr-SBU where the interactions
between CS; and the framework may occur. As seen in Figure 4b, pocket I sits between
two of the coordinately saturated sites occupied by two organic ligands where Zr-O-C
bonds predominate, and pocket II sits between two Zr atoms and contains two hydroxyl
functional groups where Zr-O-H bonds predominate. The charge rearrangement diagram
shows a significant increase in electron density near the zirconium node (Figure 4c) at an
isolevel of 2 x 1074 eV/ A, which indicates a weak bond. It reveals an electron density
contribution from CS, onto the Zr atom, the oxygen atoms directly bonded to Zr, and
the hydrogen atoms of the linker closest to that site. However, it is important to note
that the most preferential binding interaction of CS; and the framework occurs in pocket
IT where the Zr-O-C bonds predominate. While the in-situ IR measurements reveal that
there is a shift in the vibrational modes of the Zr-OH bond of pocket I, the computational
calculations find pocket II to be a more favorable binding site. The sulfur atom binds in a
head-on fashion and the zirconium node experiences a significant loss in electron density
with a calculated binding energy between 300-500 meV. However, it would be feasible
to assume that exposure to excess CS, will first occupy all the most preferential binding
sites and then occupy the remaining Zr-OH bonds of SBU within the framework, which
explains the observed IR shift.
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4. Conclusions

In conclusion, we have synthesized and characterized two robust and isoreticular
Zr-based LMOFs with underlying scu topology and two-fold interpenetration. Both 1
and 2 are strongly emissive with high PL quantum yields of 68% (69%) and 49% (74%),
respectively in as-made (outgassed) form. Investigation of their use as fluorescent sensors
for the detection of CS; shows that both compounds exhibit a bathochromic shift in their
optical absorption spectra and significantly reduced emission intensity upon exposure
to CS,. Luminescent sensing experiments reveal that both are capable of sensing CS; in
solutions of DMA with detection limits of 2.89 ppm and 2.58 ppm, respectively. Upon
adsorption of CS,, subtle shifts in the PXRD patterns imply that the packing of the two
interpenetrated nets is altered. To confirm the molecular interactions occurring between
CS; and the framework, in-situ IR experiments were performed upon exposure to CS,.
These results confirm that CS, interacts with the OH- groups from the Zr-SBU and the C-H
groups from the organic linker. DFT calculations further corroborate this conclusion and
suggest that the preferential binding sites for CS, occur closest to the oxygen atoms from the
carboxylic acid group that coordinates directly to the Zr-SBU. This work provides another
example where luminescence-based sensing can be achieved via host-guest interactions
that occur between the analyte and Zr-based MOFs. Our work demonstrates a new host-
guest interaction that may be useful for the future development of highly sensitive MOF
materials capable of sensing CS; in the vapor phase.
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