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Abstract. The four zinc(II) mixed-ligand MOFs (MIXMOFs) Zn(BPZ)x(BPZNO2)1-x, 

Zn(BPZ)x(BPZNH2)1-x, Zn(BPZNO2)x(BPZNH2)1-x and Zn(BPZ)x(BPZNO2)y(BPZNH2)1-x-y (H2BPZ = 

4,4’-bipyrazole; H2BPZNO2 = 3-nitro-4,4’-bipyrazole; H2BPZNH2 = 3-amino-4,4’-bipyrazole) were 

prepared through solvothermal routes and fully investigated in the solid state. Isoreticular to the end-

members Zn(BPZ) and Zn(BPZX) (X = NO2, NH2), they are the first examples ever reported of 

(pyr)azolate MIXMOFs. Their crystal structure is characterized by a 3-D open framework with 1-D square 

or rhombic channels decorated by the functional groups. Accurate information about ligand stoichiometric 

ratio was determined (for the first time on MIXMOFs) through integration of selected ligands skeleton 

resonances from 13C CPMAS solid-state NMR spectra collected on the as-synthesized materials. Like 

other poly(pyrazolate) MOFs, the four MIXMOFs are thermally stable, with decomposition temperatures 

between 708 and 726 K. As disclosed by N2 adsorption at 77 K, they are micro-mesoporous materials 

with BET specific surface areas in the range 400-600 m2/g. A comparative study (involving also the 

single-ligand analogues) of CO2 adsorption capacity, CO2 isosteric heat of adsorption (Qst) and CO2/N2 

selectivity in equimolar mixtures at p = 1 bar and T = 298 K casted light on interesting trends, depending 

on ligand tag nature or ligand stoichiometric ratio. In particular, the amino-decorated compounds show 

higher Qst values and CO2/N2 selectivity vs. the nitro functionalized analogues; in addition, tag “dilution” 

[upon passing from Zn(BPZX) to Zn(BPZ)x(BPZX)1-x] increases CO2 adsorption selectivity over N2. The 

simultaneous presence of amino and nitro groups is not beneficial for CO2 uptake. Among the compounds 

studied, the best compromise among uptake capacity, Qst and CO2/N2 selectivity is represented by 

Zn(BPZ)x(BPZNH2)1-x. 
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Introduction 

In the past twenty years, metal-organic frameworks (MOFs)1 have emerged as a promising 

alternative to all-inorganic compounds in applications requiring porous materials. Their topology, 

pore size and pore-wall decoration depend on the stereochemical requirements of the metal ion 

and the hapticity, size and functionalization of the ligand. When coupled with enhanced thermal 

and chemical stability, permanent porosity makes MOFs appealing for a number of practical 

applications.2 Among these, the so-called Carbon Capture and Sequestration (CCS) technology is 

rapidly gaining increasing attention in the Worldwide community.3 Reduction of the CO2 content 

in the atmosphere is of fundamental importance to mitigate the consequences of the greenhouse 

effect and the associated global warming. From this viewpoint, the quest for novel and efficient 

CO2 sponges is imperative and several solutions have been proposed in the past.4 MOFs are a 

valid category of CO2 sorbents at mild temperature and pressure conditions. An interesting sub-

class of MOFs is represented by Multivariate MOFs or MIXMOFs.5 Those MIXMOFs 

incorporating linkers with the same skeleton but bearing different functional groups (tags) grant pore walls 

heterogeneity,6 preserving at the same time the structural topology of the parent homologue. Since their 

discovery, MIXMOFs represent an important milestone in the path toward increased MOF complexity, 

as their chemico-physical properties are not the simple, linear combination of those of the single-linker 

analogues. Indeed, MIXMOFs greatly expand the possibility of discovering high-performing adsorbents 

for environmental applications such as CO2 capture. Their intrinsic heterogeneity enhances selectivity for 

carbon dioxide adsorption relative to mixtures of pure materials, as proven by seminal literature works 

appeared in 2010 and 2013.7 Recent computational studies carried out on a wide range of MIXMOFs built 

in silico and tested as CO2 adsorbents8 have confirmed that many aromatic heterocycles show larger CO2 

affinity than the benzene ring. Thus, the use of heterocyclic linkers should in principle improve MOFs 

CO2 sorption capacity. Among the various heterocycles conceivable, poly(azolate) spacers have gained 

the stage9 as an alternative to poly(carboxylates) in the synthesis of functional MOFs. In this 

context, we10 and others11 have contributed to the development of the class of poly(pyrazolate) 
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MOFs. We have recently reported on the synthesis and applications in CO2 adsorption of MOFs 

bearing tagged bis(pyrazolate) spacers, namely: M(BPZNO2)
12 (M = Co, Cu, Zn; H2BPZNO2 = 

3-nitro-4,4’-bipyrazole, Scheme 1) and M(BPZNH2)
13 (M = Ni, Cu, Zn; H2BPZNH2 = 3-amino-

4,4’-bipyrazole, Scheme 1). The two zinc(II) compounds adsorb 19.4 and 13.5 wt % CO2 at 298 

K and 1 bar, respectively. In view of these encouraging results, we extended the same synthetic 

protocol to the preparation of the MIXMOFs Zn(BPZ)x(BPZNO2)1-x·nDMF (Zn-H/NO2·S; 

H2BPZ = 4,4’-bipyrazole, Scheme 1; DMF = N,N-dimethylformamide), Zn(BPZ)x(BPZNH2)1-

x·nDMF (Zn-H/NH2·S), Zn(BPZNO2)x(BPZNH2)1-x·nDMF (Zn-NO2/NH2·S) and 

Zn(BPZ)x(BPZNO2)y(BPZNH2)1-x-y·nDMF (Zn-H/NO2/NH2·S), with the aim of finely tuning the 

CO2 adsorption capacity and selectivity by varying the quantity and type of ligand 

functionalization. An accurate quantification of the ligand stoichiometric ratio was carried out on 

the as-synthesized samples by exploiting solid-state 13C CPMAS NMR spectroscopy, instead of 

applying the “classical” digestion protocol followed by 1H NMR analysis in solution. The carbon 

dioxide adsorption capacity, thermodynamic affinity (in terms of isosteric heat of adsorption, Qst) 

and CO2/N2 selectivity of the title MIXMOFs were compared with those of their single-ligand 

analogues Zn(BPZ)14 and Zn(BPZX) (X = NO2, NH2). To the best of our knowledge, this is the 

first example of synthesis and characterization of (pyr)azolate MIXMOFs and the first systematic 

experimental correlation between CO2 adsorption capacity and (pyr)azolate MIXMOFs 

composition.  

 

 

Scheme 1. Molecular structure of the three ligands used in this study: 3-amino-4,4’-bipyrazole (H2BPZNH2, left), 3-

nitro-4,4’-bipyrazole (H2BPZNO2, centre) and 4,4’-bipyrazole (H2BPZ, right). 
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Experimental Section 

Materials and Methods. All the chemicals and reagents employed were purchased from 

commercial suppliers and used as received without further purification. 4,4’-Bipyrazole,15 3-nitro-

4,4’-bipyrazole,12 3-amino-4,4’-bipyrazole,13 Zn(BPZ),14 Zn(BPZNO2)
12 and Zn(BPZNH2)

13 

were synthesized according to previously published procedures. 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 analyser. 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried out 

simultaneously using a NETZSCH STA 409 PC instrument. 10 mg of as-synthesised samples 

were placed in alumina crucibles; the temperature programme ranged from 303 to 1173 K with a 

heating rate of 10 K min–1 and under a N2 flow (40 mL min–1). Raw data from TGA and DSC 

were corrected based on a background curve. Powder X-ray diffraction (PXRD) data to carry out 

qualitative analyses were acquired with a Bruker AXS D8 Advance diffractometer (consult the 

section detailing on the characterization of the crystal and molecular structure for the instrument 

specifics), working at room temperature in the 2θ range 4.0–35.0°, with steps of 0.02°, and time 

per step of 1 s. The nature and purity of the batches used for the thermal, NMR and functional 

characterization were evaluated upon combining elemental analysis, IR spectroscopy and PXRD. 

FIB-SEM (Focused Ion Beam-Scanning Electron Microscopy) analysis was carried out with a 

Gaia 3 microscope (Tescan s.r.o, Brno, Czech Republic) on samples previously coated with gold. 

The electron beam used for SEM imaging had a 20 kV voltage. The instrument operated in high-

vacuum mode and with a secondary electron (SE) detector. 

 

Synthesis of Zn(BPZ)x(BPZNO2)1-xnDMF (Zn-H/NO2·S). H2BPZNO2 (0.036 g, 0.20 mmol) 

and H2BPZ (0.027 g, 0.20 mmol) were dissolved in DMF (10 mL). Then, Zn(OAc)2·2H2O (0.088 

g, 0.40 mmol) (OAc = acetate) was added and the mixture was left under stirring in a high-pressure 

glass tube at 120 °C for 24 h, until a yellow precipitate appeared. The precipitate was filtered off, 
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washed with hot acetone (2 × 10 mL) and dichloromethane (2 × 10 mL), and dried under vacuum. 

Yield 74%. Zn-H/NO2·S is insoluble in dimethylsulfoxide (DMSO), alcohols, acetone, 

acetonitrile (CH3CN), chlorinated solvents and water. Elemental analysis calculated for 

Zn(BPZ)0.64(BPZNO2)0.36·0.75(DMF) (FW = 268.5 g/mol): C, 36.90; H, 3.34; N, 26.66%. Found: 

C, 36.79; H, 3.51; N, 26.29%. IR (cm-1; Figure 1): 3130, 3098 (vw) [(C-H)], 2927 (vw) [(C-

H)DMF], 1667 (s) [(C=O)DMF], 1504 (s) [(C=C + C=N)], 1386 (s), 1346 (s) [sym(NO2)], 1267 

(s), 1196 (w), 1170 (w), 1104 (s) [(C-N)], 1059 (s), 943 (s), 918 (s), 856 (s), 829 (s), 637 (s). 

 

Synthesis of Zn(BPZ)x(BPZNH2)1-x·nDMF (Zn-H/NH2·S). H2BPZNH2 (0.074 g, 0.50 mmol) 

and H2BPZ (0.067 g, 0.50 mmol) were dissolved in DMF (10 mL). Then, Zn(OAc)2·2H2O (0.219 

g, 1.00 mmol) was added and the mixture was left under stirring in a high-pressure glass tube at 

120 °C for 3 h, until a white precipitate appeared. The precipitate was filtered off, washed with 

hot acetone (2 × 10 mL) and dichloromethane (2 × 10 mL), and dried under vacuum. Yield 81%. 

Zn-H/NH2·S is insoluble in DMSO, alcohols, acetone, CH3CN, chlorinated solvents and water. 

Elemental analysis calculated for Zn(BPZ)0.56(BPZNH2)0.44·(DMF) (FW = 277.2 g/mol): C, 38.99; 

H, 4.16; N, 27.49%. Found: C, 38.87; H, 4.17; N, 27.70%. IR (cm-1; Figure S1): 3390 (m), 3317 

(m) [ν(N-H)], 3095 (vw) [(C-H)], 2930 (vw) [(C-H)DMF], 1658 (vs) [(C=O)DMF], 1507 (s) 

[(C=C + C=N)], 1435 (m), 1385 (s), 1265 (s), 1168 (m), 1133 (m), 1091 (s) [(C-N)], 1058 (s), 

1016 (m), 949 (s), 917 (s), 842 (m). 

 

Synthesis of Zn(BPZNO2)x(BPZNH2)1-x·nDMF (Zn-NO2/NH2·S). H2BPZNH2 (0.075 g, 0.50 

mmol) and H2BPZNO2 (0.089 g, 0.50 mmol) were dissolved in DMF (20 mL). Then, 

Zn(OAc)2·2H2O (0.219 g, 1.00 mmol) was added and the mixture was left under stirring in a high-

pressure glass tube at 120 °C for 3 h, until a yellow precipitate appeared. The precipitate was 

filtered off, washed with DMF (2 × 10 mL) and dried under vacuum. Yield 78%. Zn-NO2/NH2·S 
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is insoluble in DMSO, alcohols, acetone, CH3CN, chlorinated solvents and water. Elemental 

analysis calculated for Zn(BPZNO2)0.34(BPZNH2)0.66·0.85(DMF) (FW = 284.9 g/mol): C, 36.04; 

H, 3.64; N, 28.77%. Found: C, 36.10; H, 3.74; N, 28.82%. IR (cm-1; Figure S2): 3390 (w), 3314 

(w) [(N-H)], 3098 (w) [(C-H)], 2927 (w) [(C-H)DMF], 2871 (w), 1656 (vs) [(C=O)DMF], 1505 

(s) [(C=C + C=N)], 1434 (m), 1384 (s), 1346 (s) [sym(NO2)], 1273 (s), 1169 (m), 1132 (m), 1091 

(s) [(C-N)], 1058 (s), 1012 (m), 943 (s), 917 (m), 842 (m), 827 (m), 657 (m). 

 

Synthesis of Zn(BPZ)x(BPZNO2)y(BPZNH2)1-x-y·nDMF (Zn-H/NO2/NH2·S). H2BPZ (0.045 

g, 0.33 mmol), H2BPZNH2 (0.050 g, 0.33 mmol) and H2BPZNO2 (0.060 g, 0.33 mmol) were 

dissolved in DMF (20 mL). Then, Zn(OAc)2·2H2O (0.219 g, 1.00 mmol) was added and the 

mixture was left under stirring in a high-pressure glass tube at 120 °C for 3 h, until a yellow 

precipitate appeared. The precipitate was filtered off, washed with DMF (2 × 10 mL) and dried 

under vacuum. Yield 75%. Zn-H/NO2/NH2·S is insoluble in DMSO, alcohols, acetone, CH3CN, 

chlorinated solvents and water. Elemental analysis calculated for 

Zn(BPZ)0.49(BPZNO2)0.28(BPZNH2)0.23·0.75(DMF) (FW = 268.4 g/mol): C, 36.92; H, 3.46; N, 

27.46%. Found: C, 36.98; H, 3.85; N, 27.23%. IR (cm-1; Figure S2): 3394 (w), 3316 (w) [ν(N-

H)], 3098 (w) [(C-H)], 2928 (w) [(C-H)DMF], 2868 (w), 1656 (vs) [(C=O)DMF], 1505 (s) 

[(C=C + C=N)], 1434 (m), 1384 (s), 1346 (m) [sym(NO2)], 1265 (m), 1168 (m), 1133 (m), 1090 

(m) [(C-N)], 1056 (s), 1013 (m), 943 (m), 917 (m), 845 (m), 828 (m), 657 (m). 

 

Solid-state NMR Characterization and Ligand Stoichiometry Assessment. The 13C and 15N 

CPMAS NMR spectra of all compounds were acquired with a Jeol ECZR 600 instrument, 

operating at 600.17, 150.91 and 60.81 MHz for 1H, 13C and 15N nuclei, respectively. The powder 

samples were packed into a cylindrical zirconia rotor with a 3.2 mm external diameter and a 60 

L volume. 50 mg of as-synthesized sample were used without further manipulations to fill the 
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rotor. The 13C and 15N CPMAS NMR spectra were acquired at room temperature, at a spinning 

speed of 20 (13C) and 12 (15N) kHz, using a ramp cross-polarization pulse sequence with a 90° 1H 

pulse of 2.1 s, and a contact time of 3.5 (13C) and 4.0 (15N) ms. An optimized recycle delay 

between 1.0 and 2.5 s was used, for a number of scans in the range 160-2600 (13C) and 29000-

164000 (15N), depending on the sample. For each spectrum, a two-pulse phase modulation 

(TPPM) decoupling scheme was used, with a radiofrequency field of 108.5 kHz. The 13C and 15N 

chemical shift scales were calibrated against proper signals of the external standard glycine (13C 

methylenic signal at C = 43.7 ppm and 15N signal at N = 33.4 ppm with respect to NH3). The 

stoichiometric coefficients x and y in the molecular formulae Zn(BPZX)x(BPZY)1-x and 

Zn(BPZ)x(BPZNO2)y(BPZNH2)1-x-y were calculated from the 13C NMR signal integrals of C4 and 

C4' (Scheme 2): the integral values (extracted directly from the signals or after deconvolution) 

were used to build systems of equations with x and y as variables. The stoichiometric coefficients 

were then transformed into percentage amounts (%) through simple proportions. The 1H MAS 

spectra of all compounds were acquired with a Bruker Avance II 400 Ultra Shield instrument, operating 

at 400.23 MHz for the 1H nuclei. Powder samples were packed into cylindrical zirconia rotors with a 2.5 

mm o.d. and a 14 L volume. 50 mg of sample were used without further preparations to fill the rotor. 

The spectra were acquired at room temperature at a spinning speed of 32 kHz using a depth sequence, 

with a 90° 1H pulse of 2.5 s, optimized recycle delays of ca. 0.4-1.6 s and 16 scans. The 1H chemical 

shift scale was calibrated through the 1H signal of the external standard adamantane (at 1.87 ppm). 

Powder X-ray Diffraction Structural Characterization. Microcrystalline powders of the 

four MIXMOFs were deposited in the cavity of a silicon free-background plate 0.2 mm deep. Data 

acquisitions for Zn-H/NO2·S and Zn-H/NO2/NH2·S were carried out on a vertical-scan Bruker 

AXS D8 Advance θ:θ diffractometer, equipped with an X-ray tube (CuK  = 1.5418 Å), a 

Bruker Lynxeye linear position-sensitive detector, a nickel filter in the diffracted beam and the 

optical components listed in the following: fixed divergence slit (0.5°), primary beam Soller slits 
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(2.5°), antiscatter slit (8 mm). The generator was run at 40 kV and 40 mA. On the other hand, to 

acquire the data for Zn-H/NH2·S and Zn-NO2/NH2·S a vertical-scan Rigaku Miniflex θ:2θ 

diffractometer was employed, equipped with an X-ray tube (CuK  = 1.5418 Å), a Dtex linear 

position-sensitive detector, a nickel filter in the diffracted beam and the following optics: fixed 

divergence slit (1.25°), primary beam Soller slits (2.5°), antiscatter slit (4 mm). The generator was 

run at 30 kV and 10 mA. After preliminary acquisitions for qualitative analysis, generally 

performed in the 2θ range 4–35°, diffraction data sets for a complete structural characterization 

were collected in the 2θ range 5-105°, with steps of 0.02°, with an overall scan time of 

approximately 12 hours. Comparison of the PXRD pattern of the four MIXMOFs with that of 

Zn(BPZ)14 suggested that all the compounds share the same structural motif, though with either 

tetragonal (P42/mmc) or orthorhombic (Cccm) metric. A peak search, followed by profile fitting, 

enabled us to estimate the low-to-medium-angle peak maximum positions which, through the 

Singular Value Decomposition algorithm16 implemented in TOPAS-Academic V6,17 provided 

approximate unit cell parameters for all the compounds. Space groups were assigned based on the 

observed systematic absences. Structure refinement of the framework was carried out with the 

Rietveld method as implemented in TOPAS-Academic V6,17 starting from the crystal structure of 

the parent Zn(BPZ) MOF,14 and adopting, to define ligand stoichiometry, the ideal values derived 

from the reaction molar ratios. A rigid body was used to model the ligand independent portion, at 

first assigning mean values to bond distances and angles.18 Its orientation (if allowed by 

symmetry) and the orientation of the NO2 group with respect to the ligand plane were let vary, 

while the NH2 group was left co-planar to the ligand. The center of mass of the ligand lays on a 

special position. This occurrence means that the NO2/NH2 moiety can occupy 1 out of 4 equivalent 

positions (the 4 carbon atoms of the two pyrazolate rings). The same also holds for the vicariate 

hydrogen atoms. To locate the solvent, structure solution was then performed with TOPAS-

Academic V6 by a combined Monte Carlo/Simulated Annealing approach. A rigid body was used 

to model DMF,18 letting its site occupation factor, its orientation and its centre of mass position 
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vary. During the final Rietveld refinement stages, the site occupation factor of the ligands was 

refined without restraints, reaching values comparable to those retrieved by 13C CPMAS NMR 

(Table 1). In addition, ligand bond distances (except the C/N-H distances) were refined in a 

restrained range of values. In all cases, the background was modelled by a polynomial function of 

the Chebyshev type. A common, refined isotropic thermal factor (Biso) was attributed to all atoms, 

except to the metal centres, to which the isotropic thermal factor Biso(M) = Biso−2.0 (Å2) was 

assigned. The peak profile was described by the Fundamental Parameters Approach.19 For Zn-

H/NO2·S, Zn-NO2/NH2·S and Zn-H/NO2/NH2·S, anisotropic peak broadening was successfully 

described using the Stephens approach.20 On the other hand, for Zn-H/NH2·S, the broader [hkl] 

and sharper [h0l] Bragg reflections were described convoluting two different tan(θ)-dependent 

spherical harmonics. For all the compounds a Gaussian contribution further lowered the Rwp figure 

of merit. The final stages of the Rietveld refinements are graphically provided in Figure S3 of the 

Electronic Supplementary Information. The pertinent CIF files are supplied as Electronic 

Supplementary Information. 

Crystal data for Zn-H/NO2·S: Zn(BPZ)0.62(BPZNO2)0.38∙1.7(DMF), C11.1H15.5N6.1O2.5Zn, FW 

= 338.90 g mol−1, tetragonal, P42/mmc, a = 8.9385(6) Å, c = 7.3662(6) Å, V = 588.53(9) Å3, Z = 

16, Z’ = 2, ρ = 1.854 g cm−3, F(000) = 348.7, RBragg = 0.012, Rp = 0.037 and Rwp = 0.049, for 4851 

data and 34 parameters in the 8.0-105.0° (2θ) range. CCDC No. 1912137. 

Crystal data for Zn-H/NH2·S: Zn(BPZ)0.56(BPZNH2)0.44∙1.2(DMF), C9.6H12.8N5.6O1.2Zn, FW = 

291.85 g mol−1, tetragonal, P42/mmc, a = 8.9805(4) Å, c = 7.3015(5) Å, V = 588.87(5) Å3, Z = 16, 

Z’ = 2, ρ = 1.687 g cm−3, F(000) = 299.0, RBragg = 0.014, Rp = 0.033 and Rwp = 0.043, for 4901 

data and 35 parameters in the 7.0-105.0° (2θ) range. CCDC No. 1912135. 

Crystal data for Zn-NO2/NH2·S: Zn(BPZNO2)0.38(BPZNH2)0.62∙0.8(DMF), C8.4H9.8N5.8O1.6Zn, 

FW = 282.41 g mol−1, orthorhombic, Cccm, a = 12.528(4) Å, b = 12.776(4) Å, c = 7.360(6) Å, V 

= 1178(5) Å3, Z = 16, Z’ = 4, ρ = 1.597 g cm−3, F(000) = 573.3, RBragg = 0.013, Rp = 0.026 and Rwp 

= 0.034, for 4851 data and 37 parameters in the 8.0-105.0° (2θ) range. CCDC No. 1912138. 
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Crystal data for Zn-H/NO2/NH2·S: Zn(BPZ)0.46(BPZNO2)0.33(BPZNH2)0.21∙1.2(DMF), 

C9.6H12.3N5.7O1.9Zn, FW = 303.25 g mol−1, orthorhombic, Cccm, a = 12.791(3) Å, b = 12.516(3) 

Å, c = 7.3533(7) Å, V = 1177.2(4) Å3, Z = 16, Z’ = 4, ρ = 1.710 g cm−3, F(000) = 619.8, RBragg = 

0.008, Rp = 0.023 and Rwp = 0.031, for 4851 data and 37 parameters in the 8.0-105.0° (2θ) range. 

CCDC No. 1912136. 

 

Variable-Temperature Powder X-ray Diffraction. To complement the simultaneous thermal 

analysis, the thermal behaviour of the four MIXMOFs was investigated in situ by variable-

temperature powder X-ray diffraction. 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 763 K (the highest temperature reached by the instrument), 

with 20 K steps; a PXRD pattern was measured for each step within a sensible 2θ range at low-

to-medium angles. The unit cell parameters variation as a function of the temperature was 

disclosed by means of Le Bail parametric refinements of the data measured before observing 

crystallinity loss. 

 

Stability vs. Water Vapor. To check the stability of MIXMOF samples towards water vapor, 15 

mg of sample were deposited in the hollow of an aluminum sample-holder. Preliminary PXRD 

data were acquired with the diffractometer described above in the 2 range 5-35°, with steps of 

0.02° and time per step of 1 s. Then, the sample holder was introduced into an air-tight water-

vapor saturated cell. At different time points, each sample was checked by PXRD, adopting the 

same conditions employed for the preliminary acquisition. 

 

N2 and CO2 Adsorption. All the samples were activated at 393 K under high vacuum (10-6 

Torr) for 24 h before any measurement. The Brunauer−Emmett−Teller (BET) specific surface 
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area and porosity were estimated by volumetric adsorption with an ASAP 2020 Micromeritics 

instrument, using N2 as adsorbate at 77 K. A typical measurement used 40 mg of sample. For the 

BET specific surface area calculation, the 0.01-0.1 p/p0 pressure range was used to fit the data. 

Within this range, all the Rouquerol consistency criteria21 are satisfied. The micropore area was 

estimated by means of the t-plot method, adopting the Harkins and Jura thickness equation, while 

the micropore volume was estimated through the application of the Dubinin-Astakhov model to 

the N2 isotherm in the 0 ≤ p/p0 ≤ 0.02 range.22 CO2 adsorption isotherms were measured at 273 

and 298 K up to the maximum pressure of 1.2 bar. The isosteric heat of adsorption (Qst) was 

calculated working on the CO2 isotherms measured at 273 and 298 K, by applying a variant of the 

Clausius-Clapeyron equation (Equation 1):23 

ln (
p1

p2
) = Qst ×

T2−T1

R×T1×T2
       (Equation 1) 

where pn (n = 1 or 2) denotes the pressure value for the nth isotherm; Tn (n = 1 or 2) denotes the temperature 

value for the nth isotherm; R is the gas constant expressed in the appropriate units (8.314 J K-1 mol-1). To 

evaluate the CO2/N2 selectivity at 298 K, the N2 adsorption isotherms were acquired at 298 K and 

up to 1.2 bar. The CO2/N2 selectivity was calculated through the Henry method as the ratio of the initial 

slopes of the two adsorption isotherms. The IAST selectivity for an equimolar mixture of CO2 and N2 at 

a total pressure of 1 bar was determined as the ratio of the (adsorbed) molar fractions of the two gases24 

by applying the free software pyIAST (https://github.com/CorySimon/pyIAST) to the measured 

isotherms. A BET (CO2) and a Henry (N2) model were employed for the isotherm fitting. For a detailed 

explanation of these models, see the pyIAST webpage and documentation. 

 

Results and Discussion 

(a) Synthesis and Infrared Spectroscopy Characterization. Microcrystalline samples of the 

MIXMOFs Zn-H/NO2·S, Zn-H/NH2·S, Zn-NO2/NH2·S and Zn-H/NO2/NH2·S were obtained in a 

straightforward manner under the same experimental conditions used to prepare the single-ligand 

https://github.com/CorySimon/pyIAST
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homologues Zn(BPZNO2)·S
12 and Zn(BPZNH2)·S,13 namely: upon reacting Zn(OAc)2·2H2O (OAc = 

acetate) and the proper ligands in DMF under solvothermal conditions, without an auxiliary base to 

deprotonate the spacers. IR spectroscopy25 (Figures 1, S1 and S2) is diagnostic of i) the incorporation of 

the functionalized ligands (NO2 symmetric stretching band centred at 1346, 1345 and 1347 cm−1 in Zn-

H/NO2·S, Zn-NO2/NH2·S and Zn-H/NO2/NH2·S, respectively; NH2 stretching bands in the range 3317-

3390, 3314-3390 and 3316-3394 cm−1 in Zn-H/NH2·S, Zn-NO2/NH2·S and Zn-H/NO2/NH2·S, 

respectively); ii) the complete ligand deprotonation (absence of the N-H stretching band typical of the 

pyrazole ring, falling at  = 3175 cm-1)26; iii) the presence of clathrated DMF molecules (C=O stretching 

band in the range 1656-1667 cm−1). The growth of the bands at ~1345 cm-1 upon passing from Zn-

H/NO2·S to Zn(BPZNO2)·S and the bands in the range ~3315-3390 cm-1 upon passing from Zn-H/NH2·S 

to Zn(BPZNH2)·S (Figures 1b and S1b, respectively) is consistent with the increasing amount of the NO2- 

and NH2-functionalized ligands. In the MIXMOF Zn-NO2/NH2·S, the N-H stretching bands are very 

weak and rather broad if compared with those of the other compounds. This phenomenon cannot be 

ascribed to internal NH2-NO2 hydrogen bond interactions; in fact, as witnessed by 1H MAS NMR (vide 

infra), hydrogen bonds are present in all MOFs containing the BPZNH2
2- ligand. The presence of a 

mixture of the Zn(BPZ)·S and Zn(BPZX)·S end members (X = NO2, NH2) in the four precipitates 

obtained could be ruled out in light of a number of experimental evidences. 
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Figure 1. (a) Infrared spectrum of Zn-H/NO2·S. (b) Magnification of the 1950-650 cm-1 range of the infrared spectra of 

Zn(BPZ)·S (orange trace), Zn-H/NO2·S (red trace), and Zn(BPZNO2)·S (dark red trace). The region of the symmetric NO 

stretching band is highlighted in grey. 

 

Their PXRD patterns (Figure 2, Figures S4a-c) are clearly distinct from those of their single-ligand 

parents in terms of peak positions. In addition, as revealed by DSC, the decomposition process is 

characterized by a single peak (Table S1; Figure 3, Figures S5-S7). 

 

Figure 2. From top to bottom: low-angle region of the calculated PXRD patterns of Zn(BPZ), Zn-H/NO2 and Zn(BPZNO2). 

Structural information for Zn(BPZ) and Zn(BPZNO2) have been taken from references (14) and (12), respectively. Contents 

of ref. (12) reproduced with permission from John Wiley and Sons (Copyright 2018). 
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Figure 3. TGA (red continuous line), DTG (red dash-dotted line) and DSC (dark red dotted line) traces measured under a flow 

of N2 on Zn-H/NO2∙S. 

 

The accurate quantification of the ligand stoichiometric ratio in each MIXMOF was achieved through 

the combination of elemental analysis, crystal structure refinement and 13C solid-state NMR spectroscopy. 

 

(b) Solid-state 13C and 15N CPMAS NMR Analysis of the MIXMOFs and Quantification of the 

Linkers Stoichiometry. The accurate determination of the ligands composition in MIXMOFs is normally 

achieved through sample digestion in strongly acidic solutions (aqueous HCl, HF or H2SO4) followed by 

1H NMR analysis of the liquid mixture.27 In our case this method is not informative, since the signals of 

the various ligands fall at nearly identical NMR chemical shifts in solution, preventing any assignment. 

Thus, the semi-quantitative solid-state NMR approach was exploited for the first time for ligands 

quantification in MIXMOFs. Direct solid-state NMR analysis of the as-synthesized materials avoids 

possible contaminations coming from the digestion procedure. In addition, NMR signal overlap in 

solution disappears in the solid state, as the resonances are much better resolved in the latter. Finally, as 

the ligands in the title MIXMOFs are almost identical, we can safely suppose nearly equal cross-

polarization rates (i.e. TIS) and 1H T1 values, overcoming the quantitative limitations of the CPMAS 

experiment. The 13C CPMAS NMR spectra of the end-members Zn(BPZ), Zn(BPZNO2) and 

Zn(BPZNH2) were collected and compared (Figure S8). The molecular structure with C atom numbering 
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of the BPZ2- and BPZX2- ligands (X = NO2, NH2) is depicted in Scheme 2. The spectra exhibit distinctive 

features that are useful to identify each linker in the MOFs. In BPZNO2
2- and BPZNH2

2-, the C3 atom 

bearing the –NO2 or –NH2 group is deshielded with respect to Zn(BPZ), falling at C 150 or 152 ppm, 

respectively. The C3 and C3' signals show the same chemical shift (C 135 ppm) only in Zn(BPZ), where 

they are chemically and magnetically equivalent. BPZNH2
2- displays a characteristic resonance for C4 at 

C 99 ppm, while BPZNO2
2- and BPZ2- feature signals at C 110 ppm ascribable to the C4 and C4' 

atoms, which are equivalent in BPZ2-. The C5 and C5' signals show very close chemical shifts in all cases 

and are badly resolved. All the three MOFs contain a variable amount of DMF coming from the synthesis, 

as shown by the presence of signals at C 30 ppm (methyl groups) and 160 ppm (C=O group). 

 

 

Scheme 2. C- and N-atom labelling of the BPZX2- ligands in the MOFs studied in this work. 

 

The well-resolved resonances of the C4/C4' atoms in the BPZNH2
2- linker allowed for a quantitative 

estimation of the linkers composition in the MIXMOFs. Their 13C CPMAS NMR spectra are shown in 

Figure 4, while Figure 5 illustrates the detailed integration and quantification procedure. 

 



 17 

 

 

Figure 4. 13C (150 MHz) CPMAS NMR spectra for Zn-H/NH2·S, Zn-H/NO2·S, Zn-NO2/NH2·S and Zn-H/NO2/NH2·S 

acquired at room temperature with a spinning speed of 20 kHz. The signals of DMF (synthesis solvent) are also highlighted 

for the sake of completeness. For the complete 13C signals assignment refer to Figure S8 in the Supporting Information. 

 

Deconvolution was adopted for overlapped resonances to discriminate the contribution of each signal 

of interest accurately in the experimental spectra (with the exception of Zn-H/NH2·S, where the two 

diagnostic resonances are well resolved). The extrapolated integral values were used to calculate the 

relative amounts of each ligand in the solid phase, which were then converted into percentage values 

(Table 1; see Experimental Section for the methodology). 

The approximate 50:50 ligand ratio is present only in Zn-H/NH2·S, while the 64:36 [BPZ2-: BPZNO2
2] 

and 66:34 [BPZNH2
2- : BPZNO2

2-] ratios are found for Zn-H/NO2·S and Zn-NO2/NH2·S, respectively. 

The triple-mixed MOF Zn-H/NO2/NH2·S shows a prevalence of the untagged ligand BPZ2- (50%), while 

the remaining fraction is almost equally divided between the two tagged linkers BPZNH2
2- (23%) and 

BPZNO2
2- (27%). 
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Figure 5. Magnification of the 13C CPMAS NMR spectra of Zn-H/NH2·S, Zn-H/NO2·S, Zn-NO2/NH2·S and Zn-

H/NO2/NH2·S in the 90-120 ppm  region. Color code: experimental spectra, green; deconvolution of the signals between C 

= 105 and 120 ppm, yellow; sum of the deconvoluted peaks, dark red; difference between the experimental spectra and the 

sum of the deconvoluted resonances, red line above. Integrals for the corresponding signals are written in blue. 

 

Table 1. Relative percentage of the three ligands in the MIXMOFs reported in this study, as derived from the integration of 

the solid-state 13C NMR spectra collected on the as-synthesized samples. In parenthesis, the values independently found by 

PXRD (see the Experimental Section). 

Ligand Zn-H/NH2 Zn-H/NO2 Zn-NO2/NH2 Zn-H/NO2/NH2 

BPZ2- 55.9 (56) 63.6 (62) - 49.1 (46) 

BPZNH2
2- 44.1 (44) - 65.6 (62) 23.3 (21) 
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BPZNO2
2- - 36.4 (38) 34.4 (38) 27.6 (33) 

 

The 15N CPMAS NMR spectra of the end-members and MIXMOFs studied in this work are collected 

in Figures S9 and 6, respectively. From a comparison of these spectra, it can be inferred that the signals 

of all the pyrazole N atoms, apart from that closer to the substituent X (N, Scheme 2), fall at N 250 

ppm. At variance, the position of N depends on the nature of X: it is coincident to that of N− for X = 

H (all the nitrogen atoms are magnetically and chemically equivalent in BPZ2-), while it falls at N 200 

and 220 ppm for X = NO2 and NH2, respectively. The signals of the amino and nitro groups are found 

at N 30 and 360 ppm, respectively. The signal of the nitro group is very broad (as already observed in 

the literature)28 and visible only for Zn(BPZNO2), where BPZNO2
2- is not diluted by the other ligands. 

The nitrogen atom of the DMF solvent used for the syntheses is observed as a singlet at N 100 ppm. 

Unfortunately, all the spectra are characterized by a very low signal-to-noise ratio and are badly resolved 

to allow for a stoichiometric quantification. Therefore, we referred to the 13C data only to assess the real 

samples unit formulae. 
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Figure 6. 15N (60 MHz) CPMAS NMR spectra of Zn-H/NH2·S, Zn-H/NO2·S, Zn-NO2/NH2·S and Zn-H/NO2/NH2·S 

acquired at room temperature with a spinning speed of 12 kHz. The 15N peak related to DMF is observed in all samples and 

assigned at N 100 ppm. 

 

In the crystal structure, the ligands occupy a (2/m) special position, which implies that the NO2 or NH2 

substituents are disordered on the four skeletal carbon atoms (see the Experimental Section for further 

details). This occurrence prevents the unambiguous assessment of the real tag position on the ligand, as 

well as its relative location with respect to the nearby ligands in the framework. Hence, the presence of 

hydrogen bonds cannot be confirmed or excluded by PXRD alone. 1H MAS NMR spectra were then 

acquired to evaluate the presence of hydrogen bonds in the end-members, as well as in the MIXMOFs. 

Indeed, the appearance of protonic resonances at chemical shift values higher than 10 ppm is usually 

associated to 1H nuclei involved in hydrogen bond interactions.29 Figures S10-S12 show the spectra of 

the end-members and of the MIXMOFs. In the spectrum of Zn(BPZNH2), a resonance ascribable to the 

hydrogen-bonded protons of the amino group is visible at H = 10.3 ppm (Figure S11). On the contrary, 
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no such signal is detectable in the spectra of either Zn(BPZ) or Zn(BPZNO2). As for the MIXMOFs, a 

broad and very low-intensity shoulder is visible in the spectra of all samples containing BPZNH2
2- at H 

10 ppm (Figure S12). This is due to the presence of residual hydrogen bonds of the amino groups. The 

intensity of this signal is roughly proportional to the dilution of the NH2 tag in the MIXMOF. 

 

(c) Crystal Structure Analysis. The four MIXMOFs show the same structural motif of the end 

members Zn(BPZ),14 Zn(BPZNO2)
12 and Zn(BPZNH2),

13 which, for the sake of completeness, will be 

briefly described in the following. Zn-H/NO2·S and Zn-H/NH2·S crystallize in the tetragonal space group 

P42/mmc. Tetrahedral MN4 nodes (Figures 7a and S13a) and exo-tetradentate spacers define a 3-D (4,4)-

connected porous network (Figures 7b and S13b), in which 1-D square channels run parallel to the [001] 

crystallographic direction. The analysis of the crystal lattice from a topological point of view through the 

software TOPOS 4.030 and considering both Zn(II) and the 4,4-bipyrazolates as tetra-connected nodes 

led to the assignment of the network topology symbol (312 ∙ 424 ∙ 59), belonging to the 10-c net. Zn-

NO2/NH2∙S and Zn-H/NO2/NH2∙S show the lower orthorhombic symmetry (space group Cccm, proper 

subgroup of P42/mmc), implying rhombic 1-D channels (Figure S14). The topological analysis of the 

crystal lattice revealed the same topology as above. The torsion angle of the NO2 group with respect to 

the 4,4-bis(pyrazolate) plane passes from nearly zero (in Zn-H/NO2∙S) to ~81° and 128° in Zn-

NO2/NH2∙S and Zn-H/NO2/NH2∙S, respectively. 
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Figure 7. Representation of the crystal structure of Zn-H/NO2·S: (a) the tetrahedral node. (b) Portion of the crystal packing 

viewed along the [115] crystallographic direction. Unit cell axes: a (red); b (green) and c (blue). Carbon, grey; nitrogen, blue; 

oxygen, red; zinc, yellow. The hydrogen atoms and solvent molecules have been omitted for the sake of clarity. An ordered 

model has been adopted in the picture preparation for the position of the NO2 groups on the ligand skeleton. Main bond 

distances and angles: Zn-N, 2.018(9) Å; Zn···Zn, 3.6833(2), 8.9394(4) Å; N-Zn-N, 109.16(14)-110.1(3)°. 

 

At room temperature and pressure conditions, the empty volume31 ranges from ~41% in Zn-NO2/NH2 

up to ~47% in Zn-H/NO2/NH2 [see Table 2 for the value of the four compounds and the end-members 

Zn(BPZ), Zn(BPZNO2) and Zn(BPZNH2)]. This means a pore volume32 per cell ranging from ~0.33 to 

~0.39 cm3 g-1 (Table 2). In all the MIXMOFs, DMF was found disordered within the channels. 
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Table 2. Comparison of the empty volume31,32 of Zn-H/NO2, Zn-H/NH2, Zn-NO2/NH2 and Zn-H/NO2/NH2 with respect to 

the end-members Zn(BPZ), Zn(BPZNO2) and Zn(BPZNH2). In parenthesis, the empty volume calculated assuming that the 

nitro groups are coplanar to the 4,4'-bis(pyrazolate) skeleton. 

 

Compound 
Empty volume 

[%] 

Empty volume 

[cm3/g] 

Zn-H/NO2 46(46) 0.37(0.37) 

Zn-H/NH2 42 0.36 

Zn-NO2/NH2 42(45) 0.33(0.35) 

Zn-H/NO2/NH2 44(46)-46(47)31 0.36(0.37)-0.38(0.39)31 

Zn(BPZ)14 42 0.37 
Zn(BPZNO2)

12 39(40) 0.29(0.29) 
Zn(BPZNH2)

13 46 0.38 
 

PXRD alone cannot assess whether the ligands in the four MIXMOFs show a random, alternating or 

cluster distribution.7a, 33 Nonetheless, after thermal activation, we verified that the unit cell parameters of 

the two series Zn(BPZ), Zn-H/NO2 and Zn(BPZNO2), and Zn(BPZ), Zn-H/NH2 and Zn(BPZNH2) 

approximately follow the Vegard Law.34 Upon increasing the amount of tagged ligand, the c-axis 

lengthens while the a- and b-axis shrink, with an overall volume shrinkage of ~2.5 and 4.1%, respectively 

(Figures 8 and S15). Though apparently counterintuitive, the unit cell volume reduction with the increase 

of the amount of tagged ligand in the MIXMOF has been previously observed, e.g. for (MIX)MOF-535 

and (MIX)UiO-66,36 bearing the terephtalate/2-amino-terephtalate linker couple. The observed increase 

of the c-axis in the title compounds is possibly due to an increased steric hindrance along the [001] 

crystallographic direction caused by the dangling tags. Consequently, the a- and b-axes shrink to preserve 

the integrity of the Zn-N coordinative bonds, as confirmed by the correlation observed between the a- and 

c-axis (a/c) and the ligand stoichiometric ratio (Figures 8 and S15). 
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Figure 8. Percentage variation of the unit cell parameters (pX) of Zn(BPZ), Zn-H/NO2, and Zn(BPZNO2) as a function of the 

ligand stoichiometric ratio. The values reported for each compound have been normalized with respect to those of Zn(BPZ). 

Structural parameters: a (green circles), c (red diamonds), V (blue triangles) and a/c (orange stars). 

 

The MIXMOFs Zn-NO2/NH2 and Zn-H/NO2/NH2 have a crystallographic symmetry different from 

their end-members. Therefore, a direct correlation of the unit cell parameters cannot be made, except for 

the c-axis (running parallel to the metal ion chains). In order to overcome this issue, we have compared 

(Figure S16) the distance between consecutive metal ions along the 1-D chains (dZn, Figure S17) and 

between two Zn(II) ions belonging to nearby chains and bridged by a ligand (DZn, Figure S17). Both 

parameters reveal a trend similar to that of Zn-H/NO2 and Zn-H/NH2: an overall shrinkage of the unit 

cell volume and the growth of the c-axis passing from the untagged to the tagged compounds. 

 

(d) Thermal Behaviour. The four MIXMOFs show a high thermal stability, with decomposition 

temperatures in the range 708-726 K under N2 (see Table S1 and Figures 3 and S5-S7 for details). As 

expected, the decomposition temperature of the MIXMOFs is influenced by the presence of the nitro 

group: the higher the amount of BPZNO2
2-, the lower the thermal stability.12, 37 Indeed, Tdec follows the 

trend: Zn-H/NH2 > Zn-H/NO2/NH2 > Zn-NO2/NH2 > Zn-H/NO2. Considering the destabilizing effect 

of the electron-withdrawing group NO2, this behaviour may be associated with the presence of weaker 
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M-N bonds. The initial weight loss showed in all the thermogravimetric traces (Figures 3 and S5-S7) 

corresponds to the loss of the solvent trapped in the channels. After desolvation, the materials are stable 

up to decomposition. In situ variable-temperature powder X-ray diffraction experiments followed by a 

parametric Le Bail refinement were performed on all compounds (Figures 9 and S18-S21). Table S2 

collects the main structural data concerning the PXRD thermal characterization of the four MIXMOFs. 

Zn-H/NH2·S, Zn-NO2/NH2·S and Zn-H/NO2/NH2·S do not show any phase transition or loss of 

crystallinity upon heating. The progressive shortening of the unit cell axes lengths (a and c for Zn-

H/NH2·S and Zn-NO2/NH2·S; b and c for Zn-H/NO2/NH2·S) leads to a volume shrinkage in the range 

~0.6-1.4%. On the contrary, Zn-H/NO2·S shows several phase transitions during solvent loss, passing 

from the original tetragonal symmetry (P42/mmc) of the solvated phase to orthorhombic (Cccm, proper 

subgroup of P42/mmc), monoclinic (C2/c, proper subgroup of Cccm) and orthorhombic again (Cccm), 

before transforming into a tetragonal desolvated form with the same space group of the initial phase 

(Figure 9). The four phases have the same structural motif, hence Zn-H/NO2 does not lose its pristine 

porosity. As found in the other MIXMOFs, a volume contraction of ~1% due to the decrease of the a- and 

c-axes (by ~-0.3% and ~-0.5%, respectively) is observed before decomposition (Figure 10). 
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Figure 9. (a) 2-D plot of the powder X-ray diffraction patterns measured on Zn-H/NO2∙S as a function of temperature heating 

in air, with steps of 20 K, up to 763 K. (b) Scheme of the phase transitions undergone by Zn-H/NO2∙S during the desolvation 

process (T = 363-503 K). 

 

Figure 10. Percentage variation of the unit cell parameters (pT) of Zn-H/NO2∙S as a function of temperature. At each 

temperature, the reported values have been normalized with respect to those at which the specific crystal phase was first 
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observed (P42/mmc: T0 = 303 K, Cccm: T0 = 363 K, C2/c: T0 = 403 K). a, green circles; b, yellow squares; c, red diamonds; β, 

pink stars; V, blue triangles. 

 

(e) Textural properties and CO2 adsorption ability across the MIXMOF family. The textural 

properties of the title MOFs were studied by means of N2 adsorption at 77 K after thermal 

activation (393 K, 10-6 Torr, 24 h). To verify the activation completion, we carried out a 

thermogravimetric analysis on all the activated samples: the absence of weight loss before 

decomposition (Figure S22) proves that a complete activation has been obtained. Table 3 collects 

the main textural properties of the four MIXMOFs. As shown in Figure 11, Zn-H/NO2, Zn-

NO2/NH2 and Zn-H/NO2/NH2 possess a type I isotherm typical of microporous solids, while Zn-

H/NH2 is featured by a type IV isotherm, typical of a micro-mesoporous substance. The BET 

areas fall in the 400-600 m2/g range. The areas are slightly smaller than those measured for Zn(BPZ) 

(930 m2/g)14 and slightly higher than those of Zn(BPZNH2) (395 m2/g),13 in line with the “density” of 

dangling tags present in the pores (the higher the amount of tags, the lower the surface area available).38 

All N2 isotherms show narrow hysteresis loops in the high p/p0 region. Steep uptake at pressures 

close to condensation is ascribed to the presence of macropores between MOF crystallites. This is 

confirmed by the SEM images of selected samples, showing the presence of macroscopic cavities around 

200 nm for Zn-NO2/NH2 (Figure 12a-b) and in the 50-70 nm size range for Zn-H/NO2/NH2 (Figure 12c-

d). The Dubinin-Astakhov analysis also revealed that the micropore volume represents the main 

contribution to the total pore volume for all samples (with the exception of Zn-H/NH2).   
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Table 3. Textural parameters of the four MIXMOFs reported in this study, as derived from their N2 adsorption 

isotherms at 77 K. 

Compound 
SSA BET 

[m2/g] 

Vmicro (% of Vtot) 

[cm3/g] 

Vtot 

[cm3/g] 

Zn-H/NO2 431 0.27 (79%) 0.34 

Zn-H/NH2 502 0.21 (32%) 0.66 

Zn-NO2/NH2 567 0.23 (70%) 0.33 

Zn-H/NO2/NH2 588 0.23 (70%) 0.33 

 

 

Figure 11. N2 adsorption isotherms measured at 77 K on Zn-H/NO2 (red diamonds), Zn-H/NH2 (light green squares), Zn-

NO2/NH2 (cyan circles) and Zn-H/NO2/NH2 (blue triangles). Empty symbols denote desorption branches. 
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(a)  (b)  

(c)  (d)  

 

Figure 12. SEM images of Zn-NO2/NH2 (a-b) and Zn-H/NO2/NH2 (c-d). The presence of macropores between the crystallites 

is clearly visible in both samples.  

 

The MIXMOF samples have been tested as CO2 adsorbents at ambient temperature and pressure 

conditions. To assess the samples thermodynamic stability in humid conditions (typical of many industrial 

processes dealing with gas mixtures separation), their PXRD profiles were collected at regular time 

intervals after exposure to a water vapor saturated atmosphere. As shown in Figure S23, all the MIXMOFs 

are stable in the conditions we adopted for at least 11 days. To establish an experimental correlation 

between MIXMOF composition and carbon dioxide uptake capacity, their CO2 adsorption isotherms 

(Figure 13) have been collected. In addition, the Henry and IAST CO2/N2 selectivity and CO2 isosteric 

heat of adsorption (Qst) have been evaluated. The results have been compared with those of their end-

parents Zn(BPZ)/Zn(BPZX) (X = NO2, NH2) and with other zinc(II) single-azolate-ligand MOFs from 
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the literature where similar measurements have been carried out.10a, 39 The whole dataset is reported in 

Table 4. The best-performing samples of the family are those bearing amino groups as tags. The strong 

affinity of the (acidic) carbon dioxide for basic groups is well-documented in the literature, including 

examples of NH2-tagged azolate MOFs used for this purpose.10a, 40 This is also mirrored by the high Qst 

values recorded for Zn-H/NH2 (30.8 kJ mol-1) and Zn(BPZNH2) (35.6 kJ mol-1),13 if compared with that 

of Zn(BPZ) (22.0 kJ mol-1). On the contrary, the introduction of a nitro tag is not beneficial to improve 

the thermodynamic affinity for CO2. Indeed, Zn-H/NO2 and Zn(BPZNO2) are featured by lower Qst 

values (21.6 and 20.5 kJ mol-1, respectively). In Zn-NO2/NH2 and Zn-H/NO2/NH2, the simultaneous 

presence of nitro and amino substituents within the same MOF drastically reduces Qst and the 

amount of CO2 adsorbed with respect to Zn-H/NO2, Zn-H/NH2, Zn(BPZNO2) and Zn(BPZNH2), 

despite their comparable surface areas. An identical conclusion can be drawn for the triple-mixed 

MOF Zn-H/NO2/NH2, where there is no substantial improvement in the introduction of BPZ2- to 

“dilute” the two tags in the solid phase. Interestingly, the CO2/N2 selectivity improves when tags 

are more “diluted” in the sample. Indeed, Zn-H/NO2 shows a better selectivity than Zn(BPZNO2), and 

the same occurs for Zn-H/NH2 when compared with Zn(BPZNH2). From all these considerations, we can 

conclude that the MIXMOF Zn-H/NH2 is the best compromise between surface area, CO2 uptake, Qst 

value and CO2/N2 selectivity among all the MIXMOFs taken into account in this study. In comparison 

with other azolate-containing Zn(II) MOFs from the literature, our MIXMOFs show a better performance, 

in terms of both CO2 affinity (Qst) and adsorption capacity (mmol/g), than other literature samples featured 

by higher BET areas like their methylated counterpart Zn(Me2BPZ)39a or the Zn(BDP-X) family.10a 
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Figure 13. CO2 adsorption isotherms measured at 298 K on Zn-H/NO2 (red diamonds), Zn-H/NH2 (light green squares), Zn-

NO2/NH2 (cyan circles) and Zn-H/NO2/NH2 (blue triangles). 
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Table 4. Comparison of the CO2 adsorption properties of the MIXMOFs examined in this study and with selected zinc(II) azolate MOFs from the 

literature. Data were extrapolated from the presented graphs when not directly available in the article discussion. H2BDP = 1,4-bis(1H-pyrazol-4-

yl)benzene; H2BDP-NO2 = 2-nitro[1,4-bis(1H-pyrazol-4-yl)benzene]; H2BDP-NH2 = 2-amino[1,4-bis(1H-pyrazol-4-yl)benzene]; H2BDP-OH = 2-

hydroxo[1,4-bis(1H-pyrazol-4-yl)benzene]; pyz = pyrazine; H2(Me2BPZ) = 3,3′-dimethyl-1H,1′H-4,4′-bipyrazole. 

 
BET area 

[m2/g] 

Qst 

[kJ mol-1] 

CO2/N2 

selectivity 

(Henry) 

CO2/N2 

selectivity 

(IAST) 

CO2 quantity adsorbed 

(p = 1 bar) [mmol/g] 

Quantity adsorbed @ 

298K/SSA 

[mmol/m2] 

Reference 

T = 298 K T = 273 K 

Zn(BPZ) 930 22.0 15 15 
3.7 

(16.2 wt.%) 

5.1 

(22.5 wt.%) 
0.0040 This work and 39a 

Zn(BPZNO2) 916 20.5 15 12 
4.4 

(19.2 wt.%) 

4.7 

(20.6 wt.%) 
0.0048 12 

Zn(BPZNH2) 395 35.6 17 14 
3.1 

(13.5 wt.%) 

4.8 

(20.9 wt.%) 
0.0078 13 

Zn-H/NH2 502 30.8 18 17 
3.6 

(15.8 wt.%) 

5.1 

(22.3 wt.%) 
0.0072 This work 

Zn-H/NO2 431 21.6 20 20 
3.0 41 

(13.3 wt.%) 

2.4 

(10.6 wt.%)  
0.0070 This work 

Zn-NO2/NH2 567 19.0 14 12 
3.2 

(14.0 wt.%) 

3.3 

(14.4 wt.%) 
0.0056 This work 

Zn-H/NO2/NH2 588 16.1 11 11 
3.6 

(15.7 wt.%) 

4.1 

(17.9 wt.%) 
0.0061 This work 
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Zn(BDP) 2288 19.7    ~ 3.0  10a 

Zn(BDP-NO2) 1875 21.4    ~ 2.9  10a 

Zn(BDP-NH2) 1345 28.1    ~ 2.8   10a 

Zn(BDP-OH) 1170 22.9    ~ 4.5  10a 

[Zn(SiF6)(pyz)2]n 

(SIFSIX-3-Zn) 
250 45.0  1818 2.5  0.0100 39b 

Zn(Me2BPZ) 290 24.8    2.0  39a 
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Conclusions 

A series of mixed-ligand Zn(II) MOFs containing 4,4'-bipyrazolate spacers bearing different chemical 

tags has been prepared and fully characterized. The described compounds are the first examples of 

(pyr)azolate-based MIXMOFs, in contrast to a large number of existing carboxylate-based analogues. 

The determination of the exact ligand stoichiometric composition within MIXMOF phases is normally 

achieved through sample destruction in strong acids or bases followed by 1H NMR analysis of the digested 

sample. When the linkers are structurally very similar (as in this case), solution NMR signal integration 

needed for quantification is hampered by strong peaks overlapping. To solve this problem, solid state 13C 

NMR spectroscopy has been exploited instead in this work for the first time, achieving a far better signal 

resolution. 

The systematic experimental study carried out on samples built with all the BPZ2- and BPZX2- (X = 

NH2, NO2) linkers combinations conceivable has unveiled an interesting relationship between MIXMOF 

composition and CO2 uptake capacity for Carbon Capture and Sequestration (CCS) applications. The 

introduction of chemical tags of different nature generally improves the adsorption capacity (in terms of 

mmol/g adsorbed) if compared with the parent untagged Zn(BPZ) compound, providing experimental 

evidence for the computational studies of the recent literature.8b Furthermore, the presence of the amino 

tag strongly enhances both the amount of CO2 adsorbed and the CO2 thermodynamic affinity (Qst), while 

the opposite occurs for the nitro substituent. The simultaneous presence of nitro and amino functions 

within the same solid phase is not beneficial for gas uptake. Finally, to improve the CO2 selectivity over 

N2, it is important to reduce tags concentration in the solid phase [i.e. Zn-H/NO2 vs. Zn(BPZNO2) or Zn-

H/NH2 vs. Zn(BPZNH2)]. Taking all these considerations into account, the best combination resulted in 

the mixed-ligand MOF Zn-H/NH2. 
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Associated Content 

Supporting Information. IR spectra of Zn-H/NH2·S, Zn-NO2/NH2·S and Zn-H/NO2/NH2·S 

(Figures S1-S2). Graphical result of the final Rietveld refinements for Zn-H/NH2, Zn-NO2/NH2, Zn-

H/NO2/NH2 and Zn-H/NO2 (Figure S3). Comparison of the PXRD patterns of Zn-H/NH2, Zn-NO2/NH2 

and Zn-H/NO2/NH2 with those of the end members (Figure S4). TGA and DSC traces of Zn-H/NH2·S, 

Zn-NO2/NH2·S and Zn-H/NO2/NH2·S (Figures S5-S7). Decomposition temperatures of the four 

MIXMOFs (Table S1). 13C and 15N CPMAS NMR spectra of the single-linker MOFs Zn(BPZ), 

Zn(BPZNH2) and Zn(BPZNO2) (Figures S8-S9). 1H MAS NMR spectra of single-ligand and mixed 

ligands MOFs (Figures S10-S12). Representation of the crystal structure of Zn-H/NH2·S and Zn-

NO2/NH2·S (Figures S13-S14). Vegard law plots of Zn-H/NH2, Zn-NO2/NH2, Zn-H/NO2/NH2 (Figures 

S15-S17). VT-PXRD patterns of Zn-H/NO2·S, Zn-H/NH2·S and Zn-NO2/NH2·S and Zn-H/NO2/NH2∙S 

(Figures S18-S21). TG profiles of the MIXMOFs after thermal activation (Figure S22). PXRD patterns 

of the MIXMOFs exposed to a water vapor saturated atmosphere over 11 days (Figure S23). Percentage 

variation of the unit cell parameters of the four MIXMOFs as a function of the temperature (Table S2). 
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Metal Sites. Chem. Sci. 2011, 2, 1311-1319. (c) Tăbăcaru, A.; Pettinari, C.; Masciocchi, N.; Galli, S.; 

Marchetti, F.; Angjellari, M., Pro-porous Coordination Polymers of the 1,4-Bis((3,5-dimethyl-1H-

pyrazol-4-yl)-methyl)benzene Ligand with Late Transition Metals. Inorg. Chem. 2011, 50, 11506-

11513. (d) Masciocchi, N.; Galli, S.; Colombo, V.; Maspero, A.; Palmisano, G.; Seyyedi, B.; 

Lamberti, C.; Bordiga, S., Cubic Octanuclear Ni(II) Clusters in Highly Porous Polypyrazolyl-Based 

Materials. J. Am. Chem. Soc. 2010, 132, 7902–7904. (e) Galli, S.; Masciocchi, N.; Colombo, V.; 
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