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Introduction

Cultural heritage plays a central role in modern societies because it is regarded not only as a cultural but also as an economical asset. Its long-term protection is currently a highly demanding goal. In this context, it is commonly accepted that acetic acid (CH3-CO2H) is a major pollutant inside museums.(1) Cultural heritage conservation at museums and historical buildings requires a strict control of its concentration in indoor air and inside showcases. (2)[START_REF] Kontozova | In Characterisation of Air Pollutants in Museum Showcases[END_REF](4)(5)[START_REF] Fenech | Volatile aldehydes in libraries and archives[END_REF][START_REF] Krupińska | Air quality monitoring in a museum for preventive conservation: Results of a three-year study in the Plantin-Moretus Museum in Antwerp[END_REF](8)[START_REF] Schieweck | Organic and inorganic pollutants in storage rooms of the Lower Saxony State Museum Hanover, Germany[END_REF][START_REF] Schieweck | Indoor air quality in passive-type museum showcases[END_REF] This volatile organic compound (VOC) causes reduction in the degree of polymerization of cellulose in paper, corrosion of lead-containing alloys and other metals, and degradation of calcareous materials (stones, ceramics). [START_REF] Krupińska | Air quality monitoring in a museum for preventive conservation: Results of a three-year study in the Plantin-Moretus Museum in Antwerp[END_REF]8,11,12) Acetic acid can be readily formed from the degradation of woods(13) and, thus, its complete elimination is difficult, if not impossible, and a regular monitoring of its concentration in air is being proposed.(8,14,15) A very low upper-limit concentration of acetic acid of 400 and 40 ppb for a 1 and 100 year preservation target, respectively, for museums, galleries, libraries, and archival collections is recommended.( 16) To meet this high-standard criterion, the use of adsorbent materials to selectively capture this pollutant can be a promising solution. (17,18) The most common adsorbents, for example, zeolites and activated carbons, have been intensively considered for the capture of a range of volatile organic compounds.(19) However, acetic acid raises additional challenges compared to that of other less hydrophilic compounds due to its potential competitive adsorption with water under normal humidity storage conditions of cultural artifacts (relative humidity (RH) above 40%; above 0.4 p/p 0 of water pressure). Humidity is usually controlled to prevent degradation caused by high moisture(13) and excessive hydration-dehydration cycles of the materials. [START_REF] Pavlogeorgatos | Environmental parameters in museums[END_REF] In this context, zeolites such as NaY or NaX, used as standard adsorbents for acetic acid capture, exhibit very polar surfaces that strongly interact with this pollutant and they are then readily saturated with water at very low humidity levels. [START_REF] Cruz | Comparison of adsorbent materials for acetic acid removal in showcases[END_REF] In contrast, activated carbons, usually more hydrophobic than zeolites, are not saturated with water under normal relative humidity conditions (between 40 and 60%).( 21) However, these porous solids do not strongly bind acetic acid. Other alternatives including the use of metalcontaining polymer films, which capture acetic acid via an oxidation of the metal, can also be designed for storage of cultural artifacts and art. These films form a barrier for the entry of oxidizing agents but, unfortunately, are not sufficiently transparent for displaying items at museums. Thus, the development of new materials for this high-end application is required. Here, we report how some particular porous hybrid materials can circumvent the drawbacks outlined above, allowing a selective capture of very low concentrations of acetic acid over water in museum showcases and indoor air with unprecedented performances.

The family of metal-organic frameworks (MOFs) is a versatile class of porous hybrid crystalline architectures, developed during the last few decades, made from the quasi-infinite association of inorganic moieties and organic linkers, forming micro-or mesoporous materials whose pore size, shape, surface area, and hydrophilic/hydrophobic balance can easily be tuned toward a wide range of potential applications. (22)[START_REF] Maurin | The new age of MOFs and of their porous-related solids[END_REF][START_REF] Zhou | Introduction to Metal-Organic Frameworks[END_REF] In the field of adsorption, MOFs show the advantage of incorporating a large variety of potential active sites (Lewis, Bronsted, or redox) in their frameworks that can interact specifically with polar or quadrupolar molecules (e.g., CO, NO, or CO2), thus favoring their selective adsorption toward more inert species (e.g., alkanes). The selective capture of these molecules, over water, is however much more challenging because there is usually a competitive adsorption over the same adsorption sites most often in favor of water owing to the more energetic H2O-porous framework interactions. Propitiously, several strategies can be envisaged to design porous hybrid materials able to selectively adsorb guest molecules over water. This can be the following. (i) A MOF containing distinct adsorption sites for both molecules. This was recently demonstrated with KAUST-8, which allows the concomitant adsorption of H2O and CO2 in coordinatively unsaturated metal sites and fluorine arrays, respectively.( 25) (ii) A hydrophobic MOF with either the absence of polar groups in the inorganic nodes (e.g., -OH) and/or the presence of organic linkers bearing hydrophobic groups (e.g., CH3 or CF3); typically, the hydrophobic Zr-based MOFs, denoted MIL-140s, were shown to adsorb selectively phenol derivatives over water. [START_REF] Van De Voorde | Isolation of Renewable Phenolics by Adsorption on Ultrastable Hydrophobic MIL-140 Metal-Organic Frameworks[END_REF] (iii) An amphiphilic MOF containing distinct hydrophobic and hydrophilic regions in the pores can offer an optimal scenario with a synergistic effect of water as a contaminant to enhance the CO2/N2 or CO2/CH4 selectivity; however, most of the time it was associated with a decrease in the overall CO2 capture capacity.(27) (iv) In some rare cases, it has even been shown that highly energetic adsorption sites incorporated in some MOFs, such as the coordinatively unsaturated metal sites, allow a preferential binding of one guest molecule over water. This is the case of the iron trimesate-based MIL-100(Fe) that selectively adsorbs phosphated drug molecules from aqueous solutions. [START_REF] Agostoni | Towards an Improved anti-HIV Activity of NRTI via Metal-Organic Frameworks Nanoparticles[END_REF] Many other examples about the removal of organic pollutants from water can be found elsewhere. (29,30) We capitalized on the unique versatility of this class of porous materials in terms of chemical composition and pore size/topology to identify MOFs with optimal performances for the selective removal of acetic acid, under the conditions encountered at museums, that is, in the presence of air moisture. This challenging objective calls for a systematic exploration of the adsorption/separation properties for a series of water-stable MOFs with different pore sizes, shapes, hydrophobicities, and functionalities (see Figure 1), including basic amine groups or fluorine moieties, to further reveal the key parameters that drive the selective acetic acid removal in the presence of moisture. To that purpose, four different MOF architectures known for their chemical robustness were initially selected (see Figure 1 and Table 1). First is the mesoporous hydrophobic three-dimensional cagelike chromium terephthalate, MIL-101 (cage dimensions of 2.9 and 3.4 nm), owing to the presence of coordinatively unsaturated metal sites (Lewis acid sites) that can potentially act as strong adsorption sites for the acetic acid and to its very large pore volume to ensure high acetic acid uptake. Its functionalized analogue bearing basic ethylenediamine (=en) grafted postsynthetically on the metal acid sites (MIL-101-en; Figure 1) [START_REF] Hwang | Amine grafting on coordinatively unsaturated metal centers of MOFs: consequences for catalysis and metal encapsulation[END_REF] was also selected not only to understand whether replacing the metal acid sites by basic amine groups would improve the performance but also taking into account that such amine groups are known to be much less water sensitive than free metal sites when capturing CO2, an acidic gas, in the presence of humidity. [START_REF] Dietzel | Adsorption properties and structure of CO2 adsorbed on open coordination sites of metal-organic framework Ni2(dhtp) from gas adsorption, IR spectroscopy and X-ray diffraction[END_REF]33) Figure 1. Four MOF architectures-MIL-101 type, UiO-66 type, MIL-140 type, and ZIF type-were explored with several modifications to enhance the selective capture of acetic acid in the presence of water. Grafting of amines in unsaturated metal sites of MIL-101 using naphthalene dicarboxylate (NDC) as linker and functionalization of linker with amines and bulky hydrophobic -CF3 groups were the main routes explored (see main text). Color codes: Zr polyhedra in yellow, Cr octahedra in green, and Zn tetrahedra in blue; oxygen in red, nitrogen in blue, fluorine in green, and carbon in gray (hydrogens were omitted for simplicity). The second series comprises several derivatives of the microporous cagelike three-dimensional Zr dicarboxylate, UiO-66 structure type (tetrahedral and octahedral cage dimensions of 0.8 and 1.1 nm, respectively) bearing (i) pending -NH2 or -CF3 groups substituted in the terephthalate linker, that is, UiO-66-NH2 and UiO-66-2CF3, respectively, or (ii) extended organic linker, that is, the analogue UiO-NDC (cage dimensions of 1.0 and 1.3 nm) with a longer spacer (2,6-naphthalene dicarboxylate (2,6-NDC) vs terephthalate (BDC) for UiO-66) (Figure 1). The third family of MOF is the channel-like Zr oxide dicarboxylates, MIL-140A and MIL-140B (pore dimensions of 0.32 and 0.4 nm, respectively), built from 1,4-BDC and 2,6-NDC linkers, respectively (Figure 1), because these hydrophobic small-pore MOFs have already shown promises for the capture of organics in solution. [START_REF] Guillerm | A Series of Isoreticular, Highly Stable, Porous Zirconium Oxide Based Metal-Organic Frameworks[END_REF] Finally, the hydrophobic microporous three-dimensional Zn imidazolate, ZIF-8 (pores of 1.1 nm),( 36) was also considered owing to its very high hydrophobicity (Figure 1).

Here, the overall objective was, first, to reinforce the degree of hydrophobicity of the MOF with the inclusion of lipophilic groups (-CF3) and then, second, to enhance the acetic acid-MOF interactions either (i) incorporating -NH2 groups in the MOF framework to preferentially interact with the -CO2H function of the acetic acid via hydrogen bonds or (ii) replacing the phenyl by a naphthyl spacer to increase the van der Waals (vdW) interactions between the organic linker and the alkyl chain (-CH3) of the acetic acid and (iii) modulating the degree of confinement via the steric hindrance of organic linkers of different lengths and functionalities (Figure 1). The synthesis procedures and characterization results of all MOFs tested are presented in the Supporting Information (SI).

Experimental Section

Synthesis and Characterization of the Metal-Organic Frameworks

Detailed description of the synthesis procedures can be found in SI. All synthesized MOFs were characterized, and the results were analyzed to confirm the successful synthesis and purity of the materials. Nitrogen (air liquid, 99.999%) adsorption-desorption isotherms were measured at -196 °C using a liquid nitrogen cryogenic bath, in a volumetric automatic apparatus (Micromeritics, ASAP 2010). The X-ray powder diffraction patterns were obtained with a high-resolution D5000 Siemens X'Pert MDP diffractometer (λCu, Kα1, Kα2). Thermogravimetric analysis was performed with a thermogravimetric analyzer (model PerkinElmer STA 6000) in air at a constant heating rate of 2 °C min -1 . Transmission IR spectra have been recorded with a Nicolet Nexus spectrometer in the range from 4000 to 500 cm -1 with a resolution of 4 cm -1 . Further experimental details and analyses of results are presented in the SI.

Pure Water and Acetic Acid Adsorption

The adsorption isotherms of water were determined at 30.0 ± 0.1 °C in an automated apparatus, model Omnisorp 100cx (Coulter), using a fixed vapor dosing method. Adsorption isotherms of acetic acid were measured by the volumetric method at low relative pressure, in a lab-made glass adsorption line. Adsorption temperature was maintained with a water bath (Grant GD120) at 25 °C. The pressure was measured with a capacitance transducer from Pfeiffer Vacuum (CMR 262). Additional experimental details are given in the SI.

Acetic Acid Adsorption in Controlled Relative Humidity

About 50 mg (Mettler AE240) of the sample previously dried overnight in an oven at 100 °C was placed inside a closed chamber (2.9 dm 3 ) at 40% relative humidity for 1.5 h to equilibrate the moisture content. After this time, 1 μL of acetic acid (Riedel-de Haën, 99.8%) was injected with a syringe (Hamilton 7001 KH) inside the chamber through a rubber septum injection port, in the surface of a clean paper filer to improve the spreading and evaporation of the small droplet. The total acetic acid concentration, temperature, and relative humidity inside the chamber were measured (Graywolf TG-502 TVOC ppb) and were recorded at fixed time intervals (15 s) for at least 1 h using computer software (Wolfsense LAP). A blank experiment with no injection of acetic acid was performed, and a control experiment was performed with injection of acetic acid without any MOF to demonstrate the tightness of the chamber during the time frame of the experiments and ascertain the TVOC signal response obtained by 1 μL injection. Additional experimental details are given in the SI.

Computational Methods

Preliminary geometry optimizations of the water-and acetic acid-loaded crystal structures of UiO-66, UiO-66-2CF3, and MIL-140B were performed at the density functional theory level. These structure models were further employed to run Monte Carlo simulations in the NVT ensemble to obtain insights into the most preferential distribution of the two guest molecules in the porosity as a single component and mixtures and to identify the nature and strength of interactions between these guests and the MOF framework. All computational details are given in the SI.

Results

Adsorption of Acetic Acid and Water

The adsorption of acetic acid and water as single components was first investigated (Figure 2). The volume of adsorbed acetic acid (Figure S31b) is well below the volume obtained from nitrogen porosimetry (Figure S31), showing that the pores are far from being saturated with acetic acid at low pressures. The isotherms have been collected for acetic acid up to 0.15 p/p 0 , with most of the points below 0.02 p/p 0 (0.04 kPa; detail of the low-pressure domain is provided in Figure S31a), which corresponds to about 400 ppm (1 g m -3 ). Note that this concentration is several hundred times higher than that found in museum showcases, [START_REF] Fenech | Volatile aldehydes in libraries and archives[END_REF][START_REF] Krupińska | Air quality monitoring in a museum for preventive conservation: Results of a three-year study in the Plantin-Moretus Museum in Antwerp[END_REF][START_REF] Schieweck | Organic and inorganic pollutants in storage rooms of the Lower Saxony State Museum Hanover, Germany[END_REF][START_REF] Schieweck | Indoor air quality in passive-type museum showcases[END_REF]14,15) meaning that the efficiency will not be dependent on the saturation capacity of MOFs. In this context, the affinity of the material for acetic acid that can be assessed by the slope of the adsorption isotherm at low coverage and more precisely by the estimation of Henry's constant (KH) is more relevant for the analysis of the material's performance. Moreover, the results show that the amounts of acetic acid adsorbed at the low concentrations (Figure 2) are not correlated with the textural features of the materials (Table 1). Indeed, as discussed in the following section, the acetic acid adsorption rather strongly depends on the nature of the chemical groups present at the MOF pore wall. The acetic acid adsorption isotherms depicted in Figure 2a show that in the low domain of pressure, UiO-66-NH2 exhibits the highest uptake, even slightly higher than that for the mesoporous MIL-101 (Figure 2b). Compared to the parent UiO-66, one can see that the introduction of the amine group leads to a steeper adsorption isotherm at low pressure, concomitant with a 9-fold increase of Henry's constant (Table 2). This is due, as expected, to the acidbase interactions and hydrogen bonding between the -NH2 function of the MOF and the acetic acid -CO2H group. Interestingly, this Henry's constant is similar to that obtained for MIL-101, although a higher affinity would have been expected owing to the potential strong binding of the acetic acid to the coordinatively unsaturated sites. This observation emphasizes that in addition to the interactions between -NH2 and acetic acid, the confinement of this guest into the relatively small cages of UiO-66-NH2 plays a key role in the high affinity. Similarly, MIL-101 and MIL-101-en both adsorb a comparable amount of acetic acid (Figure 2b). It should be reminded that -NH2 groups of ethylenediamine substitute the uncoordinated metal sites in MIL-101 for acetic acid binding and these groups are in principle less strong adsorption sites. However, this is compensated by an increase of the confinement effect as a result of the decrease in pore volume of this solid (Table 1). When it comes to analyzing the effect of the -CF3 groups on the UiO-66 structure through a comparison with the parent UiO-66 (Figure 2a and Table 2), although the presence of -CF3 groups leads to a significant decrease of the accessible surface area (Table 1), it drastically improves the adsorption of acetic acid at low pressures. This might be ascribed both to the strong interaction of acetic acid with the -CF3 groups and to the higher degree of confinement of acetic acid in the narrower pores of UiO-66-2CF3 (this interaction and the confinement effect are discussed in detail in Section 3.3). Finally, in the case of the hydrophobic MIL-140A, MIL-140B, and ZIF-8 materials, the adsorbed amounts are significantly smaller than for the other tested MOFs due to the absence of any polar groups that can interact specifically with acetic acid. However, when comparing MIL-140A and MIL-140B, a significant increase of affinity at low pressure (Henry's constant; see Table 2) is observed for the latter due to stronger interactions between the naphthyl spacer and acetic acid and to a better accessibility of acetic acid to the pores. Amounts of acetic acid adsorbed on activated carbons, NaY and NaX zeolites, which are, to our knowledge, among the best porous materials tested so far for such an application, are on average close to 1.7 mmol g -1 at 0.02 p/p 0 (18) with a relatively linear profile in the low-pressure range. At first sight, this tendency is reminiscent of that obtained for our series of MOFs (Figure 2a,b). However, UiO-66-NH2, MIL-101, and MIL-101-en significantly overpass these performances (Figure 2a,b). This is consistent with the higher magnitude of Henry's constants of these three solids compared to that of zeolites, activated carbons, silica gel, and porous clays, which range between 4.30 and 1.06 gvapor g -1 sample.( 18) In contrast, UiO-NDC, MIL-140A, and ZIF-8 exhibit lower Henry's constants. As a first screening, one would be tempted to select MOFs with higher affinity for the acetic acid at low pressures than the reference adsorbents.

Water adsorption isotherms (Figure 2c,d) were further measured to make a correlation between the water affinity of these MOFs and their structural/chemical parameters. The results confirm that polar -NH2 functional groups (UiO-66-NH2) and/or coordinatively unsaturated metal sites (MIL-101, MIL-101-en) lead, as expected, to a higher affinity for water at low pressures, whereas the most hydrophobic MOFs (MIL-140, UiO-NDC, ZIF-8) adsorb only negligible amounts of water. UiO-66 and UiO-66-2CF3 adsorb water in two steps, which is associated with their two types of tetrahedral and octahedral cages of different dimensions. Noteworthy, for the latter, the presence of -CF3 groups, mostly pointing toward the octahedral cages, induces a significant shift of the second adsorption step to higher pressures, that is, far above the 40% relative humidity found in museums. A detailed discussion on the effects of pore size and surface groups in water adsorption is given in the SI. It is worth mentioning that the surface area of the materials was considered in this discussion for a proper comparison of the performances of these materials.

In the context of acetic acid removal, because the most difficult challenge for a sorbent is to adsorb acetic acid without suffering from the competition between water and acetic acid adsorption that typically always occurs under common conditions at museums (i.e., above 0.4 p/p 0 of water pressure), our first results strongly suggest that acetic acid adsorption in the presence of air humidity can be enhanced through a fine tuning of the ligand functionalization and/or pore size engineering.

Capture of Acetic Acid in the Presence of Water

To assess the behavior of these MOFs under real conditions, tests to remove trace amounts of acetic acid from air in the presence of water, that is, 40% relative humidity (RH) typically present in museums, were performed. The removal of acetic acid from the environment must also be relatively rapid because it can react irreversibly with artifacts, forming acetate salts. [START_REF] Schieweck | Indoor air quality in passive-type museum showcases[END_REF]13) Thus, the adsorption kinetics were equally considered. A few reference materials typically considered for this application, zeolite NaY and activated carbon RB4, were also selected as benchmarks for further comparison.

The injection of minor amounts of acetic acid in a closed chamber (corresponding to 362 μg dm -3 ) with controlled RH allowed the determination of comparative profiles of acetic acid removal by the MOFs (for guidance, 100 μg dm -3 is equivalent to 40 ppm in volume). There is an initial rise of the concentration due to the combined effect of the diffusion inside the chamber and the simultaneous adsorption (Figure 3), followed by a decrease due to the removal of acetic acid by the adsorbents. In their absence, this decrease does not occur, and only a faster rise is observed (Figure S34a). UiO-66 and MIL-101, both of which exhibit an intermediate hydrophobic character, led to interesting results, decreasing the acetic acid concentrations down to 26.9 and 23.3 μg dm -3 , respectively, after 1 h. As expected, the introduction of amine groups in these materials did not improve the performance, that is, MIL-101en: 41.6 μg dm -3 (Figure 3b) and UiO-66-NH2: 34.6 μg dm -3 (Figure 3a) after 1 h. This confirms the above-mentioned assumption that enhancing the affinity toward acetic acid is not efficient if not associated with a significant increase of hydrophobicity. On the contrary, the very hydrophobic ZIF-8 shows a promising performance with a concentration of 20.2 μg dm -3 reached after 1 h. This is very close to that obtained with UiO-NDC (20.5 μg dm -3 after 1 h; Figure 3a), which slightly overcomes UiO-66, probably due to the antagonist effects of a slightly higher hydrophobicity for UiO-NDC and a lowering of the confinement effect due to the significant increase in the pore size (Figure 1). In contrast, a strong enhancement is observed from MIL-140A to MIL-140B, with the final acetic acid concentrations ranging from 34.5 to 12.2 μg dm - 3 (Figure 3a). Because both materials are hydrophobic, the higher performance of MIL-140B may be ascribed both to an increase in pore size that enables a better accessibility to the pores of MIL-140B but not for MIL-140A and to the slightly stronger interaction between the methyl group of acetic acid and the naphthyl spacer. For the sake of understanding the pore size effect, if the larger pore analogue MIL-140C (0.57 nm)( 35) is considered, the lower confinement effect leads finally to a lower efficiency of this solid compared to that of MIL-140B (see Figure S34b). Finally, the best material was found to be UiO-66-2CF3 (Figure 3a) for which the fastest decrease was observed, attaining 7.2 μg dm -3 after 1 h. Compared to UiO-66, the higher performance of UiO-66-2CF3 might arise from a stronger interaction between the MOF framework and the acetic acid that acts concomitantly with its higher hydrophobicity. A comparison of the results obtained on the chamber with that of the adsorption isotherms, for the best MOFs, indicates that the acetic acid adsorption on ZIF-8 is already approaching equilibrium, whereas for UiO-66-2CF3 and MIL-140B, this is not the case (see additional discussion in SI). Indeed, the concentration in the chamber is still decreasing considerably at 1 h (Figure 3), with a drop down to 4.2 and 9.5 μg dm -3 after 1.5 h for UiO-66-2CF3 and MIL-140B, respectively (not shown on Figure 3). The performance was finally compared to that of zeolite (NaY) and an activated carbon (RB4).( 18) Noteworthy, these materials are less efficient than most MOFs (Figure 3); all MOFs outperform the activated carbon RB4, whereas UiO-66, UiO-NDC, ZIF-8, and MIL-101 present a similar behavior to that of NaY. Remarkably, the acid adsorption properties of MIL-140B and UiO-66-2CF3 are significantly better than those of zeolite and activated carbon, demonstrating that these materials, particularly UiO-66-2CF3, are the most suitable MOF candidates for an efficient acetic acid removal in the presence of moisture. However, because the ligand used for the synthesis of UiO-66-2CF3 is obtained only after several long synthesis steps, the MIL-140B may be regarded as a suitable alternative at eventually lower costs because this material is based on the standard NDC ligand. A summary of the relevant properties of the whole MOFs considered for their application for acetic acid removal in the presence of moisture is presented in Table S6.

Computational Study of the Adsorption and Coadsorption in UiO-66-2CF3 and MIL-140B

A computational approach coupling density functional theory and force-fieldbased Monte Carlo simulations (see SI) was deployed to shed light on the microscopic mechanism at the origin of the selective adsorption of acetic acid under a relative humidity of 40% in the best MOFs, that is, UiO-66-2CF3 and MIL-140B. For UiO-66-2CF3, in mixture adsorption, CH3CO2H preferentially adsorbs in the more confined tetrahedral cages. Although the two -CF3 groups in the terephthalate linker are pointing toward the large octahedral cages, still their F atoms in the bulkier -CF3 groups are very much in the vicinity of the guest molecules present in the confined tetrahedral cages (see Figure 4a). CH3CO2H interacts relatively strongly with the pore wall through (i) their O atoms with the μ3(OH) groups (O_COacetic acid-H_μ3(OH) = 1.8 Å; Figure S40) and (ii) their H atoms with the F atoms of the -CF3 groups (H_OHacetic acid-F = 2.01 Å; Figure S40; and H_CH3acetic acid-F = 2.3 Å; Figure S40). This scenario is similar to that observed for the adsorption of acetic acid as a single component (SI).

In contrast, H2O molecules occupy both octahedral and tetrahedral cages, forming isolated clusters that are strongly hydrogen-bonded (OH2O-HH2O = 1.80 Å; Figure S40) with only weak interactions with the pore walls. This behavior is consistent with the hydrophobic character of the solid, as confirmed by a low simulated adsorption enthalpy at low coverage for H2O (<-40 kJ mol -1 ; Table S8). The two-dimensional density probabilities of both CH3-CO2H and H2O in UiO-66-2CF3 and the most representative host-guest interactions provided in Figure 4 illustrate the microscopic coadsorption mechanism in play. This figure emphasizes that there is no competitive adsorption in the octahedral cages (only water), whereas in the tetrahedral cages, both species coexist. However, a comparison with the results in the nonfunctionalized UiO-66 clearly evidences that -CF3 groups not only favor a higher hydrophobic character but also, remarkably, create a higher affinity to the acetic acid. This is revealed by a significant increase of the simulated adsorption enthalpy for acetic acid (-68 kJ mol -1 for UiO-66-2CF3 vs only -42 kJ mol -1 for UiO-66; Table S8), confirming that both the higher hydrophobicity and the stronger interaction with acetic acid contribute to a drastic enhancement of the selective adsorption of CH3-CO2H over H2O driven by thermodynamics consideration. Regarding MIL-140B, the simulated coadsorption behavior evidences that both water and acetic acid are distributed in the channels. Water molecules are found to form a strong hydrogen bond network along the tunnel with the corresponding HH2O-OH2O distances (∼1.8 Å) as short as those observed for UiO-66-2CF3 (see Figures 5 andS41). No strong anchoring sites for the acetic acid are present at the MIL-140B surface, and the molecules tend to adopt a geometry that favors interactions with the organic linker (O_COacetic acid to H_organic distances above 2.5 Å; Figure S41). However, a high degree of confinement on the small pore channels (4.2 Å) leads to a simulated adsorption enthalpy for CH3-CO2H (-67 kJ mol -1 ) comparable to that calculated in UiO-66-2CF3 (-68 kJ mol -1 ) (Table S8). This observation supports the fact that the selectivity in the CH3-CO2H/H2O mixture adsorption in MIL-140B is mainly driven by the optimal confinement effect. 

Additional Studies

To illustrate the general character of this concept for the capture of polar volatile organic compounds, we have carried out preliminary experiments with the best two MOFs (MIL-140B and UiO-66-2CF3) for the adsorption of acetaldehyde, another pollutant that raises serious health concerns. [START_REF]NIOSH Pocket Guide to Chemical Hazards[END_REF] Noteworthy, these results validate this strategy to design MOFs for the capture of traces of polar VOCs in the presence of water (Figure S35) because both MIL-140B and UiO-66-2CF3 are also much more efficient for the capture of acetaldehyde than the benchmark carbon material. First preliminary experiments of thermal regeneration indicate that this method can be applied to recover the adsorption capacity of UiO-66-2CF3 (Figure S36 and discussion in SI).

Conclusions

As a conclusion, we have unveiled, through a joint experimentalcomputational strategy, a list of robust MOF adsorbents capable of capturing polar VOCs in the presence of moisture, as illustrated here with the capture of acetic acid under conditions relevant for art and cultural heritage protection.

From the list of tested materials, UiO-66-2CF3 is the most promising one. We have emphasized that a hydrophobic character of the sorbent is required although not sufficient. If an optimal capture of acetic acid is targeted, one shall also rely either on the absence of polar groups in the inorganic node or on the ligand functionalization based on lipophilic but polar (e.g., perfluoro) groups to enhance the interactions with acetic acid without enhancing the affinity for water. This can be combined with the selection of an optimal pore size, together with an organic spacer enhancing vdW interactions, close to that of acetic acid to optimize its degree of confinement.

Such a strategy will certainly lead in a near future to the design of new systems for better cultural heritage preservation as well as to pave the way toward the design of new MOF sorbents for the efficient capture of polar VOCs under conditions related to domestic pollution.
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 2 Figure 2. Acetic acid adsorption isotherms at 25 °C (a) and (b) and water adsorption isotherms at 30 °C (c) and (d) of the title MOFs.

a

  Calculated from the initial slope of the isotherms in Figure2a,b. b Calculated from the initial slope of the isotherms in Figure 2c,d.
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 3 Figure 3. Acetic acid concentration profiles inside a closed chamber after the injection of 1 μL of acetic acid at 23 °C, 40% RH, in the presence of 50 mg of: (a) UiO-66, UiO-66-NH2, UiO-66-2CF3, UiO-NDC, MIL-140A, and MIL-140B; and (b) MIL-101-Cr, MIL-101-Cr-NH2, ZIF-8, activated carbon RB4, and zeolite NaY.
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 4 Figure 4. (a) Monte Carlo simulated arrangements of CH3-CO2H and H2O molecules from a binary mixture in UiO-66-2CF3 at 298 K (CH3-CO2H/H2O with composition of 1.2/3 mmol g -1 ). (b) Maps of the occupied positions of the binary mixture for CH3-CO2H and H2O in 1000 equilibrated frames in UiO-66-2CF3 with 1.2/3 mmol g -1 for CH3-CO2H/H2O at 298 K. Color code for the framework atoms: C (dark gray), O (red), F (cyan), H (light gray), Zr (green), the guest molecules: CH3-CO2H (orange) and H2O (blue), and the distances are reported in angstrom.
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 5 Figure 5. (a) Monte Carlo simulated arrangements of CH3-CO2H and H2O molecules from a binary mixture in MIL-140B at 298 K (CH3-CO2H/H2O with composition of 0.9/3 mmol g -1 ). (b) Maps of the occupied positions of the binary mixture for CH3-CO2H and H2O in 1000 equilibrated frames in MIL-140B with 0.9/3 mmol g -1 at 298 K. Color code for the framework atoms: C (dark gray), O (red), F (cyan), H (light gray), Zr (green), the guest molecules: CH3-CO2H (orange) and H2O (blue), and the distances are reported in angstrom.

  

  

Table 1 . Textural Properties of the Studied MOF Materials material ABET (m 2 g -1 )a Vμ (cm 3 g -1 )b Aext (m 2 g -1 )b

 1 

	MIL-101-Cr	3606	1.580	102
	MIL-101-Cr-en	1153	0.508	45
	UiO-66	892	0.379	

material ABET (m 2 g -1 )a Vμ (cm 3 g -1 )b Aext (m 2 g -1 )b

  

	UiO-66-NH2	966	0.424	15
	UiO-66-2CF3	467	0.184	39
	UiO-NDC	1362	0.586	30
	MIL-140A	317	0.132	17
	MIL-140B	363	0.119	91
	ZIF-8	1348	0.529	52

a Specific surface area (ABET) calculated by application of the BET equation in the linear form to data between 0.04 and 0.15 p/p 0 . b Microporous volume (Vμ) and external surface area (Aext) calculated by the tplot method using the Harkins-Jura reference equation between 0.4 and 0.8 nm.

[START_REF] Rouquérol | Adsorption by Powders and Porous Solids[END_REF] 

Table 2 . Henry's Constants of Acetic Acid Adsorption at 25 °C (KH) and Water Adsorption at 30 °C (Kw)

 2 

		mean ± SD		
	material	KHa (mmol g -1 )	KH (gvapor g -1 sample)	Kwb (mmol g -1 )
	MIL-101-Cr	212 ± 7	12.7 ± 0.4	46.8 ± 2.5
	MIL-101-Cr-en	89 ± 5	5.4 ± 0.3	18.3 ± 0.1
	UiO-66	21 ± 1	1.2 ± 0.1	20.4 ± 2.9
	UiO-66-NH2	193 ± 21	11.6 ± 1.3	27.2 ± 1.2
	UiO-66-2CF3	33 ± 1	2.0 ± 0.1	8.9 ± 0.7
	UiO-NDC	2.1 ± 0.4	0.12 ± 0.03	7.0 ± 0.5
	MIL-140A	2.1 ± 0.1	0.13 ± 0.01	2.1 ± 0.2
	MIL-140B	19 ± 1	1.13 ± 0.07	1.00 ± 0.02
	ZIF-8	0.5 ± 0.1	0.03 ± 0.01	0.367 ± 0.002
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