Volatile organic compounds (VOCs) are a large group of carbon-containing chemicals that are commonly found in ambient air. They are emitted from a wide range of household products, making them a major concern for indoor air quality. Some of them may cause short-and longterm adverse health effects including the sick-building syndrome (SBS). SBS describes typically a series of symptoms caused by exposure to high-level of VOCs in an inadequately ventilated space. Despite some VOCs give off distinctive odors after reaching a certain concentration, some can be imperceptible by the smell, which justifies the adoption of commercially-available VOCs sensors to monitor the concentration of VOCs with better reliability. However, they often lack of capability for single component recognition, which motivates to the exploration of other sensing platforms.

Spin crossover (SCO) complexes are a type of switchable materials that are sensitive to their surroundings. They are capable of switching between high-spin (HS) and low-spin (LS) states upon various stimuli, e.g. temperature or pressure. This spin state switching is accompanied by changes in many physical properties including color, magnetic susceptibility, etc. Such characteristics endow them great potential as molecular switches and sensors. Yet, they are often non-porous or lack selective sorption properties, which are required for optimal sensing performance. One strategy to overcome this limitation is to adopt spin crossover coordination frameworks which possess both the sensitivity toward chemical surroundings and porosity for selective sorption of guest molecules but these compounds do not possess enough chemical stability for real applications.

An alternative approach to obtain porous switchable compounds is to incorporate SCO complexes in metal-organic frameworks (MOFs). MOFs are a class of crystalline hybrid solids that possess well-organized micro-or mesoporous voids. Their tunable chemical composition combined with their extensive structural diversity offer a great opportunity in sensing applications, as they provide selective sorption and/or can induce a local concentration of the target molecules. Such versatility can also lead to an improved sensitivity and selectivity by modifying the interactions between the absorbed analytes and the matrix of the framework. Introducing spin crossover complexes into MOFs has explored using different synthetic strategies earlier in our group. The resulting solids maintain residual porosity from the host MOFs after loading. Accordingly, the insertion of SCO complexes also allows the modulation of their optical properties (color, emission, etc.). Thus, such materials not only combine the porosity from MOFs and the sensitivity from the SCO compounds but can also exhibit optical output upon stimuli, which is ideal for optical sensing.

The objective of my thesis is to develop new hybrid materials by the assembly of MOFs with SCO complexes for optical sensing of VOCs. For this purpose, the first task is to explore combinations between different MOFs with selected SCO complexes. This also allows a fundamental understanding of how the host-guest interactions affect the hybrid compounds' transition behavior. Specifically, I will target mainly Zr-based MOFs as host matrixes for their diamagnetism and chemical robustness. I will investigate the influence of loading, the chemical nature of the SCO complexes and the dimensionality of the MOF pores on the switching behavior of the complexes. The ideal combination should present a homogenous loading and a spin transition centered close to room temperature. Once the synthesis is optimized and desired properties are obtained, I will select the promising solids and shape them as thin films in order to evaluate their potential for sensing. A special effort will be dedicated to the synthesis of MOF nanoparticles to facilitate the shaping step. Finally, the optical properties of the fabricated films will be studied in presence of vapors of VOCs. I will present the development of a customized sensing setup that allows monitoring the evolution of the optical absorption of the thin films under exposure to targeted VOCs vapors. Sensing under realistic conditions will be considered by exposing the films to VOCs in presence of water vapors.

Volatile organic compounds (VOCs) are a major concern for indoor air quality management. Given the limitations of current sensing techniques for VOCs, this project aims at designing a novel sensing material from metal-organic frameworks (MOFs) and spin crossover (SCO) complexes in order to realize a facile and straightforward colorimetric sensing for VOCs. This manuscript is divided into four chapters.

Chapter I:

The first part of this chapter is dedicated to a general introduction of VOCs including their emission sources, the exposure-related health risk and the state of the art of current VOC sensing techniques. The second part explains the basics of the spin-crossover phenomenon with a special focus on the guest-induced spin crossover. The third part is devoted to a brief description of MOFs featuring their general properties and typical synthetic strategies. Lastly, the fourth section is composed of a review stating the recent progress in MOF-based optical sensors for VOCs sensing.

Chapter II:

This chapter involves the design of porous materials with magnetic bistability based on the impregnation of a Fe III SCO complex into a chemically robust MOF (MOF-808-Zr), denoted as SCO⊂MOF. This work contains the synthesis of the hybrid compounds with tunable SCO loading, the investigation of their switching properties and of the origin of such bistability through the perspective of molecular simulations. Additional results relating to the impact of the functionalization of the Fe III spin crossover (SCO) complex on the switching properties of the hybrid compounds, as well as the shaping process of the compounds are also detailed in this chapter.

In the first part of this chapter, I present a facile approach to construct porous solids with a hysteretic thermal spin transition. The direct encapsulation of Fe III (Sal2trien)NO3 complexes in the pores of MOF-808(Zr) leads to compounds presenting the structural integrity and porosity of the host MOF along with adjustable loading capacity. The solids present an unexpected cooperative spin, which is not observed in the sole Fe(Sal2trien)NO3 complex. The transition shows a large hysteresis loop close to room temperature and minimal dependence on the SCO loading capacity or the MOF particle size. DFT calculations reveal strong intermolecular - interactions between anchored Fe III (Sal2trien) + and the host MOF as well as a distorted geometry of the loaded complexes. This leads to an additional energy barrier affecting the spin transition behavior. Therefore, as the magnetic bistability is granted from a molecular origin, it explains the independency of the MOF particle size or on the SCO loading capacity. This work hence creates a broader perspective for the design of bistable materials for display or sensing devices. The form of publication is adopted for this section, and it will soon be published.

In the second part, I have functionalized the Fe III SCO complex to study the impact of functionalization on the switching properties of the SCO⊂MOF hybrid compound. Each benzene group in the parent salicylaldehyde ligand is substituted by a naphthalene group, which is later applied to synthesize the naphthalene-functionalized Fe[(C4H4-Sal)2trien]NO3 complex. Upon the insertion of this compound in MOF-808, the resulting solid maintains the crystalline structure and residual porosity from the host matrix, along with a homogenous distribution of the loading throughout MOF nanoparticles. Similar to the hybrid compound based on the non-functionalized complex, Fe[(C4H4-Sal)2trien]NO3⊂MOF-808 also presents a cooperative spin transition with thermal hysteresis. However, it shows a higher transition temperature and more stable LS states than the compound without functionalization, which is induced by the introduction of naphthalene. The persistence of the hysteretic spin transition in the functionalized compound further corroborates the molecular origin of the cooperativity and its robustness for the hybrid material. In this case, naphthalene can potentially provide stronger - interaction, thus affecting the switching behavior of the complex. Indeed, theoretical simulations are necessary to evidence the interaction and geometry of this complex when loaded in the pores of MOF-808.

The third part of this chapter describes the shaping process of the SCO⊂MOF powders using the colloidal deposition technique. This method requires a stable colloidal suspension. For this reason, the colloidal properties of MOF-808 are investigated before film fabrication. MOF-808 nanoparticles (NPs) show a smaller colloidal particle size and greater stability in H2O than in ethanol, which is in good agreement with the high hydrophilicity of MOF-808. Nonetheless, MOF-808 suspended in ethanol still offers acceptable stability despite slightly increased colloidal size. The use of wet NPs to prepare the suspensions leads to improved dispersing efficiency together with a greatly reduced colloidal size. Regardless of the great stability offered by MOF-808 water suspensions, ethanol suspensions are chosen to proceed with the following deposition process because of their low surface tension and high volatility. They are deposited on glass substrates via dip coating or spin coating for film fabrications. Films deposited by dip coating show a negligible change in the film color after loading the SCO complex, which is due to their limited thickness. Spin coating is then adopted and leads to thicker films with adjustable thickness. Homogenous loading of the Fe III complexes (nonfunctionalized or naphthalene-substituted) is achieved for MOF films with varied thicknesses, while the integrity of the MOF films stays intact. This confirms the good adhesion of pure MOF films on glass substrates. However, irregular micro-cracks appear in all films. Fabricating SCO⊂MOF films with fewer defects is thus of interest. The switching properties of such films are addressed in Chapter IV.

Chapter III:

This chapter presents the impact of MOF topology on the switching properties of the SCO⊂MOF material. The same series of the Fe III complexes is inserted into robust Zr-based MOFs (MIP-206s). Different synthetic strategies are tested for this MOF in order to regulate its particle size. The SCO⊂MOF thin film fabrication also is finally described.

MIP-206 and MTV-MIP-206/PDA are synthesized using reported protocols. MTV-MIP-206/PDA is composed of two kinds of linkers and shows homogenous particle size. However, MIP-206 shows irregular particle size and thus requires size regulation. Several strategies are implemented for this purpose including the application of Zr6 oxoclusters in the solvothermal and RT synthesis, varying reaction temperature and duration. Among these, shortening synthesis duration is found to effectively regulate particle size. The result also reveals a rapid formation of MIP-206 NPs within 2h under a high temperature, but it comes with greatly reduced yield due to the incomplete reaction. Extending the reaction duration to 6 h produces uniform nanoparticles with ca. 130 nm size that have further been used for SCO complex loading and thin film shaping.

Fe III (X-Sal2trien)NO3 (X=H or C4H4) complexes are incorporated into MIP-206 or MTV-MIP-206/PDA respectively via direct encapsulation. The loaded MIP-206s maintain the structural integrity of the host MOFs. Although homogenous loading for all synthesized compounds is observed, MTV-MIP-206/PDA reaches a higher loading capacity for both complexes, which is attributed to the presence of nitrogen-containing pyrazoles in the host backbone. However, the highest loading of Fe[(C4H4-Sal)2trien]NO3 in MTV-MIP-206/PDA leads to an almost complete pore blockage, with negligible residual porosity. In terms of their switching properties, every Fe III (X-Sal2trien)NO3⊂MIP-206s compound shows a cooperative thermal transition with a wide hysteretic loop. This validates again the origin of the cooperativity is from the intermolecular interactions between the encapsulated complexes and the MOF matrixes. Loaded MIP-206s also have transition temperatures around room temperature, but they are shifted to 10 K higher than the MOF-808-based systems, which can be related to the different MOF topologies. The loading capacity of MTV-MIP-206/PDA seems to affect the LS/HS ratio and the kinetics of the spin transition. These results suggest the Fe III SCO complexes are sensitive towards their chemical surroundings. Simulations revealing the anchoring location of the complexes in the channels of MIP-206s would contribute to a better understanding of the impact of the MOF topology on the switching properties.

As MIP-206s-based compounds also exhibit promising switching behavior, they are shaped into thin films by colloidal deposition via spin coating. To obtain a stable suspension, MIP-206 nanoparticles are dispersed in H2O, ethanol or methanol. Methanol is found to be the optimal dispersant for both MIP-206 and MTV-MIP-206/PDA because it offers stable suspensions with a high degree of monodispersity. The MIP-206s films are then fabricated from methanol suspensions, followed by post-encapsulation of the SCO complexes. Homogeneous loading for the films is achieved. As the thin films have been successfully fabricated, their sensing capacities for VOCs will be evaluated in Chapter IV.

Chapter IV:

In the last chapter, the sensing capacities for certain VOCs of the porous switchable thin films developed in Chapters 2 and 3 are evaluated. The influence of the properties of thin films on the sensing performance is also studied.

The SCO Fe III (X-Sal2trien)NO3 (X=H or C4H4) complexes are firstly dissolved in various inorganic or organic solvents to investigate their spin states at room temperature in different chemical surroundings. For the non-substituted Fe(Sal2trien)NO3 complex, DMSO greatly stabilizes the Fe III LS state, whereas the HS state is stabilized in DCM. The solvent-dependent spin transition is attributed to the strength of hydrogen bonds formed between the solvating molecules and protons on the secondary amine of the trien backbone. Fe[(C4H4-Sal)2trien]NO3 exhibits a constant high LS population in various solvents including DMSO, water, and alcohols. However, when it is dissolved in acetic acid, a higher HS population is observed among others.

To assess the sensing capabilities of the SCO⊂MOF compounds synthesized in Chapter 2 and 3, an in-situ optical absorption measurement chamber allowing the import of VOCs vapors is constructed. Fe(Sal2trien)NO3-loaded MOF-808 and MIP-206 films are exposed to 15 ppmv DMSO vapor. Upon exposure, both films show the DMSO-induced spin transition where a higher LS fraction is developed. The kinetics of the transition for both films under the given concentration of DMSO vapor is very slow but a larger change is observed with MOF-808. To optimize the sensing response of the MOF-808 films, the influence of particle sizes, the packing density of particles, DMSO concentration and the film thickness are investigated respectively. Under the same concentration of DMSO, the reduction of particle sizes of MOF-808 NPs from 100 nm to 30 nm allows an accelerated response, where an exponential evolution of the transition is observed. When a looser packing of MOF-808 NPs is applied, it shows further faster kinetics, which is attributed to the facilitated molecular diffusion within the film. However, it suffers a noticeable baseline shift of its optical absorption due to the surface accumulation of DMSO. A higher concentration (68 ppmv) can also induce a comparable response of the compact film relative to the loose-packing film. The fastest response is demonstrated by decreasing the film thickness. It is important to mention the reversible absorption of DMSO on Fe(Sal2trien)NO3⊂MOF-808 films, where their sensing ability can be restored via heat treatment. When the MOF-808 film is exposed to DMSO in presence of humidity, accelerated kinetics along with a more pronounced response is established, proving the promising capability of Fe(Sal2trien)NO3⊂MOF-808 films for sensing in practical situations. Films of naphthalene-based hybrid compounds are examined for acetic acid sensing. The MOF-808 films show an overall lowering absorbance intensity with a great reduction in the LS band, which might indicate the degradation of the naphthalene-substituted SCO complex. Meanwhile, there is a noticeable increase in the broad HS band, suggesting the occurrence of spin transition. The persistent LS band in the MOF-808 film after the pore-evacuating activation demonstrates again the high hydrophilicity of MOF-808, where the absorbed water is likely to contribute to the degradation of the complex. In the case of MIP-206 and MTV-MIP-206 films, they exhibit a similar switching upon acetic acid vapor where only an exponential decay on the LS band is displayed. An obvious leap appears in the LS band prior to the decay, which is likely attributed to the fast absorption of the water dissolved in acetic acid, subsequently inducing the LS to HS transition. The same switching pattern is observed for MTV-MIP-206/PDA film when its pores are saturated with water before exposure to the acid vapor. However, the water-saturated MIP-206 film shows a significant decline in its absorbance intensity upon exposure. This indicates the complex is more stable in the MTV-MIP-206s, which is possibly due to the strong interaction between the complex and the nitrogen-containing pyrazole or to the different anchoring locations of the guest molecules.

The sensing performance evaluation from other aspects, e.g. selectivity and limit of detection, of the SCO⊂MOF will be interesting for further investigation.

In the end, the general conclusion and perspectives are discussed. In summary, this project describes a novel strategy to construct porous switchable material based on Fe III SCO complexes and different Zr(IV)-based MOFs. The solids display promising switching properties. Fabrication of optical-active thin film using these materials has been achieved, and subsequently, their sensing capacities have also been evaluated and optimized.

Chapter 1

Introduction to MOFs based VOCs colorimetric sensing Introduction

This project focuses on constructing a hybrid architecture with metal-organic frameworks (MOFs) and spin-crossover complex (SCO) for colorimetric volatile organic compounds (VOCs) vapor sensing. To deliver a comprehensive insight into the objective, this chapter is structured in the following order: The first part introduces briefly volatile organic compounds and their health impacts to emphasize the importance of VOCs regulation and detection, followed by a short summary of current commercial VOCs sensing techniques. The second part explained the fundamentals of the spincrossover (SCO) phenomenon and highlighted the promising progress of Hofmann-type SCO in VOCs sensing application. The third part is devoted to presenting an emerging class of porous material, Metal-organic frameworks (MOFs), with a focus on high-valence water-stable Zr-MOFs and shaping processes. MOF-based colorimetric sensing is depicted thoroughly in the last part categorized by different mechanisms including chromism, luminescence, and sensors based on optical index modulations.

1.1 Volatile Organic Compounds and its sensing

VOCs and emission

Air pollution becomes a growing concern worldwide. Especially owing to the recent pandemic, the time people spend at indoors escalates, which comes with a higher risk of indoor pollutant exposure. Volatile organic compounds (VOCs) are an entire set of vapor-phase atmospheric organics (excluding CO and CO2) associated to a relatively high volatility, according to their high vapor pressures, and low boiling points at ambient temperature and pressure. Common species of VOCs include alkanes, alkenes, aromatic hydrocarbons and heteroatom-containing organic compounds. The World Health Organization (WHO) classified VOCs based on their boiling points: very volatile organic compounds (VVOCs), volatile organic compounds (VOCs), and semi-volatile organic compounds (SVOCs). Table 1 summarized the boiling point range and common species for each category. The majority of VOCs (~90%) in the atmosphere are emitted by plants, animals and microorganisms, which are denoted as biogenic volatile organic compounds (BVOCs). Theses account for the largest portion of BVOCs emission and contribute to ~75% of the total global BVOCs emissions. Especially, isoprene and methylbutanol are emitted in significant amounts. 1 Human activities are another source of VOCs coming from products including fossil fuel production and combustion, organic solvent consumption in the coating and paint industry, biomass combustion etc. For instance, aldehydes are commonly formed in the production of plastic adhesives, cosmetics and construction materials. Alkenes are emitted from petrochemical industries, pharmaceutical industry, perfume production, and so on. Notably, the emitted VOCs can undergo vapor-phase chemical or photochemical reactions with other reactive substances (e.g. ozone, nitrous oxide, or other VOCs) and result in secondary emissions. For example, Ozone can be substantially generated by air cleaning devices and printers and any studies have proved that the reaction of ozone and unsaturated hydrocarbons can produce aldehydes, ketones, and acids as major products. 2 The concentration of VOCs indoors can be far greater than outdoors due to plenty of emission sources and limited ventilation. Particularly, new buildings experience a high level of indoor VOCs that are emitted from building materials, paints and furniture. For example, formaldehyde is generally used as an adhesive resin for pressed wood products. Especially, urea formaldehyde is a type of formaldehyde resin that can steadily release formaldehyde that is often used in building insulation. In other words, it can continuously emit formaldehyde after installation and establish a persistent emission source. Cleaning and disinfectant products can strongly emit BTEX (toluene, benzene, et al.) along with other related VOCs such as limonene and styrene. 3 Some VOCs are responsible for odors and smells, like styrene and butadiene that are the monomers used in foam back carpets, where the residual monomers can form an ordo-intensive compound 4phenylcyclohexene causing the 'new carpet smell' (Figure 1). Another example is linoleum, a common flooring material made of linseed oil that is a mixture of several unsaturated fatty acids mixed with other materials. The oxidation of these compounds produces many types of volatile aldehydes, typically from hexanal to decanal, which gives rise to the classical linoleum smell. 4 In conclusion, considering abundant emission sources of VOCs and secondary emissions from the co-presence of reactive vapors and degradation processes, the indoor VOCs composition can be very complex.

Table 1. Classification of VOCs

Figure 1. Reaction of styrene and butadiene to form 4-phenylcyclohexene.

Health impact of VOCs

Exposure of VOCs can cause acute and long-term health issues depending on exposure durations and doses. A direct example is the sick building syndromes, where people in building experience acute symptoms such as eye, nose or throat irritations, headaches, fatigue, etc. that disappear after exiting the building. Besides, odors generated by VOCs can also cause negative effects psychologically. The cause of sick building syndromes is typically linked to high-level indoor air pollution and is associated with inadequate ventilation. 5 Long-term chronic exposure to certain VOCs can also cause adverse health impacts including cancers, liver and kidney damage and central nervous system damage. 6 Compounds of major concern include benzene, toluene, xylenes, styrene, acetaldehyde, formaldehyde, and naphthalene, which are classified by the European Commission as the priority pollutants to be regulated. Specifically, benzene, formaldehyde, acetaldehyde, and naphthalene are considered as carcinogenic. 3 Sarigiannis et al. summarized indoor concentrations of aforementioned VOCs in European country and evaluated accordingly cancer and non-cancer risk associated with the exposure. 3 They found benzene being the indoor pollutant of major concern, followed by formaldehyde. The estimated cancer risks induced by benzene or formaldehyde for each concerned country are shown in Figure 2. Notably, for all carcinogenic VOC species in all investigated countries, attributed cancer risk is one to two orders of magnitude higher than the value derived from some regulations, which is one additional cancer case per million exposed persons. In another study, Wickliffe et al. examined residential indoor air in southeast Louisiana 7 and evidenced that the concentration of alkanes and BTEX compounds were highly correlated, indicating identical emission source(s) for them. The simulated lifetime cancer risk exceeded 35%-50% compared to the 1 in 10,000 cancer case thresholds for chloroform and benzene exposure. Although the individual contaminant may not pose any risk under current levels of exposure, they can possibly have a cumulative effect in combination with the various substances present in the indoor environment. For example, limonene and -pinene are often used in cleaning agents and air fresheners, which have been proved to be non-carcinogenic. However, studies have suggested that the products from the oxidation of terpene (limonene and -pinene) by ozone can homogenously nucleate and form secondary organic aerosols, in other words, particulate matter (PM). 8 Various studies on animal models and humans revealed that adverse health effects can be observed, even at low level (WHO guideline for PM2.5: 100 μg/m 3 ) of PM exposure, including respiratory infections, lung cancers and cardiopulmonary diseases, via increasing oxidative stress, or penetrating into the bloodstream from lung cells. 8,9 Due to the health issues caused by carcinogenic VOCs, many countries and organizations have set legislations and regulations for the exposure limits of certain VOCs. Depending on different regions, thresholds for each compound (listed in Table 2) can differ. EU established an 8-hour weight-average exposure limit of 1 ppm (3.25 μg/m 3 ) for benzene, while the American National Institute of Occupational Safety and Health (NIOSH) recommended 0.1 ppm for 8-hour exposure limit and 1 ppm for short term exposure (app. 15min). 

Current VOCs sensing techniques

Detection of VOCs requires high sensitivity and selectivity, which are the two primary parameters to evaluate the performance of a sensing instrument. Sensitivity is defined as the degree of instrument output variation when the input quantity being measured changes. 10 It is also measured by the limit of detection (LoD), which is the lowest quantity of a substance that can be distinguished from the absence of that substance (a blank value) with a proper confidence level. 11 Selectivity refers to the extent to which a method can determine a particular substance in mixtures or matrices without interference from other components. The rate of response is evaluated by the time required for the instrument to reach 90% of the final stable signal level towards a specific exposure where ambient conditions, such as temperature and humidity, are fixed. 12 High sensitivity and selectivity as well as a fast response are required for real-time air pollution monitoring. Besides, measurement accuracy, signal reproducibility and stability, lifetime, size, and cost should be considered according to the different purposes of usage.

Identification of individual components of VOCs in air samples can be achieved in laboratories via analytical methods using gas chromatography (GC) coupled with flame ionization detection (FID), electron capture detection, or mass spectrometry (MS). 13 However, these laboratory-based instruments are typically bulky in size, time and power-consuming, complex to operate and expensive. Many other types of sensors have therefore become commercially available or established in research for VOC detection to address the aforementioned limitations. Specifically, commercially available techniques include photo-ionization detectors (PID), electrochemical cells, metal-oxides-based chemiresistive sensors (MOs), portable GCs, and arrangement of sensor arrays/e-nose. Figure 3 summarizes different types of VOC sensors that can be found in markets and their detection ranges.

Figure 3.

Commercially available sensors for VOC measurements and their detectable range for benzene as a benchmark VOC pollutant. OEM stands for original equipment manufacturer. Adapted from ref 14. 14 Photo-ionization detectors (PIDs) can ionize analytes using photons produced by UV lamps. The formed ions then move in an electric field developing current flows, which are subsequently converted into output signals. Such mechanism embraces PIDs with excellent sensitivity with a limit of detection (LoD) reaching sub ppb level. However, it brings insufficient selectivity as they would potentially ionize all compounds. They are therefore designed as a total VOCs (TVOCs) sensors that report the global concentration of VOC mixtures. 14,15 Metal-oxide gas sensor (MOs) sensors are chemiresistive sensors that are sensitive to the presence of analytes in the surrounding air that result in electrical resistance changes. The response of MOs sensors is generally visualized by measuring the change of electrical parameters (e.g. voltage, resistance, conductivity) on the sensor before and after encountering the target gas/vapor. Subsequently, the voltage variation is converted to conductance to reveal the concentration of the analytes. MOs sensors normally function under a high and constant working temperature (a few hundred degrees centigrade using a small resistive heater) to boost their sensitivity. They hold several strengths including miniature size, good sensitivity to a great variety of gases such as ozone, NO2, VOCs, CO, short response time, high stability, and low cost. The main concern for MOs sensors is cross-sensitivity for multiple gases/vapors simultaneously leading to a lack of selectivity and the fact that their response can be largely perturbated by the interfering species, e.g. humidity. 16 Electrochemical gas sensors detect responsive gas/vapor by the electrochemical reaction between the analyte molecules and an electrode surface accordingly causing an electrical current change, which is proportional to the concentration of detected gas/vapor. This type of sensor generally has a small size with a diameter of only tens of millimeters, high sensitivity that allows resolution down to a few ppb and up to ppm levels, fast response (less than 1 minute) and low cost with a price normally less than 100 euros. However, the main drawbacks of these sensors include signal drift over time, making frequent calibration necessary and their relatively short lifetime of around 1 year. [14][15][16] Portable gas chromatography (GCs) miniaturized the components of laboratory advanced GCs while maintaining desired sensitivity and selectivity, but its high price (between 20k to 100k euro) limits its applicability. 14 Sensor arrays, also called e-nose, combine multiple sensors coupled with smart pattern recognition software for improved sensitivity and selectivity. For instance, individual discrimination of each component in a vapor mixture of acetone, benzene, methanol and formaldehyde was achieved by using a sensor array. 17 However, the performance of such device highly depends on the choice of each single sensor component and the adopted algorithms, which may cause problems with long-term stability and accuracy.

Spin Crossover Phenomenon

Spin crossover and cooperativity

Spin crossover (SCO) phenomenon describes a switching of spin states in some transition metals upon external stimuli. The stimulus can be a change in temperature or pressure, a light irradiation, introduction of guest molecules, etc. Such spin state change is often accompanied by variations in color, volume, magnetic properties and other physico-chemical properties of the material. Transition metal complexes with electron configurations of 3d 4 -3d 7 in the octahedral ligand geometry are typically associated with SCO behaviors (i.e. Co II , Co III , Fe II , Fe III , Mn II , Mn III , and Cr II ). The spin state of these metal complexes may equilibrate between high spin (HS) and low spin (LS) states (Figure 4a) according to the ligand field theory, where the d orbitals are split into nonbonding t2g and anti-bonding eg orbitals in octahedral geometry. The energy gap  between t2g and eg relative to the spin pairing energy P determines the adopted spin state. In the case of strong ligand fields ( >> P), less energy is required to accommodate electron pairing in t2g than placing an additional electron into the eg orbital with a cost of , thus LS states are favored. Conversely, for  << P, HS states are advantaged in accord with Hund's rule in weak ligand fields. The occupancy of eg orbitals engages their antibonding character and results in an increase in the volume of the metal complex and longer metal-to-ligand bonds in HS states than LS states. 18 When  and P are of the same order of magnitude, a spin crossover between HS and LS can be possibly induced by a temperature change. 19 More precisely, the change in Gibbs free energy regulates the HS-LS equilibrium. Indeed, HS states have higher entropy than LS states, both from the electronic (Sel) and vibrational (Svib) point of view. Sel is linked to the ratio of spin degeneracies between HS and LS states (HS/LS), which can be defined as the following (assuming isolated systems): ∆𝑆 𝑒𝑙 = 𝑁𝑘 𝐵 ln (Ω 𝐻𝑆 /Ω 𝐿𝑆 ) where N represents the number of molecules, and kB is the Boltzmann constant. Concerning the vibrational entropy, the longer metal-to-ligand bonds in HS contribute to a greater vibrational disorder than LS. Thus, S (=SHL-SLS) for the spin crossover process is always positive. Sequentially, if the enthalpy variation (H) is also positive, LS is preferred at low temperatures where enthalpy is the dominant factor, and contrariwise, HS is favored at high temperature. 18,19 The thermal spin state switching is commonly depicted in the form of HS fraction vs. temperature (See Figure 4b). In isolated systems, such as in solution, where the intermolecular interactions are weak, a gradual transition occurs according to the Boltzmann population of the HS state. When strong interactions between spin crossover centers are involved, e.g. in bulk solids, the transition can become abrupt and sometimes also exhibits thermal hysteresis (Figure 4b). The occurrence of a thermal hysteresis endows SCO compound bistability, meaning that both spin states can be stable in the same conditions. In addition to thermal switching, the spin transition can also be involved by guest molecule sorption, making these materials potentially appealing for sensing applications.

Guest-induced spin crossover

Introducing guest molecules to SCO complexes can lead to additional intermolecular interactions, for example - interactions, hydrogen bonding or coordination that can trigger the spin state switching process. SCO materials can be categorized into two classes: isolated complexes and extended compounds. A special family of SCO materials is the Hofmann-type clathrates frameworks. Hofmann clathrates are metal-cyanide compounds first reported by Hofmann et al. in 1897 with the formula of [Ni(CN)2NH3]•G, where G represents solvent molecules. 21 The structure was subsequently revealed by Powell et al. to be an extended 2D network constructed by squareplanar [Ni(CN)4] 2-units and octahedral Ni 2+ ions connected with two NH3 molecules along the c axis. 22 The family was later expanded to [M(L)nM'(CN)4]•G, where M can be Mn 2+ , Fe 2+ , Co 2+ , Ni 2+ , etc. and M' is generally Ni 2+ , Pd 2+ , or Pt 2+ . Porous 3D frameworks can thus be formed when bidentate ligands are used between the 2D metallocyanate layers such as pyrazine (p) or 4,4'azopyridine (azpy) (Figure 5). The extended nature of the frameworks that maintains the connection among SCO centers facilitate the overall cooperativity. Especially, compounds constructed with pyridine (e.g. Fe II (pyridine)[Pt(CN4)]), or pyrazine with H2O as guest molecules (e.g. Fe II (pyrazine)[Pt(CN4)]•2H2O) are known to present an hysteretic thermal spin transition. 23,24 Additionally, using pillar ligands L with different sizes can not only tune the pore size of the framework but also have an impact on the resulting SCO properties. Agusti et al. showed that Fe II (azyp)[M(CN4)], with a longer bridging ligand exhibited less cooperativity than Fe II (pyrazine)[M(CN4)] that has the same topology. (see Figure 5 The combination of the SCO character and the diverse porosity makes Hofmann-type clathrate frameworks promising candidates for sensing applications. Kitagawa et al. reported a chemoresponsive spin state switching in Fe II (pyrazine)[Pt(CN4)] under injection of several gases and VOC vapors. 26 Fe II (pyrazine)[Pt(CN4)] displays a one-step transition with a 25 K wide hysteresis centered around room temperature (Tc  =309 K and Tc  =285 K). The switching between the HS and LS states was reversibly induced by the adsorption of guest molecules, accompanied by naked-eye detectable color change (Figure 6). Upon adsorption of benzene, the initially LS compound switched to the HS state within 5 minutes at 293K, and the benzene-loaded framework stayed at HS at all temperatures. Similar behavior was observed with other molecules (e.g. pyrazine, pyridine, furan, methanol, ethanol, propanol, and tetrahydrofuran). CS2 exposure prompted an opposite effect where LS was stabilized. The HSLS transition induced by CS2 vapor occurs faster than the benzene-caused transition, indicating a higher affinity toward CS2. The pyrazine bridges and the four-coordinated Pt centers were found to be guest-interactive sites. HS-stabilizing species were discovered to be exclusively interacting to the pyrazine site that can prevent a further contraction to the LS state, while HS-stabilizing species CS2 was located at both sites. Except for the binding-site-based transition, a guest-size-dependent SCO behavior in Fe II (pyrazine)[Ni(CN4)] was reported by Southon et al. 26 They found that the bulk steric effect of the guest molecules influence the SCO temperature. In other words, a higher transition temperature was observed with bulkier guest molecules (Tc(Acetone)=240 K vs. Tc(Acetonitrile)=311 K). Guest adsorption can also induce hysteretic multi-step SCO transition. For example, Liu et al. reported a reversible modulation among four-, two-and one-step thermal hysteresis in [Fe(4abpt){Ag(CN)2}2]•2DMF•EtOH (4-abpt= 4-amino-3,5-bis(4-pyridyl)-1,2,4-triazole) triggered by the guest molecule exchange. 27 The intermediate states were stabilized by the competition between antiferro-and ferro-elastic interactions, as well as by the slight distortion within the Hofmann layer. More recently, Hofmann-type compounds were also found to present photochromism induced by formaldehyde vapor sorption, 28 and a fast transition within 1min was also caused by MeOH/H2O solvation and desolvation at ambient temperature. 29 The sample color changed between deep red (LS) and yellow-orange (HS) depending on the temperature and guest molecules. 26 Shaping is an essential step to approach real-life applications for SCO compounds. The first attempt at patterning thin films of Hofmann-type material was achieved by diffraction grafting, where the changes in refractive index induced by guest molecule adsorption was successfully monitored. 29 Despite the promising results in Hofmann-type-based sensing material, their chemical stabilities remain however questionable, especially for bulky-ligand-based frameworks. Large ligands can principally extend the pore size, but it can also lead to interpenetrated matrixes, which can also lead to a decrease of the overall porosity. Furthermore, to maintain and optimize their SCO properties, choices of metals or ligands are quite limited. An alternative strategy is to incorporate SCO complexes into a porous and stable platform that can combine the environment-sensitive SCO properties with the adsorption-facilitating porosity. Diamagnetic Metal-organic frameworks are promising candidates as the host platform in this strategy.

Metal-Organic Frameworks

Metal-Organic Frameworks (MOFs) are an extensive class of crystalline porous material that has been widely developed and investigated over the past 20 years. 30 MOFs are built with metal cations based nodes and organic linkers linked via coordination bonds. Great variety of chemical combinations between metal secondary building units (SBU) and organic linkers gives rise to diverse topologies and extended physical and chemical properties. These remarkable properties often include tailorable porosity, high surface area, chemical/thermal stability, etc. 31,32 MOFs are therefore of great interest for multiple applications, such as gas separation [33][34][35] , gas storage 36,37 , catalysis [38][START_REF] Wang | Rational Approach to Guest Confinement inside MOF Cavities for Low-Temperature Catalysis[END_REF][START_REF] Dai | Impact of Capping Agent Removal from Au NPs@MOF Core-Shell Nanoparticle Heterogeneous Catalysts[END_REF] and bio-applications [START_REF] Suresh | Enhanced Drug Delivery by Dissolution of Amorphous Drug Encapsulated in a Water Unstable Metal-Organic Framework (MOF)[END_REF][START_REF] Gkaniatsou | Enzyme Encapsulation in Mesoporous Metal-Organic Frameworks for Selective Biodegradation of Harmful Dye Molecules[END_REF][START_REF] Pinto | Tuning Cellular Biological Functions Through the Controlled Release of NO from a Porous Ti-MOF[END_REF] .

MOFs are also appealing to vapor and gas sensing. Their porous nature brings high specific surface area and their chemical compositions can lead to different active sites (e.g. open metal sites, Lewis acid/base site, intermolecular binding with ligands) that can be beneficial for absorbing selectively guest molecules, consequently boosting the sensitivity. [START_REF] Yuan | Metal-Organic Framework Based Gas Sensors[END_REF][START_REF] Olorunyomi | Metal-Organic Frameworks for Chemical Sensing Devices[END_REF] Customizable chemical composition of MOFs can indeed facilitates the sorption selectivity and sensitivity by tuning their properties (acidity, hydrophilicity, etc.) through the direct or post-synthetic method. [START_REF] Yuan | Metal-Organic Framework Based Gas Sensors[END_REF] Abundant research have been conducted applying MOFs for the design of various types of gas/vapor sensors, including chemiresistive sensors, capacitive sensors, gravimetric sensors and optical sensors. [START_REF] Zhang | The Role of Metal-Organic Frameworks in Electronic Sensors[END_REF][START_REF] Ma | A Benzene Vapor Sensor Based on a Metal-Organic Framework-Modified Quartz Crystal Microbalance[END_REF][48][49][50][51][52][53] However, the MOFs chemical and/or thermal stability is often an issue. Several strategies have been explored to date to enhance the stability of MOFs: (1) the use of anionic, nitrogen-containing linkers combined with mainly divalent metals lead to the zeolitic imidazolate frameworks (ZIFs) that can present reasonable water stability. (2) the use of high-valence metals (M(III), M(IV)) with carboxylate (or phosphonate, phenolate) ligands can lead to solids presenting and enhanced water and thermal stability through forming stronger Metal-Ligand bonds. Prominent examples include the Matériaux de l′Institut Lavoisier (MIL) series often built with tri-or tetra-valent metals and the UiO (Universitetet I Oslo), NU (Northeastern University) and more recently the MIP compounds often prepared with Zr(IV), Hf(IV) or Ti(IV) ions. 31 Some of these benchmark MOFs are illustrated in Figure 7. In the following, I'll focus on Zr(IV)-based MOFs owing their good chemical stability as well as their diverse structural types. 

Zr-MOFs

Zr(IV) based MOFs are the most studied tetravalent MOFs. The majority of discovered Zr-MOFs are composed of Zr6 oxoclusters and carboxylate linkers. The strong coordination bonds between the hard Zr(IV) Lewis acids sites on Zr SBUs and the hard Lewis bases linkers (carboxylate, phosphonate, etc.), ensure the chemical robustness of Zr-MOFs. Some can even survive under very harsh conditions including boiling water, fuming acid and base, and aqua regia. [54][55][56] Therefore, given the low toxicity, high stability and versatile structure types of Zr-MOFs, they have been proposed for diverse applications. 57,58 UiO-66 is a benchmark Zr-MOF constructed with Zr hexanuclear SBU (Zr6 oxoclusters), each of them being bonded to 12 terephthalate ligands, first reported by Cavka et al. in 2008. 59 The porous structure is composed of two types (tetrahedral and octahedral) of internal cavities (size of ca. 8 Å and 11 Å, respectively) accessible through triangular windows of ca. 6 Å. Figure c displays its structure along the c axis. The strength of the metalligand coordination bond gives rise to remarkable thermal stability over 500 °C, excellent chemical stability and resistance under mechanical pressure. Therefore, many promising applications based on this MOF and its analogue have been explored. 60 It has also inspired the discoveries of other Zr-MOFs. Besides, SBUs in different topologies can ordinate with multiple organic linkers, where the number of carboxylate groups linked with each SBU is defined as connectivity. Various possible connectivities of Zr6 oxoclusters were found including 12, 10, 9, 8, 6, and 4-connected based MOFs (Figure 8). 58,61 Along with these, novel SBUs have been reported such as Zr12 oxoclusters in hcp-UiO-66 and ZrO7 chain in MIL-140 (Figure 7d). 

Zr-MOF synthesis and particle size control

Zr MOFs are commonly synthesized through the solvothermal method. MOF-808 was first produced by dissolving metal precursor ZrOCl2•H2O and the linker trimesic acid (BTC) in a solvent mixture of dimethylformamide (DMF) and formic acid. 62 DMF is a widely used solvent in MOF synthesis because of its basic nature that allows the dissolution of carboxylic acid linkers. It also has a relatively high boiling point that could allow high reaction temperatures. However, considering the toxicity of DMF and most of the time its non-recyclable use, greener approaches have also been explored.

Several Zr-based MOFs have been produced via green synthetic procedures and a few reviews have been dedicated to the latest progress on this topic recently. 57,63,64 A showcase of the green synthesis can be the room temperature synthesis of MOF-808 in water reported in our group. 65 Instead of using zirconium salts as the starting material, this approach was performed with pre-synthesized Zr6 oxoclusters. The oxoclusters and the BTC linker were mixed with formic acid and water at room temperature for 18h to reach a synthesis yield of almost 100% and a high space-time yield. This synthetic method is not only eco-friendly but also features a tunable particle size of the MOF-808 product. A large range of monodispersed particle sizes from submicron (850 nm) to nanoscale (30 nm) can be obtained at room temperature by tuning the concentration of the Zr6 oxoclusters and BTC linker in the reaction, as well as with the amount of formic acid. Formic acid functioned as a modulator that can competitively coordinate with metal sites and consequently adjust the reaction kinetics. Subsequently, reduced particle size gave rise to a proportional increase of the external surface and results in a size-dependent catalytic efficiency for peptide bond hydrolysis.

Controlling sizes of MOF particles requires comprehensive recognition of their growth process in solution. The LaMer model is commonly applied to analyze the evolution of MOF crystals. (Figure 9) Two stages are identified in the LaMer model: nucleation and growth. More specifically, a rapid increase in the concentration of reactive precursors is vital to establishing the nucleation process. Once the concentration exceeds the critical nucleation concentration (Cnuc), nucleation of MOF particles initiates, accompanied by a sharp reduction in the concentration of precursors. The crystals continue to grow upon the formed nuclei till the concentration reaches an equilibrium point where the growth and solvation rate of particles equilibrate. 66,67 Therefore, rapid formation of populous nuclei and prevention of possible aggregation are crucial to obtaining nanoparticles (NPs). 67 To date, several strategies to attain controllable sizes of MOF nanoparticles have been explored. Manipulation of precursor ratio, pH, reaction temperature, reaction duration, or changing solvents are common strategies to obtain MOF NPs. 68 Conventional solvothermal MOF synthesis is known for its slow kinetics at the nucleation step due to the passive heat convention from ovens to reactors, which can only produce limited numbers of nuclei and leads to the formation of large crystals. 66 Applying Microwave irradiation in the synthesis can effectively accelerate the heating process to achieve rapid nucleation. Introducing immiscible solvents to create microemulsion system efficiently isolates the nuclei, thus it can also control the particle nucleation-growth kinetics. 67,68 Another popular approach to regulate the MOF particle size is to use modulators. Modulators are usually monotopic ligands (e.g. formic acid, acetic acid) that can compete with bridging ligands as well as tune the deprotonation equilibria of ligands. Other strategies involve additives of competitive ligands and laser-induced seeding. 66 Further detailed strategies are well-documented in references 60, 66 and 69. 60,66,69 

Introduction

Air pollution becomes a growing concern worldwide. Especially owing to the recent pandemic, the time people spend indoors escalates, which comes with a higher risk of indoor pollutant exposure. Volatile organic compounds (VOCs) are an entire set of vapour-phase atmospheric organics (excluding CO and CO2) associated with relatively high volatility, according to their high vapour pressures, and low boiling points at ambient temperature and pressure. Common species of VOCs include (apolar) alkanes, alkenes, aromatic hydrocarbons, and heteroatom-containing (polar) organic compounds. VOCs exposure can cause acute and long-term health issues depending on exposure durations and doses. A direct example is the sick building syndromes, where people in a building experience acute symptoms such as eye, nose, or throat irritations, headaches, fatigue, etc. that disappear after exiting the building. Besides, odours generated by VOCs are possible to induce psychological negative effects. Long-term chronic exposure to certain VOCs can also cause adverse health impacts including cancers and liver, kidney or central nervous system damages. 1 Compounds of major concern include benzene, toluene, xylenes, styrene, acetaldehyde, formaldehyde and naphthalene, which are classified by the European Commission as the priority pollutants to be regulated. Specifically, benzene, formaldehyde, acetaldehyde, and naphthalene are considered carcinogenic. 2 Given the possible health risk caused by VOCs exposures, it is imperative to monitor the ambient concentrations of VOCs.

Identification of individual components of VOCs in air samples can be achieved in laboratories via analytical methods using gas chromatography (GC) coupled with flame ionization detection (FID), electron capture detection or mass spectrometry (MS). 3 However, these laboratory-based instruments are typically bulky in size, time and power-consuming, complex to operate and expensive. Many other types of sensors have therefore become commercially available or established in research for VOC detection to address the aforementioned limitations. Specifically, commercially available techniques include photo-ionization detectors (PID), electrochemical cells, metal-oxides-based chemiresistive sensors (MOs), etc. These sensors are generally with miniature size, sensitive to a range of VOCs and have short response time. However, the main concern for these sensors is cross-sensitivity for multiple gases/vapours simultaneously leading to a lack of selectivity and the fact that their response can be largely perturbed by the interfering species. More advanced sensing platforms are therefore emerging. One solution for circumventing lack of sensitivity is to adopt multiplexing approaches, for example, sensor arrays, also known as e-nose. They combine multiple sensors with smart pattern recognition software for improved sensitivity and selectivity. In some cases, employing sensor arrays can realize individual discrimination of each component in vapour mixtures. 4 Coupling MOs sensor with porous solids (e.g. zeolites) can also enhance the sensing performance by employing the intrinsic chemical affinity from the porous solids for better selectivity and/or pre-concentrating the selected VOCs for improved sensitivity. 5 Metal-Organic Frameworks (MOFs) are an extensive class of crystalline micro-or meso-porous hybrid materials that has been widely developed and investigated over the past 20 years. 6 MOFs are built with metal cations based nodes and organic linkers linked via coordination bonds. Great variety of chemical combinations between metal secondary building units (SBU) and organic linkers gives rise to diverse topologies and extended physical and chemical properties. These remarkable properties often include tailorable porosity, high surface area, chemical/thermal stability, etc. 7,8 MOFs are therefore of great interest for multiple applications, such as gas separation [9][10][11][12] , gas storage 13,14 , catalysis [15][16][17] and bio-applications [18][19][20] , among others.

MOFs are also appealing candidates for sensing applications owing to the following reasons: 1) their intrinsic porosity can favour the diffusion, absorption, and/or interactions with analyte molecules; 2) they can provide various active sites, for instance open metal coordination sites as well as possible intermolecular coupling between the analytes and the ligands (hydrogen bonds,interaction, etc.). These sites can consequently favour sensitive and selective binding with the target gas molecules; 3) their tunable pore size can enable molecular sieving phenomenon, which can also improve the selectivity; 4) the host-guest interactions can lead to detectable changes in chemo-physical properties (resistance, mass, magnetism, colour, etc.), in favour of further signal transduction and quantification; 5) the reversible physisorption process assures the reusability of MOFs; in the case of chemisorption, irreversible responses may appear yet induce higher sensitivity and selectivity. [21][22][23][24][25] Abundant research have been conducted applying MOFs for the design of various types of gas/vapour sensors, including chemiresistive sensors, capacitive sensors, gravimetric sensors, and optical sensors. 23,[26][27][28][29][30][31][32][33] Among these categories, colorimetric and optical sensors are greatly attractive due to their apparent advantages such as immunity to electromagnetic interferences, capabilities of remote sensing, facile operations, and direct naked-eye detection. The sensing process generally involves selective adsorption of targeted molecules. MOFs feature attractive aspects for gas adsorption and capture, especially for VOCs. Functionalization of organic ligands is a powerful approach to not only systematically tailor the pore size and aperture of the MOFs structure 34 , but also to modify the chemical properties of MOFs including hydrophilicity and hydrophobicity, leading to desired sorption properties. It is also possible to combine multiple species of organic linkers in one framework, namely multivariate (MTV)-MOFs. Such structure is proved to provide a more complex pore environment and exhibit better sorption and separation performance. 35 Besides, defects in MOFs are a unique element to tune the adsorption properties. Missing nodes and missing linkers are the two defects that are mainly observed. The formation of defects in MOFs can change the pore size, rigidity, flexibility and density of the framework. Especially, missing linker defects leads to more open metal sites, which can favour sorption processes. 36 However, increasing the amount of defects in MOF crystals can possibly comprise their chemical stability. This review summarizes the recent progress of MOF-based optical sensors, with specific highlights for VOCs sensing. We will first outline the state of the art in the patterning techniques of MOFs that facilitate the integration of MOFs into different platforms. The next parts focus on the latest advancements of MOF-based optical sensors, which are categorized by sensing mechanisms: colorimetric sensing, luminescent sensing and sensing based on optical index modulation. In particular, the section on optical-index-based sensors describes the development of MOFs incorporated with Fabry-Perot interferometers, Bragg stacks, diffraction grafting and colloidal film engineering, optical fibres, micro-ring resonators, surface resonance and surface-enhanced Raman scattering. In the last, we conclude by highlighting the opportunities and challenges of MOF-based optical sensors with critical insight for their further practical applications.

Patterning techniques of MOF thin films

In order to exploit the great potential of MOFs for sensing applications, it is vital to integrate MOFs onto substrates for further real device construction. To date, diverse techniques have been addressed to fabricate MOFs films with various substrates, including in-situ direct growth from hydro/solvothermal synthesis 37,38 , electrochemical deposition [START_REF] Wang | Rational Approach to Guest Confinement inside MOF Cavities for Low-Temperature Catalysis[END_REF] , colloidal deposition via spin/dip coating [START_REF] Dai | Impact of Capping Agent Removal from Au NPs@MOF Core-Shell Nanoparticle Heterogeneous Catalysts[END_REF][START_REF] Suresh | Enhanced Drug Delivery by Dissolution of Amorphous Drug Encapsulated in a Water Unstable Metal-Organic Framework (MOF)[END_REF] , atomic layer deposition [START_REF] Gkaniatsou | Enzyme Encapsulation in Mesoporous Metal-Organic Frameworks for Selective Biodegradation of Harmful Dye Molecules[END_REF][START_REF] Pinto | Tuning Cellular Biological Functions Through the Controlled Release of NO from a Porous Ti-MOF[END_REF][START_REF] Yuan | Metal-Organic Framework Based Gas Sensors[END_REF] and layer-by-layer epitaxy [START_REF] Olorunyomi | Metal-Organic Frameworks for Chemical Sensing Devices[END_REF][START_REF] Zhang | The Role of Metal-Organic Frameworks in Electronic Sensors[END_REF][START_REF] Ma | A Benzene Vapor Sensor Based on a Metal-Organic Framework-Modified Quartz Crystal Microbalance[END_REF] . Each method has its attribute for producing films with different thicknesses, preferred orientation, morphology and mechanical properties. Numerous reviews have been written on this topic, covering various aspects from general fundamentals to advanced practical implementations of MOFs films. [48][49][50][51][52][53][54][55][56][57][58] In the following, we describe the most investigated methods for MOFs film preparation.

In-situ growth

In-situ direct growth is one of the most straightforward methods where the substrate is placed in the reacting solution and film growth happens simultaneously during the synthesis. Choice of substrate is critical for this approach despite its ostensible simplicity. Indeed, the surface structure and chemical composition of the substrate influences the nucleation, anchoring and adhesion process of the MOF particles. For example, some metal oxide surfaces with basicity can form strong covalent bonds with the complexing groups from the acidic linkers (carboxylates, phosphonates…), accordingly anchoring the MOF. On the opposite, naturally acidic surfaces like silica (SiO2) do not favour the growth of most carboxylate MOFs. 59 Metal pieces 37,60,61 and polymers 62 have also been employed as substrates for successful MOFs film installation. The thickness of these films is typically related to the reaction time and fall within the range of a few micrometers. 48 However, controlling of polymorphism can be complicated and conditions may vary for different MOFs for in-situ grown films. 63,64 Self-assembled monolayers (SAMs) are active molecules attached to the surface of substrates. 65 Tail functional groups (e.g. carboxylic acid) on the SAM can be used to coordinate the metal centres or SBUs from the mother solution, therefore promoting the nucleation and growth of MOFs. 66 Deploying SAMs can also lead to patterning MOF films via micro-patterning techniques 67 , which will be discussed in the next section. Various MOF films have been developed on SAMs functionalized substrates (Au, SiO2, Si, FTO, etc.). 38,59,[68][69][START_REF] Kung | Post Metalation of Solvothermally Grown Electroactive Porphyrin Metal-Organic Framework Thin Films[END_REF][START_REF] Scherb | Directing the Structure of Metal-Organic Frameworks by Oriented Surface Growth on an Organic Monolayer[END_REF] Noticeably, exchanging functionality of the SAM layer can consequently in some cases impact the nature of the MOF that is formed 61 and/or tune the orientation of formed crystals. 51,59,[START_REF] Rosenhahn | Oriented Growth of the Functionalized Metal-Organic Framework CAU-1 on -OHand -COOH-Terminated Self-Assembled Monolayers[END_REF] One major disadvantage of this approach is the compatibility between the high reaction temperature for hydro/solvothermal MOF synthesis with temperature-sensitive substrates. However, some MOF films can be grown at room temperature under certain conditions. [START_REF] Scherb | Directing the Structure of Metal-Organic Frameworks by Oriented Surface Growth on an Organic Monolayer[END_REF][START_REF] Rosenhahn | Oriented Growth of the Functionalized Metal-Organic Framework CAU-1 on -OHand -COOH-Terminated Self-Assembled Monolayers[END_REF][START_REF] Biemmi | Oriented Growth of the Metal Organic Framework Cu3(BTC) 2(H2O)3•xH2O Tunable with Functionalized Self-Assembled Monolayers[END_REF] In addition, the complex preparation process and limited control over morphology and defects of the films can still be problematic. 48 

Liquid phase epitaxy

Unlike one-pot direct growth of MOF films, liquid phase epitaxy (LPE) alternatively grows MOF film layer by layer through immersing substrates into separated solutions of the metal cation precursor and the ligand in a stepwise. 57 Epitaxially grown MOF films are also defined as surfacemounted MOFs (SURMOFs), which consist of highly-oriented ultrathin MOF multilayers instead of crystalline grains. The SURMOF growth is generally conducted from room temperature to 60°C in ethanol, which are milder conditions than the usual ones used for in-situ growth. [START_REF] Olorunyomi | Metal-Organic Frameworks for Chemical Sensing Devices[END_REF] These films tend to be very smooth with a roughness of molecular level. The thickness and crystallite domain size can be precisely controlled considering an ideal layer-by-layer growth mechanism. 48 Despite unlimited choices of organic linkers for SURMOF construction, the metal nodes are to date mainly limited to divalent metals, as mild synthetic conditions are required for the SURMOFs growth. [START_REF] Liu | Surface-Supported Metal-Organic Framework Thin Films: Fabrication Methods, Applications, and Challenges[END_REF] SAMs substrates are broadly employed in this approach to initiate the nucleation of highly oriented SURMOFs. Similar to in-situ growth, different functional groups on SAMs also affect the growth orientation of SURMOFs. Likewise, tuning the density of functional groups alters the preferential orientations. [START_REF] Liu | Surface-Supported Metal-Organic Framework Thin Films: Fabrication Methods, Applications, and Challenges[END_REF] Arranging SAM functional groups with certain patterns prior to SURMOF growth can strategically template well-defined, patterned films. Li et al. reported ZIF-8 films patterning by arrangement of 1-octadecanethiol(ODT)/16-mercaptohexadecanoic acid (MHA) groups with micro-contact printing on gold substrates. [START_REF] Li | Unconventional Nucleation and Oriented Growth of ZIF-8 Crystals on Non-Polar Surface[END_REF] The selective growth of ZIF-8 on ODT SAM surface leads to a dot patterning of the film. By switching the solvent from water to methanol, ZIF-8 only nucleated on MHA surface and produced a negative pattern. Several research groups have also demonstrated combining LPE methods with microprint contact technique [START_REF] Li | Unconventional Nucleation and Oriented Growth of ZIF-8 Crystals on Non-Polar Surface[END_REF] , lithography [START_REF] Ladnorg | Site-Selective Growth of Surface-Anchored Metal-Organic Frameworks on Self-Assembled Monolayer Patterns Prepared by AFM Nanografting[END_REF] and spray coating [START_REF] Arslan | High-Throughput Fabrication of Uniform and Homogenous MOF Coatings[END_REF] to pattern the films. [START_REF] Liu | Surface-Supported Metal-Organic Framework Thin Films: Fabrication Methods, Applications, and Challenges[END_REF] It is also possible to couple Langmuir-Blodgett (LB) technique with layer-by-layer deposition for fabricating MOFs with a paddle-wheel unit, where 2D nanosheets are firstly synthesized via airliquid interfacial synthesis, followed by introducing the pillar linkers for interlayer connection (Figure 1a). [START_REF] Makiura | Surface Nano-Architecture of a Metal-Organic Framework[END_REF] Extensions of this layer-by-layer strategy also include forming films of multivariate MOFs (MTV-MOFs) and MOF on MOF structures. [START_REF] Zhuang | Formation of Oriented and Patterned Films of Metal-Organic Frameworks by Liquid Phase Epitaxy: A Review[END_REF] Another similar approach named substrateseeded heteroepitaxy uses metal substrates as direct metal sources matching unit-cells for a perfect growth. Falcaro et al. fabricated an oriented polycrystalline Cu2(BDC)2 thin film on Cu(OH)2 nanotubes using this strategy. [START_REF] Falcaro | Centimetre-Scale Micropore Alignment in Oriented Polycrystalline Metal-Organic Framework Films via Heteroepitaxial Growth[END_REF] However, it should be noted that only limited MOFs with certain topology (e.g. paddle-wheel structure) can be constructed by the aforementioned approach. The lengthy synthesis and time-consuming step-by-step process should also be considered. In addition, some MOFs synthesis requires harsh conditions including acids, heat or specific solvents, which cannot be used for standard LPE or LB procedures. 48,50,[START_REF] Liu | Surface-Supported Metal-Organic Framework Thin Films: Fabrication Methods, Applications, and Challenges[END_REF] A simpler LB route starting from presynthesized MOF nanoparticles for film deposition will be discussed in the following section dealing with colloidal deposition. 

Atomic/Molecular layer deposition

Vapour-based processes avoid the use of solvents, which can intrinsically overcome the limitations of liquid-based strategies such as toxicity, difficulty in scale-up, surface-tension involved issues, etc. [START_REF] Su | Vapor-Phase Processing of Metal-Organic Frameworks[END_REF] One of the well-established techniques is atomic layer deposition (ALD). It has been widely investigated and applied in producing inorganic nanomembranes (e.g. oxides, nitrides, elementary metals). [START_REF] Zhang | Atomic Layer Deposition-Derived Nanomaterials: Oxides, Transition Metal Dichalcogenides, and Metal-Organic Frameworks[END_REF] Combining ALD with molecular layer deposition (MLD), which is often used with organic molecules can lead to the fabrication of crystalline MOF thin films. [START_REF] Gkaniatsou | Enzyme Encapsulation in Mesoporous Metal-Organic Frameworks for Selective Biodegradation of Harmful Dye Molecules[END_REF][START_REF] Pinto | Tuning Cellular Biological Functions Through the Controlled Release of NO from a Porous Ti-MOF[END_REF][START_REF] Tanskanen | Iron-Terephthalate Coordination Network Thin Films Through In-Situ Atomic/Molecular Layer Deposition[END_REF] Typical ALD/MLD process consists of layer-by-layer deposition of a metal precursor and an organic linker vapour, with purges of inert gases in between depositing the upcoming layer. The construction of the MOF films occurs through vapour-solid reaction, where the choice of metal precursor, the linker exposure time, temperature and humidity require precise control. [START_REF] Su | Vapor-Phase Processing of Metal-Organic Frameworks[END_REF][START_REF] Tanskanen | Iron-Terephthalate Coordination Network Thin Films Through In-Situ Atomic/Molecular Layer Deposition[END_REF] Film thickness can be carefully controlled down to nanoscale. However, the directly deposited film is amorphous in most cases, but it can be crystallized by post-treatments, for instance, annealing under humid condition [START_REF] Pinto | Tuning Cellular Biological Functions Through the Controlled Release of NO from a Porous Ti-MOF[END_REF] , or subsequent exposure to acid. [START_REF] Yuan | Metal-Organic Framework Based Gas Sensors[END_REF][START_REF] Virmani | On-Surface Synthesis of Highly Oriented Thin Metal-Organic Framework Films through Vapor-Assisted Conversion[END_REF] This post-crystallization process consequently changes the morphology and roughness of the film, which counteracts the targeted precise thickness control.

To avoid post-deposition treatments, Ameloot et al. fabricated a uniform and compact ZIF-8 film through a vapour-phase transformation from ALD ZnO films to ZIF-8, as shown in Figure 1b. [START_REF] Stassen | Chemical Vapour Deposition of Zeolitic Imidazolate Framework Thin Films[END_REF] A recent review by Su et al. [START_REF] Su | Vapor-Phase Processing of Metal-Organic Frameworks[END_REF] is suggested for further insight regarding this strategy. The solvent-free strategy makes ALD/MLD appealing for the microelectronics industry, [START_REF] Crivello | Advanced Technologies for the Fabrication of MOF Thin Films[END_REF] as it can lead to a meticulous tuning of thickness and possess a good potential for scale-up. However, this approach is employable almost only for ZIF materials that are easy to produce but possess limited chemical stability. In addition, the large differences in the unit cell parameters between the initial oxide substrates and the MOF might induce the formation of polymorphs and affects the quality of the films. Besides, the necessity of post-synthetic treatments, requirement of high processing temperature and high cost may impede the practical implementation of this method. [START_REF] Jia | Metal-Organic Framework Membranes: Advances, Fabrication, and Applications[END_REF] 

Colloidal deposition

Another easier option for MOF film fabrication is to use colloidal deposition of pre-formed MOF nanoparticles on a substrate. This strategy requires colloidal-stable suspensions of MOFs nanocrystals prior to the deposition, where MOFs are dispersed in volatile dispersants. Commonly employed techniques include spin coating, dip coating, spray coating and Langmuir Blodgett deposition. [START_REF] Crivello | Advanced Technologies for the Fabrication of MOF Thin Films[END_REF] The choice of MOF candidates that can be adopted via this approach are with less limitations, even including high-valence metal based MOFs such as MIL-101(Cr), MIL-96(Al) and UiO-66. [START_REF] Benito | Langmuir-Blodgett Films of the Metal-Organic Framework MIL-101(Cr): Preparation, Characterization, and CO2 Adsorption Study Using a QCM-Based Setup[END_REF][START_REF] Andrés | Ultrathin Hydrophobic Films Based on the Metal Organic Framework UiO-66-COOH(Zr)[END_REF][START_REF] Andrés | Fabrication of Ultrathin MIL-96(Al) Films and Study of CO2 Adsorption/Desorption Processes Using Quartz Crystal Microbalance[END_REF][START_REF] Rauf | Coating of Conducting and Insulating Threads with Porous MOF Particles through Langmuir-Blodgett Technique[END_REF][START_REF] Andrés | Methanol and Humidity Capacitive Sensors Based on Thin Films of MOF Nanoparticles[END_REF] The quality of the resulting films highly depends on the homogeneity of the MOF suspension, where the choice of dispersant and surfactant can be crucial. [START_REF] Andrés | Ultrathin Hydrophobic Films Based on the Metal Organic Framework UiO-66-COOH(Zr)[END_REF][START_REF] Andrés | Fabrication of Ultrathin MIL-96(Al) Films and Study of CO2 Adsorption/Desorption Processes Using Quartz Crystal Microbalance[END_REF] In this strategy, the MOF suspensions are deposited onto flat substrates, after which solvent evaporates leading to uniform and polycrystalline films. In a recent study, Rauf et al. reported a homogenous coating of MIL-96(Al) monolayer thin film onto conductive and insulating polymer threads, evidencing the applicability of this approach to a wide choice of substrates. [START_REF] Rauf | Coating of Conducting and Insulating Threads with Porous MOF Particles through Langmuir-Blodgett Technique[END_REF] The deposited films possess the hierarchical microporosity from the MOF and additional meso-to macro-porosity from assembled MOF particles. [START_REF] Dai | Impact of Capping Agent Removal from Au NPs@MOF Core-Shell Nanoparticle Heterogeneous Catalysts[END_REF] Moreover, the film thickness is often controllable by tuning the particle size of deployed MOFs, the concentration and viscosity of MOF suspension, as well as deposition parameters (e.g. withdraw speed in case of dip coating). 21 This approach is easy to operate and cost-efficient. It can be adapted to a broad range of MOFs, as well as combined with other film fabricating processes (e.g. CVD) [START_REF] Andrés | Methanol and Humidity Capacitive Sensors Based on Thin Films of MOF Nanoparticles[END_REF] . The roughness and orientation of MOF crystals yet remain uncontrolled and depends on the polydispersity and size of the starting nanoparticles. The density of the film also depends on the kinetics of deposition that controls the packing density of the nanoparticles on the substrate. In addition, the adhesion strength between substrates and MOF colloidal films can be weak, leading to insubstantial mechanical strength. [START_REF] Dai | Impact of Capping Agent Removal from Au NPs@MOF Core-Shell Nanoparticle Heterogeneous Catalysts[END_REF] A feasible strategy to reinforce the mechanical strength of MOF colloidal films is incorporating additives, such as inorganic binders or polymers [START_REF] Burtch | Mechanical Properties in Metal-Organic Frameworks: Emerging Opportunities and Challenges for Device Functionality and Technological Applications[END_REF][START_REF] Denny | Multicomponent Metal-Organic Framework Membranes for Advanced Functional Composites[END_REF] , or via functionalizing the substrates 87 .

MOFs-based optical sensors for VOCs sensing

Optical sensors are driven by the light-matter interaction in the forms of light absorption, emission, reflection, refraction, scattering or transmission. They are usually composed of a light source, a sensing material that can interact with the analytes and a light detector. The spectrum of commonly employed light sources covers from UV to visible region. Depending on specific techniques, detectable parameters include refractive indexes, scattering, absorbance and luminescence, which are typically guest molecule dependent. [START_REF] Askim | Optical Sensor Arrays for Chemical Sensing: The Optoelectronic Nose Chemical Society Reviews Optical Sensor Arrays for Chemical Sensing: The Optoelectronic Nose[END_REF] The sensitivity and limit of detection (LoD), therefore, can be interpreted and quantified by the change in the detected parameters induced by analyte exposure. To be specific, the response of colorimetric sensors is defined as changes in color. Luminescent sensing materials can adjust their luminescence intensity or position upon stimulation; for optical-index-dependent sensors, their sensitivity is defined by the changes in the monitored indices, e.g. peak shift in reflectance/transmission spectra. This section will focus on the different platforms that enable MOF-based optical sensing, especially highlighting their application for VOCs detection. Table 3 summarizes the recent MOF-based sensors and their performance based on different sensing mechanisms for VOCs sensing.

MOF-based colorimetric sensing

Colorimetry is one of the oldest analytical techniques for its straightforward visualization of results [START_REF] Askim | Optical Sensor Arrays for Chemical Sensing: The Optoelectronic Nose Chemical Society Reviews Optical Sensor Arrays for Chemical Sensing: The Optoelectronic Nose[END_REF] that is broadly applied in current life, e.g. pH scales. The phenomenon of chromism originates from interactions between a responsive centre and a triggering analyte. The range involving intermolecular interactions can go from the weakest van der Waals interactions to bond formation and ligand coordination. The main mechanisms of MOF-based chromism sensing include coordination geometry of transition metals triggered colour change, ligand-based charge transfer and functional MOF-composite based sensing. 3a). 126 In this case, the solvatochromic response is accompanied by a phase transition. In addition, a Mn-MOF showing solvatochromic behaviour toward ketone molecules was investigated by Li et.al, where the introduced ketone molecules distorts the parent framework and brought changes in d-d transition into the visible region. 127 Vapour-phase VOCs induced changes in the metal centres have also been achieved. Wang and Chen fabricated a film of Co3[Co(CN)6]2 nanoparticles exhibiting a colorimetric and selective detection of ethanol vapour. [START_REF] Wang | Vapochromic Behavior of MOF for Selective Sensing of Ethanol[END_REF] The prepared Co3[Co(CN)6]2 film undergoes a gradual colour transition from pink to purple when subjected to different concentrations of ethanol vapour (Figure 3b). Such colour change was not observed with other solvents (H2O, methanol, formaldehyde, etc.), evidencing the selectivity of the sensor. The detection range of the sensor is from 0.05 mg/mL to 0.5 mg/mL of ethanol, with a response time around 1 min and recovery within a few seconds. The vapochromic behaviour can be explained by the conversion of Co 2+ ion coordination geometry from octahedral to tetrahedral after ethanol molecules entered the pores and coordinated to Co 2+ ions. Consequently, the resulting tetrahedral geometry induces a reduction in the d-orbital splitting energy resulting in a redshift in the adsorption spectrum and the colour change of Co3[Co(CN)6]2.

In another example, Tunsrichon and co-workers introduced a Ni-viologen based 2D MOF {[Ni(pzt)2(H2O)2](H2O)(DMF)}n (Hpzt = 5-(3-pyridyl)-1,3,4-oxadiazole-2-thiol) with a naked-eye chromism in presence of primary amines and methanol vapours. [START_REF] Tunsrichon | Coexistence of Naked-Eye Mechanochromism, Vapochromism, and Thermochromism in a Soft Crystalline Layered Nickel(II) Coordination Polymer[END_REF] Upon exposure of NH3, methylamine, ethylamine and ethylenediamine, the intrinsic blue colour changed by replacing coordinated H2O molecules with a strong-field amine through forming Ni-N bonds. Bulkier amine vapours did not induce a chromic response due to higher steric hindrance. However, the vapochromism towards amines is irreversible due to the formation of a more stable coordination compound and to the poor chemical stability of this low valence based MOFs. This material also exhibited a selective detection of methanol vapour over other alcohols with a reversible colour change from blue to pale green. The incorporation of MeOH molecules into the MOF distorts the octahedral geometry of Ni II and consequently induces chromism. Vapochromism was also revealed in a single-crystal-to-single-crystal (SC-SC) transformation of a Cu-based MOF. [START_REF] Nakatsuka | Solvent-Vapor-Induced Reversible Single-Crystal-to-Single-Crystal Transformation of a Triphosphaazatriangulene-Based Metal-Organic Framework[END_REF] 

Redox-active ligands

As in the aforementioned (expensive) Pt-based complexes, MOFs linkers can also participate as responsive centres towards targeted analytes. Here, the interaction between the guest molecules and the ligands triggers charge transfer processes, accordingly changing the perceived colour of MOFs. For example, a porous Cu I -MOF reported by Yu et al. shows naked-eye chromic detection of polar aliphatic VOCs. [START_REF] Yu | Copper(I) Metal-Organic Framework: Visual Sensor for Detecting Small Polar Aliphatic Volatile Organic Compounds[END_REF] The response time of the MOF upon saturated VOCs vapours at ambient temperature ranges from 20 min to 2.5 h. The colorimetric detection limit for alcohols and ketones is about 5 ppm. Single crystal X-ray diffraction analysis evidenced that the guest species are located inside the pores in hydrogen-bonding interactions with the ligand instead of coordinated to the Cu ions. The UV-visible diffuse reflectance spectra of VOCs-enclosed MOF displayed a gradually broadened absorption band in the visible region. The colour change can be attributed to an intermolecular electron-transfer transition between the ligand and the encapsulated guests. A follow-up study showed that this Cu I -MOF can be a highly selective visual sensor for recognizing C2H2, which was also associated to an intermolecular electron-transfer between the linker and the encapsulated guests. MOFs composed of redox-active ligands such as viologens 100-103,131-133 , tetrazine derivatives 104 and naphthalene diimide 105 have shown great potential in colorimetric sensing through charge transfer processes. Viologens are 4,4'-bipyridinium derivatives with particularly electron-deficient nature.

Upon interaction with electron-rich molecules, e.g. NH3 and amines, viologen ligands received electrons from the donors and produced radicals, leading to colour changes. 24,134,135 For example, Gao et al. synthesized a naphthalene-diimide-based Zn MOF exhibiting photochromic behavior in the presence of various amine vapors (Figure 4a&b). 105 The nature of its photochromism is from photo-induced electron transfer between the electron-rich guest molecules and electron-deficient MOF. It showed varied color and response times towards different amine vapors. Especially for nbutylamine (n-BUA), the MOF changed its color from yellow to red in 2s. The similar color induced by n-BUA and hydrazine (AH) can be further discriminated by their UV-vis absorption spectra. Yang et al. modified the 2,2'-bipyridyl-5,5'-dicarboxylate ligand (bpydc) of the large pores Zr-MOF UiO-67-bpy into N,N'-dimethyl-2,2'-bipyridinium (dmbpy) through post synthetic Nmethylation (Figure 4c). 100 Such modification provides charge-transfer interacting sites for selectively capturing and sensing alkylamines. In this example, the CT interaction between the electron-deficient 2,2'-bipyridinium site and the electron-rich analytes is the driving force for selective molecular recognition and adsorption, as it induces a reversible vapochromism and luminescence quenching. A follow-up study on the same Zr-bpy MOF with N-amination modification showed similar chromism behaviour in presence of amines. 101 Owing to imine condensation, the N-aminated MOF also has a unique colorimetric response to formaldehyde. Another chromic Zn-MOF constructed from a tris-pyridium ligand was reported by the same group in 2020. 131 The material showed direct colour change towards primary amines (methylamine, ethylamine, etc.) and can also be responsive to methanol and ethanol. The mechanism is proposed to be radical formation through spontaneous/photo-induced guest-to-host electron transfer. In addition, the small and interconnected voids due to the 2-fold interpenetration of the MOF give rise to a size and shape selectivity of the chromic process.

Interpenetrated structures of metal-viologen frameworks can stabilize the reduced radicals viologen ligands and also create multi-bridges for electron transfers, which eventually brings stable and fast responses to multiple stimuli. 102,136 For example, a 7-fold interpenetrated Anderson-like cluster-based Zn(II) MOF [Zn7(bpybc)3(o-BDC)6]•2NO3•6H2O, reported by Li et al, exhibited visible response to different types of stimuli including soft X-ray, UV-light, heat, electricity and in presence of some organic amines. 102 When exposed to vapours of dimethylamine (DEA), ethylamine (EA), propylamine (PA), an immediate colour change from the original yellow was observed (pale blue for DEA and purple for EA and PA). Bulkier amine like butylamine and benzylamine had prolonged response time of ca. 10s and in these cases, the colour became brown and green, respectively. Solid-state UV-vis and EPR spectra confirmed the generation of viologen radicals after exposure to amines. Such vapochromism was also observed in MOF-PMMA polymer films and is reversible by introducing HCl vapour on the amine-exposed samples.

Tetrazine derivatives are another type of ligand that can undergo reversible colorimetric responses through redox reactions. Razavi and co-workers developed a dihydrotetrazine-functionalized pillared MOF [Zn(OBA)(H2DPT)0.5]•DMF (TMU-34) for selective and colorimetric detection of chloroform (CHCl3), where H2DPT is 3,6-di(pyridin-4-yl)-1,4-dihydro-1,2,4,5-tetrazine is the pillar spacer and H2OBA is 4,4'-oxybis(benzoic acid). 104 In the presence of CHCl3, a colour change from yellow to pink was observed by naked eye within 10s, at the lowest concentration 2.5 × 10 -5 M in both liquid and vapour phases and was regenerated by washing the compound in DMF. In the compound, CHCl3 oxidizes the dihyrotetrazine (H2DPT) into tetrazine (DPT), therefore inducing changes in the geometry and functionality of the pillar spacer, leading to a colour change.

MOF composites

Given the fact that most MOFs are colourless or do not change significantly of colour upon sorption of guests, a rational strategy is to load functional (optically active) guests within the host MOF to achieve visual detection of analytes. Common functional guests include organic dyes (rhodamine, spiropyrans, etc.) [137][138][139] and metal nanoclusters [140][141][142] . These compounds are either grafted on the metal oxoclusters of the MOFs, or loaded in their pores through direct adsorption or covalent grafting 134,143 For example, Koning and co-workers anchored two carboxylates group of DTNB (5,5′-di-thio-bis-2-nitrobenzoic acid), a bidentate reactive dye, on the unsaturated inorganic node of the mesoporous Zr tetracarboxylate NU-1000 for degradation and visually detection of the nerve agent VX. 143 The octahedral Zr6 oxoclusters catalyze the hydrolysis of VX, and the DTNB reacts with the thiol group from degraded products providing a bright yellow colour (Figure 5a). This dual-functional composite also brings higher detection efficiency compared to the separated DTNB/NU-1000 system. A follow-up study reported the grafting of DTNB onto the large pores Zr trimesate MOF-808 immobilized on cotton forming a MOF/fabric composite enabling practical application of VX degradation and detection. 144 The cloth is capable of visualizing amounts of VX down to 0.16 μg/cm 2 , which was more sensitive compared to DTNB@NU-1000 (0.8 μg/cm 2 ). It also displayed an improvement in catalytic performance with rapid conversion within 5 min (Figure 5a-b). However, most functional loaded compounds are photochromic or luminescent, which requires extra light source to be applied in naked-eye detections. Limited research reported guest chromophores induced colorimetric sensing, and the majority focused on liquid phase detection of heavy metal ions and organic pollutants. 141,145,146 Another strategy to achieve colorimetric sensing towards VOCs is through encapsulation of spincrossover (SCO) complexes into colourless large pores MOFs. As mentioned previously in section 2, spin-crossover complexes are responsive to external stimuli that are accompanied by a colour change. For example, an Fe(II) complex, [Fe(HB(pz)3)2] was confined in a diamagnetic and optically-transparent NH2-MIL-100(Al) and showed a colour change induced by solvent adsorption. 147 Despite that a range of polar to non-polar solvents can induce spin switching accompanied by off-white to red colour change, it is a proof-of-concept that SCO-MOF composites have a great potential for sensing applications. Some of us have successfully introduced an Fe(III) SCO compound, Fe(sal2trien)NO3, into MIL-100(Al) through an in situ synthesis. 148 A spin state switching from the inserted Fe III (sal2trien) cation was observed upon water sorption. Another SCO-MOF system designed by our group was built with [Fe II (BPI)(HBPI)(ClO4)2] -anions anchored in MIL-100(Al) and MFU-4l(Zn), which displayed a selective solvatochromism towards alcohols. 106 In this work, the Fe II SCO complex was anchored on the SBUs of the MOFs via the sequential installation strategy. The coordination environment surrounding Fe(II) can be modulated upon alcohols sorption, which leads to a reversible colour change from orange to red (Figure 5c). This strategy is currently at the very early stage of research but presents a great potential for VOCs sensing.

MOF-based Luminescent Sensing

Luminescent metal-organic frameworks (LMOFs) have been actively explored and investigated for their potential in biological and chemical sensing applications. We will focus in this part on their application towards VOCs sensing.

Origins of luminescence in LMOFs

The luminescence in LMOFs is commonly originated from the following sources: (1) photoresponsive metal SBUs (e.g. lanthanide metal ions, d 10 transition metal ions), especially trivalent lanthanide ions display sharp emission spectra with wide emission wavelengths from ultraviolet (UV) to near-infrared (NIR) ranges; (2) ligand-centred emission, where the featured ligand typically have extended -conjugation. Briefly speaking, upon photoexcitation, fluorescence occurs from the emission of a photon from the lowest singlet state (S1) to the ground state (S0), showing a typical lifetime in the nanosecond range. With a suitable triplet state (T1), an intersystem crossing can take place to populate the T1 state. Subsequently, phosphorescence with a longer lifetime (microsecond to second range) can occur from the photon emission to the ground state (See Figure 6b) (3) Charge-transfer (CT) based luminescence, which corresponds to the transition from the charge-transfer excited state to the ground state, includes metal-to-metal charge transfer (MMCT), ligand-to-ligand charge transfer (LLCT), metal-to-ligand charge transfer (MLCT) and ligand-to-metal charge transfer (LMCT). ( 4) Guest-induced emission, by encapsulating luminescent guests such as lanthanide ions, quantum dots, organic dyes, etc. in the pores of MOFs.

Several books and reviews have described the origin of luminescence in a detailed aspect, providing a more comprehensive understanding and interpretation of luminescence in MOFs. For example, Cui et al. described thoroughly the design and construction strategies for luminescent MOFs categorized by the three elementary units: SBUs, linkers, and guests. 149 

MOF-based luminescent sensing for VOCs

LMOFs combine the general advantages of MOFs (porosity, tailorability, etc.) with their inherent luminescent properties, making them interesting for sensing applications. The luminescent sensing is essentially based on the host-guest interactions between the analytes molecules and the LMOFs, which gives rise to variations in the luminescent intensity (e.g. turn-on and turn-off effects) or peak positions. Classic sensing mechanisms are photo-induced electron transfer (PET), intermolecular charge transfer (ICT) and Forster energy transfer (FRET). 24,152 Detailed description of every sensing mechanism in LMOFs can be found in the reviews by Yan 153 , while Cui et al. specifically focused on sensing strategy with potential in practical applications, which include the use of functional sites for selective sensing, turn-on luminescent sensing and self-referencing sensing based on dual-emitting MOFs. 149 It is noteworthy that LMOFs also bear limitations such as relatively low sensitivity compared to organic based system when the sensitivity comes from ligand-to-metal-transfer.

LMOFs-based gas/vapour sensing has been extensively investigated and comprehensively reviewed recently. 141,149,151,152,[154][155][156][157][158][159] Similar to chromism-based sensing, finely tuning the physical and chemical properties of LMOFs, such as introducing functional groups, tuning the hydrophobicity/hydrophilicity, the Lewis acidity/basicity, or playing with steric hindrance effect, can improve selectivity. 24,160 Li et al. provided their comprehensive insights on the rational designs of LMOFs as functional chemosensors, along with notable considerations of practical parameters for seeking real-time applicability. They also extensively reviewed the progress of LMOFs as explosive sensors, humidity sensors, gas sensors, ion sensors and VOCs sensors. 151 Another review published later by the same group highlighted the detection of different types of VOCs, chemical warfare agents and hazardous gases. 158 Sensing of environmental pollutants including pesticides, antibiotics, heavy-metal-ions, explosives and VOCs by LMOFs have also been highlighted. 152,159 Reviews from Lin et al. 156 Despite advancements in LMOFs for sensing applications, further improvements are still required for the practical implementations of LMOFs into sensors: (1) In the aspect of sensing VOCs, the majority of the reported results was examined in the liquid phase, yet the response might differ when the material encounters vapour-phase analytes. (2) The dominant construction strategy of LMOFs relies on either lanthanides metal ions or bulky -conjugated ligands, which generally are costly and produced on small scales. The typical synthesis of LMOFs highly depends on solvothermal reactions. Thus, scale-up synthesis and stability of LMOFs on a longer time scale still await further examination.

(3) The luminescent responses are, mostly, changes in emission intensity and positions, which currently are measurable through laboratory instruments. The signal transduction can therefore not be trivial, and the material needs to be firstly coupled with electronics with proper shaping processes. ( 4) Shaping of LMOFs is also an important step toward practical applications, calls for further attention, as it is another concern for fabricating a luminescent sensing device. In conclusion, luminescent MOFs for gas/vapour sensing application is still a young and active field with many promising results and several opportunities remain to move LMOFs from lab-scale to real-world applications.

Sensors based on optical index modulation

Fabry-Perot Interferometers

Interferometry is a technique based on the interaction between waves. 161 Fabry-Perot interferometers, also known as etalons, typically utilize the reflections and transmissions between two closely-seated parallel reflective surfaces. When the incident light travels in the cavity, multiple reflections occur and the path-length difference between subsequent transmissions results in an interference pattern, as shown in Figure 8. 162 The intensity of the output interference pattern is highly dependent on the distance between the mirrors l. When the distance l equals half of the wavelength of the incident light λ or one of its multiple, a standing wave with the longitudinal mode is created and a maximum transmittance is observed at the detector. The following equation can express this correlation:

λ = 2𝑛𝑙
𝑚 where m is the number of half wavelength inside the cavity, and n is the refractive index of the active medium. MOF films can function as the responsive medium of the Fabry-Perot (F-P) cavity. The first proof of concept was described by Lu and Hupp in 2010 for selective sensing of chemical vapours. 163 For example, a transparent thin film of ZIF-8 was deposited on an appropriate substrate (glass or silicon) and films with different thicknesses exhibited various colours, which can be attributed to the thickness-dependent optical interference in the visible region. Given that the cavity of ZIF-8 is evacuated and under vacuum (nvac=1), absorption of guest molecules modifies the bulk refractive index of the MOF, and red-shifts the interference peaks accordingly. In 2016, Chen et al. presented a high-performance etalon composed of hollow ZIF-8 nanoshell arrays and a thin layer of Pt coating, named hollow MOF nanoshell-based elaton (HMNSE). 110 The hollow ZIF-8 arrays function as the dielectric medium in between the reflective Si wafer substrate and the metal layer. The fabrication of the device requires several steps including repetitive in-situ growth of ZIF-8 on a monolayer of polystyrene (PS) nanospheres, removal of the PS cores to form the hollow structure of the MOF, followed by sputtering of Pt (Figure 9a). The interference peak wavelength and accordingly the colour of HMNSE was tuned by varying the size of ZIF-8 shell. Such construction allows large optical response and distinct colour output for selective detection of alcohols, ketones, nitriles, cyclohexane/benzene and xylene isomers in the vapour phase, as well as good repeatability and recyclability. Figure 9 presents the sensor optical shift upon exposure to saturated acetonitrile vapour (b) and different alcohols (c). This device also exhibits a wide detection range from 1000 to 20000 ppm for acetone vapours with a good correlation between the wavelength shift and the vapour concentration. Zhang et al. have also reported a Fabry-Perot optical sensor based on selfassembled UiO-66 nanocrystals for VOCs vapour sensing. They demonstrated that controlling the size and the missing-linker amount in UiO-66 crystals can tune the optical properties of the film, as well as enhance the sensitivity and recovery performance of the sensor. 164 Recently, Li et al. encapsulated TiO2 nanoparticles in HKUST-1 thin film in order to improve the sensitivity and response time of the sensor. 111 The HKUST-1⊃TiO2 composite film was fabricated through the layer-by-layer deposition of spray-coated MOF precursor solutions and pre-synthesized TiO2 NPs solution alternatively (Figure 9d). The authors demonstrated that the incorporation of TiO2 NPs increases the optical quality of the film, with narrower reflection bands and more intense reflectance compared to a bare MOF film of similar thickness. Furthermore, TiO2 NPs brought a higher affinity to isopropanol, ethanol and methanol to the HKUST-1-based F-P cavity, which was revealed by a larger redshift of the reflection bands upon vapour exposure. A shorter response time (27.6 s for HKUST-1 vs. 12.6 s for HKUST-1⊃TiO2 to acetone) was also observed with the HKUST-1⊃TiO2 composite due to enhanced H-bonding between TiO2 NPs and the tested oxygencontaining molecules. Colloidal crystals are typically submicron-sized spheres of silica or polymer in an ordered arrangement. The periodic variation of the refractive index in the crystals enables them to reflect light at a specific wavelength, also known as stopband. Adsorption of guest molecules can shift the stopband due to the changes in their effective refractive indexes and/or lattice spacing. 165 Based on this strategy, Hupp et al. have shown that coating a thin layer of ZIF-8 on colloidal crystals (CCs) can give rise to a device capable of VOCs sensing. 165 Li et al. also managed to deposit an ultrathin layer (~ 80 nm) of ZIF-8 on monolayer colloidal crystals (MCCs) via the LBL method. 166 This sensor can discriminate between different alcohols via the colorimetric response together with shifts in the reflectance peak. Later on, Chen et al. fabricated another optical sensor based on the self-assembly of polyhedral ZIF-8 into MCCs. 112 Three polyhedral ZIF-8 particles with different exposed facet were assembled, namely truncated cubic (TC) ZIF-8, truncated rhombic dodecahedral (TRD) ZIF-8, and rhombic dodecahedral (RD) ZIF-8 (Figure 10 a-d). A thin layer of Pt was sputtered on the MOF layer to enhance the output signal, leading to narrower full width at half maximums (FWHMs), higher reflectance peaks to valley ratios (p-v ratios) and more vivid colour (Figure 10e-f). Compared to polycrystalline ZIF-8, RD ZIF-8 MCCs lead to a more controlled crystal orientation and elimination of grain boundaries, resulting in a refined selectivity towards linear olefins (e.g. 1-hexane) over other BTEX species (benzene, toluene, ethylbenzene and xylene). Furthermore, the authors demonstrated that different exposed facets of ZIF-8 can regulate the sensitivity of the sensor via differentiated diffusion (Figure 10h). Especially, exposing (110) facet of ZIF-8 allows a more completed exposure of the six-membered window and consequently realizes the detection of C1-C8 linear alcohols, as well as the colorimetric discrimination of C5-C8 alkanes (Figure 10g). 

Bragg stacks

Bragg stacks (BSs), also known as Bragg mirrors or one-dimensional photonic crystals (1D PCs), typically consist of multiple dielectric layers with alternating high-and low refractive indexes (RI). The periodic structure enhances the reflections of certain wavelengths because of the diffraction and interferences at every interface. 113,[167][168][169] The optical response can often be intrinsically tuned by modifying the incident angles 170 and the stack thickness 113,114 . Similar to F-P interferometers, the position of the diffraction maxima λmax is at normal incidence given by: Combining responses from multiple MOF elements with appropriate signal analysis methods (colour image analysis and principal component analysis-PCA) generated analyte-specific fingerprints, which facilitated the single component discrimination of mixed vapours. In another study from the same group, post-synthetic modification (PSM) on either the SBU or the linker of CAU-1(Al) directly on an assembled BS of TiO2/CAU-1 was achieved to precisely tune the sensitivity and selectivity of the active MOF layers. 114 De-methoxylation of the SBU increased the pore accessibility and improved the possibility to form hydrogen bonds, while amidification of the linker with hexanoic acid brought hydrophobicity. Both modulations allowed a better distinction among water, alcohols (methanol, ethanol and iso-propanol) and n-heptane vapours. The first Bragg stack composed of NH2-MIL-88B nanoparticles and a functional polymer poly(styreneacrylic acid) was reported in 2020. 168 The polymer and the flexible MOF can both undergo swelling upon BTEX sorption and the associated volume change induces modifications in the thickness and RI of both components. Consequently, the sensitivity of the sensor is boosted with contributions from both parts. The brown-purple film also exhibited a colour variation correlated to the concentration of exposed BTEX vapours. Selective sensing of chlorobenzene has also been achieved using two other strategies: combining MOFs and graphene oxide as the sensing layer 173 and MOF metal doping. 174 

Diffraction grafting and colloidal film engineering

Engineering colloidal films of MOFs can create photonic structures for sensing applications. For example, Faustini et al. have described a soft-lithographic technique for the fabrication of submicrometer 2D photonic structures based on colloidal ZIF-8 or ZIF-8/TiO2 nanocomposites. 115 The sensor presented a selective detection of styrene under the interference of humidity, with a LoD of 57 ppm. The signal was transduced by the change in colour luminance, which originated from the MOF refractive index variation upon adsorption of the targeted analytes and can be detected by integrated cameras in smartphones. The same group also demonstrated an evaporation-directed crack patterning of MIL-101(Cr) colloidal films. 116 The crack pattern was promoted during dipcoating deposition, where controlling the evaporation front and the withdrawal speed guide the crack propagation and periodicity differently. The crack arrays acted as diffraction grafting and allowed the detection of toluene down to 200 ppm. Bai et al. introduced a responsive amorphous photonic structure (APS) constructed by the colloidal assembly of spherical/polyhedral ZIF-8 particles on a liquid-permeable substrate. 175 The infiltration-assisted Mayer rod coating can customize the colour of the film by controlling the wetting process (see Figure 11). This photonic structure exhibited a vapour-responsive colour variation, where distinctions among ethanol, methanol, acetone, toluene and DMF can be realized. 

Optical fibres

Optical fibres are often made of silica or plastic for the core, covered by a cladding layer with a lower refractive index. This structure allows light to propagate along the fibre by total internal reflections (TIR), where the fibre acts as a waveguide. In such manner, light can be transmitted over long distances with low loss and immunity to electromagnetic interferences. Optical fibres are commonly employed in telecommunication, but they have also been explored as chemical sensors.

Fibre optic interferometry is one of the chemical sensing approaches that make use of optical fibres that is known for its high sensitivity, but lacks chemical specificity. 162 One solution is to combine MOFs nanocrystals with optical fibres for improved selectivity. Several MOF-coated optical fibres have been reported to be able to selectively detect CO2 and H2. [176][177][178][179] Some studies have also explored their potential for VOCs sensing. For example, Zhu and coworkers coupled a single crystal of HKUST-1 to the end-face of an optical fibre using epoxy glue for quantitative detection of nitrobenzene (Figure 12a). 180 The sensing mechanism is based on the variation of the refractive index induced by the adsorption of nitrobenzene within the MOF crystal. The quantification was achieved by analysing the shifts of the interference spectra derived from the fibre optic interferometry (Figure 12b). Cao et al. also developed a methane-sensitive cladding layer by integrating ZIF-8 into a UV-curable polymer. 181 The detection limit of 1% methane in nitrogen was achieved by employing the ZIF-8/polymer coating in either single-mode or multi-mode fibres. In another work, Chen et al. realized the on-chip integration of ZIF-8 on the surface of a SiO2 waveguide. 117 The fabricated sensor exhibited high sensitivity towards ethanol with a large detection range of 0-1000 ppm and a low detection limit of 1.6 ppm. Recently, Huang et al. fabricated an optical microfibre interferometric VOC sensor based on evanescent field interaction with ZIF-8/graphene oxide nanocoating. 118 The surface of the optical fibre was pre-modified with graphene oxide (GO), where multilayers of ZIF-8 were grown subsequently via the in situ synthesis (Figure 12c). The GO layer enhanced the adhesion and homogeneity of ZIF-8 layers due to the large -conjugated network of GO. The sensor presented an ultrafast response of 118 ms towards ethanol with the LoD of 5.26 ppm, which was attributed to the porous structure of the ZIF-8/GO composite. 119 The LPGs enable a co-propagating mode, where the light in the core and the cladding interfere with each other and result in a sharp interference fringe as shown in Figure 13. Ethanol and methanol showed the largest interfering fringe shifts and greatest RI changes from 1.216 to 1.499 and 1.476, respectively. DFT calculations attributed the distinctive response toward ethanol and methanol to their different desorption energy from ZIF-8. In a follow-up study, Chiang et al. utilized the same configuration for real-time monitoring of bulkier molecules (e.g. toluene, pyridine) and proved that the adsorption dynamics is greatly linked to molecular geometries and kinetic diameters of the guest molecules. 183 Adsorption of toluene on ZIF-8 shifted the outcome interference spectrum by 4.3 nm after 40 min exposure. However, due to the slow adsorption dynamics and difficulty in desorption, the device is rather suitable for toluene capture than for the sensing application. 

Micro-ring Resonators

Similar to optical-fibre-based sensors, photonic micro-ring resonators detect the analytes based on evanescent field interaction and consequent changes in refractive index. However, the waveguides, in that case, are bendable and connected in a closed loop with a light source and a detector. Light in micro-ring resonators is propagated in the fashion of a circulating waveguide mode, which is derived from the total internal reflection of an arced boundary between a high and a low refractive index medium. As a result, the interaction between the sensitive layer and the analytes give rises to a shift in the resonant wavelength. 21,29 Tao et al. exemplified a micro-ring resonator with ZIF-8 coating for detection of multiple VOCs at ppb level including styrene, toluene, benzene, propylene and methanol. 29 The coating of ZIF-8 was achieved by in situ growth followed by chemical etching.

With the presence of ZIF-8, the sensitivity of the resonator was enhanced by a factor up to 1000 for propylene compared to a bare resonator. This can be attributed to the preconcentration of the analytes in ZIF-8. In addition, the hydrophobicity of ZIF-8 also made the device much less sensitive to humidity. The LoD ranged from 29 to 99 ppb with a response time of 30 min, which can be suitable for applications requiring high-accuracy.

Surface plasmon resonance

Surface plasmon resonance (SPR) occurs when incident light stimulates the resonant oscillation of plasmon at the interface between two media with opposite permittivity. When plasmonic metal nanoparticles are involved, the nanoscale dimension confines the oscillation on the particle surface, which is known as localized surface plasmon resonance. Plasmonic nanoparticles, typically Ag, Au and Cu, can interact with light in the visible and near-infrared regions. The presence of analytes at their surface can modify the local RI and results in a shift in the resonance wavelength. MOFs incorporating SPR platforms can amplify the sensor response, therefore extending its applications from biomolecule detection to VOCs sensing. 186,187 Vanderzande et al. presented a ppm-level detection of alcohol vapours using MOF-functionalized SPR sensors. 120 A layer of ZIF-8 or ZIF-93 was deposited as a recognition layer on a gold surface of the fibre-optic-based SPR sensors (see Figure 14a). Upon exposure to several alcohol vapours (MeOH, n-BuOH, etc.), the bare SPR sensor did not exhibit any detectable SPR activity due to the low intrinsic RI of the alcohols. With the assistance of MOF coating, vapours with ppm concentration were detected. A LoD of 2.5 ppm for methanol was realized by the ZIF-8 coated sensor. ZIF-93 coating presented the highest sensitivity and selectivity towards MeOH at low partial pressure due to its hydrophilicity, whereas ZIF-8 showed high sensitivity to MeOH at high partial pressure because of the molecular clustering effect. Such difference in recognition behaviour can be used for qualitative distinction of the vapour composition. Lately, Ameloot et al. explored surface plasmon polariton (SPP) resonance by incorporating a ZIF-8 thin film via CVD approach onto an AlOx/Ag layered surface on a glass substrate for methanol detection. 121 The sample configuration is illustrated in Figure 14b. The signal of VOC uptake was transduced into SPP shifts by applying spectroscopic total internal reflection ellipsometry (TIRE). Upon exposure to MeOH vapour, the sensor responded up to 160 nm in the SPP shifts with a LoD lower than 1 ppm (Figure 14c). A resolution of 10 -5 in refractive index units was achieved by optical modelling of measured TIRE/SPP spectra, which outperformed conventional ellipsometric porosimetry. Phan-Quang et al. also realized a real-time stand-off SERS spectroscopy with the integration of Ag@ZIF-8 for remote and multiplex detection of airborne molecules. 124 The platform was fabricated via the drop-casting multiple layers of the solution of pre-synthesized Ag@ZIF-8 coreshell composite. The formed 3D structure of Ag@ZIF-8 has a thickness of ca. 1.3 m after 10-15 layers with an interparticle distance of Ag cores of ca. 10 nm, which allows strong plasmonic coupling for intense SERS hotspots. Upon exposure to vapours of the probe molecule 4methanylbenzenethiol (4-MBT), it presented a rapid response of 10 s under 500 ppm and the signals were 6-fold more intense compared to the control platforms (the MOF-coated Ag platform and bare Ag nanocubes). Notably, the multilayered structure also brought an appropriate hotspot focal depth to be able to cooperate with the stand-off Raman system. The response of the sensor can therefore be recorded with the detector placed 2-10 m apart with 8-fold less laser power employed ( 55 mW, see Figure 15c). The Ag@ZIF-8 combined stand-off Raman detection can respond to a minimum of 50 ppb aerosolized 4-MBT and a linear calibration curve can be constructed within the range of 500 ppm to 50 ppb. Outdoor sensing of aerosolized mixtures of (poly)cyclic aromatic hydrocarbons (PAHs), naphthalene and toluene was also realized. The reported platform can elucidate the characteristic vibrational fingerprints of each species within 10 s under the interference of a daylight background (Figure 15d).

Min et al. also explored a SERS-active sensory array based on MIL-100(Fe) for ultrasensitive and multiplex detection of VOCs. 27 The LoD for toluene was 2.5 ppm on solely MIL-100(Fe) substrate, and depositing gold nanoparticles over MIL-100 greatly amplified the signal with the enhancement factor up to 10 10 , which consequently reduced the LoD for toluene to 0.48 ppb. The high-SERS activity of MIL-100(Fe) can be accounted for a charge transfer enhancement mechanism between the framework and the analytes, which was confirmed by the specific adsorption energy and DFT calculation. Especially, the aromatic ligand and metal active sites are preferably combined by different molecules (e.g. toluene adsorption via - interaction and acetone via Fe-O coordination), providing a sensor array property for multiplex VOCs detection. Finally, MOF-integrated plasmonic surface-enhanced infrared adsorption platform was explored by Mu et al., where ZIF-8 was coated on Au antenna to realize on-chip sensing of greenhouse gases (CH4 and CO2). 195 

Conclusions and perspectives

This review summarizes recent progresses on MOF-based colorimetric sensors with particular highlights on VOCs sensing. The versatility of MOFs features their unique chemical and physical properties, drawing extensive research interest on them, especially as chemical sensing materials.

The advancement of integrated circuits and miniaturization of electronic devices, combined with the development of MOF film fabrication, recently allowed the preliminary laboratory demonstrations to practical VOCs sensing application of MOFs.

Compared to MOF-based electronic sensors, research on MOF-based colorimetric sensors is still in the early stage. Chromism sensing exhibits straightforward output with often naked-eye observable colour change. The colorimetric responses highly rely on the design of MOF structures including modifying the coordination geometry of the metal sites in MOFs, using chromophoric ligands and encapsulating functional chromophores. Although many studies have demonstrated sensitive and selective sensing of VOCs using chromic MOFs, the delivered selectivity targets groups of VOCs and often lack refined selectivity towards individual compounds as well as missing the examination of the materials under environmental conditions. The combination of multiple MOFs to create a sensor array can take advantage of the differentiated affinity of each MOF component and thus, an improved selectivity might be achieved. Besides, the shaping of colorimetric MOFs requires further attention, as it can also strongly influence the sensing performances. The reproducibility of nanoMOF-integrated sensing devices also needs critical recognition as it highly relies on the purity of MOFs, their activation status, and water-stability for consistent long-term performance. Luminescent sensing shares similar characteristics, where the intensity of luminescence is modified by the targeting analytes. The various choices of building blocks and diverse guest-recognition mechanisms have made luminescent MOFs rapidly evolving for sensing applications. The prominent challenge of luminescent MOFs is, similar to colorimetric MOFs, a lack of processability for practical implementations. Specifically, the construction of MOFs as thin films or membranes is starting, yet comprehensive evaluations of their performances including sensitivity, selectivity, response time, stability and recyclability still await further efforts.

In addition, evaluating the luminescence change often requires specific instruments, which may pose additional obstacles to their practical applications. Overall, there is still a long journey ahead for chromism-and luminescent-based MOFs to achieve ultra-sensitive VOC sensing, especially for real-world sensing installation. Their limitation of sensitivity comes intrinsically from their sensing mechanisms thus colour-based sensors can hardly compete with other techniques like SERS. Nonetheless, colour-based MOFs for VOC sensing possess their own advantages as they are easy to operate and interpret, not even to mention the customizable selectivity provided by desired MOFs. Yet, one needs to note that the unique selective behaviour of MOFs is not a confirmation of outstanding sensing ability. It is also worth to investigate and examine promising materials under different circumstances. To summarize, Despite the advantage of facile naked-eye observation, limited studies examined chromic and luminescent MOFs under VOCs vapor, and sensing performance was often not systematically investigated. The reported LoD of some chromic or luminescent MOFs falls at ppm levels and can be varied greatly depending on the selected MOFs.

It is worth to mention their sensitivity is also greatly limited by their sensing mechanisms, especially for the ones relying on ligand-to-metal transfer, which makes them much less sensitive to the organic-based system. Adding to the lack of shaping process, considerable effort is still required at this stage in order to apply and transfer these two types of MOFs into real devices.

Other optical sensors are based on the change of optical index induced by the absorbance of analytes on the MOF sensing layer. For such purpose, multiple techniques have integrated MOFs in the form of thin films or photonic crystals into sensing devices. They present great potential in VOC vapour sensing with sensitivity at ppb to ppm level. Particularly, Fabry-Perot interferometers can efficiently transduce adsorption-induced refractive index change, with sensing performances including sensitivity, selectivity and response time that are highly associated with the sorption features of integrated MOF layers. MOFs sorption ability not only depends on their microstructure and intrinsic physico-chemical properties but is also related to the attributes of MOF-film engineering. Reducing the thickness of MOF films can accelerate the mass-transport process of analytes, but at the same time, can damage the optical properties of the sensor by diminishing the magnitude of RI, leading to undermined performance. Furthermore, the orientation of MOF particles can also impact the optical properties of the film, as highly oriented films can enhance both the selectivity 112 and signal intensity for potential colorimetric sensing. Another possible strategy to optimize the signal transduction is the hybridization of MOFs with oxide nanoparticles. One way is to integrate MOF photonic crystal into Bragg stacks with contrast oxide NPs, which requires the size and morphology control during MOF synthesis. The other approach is by encapsulating oxide NPs into MOF films, however, obtaining a uniform and homogenous distribution of NPs is still challenging.

Optical fibres based on RI changes can also encode sensing events into spectra. They are known for immunity to electromagnetic interference and are generally light-weighted with small probe heads and high flexibility, which allows highly sensitive and multiplex detection in remote or harsh environments. The MOF coatings in optical fibres act as concentrators to boost the sensitivity (LoD under 10 ppm) and also potentially as sieving layer for enhanced selectivity. However, it is, like the aforementioned others, a technique under preliminary investigation, as only ZIF-8 was coated on the fibers, and ethanol was the only tested vapor. Thus, its selectivity remains ambiguous. The mechanical property of the MOF coating is a key factor for the practical integration of MOFs into optical fibres. In-situ growth of MOF films is widely adopted for optical fibre coating. Despite the convenience of this method, it is challenging to precisely control the morphology and defects of the film, as well as not easily scalable. Besides, mismatching MOFs with weakly adhered optical fibres can cause damage to the MOF coating (e.g. cracks and shedding), thus hindering the performance of the sensor. MOF-polymer-based mixed-matrix membranes might be an alternative solution to tackle such drawbacks, yet a systematic investigation is still required.

SERS is recognized as a highly sensitive and selective technique for quantitative detection of chemicals at trace levels. MOFs have been identified as Raman active substrates and, with appropriate choices of candidates, their enhancement factor can be competitive with classic SERS substrates including noble metal NPs. These MOF-based SERS systems have been actively applied in vapour-phase sensing with promising processes recently. Configuration of core-shell structures between MOFs and plasmonic noble metal NPs is also a popular strategy to improve sensing performances via enhanced substrate-analyte affinity or molecular trapping.

As multiple sensing techniques are involved in this review, it is also important to compare their performance and potential in practical applications. The detection and monitoring of VOCs in realworld require sufficient sensitivity of sensors considering the toxicity and exposure limits of VOCs, especially carcinogenic ones including benzene, formaldehyde, toluene, etc. For example, the exposure limit of formaldehyde regulated by the EU is 300 ppb for 8h average exposure, and 600 ppb for short term exposure (data from GESTIS database). The LoD of MOF-incorporated colorimetric and luminescent sensing is grouped around ppm level, as they are mostly preliminary research. Micro-ring resonators, SPP resonance, and SERS can handle ppb-level detection. However, micro-ring resonators with MOFs coating and SPP resonance are currently at the proofof-concept level. Their performance under practical conditions including interfering gases/vapors and humidity still needs further examination. At the current stage, SERS can be considered as the platform closest to actual application for its refined LoD (lowest report value 0.48 ppb) and fast response time (several seconds). The cost of MOFs is a generally concerned topic when speaking about their real application due to sometimes harsh synthetic conditions and/or costly chemicals, large scale market, thus limiting their large scale production avaibility. Optimizing MOF synthesis and large-scale production are important contributing factors that can benefit MOFs' practical use.

The key challenge for MOF-based SERS, as well as for other MOF-integrated proof-of-concept techniques, is to expand the spectrum of MOF candidates. The majority of research on sensing applications employed limited benchmark MOFs such as ZIF-8 or HKUST-1, due to their welldeveloped facile synthesis and diverse shaping approaches. However, they have drawbacks including poor chemical stability (HKUST-1), insufficient water stability and the narrow pore sizes of ZIF-8(4 Å) that limit their potential for practical usage, especially in large-molecule sensing. Besides, difficulty in functionalization further obstacles them by restricted tailorability for desired analytes. Conventional one-pot MOF synthesis generally acquires harsh conditions (e.g. high pressure and temperature), especially for water-stable high-valence MOFs, which makes it complicated to further incorporate with nanoparticles. Thus, developments on the mild-condition synthesis of MOFs expect to promote a further diverse application, where the potential of MOFs can be fully explored.

Chapter Introduction

This chapter deals with the design of porous switchable solids based on Fe III spin crossover complexes loaded in MOFs' pores followed by an exploration of the shaping of the material into thin films. The chapter is therefore divided into three parts. The first one reports a room temperature bistable material based on MOFs and spin crossover complexes. It is in the format of a research article currently in revision in Chemistry of Materials. The second part investigates the functionalization of the SCO complex and its impact on the magnetic behavior of the MOF-SCO composites. The third part presents the investigation of the colloidal properties of the chosen MOF in different dispersants and the fabrication of thin films from the colloidal dispersion.

A novel strategy to build bistable nanomaterials is introduced in the article. Loading the Fe III SCO complexes into the robust large pores MOF-808(Zr) through direct impregnation results in a porous composite with cooperative thermal transition centered around room temperature. Such SCO property appears to be independent of the crystal size and the complex loading. The origin of this unprecedented behavior is tentatively explained by the strong interactions between the complex and the backbone of the host matrix, which was confirmed by DFT calculations. Its porosity and SCO-caused color switching make it an appealing material for the design of chemical sensors.

The second part investigates the effect of functionalizing the parent Fe III complex with a naphthalene group. The naphthalene-substituted composite is synthesized similarly to the parent complex via direct impregnation. This aromatic group is assumed to exhibit stronger - interaction with MOF backbones after being incorporated into MOF-808, modifying accordingly the SCO behavior.

Shaping the powdered samples into thin films is a pre-requisite step toward the exploration of the sensing potential of the MOF-SCO compounds and is described in the third part of the chapter. Stable colloidal suspensions are required for such purpose. Three parameters were explored to investigate the colloidal behavior of MOF-808 nanocrystals: the nature of the dispersant, the suspension preparing method, and the impact of formate removal from MOF-808. Once stable suspensions are obtained, they are deposited onto the substrate through two different methods: dip coating and spin coating. After fabrication of MOF thin films, MOF-SCO composite films are easily obtained by post-encapsulation of the SCO complex into the MOF thin film.

2.1 Design of bistable porous switchable nanocrystals through the controlled loading of spin crossover complexes in Metal-Organic Frameworks

Author contributions

In this work, the synthesis of MOF-808 with different sizes was performed by myself, J. 

Introduction

Bistable nano-objects are particularly appealing for several applications such as data storage, display devices and sensing. 1,2 Spin crossover (SCO) compounds are typically d 4 to d 7 metal complexes in octahedral geometries that can undergo a conversion between a low spin (LS) and a high spin (HS) state upon various stimuli including temperature, pressure, light or a change in chemical environment. 3 In some cases, the LS and HS states can be stable in a given temperature range, making them prototypical bistable objects. Bistability is generally related to the volume change of the SCO species that occurs upon the LS-HS spin transition, due to the population of antibonding orbitals of the spin crossover cation. Indeed, in the crystalline state, this volume change can affect both neighboring spin crossover entities through short-range interactions and the whole solid through so-called elastic interactions. 4,5 Therefore, a common strategy for the synthesis of bistable spin crossover solids relies on the design of solids with strong intermolecular interactions. In the case of molecular complexes, this can be achieved by using linkers that can interact with each other, such as through -stacking or H-bonding. 3,6 However, the scope of design that can be reached is often limited as it is difficult to predict and control how species will be packed in a molecular crystal. This limitation can be overcome by the design of coordination frameworks where the spin crossover centers are linked by coordination bonds, resulting in 1 to 3D compounds with bistability at room temperature. 3 In addition, some of these materials are porous, opening up opportunities for the preparation of host-guest switchable compounds. [7][8][9] In most cases, the bistability is related to the crystal size and often disappears at the nanoscale. 10,11 Indeed, reducing the crystal size domain decreases the strength of the elastic interactions that often drive cooperativity. Thus, the preparation of bistable spin crossover nanocrystals is still challenging, although a prerequisite for their integration into electronic devices. It is therefore of particular interest to develop (nano)materials where the cooperativity does not come from elastic interactions. Ideally, one could tailor strong short-range interactions between the spin crossover center and its surrounding. This concept has previously been evidenced at the macroscopic scale, where the cooperative character of the thermal spin transition of spin crossover micro-or nano-crystals is tuned by dispersing them in different media. [12][13][14][15] Alternatively, at the nanoscale, loading molecular complexes into ordered nanoporous materials could lead to similar effects. Several reports have described the loading of spin crossover complexes into layered solids, zeolites or Metal-Organic Frameworks (MOFs). [16][17][18][19][20] Diamagnetic MOFs are particularly appealing for such application, due to their highly tunable, ordered porous structure whose functions can easily be adapted to the targeted application. 21,2 For example, some of us have encapsulated the Fe III (sal2trien) + spin crossover cation in the mesoporous MIL-100(Al) by in situ synthesis of the complex in the MOF' pores, giving rise to a compound presenting a spin crossover upon water sorption at room temperature. 22 Recently, we also anchored [Fe II (BPI)(HBPI)(ClO4)2] -in MFU-4(l) and MIL-100(Al) by the sequential installation of the linkers and Fe(II) cations to obtain solids with a solvatochromic behavior upon sorption of alcohols. 23 However, to date, none of these materials exhibit cooperative thermal spin transitions. [22][23][24] Here, we describe the loading of a prototypical Fe(III) spin crossover complex in MOF-808, a chemically robust large pores (~18 Å) Zr-based MOF. 25 The solids present a cooperative thermal spin transition close to room temperature that is independent of the SCO complex loading and the MOF particle size while remaining highly porous, which opens up opportunities for their use as chemical sensors.

Results and discussion

MOF-808 or Zr6O4(OH)4(BTC)2(HCOO)6 is a chemically robust nanoporous Zr(IV)-based MOF composed of 6-connected Zr6 nodes and trimesic acid (or 1,3,5 Benzenetricarboxylic acid). The framework, with a spn topology, consists of 4.8 Å tetrahedral cages and large adamantane cages with a free diameter of 18.4 Å and exhibits a BET surface area close to 2,000 m 2 .g -1 (N2 porosimetry at 77K). 25 Recently, some of us have reported a scalable green room temperature synthesis, giving access to a control of the MOF particle size from 30 to 850 nm, 26 which was first applied to the catalytic hydrolysis of peptide bonds. 27 Given the large pore size and good chemical stability of MOF-808, along with its colorless and diamagnetic nature, we selected this MOF as a host matrix to encapsulate SCO complexes towards a comprehensive investigation of the confinement effect. Fe III (sal2trien)NO3 (noted 1) was loaded into MOF-808 with three different particle sizes prepared either through the room temperature approach (30 nm, 850 nm) or using solvothermal conditions (120 nm) by soaking the MOF in a concentrated solution of Fe(III) complex in dichloromethane at room temperature. The molecular size of Fe III (sal2trien) + is approximately 8 Å, which is by far small enough to enter the adamantane pores of MOF-808. Excess SCO complexes were removed by repeated washing of the solids with dichloromethane (details in supporting information). Despite the fact that the windows of MOF-808 pores are larger than the size of Fe III (sal2trien) + cations, negligible leakage of SCO complexes was observed after additional washings using the same solvent. This suggests the presence of strong intermolecular interactions between the MOF matrix and the inserted complexes.

The color of the solid turned from colorless to black-brown after loading, in agreement with the successful encapsulation of the SCO complex. PXRD patterns of 1⊂MOF-808 confirmed that the structural integrity of the host matrix was preserved after the loading process (Fig. 1a and Fig. S1). As expected, the relative intensity of the low-angle peaks was reduced in Fe III (sal2trien)⊂MOF-808 compared to MOF-808, further demonstrating the successful loading of the SCO complex in the pores of the MOF rather than complex recrystallization or anchoring to the MOF surface. HRTEM further proved that the MOF crystals maintained their high crystallinity after loading, with well-defined polyhedral shapes, even for the smallest nanocrystals (Fig. 1b-c and Fig. S2). In addition, the STEM-EDX elemental mappings (Fig. 1d and Fig. S3) revealed a regular distribution of SCO complexes in MOF-808 nanocrystals. Energy dispersive X-ray (EDX) analysis revealed the average Fe : Zr atomic ratio of 0.21 for a saturated loading in 120 nm MOF-808 particle (sample denoted as 1⊂120 nm-a), corresponding to 5.1 complex molecules per host cage, in good agreement with thermogravimetric analysis (Fig. S4). Since the volume of a single Fe(sal2trien)NO3 complex is around 540 Å 3 according to the single crystal structure of the complex, a theoretical maximal loading capacity of 8 complexes per adamantane cage was estimated, in good agreement with the SEM-EDX and STEM-EDX results (Fig. S5).

The iron content of the samples with different particle sizes and complex loading is presented in Table 1. 1⊂MOF-808 was further characterized using pair distribution function (PDF) that gives access to the interatomic distances in amorphous or crystalline solids. The differential signal between 1⊂MOF-808 and MOF-808 presents characteristic peaks of the Fe III (sal2trien) + cation, suggesting that the coordination sphere of the complex is retained after loading (see Fig. S6). The Infrared and Raman spectra of all 1⊂MOF-808 samples, including those of different MOF particle sizes and complex loading amounts, match well the characteristic peaks from 1, further confirming the successful complex encapsulation (Fig. 2 and Fig. S7). The most intense peaks of MOF-808 (at 1000 cm -1 and 1450 cm -1 ) are also distinguished in the infrared spectra of the hybrid composites.

The amount of complexes loaded in MOF-808 was then tuned by adjusting the concentration of the SCO solution used for the loading process. By decreasing the starting ratio of 1:MOF-808 from 1:2 to 1:12, the incorporated amount of loaded complex proportionately decreased by a factor of 4 and the Fe : Zr ratio reached 0.055. The MOF-808 particle size therefore has a negligible impact on the loading capacity. In details, for a given loading process, the largest particle size (850 nm) shows the highest Fe loading with 0.3 Fe/Zr ratio, which corresponds to approximately 7.2 SCO molecules per cage, while the 30 nm particles contain 6.8 SCO molecules per cage.

Table 1. Summary of all 1⊂MOF-808 composites with different particle sizes and various synthetic conditions.

The porosity of MOF-808 and 1⊂MOF-808 composites was evaluated by N2 porosimetry (at 77K). The parent MOF-808 compounds showed comparable Brunauer-Emmett-Teller (BET) surface areas (2080 m 2 /g) and nitrogen uptakes (480 cm 3 /g) to those reported before. 25,26 After incorporating the Fe complex, both nitrogen uptake and BET surface area decreased, which is consistent with Fe(sal2trien)NO3 molecules occupying the pores of the host matrix (Fig. 2 and Fig. S8-9). Noticeably, the pore size distribution (see Fig. S8-9 for details) indicates that the compounds maintained a residual microporosity from the tetrahedral cages, even for the maximum loading, with the porosity associated to the 18.4 Å adamantane cages being reduced significantly, corroborating the successful loading of the Fe complex into these large pores. Variable temperature magnetic susceptibility measurements were then performed on 1⊂MOF-808 samples at a sweep rate of 0.5 K/min in order to study their switching behavior. While Fe(sal2trien)NO3 stayed in the LS state at all temperatures, 28 all composites with a saturated loadings showed a cooperative thermal transition centered around 281 K (280.1 K for 850 nm host, 284.0 K for 120 nm, 280.6 K for 30 nm). Noticeably, the transition did not proceed to completeness for all three samples. At 150K, χMT values are 1.6 emu•K•mol -1 for 850 nm, 1.25 emu•K•mol -1 for 120 nm and 1.8 emu•K•mol -1 for 30 nm MOF particle size corresponding to approximately 70%, 78%, and 65% of LS Fe III , respectively. At 400K, MT showed a value of 3.24 emu•K•mol -1 for 850 nm MOF-808 particles, which indicates that ca. 25% of Fe III remains LS. A similar residual LS fraction at high temperature was observed for 120 and 30 nm nanoparticles. Therefore, regardless of the MOF particle size, ca. 50% of the Fe III complexes undergo a thermal spin crossover. Moreover, 20 to 30 K wide thermal hysteresis loops were observed irrespective of the particle size. In the literature, size reduction often leads to a decrease in transition temperature and loss of cooperativity. 10,11 Notably, such deterioration is not present in the 1⊂MOF-808 system and instead, it reveals a strongly cooperative thermal transition close to room temperature regardless of crystal size. This suggests that the cooperativity in 1⊂MOF-808 originates from short-range interactions between the SCO complex and the MOF backbone inside the adamantane cage rather than from long-range interactions occurring in the whole solid. To further investigate the switching behavior of the 1⊂MOF-808 composites, measurements were performed at different sweep rates from 2 K/min to 0.25 K/min on the 120 nm sample. Decreasing the sweep rate led to a more complete thermal transition, revealing the slow kinetics of the thermal spin transition. This observation was somehow unexpected for Fe III SCO complexes that typically present much faster spin transition dynamics around room temperature 29 and again suggests the existence of strong intermolecular interactions between the SCO complexes and the MOF backbone influencing the spin crossover kinetics. We then explored the effect of the SCO loading on the thermal spin crossover behavior of 1⊂MOF-808. Surprisingly, the compound with the lowest Fe loading (1⊂120 nm-5.5% (that contains approximately 1.2 complexes per cage), still displayed a thermally induced spin transition located at 280.3 K with a 24.2 K wide hysteresis loop, comparable to the sample containing 6 complexes per cage (see Fig. S10). Furthermore, a lower residual Fe III HS fraction was observed at 150 K compared to a higher loading sample (MT of 1.30 emu•K•mol -1 at 200 K vs. 1.49 emu•K•mol -1 for the highest loading). Keeping a wide thermal hysteresis at low complex loading strongly supports the presence of strong interactions between the MOF backbone and the SCO complex. Indeed, lowering the concentration of the Fe III complex in a host matrix usually leads to a gradual spin transition, as it weakens the intermolecular interactions at the origin of cooperative processes. 30 Variable temperature Mössbauer spectra were then registered on a 1⊂120 nm, a powdered sample enriched in 57 Fe (see Fig. 4). At 300 and 77 K, the spectra can be well described with two asymmetrical quadrupolar doublets, attributed to LS and HS Fe III (sal2trien) + species and the presence of some preferential effect. Cooling down the sample led to a decrease in the HS fraction from γHS = 0.77 at 300 K to γHS = 0.49 at 77 K, in agreement with magnetic susceptibility measurements. Notably, the HS species showed a slightly higher quadrupolar splitting (0.73 mm.s -1 at 300 K) than those reported for Fe III (sal2trien) + in molecular crystals or loaded in oxalate networks (ranging from 0 to 0.5 mm.s -1 ). 28,[31][32][33] This suggests a slightly more distorted environment around HS Fe III ions once loaded in MOF-808 than in the reference compounds, which may be due to strong intermolecular interactions between the Fe III (sal2trien) + species and the MOF backbone. On the opposite, the LS species presented both an isomer shift and a quadrupolar splitting perfectly in line with the reported values. In order to decipher the interactions between 1 and MOF-808 at the origin of the experimental observations, the preferential locations of the complex in the MOF have been determined by combining well-tempered metadynamics (WT-MTD) simulations 34 performed with the tightbinding GFN-xTB method 35 and structural optimizations carried out within DFT. 36,37 At first, the WT-MTD were applied to determine the most favorable locations of Ga III (sal2trien) + (2) in MOF-808 in presence of the NO3 -as counter-ion. The choice of the model system 2⊂MOF-808 is motivated by the facts (i) that Ga(III) and HS Fe(III) have similar ionic radii and (ii) that this system being a closed-shell system, the simulations done in a spin-restricted framework are computationally far less demanding than those that would be required for the open-shell 1⊂MOF-808 system. For our purposes, the relevant collective variables (CVs) used for sampling the free energy surface (FES) of 2⊂MOF-808 are the Cartesian coordinates of the Ga atoms (see SI for the Computational details). Fig. 5 shows the reconstructed FES F(T; xGa, yGa, zGa) (simulations performed at T = 350 K), evidencing that 2 are preferentially located close to the walls of the cavities of the MOF-808. The FES exhibits a myriad of minima (179 could be located) and the four most stable minima have been retained for further analysis. Table S2 lists the coordinates (xGa, yGa, zGa) of the Ga(III) ion and the values of free energy at these minima, as well as the corresponding snapshots. The most stable minimum of the FES results from the decomplexation of 2 and the migration of the Ga(III) ion into the MOF-808 host. For the three other minima, the complex is preserved and anchored to the wall of the host owing to π-π interactions involving a phenoxy ring of the ligand of the complex and a phenyl ring of the MOF. After having replaced Ga(III) by Fe(III), these three snapshots were used as starting points to optimize the structures of 1⊂MOF-808 in the LS and HS states using the dispersion corrected PBE-D3 functional (see Fig. 6 and the SI for the Computational details).

Table 2: Selected bond lengths (Å) and angular parameters (°) characterizing the geometry of Fe III (sal2trien) + in the DFT-optimized LS and HS geometries of 1⊂MOF-808 for the considered configurations. The values found for these structural parameters in the optimized gas-phase LS and HS geometries of the complex are also given. Table 2 summarizes the values of the structural parameters selected for characterizing the structure of Fe III (sal2trien) + in the DFT-optimized LS and HS geometries of 1⊂MOF-808: the Fe-O and Fe-N bond lengths, the parameter Σ that measures the deviation of the complex from an octahedral structure, the parameter Θ that measures the distortion from a perfect octahedral (Oh) towards a trigonal prismatic (D3h) geometry and , the dihedral angle between the least squares planes of the two phenoxy rings of the Fe III (sal2trien) + linker (see ESI for the definition of these parameters). For the encaged and the isolated complexes in either spin state, the Fe-O and Fe-N bond lengths are consistent with those determined by single crystal X-Ray diffraction on Fe III (sal2trien) + based compounds. 38 Concerning the distortion from the octahedral geometry, Halcrow et al. found that Σ =40-47° and Θ =56-98° in the LS structures and that Σ =86-118° and Θ =204-358° in the HS structures, which reflects larger and variable deviations from an ideal octahedral structure in the HS state than in the LS state. 38 The calculated values of Σ and Θ for Fe III (sal2trien) + in the gas-phase correspond to or are below the lower bound of the reported experimental values. However, they drastically increase on passing to the geometries of Fe III (sal2trien) + in 1⊂MOF-808, which means that Fe III (sal2trien) + complexes are more distorted when loaded in MOF-808 due to the strong host-guest interactions. In particular, the HS configurations are much more distorted than in the gas phase and in all the reported experimental structures. This qualitatively agrees with the Mössbauer results that suggest a highly distorted HS geometry of the Fe III (sal2trien) + cations when loaded into MOF-808. In addition, the anchoring of the complex can take place in different manners, leading to complexes exhibiting various degrees of deviation from an ideal octahedral geometry, which may explain the broadening of the Mössbauer lines. The angle α takes values lower than 90°, which experimentally correspond to LS and spin crossover complexes, while α > 90° tends to be observed for HS or mixed-spin molecules that do no present spin crossover. 38 Therefore, the values of α in the characterized configurations of the studied 1⊂MOF-808 are consistent with the fact that this compound undergoes a thermal spin crossover. In summary, the computational study evidenced that the anchoring of Fe III (sal2trien) + to the MOF-808 host proceeds mainly through π-π interactions. The complexes present a distorted geometry when loaded in the MOF, yet compatible with a thermal spin crossover. These two observations strongly support the fact that the MOF-complex supramolecular interactions are the key point to explain the switching properties of 1⊂MOF-808, as suggested by the magnetic measurements. More precisely, one can imagine that the interaction between Fe III (sal2trien) + and the MOF-808 structure forces the complex to stay in a distorted environment, which may add an additional energy barrier associated to the spin crossover process, giving rise to the appearance of an hysteresis loop in the thermal spin crossover. Compared to what happens in molecular solids, this strategy can give rise to bistable compounds without interactions between neighboring SCO complexes, therefore allowing access to robust bistable nano-objects that are particularly appealing for the design of optical or sensing devices.

Conclusion

We have developed a method that for the first time leads to porous solids presenting cooperative spin transition with a large hysteresis loop close to room temperature, based on the encapsulation of Fe(III) spin crossover complexes in the pores of MOF-808, with a minimal dependence on the SCO loading capacity. This unexpected behavior can be explained by the strong intermolecular interactions occurring in between the complex and the MOF scaffold, which creates an additional energy barrier affecting the spin transition behavior. The bistability observed here therefore comes from a molecular origin and hence does not depend on the MOF particle size or on the SCO loading capacity. This strategy opens broad perspectives for the design of bistable materials for display or sensing devices, as the switching properties are much more robust in this compound than in conventional spin crossover compounds where the cooperativity relies on elastic interactions.

Synthesis:

All commercial available chemicals were used without further purification. MOF-808 with three different particle sizes and Fe(sal2trien)NO3 were synthesized according to reported procedures.

Synthesis of MOF-808 nanocrystals

 120 nm MOF-808. This synthesis was adapted from the procedure described by H.Furukawa et al.: 1 1.49 g 1,3,5-benzentricarboxylic acid and 2.16 g ZrOCl2•8H2O were subsequently dissolved to a mixture of 128mL DMF and 133 mL formic acid in a 500 mL screwcapped glass jar. The solution was heated at 110 °C for 48 h. The white powder was collected and then refluxed in 250 mL DMF at 100 °C and 250 mL acetone at 60 °C, respectively. The final product was filtrated and dried in a vacuum oven.  30 nm MOF-808. The room-temperature synthesis of MOF-808 was previously reported by S. Dai et al.: 2 Zr6 oxoclusters were firstly synthesized by mixing 200g of ZrCl4 with 300 mL acetic acid and 500 mL isopropanol at 120 °C for 1 hour. Then 1.2 g of Zr6 oxoclusters were dispersed in 1 mL formic acid, followed by the addition of 1.67 ml of H2O. Subsequently, 300 mg 1,3,5-benzentricarboxylic acid was added and the reaction was stirred at room temperature overnight. The product was washed with H2O and EtOH, respectively, and dried under a vacuum.  850 nm MOF-808. A similar procedure was performed using different amounts of all starting materials: 0.6 g Zr6 oxoclusters, 3 mL formic acid, 5 ml H2O, and 150 mg 1,3,5benzentricarboxylic acid.

Synthesis of Fe(sal2trien)NO3 (1)

855 mg of salicylaldehyde and 500 mg of triethylenetetramine were added to 30 mL of MeOH under stirring. It was later mixed with another solution of 100 mg of NaOH in 30mL of MeOH. Subsequently, 1.41 g of Fe(NO3).9H2O was dissolved in 10 mL of MeOH and then added to the previous solution. After 2h under stirring at room temperature, the solvent was evaporated under reduced pressure. The remaining solid were recrystallized in water. Dark violet crystals were collected through filtration and dried under vacuum.

Synthesis of 1⊂MOF-808

In a typical synthesis, 100 mg MOF-808 was immersed in a solution containing 50 mg Fe(sal2trien)NO3 in 25mL of dichloromethane and stirred for 2h at room temperature. The sample was then collected by centrifugation, washed three times with 30 ml dichloromethane, and dried in a vacuum oven. In cases of lower loading, detailed recipe listed in the following 

Methods:

-Laboratory powder X-ray diffraction (PXRD): The conventional powder X-ray diffraction data were measured at room temperature with a Bruker D8 Advance diffractometer in Debye-Scherrer geometry (transmission mode), in 2-40° 2θ range, equipped withCu Kα radiation (λ = 1.5406 Å).

-Synchrotron powder X-ray diffraction (SPXRD) and pair distribution function analysis (PDF): The high energy (λ = 0.5130 Å) SPXRD data were collected at CRISTAL beamline (SOLEIL, France). The samples were loaded to 1 mm glass capillaries and measured at room temperature using 2 circle diffractometer with 1D detector (Mythen). Prior the transformation of powder diffraction pattern to PDF spectra, the empty glass 1.0 mm capillary was measured as a reference for the background substraction. The data reduction was performed using PDFgetX3 software. 3 The differential PDF was obtained after substraction of the normalized Zr-Zr correlation (3.5 Å) from the Fe(sal2trien)NO3-loaded and empty MOF-808, respectively. The calculated PDF of Fe(sal2trien) + was obtained using PDFgui software 4 from one of the crystal structures of Fe(sal2trien) + salts 5 , taking into account only the correlations of Fe(sal2trien) + .

-Thermogravimetric analysis (TGA): TGA measurements were performed on Mettler Toledo TGA/DSC 1, STAR®System apparatus under N2 atmosphere at a heating rate of 5 °C.min -1 up to 600 °C.

-Raman spectroscopy: Raman spectra were collected using an Anton Paar Cora 7200 spectrometer equipped with a 785 nm excitation Laser, a fiber optics based probe and a CCD detector controlled by the Cora7000, V2.2.0 software.

-

Infrared spectroscopy : Infrared spectra were measured with a Nicolet iS5 FTIR ThermoFisher spectrometer.

-N2 porosimetry: N2 sorption measurements were performed at 77 K on the Micromeretics Triflex apparatus. The MOF-808 samples (ca. 40 mg) were activated by heating the powder at 180 °C under a secondary vacuum for 12h. For the 1⊂MOF-808 samples, the activation was performed at 120 °C.

-SEM-EDX : Scanning Electron Microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX) results were recorded with FEI Magellan 400 scanning electron microscope. Average Fe and Zr values (Fe atm% to Zr) were calculated based on taking several points for each sample.

-High-resolution transmission electron microscopy: High-resolution TEM images (HRTEM) were acquired on a Titan Themis 200 microscope operating at 200 kV. This microscope is equipped with a Ceta 16M hybrid camera from Thermo Fischer Scientific capable of working under low electron irradiation conditions. The HRTEM images are obtained in low dose conditions with an irradiation current between 100 and 250 electrons per square angstroms. For the TEM grid preparation, a 2 μl drop of the solution is placed on a 200 mesh copper grid covered with a pure carbon membrane (from Ted Pella). 1⊂120 nm-5.5%

1⊂120 nm-21%

The MOF-808 formula at 100°C was determined based on NMR analysis to be Zr6O4(OH)4(BTC)1.88formate8.4DMF2.64 and was used as reference for the analysis of the MOF-808@Fe(sal2trien)NO3 compounds. The MW of these compounds was calculated from TGA based on the weight loss between 100 and 600°C.

1⊂MOF-808

Expected formula per Zr at 100°C 

Impact of the functionalization of the Fe III complex on the switching properties of the SCO⊂MOF hybrid compound

The intrinsic spin-crossover behavior of SCO materials relies greatly on the ligand field strength, particle size and surrounding chemical environment (e.g. solvent molecules, counter-ions…). Functionalization of ligand can modify its field splitting energy as well as the geometry of the complex, resulting in a modulation of its magnetic and optical properties. Tweedle and Wilson 1 firstly synthesized a series of Fe III (X-Sal2trien) + derivative complexes with ligands functionalized with various substituent groups (X= H, -OCH3, -NO2). They studied the spin states of each derivative in solution and found that the electronegative -NO2 substituents favor the low-spin state while -OCH3 groups stabilized the high-spin state. A similar impact of functional groups can be expected in SCO⊂MOF hybrid compounds. Naphthalene groups were also chosen to substitute the benzene group in the salicylaldehyde ligand because of its stronger potentialinteractions with the backbone of the framework (scheme in Figure 7a).

PXRD measurements applied to the Fe[(C4H4-Sal)2trien]NO3⊂MOF-808 compound and compared with the ones of the bare complex and MOF-808 (Figure 7b), confirm the preservation of the MOF structure after the loading process. The peaks from the Fe[(C4H4-Sal)2trien]NO3 (at 12.5° and 26°) are absent in the loaded compound, demonstrating that no recrystallization of the functionalized SCO complex occurred during the impregnation process. The decreased intensity of low-angle peaks in the PXRD pattern of the hybrid compound suggests the complex is successfully inserted in the adamantane cages of MOF-808. Infrared spectra also evidence the success of the loading, as the spectrum of Fe[(C4H4-Sal)2trien]NO3⊂MOF-808 presents distinctive peaks from both the host MOF and the SCO complex (Figure 7c). A residual N2 porosity is observed for the loaded MOF-808 with a total uptake capacity reduced by ca. 60% compared to the parent MOF-808 (430 cm 3 /g vs. 170 cm 3 /g) in agreement with a partial pore occupation of the complexes. The homogeneity of the complex loading and its content were confirmed by EDX analysis (Figure S1). The Fe:Zr atomic ratio is 0.18, approximately 35% less compared to the saturated loading of the non-substituted complex (0.28). Such reduction in loading is possibly caused by the bulkier volume of functionalized naphthalene group. Notably, a higher N2 uptake capacity of Fe[(C4H4-Sal)2trien]NO3⊂MOF-808 compared to non-substituted SCO⊂MOF-808 (170 cm 3 /g vs. 75 cm 3 /g) suggests a different packing style of the naphthalenefunctionalized complexes inside the pores of MOF-808. Variable temperature magnetic susceptibility measurement was performed on the SCOencapsulated sample in order to study its thermal switching behavior. A Quantum Design SQUID magnetometer was employed with the applied field of 5 kOe and a sweep rate of 0.5 K/min. The Fe[(C4H4-Sal)2trien]NO3⊂MOF-808 sample exhibits a cooperative thermal transition centered around 300 K (Figure 8), which is higher than the parent Fe III complex in MOF-808 (280.6 K). The thermal hysteresis loop shows an opening of ca. 30 K. It is worth to mention that the transition did not proceed to completeness. Based on theory, a complete LS-HS spin transition of Fe III complexes would lead to a χMT change from approximatively 0.375 to 4.375 emu.K.mol -1 .

Here, the χMT value is 1.5 emu.K.mol -1 at 150 K, corresponding to ca. 70% of LS Fe III . At 400 K, the value of χMT is 2.5 emu.K.mol -1 , suggesting that around 42% of Fe III remained LS. Overall, it indicates that introducing the naphthalene group into the complex stabilize the LS state in the Fe[(C4H4-Sal)2trien]NO3⊂MOF-808 compound. 

Fabrication of SCO⊂MOF thin films

The bistability of both Fe[(X-Sal)2trien]NO3⊂MOF-808 (X=H or C4H4) solids centered around room temperature confirms their possibility to be applied for sensing. For this purpose, it is inevitable to shape the compound powders into films to eliminate the strong scattering and also benefits systematic evaluations on their sensing performances.

As described in Chapter I, many techniques have been explored for fabricating MOF films. Among them, colloidal deposition is one of the easiest to operate and can be adapted to a broad range of MOFs. In order to apply this method, stable colloidal suspensions are first required before the fabrication process. The stability of colloidal suspensions is typically characterized by the measurement of the particle size distribution in solution using dynamic light scattering (DLS) technique and by the evaluation of the particle surface charge using zeta potential measurements.

Properties of MOF-808 suspensions

MOF-808 suspensions were prepared by dispersing a certain amount of MOF-808 nanoparticles (NPs) product in different solvents to get desired concentrations. The mixtures were later placed in the sonication bath for a couple of hours to disperse MOF-808 into the dispersant.

Impact of the solvent

MOF-808 NPs were synthesized according to the RT synthesis protocol reported by S. Dai et al. 2 The detailed synthesis can also be found in the appendix. SEM images indicate that NPs particle size is around 80 nm (Figure S2). The powders were then dispersed in water or ethanol to investigate their behavior in different solvents. DLS results are presented in Figure 9. In water, MOF-808 shows a colloidal size of ca. 150 nm at a concentration of 0.2 mg/mL (pH=3.8). At the same concentration, MOF-808 presents a bigger size of ca. 230 nm in ethanol. The zeta potential of both water and ethanol suspension is above 20 mV (31.5 mV in H2O and 24.8 mV in EtOH), therefore they can be considered as stable. 2 Suspensions with different concentrations were also prepared to examine any presence of aggregation, as concentrated suspensions can be useful for the film fabrication. The range of suspension concentration was prepared as follows: 0.2, 0.5, 1.0, 3.0 mg/mL. MOF-808 NPs exhibit a consistent size around 150 nm in water throughout the whole range of concentrations. Especially, PDI (polydispersity index) also remains under 0.1 for all examined water-based suspensions, confirming the good monodisperse character of these NPs in water. Zeta potentials in water are all above 30 mV, indicating the great stability of water suspensions that can be explained by the intrinsic hydrophilic character of MOF-808. In the case of ethanol, the colloidal size as well as the PDI, are also constant in the 0.5-3 mg/mL concentration range, (190 nm and 0.21, respectively). Therefore, MOF-808 NPs dispersed in ethanol within this concentration range can also be considered as stable as the zeta potential of each dispersion is above 25 mV. However, to fabricate MOF films at a certain thickness range (e.g. at the micron scale) requires more concentrated suspensions. Thus, it is necessary to examine the colloidal stability at higher concentrations. 

Impact of sample preparation

Dried NPs took several hours in the sonication bath to be dispersed in solution, but they can still suffer from limited dispersion quality. Moreover, it was very challenging to prepare suspensions with higher concentrations (larger than 3 mg/mL) via this method, as it would take too long to obtain a stable dispersion. An alternative option is to prepare the suspension without the drying step, in other words, dispersing samples just after the washing step. To investigate if the initial state of the sample affecting the colloidal stability, a dried MOF-808 powder containing 30 nm NPs (referred to as 'dry' in Figure 10a&b) and moist sample (referred to as 'wet' in Figure 10c&d) were dispersed in ethanol at different concentrations for DLS measurements. The 30 nm NPs used here were synthesized following the protocol described previously in the supporting information.

Figure 10a illustrates the size distribution and PDI of 30 nm NPs dispersed in ethanol at different concentrations. The nanocrystals colloidal size remains relatively constant around 160 nm and the PDI stay between 0.2 and 0.3 within the 0.5 mg/mL to 12 mg/mL concentration range. To compare, 80 nm NPs dispersed EtOH present a colloidal size of 180 nm at 0.5 mg/mL, which is similar to the colloidal size of 164 nm obtained at the same concentration with 30 nm nanocrystals although the particle size is 2.67 times smaller in the second case. This might be due to the insufficient dispersion and the aggregation of the nanoparticles. In addition, the zeta potential for the 30 nm NPs is only 3 mV at 0.5 mg/mL and gradually increase to 17.3 mV at 6 mg/mL, then is stabilized around 15 mV at higher concentrations (12.4 mV at 9 mg/mL and 15.5 mV at 12 mg/mL). This suggests a poor colloidal stability at the concentration lower than 3 mg/mL, which might be induced by higher pH values (5.6 for 0.3 mg/mL) of diluted suspensions.

When the suspension is prepared from moist samples, the highest stable concentration is 35 mg/mL. Compared to the dry sample, the colloidal size is greatly reduced to around 90 nm at 1 mg/mL and 6 mg/mL (Figure 10c). Even when the suspension is as concentrated as 35 mg/mL, there is only a slight increase in the particle size up to 99 nm. PDI remains below 0.2 at 1mg/mL and 6 mg/mL, and increases to 0.35 at 35 mg/mL. This suggests an increased polydispersity at a very high concentration. The suspensions are also stable as the values for zeta potential of all three tested concentrations are above 20 mV. One can therefore conclude that avoiding the drying step prior to produce the suspensions can facilitate more stable suspensions. We hypothesized that the during process is associated with inter-connections from the NP outer surface (e.g. between terminal Zr-OH and free -COOH groups), as observed in HRTEM (Figure 11). These strong (ionic covalent or electrostatic) bonds are therefore difficult to break, which explains the insufficient dispersion despite long sonication sessions. This is in agreement with several previous studies in the field of MOF NPs and biomedicine or mixed matrix membranes for gas separation where MOF nanoparticles are typically kept wet throughout the formulation process to avoid any particle aggregation that hamper the properties of the composites. 

Impact of formates anchored on the Zr 6 oxoclusters of MOF-808

A great amount of formic acid was used during the synthesis of MOF-808 NPs, resulting in formates anchored on the Zr6 oxoclusters, as reported previously in many other studies. Soaking NPs in a HCl aqueous solution is one way to replace most of the formates by chlorine ions. Such change in the composition is expected to impact the MOF hydrophilicity and charge-pH character and therefore change its colloidal behavior.

Synthesis and characterizations of formate-removed MOF-808

PXRD was used to examine the crystallinity of the solid after the HCl treatment. The resulting pattern is similar with the parent sample, confirming the integrity of the structure (Figure 12a). Thermal gravimetric analysis (TGA) results show an absence of weight loss in the temperature range of 150 C to 250 C after the HCl treatment (marked in purple in Figure 12b), while a weight loss in this region is observed in the pristine solid and can be attributed to the loss of coordinated formates. It is a first evidence of a successful removal of formates from MOF-808. 1 H NMR was then considered to quantify the residual formates. Figure 12c represents the spectrum of the sample after the HCl treatment and Figure 12d depicts the results of the pristine MOF-808. In Figure 12d, the peak located at 8.50 ppm can be attributed to formates, and the peak at 8.44 ppm to the linker, trimesic acid. The initial ratio of coordinated formates and the linker is 0.23:1. After being treated with HCl, the integration ratio between the peaks of formates and the linker decreases to 0.16: 1. Therefore, although there are still some residual formates, the content is significantly reduced after HCl treatment. 

DLS and zeta potential measurements

Wet HCl-treated 30 nm NPs are dispersed in water or ethanol to study their colloidal behavior. The concentration range is set between 0.5 mg/mL and 30 mg/mL. When the particles are dispersed in water, their colloidal size is ca. 120 nm on average with a PDI below 0.2 (Figure 13a). The zeta potential is also stabilized around 25 mV with a small drop at the highest concentration (Figure 13b). This evidences that the suspension is colloidally stable and that particles are rather monodispersed, even in concentrated suspensions. The colloidal size in ethanol is around 130 nm in the low concentration range of 0.5-5 mg/mL (see Figure 13c). The size difference in water and ethanol is ca. 15 nm, which is smaller than with the pristine formate containing samples (40 nm). The colloidal size increases to 170 nm in 30 mg/mL ethanol suspension and the PDI also shows a slight lift but still remains around 0.2. The zeta potential gradually decreases with the concentration increasing (Figure 13d). The value reached 10 mV at 30 mg/mL, while the sample without HCl treating (Figure 13d) retains its zeta potential above 20 mV at 35 mg/mL. Therefore, one can conclude that removing formates decreases the quality of the dispersion in ethanol, but its impact is relatively negligible in water. 

Fabrication and characterization of SCO⊂MOF-808 films

Two strategies can be adopted to fabricate SCO⊂MOF-808 films: from SCO⊂MOF suspensions, or post-encapsulate the SCO complex into a pre-made MOF-808 film. However, there is a risk for the Fe III (Sal2trien)NO3 complex to be dissolved and/or decomposed in several solvents including H2O, EtOH, acetone, THF, etc. Table 1 summarized the colloidal stability of the Fe III (Sal2trien)NO3⊂MOF-808 suspensions and the solubility of the Fe complex in different solvents. The compound can be dispersed successfully in acetone and alcohols, but not in less polar solvents such as DCM, chloroform, THF, hexane and toluene after an hour of sonication. Moreover, the supernatant of well-dispersed solutions was colored purple after centrifugation, which suggests the leakage of the SCO complex from MOF-808. Therefore, making thin films from these SCO⊂MOF suspensions is not possible. On the opposite, as demonstrated in the section 2.3.1, MOF-808 NPs can be dispersed in H2O and EtOH. Therefore, it is more convenient to adopt the post-encapsulation strategy. Two techniques were tested to fabricate the MOF films in this project: dip coating and spin coating. The principle is to dip the substrate into a nanoparticles suspension and to withdraw it at a constant speed. A thin film is obtained after the solvent fully evaporates. The thickness of the resulting film is therefore governed by the nature of solvents, the concentration of the mother solution, the temperature and the withdrawal speed. Adopting solvents with high surface tension like water can lead to divergent wetting. Volatile solvents, e.g. alcohols that possess low surface tension, are preferable in dip-coating as they are able to provide homogenous wetting of the substrate and promote expeditious evaporation. It is also obvious to realize that the lower concentration, the thinner the film is. During the withdrawal process, the driving forces include the capillary force, viscous drag (or gravity), and solvent evaporation (Figure 14a). The capillary force dominates when the withdrawal speed is below 0.1 mm/s and the thickness is in negative correlation with the withdrawal speed. When the speed is above 1 mm/s, the deposition falls into the viscous drag regime and the thickness increase with higher speed. The regime between 0.1 and 1 mm/s is defined as the intermediate regime. Figure 14b summarized the thickness under different regimes. 3,4 The following equation describes quantitively the thickness h0,

ℎ 0 = 𝑘 𝑖 ( 𝐸 𝐿𝑢 + 𝐷𝑢 2 3 ⁄ )
where ki is the solution composition constant, u is the withdrawal speed, E is the evaporation rate, L is the substrate width, and D is the solution physical-chemical characteristics. Several nanoMOFs (MIL-89(Fe) 5 , MIL-100(Cr or Fe) 6 , MIL-101(Cr) 7 , ZIF-8 8 ) have been shaped into thin films by this method. 

Fabrication and characterization of MOF-808 thin films by dip coating

Ethanol suspensions were used for dip coating instead of water suspensions due to the high surface tension of water. Transparent glass slides were chosen as substrate in order to be able to perform optical absorption spectra after encapsulation of the SCO complex. The concentration of the suspension was 3 mg/mL and the withdrawal speed set as 8 mm/s. Multiple layers were deposited onto the substrate to try to get a thick enough film that possess an intense color after the SCO complex loading. Figure 15a and Figure 15b show the pictures of the films with double deposition and triple deposition, respectively. Noteworthy, both films remain transparent after being coated on the glass. SEM images evidenced that an evenly distributed layer of NPs was deposited on the substrate (Figure 15c). Ellipsometry was employed to inspect the thickness of both films (Figure 15d). The double-layered film presents a thickness of around 120 nm and the triple-layered film is around 200 nm. Given the particle size of ca. 80 nm, the films are most likely built with few layers of particles. 

Encapsulation of Fe III (Sal2trien)NO3 inside the films

The films prepared by dip coating were soaked overnight in a DCM solution of the nonsubstituted complex and then rinsed in fresh DCM to remove the excess of complex. Figure 16a and Figure 16b show the color of double deposition and triple deposition after the loading process, respectively. Both films exhibit a perceptible light-violet color compared to the transparent parent films. The triple-coating film has a marginally more intense color than the double coating, as it holds more NPs. This color indicates a successful encapsulation of the complex. The absorbance of the films further confirmed their color after the encapsulation (Figure 16c&d). An additional peak around 500 nm appeared, in agreement with the absorbance of the SCO complex. However, this peak from the double-deposition film is almost negligible, and the intensity of the same peak from the thicker film is lower than 0.1. Thicker films are therefore required in order to obtain adequate absorbance intensity (at least 0.3) to be able to perform vapor sensing experiments. 

SCO⊂MOF-808 films by spin coating

Principle of spin coating

Spin coating is another solution-based method for film deposition. It can produce uniform thin films by spreading the fluid on a rotating substrate. This method can generate films thicknesses from nanometer scale to 200 m. The thickness relies on the spin rate, viscosity and concentration of the dispersion. The model to describe the thickness can be rather complicated, as the solvent evaporating increases the concentration and the viscosity of the solution while spinning. However, it has been proved experimentally that the dependence of the film thickness is proportional to the inverse square root of the rotation speed. 9 Defects and non-uniformities can arise from the process and commonly observed patterns are shown in Figure 17. Figure 17a is generally caused by particulate matter on the surface. Figure 17b shows a non-uniform distribution of the liquid, which is mainly due to the non-homogenous wetting. Figure 17c illustrates a partially uncoated area occurs when the initial volume of deposed liquid is too small. 

Fabrication and characterization of MOF-808 thin films by spin coating

30 nm NPs dispersed in ethanol were chosen for spin coating. The suspension was prepared from the moist product and its concentration was 30 mg/mL. The films were deposited on transparent glass covers at 1000 rpm. In each deposition, 100 L of liquid was injected in order to guarantee a complete coverage of the substrate. Multiple depositions were adopted to obtain films that hold a certain degree of transparency as well as present suitable thickness to lead to an intense color after the insertion of the SCO complex.

The inset of Figure 18a shows the picture of a film with 3-layerdeposition. The film is still quite transparent but it also exhibits a strong light scattering. In addition, two concentric circles can be observed in the film. They correspond to the rubber ring of the spinning platform in the spin coater where the substrate is placed. The glass cover that is used as the substrate is fixed by vacuum suction during spinning and it is very thin and can be deformed along the rubber ring by the suction. After a certain threshold of thickness, the films cracked due to the surface tension, as there is no additional bender to increase the mechanical strength of the film. As a result, the film peels from the substrate, which explains the partially uncovered areas around the corners and edges of the film.

Under an optical microscope, the film displays an irregular cracking pattern (Figure 18a). To further investigate the cracking pattern and the thickness of the 3-layerfilm, SEM was employed. Figure 18b shows segments from the sample that was scraped from the film. Some remain intact, demonstrating their mechanical rigidity despite the absence of binder. Furthermore, the thickness is also confirmed to be around 1.1 m by imaging some pieces that are oriented vertically to the camera. The cross-section of the film serves as more direct measurement of the thickness. However, due to the insulating nature of glass, it is challenging to obtain a clear view of the cross-section using SEM. Therefore, Si wafer are adopted as substrates to compensate for the electron accumulation during SEM measurements. Figure 18c shows the cross-section across the center of the film deposited on a Si wafer, where the fragmentation of the film is also visible. The thickness of each piece is around 1 m (a projection factor of cos 45 was applied due to the titled measuring platform). Given that the thickness of the films on the Si wafer agrees with the number from the glass sample, one can extrapolate the NPs suspension acts equivalently on Si and glass. Finally, higher resolution SEM indicates that the nanoparticles are tightly packed, as shown in Figure 18d, which may explain the compactness of each film fragment. A 5-layer deposition process was used to produce a thicker film. The film (inset of Figure 19a) looks similar to the 3-layer sample with partial exfoliation around the edges. It presents less translucent than the thinner film and stronger light scattering on the surface. Cracks also appear in this film under the optical microscope (Figure 19a). SEM measurements show fragments from scrapped films on glass that were more intact than the 3-layer deposition films (Figure 19b). Each vertical segment displays a width ranging from 1.1 to 1.4 m. The suspension was also deposited on Si wafer in the same manner. The cross-section across the center of the film on Si has a thickness of around 1.5 m after the projection correction (cos 45), which is comparable to the glass sample. Similarly to the 3-layer film, the packing of NPs in the thicker film is also very compact (Figure 19d). To investigate the impact of spin speed on the thickness and packing, the spin rate was increased to 4000 rpm and the deposition kept at 5 layers. The film features great transparency (see inset of Figure 20a) and weak light scattering. This is because faster spin facilitates the distribution of the suspension on the surface of the glass and reduces the influence of solvent evaporation, resulting in a thinner and smoother film. Under microscale, no visible cracks nor fragments are observed, yet big particles are developed in the film (see Figure 20a). They are possibly caused by the aggregation of particles during acute solvent evaporation. The film was deposited on a Si wafer to study its thickness (Figure 20b). Small cracks throughout the film instead of individual segments are spotted and the thickness is around 0.85 m (projection factor cos 45). Noticeably, the nanoparticles are rather loosely packed, in agreement with the absence of film fragmentation. 

Encapsulation of Fe III (Sal2trien)NO3 and Fe[(C4H4-Sal)2trien]NO3

The film loaded with Fe III (Sal2trien)NO3 exhibits an identical purple-brown color to the powdered sample (see Figure 21a). The intensity of the color was evaluated by a UV-Vis spectroscopy. Figure 21b illustrates the absorbance spectra of the films before and after the loading process. A peak at 500 nm appears proving the encapsulation of the complex. The absorbance at 500 nm decreased when the thickness decreases, so the thickest 5-layer film presents the strongest absorbance around 0.4 a.u., and the thinnest film deposited with 4000 rpm the lowest value at 0.25 a.u. with a barely visible absorption peak at 500 nm. The Fe:Zr ratio was investigated by the EDX analysis and the results are summarized in Figure 21c. The value of the ratio is proportional to the film thickness, where the thinnest film displays the highest loading of 0.28. Such value is comparable to the powder sample. However, the 5-layer film only shows a Fe:Zr ratio of 0.17. The reduced loading can be attributed to its largest thickness, which may hinder the diffusion of the complex in the film. Furthermore, the compact packing of particles in the films prepared at 1000 rpm compared to the 4000 rpm deposited films may also hinder the diffusion of the complex in the film. A 3-layer film was also loaded with Fe[(C4H4-Sal)2trien]NO3 complex. The film presents a green color after loading, in agreement with the color of the naphthalene-substituted complex (Figure 22a). Its absorbance spectrum displays a wide peak at 700 nm after the insertion of the complex with the peak intensity around 0.2 (Figure 22b). The Fe:Zr ratio analyzed by EDX is around 0.07, almost twice less than the powdered sample (0.18). This is possibly related to the following three factors: (1) the Fe[(C4H4-Sal)2trien]NO3complexes can only be partially dissolved in DCM;

(2) it is a bulkier molecule compared to the non-substituted complex, therefore, it suffers from longer diffusion kinetics; (3) the compact packing of the film further impedes its diffusion. In the first part of this chapter, I have shown that the encapsulation of Fe III (Sal2trien)NO3 SCO in the pores of MOF-808 NPs leads to porous composites that possess abrupt thermal spin transitions. The host MOF maintains its structural integrity after the loading and SCO complexes are distributed homogenously in the pores of the MOF, as confirmed by Raman and STEM-EDX elemental mapping. The residual N2 porosity is correlated to the concentration of encapsulated SCO molecules. The thermal spin transition, on the other hand, presents a large hysteresis loop with the transition temperature located around room temperature. More importantly, this magnetic bistability is independent of the particle size of the host MOF, as well as the SCO loading capacity. DFT calculations evidence - interactions between anchored Fe III (Sal2trien) + and the host MOF as well as a distorted geometry of the loaded complexes. This strong hostguest interaction may be responsible for the unexpected switching behavior of the material by creating an additional energy barrier of molecular origin during the spin crossover process. Thus, it attracts great interest for display or chemical sensing applications.

In a second part, Fe[(C4H4-Sal)2trien]NO3 is synthesized and inserted into MOF-808 to investigate the influence of functionalization on the SCO complex. The solid also keeps the structure of the host matrix, a residual porosity and present a homogenous loading. In addition, a cooperative spin transition with a large hysteresis loop is also observed in the naphthalenefunctionalized composite. The origin of the cooperativity may again be attributed to the interaction between the complex and MOF-808. However, the transition temperature is shifted towards higher temperature and a larger residual LS fraction is observed in the whole temperature range, which can be related to the nature of Fe[(C4H4-Sal)2trien]NO3, where the naphthalene group stabilizes the LS state compared to the non-functionalized compound. Theoretical simulations are necessary to investigate the interaction and geometry of this complex when loaded in the pores of MOF-808 and better understand the switching behavior of this solid.

In a third part, I have shaped MOF-808 SCO composites into films to facilitate future sensing applications. Prior to the film fabrication process, the colloidal properties of MOF-808 are investigated. MOF-808 NPs are firstly dispersed in H2O or ethanol. H2O suspensions displayed smaller colloidal particle size and greater stability, in line with the hydrophilicity of MOF-808. Though ethanol increased the colloidal size, it offers however an acceptable colloidal stability. In addition, when using wet NPs for suspension preparation, the colloidal size can be greatly reduced. Besides, if the removal of formates from MOF-808 deteriorates the quality of the nanoparticle dispersion in ethanol, its impact is relatively negligible for water.

Once stable NPs suspensions are obtained, they are deposited on substrates for film fabrications via dip coating or spin coating. Films deposited by dip coating result in a negligible change in the film color after spin crossover complex loading due to their limited thickness. Spin coating leads to thicker films and homogenous loading of the Fe III complex on the film was also achieved. The thin glass slides as substrates are suitable for the current stage, however, other substrates can also be possibly adopted in order to improve the quality and adhesion of the MOF films. The switching properties of such films will be presented in Chapter IV. This chapter deals with the construction of porous switchable compounds based on Fe III SCO complexes loaded into the pores of the mesoporous Zr-MOFs MIP-206s. The influence of the MOF functionalization on their sorption and switching properties is presented. The chapter is divided into three parts. The first one focuses on the synthesis, functionalization and size regulation of MIP-206 particles. The second part includes the encapsulation of Fe III SCO complexes into a MIP-206 analogue followed by characterizing the physical and chemical properties of the constructed composites. The third part involves the investigation of the properties of MIP-206s suspensions and the shaping process of the composites.

As a magnetically bistable material was prepared by combining MOF-808 and Fe(X-sal2trien)NO3 complexes, it is of interest to study the influence of different MOF topologies on the switching behavior of SCO⊂MOF compounds. MIP-206, a robust, mesoporous and waterstable Zr-isophthalic MOF has been chosen. However, MIP-206 conventional synthesis leads to irregular micrometric particles that cannot be easily dispersed in solution. In order to prepare thin films of this MOF, several strategies were explored to regulate its particle size including the use of Zr-oxoclusters, varying reaction temperature and modifying the reaction duration.

Four SCO⊂MIP-206s composites were constructed to study and compare their properties and switching behaviors. MOFs comprising multiple kinds of metals or linkers are defined as multivariate MOFs, denoted as MTV-MOFs. 1 Apart from Zr-isophthalic MIP-206, MTV-MIP-206 consisting of both isophthalic acid and pyrazole dicarboxylic acid (PDA) as linkers has also been prepared, denoted as MTV-MIP-206/PDA. The choice of PDA is motivated by the selective adsorption of formaldehyde (FA) that have been observed with other PDA-based MOFs. 2 Fe(X-Sal2trien)NO3 (X=H or C4H4) complexes were encapsulated in either MIP-206 or MTV-MIP-206/PDA, revealing the effect of modifying the MOF chemical environment surrounding the inserted SCO complexes.

The final part looked into the colloidal stability of MIP-206 suspensions in different solvents prior to the film-shaping step. MTV-MIP-206/PDA was also dispersed in solution to examine its colloidal behavior. After obtaining stable suspensions, the MIP-206s films were constructed using spin-coating deposition. The films were later loaded with the SCO complexes as the last step for the fabrication of SCO⊂MIP-206s films.

Size regulation of MIP-206s particles

MIP-206 is a mesoporous Zr-isophthalate MOF developed in our group recently. 3 It is constructed with 8-connected Zr6 and 12-connected Zr12 oxoclusters in a 1 to 2 ratio, as illustrated in Figure 1a-b. Each Zr12 node is located at the radial point and surrounded by 3 Zr6 oxoclusters, where adjacent Zr12-Zr6 are bridged through 4 isophthalic acid (IPA) ligands. This set of Zr12 and Zr6 oxoclusters is defined as homometallic-multicluster-dot (HMD). Neighboring HMD units are linked via a pair of IPA linkers. Encircled by 3 sets of HMDs, a mesoporous window of free aperture ca. 26 Å is formed (Figure 1c). Mesopores are interconnected and assembled into a 2D layer, where a ca. 7 Å triangle cavity appears among 3 bordering mesopores. However, the hexagonal close packing (HCP) along the c axis among 2D layers prevents the accessibility of the small cavity (Figure 1d-e). As a result, 1D mesochannels of ca. 26 Å are constructed. The pore chemical environment of MIP-206 allows great flexibility, given that the IPA linker can be easily functionalized through the 5 position. Besides, the sole connection mode of all IPA ligands consequently concentrates the functional group along the surface of the 1D channels. As an example (Figure 2b), introducing functional groups, in this case halogens or hydroxyl groups, modified significantly the MOF hydrophilicity. Furthermore, the possibility to construct multivariate MIP-206 with different types of linkers (denoted as MTV-MIP-206s) has been evidenced and may be used to further tune the chemical properties of the solid (Figure 2a). MIP-206 also presents remarkable chemical and thermal stability particularly for a mesoporous solid. The long-range 2D structure of MIP-206 is maintained up to T>400 °C, which is comparable to microporous Zr-MOFs. 3 It displays good hydrolytic stability under various harsh conditions including boiling water, acid and basic solution (pH 0-12), as well as exposure under corrosive gas pollutants (e.g. hydrogen sulfide H2S and sulfur dioxide SO2). In summary, MIP-206 is a really promising robust platform for gaseous pollutants removal and for sensing application through functionalization with switchable compounds. 

Synthesis of MIP-206 and MTV-MIP-206/PDA

The synthesis of MIP-206 and MTV-MIP-206 followed protocol reported by Wang et al 3 and the details are described in the appendix. The choice of incorporating pyrazole dicarboxylic acid (PDA) into the MOF matrix is intended for creating selective binding sites for formaldehyde (FA) adsorption, which could favor it's the colorimetric sensing application. The mechanism for selective adsorption of FA with nitrogen-containing ligands is detailed in section 3.4.

The initial synthesis route of MIP-206 made use of very concentrated reagents without stirring during the solvothermal process (formic acid, 150°C, autogenous pressure). Based on the classic LaMer model (mentioned in Chapter 1 section 3.2), the high concentration of reactants facilitates a fast nucleation process and therefore, small nanoparticles are formed. On the other hand, solvothermal synthesis is known for its slow kinetics at the nucleation step due to the passive heat convection from ovens to reactors which leads to the formation of large crystals. 4 In addition, the absence of stirring limits the mobility of formed nuclei. Three factors adding up yield the products with non-uniform morphology and particle sizes are ranging from 200 nm to 1 µm, as shown in Figure 3a. As many properties of MOFs (e.g. catalytic activity 5 and sensing performance 6 ) depends on the crystal size and morphology, controlling the particle size is of interest. Besides, a broad particle size distribution is expected to decrease the quality of the film during the shaping process. Therefore, it is essential to regulate the particle size of MIP-206.

In the case of MTV-MIP-206/PDA, the particles synthesized following a reported protocol are more homogenously sized, with an average size of ca. 200 nm (Figure 3b). This might be attributed to the competitive coordination among the solvating formic acid molecules and two types of linkers, thus slowing down the crystallization, as well as the higher solubility of the PDA ligand compared to IPA. Thus, MTV-MIP-206/PDA can be applied in the following stages without further size regulating treatments. 

Size regulation of MIP-206

Typical strategies to regulate particle sizes for high-valence MOFs include 7,8 :

(1) Varying temperature to modify the kinetics of nuclei formation;

(2) Changing the metal salt (e.g. ZrCl4 vs. ZrOCl2•H2O) or incorporating an excess of linker to tune the MOF nucleation-growth kinetics; (3) Employing modulators to slow down the coordination of the ligand to the metal cations and to tune the deprotonation equilibria of ligands. Common modulators for Zr-MOFs are monocarboxylic acids such as formic, acetic or benzoic acids; (4) Alternative synthesis methods with higher heating efficiency (e.g. microwave-assisted heating) to get faster nucleation. However, not every strategy can be applied to MIP-206. The original synthesis used formic acid alone as the solvent and was operated between 150 and 180 °C. The volatility of formic acid combined with the high temperature caused extremely high pressure in the reactor. Therefore, the use of microwave-assisted method may lead to the flunk of the reactor as it can't stand as high pressure as autoclaves.

Room temperature synthesis is also challenging for MIP-206. Up to now, only few studies have reported one-step room temperature synthesis for Zr-MOFs limited to the UiO-66 analogs. 9,10 A recent work of our group explored the approach to some other Zr-MOFs including MOF-801, DUT-67 and PCN-222. 11 However, these reported Zr-MOFs involve only Zr6 oxocluster as SBUs, while MIP-206 is composed of both Zr6 and Zr12 oxoclusters. Another method to achieve room-temperature synthesis is to use preformed Zr oxoclusters as precursors instead of metal salts. For example, Zr6 and Zr12 oxoclusters have been applied in the synthesis of NUand UiO-type MOFs. [12][13][14] Fidelli et al. synthesized Zr6-based NU-901 and UiO-67 with Zr12 acetate preorganized oxoclusters via solvent-free mechanochemical reactions, proving that acetate on the Zr12 oxocluster can be exchanged with the carboxylate of the linker and split the Zr12 oxocluster into dimeric Zr6 nodes. 13 Similar result was also described by Bezrukov et al. who used acetate-bridged Zr12 oxoclusters in the solvothermal synthesis of UiO-67. 15 Majority of reported Zr12-oxoclusters based MOFs still greatly rely on the solvothermal synthesis. [16][17][18][19] Several attempts have been done in this thesis to explore the possibility of using Zr oxoclusters for synthesizing MIP-206, yet no positive results were obtained.

Moreover, mixing acetic acid with formic may have a negligible effect on modulating the deprotonation equilibria due to the strong acidity of formic acid. Introducing into the reaction HCl, acetic anhydride, or using acetic acid as pure solvent did not allow the synthesis of MIP-206. The addition of other solvents including DMF has not been successful as well. Hence, the effect of reaction temperature and the reaction duration has been explored and will be presented in the following part.

Reaction temperature

The initial reactants composition was used with the reaction temperature set at 150 °C or 180 °C for 12 h. The products were studied by PXRD and SEM. The PXRD patterns of both samples correspond to the calculated MIP-206 pattern (Figure 4a). Yet, the morphologies of crystals synthesized under different temperature remain relatively unchanged, where a mixture of bulky particle and nanoparticles is still persistent, as shown in Figure 4b (150 °C) and Figure 4c (180 °C). Noteworthy, a higher proportion of nanoparticles is present in the sample synthesized at 180 °C, while the bulk particles are dominant in the sample prepared at 150 °C. This suggests a crystallization kinetics in line with the classic LaMer model where higher temperatures normally lead to smaller particles. In addition, Ragon et al. modeled and examined different kinetic parameters of several UiO-66(Zr)-type MOFs under different temperatures during their solvothermal syntheses. It showed that the nucleation rate constant increased marginally, while the crystal growth rate decreased ca. 30% within 20 °C increment of the reaction temperature. 20 This might explain the raised proportion of nanoparticles at 180 °C. However, the crystallization mechanism, especially under solvothermal conditions, is rather complex and lack of understanding. A wider temperature range should be further tested to better understand its impact on the crystal nucleation-growth mechanism. At this stage, 180 °C is chosen as it favors the development of nanoparticles. 

Reaction duration

The reactions were placed at 180 °C for different durations ranging from 12 h down to 1 h, and the outcome products collected and characterized with PXRD. Samples heated for 12 h, 6 h, and 2 h shows PXRD corresponding to MIP-206 (Figure 5a). The pattern of the 1 h sample shows on the contrary peaks matching mostly with the linker at the 2θ range of 15° to 30°, except for the peak at 9° (Figure 5b). The extra peak may be attributed to the formation of Zr oxoclusters. Moreover, this crystalline product vanished after soaking in ethanol. To confirm the identity of the 1 h product, purification and further characterization (e.g. mass spectroscopy) might be required, as it may preliminarily reveal the crystallization mechanism of MIP-206. Particle sizes of samples with different synthesis durations were obtained by SEM and DLS. No bulk particles were observed in the 2 h and 6 h samples compared to the 12h reaction (Figure 6a&b vs. Figure 4c). Clear nanocrystals are present in both 2 h and 6 h product. However, the size of nanoparticles formed in the 6 h (ca. 130 nm, see Figure S1) is more uniform than the one of the 2 h reaction. This might be due to the short duration interrupting the complete growth of the crystals. Besides, the mass of product for each reaction is listed as follows:

h 6 h 2 h Mass of product (mg)

820 509 128

The mass of product for the 2 h reaction decreased by 80% compared to the 12 h reaction. It is not surprising as shortening the synthesis duration leads to an incomplete reaction.

The powders were dispersed in ethanol to compare their colloidal size. The 2 h product shows a slightly smaller size than the 6 h one in ethanol (318 nm versus 350 nm, respectively) (Figure 6c), which consistent with the shorter synthesis duration. Besides, the colloidal particle size of the 6 h product in ethanol is approximately 3 times bigger than the size observed in SEM, preliminarily suggesting the inadequate distribution of the MIP-206 NPs in ethanol and that a better dispersing solvent should be found. Considering the higher yield and the minor size difference, the 6 h reaction was chosen and used in the following sections.

In conclusion, the size regulation of MIP-206 nanoparticles has been achieved by shortening the reaction duration. The regulated size is around 130 nm. Despite the difficulty, it might be, however, still of interest to explore the possibility to produce this MOF under ambient pressure conditions (reflux or even room temperature), particularly for its scale-up production. 

Assembly of SCO⊂MIP-206s

As the switching property of SCO⊂MOF composites relies on the intermolecular interaction between the SCO complex and the matrix of the MOF, it is interesting to investigate the influence of the topology of MOFs and the chemical environment of pores. Therefore, Fe(Sal2trien)NO3 and Fe[(C4H4-Sal)2trien]NO3 complexes were incorporated with MIP-206s and compared with our previous results with SCO's into MOF-808 (chapter II).

Fe(sal2trien)NO3⊂MIP-206

The first evidence of the successful encapsulation of the non-substituted Fe III SCO complex is the color of the solid that turned to black-brown, in accordance with the color of the complex and of Fe(Sal2trien)NO3⊂MOF-808 compound (inset of Figure 7a). PXRD patterns indicate that the structure of MIP-206 remains intact after the loading process (Figure 7a). The infrared spectrum of the composite is consistent with the one of the bare MOF, validating the structural integrity of the host matrix. The spectrum also presents characteristic peaks from the SCO complex, for instance, the peak located at 1300 cm -1 , which supports the achievement of complex inclusion. Furthermore, the stacking of 2D layers in MIP-206 shifts slightly after heat treatment over 100 °C, as the peak at 3° of its PXRD pattern relocates to 3.2° (Figure S2a). After the encapsulation of the complex, this shift does not occur under heating (Figure S2a), indicating that the complexes located in the channels prevents it due to the strong intermolecular interactions with the backbone of the host matrix. TGA revealed however a decrease of the thermal stability, where the degradation of the compound starts from 300 °C instead of 450 °C for the bare MOF and 400 °C for the pure Fe complex (Figure S3a). This corroborates the presence of strong intermolecular interactions in the composite. EDX analysis was used to quantify the loading (Figure S4). A homogenous loading is revealed with an average Fe:Zr atomic ratio of 0.11. Given the molecular volume of the complex being 540 Å 3 , the theoretical maximal loading capacity is estimated to be ca. 20 complexes per unit cell. This low loading might be attributed to the 1D channel configuration with the anchoring of the complex at the inner pore surface hindering its further accessibility.

The porosity of MIP-206 and Fe(Sal2trien)NO3⊂MIP-206 composite was evaluated by N2 porosimetry. The bare MOF shows comparable N2 uptake (224 cm 3 /g) to the reported value while the composite displays a reduced N2 absorption capacity with residual uptake of 90 cm 3 /g (Figure 7c). This is expected as the SCO molecules reside in the channel of MIP-206. The pore size distribution demonstrates the pore width maintained at 23 Å for both the bare MOF and the loaded composite with the pore volume decreasing by 65% after loading (Figure 7d). The incomplete filling of the mesopores by the SCO complexes is however of a strong interest for the adsorption of other guest molecules for gas/vapor sensing applications. Variable temperature magnetic susceptibility measurements were then performed on Fe(Sal2trien)NO3⊂MIP-206 at a sweep rate of 0.5 K/min in order to study its thermal switching behavior (Figure 8). The composite shows a cooperative thermal transition centered around 289.5 K. Noticeably, the transition does not proceed to completeness. At 150 K, a χMT value of 2.0 emu•K•mol -1 is measured, corresponding to approximately 55% of LS Fe III , which is lower than the same complex inserted in MOF-808 (ca. 70%). At 400 K, a χMT value of 3.0 emu•K•mol -1 is obtained, indicating that ca. 25% of Fe III complexes remain LS at high temperature. A similar residual LS fraction at high temperature is observed for the SCO based composite. Therefore, only ca. 20% of the Fe III complexes in MIP-206 undergo a thermal spin crossover. It could be explained by the host structure stabilizing the HS state at low temperatures. Moreover, 27 K wide thermal hysteresis loops are observed, which is comparable with MOF-808 composites. This cooperativity possibly also originates from the interactions between the host matrix and the SCO complex, similarly to Fe(Sal2trien)NO3⊂MOF-808.

To further investigate the switching behavior of the Fe(Sal2trien)NO3⊂MIP-206 composites, measurements were performed at different sweep rates from 2 K/min to 0.25 K/min. Decreasing the sweep rate to 0.25 K/min leads to a marginally more complete transition from 1.95 emu•K•mol -1 at 150 K to 3.0 emu•K•mol -1 at 400 K. The negligible difference of susceptibility under sweep rate at 0.25 K/min and 0.5 K/min suggests that kinetic effects on the thermal spin transition start to be negligible for Fe(Sal2trien)NO3⊂MIP-206 at sweep rates below 0.5 K/min. This observation confirms the existence of strong intermolecular interactions between the SCO complexes and the MOF's topology influencing the spin crossover kinetics. 

Fe[(C4H4-sal)2trien]NO3⊂MIP-206

The color of the solids after encapsulating the naphthalene-functionalized Fe III SCO complex turns to dark green, in accordance with the complex's color (inset of Figure 9a). The structural integrity of the host MOF is verified by PXRD (Figure 9a). It is noticeable that the relative intensity of the peak at 3° decreased compared to high-angle peaks, due to the encapsulated complex occupying the mesopores. The IR spectrum of the composite is consistent with the one of the bare MOF, but also contains characteristic peaks from the SCO complex, for instance, the peak around 1300 cm -1 (Figure 9b). It further supports the achievement of complex inclusion. The average Fe:Zr atomic ratio is 0.097, confirmed by EDX analysis. It is slightly lower than non-substituted Fe(Sal2trien)NO3 in MIP-206, in agreement with the larger size of Fe[(C4H4-Sal)2trien]NO3 compared to Fe(sal2trien)NO3.

functionalized linker. Besides, the thermal transition shows a hysteresis loop with around 25 K width, which demonstrates again the strong intermolecular interactions between the inserted SCO complexes and the MOF.

Measurements with different sweep rates were also performed to investigate the kinetics of its switching behavior. This is of importance in a view of sensing properties. An increased χMT value, 1.7 emu•K•mol -1 , is observed at 150 K due to a faster sweep rate at 2 K/min. The extent of the increase, however, is less than the Fe(Sal2trien)NO3-based MIP-206, implying faster switching kinetics in Fe[(C4H4-Sal)2trien]NO3⊂MIP-206. 

Fe(Sal2trien)NO3⊂MTV-MIP-206/PDA

To investigate the impact of modulating the chemical environment in the pores of MIP-206, the Fe III SCO complex was further loaded into MTV-MIP-206/PDA.

As shown previously for other SCO-MIP-206 composites, the PXRD pattern and IR spectra supports the successful encapsulation of the complex inside MTV-MIP-206/PDA (Figure 11a&b). Furthermore, the IR spectrum of the composite displays more visible peaks from Fe(sal2trien)NO3 than Fe(Sal2trien)NO3⊂MIP-206, especially peaks at 1200 cm -1 and 1300 cm - 1 (Figure 11b). This suggests a higher loading, possibly due to the introduction of nitrogencontaining PDA linkers in the backbone of the MOF. EDX analysis revealed indeed an average Fe:Zr atomic ratio of 0.21 (for detail see Figure S5). However, this is associated with a limited residual porosity, as shown by reduced N2 uptake (Figure 11c) of 40 cm 3 /g, which is about 40% less than Fe(Sal2trien)NO3⊂MIP-206. Moreover, the pore size distribution of the composite suggests a greatly decreased pore volume after inserting the complex, as well as an additional peak at 19 Å (Figure 11d). This indicates that the introduction of PDA in the host matrix may regulate the distribution of the complex in the channel. It may be of interest to simulate the location of the Fe III complex in the pore by DFT calculations. The switching behavior of the compound and its kinetics were investigated by variable temperature magnetic susceptibility measurements at different sweep rates from 0.5 K/min to 2 K/min. Similar to the aforementioned composites, a cooperative thermal transition is observed with the transition temperature centered around 292 K. At 0.5 K/min sweep rate, a value of χMT around 1.5 emu•K•mol -1 at 150 K is measured. This means that the thermal spin transition of Fe(sal2trien)NO3⊂MTV-MIP-206/PDA is more complete compared to higher sweep rates, which reveals the slow kinetics of the thermal transition (Figure 12a). Besides, 1.5 emu•K•mol -1 represents 69% LS Fe III in Fe(Sal2trien)NO3⊂MTV-MIP-206/PDA at 150 K.

Surprisingly, the composite with saturated loading does not show nearly any residual porosity at 77K (Figure 13c). This suggests an almost full blockage of the pore at 77K due to the SCO complex that might limit its adsorption capacity in the sensing application. However, some porosity might remain accessible at room temperature due to faster diffusion kinetics. To guarantee the porosity of the composite, a lower amount of the complex was introduced during the synthesis. The resulting products show modulated loading ranging from 4% to 9.4% of the Fe atomic ratio to Zr according to EDX analysis. The sample with the lowest loading exhibits pale green color and the color of the intermediate loading sample is greyish turquoise (insets of Figure 14a). The residual porosity is accordingly increased to 150 cm 3 /g for 4% loading and 80 cm 3 /g for 9.4% loading, respectively, as fewer molecules compared to the saturated condition occupy the voids of the host MOF (Figure 14a). Interestingly, the pore width shifted to 21 Å (compared to 24 Å, before loading) and an additional peak at 18 Å also appears in Fe[(C4H4-sal)2trien]NO3⊂MTV-MIP-206/PDA. Furthermore, the pore volume increased when less complex was encapsulated without any further shift in pore width distribution (Figure 14a). This corroborates that PDA groups can influence the distribution of the SCO complex in the 1D channels of MIP-206 regardless of their functional groups. Besides, the elevated loading leads once again to reduced thermal stability of the host MOF above 300 °C, as illustrated in the TGA analysis in Figure S3b. It might be related to Fe III catalyzing the MOF linker oxidation, however, further investigation is required. Variable temperature magnetic susceptibility measurements were performed to reveal the kinetics of the thermal spin transition and the impact of the SCO loading in MTV-MIP-206/PDA. The saturated composite presents an abrupt thermal transition centered at 311 K with the hysteresis width around 38 K (Figure 15a). At 0.5 K/min, χMT values are 1.1 emu•K•mol - 1 at 150 K, corresponding to 80% Fe III in the LS state. It is the highest LS Fe III fraction observed among all aforementioned composites involving MOF-808 or MIP-206. This is probably due to the effect of both the naphthalene group and the presence of the PDA linker, as both naphthalene and PDA seems to favor the population of the LS state. Even at 2 K/min sweep rate, 70% Fe III remained at LS at 150 K, indicating limited kinetics effects that can be related to the stabilization of LS species in this environment. At 400 K, a χMT value of around 2.6 emu•K•mol -1 is measured for both sweep rates. Therefore, around 41% LS Fe III was converted to HS during the thermal transition at 0.5 K/min and 31% conversion at 2 K/min.

In the case of intermediate loading, the sample holds a similar amount of the SCO complex as Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 (average Fe:Zr ratio 0.1). The hysteretic thermal transition located at 311 K still persists, comparable to the maximum loading (Figure 15b). A higher residual Fe III HS fraction was observed at 150 K at 0.5 K/min sweep rate in comparison with the higher-loading sample (χMT at 1.4 emu•K•mol -1 vs. 1.1 emu•K•mol -1 , respectively). However, it is worth to remind a comparable value of χMT at the same temperature and sweep rate in Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 was observed. This confirmed loading plays a key role in determining the residual population of LS/HS of the naphthalene-based composite. Besides, faster kinetics are observed with lowered loading, as similar t values of Fe III LS fraction are obtained under different sweep rates at 150 K (72% at 0.5 K/min and 67% at 2 K/min). The impact of loading was also observed in MOF-808 with intermediate Fe III concentration. However, the population of HS/LS in the MOF-808-based composite remained similarly regardless of the loading. This difference, again, possibly originated from the varied topology between MOF-808 (3D pores) and MIP-206 (1D channels). In summary, Fe[(X-Sal)2trien]NO3 (X=H or C4H4) complexes are successfully inserted in the channels of MIP-206 and MTV-MIP-206/PDA. All combinations between the complexes and MIP-206s maintained the structure from the host MOFs and residual porosity. Abrupt transitions with wide hysteresis centered around room temperature are also observed for all compounds. As the next step, they will be shaped into thin-films, which will later be applied in VOCs sensing.

Fabrication of SCO⊂MIP-206s thin films

Fabricating of SCO⊂MIP-206s thin films follows the same strategy as SCO⊂MOF-808, where a stable suspension of MOF nanoparticles (NPs) is prepared before the shaping phase. To achieve so, NPs were dispersed in different solvents and the suspensions characterized by DLS measurements.

Properties of MIP-206 suspensions

H 2 O suspension

Moist NPs with a size around 130 nm were dispersed in water to investigate their colloidal behavior under varied concentrations. The range of suspension concentration was prepared as follows: 0.7, 7, 14 and 28 mg/mL. DLS results were depicted in Figure 16a. At the most diluted concentration, 0.7 mg/mL, it shows a hydrodynamic size of ca. 200 nm and the size stays relatively stable until 28 mg/mL. PDI behaves in accordance with the size, which increases gradually from 0.3 at 0.7 mg/mL to 0.4 at 28 mg/mL. This suggests the polydispersity of NPs in H2O. The zeta potential stays over 25 mV until 14 mg/mL, after which it declined under 20 mV at 28 mg/mL. Figure 16c reveals the isoelectric point (IEP) of MIP-206 occurring at pH 6.5. The IEP of Zr-carboxylate MOFs is commonly expected to be close to the pKa of the ligand, for instance, UiO-66(Zr) composed of terephthalic acid has IEP between pH 4-5 and the secondary pKa of terephthalic acid is 4.8. 21,22 Hence, the IEP of MIP-206 located at a higher value than the pKa of isophthalic acid (6.5 versus 4.46) is likely related to the acidity of the Zr oxoclusters. A further examination of the IEP of other Zr MOFs is needed in order to have a more comprehensive understanding of the impact of oxoclusters. In the case of zeta potential, its value stays around 5 mV (Figure 17b). The low values of zeta potential suggest the unstable suspensions at whole concentration range, possibly related to the reduced protonation of MIP-206 and weaker van der Waals forces in ethanol. 23 Thus, ethanol is not a suitable dispersant for MIP-206 NPs. 

Methanol suspension

In methanol, suspensions were prepared from 0.13 mg/mL to 13 mg/mL. The size increases gradually with concentration. At 0.13 mg/mL, MIP-206 has a size of ca. 205 nm, intermediate between water and ethanol (Figure 18a). It is surprising that PDI at every concentration is constant at around 0.25, which demonstrated a higher monodispersity compared to water and ethanol. However, zeta potential drops from 27.5 mV to 15 mV within the concentration range of 0.65 mg/mL to 13 mg/mL (Figure 18b). This decrease of colloidal stability can be attributed to the saturation of ionized counter-ions in methanol. In conclusion, water suspension provides the smallest colloidal size and stability of these NPs until the concentration of 14 mg/mL, but the high degree of polydispersity is a concern for further film fabrication. Suspensions in ethanol displayed the largest size, intermediate PDI, but unstable suspensions. Methanol suspension shows a comparable size as in water but a higher degree of monodispersity. The stability of the suspension is also acceptable at the highest concentration of 13 mg/mL. Therefore, methanol will be adopted in the next step.

Properties of MTV-MIP-206/PDA suspension

Inclusion of PDA in the matrix of MIP-206 can alter its chemical properties (e.g. hydrophilicity) and modify its colloidal stability even in the same dispersant. MTV-MIP-206/PDA was therefore dispersed in methanol and compared with MIP-206. A colloidal diameter of 240 nm at 0.3 mg/mL and similar values were observed for 3, 10 and 30 mg/mL (Figure 19a) while PDI increased gradually with concentration. At diluted suspensions (0.3 and 3 mg/mL), NPs are monodispersed with PDI value under 0.1. In the concentrated region, however, the value increased and reached 0.4 at 30 mg/mL. Moreover, the zeta potential is also dependent on concentration, with a value above 25 mV at low concentrations that abruptly decline for high concentrations (Figure 19b). Particularly, zeta potential at 30 mg/mL dropped to around 0 mV. The decrease of zeta potential at the high concentration is again not caused by pH, which is almost independent of the concentration. Therefore, to eliminate the sedimentation during the film fabrication process, 10 mg/mL suspension is chosen for further steps. 

Fabrication and characterizations of SCO⊂MIP-206s films

Fabrication of SCO⊂MIP-206s films follows the same strategy of described in chapter II for SCO⊂MOF-808 where the MOF films are fabricated by spin coating firstly, followed by postencapsulation of the SCO complex in the films.

SCO⊂MIP-206 films

MIP-206 films were prepared from NPs suspension (13 mg/mL in MeOH) via spin-coating on thin glass slides. 3 layers were deposited at the spin rate of 1000 rpm, and each deposition contained 100 µL of the suspension. The film remains translucent, except for the edges of the films accumulating nanoparticles, possibly due to the fast evaporation of methanol (Figure 20). The thickness was 1.4 m according to SEM. Formaldehyde (FA) is a typical indoor carcinogenic air pollutant that is emitted from a broad spectrum of sources including wooden furniture, cooking, and smoking. 24 Given its high toxicity, it is vital to monitor and remove FA from surroundings. Many studies have demonstrated the adsorption capability of MOFs towards FA due to their porosity and ability to form intermolecular interactions with guest molecules. [24][25][26][27] Wang and coworkers realized an improvement of FA adsorption from air by grafting ethylenediamine on the open metal sites of MIL-101(Cr). 27 Similarly, Kim et al. demonstrated that amine-functionalized MOFs, UiO-66-NH2, MIL-101-NH2 and MIL-125-NH2, have enhanced adsorption capacity for FA owing to interactions between the amine groups and FA. 26 Therefore, it is rational to conclude that amine groups are beneficial for FA adsorption. Very recently in our group, we demonstrated that Al or Zr MOFs bearing free pyrazole exhibit an unprecedented ability to selectively capture traces of FA from humid air through a chemisorption mechanism. 

Adsorption of FA on MTV-MIP-206/PDA

The sample was first evacuated at 100°C (1h), in order to remove absorbed water. Recorded spectra at room temperature after each dose of FA (volume 2.61 cm 3 ) are shown in Figure 23. The formation of methoxy groups is evidenced by the position of ν(C-H) bands, which lies at 2962 and 2912 cm -1 (Figure 23a). The formaldehyde interacts with the OH groups via hydrogen bonding, which can be proved by (Figure 23a):

(1) the progressive decrease of the ν(O-H) bands at 3676 cm -1 ;

(2) the formation of an isosbestic point at 3650 cm -1 ;

(3) the appearance of the characteristic broad feature at 3617-3438 cm -1 . Concomitantly, the progressive intensity decrease of the ν(N-H) stretching vibration can be observed at 3426 cm -1 . An isosbestic point is present at 3412 cm -1 and a complex band appears at 3353-3066 cm -1 , which evidences the interaction via hydrogen bonding between the formed methoxy group and the lone pair of the pyridinic nitrogen (Figure 23a). This is similar as observed previously with other Zr or Al pyrazole carboxylate MOFs 2 .

Interestingly, formaldehyde also interacts on CUS from the Zr oxoclusters through the lone pair of oxygen. This is mainly evidenced by the appearance of carbonyl stretch frequency ν(C=O) at 1697 cm -1 and the shoulder peak at 1717 cm -1 , which could indicate formaldehyde interacting on two different CUS (Figure 23b). As expected, ν(CD2) (νas and νs) bands are shifted to 2238 cm -1 and 2175 cm -1 , respectively, with an isotopic shift of i=1.34 and i=1.339. This is in a good agreement with a theoretic shift for C-H/C-D bounds (i.e. 1.363) (Figure 24b). Others bands at 2085 cm - 1 and 2058 cm -1 (small shoulder) could be related to some ν(CD2) (νas and νs) bands of methoxy species in a different conformation (or ν(CD2) and 2δ(CD2)). 

Quantitative analysis

The application of Beer-Lambert law for the adsorption of FA on MTV-MIP-206/PDA at room temperature can be seen in Figure 26. A linear correlation is discovered between the band area of 2975-2945 cm -1 and the quantity of absorbed FA. The maximum capacity of chemisorbed FA (on N-NH sites) at equilibrium (equilibrium pressure of 0.7 mbar) for this MOF is 0.613 mmol/g. As a reference, the reported value for a Zr-PDA MOF (DUT-67) is 2.76 mmol/g. 2 The low value of chemisorbed FA for MTV-MIP-206 is due to the partial composition of PDA in the backbone. The 1 H NMR spectrum (Figure S12) reveals that PDA only accounts for 25% of linkers in MTV-MIP-206. The switching behavior is affected by the functionalization and the chemical surroundings of the SCO complex. Both Fe III (Sal2trien)NO3⊂MIP-206 and Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 composites showed a cooperative thermal transition, suggesting that intermolecular interactions are at the origin of the cooperativity, as reported before in chapter II for MOF-808. The transition temperature of the naphthalene-functionalized complex, however, is shifted 10 K higher than the non-substituted one. Furthermore, a higher LS ratio was observed for Fe[(C4H4-Sal)2trien]NO3⊂MIP-206, evidencing the stabilization of LS in this compound.

175°C 150°C

Inserting the same complex into the PDA-functionalized MOF result in a higher loading, as well as a higher population of LS Fe III at 150 K and more complete spin transition. Lowering the loading does not alter the origin of the cooperativity, but influences the LS/HS ratio and the kinetics of the spin transition. This suggests that the complex is highly sensitive towards its chemical surrounding and that therefore, the composites are endowed with potential for chemical sensing application.

MIP-206 nanoparticles were then dispersed in H2O, ethanol and methanol. Water suspension provides the smallest colloidal size and stability but the high degree of polydispersity is a concern for further film fabrication. Ethanol displayed the biggest size, intermediate PDI, however, unstable suspensions. Methanol suspension shows a comparable size as in water and better stability but a higher degree of monodispersity and was finally selected as the solvent to prepare the films. MTV-MIP-206/PDA is also stable in methanol in the low concentration range, but with a lower stability for highly concentrated suspensions. The films were then fabricated by spin coating and homogeneous loading of the SCO complexes to MIP-206 films via post-encapsulation was also achieved. As the thin films have been successfully fabricated, their sensing capacities for VOCs will be evaluated in chapter IV.

In the last part of this chapter, the formaldehyde adsorption of MTV-MIP-206/PDA and its mechanism is studied by in-situ FTIR spectrometry. Formaldehyde adsorption leads to the formation of methoxy groups in interaction with pyridinic nitrogen through hydrogen bonds, which explains why the MTV MOF selectively absorbs formaldehyde. It shows a maximum FA sorption capacity of 0.375 mmol/g, which is comparable to the reported value of DUT-67 considering the partial replacement of IPA by PDA in the MTV-MIP-206. Therefore, this MOF is a promising candidate for FA colorimetric sensing, which will be examined in chapter IV.

Nexus spectrometer equipped with an extended KBr beam splitting device and a deuterated triglycine sulfate detector (DTGS).

FA( 13 C) was adsorbed at room temperature, then the temperature was increased step by step between 25 °C and 175 °C (10 °C between each step) with equilibrium formaldehyde pressure inside the cell. The simple was left at the desired temperature 10 minutes. 

Chapter Introduction

The studies in Chapter II and Chapter III demonstrated the room-temperature spin transition of Fe(X-Sal2trien)NO3⊂MOFs (X=H or C4H4) materials. These solids have also been successfully shaped into thins film by spin coating, allowing a systematic investigation of these materials for vapor sensing.

The aim of this chapter is to evaluate the capacities of Fe(X-Sal2trien)NO3⊂MOFs as a naked-eye optical sensor for VOCs. For this purpose, the chapter is divided into three parts:

(1) the study of the SCO complexes spin state in solution to specify the VOCs that may trigger the spin transition; (2) the construction of the sensing setups;

(3) the in-situ optical absorption characterization of Fe(X-Sal2trien)NO3⊂MOFs under exposure of selected VOCs vapors, as well as under interference of water.

Solvent effect

Prior to test the SCO⊂MOF composites for VOCs sensing, the Fe III SCO complexes were dissolved in different solvents to investigate their spin states induced by the chemical surroundings. The solutions were characterized by UV-vis spectroscopy and Evans 1 H NMR.

The following experiments were conducted by Soraya Bouras during here Master internship that I have co-supervised.

Fe(Sal2trien)NO3

The optical absorbance spectra of Fe(Sal2trien)NO3 dissolved in different solvents are depicted in Figure 1. Two predominant bands are observed for the majority of solutions: 500 nm and 620 nm, corresponding to LMCT transitions associated to the HS and LS states, respectively. The position of the bands is in good agreement with the reported values. 1,2 The color of Fe(Sal2trien)NO3 solutions shows solvent-dependent behavior, indicated by the varied intensity of the HS and LS bands. The highest absorbance at 500 nm is observed in dichloromethane (DCM) and accordingly, the intensity of the 620 nm band is almost negligible. This suggests the complex is mainly in the HS state in DCM. Contrarily, the complex in DMSO presents the most intense LS bands among others, which indicates a larger LS population than for other solvents. Intermediate HS and LS bands are noted for other solvents including acetone, acetonitrile, methanol, and water. This solvent dependency is attributed to the hydrogen bonding interactions between the solvating molecules and protons on the secondary amine of the trien backbone. 1 The HS fraction is reduced when stronger hydrogen bonds are formed. In other words, the complex forms the strongest hydrogen bonds with DMSO, which promotes the LS state compared to weakly bonding solvents such as DCM. Evans NMR method was then applied to determine the magnetic susceptibility of the Fe III complex in chosen solvents. The results are summarized in Table 1. Fe III complexes with d 5 configuration in octahedral geometry have theoretical magnetic susceptibilities ranging from 5.9 B (HS) to 1.7 B (LS). The complex shows a susceptibility of 5.6 B in DCM, representing 93% of HS Fe III . The value is 3.6 B in DMSO, which corresponds to 52% HS. These results thus corroborate with the optical absorbance spectra. 

Fe[(C4H4-Sal)2trien]NO3

The same methodology was applied to the naphthalene-functionalized Fe III complex that was also dissolved in different solvents to study its solvent dependency. The absorbance spectra display red-shifted HS and LS bands compared to the non-substituted parent complex, located at 530 nm and 670 nm, respectively (Figure 2). Moreover, the functionalized complex shows a distinctively intense LS band in the majority of solvents such as DMSO, alcohols and water, which indicates a higher LS fraction. This is confirmed by the magnetic susceptibility measurements performed using the Evans NMR technique with a value of 2.3 B ( Table 1). In acetic acid, on the opposite, it exhibits the highest HS absorbance among other solvents, indicating that the spin transition can be potentially induced by the exposure to acetic acid vapors. 

Sensing setup

The home-made sensing setup is composed of two main parts: the vapor generating section and the absorption measurement chamber. The vapor generating section employs a carrier gas, a mass flow controller (MFC) and a bubbler with precise temperature control (Figure 3a).

Nitrogen is selected as the carrier gas. Regulation of the vapor concentration can be achieved by modifying the carrier flow or the temperature of the bubbler. The outlet of the bubbler is then connected to the inlet of the in-situ measurement chamber. The measurement chamber is embedded in a movable section of a UV-vis spectrometer. It contains a reflective bottom, a piece of transparent glass and a screw lid for sealing. It also has an inlet and an outlet for the vapor flow. Once a film is placed in the chamber, its absorption spectrum can thus be recorded actively under the exposure of target analytes. The outlet is attached to a sink for the removal of generated vapor. 

DMSO sensing

To explore the sensing response of Fe(Sal2trien)NO3⊂MOFs systems towards DMSO, a filmof Fe(Sal2trien)NO3⊂MOF-808 prepared by spin coating with 5-layer deposition (see Chapter 2 for the film preparation) was exposed to saturated DMSO vapor in a sealed container without any activation treatment (e.g. heat or vacuum). Its absorption spectra were then recorded before and after the exposure (Figure 4). The pristine film shows the color of currant and both HS (500 nm) and LS (630 nm) bands are present in the absorption spectrum. This color is related to the presence of water molecules in the pores (adsorbed from the air) that stabilizes an intermediate spin state. After exposure to DMSO, the color of the film becomes dark purple with its absorbance at 500 nm reduced, and accordingly, an increase of absorption at 630 nm. This is in line with the results in solutions and preliminarily validates the sensing capability of Fe(Sal2trien)NO3⊂MOFs for DMSO. 

Fe(Sal2trien)NO3⊂MOF-808

A film of Fe(Sal2trien)NO3⊂MOF-808 was placed in the in-situ measurement chamber to get an insight into the kinetics of its response. To eliminate the bias of different particle sizes when comparing to Fe(Sal2trien)NO3⊂MIP-206 (size ca. 130 nm), MOF-808 with ca. 140 nm particle size was synthesized according to the room temperature synthesis protocol reported by S. Dai et al. 3 Its size distribution is depicted in Figure S1. The film was prepared as the strategy described in Chapter II, where an ethanol-based suspension was deposited at 1000 rpm via spin coating for 5 layers and followed by the post-encapsulation of the SCO complex. The pristine MOF-808 film before loading is relatively opaque and shows strong surface refraction. Its thickness is 1.6 µm, determined by SEM (Figure 5). The film was firstly activated under 100 °C to empty the pores before the sensing experiment, mainly to remove absorbed water and traces of loading solvent (DCM). The absorbance of the activated film displays the presence of the 500 nm band and negligible 630 nm, suggesting the evacuation of pores under heat leads to Fe(Sal2trien)NO3⊂MOF-808 mainly in the HS state (the bottom-most curve in Figure 6a). Afterward, the film was exposed to 15 ppmv of DMSO vapor (N2 flow 100 ml/min, bubbler temperature 30 °C) for 3 h at room temperature, and scans of its optical absorbance spectrum were launched every 60 s.

Figure 6a illustrates the evolution of the film absorbance during the exposure. A gradual increase of both bands at 500 nm and 630 nm during the exposure can be noticed. The appearance of the 630 nm band corresponds to the DMSO-induced HS-LS spin transition. Unlike the previous result in solutions where the increased LS band is accompanied by a decreased HS band (500 nm), the up-shift of the HS band observed here is contributed by a general baseline drifting to a higher optical absorption value. Such baseline drift is possibly a result of the condensation of DMSO at the surface of the film.

The evolution of the 630 nm LS absorption band over time is extracted and plotted in Figure 6b. Only a small fluctuation of the value at 630 nm is observed at the first 1000 s, after which it starts to increase steadily. However, no equilibrium was reached after 3 h exposure. This suggests extremely slow kinetics of the response. 

Fe(Sal2trien)NO3⊂MIP-206

A 1.9 µm thick Fe(Sal2trien)NO3⊂MIP-206 film prepared by spin coating was also tested adopting the same methodology. The film was activated at 100 °C and exposed to 15 ppmv DMSO vapor at room temperature for 2 h. Its response to DMSO shows a reduced HS band at 500 nm and a rising LS band at 630 nm (Figure 7a), which is consistent with the SCO⊂MOF-808 film. No baseline shift occurs in this case. However, it presents a highly limited response compared to SCO⊂MOF-808, with only an 8% increment in the LS band intensity after 2 h exposure. Given the comparable residual porosity between the maximal loaded MIP-206 and MOF-808 (residual pore volume 0.06 vs. 0.07 cm 3 /g•Å), this limited response of MIP-206 is likely attributed to the topology of the MIP-206 (1D channels) that does not favor of a fast vapor diffusion unlike the 3D pore system of MOF-808. Figure 7b shows the evolution of the absorbance of the LS band (at 630 nm) vs. time. The response rate is also very slow and no equilibrium is reached within the exposure duration. To conclude, both films show extremely slow kinetics toward 15 ppmv DMSO vapor, however, Fe(Sal2trien)NO3⊂MOF-808 exhibits a change to a greater extent than MIP-206 due to its 3D pore system. 

Optimization of Fe(Sal2trien)NO3⊂MOF-808 films

Given the sensing potential of Fe(Sal2trien)NO3⊂MOF-808 for DMSO, several experimental parameters were adjusted in order to obtain the optimal sensing performance and kinetics.

4.3.3.1 Impact of particle size 30 nm NPs are adopted for the film to study the influence of particle size (5-layer deposition at 1000 rpm) over the sensing performances. The film thickness is maintained at around 1.5 µm to prevent the influence of varied thicknesses. It is also tested under the same exposure condition of 15 ppmv DMSO vapor at RT for 2 h after activation at 100 °C.

Figure 8a shows the evolution of the absorption spectra of the film upon DMSO sorption. The reduced HS band (500 nm) and the raised LS band (630 nm) without the disturbance of the baseline shift are more visible compared to the film with larger particles. Noticeably, after extracting the evolution of the LS band (Figure 8b), it reveals the increase of the band intensity initiates from 1100 s after the injection of DMSO vapor. Similar incubation periods also appear in the films composed of 140 nm MOF-808 and MIP-206 particles loaded with the SCO complex, which may be attributed to the slow increase of DMSO concentration to a detectable level in the chamber as the flow is relatively low (100 mL/min). The absorbance progression at 630 nm can be fitted exponentially against time (after 1100 s), indicating a faster response than the 100 nm film is achieved with the transition half-time being 1597 s. Therefore, this proves that reducing the particle size can greatly accelerate the response. The absorbance of the film during desorption was also monitored to check its reversibility.

The chamber was flushed with solely N2 at 400 mL/min overnight, and optical absorption spectra were measured simultaneously. Progressive recovery of the HS fraction is observed (Figure 9a). However, the process is not completely reversible at room temperature, as the band at 630 nm is still visible after 9 h N2 flush. It could be explained by the inefficient removal of DMSO from the chamber, as sole N2 is not sufficient to evacuate vapors of heavy molecules such as DMSO or by the fact that DMSO molecules stay adsorbed in the MOF pores at room temperature. The half-time of desorption is 1786 s (Figure 9b), which is of the same magnitude as the adsorption process. 

DMSO concentration

To explore the kinetics of Fe(Sal2trien)NO3⊂MOF-808 films under higher concentration, the same piece of the film with 5-layer deposition of 30 nm NPs was exposed to 68 ppmv of DMSO vapor for 45 min (carrier gas flow 1.2 L/min, bubbler temperature 30 °C). Prior to the exposure to DMSO, the film was heated at 100 °C to remove the absorbed DMSO molecules and restore the sensitivity.

The negligible LS band after the heat treatment suggests the successful removal of DMSO adsorbed during the previous sensing experiment from the film. The same pattern of evolution of HS and LS bands is again observed (Figure 10a). This means the adsorption process is reversible and no degradation of the complex occurs during the thermal activation or during the DMSO exposure. In other words, the film for DMSO sensing is reusable.

Besides, the amplitude of its response is well correlated to the concentration. 68 ppmv DMSO induces a 36% increment relative to the initial value, whereas it is 22% for 15 ppmv. Additionally, the film shows an instant response without the incubation period once the vapor is injected, which results from the efficient transportation of DMSO vapor via the significantly increased flow rate (1.2 L/min vs. 100 mL/min). The LS band at 630 nm also progresses exponentially over time, and its kinetics is greatly fastened with a half-time of 630 s (Figure 10b). Thus, the kinetics of Fe(Sal2trien)NO3⊂MOF-808 films is dependent on the vapor concentration and a higher concentration leads to a faster response. The absorption evolution of the 3-layer film under DMSO exposure is illustrated in Figure 11a. The film shows a remarkable response with large modifications on both bands. The amplitude of the response in the LS band is retained at a similar level as the 5-layer film, around a 35% increment relative to the initial intensity. The kinetic plot of the LS band evolution can also be fitted with a single exponential pattern (Figure 11b). It reveals a steady state of the absorbance after 1250 s, which indicates the equilibrium of spin switching induced by DMSO. More importantly, the transition half-time is significantly reduced to 247 s, suggesting a very fast kinetic. This proves that the film thickness plays a key role in the sensing performance of porous films, as thinner films can facilitate the diffusion of guest molecules, which explains the faster response of the 3-layer film than the 5-layer one. However, in order to build a naked-eye detectable sensor, a compromise should be considered between the thickness and kinetics. Indeed, an even thinner film can lead to a faster kinetics, however, its optical absorption will also decrease to a limit where any modification in the absorbance intensity is hard to measure. Thus, at the current stage, such SCO-incorporated MOF systems can be potentially applied in indoor air quality management or chemical leakage detection for industries where large concentrations of chemicals are handled. 

Effect of the film density

The packing of films can be adjusted by changing the spin coating speed. 30 nm NPs deposited at 4000 rpm exhibits a looser packing compared to the 1000 rpm deposition (see Chapter II). 5-layer deposition at 4000 rpm produces a film with a thickness of around 0.8 µm. After being activated at 100 °C, the film was placed under 15 ppmv DMSO vapor (N2 flow 100 mL/min, bubbler temperature 30 °C) for 2 h after being activated at 100 °C.

Similarly to the film with 140 nm particles, a baseline shift also occurs, causing elevations on both 500 nm and 630 nm bands (Figure 12a). This may again be associated with the surface accumulation of DMSO. The values of absorbance at 630 nm were also extracted and plotted vs. time in Figure 12b. At the first 150 s, the absorbance shows no obvious change. This can be attributed to the fact that DMSO concentration is slowly increasing in the chamber at the beginning of the measurement, as the carrier flow is relatively low. Noticeably, this plateau lasts shorter than for the 1000-rpm deposited film (1100 s), suggesting a lower limit of detection for this loosely packed film. Again, the data can be fitted with an exponential profile with a half-life of 735 s, which is 54% faster than the film deposited at 1000-rpm. Two factors contribute to this accelerated response: (1) the 4000-rpm-deposited film has a thinner thickness than the 1000-rpm-deposited one (0.8 µm vs. 1.5 µm), which facilitates the diffusion of guest molecules in the film. (2) The loose packing of the MOF particle further enlarges the exposure area per MOF particle with DMSO through the presence of larger interparticular mesoporous voids. It is noteworthy that this surface condensation of DMSO is possibly due to the reduced surface roughness of the film, as a similar baseline drift is observed for bare MOF-808 film. However, the drift cannot be simply corrected by subtracting the bare MOF baseline. A further investigation to prevent or correct this baseline shift would be of interest. 

The influence of humidity

The solvent dependency study of the magnetic properties of Fe(Sal2trien)NO3 complex reveals that water can also promote the LS state, yet to a smaller extent than DMSO. Besides, considering the hydrophilic character of MOF-808 and the presence of humidity in the ambient air, it is important to investigate the sensing performance under the presence of water vapors.

Water adsorption isotherms

Prior to the in-situ sensing experiments, the water sorption capability of MOF-808 and Fe(Sal2trien)NO3⊂MOF-808 are estimated thanks to water adsorption isotherms at 298 K (Figure 13). For bare MOF-808, it absorbs water gradually with increasing pressure up to P/P0=0.2, followed by an abrupt water uptake in the range from 0.2 to 0.3. Afterward, the amount of absorbed water keeps increasing steadily and reaches a maximum of 30 mmol/g at P/P0=0.9. It also displays a hysteresis loop at the higher pressure domain of P/P0=0.6 to 0.9, which suggests partially reversible adsorption. When loaded with the SCO complex, the isotherm shows a similar adsorption pattern as the bare MOF-808. The water uptake reduces due to the occupation of the complex molecules in the pores. Besides, the Fe(Sal2trien)NO3⊂MOF-808 compound shows a higher water uptake at low pressure up to P/P0=0.2. This demonstrates higher hydrophilicity after loading, which is likely related to the hydrophilic nature of the spin crossover complex. Noticeably, no hysteresis loop appears in this case, representing completely reversible water sorption with Fe(Sal2trien)NO3⊂MOF-808. This further indicates that water can bind to the active sites e.g. Zr oxoclusters in bare MOF-808, resulting in the partial irreversibility of the sorption. However, these sites are possibly bounded or blocked by the SCO complex, subsequently leading to fully reversible sorption of water. The 5-layer film (30 nm particle, deposition at 1000 rpm) was firstly tested with solely water vapor. The film was activated at 100 °C and then placed in the measurement chamber. Water vapor is also generated by the bubbler at a carrier gas flow of 100 mL/min. The exposure lasted for 1 h and 20 min and afterward, the chamber was flushed with 400 mL/min N2 for 1 h to examine the reversibility of the water sorption.

A gradual decrease at the 500 nm HS band and an increase at the 630 nm LS band are found in the response of the film towards humidity (Figure 14a), which is consistent with the measurements performed in solution. Precisely, the intensity of the LS band increases by 16% after exposure to water, which is smaller than the change induced by DMSO (22% at 15 ppmv). This is also in line with the result obtained from solutions. Meanwhile, the response initiates immediately after the film is exposed to the water vapor, as a clear change in the absorbance at 630 nm between the first two points is observed (Figure 14b). The absorbance gets stabilized after 1000 s, and its progression is exponential against time. The half-life is estimated to be 192 s. Such a fast response benefits from the high hydrophilicity of MOF-808.

After the removal of humidity around the film, the HS band recovers and the LS band intensity is decreased by 19% (Figure 14c). The amplitudes of change in the LS band are similar in both absorption (16%) and desorption, suggesting the reversibility of water absorption in Fe(Sal2trien)NO3⊂MOF-808 film. Furthermore, the response of the film is again exponential over time and reaches equilibrium after 1000 s (Figure 14d). The half-life of the desorption process is comparable to the absorption process (216 s vs. 192 s). Thus, the film can respond to humidity reversibly and be recovered quickly in dry N2 flow at ambient temperature. The reversibility is also in line with the results observed in water isotherms. The same film was then activated at 100 °C and exposed to a mixture vapor of DMSO-water (volume ratio of the bubbling liquid 9:1) for 2 h. The concentration of DMSO was around 17 ppmv. The optical absorbance evolution is illustrated in Figure 15a. The intensity of the LS band is increased by 26%, which is the higher than the change induced by sole DMSO (22%) or water (16%). The absorbance at 630 nm vs. time can be fitted with an exponential curve associated to a half-life of 577 s (Figure 15b), which is 36% faster than dry DMSO sensing. Therefore, a more pronounced and faster response toward DMSO is observed in presence of humidity. This demonstrates the response of the Fe(Sal2trien)NO3⊂MOF-808 to DMSO vapor is not interfered by humidity, on the opposite, it can even facilitate a higher sensitivity for DMSO. Such behavior is possibly related to the hydrophilicity of the host MOF-808 where higher amounts of DMSO can be absorbed with assistance of humidity, leading to stronger interactions established between SCO and co-absorbed DMSO-H2O molecules compared to sole DMSO absorption. Conclusively, this water-assisted response is a great advantage for real-world applications, such as indoor air pollution management or leakage detection, eliminating the interference of ambient humidity.

Subsequently, the chamber was vented with N2 flux for 1 h. The LS band decreases gradually but is still visible at the end of the 1 h measurement (Figure 15c). It indicates that DMSO and water can be partially desorbed at room temperature. Besides, the presence of water seems to accelerate the desorption, as its the desorption half-time is greatly shorter than the desorption of sole DMSO (577 s for DMSO/H2O mixture vs 1768 s). However, an extended desorption measurement for DMSO/H2O mixture would be necessary in order to comprehensively compare the desorption rate between dry DMSO and in presence of water. 

Humidity (DMSO/H2O) 577

Table 2 summarizes the response rates of Fe(Sal2trien)NO3⊂MOFs films for DMSO under different conditions. The response rate is evaluated by the half-time (t1/2) of each exponential growth/decay derived from the intensity evolution in the LS band at 630 nm. In conclusion, firstly, the thickness plays a dominant role in improving the response rate, as it facilitates diffusion of the guest molecules inside the film. Secondly, lowering the concentration of DMSO leads to a slower spin transition. Thirdly, the film deposited at 4000 rpm has loosely packed MOF nanoparticles, which also helps the diffusion of DMSO and results in a faster response. The utilization of smaller nanoparticles can also promote the response greatly. Moreover, the co-sorption of water and DMSO is proved to not only accelerate the spin transition as well as induce a larger response, but also able to facilitate the desorption process (see Table 3). This extended response is likely originated from higher amounts of DMSO absorbed in the presence of humidity. Besides, it is noteworthy that Fe(Sal2trien)NO3⊂MOF-808 films are capable to be reused after being exposed to DMSO, as DMSO can be simply removed by heat treatment. When comparing the sensing response of MOF-808 and MIP-206, the spin transition of Fe(Sal2trien)NO3 in MIP-206 induced by DMSO is greatly reduced both in the extent and the rate relative to Fe(Sal2trien)NO3⊂MOF-808. This may be related to the less favored pore morphology of MIP-206 (1D channels) for vapor diffusion.

Table 3. Summary of the desorption lifetimes of the Fe(Sal2trien)NO3⊂MOF-808 film under different conditions.

To further systematically evaluate the capability of the shaped hybrids as VOCs sensors, it is necessary to examine its limit of detection (LoD), as well as its selectivity by exposing it to a mixture of VOCs vapors. Secondly, the stability of the SCO⊂MOF compounds is also a vital factor for sensors. Despite the chosen MOFs being considered robust in many harsh

Desorption

Dry DMSO DMSO/H2O H2O t1/2 1768 577 216 conditions, their long-term stability after being loaded with SCO complexes should also be tested. The degradation of the complex will lead to the loss of sensitivity for the SCO⊂MOF compounds, thus it is essential to improve its chemical stability by, for example, adopting host MOFs that can bond further strongly with the encapsulated complexes. Adopting other MOFs, e.g. hydrophobic instead of hydrophilic as MOF-808, will also benefit its selectivity by restrain the interference of humidity, which can likely help to improve the long-term stability of the complexes. From the fundamental research point of view, it is also essential to learn the absorption capacity of the fabricated compounds for acetic acid or DMSO, which can be achieved by adsorption isotherm measurements under these two vapors. To limit the effect of film thickness, the Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 1 µm thick film was also prepared. This film displays a negligible LS band after activation. When exposed to acetic acid, the absorption band at 685 nm increases in the first minute and then gradually decays exponentially (Figure 17). A possible explanation of such behavior is that the water dissolved in acetic acid triggers the HS to LS transition in a first stage, after which the acetic acid sorption induces the LS to HS transition. To validate this assumption, the co-absorption of acetic acid and water is necessary. Besides, when comparing to DMSO sensing with MIP-206, a faster response is observed for acetic acid which possibly results from a thinner film adopted in this case (1 vs. 1.9 µm). 

Effect of humidity

To investigate the effect of water in acetic acid sensing by the Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA film with low loading, the film is also saturated with water vapor before being exposed to acetic acid. The presence of the LS band in the initial absorbance spectrum validates the presence of water in the pores of MTV-MIP-206/PDA (Figure 21a). When the film is exposed to the acetic acid vapor, instead of the great reduction in the overall absorption spectra observed in MIP-206, only a decay in the LS band is noticed (Figure 21b). Besides, only slight incubation of the absorbance at the LS band is observed, which further validates the origin of the incubation as the absorption of dissolved guest molecules in the bubbler. Furthermore, the intensity decreases by 32%, which is comparable to the measurement in dry acetic acid (29% for the low-loading film). Besides, a similar half-time is observed with and without water. In conclusion, water can affect the sensing behavior of Fe[(C4H4-Sal)2trien]NO3. More importantly, such behavior is also dependent on different host MOFs, which provide varied chemical surroundings. This indicates the complex is more stable in the MTV-MIP-206s, which is possibly due to the strong interaction between the complex and the nitrogen-containing pyrazole or to the different anchoring locations of the guest molecules. However, in order to obtain a global understanding of the relationship between the loading capacity and the sensing kinetics, it is vital to quantify the acetic acid sorption ability via isotherm measurements. Despite the great potential of MTV-MIP-206/PDA for formaldehyde adsorption illustrated in chapter III, a preliminary study shows that no transition occurs when exposing Fe(X-Sal2trien)NO3⊂MOFs (X=H or C4H4) films to saturated formaldehyde vapor. Particularly, MOF-808 films with loaded with either Fe III complex (non-substituted or with naphthalene) are bleached after overnight exposure, whereas the color of Fe(Sal2trien)NO3⊂MTV-MIP-206/PDA film persists. This again demonstrate the enhanced chemical stability for the SCO complex when introducing PDA into the scaffold of the host MOF, which is possibly due to the stronger interaction formed between the vapor and the PDA ligand. It is possible to explore other SCO complexes to explore a formaldehyde-sensitive material.

Conclusion

The chapter focuses first on the kinetic sensing analysis of Fe(X-Sal2trien)NO3⊂MOFs (X=H or C4H4). The Fe III complexes spin states can be tuned by different solvent. Especially, DMSO can promote greatly the LS Fe III fraction of the non-substituted Fe(Sal2trien)NO3, whereas DCM promotes the HS state. The solvent-dependent spin transition is attributed to the strength of hydrogen bonds formed between the solvating molecules and protons on the secondary amine of the trien backbone. Fe[(C4H4-Sal)2trien]NO3 exhibits constant high LS population in various solvents including DMSO, water, and alcohols. However, when it is dissolved in acetic acid, a higher HS population is observed among others.

To assess the sensing capabilities of the SCO⊂MOF compounds synthesized in Chapter II and III, an in-situ optical absorption measurement chamber allowing the import of VOCs vapors is constructed. The sensing capabilities and the kinetics of Fe(X-Sal2trien)NO3 embedded in different MOFs films for DMSO and acetic acid are then evaluated using a vapor generator and a bubbler with temperature control and N2 as the carrier gas.

Fe(Sal2trien)NO3-loaded MOF-808 and MIP-206 films are exposed to 15 ppmv DMSO vapor. Upon exposure, both films show the DMSO-induced spin transition where a higher LS fraction is developed. The kinetics of the transition for both films under the given concentration of DMSO vapor is very slow but a larger change is observed with MOF-808.

To optimize the sensing response of the MOF-808 films, the influence of particle sizes, the packing density of particles, DMSO concentration and the film thickness are investigated respectively. Under the same concentration of DMSO, the reduction of particle sizes of MOF-808 NPs, from 140 nm to 30 nm, allows an accelerated response, where an exponential evolution of the transition is observed. When a looser packing of MOF-808 NPs is applied, it shows further faster kinetics, attributed to the faster diffusion within the film while however suffering from a noticeable baseline shift of its optical absorption due to the surface accumulation of DMSO. A higher concentration (68 ppmv) can also induce a comparable response of the compact film relative to the loose-packing film. The fastest response is demonstrated by decreasing the film thickness. It is important to mention the reversibility of DMSO adsorption on Fe(Sal2trien)NO3⊂MOF-808 films, where their sensing ability can be restored via heat treatment. When the MOF-808 film is exposed to DMSO in presence of humidity, accelerated kinetics along with a more pronounced response is established, proving the promising capability of Fe(Sal2trien)NO3⊂MOF-808 films for sensing in practical situations.

Films of naphthalene-based hybrid compounds are examined for acetic acid sensing. The MOF-808 films show an overall lowering absorbance intensity with a great reduction in the LS band, which suggests a degradation of the naphthalene-substituted SCO complex. Meanwhile, there is a noticeable increase in the broad HS band, suggesting the occurrence of spin transition. The persistent LS band in the MOF-808 film after the pore-evacuating activation demonstrates again the high hydrophilicity of MOF-808, where the absorbed water is likely to trigger the degradation of the complex. In the case of MIP-206 and MTV-MIP-224 206 films, a similar switching upon acetic acid vapor is observed with only an exponential decay on the LS band; an obvious leap appears in the LS band prior to the decay, likely attributed to the fast absorption of the water dissolved in acetic acid, subsequently inducing the LS to HS transition. The same switching pattern is observed for MTV-MIP-206/PDA film when its pores are saturated with water before exposure to the acid vapor. However, the water-saturated MIP-206 film shows a significant decline in its absorbance intensity upon exposure. This indicates the complex is more stable in the MTV-MIP-206s, which is possibly due to the stronger interaction between the complex and the nitrogen-containing pyrazole or to the different anchoring locations of the guest molecules. Access to the theoretical simulation will be able to bring a deeper understanding into the location and geometry of the loaded complexes.

In conclusion, fundamental investigations have been done to estimate and optimize the sensing performance for the fabricated Fe(X-Sal2trien)NO3⊂MOFs thin films, and especially, Fe(Sal2trien)NO3⊂MOF-808 shows great potential for DMSO sensing for practical application thanks to its prevention to the humidity interference. However, there is still some effort acquired in order to achieve a real naked-eye detectable optical sensing device.

pyrazole dicarboxylic acid (PDA) molecules as linkers in the backbone of MIP-206 (denoted as MTV-MIP-206/PDA), a higher loading capacity compared to MIP-206 is reached. The loading capacity of MTV-MIP-206/PDA seems to also affect the LS/HS ratio and the kinetics of the spin transition. These results suggest the Fe III SCO complexes are sensitive toward their chemical surroundings. The same methodology as MOF-808 film fabrication is adopted for MIP-206 and MTV-MIP-206/PDA films, where thin films with homogenous SCO loading are prepared via spin coating and post-encapsulation of the complex.

The sensing capacities for certain VOCs of the porous switchable thin films developed in Chapters 2 and 3 are evaluated in Chapter 4. The Fe III SCO complexes can display different spin states at room temperature when dissolved in different solvents. For the non-substituted Fe(Sal2trien)NO3 complex, dimethylsulfoxide (DMSO) greatly stabilizes the Fe III LS state, whereas the HS state is stabilized in dichloromethane. In the case of Fe[(C4H4-Sal)2trien]NO3, acetic acid stabilizes the HS state compared to all other solvents. Upon exposure to DMSO vapors, Fe(Sal2trien)NO3-loaded MOF-808 and MIP-206 films show the a HS-LS transition induced by DMSO sorption. However, the kinetics of the transition for both filmsis very slow, but a larger change is observed with MOF-808. A faster response is realized by decreasing the MOF particle size, achieving a looser packing of MOF particles in the film, increasing the DMSO vapor concentration, reducing the film thickness, or in presence of humidity. More importantly, the absorption of DMSO on Fe(Sal2trien)NO3⊂MOF-808 films is reversible via heat treatment. Films containing the naphthalene-based complex are examined for acetic acid sensing. A combination of spin transition and presuming complex degradation occurs for MOF-808 films under acetic acid vapor, where the degradation is likely to be attributed to the absorbed water in its pores. MIP-206 and MTV-MIP-206/PDA films present a different switching pattern from MOF-808 under acetic acid vapor. When their pores are filled with water molecules, the loaded MIP-206 film also displays a changing pattern related to complex degradation. However, the MTV-MIP-206/PDA film still behaves in the same manner as the case without water, indicating better stability of the complex in MTV-MIP-206/PDA.

In summary, the main objectives of this project have been achieved. Nonetheless, there are still space for improvements and future works. Hopefully, this work will create wider perspectives for new sensing devices design.

Perspectives

The development of a cheap, easy-to-handle, sensitive, and selective VOCs sensor is still a challenge. This work has so far demonstrated the potential of the hybrid SCO⊂MOF materials for colorimetric sensing. However, there are still some points that need further consideration and investigation in order to eventually achieve practical implementation of these new materials.

First of all, to further systematically evaluate the capability of the films as VOCs sensors, it is necessary to examine their limit of detection (LoD), as well as their selectivity by exposing them to mixtures of VOCs vapors. Secondly, the stability of the SCO⊂MOF compounds is also a vital factor for sensors. Despite the chosen MOFs being considered robust in many harsh conditions, their long-term stability after being loaded with SCO complexes should also be tested. The degradation of the complex will lead to the loss of sensitivity for the SCO⊂MOF compounds, thus it is essential to improve its chemical stability by, for example, adopting host MOFs that can bind strongly with the encapsulated complexes. Adopting other MOFs, e.g. hydrophobic instead of hydrophilic as MOF-808, may also enhance the selectivity by restraining the interference of humidity, as well as improve the long-term stability of the encapsulated complexes.

One could also imagine using different substrates instead of rigid glass slides in order to (1) enhance the adhesion between the SCO⊂MOF films and the substrate and (2) improve the film optical quality. Speaking of films quality, it is also feasible to combine inorganic or polymeric binders to avoid micro-cracks without clogging the pores of the host MOFs. Employing other deposition techniques for delivering a better film quality can also be considered. However, some may also demand a more careful choice of the substrates (in-situ growth and SURMOFs), and others require synthesis in mild conditions (atomic deposition). Thus, the exploration of MOFs synthesis conditions could be beneficial for MOFs film fabrication.

A broader selection of SCO complexes and MOFs could also be taken into consideration to get a more comprehensive insight into the correlation between the host-guest interactions and electronic properties from a fundamental point of view. Varying the loading strategies may also potentially affect the switching properties of the SCO⊂MOF solids, hence requiring further investigations. Finally, this type of solids may also be used for a broader scope of applications, for instance, catalytically active or conductive materials.

In conclusion, this work explores a novel category of sensing materials by the assembly of MOFs and SCO complexes and I hope it could set a solid fundamental for future research.

associée à une origine moléculaire, cela explique son indépendance vis-à-vis de la taille des particules du MOF ou de la quantité de complexe commutable dans les pores. Ce travail ouvre donc une perspective plus large pour la conception de matériaux bistables pour les dispositifs d'affichage ou de détection. Cette section est présentée sous la forme d'une publication qui sera bientôt publiée.

Dans la deuxième partie, j'ai fonctionnalisé le complexe Fe III (Sal2trien)NO3 pour étudier l'impact de la fonctionnalisation sur les propriétés de commutation du composé hybride SCO⊂MOF. Chaque groupe benzène dans le ligand parent est substitué par un groupe naphtalène afin d'obtenir le complexe Fe[(C4H4-Sal)2trien]NO3. Lors de l'insertion de ce composé dans le MOF-808, le solide résultant conserve la structure cristalline de la matrice hôte ainsi qu'une porosité résiduelle. Comme le composé hybride basé sur le complexe non fonctionnalisé, le solide Fe[(C4H4-Sal)2trien]NO3⊂MOF-808 présente également une transition de spin coopérative avec une hystérésis thermique. Cependant, la température de transition mesurée est plus élevée et la fraction résiduelle bas-spin à haute température est plus importante que dans le composé sans fonctionnalisation, ce qui indique que la présence de groupements naphtalène stabilise l'état bas-spin. La persistance de la transition de spin hystérétique dans le composé fonctionnalisé corrobore l'origine moléculaire de la coopérativité et démontre la robustesse de cette propriété. Ici, le groupement naphtalène peut potentiellement fournir une interaction plus forte avec la charpente du MOF, affectant ainsi le comportement de commutation du complexe. Des simulations théoriques seraient nécessaires pour mettre en évidence l'interaction et la géométrie de ce complexe lorsqu'il est inséré dans les pores du MOF-808.

La troisième partie de ce chapitre décrit le processus de mise en forme des composés SCO⊂MOF à partir d'une suspension colloïdale. Cette méthode nécessite donc une suspension colloïdale stable. Pour cette raison, les propriétés colloïdales du MOF-808 sont étudiées avant la fabrication des films. Les nanoparticules (NPs) de MOF-808 présentent une taille plus petite et une plus grande stabilité dans l'eau que dans l'éthanol, ce qui est en bon accord avec le caractère hydrophile du MOF-808. Néanmoins, le MOF-808 en suspension dans l'éthanol possède une stabilité colloïdale acceptable malgré une taille moyenne légèrement supérieure. L'utilisation de NPs jamais séchées pour préparer les suspensions conduit à une meilleure efficacité de dispersion ainsi qu'à une taille colloïdale considérablement réduite. Malgré la grande stabilité offerte par les suspensions aqueuses de MOF-808, les suspensions dans l'éthanol sont choisies pour la préparation de films en raison de la faible tension de surface et de la grande volatilité de ce solvant. Les nanoparticules en suspension sont déposées sur des substrats en verre par dip-coating ou spin-coating pour la fabrication de films. Les films déposés par dip-coating montrent un changement négligeable de la couleur du film après insertion du complexe à transition de spin à cause de leur épaisseur limitée. Le spin coating est alors adopté et conduit à des films plus épais avec une épaisseur ajustable. Une insertion homogène des complexes de Fe III (non fonctionnalisés ou substitués par du naphtalène) est obtenue avec des films d'épaisseurs variées, tandis que l'intégrité du film de MOF est préservée. Ceci indique la bonne adhésion des films sur les substrats en verre. Cependant, des microfissures irrégulières apparaissent dans tous les films.

La fabrication de films SCO⊂MOF présentant moins de défauts serait donc intéressante à explorer. Les propriétés de commutation des films préparés dans ce chapitre sont abordées dans le chapitre IV.

Chapitre III :

Ce chapitre présente l'impact de la topologie du MOF sur les propriétés de commutation du matériau SCO⊂MOF. Les complexes de Fe III 
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 2 Figure 2. Cancer risks imposed for (a) benzene, (b) formaldehyde exposure in the EU.
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 4 Figure 4. (a) Reversible spin crossover behavior of the 3d orbitals of Fe III atom in octahedral geometry, induced by temperature (T), pressure (P), or light (h). (b) Schematic representation of the transition mechanisms and associated thermal spin transition curves in three characteristic SCO systems having different degrees of cooperativity. Figure adopted from ref 20. 20
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 5 Figure 5. Structures of (a) Fe II (pyrazine)[Pt(CN4)]•2H2O 26 and (b) Fe II (azyp)[M(CN4)] 25 . Color codes: Fe, orange; Pt, pink; N, blue; O, red; C, gray (a) and black (right).
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 6 Figure 6. Magnetic behaviors and guest-induced color change of Fe II (pyrazine)[Pt(CN4)]. a) Susceptibility measurements of guest-free framework(blue), benzene clathrate (yellow), and CS2 clathrate (purple) in the temperature range 240-340 K. (b)The sample color changed between deep red (LS) and yellow-orange (HS) depending on the temperature and guest molecules.26 

Figure 7 .

 7 Figure 7. Structural illustrations of (a) ZIF-8 (Zn-imidazolate), where zinc polyhedra are orange, carbon in grey, and nitrogen in yellow. (b) MIL-53 (Al-terephalate), viewing along axis c, with aluminum polyhedra in mint, carbon in grey, and oxygen in red. (c) UiO-66 (Zr6-terephalate), viewing along axis c, with zirconium polyhedra in blue, carbon in grey, and oxygen in red. (d) MIL-140A (ZrO7-terephalate), viewing along axis a, with zirconium polyhedra in blue, carbon in grey, and oxygen in red.

Figure 8 .

 8 Figure 8. Common connectivity of Zr6 oxoclusters. Color code: white, hydrogen; gray, carbon; red, oxygen; yellow, nitrogen; aqua, zirconium. Figure adapted from ref 61.
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 9 Figure 9. Schematic representation of MOF NP nucleation and growth according to the LaMer model. Blue trace, the synthesis of uniform small MOF NPs typically involves fast formation of abundant nuclei. Red trace, a small number of nuclei and slow growth rate results in uniform large NPs.67 

Figure 1 .

 1 Figure 1. (a) Schematic illustration of the fabrication of NAFS-1 with bottom-up modular assembly by combining a layer-by-layer growth technique with the Langmuir-Blodgett method. Reproduced from ref 78 . (b) Vapour-phase deposition of ZIF-8 thin films via ALD ZnO film. The procedure consists of a metal oxide vapour deposition (Step 1) and a consecutive vapour-solid reaction (Step 2). Metal, oxygen and ligand sources are labelled as M, O and L, respectively. Metal oxide deposition can be achieved by atomic layer deposition (M, diethylzinc; O, oxygen/water) or by reactive sputtering (M, zinc; O, oxygen plasma). Atom colours: zinc (grey) oxygen (red), nitrogen (light blue) and carbon (dark blue); hydrogen atoms are omitted for clarity. Illustration reproduced from Ref 78. 81
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 23 Figure 2. Illustration of chromism-based sensing mechanisms of MOFs, adopted from ref 24. 24

  For example, the 3D-MOF [Cu(HL)(DMSO)•(MeOH)]n (L= triphosphaazatriangulene) exhibits a structural transformation into a 1D-columnar assembly H3L•0.5[Cu2(OH)4•6H2O]•4H2O under humid conditions accompanied by a yellow to blue-green colour change of the crystals. The reverse 1Dto-3D transformation structure also occurred upon the sorption of DMSO/MeOH vapours.Crystals containing Pt(II) complexes can also be coloured due to metal-metal-to-ligand chargetransfer (MMLCT) from the Pt-Pt orbital to the π* orbital of the organic ligand. Slight modifications of the complex structure upon external stimuli can induce a significant change in the transition energy of MMLCT, resulting in a colour change. For example, Kato et al. demonstrated novel Pt(II) diamine based crystals with vapochromic behaviour towards H2O and alcohol vapours by switching the structures between an amorphous compound and a porous crystalline network.128,129 
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Figure 4 .

 4 Figure 4. (a) Color change and response time of [Zn(3-DPMNI)0.5(NDC)] (denoted as 1 in the figure and following text), (H2NDC = 2,6-naphthalenedicarboxylic acid, 3-DPMNI = N,N′-bis(3pyridylmethyl)-1,4,5,8-naphthalene diimide) in the presence of different amine vapors. (b) UV-vis absorption spectra of 1 in the presence of different organic amines. Figures adapted from ref 105. (c) Structure of N-methylated UiO-67-bpy and its reversible colour change when deposited UiO-67-dmbpy was exposed to amine vapours. n-BUA(in a)/BA (in c) = butylamine, DEA = diethylamine, AH = hydrazine, DIP(in a)/DiPA (in c)= diisopropylamine, TEA = triethylamine, TEOA = triethanolamine, AN = aniline, EA = ethylamine. Figures adapted from ref100.
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 5 Figure 5. (a) Illustration of DTNB@NU-1000 for degradation and visual detection of the nerve agent VX. 143 (b) Two anchoring modes of DTNB in MOF-808 and the proposed mechanism of the colour change of DTNB@MOF-808 upon VX. DTNB@MOF-808 degradation kinetics of VX compared to DTNB@NU-1000. Photographs of the MOF-textile composite upon contact with VX. 144 (c) Sequential installation strategy for anchoring a SCO complex in a MOF and UV-Vis spectra at room temperature of the MOF-SCO composites dispersed in acetone (orange) and EtOH (red) for MIL-100, and dispersed in acetone (orange) and MeOH (red) for MFU-4l. 106

Figure 6 .

 6 Figure 6. (a) Schematic diagram of various origins of luminescence in LMOFs. (b) Illustration of photon emission in ligand-centred luminescence. Adopted from ref 151. 151

  and Khatua et al.157 also highlighted the advantages of using flexible LMOFs in gas/vapour sensing applications. Recently, Yao et al. grafted a non-planar organic chromophore, 3-TPPA (tri(4-(pyridine-3-yl)phenyl)amine (3-TPPA)), into a 2D flexible MOF, MOF-105, via one-pot synthesis and realized a wide range emission colour tuning 107 (Figure7a). The bulk crystal of the free-standing 3-TPPA chromophore exhibited only emission intensity changes under different temperatures. However, the resulting hybrid material emission can be modulated by both temperature and pressure stimulus as well as VOCs sorption via positive (solvato-)fluoro-chromism interactions.With the rapid growth of LMOFs-based sensing, new mechanisms and platforms are also emerging. In 2020, Liu et al. designed and synthesized a rigid Cu(I)-based MOF [Cu4I4(Py3P)2]n (Py3P = tris(2-pyridyl)phosphine) that displayed a guest-induced luminescence enhancement mechanism.108 Upon exposure of chlorinated VOCs vapours (CH2Cl2, CHCl3 and C2H4Cl2), a turnon detection mode was observed with an obvious enhancement of luminescence intensity, compared to other VOCs vapour exposure such as benzene, CH3OH, acetone and DMF. The weak host-guest interactions between chloroalkanes molecules and the host framework decrease the molecular vibrations inside the MOF, resulting in luminescence enhancement (Figure7b). In the same year, the first report on enhanced fluorescence of self-assembled colloidal crystal film was achieved by Olorunyomi et al. They incorporated a fluorescent dye Nil red (NR) into ZIF-8 colloidal crystals, followed by self-assembly of dye-functionalized MOF particles into colloidal crystal films via dip-coating.109 The periodically ordered assembly of NR~ZIF-8 colloidal crystals (denoted as NR~ccZIF-8 film) enhanced the fluorescence by 186 folds compared to disordered samples. Furthermore, the NR~ccZIF-8 films respond to different organic vapours (acetone, methanol, toluene and xylenes) under various concentrations via fluorescent quenching. The highest response was obtained with toluene vapours, whereas the lowest occurs from xylene isomers exposure. The selectivity is evoked from molecular size and shape exclusion, which indicates the importance of porosity in colloidal crystal assemblies for fluorescent sensing.

Figure 7 .

 7 Figure 7. (a) Illustration of the organic chromophore 3-TPPA grafted in the dynamic coordination space of a flexible MOF. (b) Wide-range emission colour tuning of 3-TPPA grafted MOF-105 material. 107 (c) Illustration of the guest-induced luminescence enhancement mechanism in the
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 8 Figure 8. Illustration of the working principle of a Fabry-Perot interferometer and a typical Fabry-Perot interference pattern.

Figure 9 .

 9 Figure 9. (a) Illustration of the experimental procedure used to fabricate HMNSE. (b) HMNSE with 2 nm Pt coating before and after exposure to a saturated acetonitrile vapour at 293 K. Insets

Figure 10 .

 10 Figure 10. (a-c) SEM images of ZIF-8 MCCs of different crystal morphologies: TC ZIF-8 (a), TRD ZIF-8 (b) and RD ZIF-8 (c). Insets show schematic representations of corresponding crystal morphologies. (d) PXRD patterns of ZIF-8 MCCs of different crystal morphologies showing preferential orientations. Inset show schematic representations of corresponding arrangement of ZIF-8 nanoparticles. From top to bottom: TC ZIF-8, TRD ZIF-8 and RD ZIF-8. (e and f) Reflectance spectra of TC ZIF-8 MCCs (e) and TRD ZIF-8 MCCs (f). Insets show corresponding optical micrographs. (g) Schematics showing the adsorption of C5-C8 linear alcohols on ZIF-8 through (110) and (100) planes. (h) Δλmax of ZIF-8 MCCs of different crystal morphologies in response to C1-C8 linear alcohols: RD ZIF-8 (pink), TRD ZIF-8 (cyan) and TC ZIF-8 (yellow).112

Figure 11 .

 11 Figure 11. Illustration of Mayer rod coating of MOF amorphous photonic structure (APS). (a) Selective wetting of the hydrophilic area of the substrate during coating by spherical/polyhedral MOF inks; b) Formation of APS patterns of spherical or polyhedral MOF particles after the removal of water; c) Vapour-responsive colour changes of the MOF APS patterns. 175

Figure 12 .

 12 Figure 12. (a) Schematic diagram of the HKUST-1 coated optical fibre sensor and an optical microscope image of the sensor. (b) Illustration of a section of the original (blue) and shifted (red) interferograms. 180 (c) Schematics of the modification step at the interface of the optical microfibre with ZIF-8/GO functional layer. 118

Figure 13 .

 13 Figure 13. (a) Optical power distribution of the fundamental mode (LP01, core mode) and (b) higher-order mode (LP08, cladding mode); (c) near-field image of the LP08 mode pattern obtained with an infrared camera; (d) schematic diagram of the proposed fibre interferometer with cascaded LPFGs. ASE: amplified spontaneous emission light source; OSA: optical spectrum analyzer. 119

Figure 14 .

 14 Figure 14. (a) Schematic representation of an MOF-FO-SPR probe (not in real scale). The probe consists of an optical fibre with a diameter of 400 μm with the inner TECS cladding and the outer protective cladding removed from the end. A gold layer is covered with a MOF which functions as a recognition layer. The atoms in the floating methanol molecules are oxygen (red), carbon (black), and hydrogen (white). 120 (b) TIRE/SPP principle and TIRE measurement geometry with the sample layer stacks. (c) The measured SPP peak redshift under Methanol in dry N2. 121

  194 ZIF-8 was selectively grown either at the ends, the waist, or forming a core-shell structure on the bipyramids. The formation of the selectively deposited ZIF-8 was confirmed by SEM and TEM images shown in Figure15a-b. All three nanostructures presented distinctive Raman peaks of toluene and aniline under the vapour exposure, indicating the occurrence of analyte interactions with the MOF. The end-deposited Au NBP@ZIF-8 presented the strongest Raman signals, which can be explained by the large local electric field at the sharp ends of the Au NBPs.

Figure 15 .

 15 Figure 15. (a) Schematics of the routes for selective deposition of ZIF-8 on the Au NBPs. (b) TEM images of the Au NBPs, NBP/end-ZIF, NBP/waist-ZIF, and NBP@ZIF nanostructures, respectively. 194 (c) Illustration of the setup for stand-off SERS sensing. (d) Stand-off multiplex spectra obtained in outdoor condition with natural light, for two different mixtures of naphthalene and toluene, with reference to individual naphthalene and toluene SERS spectra.
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Figure 1 .

 1 Figure 1. a) Powder X-Ray Diffraction pattern (λCu = 1.5406 Å) of 120 nm MOF-808 and Fe(sal2trien)⊂MOF-808 nanocrystals; b-c) Bright Field STEM images of 120 nm and 30 nm MOF-808 particles; d-e) STEM-EDX elemental mapping of 30 nm large Fe(sal2trien)⊂MOF-808 nanocrystals.

Figure 2 .

 2 Figure 2. (left) N2 sorption isotherms at 77 K (P0=1 bar) of 120 nm MOF-808 nanocrystals with different iron complex loading; (right) Raman spectra of MOF-808 nanocrystals with different particle sizes and iron complex loadings.

Figure 3 .

 3 Figure 3. Evolution of the product of the molar magnetic susceptibility multiplied by the temperature (left) as function of the temperature measured at 0.5 K/min for different MOF particle sizes and (right) as function of the sweep rate for a given sample.

Figure 4 .

 4 Figure 4. Mössbauer spectra of 57 Fe enriched 1⊂120nm-21% at 300 K and 77 K. The HS and LS components are in blue and red, respectively.

Figure 5 .

 5 Figure 5. Reconstructed FES F(T; xGa, yGa, zGa) of 2⊂MOF-808 obtained from the WT-MTD simulations performed at T = 350 K (F = -50 mHa) superimposed with the optimized HS structure of 1⊂MOF-808 obtained from the configuration 2 (see Text).

Figure 6 .

 6 Figure 6. Snapshots of the structures of the three most stable minima of 1⊂MOF-808 located on the estimate of the FES and further optimized by DFT, the shortest contacts between the MOF-808 linker and the SCO complex are evidenced by the black line.

Figure S3 .Figure S4 .

 S3S4 Figure S3. (a) HAADF STEM image of 1⊂120 nm MOF-808. (b)-(c) Zr and Fe elemental mapping of 1⊂120 nm MOF-808.

Figure S10 .Figure S11 :

 S10S11 Figure S10. Evolution of the product of the molar magnetic susceptibility multiplied by the temperature as function of the temperature for 1⊂120 nm-21% (top left), 1⊂850 nm (top right), 1⊂30 nm (bottom left) and 1⊂120 nm-5.5% (bottom right).

Figure 7 .

 7 Figure 7. (a) Scheme of the Fe[(C4H4-Sal)2trien]NO3 complex. (b) Powder X-Ray Diffraction patterns of Fe[(C4H4-Sal)2trien]NO3, MOF-808 (30 nm), and Fe[(C4H4-Sal)2trien]NO3⊂MOF-808 nanocrystals in 2θ range of 1.6 -30° (λCu = 1.5406 Å). (c) IR spectra of Fe[(C4H4-Sal)2trien]NO3, MOF-808 (30 nm), and Fe[(C4H4-Sal)2trien]NO3⊂MOF-808 samples. Green dotted lines marked the characteristic peaks from the SCO that are also present in the loaded MOF. (d) N2 sorption isotherms at 77 K (P°=1 bar) of MOF-808 30 nm nanocrystals with the complex loading.

Figure 8 .

 8 Figure 8. Temperature dependence on the molar magnetic susceptibility of SCO-C4H4⊂MOF-808 measured at a sweep rate of 0.5 K/min.

Figure 9 .

 9 Figure 9. (a) Size distribution of MOF-808 nanocrystals dispersed in water (blue) and PDI (polydispersity index) (red) at different concentrations. (b) Zeta potential of MOF-808 nanocrystals dispersed in water at different concentrations. (c) Size distribution of MOF-808 nanocrystals dispersed in ethanol (green) and PDI (red) at different concentrations. (d) Zeta potential of MOF-808 nanocrystals dispersed in ethanol at different concentrations.

Figure 10 .

 10 Figure 10. (a) Size distribution of dried MOF-808 nanocrystals dispersed in EtOH (orange) and PDI (red) at different concentrations. (b) Zeta potential of dried nanocrystals dispersed in EtOH at different concentrations. (c) Size distribution of moist NPs dispersed in EtOH (light purple) and PDI (red) at different concentrations. (d) Zeta potential of moist nanoparticles dispersed in EtOH at different concentrations.

Figure 11 .

 11 Figure 11. HRTEM image of 30 nm MOF-808, where particles are inter-connected.

Figure 12 .

 12 Figure 12. Comparative analysis of pristine and HCl-treated MOF-808: (a) PXRD, (b) TGA; the purple marked area represents the weight loss of formates. (c) and (d) 1 H NMR spectra (HCl treatment and pristine MOF, respectively).

Figure 13 .

 13 Figure 13. (a) Size distribution of HCl-treated NPs dispersed in H2O (pink) and associated PDI (red) at different concentrations. (b) Zeta potential of HCl-treated nanocrystals dispersed in H2O

Figure 14 .

 14 Figure 14. (a) Scheme of the dominant driving force during the withdrawal process. (b) A typical plot of thickness versus withdraw speed and three regimes: capillary (pink), intermediate (green), and viscous drag (blue).3

Figure 15 .

 15 Figure 15. (a) Picture of MOF-808 NPs films with double deposition by dip coating. (b) Picture of films with triple deposition by dip coating. (c) SEM image of the double deposition film. (d) Table of the thickness and refractive index of the films with double coating and triple coating obtained by ellipsometry.

Figure 16 .

 16 Figure 16. (a, b) Pictures of MOF-808 NPs films with double deposition before and after the encapsulation of the SCO complex. (c, d) Absorbance spectra of films with double (c) and triple (d) deposition before and after the encapsulation.

Figure 17 .

 17 Figure 17. (a) Film defects caused by particulate matter/dirt on the surface. (b) Non-uniform distribution of the film due to the imperfect wetting. (c) Partially coated film because of the limited amount of deposited liquid. 10

Figure 18 .

 18 Figure 18. (a) Image of 3-layer deposition of MOF-808 films under a microscope. Inset: picture of the 3-layer MOF-808 films. (b) SEM images of film segments scrapped from the film on the glass cover. (c) SEM image of the cross-section of the film deposited on the Si wafer. The sample was placed on a 45-titled measuring platform. A factor of cos(45) has been applied to the length measurement to correct the effect of the projection. (d) SEM images of the compact particles of the MOF-808 film.

Figure 19 .

 19 Figure 19. (a) Optical image of 5-layer deposition of MOF-808 NPs films under a microscope. Inset: picture of the 5-layer films. (b) SEM images of film segments scrapped from the film on the glass cover. (c) SEM image of the cross-section of the film deposited on Si wafer. A factor of cos(45) has been applied to the length measurement to correct the effect of the projection. (d) SEM images of the compact particles of the 5-layer deposition film.

Figure 20 .

 20 Figure 20. (a) Image of a MOF-808 film deposited at 4000 rpm under an optical microscope. Inset: photograph of the 5-layer 4000 rpm deposited MOF-808 films. (b) SEM image of the cross-section of the film deposited on the Si wafer. A factor of cos(45) was applied to the length measurement to correct the effect of the projection.

Figure 21 .

 21 (a) Picture of the 3-layer film before and after the loading of Fe III (Sal2trien)NO3. (b) Optical absorption spectra of the pristine film and the films prepared with different parameters after loading. (c) Table of the thickness and the corresponding Fe: Zr ratio obtained by SEM-EDX analysis of different films.

Figure 22 .

 22 Figure 22. (a) Picture of the 3-layer film before and after the loading of Fe[(C4H4-Sal)2trien]NO3. (b) Optical absorption spectra of the film layer before and after the loading.

Figure S1 .

 S1 Figure S1. (a) SEM image of the Fe-complex loaded MOF-808 particles. (b) A particular EDX spectrum of selected points on the scanning area of the Fe-complex loaded MOF-808 particles. (c) Table of EDX results of SCO-C4H4⊂MOF-808 for Fe and Zr (in atomic percentage). Each record corresponds to a particular point indicated in (a).

Figure S2 .

 S2 Figure S2. SEM image of MOF-808 particles used to prepare the suspensions.

Figure 1 .

 1 Figure 1. Illustrations of MIP-206 structure. (a) Structure of 8-connected Zr6(μ3-O)4(μ3-OH)4(formate)4 (SBU). (b) Structure of 12-connected Zr12(μ3-O)8(μ3-OH)8(μ2-OH)6(formate)6 SBU. (c) Structure of a single mesopore. (d) A single 2D layer. (e) 1D meso-channel viewed along c axis.

Figure 2 .

 2 Figure 2. Functional MIP-206s and their tunable properties. (a) Illustrations of a structural segment of MIP-206s with IPA and functionalized IPA (in violet) and MTV-MIP-206s with secondary linkers (in orange). (b) Water sorption isotherms of MIP-206, MIP-206-OH, and MIP-206-Br displaying their tuned hydrophicility.3

Figure 3 .

 3 Figure 3. SEM images of (a) a typical MIP-206 sample with varied particles morphologies and sizes. (b) MTV-MIP-206/PDA particles.

Figure 4 .

 4 Figure 4. (a) PXRD pattern (λCu=1.5406Å) of the MIP-206 samples synthesized at different temperatures. (b) SEM images of MIP-206 particles synthesized at 150 °C. (c) SEM images of MIP-206 particles synthesized at 180 °C.

Figure 5 .

 5 Figure 5. (a) PXRD patterns of the calculated MIP-206 reference and samples synthesized at durations of 12 h, 6 h and 2 h (λCu=1.5406Å). (b) PXRD patterns of the calculated isophthalic acid reference, sample synthesized at durations of 1 h and its pattern after soaking in EtOH (λCu=1.5406Å).

Figure 6 .

 6 Figure 6. (a) SEM images of particles synthesized in 6 h. (b) SEM images of particles synthesized in 2 h. (c) Estimation of the colloidal diameter of the samples in ethanol by DLS (concentration: 0.1 g/mL).

Figure 7 .

 7 Figure 7. (a) PXRD patterns before and after Fe(Sal2trien)NO3 loading (λCu=1.5406Å). Inset: powdered sample of Fe(Sal2trien)NO3⊂MIP-206. (b)Infrared spectra of Fe(Sal2trien)NO3, MIP-206, and Fe(sal2trien)NO3⊂MIP-206. (c) N2 sorption isotherms at 77K of MIP-206 and Fe(Sal2trien)NO3⊂MIP-206. (d) DFT pore size distribution of MIP-206 and Fe(Sal2trien)NO3⊂MIP-206.

Figure 8 .

 8 Figure 8. Evolution of the molar magnetic susceptibility multiplied by the temperature as function of the temperature of Fe(Sal2trien)NO3⊂MIP-206 measured at different sweep rates.

Figure 10 .

 10 Figure 10. Evolution of the molar magnetic susceptibility multiplied by the temperature as function of the temperature of Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 measured at different sweep rates.

Figure 11 .

 11 Figure 11. (a) PXRD patterns of MTV-MIP-206/PDA before and after loading (λCu=1.5406Å). Inset: photograph of Fe(Sal2trien)NO3⊂MTV-MIP-206/PDA powder sample. (b) Infrared spectra of Fe(Sal2trien)NO3, MTV-MIP-206/PDA and Fe(sal2trien)NO3⊂MTV-MIP-206/PDA. (c) N2 sorption isotherms at 77K of MTV-MIP-206/PDA and Fe(Sal2trien)NO3⊂MTV-MIP-206/PDA. (d) DFT pore size distribution of MTV-MIP-206/PDA and Fe(Sal2trien)NO3⊂ MTV-MIP-206/PDA.

Figure 13 .

 13 Figure 13. (a) PXRD patterns of MIP-206 before and after loading of Fe[(C4H4-Sal)2trien]NO3 (λCu=1.5406Å). Inset: photograph of Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA powdered sample. (b)Infrared spectra of Fe[(C4H4-Sal)2trien]NO3, MTV-MIP-206/PDA, and Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA. (c) N2 sorption isotherms at 77K of MTV-MIP-206/PDA and Fe[(C4H4-Sal)2trien]NO3⊂ MTV-MIP-206/PDA.

Figure 14 .

 14 Figure 14. (a) N2 sorption isotherms at 77K of Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA with modified loading. Insets: photographs of (left) powder sample of Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA with 4% Fe loading; (right) powder sample of Fe[(C4H4-

Figure 15 .

 15 Figure 15. (a) Evolution of the molar magnetic susceptibility multiplied by the temperature as function of the temperature of Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA with saturated loading (Fe:Zr atomic ratio 0.17) measured at different sweep rates. (b) Evolution of the molar magnetic susceptibility multiplied by the temperature as function of the temperature of Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA with lower loading (Fe:Zr atomic ratio 0.1) measured at different sweep rates.

Figure 16 .

 16 Figure 16. (a) Size distribution of MIP-206 NPs in water (taupe) and PDI (red) for different concentrations. (b) Zeta potential and pH of a suspension of NPs dispersed in water at different concentrations. (c) Zeta potential of nanoparticles dispersed in water at various pH.

Figure 17 .

 17 Figure 17. (a) Size distribution of MIP-206 NPs dispersed in ethanol (mint) and PDI (red) for different concentrations. (b) Zeta potential and pH of nanoparticles dispersed in ethanol at different concentrations.

Figure 18 .

 18 Figure 18. (a) Size distribution of MIP-206 NPs dispersed in methanol (purple) and PDI (red) at different concentrations. (b) Zeta potential and pH of nanoparticles dispersed in methanol at different concentrations.

Figure 19 .

 19 Figure 19. (a) Size distribution of MTV-MIP-206/PDA nanoparticles dispersed in methanol (light blue) and PDI (red) at different concentrations. (b) Zeta potential and pH of MTV-MIP-206 nanoparticles in methanol at different concentrations.

Figure 20 .

 20 Figure 20. A picture of a 3-layers MIP-206 film on glass substrate (left); SEM image of the 3-layer MIP-206 film (right).

Figure 21 .

 21 Figure 21. (a) Absorbance spectrum of Fe(Sal2trien)NO3⊂MIP-206 film. Inset: picture of a Fe(Sal2trien)NO3⊂MIP-206 film. (b) Absorbance spectrum of Fe[(C4H4-Sal)2trien]NO3⊂MIP-206. Inset: picture of a Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 film.
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 34 Formaldehyde adsorption of MTV-MIP-206/PDA

Figure 23 .

 23 Figure 23. Operando Surface FTIR spectra obtained during the adsorption of FA with increased FA pressure (10 -4 -10 -1 bar) on MTV-MIP-206/PDA (background subtracted): (a) wavenumber range 3700-1620 cm -1 ; (b) wavenumber range 1740-1620 cm -1 .Adsorption of FA(D2) on MTV-MIP-206/PDAFA(D2) was adsorbed at RT after evacuated thermal treatment of the MOF at 100°C under vacuum (1h). The spectra recorded spectra after each dose of FA (pressure range 10 -4 -10 -1 bar) are shown Figure24. As expected, ν(CD2) (νas and νs) bands are shifted to 2238 cm -1 and 2175 cm -1 , respectively, with an isotopic shift of i=1.34 and i=1.339. This is in a good agreement with a theoretic shift for C-H/C-D bounds (i.e. 1.363) (Figure24b). Others bands at 2085 cm - 1 and 2058 cm -1 (small shoulder) could be related to some ν(CD2) (νas and νs) bands of methoxy species in a different conformation (or ν(CD2) and 2δ(CD2)).

Figure 24 .

 24 Figure 24. Operando Surface FTIR spectra obtained during the adsorption of FA(D2) with increased FA(D2) pressure (10 -4 -10 -1 bar) on MTV-MIP-206/PDA (background subtracted): (a) wavenumber range 3700-1500 cm -1 ; (b) wavenumber range 2600-1800 cm -1 . Adsorption of FA( 13 C) on MTV-MIP-206 /PDA at various temperatures Due to the presence of characteristic bands of CO2 in Figure 25 upon formaldehyde adsorption, adsorption of H 13 CHO was then performed in order to investigate the catalytic activity of MIP-206 IPA/PDA toward formaldehyde degradation. The presence of 13 CO2 is unambiguously related to formaldehyde mineralization. Gas phase spectra collected at different temperatures obtained in the presence of MTV-MIP-206/PDA at an equilibrium pressure of H 13 CHO (1 mbar) are presented. The presence of 13 CO2 is shown by the doublet centered at 2283 cm -1 , which

Figure 25 .

 25 Figure 25. Gas phase FTIR spectra obtained during the adsorption of FA( 13 C) on MIP-206 IPA/PDA at different temperatures.

Figure S1 .

 S1 Figure S1. (a) SEM images of MIP-206 nanocrystals synthesized in 6h. (b) Size distribution of MIP-206 nanocrystals synthesized in 6h.

Figure S2 .Figure S10 .

 S2S10 Figure S2. (a) PXRD patterns of MIP-206 before and after 150 °C heat treatment, denoted as MIP-206 and MIP-206-activated in the figure, respectively. The peak at low-angle in MIP-206 is shifted to a higher angle. (b) PXRD patterns of Fe(sal2trien)NO3⊂MIP-206 before and after 120 °C heat treatment, respectively. No peak shift is observed.

Figure S11 .

 S11 Figure S11. Thermogravimetric analysis of MTV-MIP-206/PDA. (under oxygen, scan rate 5 C/min)

Figure 1 .

 1 Figure 1. Optical absorption spectra of Fe(Sal2trien)NO3 in different solvents (at a concentration of 0.3 g/L).

Figure 2 .

 2 Figure 2. Optical absorption spectra of Fe[(C4H4-Sal)2trien]NO3 in different solvents (at a concentration of 0.3 g/L).

Figure 3 .

 3 Figure 3. (a) Scheme of the vapor flow system. A nitrogen bottle is connected to a mass flow controller (MFC), coupled with a bubbler under temperature control. The vapor from the bubbler is then injected into the in-situ measurement chamber. (b) Photograph of the optical absorption measurement chamber.

Figure 4 .

 4 Figure 4. Absorption spectra of a Fe(Sal2trien)NO3⊂MOF-808 film before and after DMSO exposure.

Figure 5 .

 5 Figure 5. Left: Photograph of the 100 nm MOF-808 film prepared by spin coating (spin speed 1000 rpm, 5-layer deposition). Right: SEM image of the cross-section of the film on Si wafer. Correction factor of 2/2 has been applied to the scale due to the tilt platform.

Figure 6 .

 6 Figure 6. (a) Optical absorbance evolution of 5-layer 140 nm MOF-808 film loaded with Fe(Sal2trien)NO3 complex under 15 ppmv DMSO (from blue to red). (b) The values of the absorbance intensity at 630 nm vs. time under 15 ppmv DMSO.

Figure 7 .

 7 Figure 7. (a) Optical absorbance evolution of 5-layer MIP-206 film loaded with Fe(Sal2trien)NO3 complex under exposure of 15 ppmv DMSO (from blue to red). (b) The exponential fitting of the absorbance intensity at 630 nm of the film vs. time under exposure of DMSO.

Figure 8 .

 8 Figure 8. (a) Optical absorbance evolution of 5-layer MOF-808 film loaded with Fe(Sal2trien)NO3 complex under 15 ppmv DMSO (from blue to red). (b) The exponential fit of the absorbance intensity at 630 nm of the 5-layer film vs. time under 15 ppmv DMSO.

Figure 9 .

 9 Figure 9. (a) Optical absorbance evolution of 5-layer MOF-808 film loaded with Fe(Sal2trien)NO3 complex flushed by 400 mL/min N2 overnight for desorption process (from blue to red). (b) The exponential fit of the absorbance intensity at 630 nm of the 5-layer film vs. time for the desorption process.

Figure 10 .

 10 Figure 10. (a) Optical absorbance evolution of 5-layer MOF-808 film loaded with Fe(Sal2trien)NO3 complex under 68 ppmv DMSO (from blue to red). (b) The exponential fit of the absorbance intensity at 630 nm of the 5-layer film vs. time.

Film

  thickness is adjusted by modifying the number of deposition layers during spin coating. 3-layer MOF-808 films are fabricated with 30 nm NPs, leading to a 1 µm thickness. After the encapsulation of the SCO complex, it is exposed to 68 ppmv of DMSO vapor for 45 min (carrier gas flow 1.2 L/min, bubbler temperature 30 °C).

Figure 11 .

 11 Figure 11. (a) Optical absorbance evolution (blue to red) of 3-layer MOF-808 film loaded with Fe(Sal2trien)NO3 complex under 68 ppmv DMSO. (b) The exponential fitting of the absorbance intensity at 630 nm of the 3-layer film vs. time.

Figure 12 .

 12 Figure 12. (a) Optical absorbance evolution of 5-layer 4000rpm-deposited MOF-808 film loaded with Fe(Sal2trien)NO3 complex under 15 ppmv DMSO (from blue to red). (b) The exponential fitting of the absorbance intensity at 630 nm of the 4000 rpm-deposited film vs. time under 15 ppmv DMSO.

Figure 13 .

 13 Figure 13. The water isotherms of bare MOF-808 (black square) and Fe(Sal2trien)NO3⊂MOF-808 compounds (blue circle). The solid symbols represent the adsorption and the hollow ones represent the desorption. 4.3.4.2 Water sorption on Fe(Sal 2 trien)NO 3 ⊂MOF-808 films

Figure 14 .

 14 Figure 14. (a) Optical absorbance evolution of 5-layer MOF-808 film loaded with Fe(Sal2trien)NO3 complex under humidity (from blue to red). (b) The exponential fitting of the absorbance intensity at 630 nm of the 5-layer film vs. time under humidity. (c) Optical absorbance evolution under N2 flux (400 mL/min) for 1 h (from blue to red). (d) The exponential fitting of the absorbance intensity at 630 nm of the 5-layer film vs. time in dry N2.

Figure 15 .

 15 Figure 15. (a) Optical absorbance evolution of 5-layer MOF-808 film loaded with Fe(Sal2trien)NO3 complex under exposure of DMSO/H2O mixture (from blue to red). (b) The

Figure 16 .

 16 Figure 16. (a) Optical absorbance evolution of the Fe[(C4H4-Sal)2trien]NO3⊂MOF-808 film under exposure of 500 ppmv acetic acid (from blue to red). (b) The exponential fitting of the absorbance intensity at 685 nm of the film vs. time under exposure of acetic acid. (c) Absorbance evolution under N2 flux (400 mL/min) for 1 h (from blue to red).

4. 4 . 2

 42 Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 4.4.2.1 Dry acetic acid sensing

Figure 20 .

 20 Figure 20. (a) Optical absorbance evolution of the Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA film with high loading under exposure of 500 ppmv acetic acid (from blue to red). (b) The exponential fitting of the absorbance intensity at 685 nm of the film vs. time under exposure of acetic acid.

Figure 21 .

 21 Figure 21. (a) Optical absorption spectrum of the Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA film after exposed to water vapors. (b) Absorbance evolution of the water-saturated film with low loading under exposure of 500 ppmv acetic acid (from blue to red). (c) The exponential fitting of the absorbance intensity at 685 nm of the film vs. time under exposure of acetic acid.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 Exposure limits of VOCs recommended by different regional organizations and governments. (data adopted from GESTIS database)

		EU		USA-NIOSH		China
	Substances	8h limit	Short term	8h limit	Short term	8h limit	Short term
		(ppm)	(ppm)	(ppm)	(ppm)	(ppm)	(ppm)
	Benzene	1	-	0.1	1	1.85	3.1
	Formaldehyde	0.3	0.6	0.016	0.1	-	0.4
	Toluene	50	100	100	150	15	30
	Naphthalene	10*	-	10	15	10	15
	Xylene						
		50	100	100	150	25	50
	(o-, m-, p-)						

Table 3 .

 3 MOF-based sensing for VOCs categorized by different mechanisms

	Sensing mechanism	MOF	Sensing parameters	VOCs		Response time	LoD	Ref
	Colorimetric	Co3[Co(CN)6]2	Co 2+	Ethanol		1 min	50 to 500 ppm
		{[Ni(pzt)2(H2O)2](H2O)(DMF)}n	Ni 2+	Primary amine and methanol 20 min to 50 min	-
		[Cu(HL)(DMSO)•(MeOH)]n	Cu 2+ and phosphonate group	DMSO		39 h	-
				Methanol			
		Cu I -1-benzimidazolyl-3,5-bis(4-	Ligand-involved charge transfer	Aliphatic VOCs		20 min to 2.5 h	1 ppm (alcohols)
		pyridyl)benzene	process				10 ppm (CH2Cl2,
							CHCl3)
		UiO-67-dmbpy	Ligand-involved charge transfer	Alkylamines		Immediate	-
			process			response	
		UiO-67-bpy-A	Covalent condensation with amino	Formaldehyde		3h	3 ppm
			groups				
		[Zn7(bpybc)3(o-BDC)6]•2NO3•6H2O	Radical generation of the viologen	Dimethyamine (DEA)		Immediate	30%	DEA
			ligand			response	aqueous solution
				Ethylamine	(EA);	Immediate	-
				Propylamine (PA)		response	
				Butylamine; Benzylamine	~10 s	-
		[Cd2(ipbp)2(NO3)2] •2DMF	Synergistic effects of host-guest	Dimethyamine (DEA)		2 min	400 ppm
			interactions				
		TMU-34	Ligand oxidation	Chloroform		10 s	3 ppm
		{[Zn(3-DPMNI)0.5(NDC)]•3DMF}	Host-guest electron transfer	n-butylamine		2 s	300 ppm
		[Fe II (BPI)(HBPI)(ClO4)2] ⊆ MFU-	Spin-crossover complex	alcohols		-	-
		4l(Zn)					
	Luminescence	NKU-128	Chromophore grafting	Toluene		24h	-
				THF			
				DMF			
				DMSO			
		[Cu4I4(Py3P)2]n	Guest-lock-induced luminescence CH2Cl2		<1 s	Saturated vapours
		(Py3P=tris(2-pyridyl)phosphine)					
				Chlorobenzene		455 s	
		NR~ccZIF-8 film (NR = Nil red )	Fluorescent dye	Acetone		5 min	60 ppm
				Toluene		5 min	95 ppm
	Fabry-Perot	ZIF-8	Reflectance	Acetone		< 2 s	1000 ppm
	interferometers						
		HKUST-1⊃TiO2	Reflectance	Acetone		12.2 s	11.27 ppm
		Polyhedral ZIF-8	Reflectance	n-heptane		~250 s	500 ppm

  113,114 𝜆 𝑚𝑎𝑥 = 2(𝑛 𝐻 𝑙 𝐻 + 𝑛 𝐿 𝑙 𝐿 ) 𝑚where the indices H and L represent the high-and low-RI layer, respectively. In MOF-based BSs, MOFs typically function as the low-RI layers and TiO2 113,114,170 or polymers 168 are often employed as the high-RI layers. Adsorption of guest molecules varies the refractive index of the MOF layers (nL) and accordingly shifts the reflectance peaks. Selectivity can be achieved via size sieving, pore accessibility and/or host-guest interactions between MOF and the analytes. The first MOF-based Bragg stack based on ZIF-8 and TiO2 for ethanol sensing was introduced by Lotsch et al., where ZIF-8 functions as the low-RI layer and TiO2 possesses high RI. 169 Patterning of ZIF/Pt BSs 171 and 3D-ordered MOF photonic films 172 for sensing application have also been achieved. BSs were also prepared with NH2-MIL-88 for selective sensing of EtOH vapour, taking profit from the selective breathing behaviour of MIL-88. 170 Lotsch et al. also assembled an optical sensor array from three TiO2/MOFs BSs (TiO2/ZIF-8, TiO2/HKUST-1, and TiO2/CAU-1-NH2). 113

  -enhanced Raman scattering is an ultrasensitive vibrational spectroscopic analytical technique. It is based on the working principle of traditional Raman spectroscopy that identifies and quantifies the analytes with their characteristic vibrational fingerprints. Enhancement of Raman signals is achievable by adopting SERS-active substrates such as plasmonic particles, for instance Au and Ag, which can generate an enhanced electromagnetic field on the surface upon excitations and accordingly amplify the signals. The poor affinity between the plasmonic surface and analytes is often addressed as a problem of SERS platforms. Incorporating MOFs with SERS essentially facilitates the selectivity and sensitivity by preconcentrating the analytes and introducing intermolecular interactions between the framework and guest molecules.[188][189][190] analyte molecules and enhancement of the electromagnetic (EM) field at the nanoscale. The ultra-trace SERS detection of VOCs was facilitated by optimizing the thickness of the ZIF-film for maximizing the volume of preconcentrated vapour and tailoring the plasmonic coupling between neighbouring Ag nanotubes to intensify the EM hotspots. The Ag@ZIF-8 plasmonic nose exhibited SERS response towards multiple vapours including toluene and chloroform. Especially, it presented unique vibrational features for toluene down to 200 ppm and a linear quantification of the toluene in the range from 200 to 2000 ppm. Osterrieth et al. fabricated a core-shell structure of Au nanorods (Au NRs) and Zr-MOFs NU-901 for SERS detection of thiolated analytes. 191 NU-901 is composed of eight-connected Zr6 oxoclusters and tetratopic 1,3,5,8-(p-benzoate)pyrene linkers (H4TBAPy). The 1D diamond-shaped channel of NU-901 has the dimension ca. 12  26 Å which allows fast diffusion of relatively large analytes. Au NRs as seeds facilitated the MOF growth at room temperature with core-shell structure and a yield higher than 99% under optimal conditions. The composite maintained the SERS capability of the Au NRs, allowing the selective adsorption and detection of thiolated polystyrene with SERS spectra. In other examples, Li et al. constructed a core-shell HKUST-1@Ag NPs via in situ electrodeposition for SERS detection of polycyclic aromatic hydrocarbons 192 and Chen et al. achieved SERS detection for toluene, ethylbenzene, and chlorobenzene by constructing a similar core-shell structure of Au@ZIF-8.

3.3.7 Surface-enhanced Raman scattering

SurfaceKoh et al. reported a plasmonic nose by encapsulating Ag nanotubes in ZIF-8 (Ag@ZIF-8) for molecular-level recognition of VOCs.
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The combination of Ag and ZIF-8 leads to pre-concentration of

193 

Another platform of Au@Ag nanorods encapsulated in ZIF-8 was fabricated by Lafuente et al. for chemical warfare agents detection in ambient air.

[START_REF]Acetic acid sensing ••••Fe(C4H4-Sal)2trien]NO3⊂MOF-808 •••••(C4H4-Sal)2trien]NO3⊂MIP-206 •••••(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA •••••-layers film vs. time under exposure of DMSO/H2O mixture. (c) Optical absorbance evolution under N2 flux (400 mL/min) for 1 h (from blue to red). (d)[END_REF] 

Yang et al. also demonstrated a site-selective deposition of ZIF-8 on Au nanobipyramids (NBPs) for SERS detection of toluene and aniline vapours.

  table.

		MOF-	Mass	Mass	Volume	Stirring	Fe:Zr
	1⊂MOF-808	808 particle	(MOF)	(SCO)	(DCM)	duration	atomic ratio
		size					(EDX)
	1⊂120 nm-21%	120 nm	100 mg	50 mg	25 mL	2 h	0.21
	1⊂120 nm-8%	120 nm	120 mg	20 mg	30 mL	20 min	0.08
	1⊂120 nm-5.5%	120 nm	120 mg	10 mg	30 mL	20 min	0.055
	1⊂30 nm	30 nm	100 mg	50 mg	25 mL	2 h	0.28
	1⊂850 nm	850 nm	57 mg	28.5 mg	14 mL	24 h	0.3

Table 1 :

 1 Summary of Fe III (Sal2trien)NO3⊂MOF-808 dispersed in different solvents.

	Acetone

DCM EtOH MeOH CH3CN CHCl3 Propanol THF Hexane Toluene

  Dip coating is a convenient method to prepare optical quality thin films from NPs dispersions.

	Dispersion										
	Color of supernatant	Purple	Clear Purple Purple Purple	Light-purple	Purple	Purple Clear	Clear
	SCO leakage										
		2.3.2.1 SCO⊂MOF-808 films by dip coating			
			2.3.2.1.1 Principle of dip coating				

  2,28 Furthermore, the absorbed FA in Al or Zr pyrazole carboxylate MOFs shows no re-emission at room temperature.2 Hence, one could expect MTV-MIP-206/PDA to selectively capture FA in a similar way. Combining such selectivity with the electrical and optical properties from the SCO complex might thus be an asset for the selective and colorimetric sensing of FA based on MTV-MIP-206/PDA.Prior to this sensing study, it is essential to investigate the adsorption mechanism of formaldehyde (FA) on MIP-206 IPA/PDA by In-situ FTIR spectrometry, a powerful tool to monitor the real-time formation of chemical bonds of substances. Adsorption of FA was conducted under three different conditions: varied FA pressure at room temperature, varied FA(D2) pressure at room temperature, and various temperatures. This work was performed by Dr. Nicolas Sadovnik and Prof. Marco Daturi at University of Caen Normandy.

Table 1 . Key results of SCO⊂MIP-206s

 1 Application of Beer-Lambert law, adsorption of FA on MTV-MIP-206/PDA (ν(C-H) frequency characteristic of adsorbed FA on N-N-H sites).In conclusion, similarly to previous studies with Al or Zr pyrazole carboxylate MOFs, the adsorption of formaldehyde in our MTV MOF proceeds through the formation of methoxy groups that are undergoing hydrogen bonding with pyridinic nitrogen. Besides, FA is also absorbed in the CUS of the framework. The varied temperature measurements demonstrated the degradation of FA initiated around 130 °C-150 °C. This confirms that this MOF is a promising candidate for formaldehyde sensing, once combined with SCO complexes.ConclusionMIP-206 and MTV-MIP-206/PDA were successfully synthesized and characterized by following the reported protocols. MTV-MIP-206/PDA shows a homogenous size distribution of ca. 200 nm, which is suitable for the preparation of thin films. However, the MIP-206 particles suffer from irregular particle size and require size regulation. Attempts of applying Zr oxoclusters in the solvothermal and RT synthesis, varying reaction temperature and duration were implemented. Though no positive result was obtained from the Zr oxoclusters secondary building unit (SBU) route, synthesis at different temperatures (150 °C vs. 180 °C) can both form MIP-206. However, a negligible improvement in particle size regulation was observed. Shortening synthesis duration can effectively regulate particle size. The result revealed the formation of MIP-206 with 2h under 180 °C, but with greatly reduced yield due to the incomplete reaction. Consequently, the 6 h reaction was proved to produce uniform particles with ca. 130 nm size with improved yield. Synthesis of MIP-206 with other strategies such as ambient pressure synthesis with the SBU approach reactant is of interest for the next step.After obtaining uniform MIP-206 particles, the Fe III (X-Sal2trien)NO3 complex was inserted into MIP-206 or MTV-MIP-206/PDA. The properties of the resulting composites were studied by PXRD, IR, N2 porosimetry and SQUID magnetometry. PXRD confirmed the structural integrity after the loading process. The homogenous loading for all constructed composites was further evidenced by its color, IR, and EDX analysis. The key results are summarized in the following table. MIP-206 based composites (Fe(Sal2trien)NO3⊂MIP-206 and Fe[(C4H4-Sal)2trien]NO3⊂MIP-206) retained porosity after the insertion of the complex. In the case of MTV-MIP-206/PDA, the loading capacity for both SCO complexes increased, subsequently reducing the residual porosity. Especially, the saturated loading for Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA results in almost disappearance of the porosity. Thus, it can be concluded that PDA can improve the loading capacity of the Fe III complexes, possibly due to the intermolecular interactions between PDA and the complex.
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	Figure 26.			

Table 1 .

 1 Magnetic

	susceptibility of Fe(X-Sal2trien)NO3 (X=H or C4H4) in different solvents.
		DCM	Methanol	DMSO
	Fe(Sal2trien)NO3	5.6 B	4.4 B	3.6 B
	Fe[(C4H4-Sal)2trien]NO3	-	-	2.3 B

Table 2 .

 2 Summary of response lifetimes (t1/2) of Fe(Sal2trien)NO3⊂MOFs films for DMSO vapor under different conditions.

	MOFs	MOF-808	MIP-206	MOF-808	MOF-808	MOF-808
	Particle size (nm)	140	130	30	30	30
	Thickness (µm)	1.6	1.9	1.5	1.0	0.8 (4000 rpm)
	t1/2 (15 ppmv)	slow	slow	1597		735
	t1/2 (68 ppmv)		1597	630	247	

  étudiés au Chapitre II sont insérés dans un MOF mésoporeux robustes à base de Zr, le MIP-206. Différentes stratégies de synthèse de ce MOF sont testées afin de contrôler la taille des particules. La fabrication de films minces SCO⊂MOF est enfin décrite.Le MIP-206 et le MTV-MIP-206/PDA sont synthétisés en utilisant des protocoles publiés. Le MTV-MIP-206/PDA est composé de deux types de ligands et présente une taille de particule homogène. Cependant, le MIP-206 présente une taille de particule irrégulière sa synthèse doit donc être optimisée pour obtenir des nanoparticules. Plusieurs stratégies sont mises en oeuvre à cette fin, notamment l'utilisation d'oxoclusters de Zr6 préformés dans la synthèse ainsi que l'optimisation de la température et de la durée de la réaction. Parmi ces stratégies, la réduction de la durée de la synthèse s'avère efficace pour réguler la taille des particules. Une formation rapide de nanoparticules de MIP-206 en 2h à température élevée a été observée, mais avec un rendement considérablement réduit. En prolongeant la durée de la réaction jusqu'à 6 heures, on obtient des nanoparticules uniformes d'environ 130 nm qui ont ensuite été utilisées pour l'insertion des complexes à transition de spin et la mise en forme des matériaux en films minces.Les complexes Fe III (X-Sal2trien)NO3 (X=H ou C4H4) sont incorporés dans le MIP-206 ou le MTV-MIP-206/PDA respectivement par encapsulation. Les solides obtenus conservent la structure des MOFs hôtes et présentent une répartition homogène des complexes au sein du MOF. Le MTV-MIP-206/PDA permet l'insertion d'une plus grande quantité des deux complexes, ce qui est attribué à la présence de pyrazoles dans le squelette hôte. Cependant, insérer un maximum de Fe[(C4H4-Sal)2trien]NO3 dans le MTV-MIP-206/PDA conduit à un blocage presque complet des pores, associé à une porosité résiduelle négligeable. En ce qui concerne leurs propriétés de commutation, chaque composé SCO⊂MIP-206s présente une transition thermique coopérative avec une large boucle d'hystérèse. Ceci suggère à nouveau que la coopérativité provient des interactions intermoléculaires entre les complexes encapsulés et le MOF. Les composés SCO⊂MIP-206s ont également des températures de transition autour de la température ambiante, mais elles sont décalées de 10 K vers les hautes températures par rapport aux systèmes à base de MOF-808, ce qui peut être lié aux différentes topologies des MOF. La quantité de complexe insérée dans le MTV-MIP-206/PDA semble affecter les fractions résiduelles bas-spin/haut-spin et la cinétique de la transition de spin. Des simulations révélant la position d'ancrage des complexes dans les canaux des MIP-206s contribueraient à une meilleure compréhension de l'impact de la topologie du MOF sur les propriétés de commutation. réversible et que leur capacité de détection peut être restaurée par un traitement thermique. Par ailleurs, lorsque le film est exposé au DMSO en présence d'humidité, une cinétique accélérée ainsi qu'une réponse plus prononcée sont observées, prouvant le potentiel de ces films pour la détection de DMSO en condition réelle. Des films de contenant le complexe fonctionnalisé par des groupes naphtalène sont ensuite examinés pour la détection de l'acide acétique. Les films de MOF-808 montrent une baisse générale de l'intensité d'absorption dans tout le domaine visible, ce qui pourrait indiquer la dégradation partielle du complexe à transition de spin lors de l'adsorption d'acide acétique. Parallèlement, on observe une augmentation notable de la bande haut-spin, ce qui suggère la présence d'une transition de spin. La bande bas-spin persistante dans le film de MOF-808 après l'activation des pores démontre à nouveau la grande hydrophilicité du MOF-808, où l'eau absorbée est susceptible de contribuer à la dégradation du complexe par hydrolyse du ligand. Les films à base de MIP-206 et MTV-MIP-206 présentent une commutation similaire en présence d'acide acétique où seule une décroissance exponentielle de la bande bas-spin est observée. Un saut évident apparaît dans le spectre d'absorption optique avant la décroissance de la bande bas-spin, qui est probablement lié à l'adsorption rapide de l'eau dissoute dans l'acide acétique, induisant une transition de bas-spin vers haut-spin. Le même schéma de commutation est observé pour le film à base de MTV-MIP-206/PDA lorsque ses pores sont saturés d'eau avant l'exposition à la vapeur d'acide. Cependant, le film à base de MIP-206 saturé d'eau présente une baisse significative de son intensité d'absorbance après exposition aux vapeurs d'acide. Cela indique que le complexe est plus stable dans le MTV-MIP-206/PDA, ce qui est peut-être dû à une forte interaction entre le complexe et le pyrazole du ligand ou aux différents emplacements d'ancrage des molécules invitées dans la structure du MOF. L'évaluation plus poussé des performances de détection, par exemple l'étude de la sélectivité et de la limite de détection des composés SCO⊂MOF serait intéressante pour une compléter l'étude.Enfin, la conclusion générale et les perspectives associées à ces travaux sont discutées. En résumé, ce projet décrit une nouvelle stratégie pour construire des matériaux poreux commutables basés sur des complexes de Fe III à transition de spin et différents MOFs à base de Zr(IV). Les solides présentent des propriétés de commutation prometteuses. La fabrication d'un film mince optiquement actif en utilisant ces matériaux a été développée et par la suite, leurs capacités de détection ont également été évaluées et optimisées.
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-Magnetic measurements: Magnetic measurements were carried out with a Quantum Design SQUID Magnetometer with an applied field of 5 kOe. Samples of ca. 10 mg were enclosed in a diamagnetic sample holder. The samples were heated in the magnetometer for 10 minutes at 400 K prior to any measurement to remove the traces of solvent in the MOF pores. The magnetic measurements have been processed as follows: In a first state, the magnetization has been corrected from the diamagnetic contribution of both the sample holder and the host diamagnetic MOF. This correction was performed empirically in order to get an MT product that remains constant at low temperatures (below 200 K). Then, the magnetization has been normalized by the magnetic field and the mass of the compound used. This normalization leads to a magnetic susceptibility expressed by the unit of mass. Further normalization in order to get the magnetic susceptibility by mole of Iron complex has been performed using the Zr/Fe atomic ratio obtained by EDX and knowing the molar weight of both the host MOF and the encapsulated complex. Note that due to the number of hypotheses involved during the data processing (diamagnetic correction, amount of complex loaded in the MOF...), the final MT product is obtained with a precision of ca. 0.3 emu.K.mol -1 .

-Mössbauer spectroscopy: The experiments were carried out in transmission geometry using a 925 MBq γ-source of 57 Co/Rh mounted on a conventional constant acceleration driving unit. Sample 1⊂MOF-808 was enriched in 57 Fe to have a Mössbauer sample consisting of a thin and homogeneous layer of powder containing 5 mg Fe/cm 2 in order to have a reasonable registration time (i.e. about 10h) and to avoid thickness effects. The Mössbauer spectra were first obtained at 300K and 77K using a bath cryostat and then as a function of temperature between 350K and 77K using a home-made cryofurnace, and then fitted using the MOSFiT program (F. Varret and J. Teillet, unpublished MOSFiT program, Université Le Mans, France) involving quadrupolar components composed of Lorentzian lines. The source velocity scale was calibrated using α-Fe as a standard at RT, while the values of isomer shift refer to that of α-Fe at RT.

Additional Figures:

-PXRD Model MOF-808 structure. The crystal structure of MOF-808 (space group Fd-3m) 6 exhibits a disorder associated with overlapping of O atoms and OH groups. For our study, we have used a model MOF-808 structure obtained by removing the O4 atom and the O3-H3A group from the CIF file. The cell parameter of the model structure has been kept to its experimental value of a=35.1364 Å during the computations. Subsequent simulations have been performed on Ga III (sal2trien) + (2) in MOF-808 in the presence of the NO3 -as counter-ion.

Metadynamics (MTD) simulations. The MTD simulations have been performed within the well-tempered formulation of MTD (WT-MTD), 7 using the semiempirical tight-binding GFN-xTB method 8 and the technique of multiple walkers, 9 as implemented in the CP2K program package. 10 The simulations have been carried out with N=8 walkers. A timestep of 1 fs is used for the underlying BOMD simulations performed in the NVT ensemble at T=350 K, the temperature being controlled by massive thermostating using the canonical sampling through velocity rescaling (CSVR) method. 11 For the WT-MTD approach, we use the Cartesian coordinates of the Ga atom (xGa, yGa, zGa) as collective variables (CVs), and set ΔT=5000 K, where ΔT is the difference between the simulation temperature T and the sampling temperature for the CVs (T+ΔT=5350 K). Different starting points were used for the walkers: they were taken from the trajectory obtained in a 350 K equilibration run of ca 48 ps. The WT-MTD simulations were performed on 2⊂MOF-808 for 110 ps.

Characterization of the selected preferential locations. The four most stable minima on the reconstructed free energy surface (FES) of 2⊂MOF-808 have been retained for further analyses. Thus, using as starting points the configurations from the walkers' trajectories that represent best each of these four minima, and after having replaced Ga by Fe, the LS and HS structures of 1⊂MOF-808 have been determined for the retained configurations within DFT. 12,13 The optimizations performed with the dispersion-corrected PBE-D3 functional 14,15 and the hybrid Gaussian and planewave (GPW) method 16 as implemented in the CP2K/QUICKSTEP program. 17 The core electrons of the atoms were described with Goedecker-Teter-Hutter pseudopotentials, 18- 20 while their valence states were described with the Gaussian-type MOLOPT 21 DZVP-MOLOPT-SR-GTH basis set of double-zeta polarized quality from the CP2K package. The electron density was expanded in a planewave basis set using a planewave cutoff of 280 Ry and a relative density cutoff of 40 Ry was used. The LS and HS geometries of the isolated complex 1 were similarly optimized: the ion has been put in a cubic cell of parameter a=35.1364 Å and periodic boundary conditions were applied.

Description of the geometry of the complexes:

Several parameters have been considered to describe the geometry of the complexes:

 the parameter Σ, a measure of the deviation of the complex from an octahedral structure:

where the αi's are the 12 cis-N-Fe-N angles about the Fe atom.

 the parameter Θ, a measure of the distortion from a perfect octahedral (Oh) towards a trigonal prismatic (D3h) geometry:

with θi's, the 24 unique torsional angles between the ligand atoms on opposite triangular faces of the octahedron viewed along the pseudo-threefold axis; the angle α between the least-squares fitting plane of the phenoxy ring.

 The parameter , which is the dihedral angle between the least squares planes of the two phenoxy rings of the Fe III (sal2trien) + linker.

Figure S12:

Labeling of the atoms used to define the structural parameters in Table 2.

Appendix

Synthesis: Fe[(C4H4-Sal)2trien]NO3: The naphthalene functionalized complex (denoted as SCO-C4H4) was synthesized similarly to the non-substituted parent Fe III complex. 0.42 g (2.88 mmol) triethylenetetramine and 1.0 g (5.8 mmol) 2-hydroxynaphthalene-1-carbaldehyde were added to 12 mL and 40 mL MeOH, respectively, under stirring. These two solutions were later mixed together, followed by adding another solution of 50 mg of NaOH in 10 mL MeOH. Subsequently, 1.16 g (2.88 mmol) of Fe(NO3).9H2O was dissolved in 60 mL MeOH and then mixed with the previous solution in a dropwise manner. After 2h under stirring at room temperature, the solvent was evaporated under reduced pressure. The remaining solid was recrystallized in water and acetone. Dark green crystals were collected through filtration and dried under vacuum. The functionalized SCO-C4H4 complex was encapsulated in the MOF-808 in the same fashion as the unsubstituted SCO complex. More precisely, 100 mg MOF-808 and 50 mg complex were mixed in 25 mL dichloromethane (DCM) and stirred overnight. The as-synthesized SCO-C4H4⊂MOF compound was then rinsed with fresh DCM until the supernatant gets clear and colorless.

Formate-removed MOF-808: 30 nm MOF-808 powder (600 mg) was added into 0.5M HCl (50 mL) aqueous solution and stirred overnight. The product was collected by centrifugation and washed with H2O (3 times 60 mL). It was later dried in a vacuum oven and subsequently characterized.

Post-encapsulation the SCO complexes:

To encapsulate the complex in the MOF-808 films, a 5 mL DCM solution containing 5 mg Fe III (Sal2trien)NO3 or Fe[(C4H4-Sal)2trien]NO3 complex was firstly prepared. The film was later placed in the solution facing upwards and stored at 5 C overnight. Fresh DCM was used to remove excess SCO complexes after the loading process.

Chapter 3

Assembly of MIP-206-based SCO Solids

The porosity of the Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 composite was evaluated with a N2 absorption uptake of ca. 86 cm 3 /g (Figure 9c). This is comparable with Fe(Sal2trien)NO3⊂MIP-206, which suggests that both SCO molecules may reside and be distributed similarly in the channels of MIP-206. The pore size distribution demonstrates that the pore width is maintained at 23 Å for the composite and its pore volume is around 0.17 cm 3 •g -1 •Å -1 (Figure 9c). Variable temperature magnetic susceptibility measurements were performed on Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 at a sweep rate of 0.5 K/min in order to study its switching behavior (Figure 10). A cooperative thermal transition is also observed. The transition temperature occurs at a higher temperature compared to the non-functionalized SCO complex, around 312 K. χMT values range from 1.4 to 2.4 emu•K•mol -1 from 150 K to 350 K, corresponding to 72% and 44% of LS Fe III , respectively. A higher ratio of LS Fe III is observed in Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 at 150K compared to Fe(Sal2trien)NO3 based MIP-206 composite (55%). The fact that a similar LS fraction at low temperature is observed in Fe[(C4H4sal)2trien]NO3⊂MOF-808 further evidences that LS is stabilized in the presence of naphthalene Such LS ratio is larger than the same complex in MIP-206 and is comparable with Fe(Sal2trien)NO3⊂MOF-808. At 400 K, the value of χMT is 2.9 emu•K•mol -1 , corresponding to 30.5% of LS species. Therefore, it is clear that ca. 39% of the complexes undergo a thermal spin transition in this case, which is higher than Fe(Sal2trien)NO3⊂MIP-206 (20%). However, given the higher SCO loading, the more complete transition may be attributed to the higher density of SCO in the pores.

To study if the loading affects the switching behavior, a sample with an average Fe:Zr atomic ratio comparable to Fe(sal2trien)NO3⊂MIP-206 (0.11) was prepared and measured. At 0.5 K/min sweep rate, χMT shows a value of 2.7 emu•K•mol -1 at 150 K and 3.7 emu•K•mol -1 at 400 K, which is equivalent to 36% LS Fe III at 150 K and 11% at 400K (Figure 12b). Though a similar amount of Fe III undergoes the spin transition in comparison with MIP-206-based system (25% vs. 20%), at the HS fraction at 150 K is higher with lower loading. Thus, the quantity of encapsulated complex can influence the population of LS/HS in Fe(Sal2trien)NO3⊂MTV-MIP-206/PDA, in contrary to Fe(Sal2trien)NO3⊂MOF-808. This difference possibly originated from the different interactions between MOF-808, MIP-206 and the complexes. 

Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA

The successful loading of the naphthalene-functionalized SCO complex is again confirmed by PXRD and IR (Figure 13a&b). The EDX analysis confirms an average Fe:Zr atomic ratio of 0.17, which is higher than Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 (0.097). It demonstrates again the introduction of PDA in the backbone of the MOF can attract more SCO complexes in the channels. The increased molecular volume due to the naphthalene group can again account for the lower loading capacity than Fe(sal2trien)NO3 (Fe:Zr ratio 0.21) in the same MOF. Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA composite was analyzed by N2 porosimetry.

SCO⊂MTV-MIP-206/PDA films

The preparation procedure of SCO⊂MTV-MIP-206/PDA films is identical to the MIP-206 films. Due to a diluted suspension adopted (ca. 15 mg/mL), 5 layers were deposited. The film was then loaded with Fe(Sal2trien)NO3 or Fe[(C4H4-Sal)2trien]NO3.

The 5-layer MTV-MIP-206/PDA film has a thickness of around 1.5 m (Figure 22a). The films also exhibit the corresponding colors of the complex. The same peaks were observed in the absorbance spectra for Fe(Sal2trien)NO3 or Fe[(C4H4-Sal)2trien]NO3, respectively (Figure 22b&c). EDX analysis shows the homogeneity of the loading, and the average Fe:Zr atomic ratio is 0.15 for Fe(Sal2trien)NO3⊂MTV-MIP-206/PDA (Figure S8) and 0.15 for Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA (Figure S9), respectively. It is possible to modulate the loading of the naphthalene complex in MTV-MIP-206.PDA films in order to avoid complete pore blockage. By reducing half of the concentration of the naphthalene complex in DCM during the encapsulation process, Fe:Zr ratio are controlled at 0.09 (Figure S10). 

Appendix

Synthesis: MIP-206: Isophthalic acid (340 mg, 2 mmol) was added to formic acid (5 mL) in a 23 mL Teflon reactor and the solution was stirred for 5 min. ZrCl4 (690 mg, 3 mmol) was later added to the solution followed by 10 min stirring. After the reactants were well-dispersed, the reactor was sealed in an autoclave and placed at 180 °C for 48 h. The crude product was collected by centrifugation and refluxed in acetone at 60 °C overnight. The final product was again collected by centrifugation and dried.

MTV-MIP-206/PDA:

MTV-MIP-206/PDA was also synthesized solvothermally with slight modifications of reactants. Isophthalic acid (0.88 g, 5.3 mmol) and 1H-pyrazole-3,5-dicarboxylic acid (PDA, 0.23g, 1.5 mmol) were mixed with formic acid (8 mL) and stirred for 5 min in a 23 mL Teflon reactor. Afterwards, ZrOCl2•H2O (2.77 g, 8 mmol) was added to the reactor and stirred for another 10 min. The reactor was sealed and heated at 180 °C for 24 h. The product was washed in ethanol and dried.

SCO⊂MIP-206s:

The synthesis of SCO⊂MIP-206s composites follows the same protocol as SCO⊂MOF-808. A typical synthesis is described as follows: MIP-206s (100 mg) is mixed with the SCO complex (Fe(sal2trien)NO3 or Fe[(C4H4-sal)2trien]NO3, 50 mg) in DCM (25 mL). The solution is left under stirring overnight. The product is collected via centrifugation and washed with fresh DCM (30 mL×3) till clear supernatant. Afterwards, the solid is dried under vacuum. For the non-saturated loading, the amount of SCO was reduced to 25 mg for the intermediate loading and 10 mg for the lowest loading.

Spectroscopic characterization for the in-situ IR spectroscopy

Samples were pressed (10 2 MPa) into self-supported disks (2 cm 2 area) and placed in a quartz homemade in situ cell equipped with KBr windows for IR measurements during FA adsorption. A movable quartz sample holder allows adjusting the pellet in the infrared beam for spectra acquisition and displacing it into a heater at the top of the cell for thermal treatments. The cell was connected to a vacuum line for evacuation, thermal treatment steps (Presidual = 10 -6 -10 -9 bar) and for the introduction of FA into the infrared cell.

Gaseous formaldehyde was obtained by thermal depolymerization of paraformaldehyde in a quartz reactor by using a heat-gun at 70°C. Same methods were used to obtain gaseous deuterated formaldehyde (FA(D2)), and 13 C formaldehyde (FA( 13 C)).

Thermal activation of MTV-MIP-206/PDA, was achieved by incrementing the temperature inside the IR cell with a slope of 5 °C/min and left at 100 °C (1h).

FA (and FA(D2)) were adsorbed at room temperature and the pressure of FA inside the IR cell was measured by a pressure gage (10 -4 -10 -1 bar range). Transmission IR spectra were recorded after introduction of FA in the 400-5500 cm -1 range, at 4 cm -1 resolution, 64 scans, on a Nicolet The same setup was applied in the following experiment, where N2 was used as the carrier gas and the acetic acid vapor was generated by a bubbler. The concentration of acetic acid was controlled between 500-600 ppmv when carrier flow was 100 ml/min and the temperature of the bubbler was 30 °C. All the films were activated at 100 °C to remove water and solvent molecules from the pores before being exposed to acetic acid vapor.

Fe[(C4H4-Sal)2trien]NO3⊂MOF-808

The Fe[(C4H4-Sal)2trien]NO3⊂MOF-808 film was prepared by spin-coating with 3-layers deposition of nanoparticles followed by loading of the SCO complex. The thickness is around 1 µm. It was exposed to acetic acid vapor for 1.5 h. Upon exposure, the overall absorbance intensity decreased over time, especially in the LS band located around 685 nm (Figure 16a). This suggests that the population of the LS state is decreasing upon acetic acid vapor exposure, which agrees with the results in the solution (section 4.1.2). An extra band at 560 nm starts to appear after ca. 1600 s and becomes visible at the end of the experiment, corresponding to a LMCT transition of HS Fe III complexes that is red-shifted by ca. 30 nm relative to the HS band formed in acetic acid solution (530 nm), probably because of interactions between the host MOF and the SCO complex. The absorbance of the LS band at 685 nm decays exponentially over time and shows a half-time of 779 s (Figure 16b). Noticeably, there is a small leap before the exponential decrease of the LS band, which is likely attributed to the absorption of water dissolved in acetic acid. Besides, no clear recovery of the LS band is observed when venting the chamber with N2 overnight (Figure 16c). This irreversible response can be explained by the interactions between acetic acid and the host MOF-808, as acetic acid is known to easily bind to metal oxoclusters, unlike DMSO, particularly for MOFs with low connectivity such as MOF-808. Besides, the activation of the film under heat is supposed to populate the majority of the HS state, whereas the LS band still persists after the activation. This can be attributed to the high hydrophilicity of MOF-808, which can absorb water from ambient air when being transferred from the oven to the measurement chamber. Indeed, it has already been reported than hydrophobic MOFs, exhibits a better performance in absorbing acetic acid in the presence of humidity compared to hydrophilic ones, 4 which might explain the slow response towards acetic acid observed here regardless of the high concentration of acetic acid and its well-controlled thickness. 

Effect of humidity

Another Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 film was used in this experiment. The activated film again shows a negligible LS band (the curve marked as 'ref' in Figure 18a). The pores of MIP-206 are then saturated with water, making the LS band visible (denoted as ref-H2O in Figure 18a). Upon exposure to acetic acid, the water-saturated film exhibits a large drop in the overall absorbance intensity (Figure 18b). Precisely, the LS band at 685 nm is reduced to below 0.1 a.u. at the end of the exposure. This large intensity decrease suggests a more complicated phenomenon than only a spin-transition from the SCO complex. One possible origin for such behavior is the partial decomposition of the complex in presence of large amounts of acetic acid and water, as the imine group of the SCO complex linker can potential react with acetic acid 

Fe[(C4H4-Sal)2trien]NO3⊂MTV-MIP-206/PDA

Pyrazole in the backbone of MTV-MIP-206/PDA can potentially generate an extra binding site with acetic acid compared to the aforementioned other MOFs by forming hydrogen bonds between them. Thus, it is of interest to investigate its sensing capability for acetic acid vapor.

Effect of the complex loading

The saturated loading of Fe[(C4H4-Sal)2trien]NO3 in MTV-MIP-206/PDA might block the channels in the MOF, resulting in a non-porous solid. It is therefore interesting to study the sensing behavior of Fe[(C4H4-Sal)2trien]NO3⊂MIP-206 with different loadings and residual porosities.

The sensing results of the film with relatively low loading (Fe:Zr atomic ratio 0.09) are displayed in Figure 19a. Similar behavior as MIP-206 is observed, with an abrupt increase of the absorbance at short time followed by a gradual decrease of the absorbance at 685 nm. The amplitude of the decrease is ca. 29% of the highest recorded absorbance. The intensity of the LS band also decays exponentially with a half-life of 1125 s, which is comparable to both MOF-808-and MIP-206-based films (Figure 19b). The exponential fitting of the absorbance intensity at 685 nm of the film vs. time under exposure of acetic acid.

In the case of the higher loading film, it has 12.75% atomic Fe, corresponding to Fe:Zr atomic ratio 0.15. It also exhibits a similar sensing response, as seen in Figure 20. The amplitude of its change in the LS band is around 22% of the highest absorbance, which is smaller than the low-loading film. Moreover, the half-time of the exponential decay of the LS band is doubled compared to the film with lower loading. Thus, it is clear that higher loading leads to reduced porosity and causes diminished response amplitude and a slower response rate.

Appendix

Synthesis: 140 nm MOF-808: Zr6 oxoclusters (1.2 g) were dispersed in formic acid (2.4 mL), followed by the addition H2O (3.85 mL). Subsequently, 300 mg 1,3,5-benzentricarboxylic acid was added and the reaction was stirred at room temperature overnight. The product was washed with H2O and EtOH, respectively, and dried under a vacuum. 

General conclusions

This thesis aims at constructing novel sensing materials based on MOFs and spin-crossover complexes (denoted as SCO⊂MOF) and evaluating their capacities in sensing applications for VOCs vapors.

Three major milestones are set for this thesis:

(1) Design and characterization of porous bistable compounds by encapsulating the chosen SCO complexes into the pores of robust MOF; (2) Shaping the solids with desired switching properties into optically-active thin films;

(3) Assessment of the sensing capabilities of the films for VOCs vapors.

Following a general introduction of VOCs, MOFs, and SCO compounds, Chapter 1 summarizes the state-of-the-art of patterning techniques for MOFs and their applications in optical sensing for VOCs. Chapter 2 and 3 tackle the tasks of the design and the shaping of the SCO⊂MOF solids and Chapter 4 deals with the application of the films for VOCs sensing.

In Chapter 2, I present a switchable porous material built by facile impregnation of a Fe III SCO complex into a chemically robust Zirconium-based MOF (MOF-808). This compound shows an unexpected cooperative thermally-induced spin transition, which has minimal dependence on the SCO loading capacity or the MOF particle size. Unlike the conventional SCO complexes relying on elastic interactions, the origin of the cooperativity in this hybrid solid is proved to be host-guest interactions. This work hence creates a perspective for the design of porous bistable materials for display or sensing devices. Then, the impact of the functionalization of the Fe III spin crossover (SCO) complex on the switching properties of the hybrid compounds is studied to provide a wider insight into the switching properties of these hybrid solids. The compound loaded with functionalized complex presents again the cooperative thermal transition, emphasizing the robust molecular origin of the cooperativity for the SCO⊂MOF solids. The solids are later successfully shaped into thin film via colloidal deposition techniques, where colloidal stable suspensions of MOF-808 nanoparticles are first prepared and then loaded with the SCO complexes. Films with adjustable thickness and homogenous loading are hence fabricated and used for sensing tests in Chapter 4.

In Chapter 3, I study the impact of the MOF topology on the switching properties of the SCO⊂MOF material. The same series of the Fe III complexes, Fe III (X-Sal2trien)NO3 (X=H or C4H4), is inserted into robust Zr-isophthalic MOFs (MIP-206s). Before the construction of the hybrid compounds, different synthetic strategies are tested for this MOF in order to regulate its particle size. Shortening the synthesis duration from 24 h to 6 h turns out to effectively generate MIP-206 nanoparticles with ca. 130 nm size, which are later used for SCO complex loading and thin film shaping. After incorporation of the complexes, SCO⊂MIP-206 compounds also present hysteretic thermal transition with the transition temperature shifted to 10 K higher temperature than MOF-808-based compounds. This corroborates the origin of the cooperativity as the host-guest interactions between the encapsulated complexes and the MOF matrixes and the shifted transition may be related to the different MOF topologies. When introducing some Résumé Les composés organiques volatils (COVs) constituent une préoccupation majeure pour la gestion de la qualité de l'air intérieur. Étant donné les limites des techniques actuelles de détection des COVs, ce projet vise à concevoir de nouveaux matériaux à partir de réseaux hybrides poreux cristallisés ou Metal-Organic Frameworks (MOFs) et de complexes à transition de spin (SCO) afin de réaliser une détection colorimétrique facile et directe des COVs.

Ce manuscrit est divisé en quatre chapitres.

Chapitre I :

La première partie de ce chapitre est consacrée à une introduction générale sur les COVs, y compris leurs sources d'émission, le risque sanitaire lié à l'exposition à ces composés et l'état de l'art des techniques actuelles de détection des COVs. La deuxième partie explique les bases du phénomène de transition de spin avec une attention particulière sur la transition de spin induite par adsorption de vapeurs. La troisième partie est consacrée à une brève description des MOFs, de leurs propriétés générales et des stratégies de synthèse classiques. Enfin, la quatrième partie est composée d'une revue des progrès récents des capteurs optiques à base de MOFs pour la détection des COVs.

Chapitre II :

Ce chapitre concerne la conception de matériaux poreux bistables basés sur l'imprégnation d'un complexe de Fe III à transition de spin (SCO) dans un MOF chimiquement robuste (MOF-808-Zr), dénommés SCO⊂MOF. Il présente la synthèse de composés hybrides avec quantité de complexe contrôlée, l'étude de leurs propriétés de commutation et de l'origine d'une telle bistabilité avec l'aide de simulations moléculaires. Des résultats supplémentaires relatifs à l'impact de la fonctionnalisation du complexe de Fe III à transition de spin sur les propriétés de commutation des composés hybrides, ainsi que sur le processus de mise en forme des composés sont également détaillés dans ce chapitre.

Dans la première partie de ce chapitre, je présente une approche facile pour construire des solides poreux avec une transition de spin présentant une hystérésis thermique. L'encapsulation directe de complexes Fe III (Sal2trien)NO3 dans les pores du MOF-808(Zr) conduit à des composés conservant la structure et la porosité du MOF hôte ainsi qu'une quantité de complexe ajustable. Les solides présentent un transition de spin coopérative inattendue, qui n'est pas observée dans le complexe Fe III (Sal2trien)NO3 seul. La transition thermique présente une large boucle d'hystérésis proche de la température ambiante et une dépendance minimale à la quantité de complexe insérée ainsi qu'à la taille des particules du MOF. Les calculs DFT révèlent de fortes interactions intermoléculaires entre les complexes FeIII(Sal2trien) + et le MOF hôte ainsi qu'une géométrie déformée des complexes insérés dans les pores. Cela conduit à une barrière énergétique supplémentaire qui affecte le comportement de transition de spin. Par conséquent, comme la bistabilité magnétique est ABSTRACT Volatile organic compounds (VOCs) are a major concern for indoor air quality management. Given the limitations of current sensing techniques for VOCs, this project aims at constructing a novel sensing material from metal organic frameworks (MOFs) and spin crossover (SCO) complexes in order to realize a facile and straightforward colorimetric sensing for VOCs. In this thesis, a series of porous materials with magnetic bistability based on the impregnation of Fe III SCO complexes into chemically robust MOFs are synthesized and studied. These solids exhibit unprecedented cooperative thermally-induced spin transitions. Subsequently, they are shaped into optical-active thin films via colloidal deposition techniques. In the end, their sensing capabilities at room temperature has been systematically investigated.

MOTS CLÉS

Réseaux hybrides poreux cristallisés, transition de spin, composés organiques volatils, détection, films minces RÉSUMÉ Les composés organiques volatils (COVs) sont une préoccupation majeure pour la gestion de la qualité de l'air intérieur. Etant donné les limitations des techniques actuelles de détection des COVs, ce projet vise à construire un nouveau matériau de détection à partir de réseaux hybrides poreux cristallisés ou Metal-Organic Frameworks (MOFs) et de complexes à transition de spin afin de réaliser une détection colorimétrique facile et directe des COVs. Dans cette thèse, une série de matériaux poreux avec une bistabilité magnétique a été synthétisée par imprégnation de complexes de Fe III à transition de spin dans des MOFs chimiquement robustes. De manière inattendue, ces solides présentent des transitions de spin coopératives centrées vers la température ambiante. Ils ont ensuite été préparés sous forme de films minces optiquement actifs par dépôt colloïdal. Enfin, leurs capacités de détection de COVs à température ambiante ont été systématiquement étudiées.
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