Amino-decorated bis(pyrazolate) Metal-Organic Frameworks for carbon dioxide capture and green conversion into cyclic carbonates
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Abstract. The novel Metal-Organic Frameworks (MOFs) M(BPZNH2) (M = Zn, Ni, Cu) were prepared from the reaction of the corresponding metal acetates M(OAc)2∙nH2O and the organic linker 3-amino-4,4’-bipyrazole (H2BPZNH2) under solvothermal conditions. H2BPZNH2 was obtained straightforwardly from the reduction of the related nitro-compound using hydrazine as reducing agent. The Zn(II) polymer is characterized by a 3D porous network featuring tetrahedral metallic nodes and bridging BPZNH22- anions defining the vertices and edges of square channels. The isostructural Ni(II) and Cu(II) MOFs show square-planar metallic nodes and bridging BPZNH22- spacers at the vertices and edges of the rhombic channels of a 3D porous framework. All the MOFs were characterized in the solid state [(VT)-PXRD, IR, TGA-DTG]. The textural properties analysis revealed that they are micro-mesoporous materials with BET specific surface areas (SSAs) falling in the 100  400 m2/g range. Zn(BPZNH2), showing the highest SSA (395 m2/g) and a prevalently microporous texture (micropore area = 69% of the accessible SSA), has been exploited as CO2 capture material: at T = 298 K and pCO2 = 1 bar, the total gas uptake equals 3.07 mmol/g (13.5 wt. % CO2). Its affinity for CO2 (isosteric heat of adsorption Qst = 35.6 kJ mol-1; CO2/N2 Henry selectivity = 17; CO2/N2 IAST selectivity = 14) is higher than that of its nitro-functionalized analogue and comparable with that of other amino-decorated MOFs from the literature. Finally, Zn(BPZNH2) was tested as heterogeneous catalyst in the reaction of CO2 with activated epoxides bearing a –CH2X pendant arm (X = Cl: epichlorohydrin; X = Br: epibromohydrin) to give the corresponding cyclic carbonates at T = 393 K and pCO2 = 1 bar under green (solvent- and co-catalyst-free) conditions. A good conversion of 47% and a TOF of 3.9 mmol(carbonate) ∙ (mmolZn)-1 ∙ h-1 were recorded with epibromohydrin.
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Introduction
The steadily increasing atmospheric concentration of carbon dioxide and the consequences of this phenomenon in terms of Earth’s global warming (the so-called greenhouse effect), ocean acidification, melting of polar ices and rising sea level are of primary concern for the scientific community.1 According to the International Panel on Climate Change (IPCC), the atmospheric concentration of CO2 keeps on rising from the onset of the “Industrial Revolution” in 1750, and it is projected to reach 570 ppm by 2100.2 Several strategies are under assessment for CO2 reduction, and numerous solutions have been proposed in recent years as carbon capture and storage (CCS) techniques, e.g.: gaseous storage (geological formations), liquid storage (in oceans), cryogenic distillation, or absorption into amines or ionic liquids.3 As an emerging alternative, CCS technologies based on adsorption by nanoporous adsorbents have become recently popular. Metal-Organic Frameworks (MOFs) have gained great attention in this context.4 The extraordinary versatility in MOFs design (achieved through the tailored combination of organic linkers and inorganic metallic nodes) is the main reason of their applicative success. MOFs hold unique advantages, including control of their pore size and shape, high specific surface area,5 and the possibility to include proper functional groups (tags) on their linkers’ skeleton.6 For CCS applications, the most suitable functional groups that show strong interactions with the (acidic) CO2 molecule are those bearing basic sites, such as the simple primary amino group (−NH2). To date, numerous examples of amino-decorated or amine-containing MOFs exploited for CO2 adsorption have appeared in the literature. In the case of Zn2(L)2(ox) [L = 3-amino-1,2,4-triazole; ox = oxalate] the acid-base interaction between CO2 and the −NH2 tag has been proved by in situ high-resolution powder X-ray diffraction on CO2-loaded samples.7
An alternative approach to reduce CO2 concentration in the atmosphere and to mitigate its environmental effects moves from a radically new viewpoint, the so-called Carbon Capture and Utilization (CCU), where CO2 is no longer regarded as a simple waste but as a renewable resource to be harvested and recycled into C-containing products and feedstocks of added value. CCU sees CO2 as a safe and inexpensive C1 building block to yield expedient organic compounds. However, CO2 activation is challenging because of its high thermodynamic stability. Among the reactions involving CO2 as a reagent, the synthesis of five-membered cyclic carbonates from epoxides under catalytic conditions has drawn deep attention because of its 100% atom economy.2a,8 Cyclic carbonates are industrially important due to their wide applications as intermediates, monomers for polymerization, electrolytes in lithium batteries, and aprotic green solvents.9 Various heterogeneous catalysts, such as zeolites,10 mesoporous oxides,11 and gold nanoparticles supported on resins12 have been tested in the transformation of epoxides into cyclic carbonates. In a combined [CCS+CCU] perspective, MOFs represent excellent candidates, showing great potentialities in terms of CO2 adsorption and its subsequent chemical conversion into carbonates.13 MOFs can display high CO2 adsorption, thus enhancing the local concentration of CO2 inside their pores and improving the catalytic efficiency. The introduction of basic groups into the MOF catalyst further increases the concentration of CO2 at the catalytically active sites.14 MOFs may feature a number of catalytic sites, on both metal nodes and organic ligands. In particular, the simultaneous presence of a Lewis acid (the metal centre) and a basic site (e.g. an amino group or a basic heteroatom in the linker) within the same material has been proven to be highly beneficial for CO2 epoxidation, since the former site activates the epoxide, while the latter interacts with the acidic carbon atom of carbon dioxide.15
On this basis, and given our previous experience in the synthesis of transition-metal-based bis(pyrazolate) MOFs bearing different chemical tags,16 we specifically prepared the new linker 3-amino-4,4’-bipyrazole (H2BPZNH2, Scheme 1) for a combined [CCS+CCU] application. Its reaction with transition metal acetates under solvothermal conditions led to the obtainment of the corresponding MOFs of general formula M(BPZNH2)·DMF (M = Zn, Cu, Ni; DMF = N,N-dimethylformamide). The desolvated zinc(II) MOF has been tested both as CO2 adsorbent (CCS) and as heterogeneous catalyst for CO2 epoxidation (CCU) under mild and green conditions, without the use of solvent [the (liquid) epoxide reagent is used as reaction medium] and co-catalyst [typically represented by quaternary ammonium salts of general formula NR4+Br- (R = alkyl chain)].



Scheme 1. Molecular structure of 3-amino-4,4’-bipyrazole (H2BPZNH2).

Experimental Section
Materials and Methods. 3-nitro-4,4’-bipyrazole was synthesized as reported previously.17 All the chemicals and reagents employed in the syntheses were purchased from commercial suppliers and used as received without further purification, while the epoxides used in the catalytic tests were distilled prior to use and stored over 4 Å molecular sieves under nitrogen. The Raney 2800 nickel (Ni-Re) slurry in 2-propanol was obtained by repeated decantation of the commercially available water slurry (Aldrich) after addition of 2-propanol. IR spectra were recorded as neat from 4000 to 600 cm-1 with a PerkinElmer Spectrum One System instrument. Elemental analyses (C, H, N) were performed with a Fisons Instruments 1108 CHNS-O elemental analyzer. The 1H-NMR spectrum of 3-amino-4,4’-bipyrazole was recorded in deuterated dimethylsulfoxide (DMSO-d6) on a Bruker Avance 400 instrument operating at 400 MHz and 296 K. The chemical shifts are reported in parts per million from SiMe4 as internal standard. Thermogravimetric analysis (TGA) was carried out under a N2 flow with a Perkin Pyris 1 thermal analyzer or with a Mettler Toledo TGA 2 Star System with heating rates of 5 or 10 K/min. Powder X-ray diffraction (PXRD) qualitative analysis was carried out with a Bruker AXS D8 Advance diffractometer (see the section describing the structure determination for the instrument specifics), acquiring data at room temperature in the 4-35° 2θ range, with steps of 0.02°, and time per step of 1 s. The nature and purity of all the batches employed for the functional characterization were assessed by elemental analysis, IR spectroscopy and PXRD. GC/MS analyses of the reaction mixtures after the catalytic runs were performed on a Shimadzu QP2010S apparatus equipped with a flame ionization detector and a Supelco SPB-1 fused-silica capillary column (30 m length, 0.25 mm internal diameter, 0.25 μm film thickness).
Synthesis of 3-Amino-4,4’-bipyrazole (H2BPZNH2). 3-nitro-4,4’-bipyrazole (6.00 g, 33.5 mmol) was suspended in 2-propanol (400 mL) and heated at 333 K. A Ni-Re slurry in 2-propanol (2 mL) was added. Then, a solution of hydrazine hydrate (14.5 mL, 300 mmol) in 2-propanol (55 mL) was added dropwise in 14 h at 333 K under vigorous stirring. Every 2 h, a new aliquot (2 mL) of the Ni-Re slurry was added. After 7 h, complete dissolution of the starting nitro-functionalized ligand occurred, followed by gradual color fading of the reaction mixture during the next 7 h. After the reaction completion, the mixture was filtered hot to remove the catalyst and the solid was thoroughly washed with boiling 2-propanol (400 mL) to recover product traces. The colorless mother liquor and washing solvent were combined and evaporated under reduced pressure to a volume of 80-100 mL and cooled to 273 K. Colorless crystals of 3-amino-4,4’-bipyrazole were formed. The crystals were filtered and washed with cold 2-propanol (5 mL). The single-crystal X-ray diffraction data acquisition and treatment as well as the crystal and molecular structure are described in detail in the Supporting Information (Figures S1 and S2, Tables S1 and S2). Pure bulk H2BPZNH2 was obtained by recrystallization from hot water, yielding a white powder. Yield: 88%. H2BPZNH2 sublimes above 503 K; Mp = 560 K. Elem. Anal. Calc. for C6H7N5 (MW = 149.15 g/mol): C, 48.31; H, 4.73; N, 46.96%. Found: C, 48.07; H, 4.67; N, 47.22%. IR (neat, cm‑1) (Figure S3): 3404-2920 (m, br) [ν(N-H) + (C-H)], 1619-1594 (m) [ν(C=C + C=N)], 1512 (m), 1474 (vs), 1393 (w), 1371 (vs), 1349 (s), 1294 (w), 1212 (m), 1153 (s), 1115 (w) [ν(C-N)], 1057 (m), 1035 (m), 948 (s), 860 (vs). 1H-NMR (400 MHz, DMSO-d6, 296 K, ppm): 7.70 (2H, NH2), 7.89 (2H, CH), 8.04 (1H, CH), 12.08 (1H, NH); 13.08 (1H, NH).

Synthesis of Zn(BPZNH2)·DMF. H2BPZNH2 (0.0298 g, 0.200 mmol) was dissolved in water (8 mL). Then, Zn(CH3COO)2·2H2O (0.0438 g, 0.200 mmol) was added. The mixture was left under stirring at room temperature for 24 h. After that time, the white precipitate formed was filtered off, washed with hot dimethylformamide (DMF) (2×10 mL) and dried under vacuum. Yield: 86%. Zn(BPZNH2)·DMF is insoluble in dimethyl sulfoxide (DMSO), alcohols, acetone, acetonitrile (CH3CN), chlorinated solvents and water. Elem. Anal. Calc. for C9H12N6OZn (MW = 285.61 g/mol): C, 37.85; H, 4.23; N, 29.42%. Found: C, 37.13; H, 4.01; N, 28.91%. IR (neat, cm-1) (Figure S3): 3330 (m) [ν(N-H)], 3095-2927 (w) [ν(C-Haromatic) + (C-Haliphatic)], 1662 (vs) [ν(C=O)], 1622 (m), 1508 (s) [ν(C=C + C=N)], 1436 (m), 1385 (s), 1282 (m), 1255 (w), 1209 (w), 1133 (s), 1092 (m), 1014 (m), 976 (vs), 830 (s). Zn(BPZNH2)·DMF can be obtained in the form of a white powder also through a solvothermal synthesis (in a Teflon-lined stainless steel autoclave under autogenous pressure) in DMF at 393 K for 48 h, starting from Zn(CH3COO)2·2H2O.

Synthesis of Cu(BPZNH2)·DMF. H2BPZNH2 (0.0298 g, 0.200 mmol) was dissolved in DMF (8 mL). Then, Cu(CH3COO)2 (0.0366 g, 0.200 mmol) was added. The mixture was left under stirring in a high-pressure glass tube at 393 K for 48 h, until a brown precipitate appeared. The precipitate was filtered off, washed with hot acetone (2×10 mL) and dried under vacuum. Yield: 78%. Cu(BPZNH2)·DMF is insoluble in DMSO, alcohols, acetone, CH3CN, chlorinated solvents and water. Elem. Anal. Calc. for C9H12CuN6O (MW = 283.76 g/mol): C, 38.09; H, 4.26; N, 29.61%. Found: C, 37.79; H, 4.13; N, 29.13%. IR (neat, cm-1) (Figure S3): 3320 (m) [ν(N-H)], 2927-2858 (w) [ν(C-Haromatic) + (C-Haliphatic)], 1647 (vs) [ν(C=O)], 1497 (s) [ν(C=C + C=N)], 1433 (w), 1385 (s), 1279 (m), 1252 (w), 1200 (vw), 1126 (s), 1093 (s), 1056 (s), 947 (s), 827(s).

Synthesis of Ni(BPZNH2)·DMF. H2BPZNH2 (0.0298 g, 0.200 mmol) was dissolved in DMF (8 mL) at 333 K. Then, Ni(CH3COO)2·4H2O (0.0496 g, 0.200 mmol) was added. The mixture reacted at reflux for 5 h. After cooling the mixture to room temperature, the brick-red solid was collected by filtration, washed with methanol (3×10 mL) and dried under vacuum. Yield: 81%. Ni(BPZNH2)·DMF is insoluble in DMSO, alcohols, acetone, CH3CN, chlorinated solvents, and water. Elem. Anal. Calc. for C9H12NiN6O (MW = 278.92 g/mol): C, 38.75; H, 4.34; N, 30.13%. Found: C, 38.25; H, 4.51; N, 29.56%. IR (neat, cm-1) (Figure S3): 3313-3208 (m) [ν(N-H)], 2925 (w) [ν(C-Haromatic) + (C-Haliphatic)], 1657 (s) [ν(C=O)], 1513 (s) [ν(C=C + C=N)], 1387 (s), 1292 (m), 1211 (vw), 1140 (s), 1097 (m), 1065 (s), 951 (vs), 819 (vs). Ni(BPZNH2)·DMF can be isolated in the form of a brick-red powder also through a solvothermal synthesis in DMF at 393 K for 48 h, starting from Ni(CH3COO)2·4H2O.

[bookmark: _Ref504404228][bookmark: _Ref497327271]Powder X-ray Diffraction Structure Determination. Microcrystalline powders of Zn(BPZNH2)·DMF, Cu(BPZNH2)·DMF and Ni(BPZNH2)·DMF were deposited in the hollow of a silicon zero-background plate 0.2 mm deep (Assing Srl, Monterotondo, Italy). Data acquisitions were performed on a vertical-scan Bruker AXS D8 Advance θ:θ diffractometer equipped with a Bruker Lynxeye linear position-sensitive detector, an X-ray tube (CuKα,  = 1.5418 Å), a filter of nickel in the diffracted beam and the following optical components: primary beam Soller slits (2.5°), fixed divergence slit (0.5°), antiscatter slit (8 mm). The generator was set at 40 kV and 40 mA. After preliminary acquisitions for fingerprinting analysis, typically performed in the 4–35° 2θ range, diffraction data sets for a full structure characterization were collected from 5° up to 105° 2θ, with steps of 0.02°, with an overall scan time of approximately 12 hours. Comparison of the PXRD pattern of Zn(BPZNH2)·DMF with that of Zn(BPZ)16c (H2BPZ = 4,4’-bipyrazole) suggested that it is isostructural with Zn(BPZ). Analogously, comparison of the PXRD pattern of Cu(BPZNH2)·DMF and Ni(BPZNH2)·DMF with that of Cu(BPZ)16c suggested that the three compounds are isostructural. Nonetheless, an independent indexing procedure was carried out. A standard peak search followed by profile fitting led to the estimation of the low-to-medium-angle peak maximum positions. Approximate unit cell parameters for all the compounds were derived through the Singular Value Decomposition algorithm18 implemented in TOPAS-Academic V6.19 Space groups were assigned based on the observed systematic absences. Structure refinement of the framework was carried out with the Rietveld method20 as implemented in TOPAS-Academic V6 starting from the crystal structure of the parent M(BPZ) MOFs.16c A rigid body was used to describe the crystallographically independent portion of the ligand, initially assigning average values to bond distances and angles.21 When allowed by the crystallographic symmetry, the orientation of the ligand was let vary. The center of mass of the ligand lays on a 2/m symmetry element. This occurrence implies that the NH2 group can occupy 1 out of 4 crystallographically equivalent positions (the 4 carbon atoms) with 25% probability each. The same consideration holds for the vicariate hydrogen atom, which occupies 1 out of 4 crystallographically equivalent positions with 75% probability each. Due to the difficulty of locating hydrogen atoms accurately by X-ray diffraction, as a first approximation the NH2 group has been considered planar and coplanar to the ligand skeleton. To locate the solvent, structure solution was performed with TOPAS-Academic V6 by a combined Monte Carlo/Simulated Annealing approach.22 DMF was modelled by a rigid body,21 letting the position of its center of mass and its orientation vary. During the final refinement stages, the ligand bond distances (except for the C/N-H distances) were refined in restrained ranges.23 The background was modelled by a polynomial function of the Chebyshev type. A refined, isotropic thermal parameter was assigned to the metal atoms; lighter atoms were assigned an isotropic thermal parameter 2.0 Å2 higher. The peak profile was described by the Fundamental Parameters Approach.24 For all the compounds, anisotropic broadening was observed in terms of a sharper class of reflections ([hkh] for Cu(BPZNH2)·DMF and Ni(BPZNH2)·DMF; [hhl] for Zn(BPZNH2)·DMF). The convolutions of two different hkl-dependent spherical harmonics improved the peak profile description. The final refinement plots are shown in Figure S4 of the Electronic Supplementary Information. The pertinent CIF files are supplied as Electronic Supplementary Information.
Crystallographic data for Zn(BPZNH2)·DMF: C6H5N5Zn∙0.9DMF, MW = 278.31 g mol−1, tetragonal, P42/mmc, a = 8.9535(2) Å, c = 7.2440(2) Å, V = 580.72(3) Å3, Z = 16, Z’ = 2, ρ = 1.594 g cm−3, F(000) = 284, RBragg = 0.041, Rp = 0.054 and Rwp= 0.073, for 4851 data and 40 parameters in the 8-105° (2θ) range. CCDC No. 1866304.
Crystallographic data for Cu(BPZNH2)·DMF: C6H5CuN5∙0.9DMF, MW = 276.46 g mol−1, orthorhombic, Imma, a = 15.2776(10) Å, b = 7.2097(5) Å, c = 9.6527(6) Å, V = 1063.2(1) Å3, Z = 16, Z’ = 4, ρ = 1.750 g cm−3, F(000) = 564, RBragg = 0.007, Rp = 0.013 and Rwp = 0.018, for 4851 data and 40 parameters in the 8-105° (2θ) range. CCDC No. 1866301.
[bookmark: _Hlk505790069]Crystallographic data for Ni(BPZNH2)·DMF: C6H5NiN5∙0.8DMF, MW = 264.32 g mol−1, orthorhombic, Imma, a = 14.9281(19) Å, b = 6.9141(10) Å, c = 9.6033(13) Å, V = 991.2(2) Å3, Z = 16, Z’ = 4, ρ = 1.730 g cm−3, F(000) = 544, RBragg = 0.003, Rp = 0.009 and Rwp = 0.012, for 4851 data and 39 parameters in the 8-105° (2θ) range. CCDC No. 1866303.

[bookmark: _Ref506821925]Variable-temperature Powder X-ray Diffraction. As a complement of the thermogravimetric analyses, the thermal behavior of Zn(BPZNH2)·DMF, Cu(BPZNH2)·DMF and Ni(BPZNH2)·DMF was investigated in situ by variable-temperature powder X-ray diffraction. As a general procedure, using a custom-made sample heater (Officina Elettrotecnica di Tenno, Ponte Arche, Italy), 20 mg samples of the as-synthesized compounds were heated in air from 303 K up to decomposition, with steps of 20 K; a PXRD pattern was acquired at each step, covering a sensible low-to-medium-angle 2θ range. Le Bail parametric refinements of the data acquired before loss of crystallinity disclosed the behavior of the unit cell parameters as a function of the temperature.

N2 and CO2 Adsorption. All the samples were activated at 403 K under high vacuum (10-6 Torr) for 24 h before each measurement. The Brunauer−Emmett−Teller (BET) specific surface area (SSA) and porosity were estimated by volumetric adsorption with an ASAP 2020 Micromeritics instrument, using N2 as adsorbent at 77 K. The materials porosity was determined based on the BJH method (Halsey thickness equation) for the mesopores and with the non-local density functional theory method (NLDFT - cylinder-like pore shape typical of inorganic oxide materials) for the micropores. The micropore area was evaluated through the t-plot method with the Harkins and Jura thickness equation. CO2 adsorption isotherms were recorded at 273 and 298 K at a maximum pressure of 1.2 bar, while the N2 adsorption isotherm for the determination of the CO2/N2 selectivity was recorded at 298 K and up to 1.2 bar. The isosteric heat of adsorption (Qst) was calculated from the CO2 isotherms measured at 273 and 298 K according to a variant of the Clausius-Clapeyron equation (Equation 1):25
       (Equation 1)
where Pn (n = 1 or 2) is the pressure value for isotherm n; Tn (n = 1 or 2) is the temperature value for isotherm n; R is the gas constant (8.315 J K-1 mol-1). The CO2/N2 selectivity at 298 K was calculated based on the Henry method as the ratio of the initial slopes of the adsorption isotherms. The IAST selectivity for an equimolar CO2/N2 mixture at a total pressure of 1 bar was determined as the ratio of the (adsorbed) molar fractions of the two gases26 as derived from the application of the free software pyIAST (https://github.com/CorySimon/pyIAST) to the experimental N2 and CO2 isotherms of Zn(BPZNH2) collected at 298 K. A Quadratic (CO2) and a Henry (N2) model were employed for the isotherm fitting, with root mean square deviation = 0.017 (Ka = 2.59; Kb = 2.29; M = 2.51) and 0.004 (KH = 0.371), respectively. For a detailed explanation of these parameters, see the pyIAST webpage and documentation.

Catalytic CO2 Epoxidation with Zn(BPZNH2). Before the catalytic trials, Zn(BPZNH2) was activated at 403 K under high-vacuum (10-6 Torr) for 24 h and then stored under N2 atmosphere. The MOF catalyst (0.05 mmol) and the epoxide substrate (10 mmol) were placed in a Teflon sample holder inside a stainless-steel reactor under an inert atmosphere. The reactor was then pressurized with CO2 and kept at the chosen temperature for 24 h under stirring. CO2 was continuously fed to maintain the reactor pressure constant. At the end of the reaction, the reactor was cooled in an ice/water bath and bis(2-chloroethyl) ether (10 mmol) was added to the mixture as internal standard. The as-obtained suspension was finally filtered over a Celite pad and analyzed by gas chromatography. For the recycling tests, after the first catalytic run the supernatant liquid was carefully removed under an inert atmosphere. The solid catalyst was washed with dry and degassed acetone (3 × 5 mL) and it was then dried under vacuum for 1 h to remove all volatile compounds before re-using it for further catalytic cycles. 

Results and Discussion
Synthesis and Spectroscopic Characterization. Reduction of 3-nitro-4,4’-bipyrazole (H2BPZNO2) to the corresponding amino derivative H2BPZNH2 proceeds smoothly and with a high yield, using hydrazine as reducing agent and a 2-propanol slurry of Raney 2800 nickel as catalyst (Scheme S1). These conditions allow for an easy reaction monitoring: addition of hydrazine leads to the formation of the intensely colored (deep yellow to deep orange) 3-nitro-4,4’-bipyrazolate anions. The complete reduction of H2BPZNO2 is indicated by the color disappearance from the reaction mixture. Despite the relatively slow reduction, working in ethanol or 2-propanol yields pure H2BPZNH2. The latter is readily recovered by rotary evaporation of the solvent followed by recrystallization from hot water solutions. The IR spectrum of H2BPZNH2 (Figure S3) shows a band centered at 3223 cm-1 typical of the N-H bond stretching vibration. No bands are present at 1513 and 1337 cm-1 [νasym(N-O) and νsym(N-O), respectively, diagnostic of the starting H2BPZNO2 reagent]. The 1H-NMR spectrum shows a single set of signals for the hydrogen atoms of the bipyrazole rings.
The isolation of the M(BPZNH2)∙DMF MOFs (M = Zn, Cu, Ni; DMF = dimethylformamide) requires the application of solvothermal conditions. In the case of the Zn(II)- and Ni(II)-based MOFs, conventional synthetic paths are viable too (see the Experimental Section). For all the MOFs, IR spectroscopy (Figure S3) reveals the presence of clathrated solvent: the bands centered at 1662, 1647 and 1650 cm-1 in the spectra of Zn(BPZNH2)∙DMF, Cu(BPZNH2)∙DMF and Ni(BPZNH2)∙DMF respectively can be ascribed to the (C=O) stretching mode of the carbonyl group in DMF.27

Crystal Structure Analysis. The reader is referred to the Electronic Supplementary Information for the description of the crystal structure of H2BPZNH2.
Zn(BPZNH2)·DMF crystallizes in the tetragonal space group P42/mmc, and it is isoreticular28 to a number of already published bis(pyrazolate) MOFs.16a-c,16g,17,29 In Zn(BPZNH2)·DMF, tetrahedral MN4 nodes (Figure 1a) and tetradentate spacers build up a 3D (4,4)-connected open framework in which 1D square channels grow along the [001] crystallographic direction (Figure 1b). Disordered DMF molecules are found within the channels. At room conditions, the empty volume30 is ~45.7%, which translates into a pore volume31 per cell of ~0.38 cm3/g. The topological analysis of the crystal lattice performed with the TOPOS 4.0 software32 taking the M(II) ions as tetra-coordinated nodes and the ligand as connector revealed a (312 ∙ 424 ∙ 59) network topology belonging to the 10-c net (Figure S5).
[image: ]
Figure 1. Crystal structure of Zn(BPZNH2): (a) the tetrahedral metallic node; (b) portion of the packing, viewed in perspective along the [001] crystallographic direction. Horizontal axis, a; vertical axis, b. Atom color code: carbon, grey; nitrogen, blue; zinc, yellow. The solvent molecules and hydrogen atoms have been omitted for clarity. As for the position of the NH2 groups on the ligand, an ordered model has been adopted for clarity (see the Experimental Section for further details). Main bond distances and angles: Zn-N, 2.0086(2) Å; Zn···Zn, 3.6221(2), 8.9535(2) Å; N-Zn-N, 108.50(2)-111.44(2)°.

Cu(BPZNH2)·DMF and Ni(BPZNH2)·DMF crystallize in the orthorhombic space group Imma. Square planar CuN4 nodes (Figure 2a) and tetradentate linkers build up a 3D (4,4)-connected porous network in which 1D rhombic channels grow parallel to the [010] crystallographic direction (Figure 2b). The two MOFs are isoreticular to MIL-53(M) (M = Al, Cr, Fe)33 and to known bis(azolate) MOFs.17,34 The solvent molecules are disordered within the channels. At ambient conditions, Cu(BPZNH2)·DMF and Ni(BPZNH2)·DMF show an empty volume30 of ~45.4% and ~44.5%, respectively. This translates into a pore volume,31 per cell, of ~0.35 and ~0.32 cm3/g. The (312 ∙ 420 ∙ 511 ∙ 62) network topology belonging to the 10-c net is found by taking the Cu(II) ions as tetra-coordinated nodes and the ligand as connector (Figure S5).
[image: ]
Figure 2. Crystal structure of Cu(BPZNH2): (a) the square planar metallic node. (b) Portion of the crystal packing viewed in perspective along the [010] crystallographic direction. Horizontal axis, a; vertical axis, c. Atom color code: carbon, grey; copper, yellow; nitrogen, blue. The solvent molecules and hydrogen atoms have been omitted for clarity. As for the position of the NH2 group on the ligand, an ordered model has been adopted for clarity (see the Experimental section for further details). The crystal structure of Ni(BPZNH2) is similar at the drawing level. Main bond distances and angles of Cu(BPZNH2): Cu-N, 2.0185(47) Å; Cu···Cu 3.6049(3), 9.6527(7), 15.2776(11) Å; N-Cu-N, 85.7(2), 94.6(1)°. Main bond distances and angles of Ni(BPZNH2): Ni-N, 1.9154(52) Å; Ni···Ni 3.4571(5), 9.6033(14), 14.928(2) Å; N-Cu-N, 85.4(2), 94.6(2)°.

Thermal Behavior. According to the thermogravimetric analysis (Figure 3a), Zn(BPZNH2) is stable under N2 up to ~703 K. The decomposition temperature of Zn(BPZNH2) is higher (by 40 K) than that of the nitro-tagged compound,17 in line with the substituents (NH2 vs. NO2) effect on the stability of the Zn-N coordinative bond. The weight loss of ~22.0% below 540 K is due to the loss of ~0.9 mol of DMF per mol of MOF (theoretical loss 23.6%). Despite solvent loss, Zn(BPZNH2) keeps its crystallinity intact up to decomposition, as shown by the VT-PXRD experiment (Figures 3b and S6a). Solvent loss induces a step-like decrease of the unit cell volume (-0.2% between 303 and 483 K; Figure S6b), mainly related with the shrinkage of the a- and b-axes, defining the channel opening, and due to solvent release. A negligible decrease (by ~0.3%) of the pore diameter takes place. After desolvation the MOF is rigid (unit cell volume shrinkage of -0.05% between 463 and 583 K, Figure S6b; coefficient of thermal expansion = ‑7.96×10-6 K-1 in the 303-583 K range). Above 703 K, Zn(BPZNH2) starts suffering from loss of crystallinity.
According to its TGA trace (Figure S7a), Cu(BPZNH2) is stable under N2 up to ~563 K. Solvent loss is immediately followed by decomposition, as also pointed out by VT-PXRD (Figure S8a). Ni(BPZNH2) is stable under N2 up to ~663 K (Figure S7b). Loss of chlatrated solvent in the temperature range 368-483 K is accompanied by a mass loss of 15%, corresponding to ~0.5 mol of DMF per mol of Ni(BPZNH2) (theoretical loss 15.1%). Loss of crystallinity is observed starting from ~583 K, as pointed out by VT-PXRD (Figure S8b).
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Figure 3. Thermal behavior of Zn(BPZNH2)·DMF: (a) TGA and DTG traces (solid and dotted line, respectively). (b) Selected PXRD patterns measured as a function of temperature heating in air, with steps of 20 K, in the temperature range 303 (bottom trace) – 763 (top trace) K. To view all patterns, the reader is referred to Figure S6a.

N2 Adsorption. The porous nature of the synthesized MOFs was investigated through N2 adsorption at 77 K on desolvated samples; Table 1 collects the main results of this characterization. As shown in Figure 4, all the compounds show a type IV isotherm, typical of micro-mesoporous materials. Zn(BPZNH2) has the highest BET area with a value of 395 m2/g, while the nickel(II) and copper(II) derivatives show BET areas of 182 and 100 m2/g, respectively. Albeit being smaller, the recorded BET areas fall in the same range of those of similar bis(pyrazolate) MOFs from the literature.16a-c,16g,17 The t-plot analysis revealed that the main contribution to the total surface area comes from micropores (69%) for Zn(BPZNH2), while the micropore area is negligible for Ni(BPZNH2) and Cu(BPZNH2) (28.1 and 8.8% of the total area, respectively). A mesoporous component is present in all samples, as witnessed by the appearance of adsorption at relative pressures higher than p/p0 ~0.1 and the existence of hysteresis loops at high p/p0. In Zn(BPZNH2), there are two different micropore sizes (retrieved from the DFT analysis – cylindrical pore shape of inorganic oxide materials) of 1.4 and 1.7 nm. The mesopore size (estimated through the BJH model applied to the desorption branch of the isotherm) is 3.9, 3.4 and 2.8/3.8 nm for Zn(BPZNH2), Cu(BPZNH2) and Ni(BPZNH2), respectively. The total pore volume equals 0.57, 0.46 and 0.49 cm3/g for Zn(BPZNH2), Cu(BPZNH2) and Ni(BPZNH2), respectively. 
	Compound
	SSA BET
[m2/g]
	Vmicro
[cm3/g]
	Vtot
[cm3/g]

	Zn(BPZNH2)
	395
	0.11
	0.57

	Cu(BPZNH2)
	100
	0.01
	0.46

	Ni(BPZNH2)
	182
	0.02
	0.49



Table 1. Textural parameters of Zn(BPZNH2), Cu(BPZNH2) and Ni(BPZNH2), as derived from the N2 adsorption isotherms at 77 K.
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Figure 4. N2 adsorption isotherms measured at 77 K on Zn(BPZNH2) (red diamonds), Cu(BPZNH2) (green triangles) and Ni(BPZNH2) (blue circles). Empty symbols denote desorption branches.
CO2 Adsorption. The zinc MOF (with the highest SSA and with a predominant microporous texture) was tested as CO2 adsorbent at T = 273 and 298 K and pCO2 up to 1 bar. The corresponding isotherms are reported in Figure 5a. The amount of gas stored at 273 K and 1 bar is 21.0 wt.% CO2, corresponding to 4.8 mmol/g. Under these conditions, Zn(BPZNH2) outperforms its untagged analogue [4.4 mmol/g recorded for Zn(BPZ)16a].
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Figure 5. (a) CO2 adsorption isotherms measured at 298 K (red diamonds) and 273 K (green triangles) on Zn(BPZNH2). (b) Estimation of the isosteric heat of adsorption of CO2 for Zn(BPZNH2).

As expected, the presence of an amino group on the skeleton of BPZ2- does favor CO2 adsorption through non-covalent interactions between the ‑NH2 dangling groups and CO2. This result is in line with other literature outcomes dealing with the comparison between NH2-functionalized and non-functionalized isostructural MOFs containing the same metal center and the same linker skeleton.35 To the best of our knowledge, the value measured for Zn(BPZNH2) at 273 K is in line with others found for poly(pyrazolate)-containing MOFs under similar experimental conditions (see Table S3). Zn(BPZNH2) is also well-performing with respect to all the literature examples of MOFs bearing the amino group as a unique tag (Table 2). At 273 K, the adsorption capacity is comparable to that of Ni(BDP-NH2) (BET SSA = 1305 m2/g),16d CPF-13 (BET SSA = 1008 m2/g)36 or MIL-101Cr-(p)NH2 (BET SSA = 2680 m2/g),37 despite its much lower specific surface area. Indeed, at 273 K Zn(BPZNH2) is the best-performing adsorbent of the group, if we consider the amount adsorbed per SSA unit (Table 2), which reveals a strong affinity of Zn(BPZNH2) for CO2.
To quantify the strength of the host-guest interactions in Zn(BPZNH2), the isosteric heat of adsorption (Qst) of CO2 was evaluated with a variant of the Clausius-Clapeyron equation, through the comparison of the isotherms recorded at 273 and 298 K (Figure 5a). The isosteric heat of adsorption (Figure 5b) reflects the interaction strength between CO2 and the inner pore walls of Zn(BPZNH2). The value of 35.6 kJ/mol calculated at zero coverage is higher than that estimated for its untagged [Zn(BPZ); Qst = 23.7 kJ/mol]16a and nitro-tagged [Zn(BPZNO2); Qst = 20.5 kJ/mol]17 isostructural analogue. The recorded value is also higher than that found for other NH2-functionalized bis(pyrazolate) MOFs, like Zn(BDP-NH2) or Ni(BDP-NH2) (Table 2).16d
We estimated the CO2/N2 selectivity using the ratio of the initial slopes in the Henry region of the (CO2 and N2) adsorption isotherms measured at 298 K (Figure S9): Zn(BPZNH2) shows the good CO2/N2 selectivity of 17, higher than that measured for its nitro-tagged analogue Zn(BPZNO2) (15) under the same conditions.17 The IAST CO2/N2 selectivity value for an equimolar mixture measured at p = 1 bar is 14; this value is also slightly higher than that found for Zn(BPZNO2) (12).17

	Compound
	CO2 uptake
[mmol/g]
	BET SSA
[m2/g]
	[bookmark: _GoBack]Uptake/SSA
[mmol/m2]
	Qst
[kJ/mol]
	Ref.

	
	273 K
	298 K
	
	273 K
	298 K
	
	

	Zn(BPZNH2)
	4.8
	3.1
	395
	0.012
	0.008
	35.6
	This work

	MIL-53Al-NH2
	1.5
	
	1882
	0.001
	
	35.0
	38

	MIL-101Cr-NH2
	3.2
	
	1675
	0.002
	
	50.0
	35d

	MIL-101Cr-(p)NH2
	4.5
	
	2680
	0.002
	
	43.0
	37

	MOF-205-NH2
	1.5
	
	4330
	0.0003
	
	15.9
	39

	mmen-CuBTTri
	
	4.2
	870
	
	0.005
	96.0
	40

	Zn2(CN5H2)3(H2O)3
	2.4
	
	341
	0.007
	
	
	41

	mmen-Mg-MOF-74
	
	3.9
	70
	
	0.056
	44.0
	42

	Bio-MOF-11
	6.0
	
	1040
	0.006
	
	45.0
	43

	CPF-13
	5.2
	
	1008
	0.005
	
	28.2
	36

	PEI-MIL-101
	
	5.0
	608
	
	0.008
	
	44

	UiO-66-NH2
	
	2.3
	876
	
	0.003
	
	45

	MIL-125-NH2
	3.0
	
	1302
	0.002
	
	
	46

	MAF-66
	6.3
	
	1014
	0.006
	
	26.0
	47

	IRMOF-74-III-CH2NH2
	
	3.2
	2310
	
	0.001
	
	48

	dmen-Mg-MOF-74
	
	4.8
	675
	
	0.007
	75.0
	49

	en-Mg2(dondc)
	
	2.6
	40
	
	0.065
	83.0
	50

	(NiLethylamine)(BPDC)
	0.2
	1.4
	
	
	
	59.5
	51

	Zn(BDP-NH2)
	2.5
	
	1345
	0.002
	
	28.1
	16d

	Ni(BDP-NH2)
	4.5
	
	1305
	0.003
	
	28.2
	16d

	CAU-1-NH2
	
	2.5
	1530
	
	0.002
	-
	52

	TEPA-MIL-101
	
	3.5
	1553
	
	0.002
	-
	53

	CAU-10-NH2
	
	1.7
	940
	
	0.002
	-
	54

	[Me2NH2][Zn2(BDPP)(ATZ)]
	5.5
	3.2
	1019
	0.005
	0.003
	22.0
	55

	HHU-3
	7.7
	
	2354
	0.003
	
	24.6
	56



Table 2. Comparison of CO2 uptake (at 1 bar and 273 and/or 298 K) and isosteric heat of adsorption (Qst) among the most representative NH2-functionalized MOFs of the state-of-the-art. When directly unavailable from the literature, the values were calculated from the results presented (if possible). mmen = N,N′-dimethylethylenediamine; H3BTTri = 1,3,5-tri(1H-1,2,3-triazol-4-yl)benzene; dmem = N,N-dimethylethylenediamine; en = ethylenediamine; H4dondc = 1,5-dioxido-2,6-naphthalenedicarboxylic acid; H2BPDC = 4,4′-biphenyldicarboxylic acid; H2BDP-NH2 = 2-amino-1,4-bis(1H-pyrazol-4-yl)benzene; TEPA = tetraethylenepentamine; H4BDPP = 3,5-bis(3,5-dicarboxylphenyl)pyridine; ATZ = 5-amino-1H-tetrazole.
Catalytic CO2 Epoxidation with Zn(BPZNH2). The zinc(II) MOF has been tested as heterogeneous catalyst for CO2 epoxidation to cyclic carbonates using mild and green conditions, i.e. in the absence of solvent and without exogenous or endogenous co-catalysts. While there are several literature examples of the addition of an exogenous nucleophile (typically represented by the bromide counterion of an ammonium salt) to boost this reaction,15a,15b,15e,15f,15i,15k,57 there is only a handful of cases15n,15p,58 where the process is run without the presence of an organic co-catalyst and without the presence of an endogenous nucleophile (in the form of an ammonium59 or imidazolium15d,15g,60 salt embedded within the MOF linker). Under our conditions, the reaction works well only in the case of specific epoxides, i.e. those bearing an electron-withdrawing –CH2X (X = Cl, Br) functional group linked to one carbon atom of the epoxide ring (Scheme 2). Accordingly, the commercially available substrates of choice were epichlorohydrin and epibromohydrin. The catalytic outcomes are summarized in Table 3.


Scheme 2. Catalytic transformation of halogenated epoxides into the corresponding cyclic carbonates examined in this study.
An initial screening of the reaction conditions was performed using epichlorohydrin as substrate of choice as to infer the best temperature and CO2 pressure combination for the highest epoxide conversion. Temperatures lower than 393 K (Table 2, entry 2) or pressures higher than 1 bar (Table 2, entry 3) were found to be detrimental for the overall catalytic activity. The best catalyst performance is obtained at T = 393 K and pCO2 = 1 bar where conversions up to 41 and 47% are recorded for epichlorohydrin and epibromohydrin, respectively (TOF = 3.4 and 3.9; Table 2, entries 1 and 4). The TOF values obtained are of the same order of magnitude as those measured for ZIF-8-F (BET SSA = 1096 m2/g)15p or Zn(BDC)(DABCO)0.5 [BDC = terephthalate; DABCO = 1,4-diazabicyclo[2.2.2]-octane; BET SSA = 1725 m2/g] (Table 3),58a albeit operating at a much lower CO2 pressure and with a lower surface area. Notably, the epoxidation carried out on the nitro-tagged analogue Zn(BPZNO2)17 under the same experimental conditions (Table 2, entry 5) did not lead to any reaction product. Thus, it can be inferred the central role played by the amino group in the catalytic process.
	Entry
	Catalyst
	P [bar]
	T [K]
	t [h]
	Yield [%]
	TOFa
	Ref.

	1
	Zn(BPZ-NH2)
	1
	393
	24
	41
	3.4
	this work

	2
	Zn(BPZ-NH2)
	1
	373
	24
	14
	1.2
	this work

	3
	Zn(BPZ-NH2)
	5
	393
	24
	32
	2.6
	this work

	4b
	Zn(BPZ-NH2)
	1
	393
	24
	47
	3.9
	this work

	5
	Zn(BPZ-NO2)
	1
	393
	24
	-
	-
	this work

	
	F-IRMOF-3
	20
	413
	1.5
	80
	148
	59b

	
	ZIF-8-F
	7
	373
	4
	73.1
	7.5
	15p

	
	BIT-103
	30
	433
	8
	90.8
	27.4
	15n

	
	[Zn6(TATAB)4(DABCO)3]
	1
	373
	16
	95
	9.9
	58b

	
	IL-ZIF-90
	10
	393
	3
	82.7
	56
	60

	
	Zn(BDC)(DABCO)0.5
	8
	373
	12
	99
	7.5
	58a


Reaction conditions: mmol catalyst = 0.05; mmol epichlorohydrin = 10; acalculated as (mmol carbonate)·(mmol metal)-1·h-1; bepibromohydrin as substrate.
Table 3. Summary of the catalytic results described in this work and comparison with the literature data for the epichlorohydrin epoxidation carried out on zinc-based MOFs under similar reaction conditions (solvent- and co-catalyst-free). H3TATAB = 4,4′,4′′-s-triazine-1,3,5-triyl-tri-p-aminobenzoic acid, H2BDC = terephtalic acid, DABCO = 1,4-diazabicyclo[2.2.2]-octane.

Regretfully, all our attempts to run the same reaction on non-activated epoxides (i.e. propylene oxide, styrene oxide or cyclohexene oxide) failed. This highlights the strong dependence of the catalytic performance on the substrate type under the mild and sustainable conditions applied. Additional trials with epoxides bearing electron-withdrawing pendant groups other than halides [like –OH (glycidol) or –OCOCH3 (glycidol acetate)] were performed to better define the substrate role in the process. Neither glycidol nor glycidol acetate gave any carbonate product under the same experimental conditions. A rational explanation for the substrate dependence of the Zn(BPZNH2)-catalyzed CO2 epoxidation is tentatively provided, based on the collected experimental evidence. The negative outcomes may be explained invoking a “perfect fit” of the –CH2X substituent within the catalytic pocket. The lack of reactivity of glycidol may be caused by the formation of intramolecular OH···O hydrogen bonds with concomitant formation of a (stable) five-membered ring,61 while in the case of glycidol acetate the bigger steric hindrance of the pendant arm may be at the origin of its observed inertness towards carbonation. Finally, a mechanistic proposal is postulated in Scheme 3. An initial epoxide coordination to the Lewis acidic metal nodes is thought to foster its ring opening (according to a commonly accepted mechanistic scheme),15n,15p,58,59b,60 while CO2 is activated by the basic amino groups62 on the MOF walls with formation of a zwitterionic carbamate.63 The carbamate moiety contains O-nucleophilic species that trigger the metal-assisted epoxide ring opening. An intramolecular addition-elimination on the carbamate intermediate closes the catalytic cycle, leaving behind the cyclic carbonate product and regenerating the active sites.


Scheme 3. Proposed reaction mechanism between halogenated epoxides and CO2 catalyzed by Zn(BPZNH2).

Catalyst recovery and recycling has also been studied. The recycling is straightforwardly performed through complete supernatant removal at the end of the first catalytic cycle after centrifugation. The solid residue is then washed with dry and degassed acetone, filtered and dried at room temperature under vacuum before being rinsed with an additional amount of epoxide and CO2. The procedure is repeated under inert atmosphere at the end of each catalytic cycle. Zn(BPZNH2) maintains its catalytic activity almost unchanged during three successive epoxidation cycles: if the epoxide conversion in the first run is normalized at 100%, values for the second and third runs have been found to be 94 and 92%, respectively. The slightly reduced catalytic activity for the successive runs can be reasonably ascribed to a partial catalyst loss during the recycling procedure. Leaching of the metal into the reaction supernatant was directly quantified via GF-AAS analysis after each catalytic cycle. The amount of leached zinc was found to be negligible in all cases: a maximum content of ~0.003% of leached zinc(II) ions is detected in the most contaminated sample examined. Overall, this confirms the truly heterogeneous nature of the process together with a substantial catalyst stability throughout several catalytic runs.

Conclusions
A novel class of bis(pyrazolate) MOFs bearing the amino-functionalized spacer 3-amino-4,4’-bipyrazole (H2BPZNH2) has been prepared and fully characterized in the solid state for the combined [CCS+CCU] task. The insertion of an amino functional group on the skeleton of 4,4’-bipyrazole is highly beneficial to improve the CO2 uptake capacity of the homoleptic MOF Zn(BPZNH2) with respect to the parent “untagged” compound Zn(BPZ), as proven by the increased CO2 isosteric heat of adsorption (Qst) in the former. The affinity for CO2 shown by Zn(BPZNH2) (quantified through both Qst and its CO2/N2 selectivity) is also higher than that of its nitro-tagged analogue Zn(BPZNO2) under the same experimental conditions (T = 273 K and p = 1 bar). Furthermore, at the same temperature and pressure Zn(BPZNH2) outperforms all the other members of the purely amino-tagged MOFs family in terms of amount of gas adsorbed per SSA unit. Finally, the catalytic activity shown by Zn(BPZNH2) in CO2 insertion into the halogenated epoxides epichlorohydrin and epibromohydrin under mild and green conditions is satisfactory and paves the way to the exploitation of amino bis(pyrazolate) MOFs in other heterogeneously catalyzed processes involving CO2 transformation. Further efforts are currently ongoing in our laboratories to prepare poly(pyrazolate) (MIX)MOFs bearing different tags to be exploited as better heterogeneous catalysts for carbon dioxide conversion into added-value chemicals of industrial interest.
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