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The successful preparation of organized porous inorganic fluorides (OPIFs) with a high specific surface area is demonstrated for MgF 2 . For the first time, macroporous MgF 2 OPIFs with a surface area of above 200 m 2 g -1 and mesoporous MgF 2 powder were prepared through the assembly of preformed MgF 2 nanoparticles and homemade polymer templates with a tunable size. These OPIF materials have been fully examined at different synthesis stages by means of powder X-ray diffraction, N 2 sorption, scanning electron microscopy, and transmission electron microscopy analyses and 19 F and 1 H solid-state nuclear magnetic resonance. The relation between the nature, the size, and the amount of polymer template on the porous structure was deeply investigated. The MgF 2 OPIFs present a higher thermal stability under air and F 2 calcination than MgF 2 NPs as the structuration of the OPIF composite considerably slows down the crystallite growth during thermal treatment under air. OPIF materials were evaluated for the first time as heterogeneous catalysts for the fluorination of 2-chloropyridine under HF gas as a fluorinating agent at 350 °C. This study evidences catalytic sites with two Lewis acidity strengths (medium and low).

INTRODUCTION

Owing to their outstanding characteristics such as a high specific surface area, tunable pore size and shape, various structures, and multiple compositions, three-dimensional (3D) porous inorganic materials have been used in various applications such as catalysis, adsorption sensors, lithium-ion batteries, drug delivery, and nanodevices. [1][2][3] Since the discovery of organized mesoporous silica in the early 1990s, 4 3D porous inorganic materials have been extensively studied for metal oxides, metal sulfides, and carbons, and their synthesis relies on template-assisted methodologies including (i) the soft-templating method, (ii) the hard-templating method, and (iii) the colloid crystal templating (CCT) method 3,5 (Scheme S1). Briefly, the soft-templating method using surfactants or block copolymers as the template is mainly 33 used for the preparation of mesoporous silica and mesoporous 34 metal oxides. 3,5,6 This method is based on evaporation-induced 35 self-assembly of the organic template with the inorganic 36 precursors to form an ordered organic-inorganic composite.

the elaboration of 3D porous fluorinated materials. Indeed, the soft-templating method was only reported for the synthesis of mesoporous MgF 2 thin films using polyvinyl acetate 17 or amphiphilic block copolymers as the structure-directing agent to introduce controlled mesoporosity. 18 The synthesis of (Ca,Sr,Ba)F 2 , 8 NaYF 4 :Eu, Tb, 10 and LaF 3 9 nanowires by the hard-templating method using different porous molds (SBA-15 and Al 2 O 3 ) was reported in the 2000s. Finally, the most applied templating route for the synthesis of porous fluorides is the CCT method using poly(methyl methacrylate) (PMMA)

or polystyrene (PS) spheres. Indeed, in the last decade, the preparations of macroporous doped-NaYF 4 , 19-21 MgF 2 , CaF 2 , AlF 3 , [START_REF] Noack | Metal Fluoride Materials with Complex Pore Structure and Organic Functionality[END_REF] and lanthanide oxyfluorides [START_REF] Tao | Modulation of Upconversion Luminescence in Er 3+ , Yb 3+ -Codoped Lanthanide Oxyfluoride (YOF, GdOF, LaOF) Inverse Opals[END_REF] were reported. Such sparse literature on organized porous inorganic fluorides (OPIFs) confirms unequivocally that these materials represent 

RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of MgF 2 OPIFs. As 98 shown in Figure 1, our synthetic methodology to target OPIF 99 MgF 2 porous materials comprises four steps: (i) syntheses of 100 the two building blocks (fluoride NPs and polymer template) 101 and their dispersion as a homogenous aqueous colloidal 102 mixture, (ii) fluoride NP/polymer template assembly process 103 via solvent evaporation to obtain the OPIF composite, (iii) 104 calcination including concomitant polymer removal and 105 inorganic fluorinated network densification, and (iv) final 106 thermal treatment under F 2 to remove the carbon residue. 

+ ⃗ + Mg(NO ) 2HFMgF 2HNO 3 2 2 3
The profile refinement of the powder X-ray diffraction (PXRD) pattern confirms the rutile-type crystal structure of MgF 2 NPs (space group P4 2 /mnm) with cell parameters a = chosen as the template due to their facile thermal decomposition at temperature lower than 400 °C (Figure S1). To access to homogeneously sized polymer spheres with a tunable diameter, three different polymerization processes were used: surfactant-free emulsion polymerization and conventional emulsion polymerization to obtain macrosized polymer templates [START_REF] Rao | Polymer Nanoparticles: Preparation Techniques and Size-Control Parameters[END_REF][START_REF] Camli | Size Controlled Synthesis of Sub-100 Nm Monodisperse Poly-(Methylmethacrylate) Nanoparticles Using Surfactant-Free Emulsion Polymerization[END_REF][START_REF] Capek | Microemulsion Polymerization of Styrene in the Presence of Anionic Emulsifier[END_REF][START_REF] Gan | Effects of Surfactant Concentration on Polymerizations of Methyl Methacrylate and Styrene in Emulsions and Microemulsions[END_REF] and microemulsion polymerization for the polymer templates with a diameter of under 100 nm. [START_REF] Capek | Microemulsion Polymerization of Styrene in the Presence of Anionic Emulsifier[END_REF] Home-synthetized polymer template latexes present the advantage of low polydispersity (PDI) in size and a controlled surface through the absence (surfactant-free emulsion polymerization) or the presence (conventional emulsion polymerization) of a surfactant (SDS, sodium dodecyl sulfate). show the obtention of spheres with diameters of ≈200 nm (PMMA), ≈85 nm (PMMA-SDS), and ≈45 nm (PS-SDS) (Figure S2). These aqueous latexes are stable as evidenced by a negligible change in polymer bead size after 1 month, as confirmed by dynamic light scattering (DLS, see Figure S3).

The dispersion of the NP and polymer template as a homogenous aqueous colloidal mixture aims to ensure uniform templating with evenly distributed pores through the OPIF material. The MgF 2 NP was dispersed in water, and the stability of the NP sol was investigated by DLS (Figure 2). C 155 reduced to 25 nm and remain unchanged for at least 30 min. 156 This supports the ability of TFA to prevent NP agglomeration 157 (Figure 2d). This phenomenon can be explained by the 158 increase in positive zeta potential (ζ) of the MgF 2 NP (ζ = 40 159 mV) [START_REF] Waltz | Synthesis of Highly Stable Magnesium Fluoride Suspensions and Their Application in the Corrosion Protection of a Magnesium Alloy[END_REF] with the pH decrease induced by TFA. Indeed, the NP 160 stability in solution is ensured by higher repulsive particle 161 interactions due to the enhanced surface charge, preventing 162 from agglomeration. S6). The pore size and its 235 evolution as a function of polymer content were carefully 236 studied by the BJH method. In the case of OPIF-85, only the 237 intergranular porosity could be observed (d ≈ 6-11 nm) as 238 the diameter of organized pores is out of range (>50 nm) for 239 this analysis (Figure S7). For OPIF-45, the organized porosity (pore diameter ≈ 45 nm) is confirmed, as shown in Figure 7a.

Hydrodynamic diameters (D

It is interesting to note that by increasing % m, a transition from bimodal (organized pores + intergranular pores) to monomodal (organized pores) pore distribution is observed. This difference of the porous structure is confirmed by TEM.

Indeed, the presence of the intergranular mesoporosity is observed between the NPs with low polymer content (50%, Figure 5d), while individual NPs are no longer observable in 200% (Figure 5e). This observation coupled with the abrupt reduction of S BET beyond 100% in OPIF-45 suggests that the structural change is not only linked to the variation of polymer content but also depends on the presence of intergranular porosity.

The intergranular volumes (V int ) were calculated by subtracting cumulative pore volumes of pores with a width of >10 nm (V or ) from the total cumulative pore volumes (V int = V total -V or ). Figure S8 shows V int and V or as a function of % m, demonstrating a maximum-minimum relation with the polymer content. Indeed, the obtention of high S BET is a compromise between organized and intergranular pores where the highest S BET for each template size occurs when V int + V or (i.e., V total ) is maximized. To validate the beneficial effect of intergranular pores on the S BET , OPIF-45 with m = 100% was prepared by the removal of the polymer template with tetrahydrofuran (THF) (Figure S9). When the PS is removed chemically, the volume of the intergranular porosity (V int-thermal = 0.12 cm 3 g -1 ; V int-THF = 0.25 cm 3 g -1 ) and the S BET increased (S BET-thermal = 155 to S BET-thermal = 180 m 2 g -1 ). These results evidence the densification of the NP network during removal of the template by thermal treatment, therefore confirming that the S BET strongly relies on both intergranular porosity and organized porosity.

Calcination under F 2 for Carbon Residue Removal.

OPIF samples with different pore sizes and with the highest surface areas were selected for a subsequent thermal treatment under F 2 gas to remove the carbon residue (C + 2F 2 → CF 4 ) and eventual hydroxyl groups (

2OH -+ F 2 → O 2 + 2HF).
Indeed, the residual carbon could affect the porous structure and the S BET and block the active sites for the transformation of 2-chloropyridine. The selected OPIFs were OPIF-85: 200% and OPIF-45: 100%. For OPIF-200, 200% was selected as it allows the preparation of MgF 2 OPIFs with high S BET and lower carbon content (Figure S10). After thermal treatment under F 2 , the color changed from brown to white and this carbon removal was confirmed by Fourier transform infrared (FTIR) spectroscopy analysis (Figures S11 andS12). Before F 2 treatment, all FTIR spectra exhibit bands at 1405 cm -1 assigned to stretching vibrations of the CO 3 2-groups. [START_REF] Tao | Modulation of Upconversion Luminescence in Er 3+ , Yb 3+ -Codoped Lanthanide Oxyfluoride (YOF, GdOF, LaOF) Inverse Opals[END_REF] The bands at 1150 cm -1 are associated with the C-F groups. [START_REF] Tao | Modulation of Upconversion Luminescence in Er 3+ , Yb 3+ -Codoped Lanthanide Oxyfluoride (YOF, GdOF, LaOF) Inverse Opals[END_REF] Two bands are also observed at 3393 and 1598 cm -1 corresponding to -OH of hydroxyl groups or adsorbed water molecules on the OPIF surface. After F 2 thermal treatments, the removal of the CO 3 2-, C-F, and -OH groups is evidenced by the disappearance of the related bands. TEM investigations showed the stability of the porous structure under F 2 despite a decrease in the specific surface area (Figure t1 S13 and Table 1). The S BET of the macroporous OPIF (OPIF-200 and OPIF-85) remains above 130 m 2 g -1 (D XRD = 10 nm) even after the harsh thermal treatment under F 2 . In comparison, NP-ref-OPIF shows the largest particle size (16 nm) and a three times smaller specific surface area after F 2 treatment, emphasizing the importance of 3D structuration on the thermal stability by introducing organized and intergranular pores. This stability could be explained by the presence of pores which could prevent particle mobility and therefore NP sintering.
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Modification of the Physicochemical Properties

of OPIF Samples after HF Treatment. 2.2.1. Characterization by PXRD, N 2 Sorption, TEM, and 19 F and 1 H Solid-State MAS NMR. Prior to catalytic transformation of 2chloropyridine under a HF atmosphere, the catalysts were activated in situ by HF for 1 h at 350 °C (activation step). This step corresponds to the stabilization of the materials under a HF atmosphere and allows us to characterize the properties (amount and strength) of the active sites involved in the Cl/F exchanges. The influence of this treatment on the structural properties of OPIF samples was first investigated by PXRD, N 2 sorption, and TEM. Despite the severe condition, the rutile phase of MgF 2 is preserved under HF (Figure S14). Unfortunately, this step induces an adverse effect as the S BET decrease to ≈60 m 2 g -1 related to a particle size increase to 15 nm (Table 1, TEM in Figure S15) which is close to NP-ref-OPIF (S BET of 45 m 2 g -1 and particle size of 20 nm).

Further structural information was obtained from 19 F and 1 H solid-state MAS NMR studies of samples OPIF-45 before and after the HF activation step, OPIF-85, OPIF-200, and NPref-OPIF after HF treatment. The nuclear magnetic resonance f6 (NMR) spectra are reported in Figure 6 and compared with the pristine MgF 2 NP (without the calcination step) that we recently studied, 11 that is, MgF 2 NP prepared from the nitrate precursor, after HF activation. For the rutile-type crystal structure of MgF 2 involving a single F crystallographic site, [START_REF] Baur | Rutile-Type Compounds. V. Refinement of MnO 2 and MgF 2[END_REF] a single 19 F NMR line is expected and observed [at δ iso (isotropic chemical shift) = -197.3 ppm] on its spectrum. 41 In contrast, all 19 F spectra presented in Figure 6 exhibit one main asymmetrical line with a maximum at a similar value (δ iso ≈ -197.7 ppm) and a shoulder toward higher δ iso values (three resonances with close δ iso values are necessary to reconstruct the spectra correctly). In addition, a second contribution appears distinctly at about -183 ppm and even (except for MgF 2 NPs prepared from the nitrate precursor, after HF activation) a third contribution appears at about -178 ppm (Figure 6, fits and results of these fits are given in Figure S16 and Table S3). Moreover, compared with the 19 F NMR line of a microcrystalline sample (line width of 795 Hz), 11 these lines are broader (line widths from 853 Hz for MgF 2 NPs prepared from the nitrate precursor, after HF activation, to 1032 Hz for OPIF-45 before HF activation) (Figure S17). This broadening mirrors chemical shift distributions due to disorder around fluorine atoms in relation with the slightly higher specific surface area (from 45 to 75 m 2 g -1 ) and partial hydroxylation, the latter resulting additionally in the shoulders and contributions at high 19 F δ iso values. The increase in the 19 F δ iso value with the hydroxide content, that is, the number of 6, fits and results of these fits in Figure S18 and Table 382 S6) present one main broad contribution (ranging from 0 to 383 10 ppm) with δ iso values at the maximum ranging from 4.5 to 5 F ppm, assigned to surface-adsorbed H 2 O molecules and/or OH groups where hydrogen atoms are involved in H-bonds and a smaller contribution with δ iso values at the maximum ranging from 1.1 to 1.2 ppm, assigned to Mg 3 -OH environments where hydrogen atoms are not involved in H-bonds. [START_REF] Sideris | Mg/Al Ordering in Layered Double Hydroxides Revealed by Multinuclear NMR Spectroscopy[END_REF] However, the main contribution of the spectra of the OPIF-45 samples before and after HF activation is broader, whereas those of OPIF-85 and OPIF-200 after HF activation are narrower. Moreover, the latter two have an additional contribution at higher δ iso values (≈6 or ≈8 ppm). These differences which reflect different chemical shift distributions are difficult to interpret since these samples have similar specific surfaces. At last, the spectra of the OPIF-45 samples differ from each other by the larger relative intensity of the contribution assigned to Mg 3 -OH environments after activation (13.4 vs 10.0%; Table S6) but above all by a smaller intensity of the NMR spectrum (evidenced by the lower signal-to-noise ratios although recorded with the same number of transients). This can be explained by a decrease in the amount of adsorbed H 2 O molecules, related to the decrease in the specific surface area of the NPs (75 vs 60 m 2 g -1 ; Table 1).

Characterization of the Actives

Sites by CO Adsorption Followed by IR. The properties (quantity and strength of Lewis acid sites) of the catalytic sites were characterized by adsorption of CO as the probe molecule followed by IR spectroscopy before and after the activation f7 step by HF (Figure 7). CO is a suitable probe molecule for the characterization of Lewis acidity as the (CO) vibration frequency is very sensitive to the local cationic environment of the coordinatively unsaturated magnesium centers.

All samples show the presence of coordinatively unsaturated magnesium centers where CO can be adsorbed. For the MgF 2 NP prepared from the nitrate precursor, 11 NP-ref-OPIF, and OPIF-200, a CO adsorption band was mainly observed at 2178 cm -1 (site 1). Interestingly, OPIF-85 and OPIF-45 clearly present two CO adsorption bands centered at 2178 cm -1 (site 1) and 2162 cm -1 (site 2) with different intensities before and after HF activation. These bands are attributed to two different magnesium environments corresponding to two types of low (site 2) to intermediate (site 1) strength of CO adsorption sites. According to Wuttke et al., [START_REF] Wuttke | Infrared Investigation of the Acid and Basic Properties of a Sol-Gel Prepared MgF 2[END_REF] the presence of these bands at 2178 and 2162 cm -1 corresponds to tetracoordinated (Mg 4c 2+ ) and pentacoordinated (Mg 5c 2+ ) magnesium atoms of the weaker sites (site 2) (Table 2). This evolution 432 corresponds to a change in the coordination degree of number of sites per surface area (Table 3). ammonium persulfate (APS, 98%), styrene (S, ≥ 99%), aluminum oxide (activated, neutral, Brockmann I), SDS (99%, Acros Organics), acetone (≥99.8%, VWR), and 1-pentanol (≥99%, Alfa Aesar) were used. MMA and S were passed through a column of aluminum oxide prior to polymerization. Ultrapure water was obtained from a PureLab ELGA system and had a resistivity of 18.2 MΩ cm -1 at 25 °C.
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Polymer Template Syntheses and Characterizations.

The free-emulsion polymerization of MMA was typically started by charging 0.2 g of APS as the initiator, 20 mL of acetone, and 60 mL of ultrapure water into a three-neck flask (reaction medium) that was connected to a reflux condenser and an ice bath. While the mixture was homogenized using a magnetic stirrer, nitrogen gas was purged to the reaction medium to remove free oxygen. After 30 min, 1 mL of MMA was added to the mixture, the temperature was increased to 70 °C, and the reaction continued for 4 h under nitrogen flow.

Finally, the reaction medium was cooled down to room temperature, and the white polymer latex was used without purification. The D h and PDI values of the resulting polymer template were measured by DLS: (D h ) DLS = 206 nm and PDI = 0.02. The PMMA beads were further characterized by SEM. A SEM image is shown in Figure S3a.

This polymer template is named PMMA-200 nm.

For the conventional emulsion polymerization of MMA, 1.65 g of SDS was initially added to the reaction medium, and the previous method was followed. The polymer template dispersed in water was The catalyst performances were compared at isoconversion of 2-616 chloropyridine lower than 25% in order to be in a differential regime. 617 In all cases, only 2FPy was observed as the reaction product and HCl 618 as the byproduct. Thus, the selectivity toward 2FPy was equal to 619 100% and the conversion of 2-chloropyridine corresponded to the 620 2FPy yield. In these experiments, the molar balance was always higher than 90%. No thermal decomposition of 2-chloropyridine was observed.

The catalytic activity A (mmol h -1 g -1 ) was defined as the conversion of 2-chloropyridine multiplied by the flow of 2chloropyridine (mol h -1 ) and divided by the mass of the catalyst.

The intrinsic catalytic activity Ai (mmol h -1 m -2 ) was calculated by taking into account the specific surface area of the catalyst after the activation step by HF. The TOF (h -1 ) was calculated from the catalytic activity (A: mmol h -1 g -1 ) divided by the number of actives sites defined as coordinatively unsaturated metallic sites (Q s : μmol g -1 ) measured by CO adsorption followed by IR. Gaseous HF (cylinder of 800 g) was provided by Air Liquide, and 2-chloropyridine was provided by Sigma-Aldrich. Reference Material LaB 6 (NIST SRM 660b) was used to take into account the instrumental broadening. The PXRD pattern of LaB 6 was recorded with the conditions (step and counting time) used for the analysis of MgF 2 samples. PXRD patterns were fitted using the Le Bail method [START_REF] Bail | Ab-Initio Structure Determination of LiSbWO 6 by X-Ray Powder Diffraction[END_REF] implemented in the Fullprof program. [START_REF] Rodríguez-Carvajal | Recent Advances in Magnetic Structure Determination by Neutron Powder Diffraction[END_REF] The line broadening due to the nanometric size of the sample was calculated using the Thompson-Cox-Hastings pseudo-Voigt function [START_REF] Thompson | Refinement of Debye-Scherrer Synchrotron X-Ray Data from Al 2 O 3[END_REF] that includes size and strain-broadening terms for both Lorentzian and Gaussian components. The two parameters (Y and F) of the Lorentzian component of this function were refined to calculate the apparent crystallite size ⟨L⟩ calculated by Fullprof using Langford's method. [START_REF] Langford | A Rapid Method for Analysing the Breadths of Diffraction and Spectral Lines Using the Voigt Function[END_REF] The diameter D XRD of the spherical particles is related to ⟨L⟩ using the following formula D XRD = 4/3 × ⟨L⟩. The 1 H and 19 F MAS spectra were recorded using a Hahn echo sequence with an interpulse delay equal to one rotor period. The 90°6 pulse lengths were set to 2.4 and 1.25 μs; the recycle delays were set to 120 and 900 s; and 24 to 64 and 32 to 48 transients were accumulated for 1 H and 19 F, respectively. 1 H and 19 F spectra refer to TMS and CFCl 3 , respectively, and they were fitted using DMFit software. 52 4.6.6. N 2 Sorption. The OPIF specific surface areas were measured at 77 K using a TriStar II 3020 (Micromeritics). The powders were degassed under vacuum at 100 °C for 12 h prior to measurement. The S BET was calculated using the Brunauer-Emmett-Teller (BET) method. The porosity was evaluated from desorption branches of the N 2 isotherms using the BJH model. The total pore volumes were estimated from the adsorbed amount at the relative pressure p/p 0 = 0.99. I 4.6.7. FTIR Spectroscopy. FTIR spectra of OPIFs after F 2 treatment were collected in air at room temperature with a Bruker Alpha FT-IR spectrometer equipped with the Platinum QuickSnap ATR sampling module. The spectral resolution is 4 cm -1 in the 400-4000 cm -1 range.

As described previously, 11 CO adsorption was followed by FTIR on a ThermoNicolet NEXUS 5700 spectrometer with a resolution of 2 cm -1 , and 64 scans per spectrum were collected. Samples were pressed into thin pellets (10-60 mg) with a diameter of 16 mm and pretreated in situ during one night under nitrogen at 300 °C. After that, the cell was cooled down with liquid nitrogen to 100 K. A background spectrum was collected which was then subtracted from the following spectra obtained after CO adsorption. Then, successive doses of CO were introduced quantitatively, and an infrared spectrum was recorded after each adsorption until saturation. The final spectrum was recorded with 1 Torr of CO at equilibrium pressure (saturation). All spectra were normalized to an equivalent sample mass (25 mg). The quantification of the amount of Lewis acid sites Q s (μmol g -1 ) was carried out by the integration of the total area of the IR bands at saturation between 2100 and 2200 cm -1 using the molar absorption coefficient ε determined for MgF 2 and equal to 1.53 μmol cm -1 . [START_REF] Astruc | Mixed Ba 1-x La x F 2+x Fluoride Materials as Catalyst for the Gas Phase Fluorination of 2-Chloropyridine by HF[END_REF] ■ ASSOCIATED CONTENT * sı Supporting Information
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Figure 1 .

 1 Figure 1. Schematic representation of the different steps of the MgF 2 OPIF synthesis.

Figure 2 .

 2 Figure 2. (a) TEM image of MgF 2 NPs. (b) Le Bail refinement of MgF 2 NPs. Vertical markers give the Bragg peak positions of the tetragonal space group P4 2 /mnm (no. 136). DLS of MgF 2 NPs dispersed in water with time (c) without TFA and (d) with TFA as the stabilizing agent.

107 2 .

 2 1.1. Step 1: Preparation of the Two Buildings Blocks 108 (MgF 2 NPs and the Polymer Templates) and Their Colloidal 109 Dispersion. In the first step, MgF 2 NPs were synthesized via a 110 microwave-assisted solvothermal route using aqueous HF 111 (40%) as the fluorinating agent, methanol as the solvent, and magnesium nitrate as the metal precursor at 90 °C for 30 min according to the reaction 11

f2 4 .

 4 6544(6) Å and c = 3.0476(3) Å (JCPDS 01-072-1150, Figure f2 2). A diameter of about 7 nm was determined from PXRD refinement (D XRD ) and transmission electron microscopy (TEM) analysis (Figure 2, D TEM ). PMMA and PS were

  h ) of pristine NPs are about 200 nm. They increase and reach about 300 nm after 10 min, suggesting the formation of aggregates (Figure 2c). After 20 min, aggregate sedimentation occurs, and only smaller agglomerates (with the diameter ranging from 20 to 30 nm) remain in suspension. Upon the addition of trifluoroacetic acid (TFA) as the stabilizing agent, D h values are significantly

Figure 3 .

 3 Figure 3. (a) SEM and (b) TEM images of macroporous MgF 2 OPIF-200. (c) Le Bail refinements of OPIF-200 after calcination under air at 375 °C and under F 2 . Vertical markers give the Bragg peak positions of the tetragonal space group P4 2 /mnm (no. 136).

  f3 microscopy (SEM) and TEM, Figure 3] using a PMMA template with a diameter of ≈200 nm (OPIF-200). The OPIF-200 is homogeneously templated with a pore diameter of around 200 nm corresponding to the PMMA diameter. TEM/ SEM images evidenced the macroporosity and mesoporosity emerging from the voids between the NPs of the OPIF walls. The PXRD diagram shows that the MgF 2 crystal structure is preserved after thermal treatment under air, and TEM analysis reveals that the walls are composed of MgF 2 NPs with D TEM ≈ 9 nm, consistent with the crystallite size obtained from PXRD Le Bail refinements (D XRD = 7 nm, Table S2). It is important to note that the structuration of the OPIF composite (NP + template) considerably slows down the crystallite growth during thermal treatment under air. Indeed, the calcination under air at 350 °C of pristine MgF 2 NPs leads to MgF 2 NPs (NP-ref-OPIF in the following) with a diameter of ≈18 nm, inducing a large decrease in the specific surface area from 320

Figure 4 .

 4 Figure 4. (a) N 2 adsorption-desorption isotherms of OPIF-200 with different % m. (b) Corresponding BJH pore size distributions.

Figure 5 .

 5 Figure 5. TEM images of (a) OPIF-85 and (b) OPIF-45 and (c) S BET of MgF 2 OPIF materials synthesized using three polymer templates (OPIF-200 in orange, OPIF-85 in blue, and OPIF-45 in black) with varied polymer contents (% m). Solid points correspond to OPIF materials with the highest S BET . TEM images of OPIF-45 with (d) % m = 50 with porosity coming from the organized pores and intergranular pores and (e) % m = 200 with porosity coming solely from organized pores. (f) BJH pore size distribution from the adsorption branch of the N 2 sorption isotherm.

a

  NP D determined by TEM/XRD. b Total cumulative pore volumes (V tot ) were calculated at p/p 0 = 0.99.

  354 hydroxyl groups in the environment of the fluoride ion in 355 hydroxyfluorides, is a well-known phenomenon which has been 356 observed in magnesium hydroxyfluorides (up to 40 ppm). 42 357 Nevertheless, due to the very large number of different 358 environments of fluoride ions in partially hydroxylated 359 magnesium fluorides, MgF 2-x (OH) x , the assignment of the 360 additional lines seems to be unrealistic. Indeed, due to the 361 presence of eleven anions as the next nearest neighbors at four 362 different distances (ranging from 2.58 to 3.35 Å, Table S4 40 ), 363 there are several inequivalent FMg 3 F 11-y (OH) y 6-environ-364 ments for each of the ten 0 < y < 11 values. In any case, the 365 proportion of fluoride ions in the fluoride (FMg 3 F 11 ) 366 environment can be estimated within the range 86-68 with, 367 in decreasing order, the samples after HF activation: MgF 2 368 NPs prepared from the nitrate precursor (86%), NP-ref-OPIF 369 (78%), OPIF-200 (74%), OPIF-45 (71%), and OPIF-85 370 (68%) and then OPIF-45 before HF activation (

Figure 6 .

 6 Figure 6. 1 H solid-state MAS NMR spectra (inset) and 19 F solid-state MAS (64 kHz) NMR spectra of (a) MgF 2 NPs prepared from the nitrate precursor, after HF activation, (b) NP-ref-OPIF, OPIF-45 before (c) and after (d) HF activation, OPIF-85 (e), and OPIF-200 (f), after HF activation. The isotropic lines of the 19 F spectra are expanded in the inset on the right. The star symbols indicate the spinning sidebands. The dot symbols (a-e) indicate fluoride impurities of (a) MgF 2 NPs prepared from the nitrate precursor, after HF activation (60 kHz), (b) NP-ref-OPIF, OPIF-45 (64 kHz), (c) before (60 kHz) and (d) after (64 kHz) HF activation, OPIF-85 (e), and OPIF-200 (f), after HF activation.

  428 located in the edge and in-plane of a crystal of MgF 2 , 429 respectively. After HF treatment (Figure 7b), the intensity of 430 the higher strength Lewis acid site (site 1) decreased in favor 431 t2

433 magnesium atoms from 4

 4 to 5 and to a favored adsorption 434 of CO on sites located in-plane of a crystal of MgF 2 . The 435 presence of site 2 in a larger amount could be explained by the 436 higher amount of SDS surfactant used during the conventional 437 emulsion polymerization synthesis for the synthesis of 438 PMMA-SDS (85 nm) and PS-SDS (45 nm). Indeed, 439 localized Na and S were evidenced by energy-dispersive X-440 ray (EDX)-TEM analysis (Figure S18). Regarding the 441 quantification of these sites by the integration of the 442 corresponding bands, an increase in the total number of active 443 sites from 79 to 201 μmol g -1 is observed between MgF 2 NPs 444 prepared from the nitrate precursor and NPs-ref-OPIF; this 445 might be influenced by the addition of TFA for the preparation 446 of NPs-ref-OPIF. This statement will be further investigated. 447 Regarding the OPIF materials, a significant gain in the number 448 of total sites to 525 μmol g -1 is achieved for OPIF-85 449 corresponding to the OPIF with the highest total cumulative 450 pore volumes (V tot ) (

Figure 7 .

 7 Figure 7. CO adsorption followed by IR over OPIF catalysts (a) before and (b) after HF treatment.

  used without further purification. (D h ) DLS = 85 nm and PDI = 0.09. A SEM image of PMMA beads is shown in Figure S3b. This PMMA template is named PMMA-85 nm. Microemulsion polymerization of styrene (S) was started by charging 33 mg of APS, 1.65 g of SDS, 1 mL of 1-pentanol, and 42 mL of ultrapure water in a three-neck flask connected to a reflux condenser and an ice bath. After 30 min of mixing under nitrogen flow, 7 mL of styrene was added to the mixture and temperature was increased to 70 °C. While nitrogen gas was purged to the flask, the reaction continued for 3 h. Synthesis was terminated by cooling down the flask to room temperature, and the polymer template was used without purification. (D h ) DLS = 44 nm and PDI = 0.05. A SEM image of PS beads is shown in Figure S3c. This PS template is named PS-45 nm.

4. 6 .

 6 Technical Characterizations. 4.6.1. Dynamic Light Scattering. The measure of D h of polymer templates and MgF 2 NPs was conducted on a Nanosizer ZS Malvern device with a wavelength of 633 nm (Ne-He laser) at an angle of 173°. Each measure was repeated five times at 25 ± 1 °C with a delay of 60 s between the tests. 4.6.2. X-ray Diffraction. PXRD patterns of the MgF 2 NPs were recorded with a PANalytical θ/θ Bragg-Brentano Empyrean diffractometer (Cu Kα 1+2 radiations) equipped with a PIXcel1D detector. Data were collected in the [15-110°] 2θ angle range for a total acquisition time of 3 h with 0.499°steps. The NIST Standard

4. 6

 6 .3. Scanning Electron Microscopy. SEM images were obtained either using a JEOL microscope (JSM 6510 LV) at 20 kV or a Zeiss SUPRA 55-VP microscope at an acceleration voltage of 5 kV. All samples were coated by gold or gold/palladium (70/30) before analysis. The mean pore diameters were deduced by statistical evaluation of about 100 particles using ImageJ software. 50 4.6.4. Transmission Electron Microscopy. TEM studies were performed on a JEOL JEM 2100 HR electron microscope operating at 200 kV. The samples for transmission electron microscopy investigation were prepared by ultrasonically dispersing the raw powders in ethanol, depositing a drop of the resulting suspension onto a holey carbon-coated copper grid, and finally drying the grid in air. Mean diameters of the NPs (D TEM ) or pores were deduced by statistical evaluation of about 100 particles using ImageJ software. 51 4.6.5. 1 H and 19 F and Solid-State MAS NMR. 1 H and 19 F solidstate MAS NMR experiments were performed on a Bruker Avance III spectrometer operating at 7.0 T ( 1 H and 19 F Larmor frequencies of 300.1 and 282.4 MHz, respectively), using a 1.3 mm CP-MAS probe head.

  XRD patterns and results of Le Bail refinements of MgF 2 NPs and OPIF materials, analysis of polymer templates (PMMA and PS) by TGA, MEB/TEM and DLS, DLS of MgF 2 NPs dispersed in water, MEB of OPIF-200 with different m % ratios, N 2 adsorption-desorption isotherms and BJH of OPIF-85 and OPIF-45 with different template contents, TEM and N 2 analysis of OPIFs obtained by chemical removal of the polymer template, pictures and FTIR of the OPIF catalyst before and after F 2 thermal treatment, TEM images of OPIF-200 after F 2 and HF treatment, 19 F and 1 H MAS NMR spectra of the different OPIF materials, and TEM-EDX of OPIF-45 (PS-SDS) after HF activation (PDF) ■ AUTHOR INFORMATION Corresponding Authors Sylvette Brunet -Institut de Chimie des Milieux et Matériaux de Poitiers (IC2MP), UMR 7285 CNRS, Université de Poitiers, 86073 Poitiers Cedex 9, France; Email: sylvette.brunet@univ-poitiers.fr Amandine Guiet -Institut des Molécules et Matériaux du Mans (IMMM), UMR 6283 CNRS, Le Mans Université, 72085 Le Mans Cedex 9, France; orcid.org/0000-0001-7590-1119; Email: amandine.guiet@univ-lemans.fr

Table 1 .

 1 Specific Surface Areas (S BET ), NP Diameter (NP D), V total , and V int of OPIF Samples before and after F 2 Thermal Treatment

	before F 2	after F 2	after HF

Table S3

 S3 

	and Figure S16). Assuming a random distribution of OH -and F -	371
	ions at anionic sites (Table S5), only rates of OH groups	372
	ranging from ≈1.5 to 3.5% (0.03 ≤ x ≤ 0.07) satisfy such	373
	proportions of the FMg 3 F 11 environment. Even if they are	374
	slightly superior to that of NP-ref-OPIF and to that of MgF 2	375
	NPs prepared by microwave-assisted solvothermal synthesis	376

377

and activated under HF 11 (including MgF 2 NPs prepared from 378 the nitrate precursor), the rates of OH groups in the OPIF 379 samples, before and after HF activation, remain low.

380

The 1 H solid-state MAS NMR spectra of all MgF 2 samples 381 (Figure

Table 2 .

 2 FTIR CO Characterization of Various MgF 2 Samples a

	before HF	after HF

  under air and F 2 , carbon-free MgF 2 OPIFs with a significant specific surface area were prepared. These OPIF materials were characterized at each synthesis step by PXRD, N 2 sorption, SEM and TEM analyses, and 19 F and 1 H solidstate NMR. This work shows that OPIF structures strongly rely on both the intergranular pore volume and template size.

	The MgF 2 OPIF with an organized pore size of 85 nm and an
	intergranular pore size of 9 nm exhibits the highest specific surface area (215 m 2 g -1 ). Interestingly, the nanostructuration
	into OPIFs leads to a better stability of the surface area during
	thermal treatment under air or F 2 in comparison with MgF 2 NPs. As the first application, MgF 2 OPIFs were tested for the
	catalytic transformation of 2-chloropyridine under severe
	conditions (HF gas atmosphere, 350 °C). The OPIF activity,
	slightly lower than that of MgF 2 NPs, was related to the lower
	Lewis acidity strength of the part of active sites. The presence
	of these two kinds of sites represents a real originality which
	could be explored for other catalytic reactions requiring various
	active sites. In future work, as we successfully demonstrated
	that the nature and the size of the template could be tuned to
	prepare MgF 2 OPIF materials with different pore sizes, it will
	give access to the preparation of OPIF materials with pore
	diameters under 40 nm to exert a strong influence on the
	catalytic behaviors.						
	4. EXPERIMENTAL SECTION				
	prepared	79	79	0	90	90	0
	from the nitrate precursor 11						
	NPs-ref-OPIF	201	114	87	123	52	71
	OPIF-200	203	81	122	117	117	N.A.
	OPIF-85	525	183	342	328	76	252
	OPIF-45	318	133	185	226	81	145

a Quantification of sites (μmol g -1 ), Q sites_T : total quantity of sites; Q sites_1 : quantity at 2178 cm -1 ; and Q sites_2 at 2162 cm -1 (N.A., nonapplicable). Estimated relative uncertainty: 10%. material 4.1. Synthesis of the Polymer Templates. 4.1.1. Materials. All reagents were purchased from Sigma-Aldrich and used as received unless otherwise noted. Methyl methacrylate (MMA, ≥99%),

Table 3 .

 3 Concentration Sites μmol m -2 (C sites_T = C sites_1 + C sites_2 ; Site 1 at 2178 cm -1 and Site 2 at 2162 cm -1 ) before and after Activation by HF (N.A., nonapplicable)

			before HF			after HF	
		C sites_T C sites_1 C sites_2 C sites_T C sites_1 C sites_2
	precursor 11 from the nitrate MgF 2 NPs prepared	0.5	0.5	0	2.8	2.8	0
	NPs-ref-OPIF	6.7	3.8	2.9	2.4	1.0	1.4
	OPIF-200	1.5	0.6	0.9	1.9	1.9	N.A.
	OPIF-85	5.2	1.8	3.4	5.2	1.2	4.0
	OPIF-45	5.7	2.4	3.3	4.0	1.4	2.6

Table 4 .

 4 Activity per Gram and per Surface Area for the

	Transformation of 2-Chloropyridine (T = 350 °C, t = 4h30,
	and HF/N 2 /2-ClPy Molar Ratio = 6.4/1.7/1.0) and	
	Estimated Relative Uncertainty: 5%		
		activity		TOF
		mmol h -1 g -1 mmol h -1 m -2 h -1
	MgF 2 NPs prepared from the nitrate precursor 11	31	0.63	340
	NP-ref-OPIF	24	0.47	195
	OPIF-200	27	0.43	230
	OPIF-85	25	0.40	76
	OPIF-45	25	0.40	102