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Abstract 

 An important direction in MOFs is the development of materials with well-defined and 

ordered heterogeneity towards novel functionalities and control of important properties at the 

atomic scale. A great approach is the designed synthesis of mixed metal MOFs (M’MOFs) made 

of different building units, based on distinct metal cations. However, their in-situ formation and 

co-assembly into an extended crystalline framework present great challenges due to the different 

kinetic and thermodynamic parameters. We report the successful synthesis of two isostructural, 

bimetallic Zr-Ni and Hf-Ni M’MOFs following the hard and soft acid and base (HSAB) principle. 

Single crystal X-ray diffraction analysis revealed the formation of a 3D structure that features an 

in-situ formed [Ni(HPyC)4Cl2]4- 4-c non-planar metallo-ligand, that bridges 8-c Zr(Hf)6-clusters. 

The resulting (4, 8)-c scu type framework shows polygonal 1D channels, with a largest pore 

diameter of approximately 9 Å, decorated by Cl- anions. This polar pore environment was found 

fully accessible and both materials were investigated for Xe/Kr and CO2/CH4 separation. The 

results are very promising showing that the IAST selectivity calculated for a 20:80 Xe/Kr molar 

mixture is 8.2 and 7.1 at 298K for the Zr_Ni-scu-MOF-1 and Hf_Ni-scu-MOF-1, respectively, which 

is comparable to some of the best performing materials.  

 

INTRODUCTION 

 Possessing the advantages of permanent and tunable porosity, Metal-Organic 

Frameworks (MOFs) represent an important class of crystalline solids with impressive capabilities 

that can address long-standing energy and environmental sustainability challenges.[1-7] The high 

degree of modularity that these hybrid materials inherently display, originating from the 

properties of the organic and inorganic building components, coupled with high porosities, 

enables the construction of materials with fine-tuned chemical compositions and structural 

characteristics for the targeted application, aided by the reticular chemistry approach.[8-16] 

 There is a continuously growing need for new generation MOFs with enhanced 

properties. In this essence, more complex, but still ordered structures composed of two or more 

metals have emerged.[17-19] The heterogeneity of such multifunctional solids promotes synergistic 
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effects, which are reflected in a superior performance in a number of key applications, including 

gas storage and separation[20-22], heterogeneous catalysis[23-25] and sensing, among other. In 

particular, within mixed metal MOFs (M’MOFs), those consisting of different types of inorganic 

building units have attracted great attention as distinct, adsorption and/or catalytically rich sites 

are immobilized in the backbone of the MOF in a periodic way.[26-29] The use of metallo-ligands in 

constructing M’MOFs has been successfully utilized by our group and others, as for example in 

the synthesis of Pd2+-incorporated Cu2+-nbo and M3+-soc (M: Fe, In) MOFs showing exceptional 

CO2 uptake due to the synergistic action of unsaturated acidic Cu2+ and basic Pd2+ sites, as well 

as important catalytic properties.[30-32] Similarly, pre-constructed metal-organic molecular 

complexes with uncoordinated terminal moieties can be introduced in MOF synthesis as well-

defined building blocks, whose rational assembly with a second metal ion directs the emergence 

of a crystalline framework.[33-37] Nevertheless, there is a finite number of such building units with 

available donor groups who can be isolated, while their solubility and/or structural integrity 

under the reaction conditions is an often obstacle.  

 On the other hand, the one-pot generation of M’MOFs structures without a preformed 

metallo-ligand remains a challenge, as the deviation in reaction kinetics between the different 

metal cations often precludes their co-incorporation in the same framework structure. Along the 

above lines, mixed phases are frequently encountered, while the reported examples of M’MOFs 

with two distinct secondary building units (SBUs) are usually restricted to either metal ions of 

comparable valence and ionic radius or these are based on bifunctional organic ligands that 

promote the formation of different SBUs and their subsequent reticulation into a porous 

framework.[28-29] In a noticeable example, Rosi and co-workers have reported the synthesis of 

new families of heterobimetallic MOFs with programmable topologies using the bifunctional 

isonicotinate linker and its derivatives, which can coordinatively distinguish between early and 

late transition metals, and isolated M’MOFs with fcu, ftw and pfm topologies based on the 

combination of hexanuclear M6-clusters (M: Zr4+, Hf4+, Dy3+) and different transition metal 

cations.[38]  

 In the present work, we report the one-pot rational construction of two bimetallic Zr-Ni 

and Hf-Ni M’MOFs by the deliberate practice of hard and soft acid and base (HSAB) principle. In 

particular, a bifunctional ligand, namely 1H-pyrazole-4-carboxylic acid (H2PyC) was purposely 

selected as it comprises of a hard carboxylate and a soft pyrazolate coordinating group and 

reasonably we targeted the preferential binding of the former to a hard Lewis acid (Zr4+ or Hf4+) 

and the latter to a soft Lewis acid (Ni2+). Markedly, the resultant 3D framework features an in-

situ formed octahedral Ni2+ metal-organic complex, serving as a tetratopic metallo-ligand which 

drives the formation of an eight-connected (8-c) hexanuclear [Zr6O4(ΟΗ)4]12+ (or [Hf6O4(ΟΗ)4]12+) 

cluster and the subsequent generation of two novel isostructural bimetallic Zr-Ni and Hf-Ni 

M’MOFs with scu topology, denoted as M_Ni-scu-MOF-1 (M: Zr4+, Hf4+). While this work was in 

preparation, an isostructural Zr-Co-based analogue was reported.[39] Notably, the Zr(Hf)-Ni 

10.1002/chem.202501049

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.

 15213765, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202501049 by C

ochrane G
reece, W

iley O
nline L

ibrary on [07/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



combination is missing in the heterometallic MOF literature, excluding MOFs based on metalated 

porphyrins as in these cases the presence of the transition metal cations is not essential for the 

formation of the framework.[40] Therefore, our work represents the first examples of bimetallic 

MOFs based on distinct Zr4+/Hf4+ and Ni2+-based building units, generated through one-pot 

synthesis reactions and opens new possibilities toward the systematic exploration of 

multifunctional polymetallic MOFs.  

 The reported materials show permanent and fully accessible porosity, while the polar 

pore environment, arising from different functionalities including coordinating chloride anions 

and non-coordinating NH-sites on the metallo-ligand, prompted us to examine its performance 

in Xe/Kr as well as CO2/CH4 separation. In the case of Xe/Kr, the results are very promising 

showing that the IAST selectivity calculated for a 20:80 molar mixture is 8.2 and 7.1 at 298K for 

the Zr_Ni-scu-MOF-1 and Hf_Ni-scu-MOF-1, respectively, which is higher compared to reported 

MOFs with a similar pore size and comparable to some of the best performing materials. 

 

RESULTS AND DISCUSSION 

 The solvothermal reaction between ZrCl4, Ni(NO3)2·6H2O and 1H-pyrazole-4-carboxylic 

acid (H2PyC) in N,N’-dimethylformamide (DMF) at 120 oC for 2 days in the presence of 

trifluoroacetic acid (TFA) acting as modulator, afforded high quality rod shaped single crystals. 

Single crystal X-ray diffraction (SCXRD) studies (see SI) show that Zr_Ni-scu-MOF-1 crystallizes in 

the orthorhombic space group Cmmm with lattice parameters a=21.706(3) Å, b=21.965(3) Å, 

c=12.3774(17) Å and V=5901.2(13) Å3. The structure is composed of 8-connected [Zr6(μ3-OH)4(μ3-

O)4]12+ carboxylate-based clusters (Figure 1a) and 4-connected [Ni(HPyC)4Cl2]4- pyrazole-based 

metallo-ligands (Figure 1b), which apparently are formed in situ. The assembly of the 

aforementioned building units results in a 3-dimensional (4,8)-connected framework that 

displays the scu-a topology (Figure 1c, d). Concerning the in situ formed metallo-ligand, an 

octahedral complex of Ni2+ serves as a well-defined tetratopic, 4-c building unit. In this complex, 

the axial positions of Ni2+ are occupied by coordinated Cl- anions, present in MOF’s synthesis from 

the Zr4+ precursor, while the equatorial positions are occupied by four N-atoms, from four 

different [HPyC]- molecules, which bind in a monodentate fashion to the metal center. 

Accordingly, the metallo-ligand has four available carboxylate groups which are found 

coordinated to the Zr6-cluster. Notably, the particular coordinating arrangement of the pyrazole 

on Ni2+ results not in a planar 4-c metallo-ligand but rather, a three-dimensional (3D) metallo-

organic building block (Figure 1b). In particular, due to the monodentate coordination mode of 

the pyrazole group, pairs of non-coordinating NH-sites are placed above and below the equatorial 

plane of the Ni2+ octahedral complex. This in turn results in a similar up and down arrangement 

of the carboxylate groups, making the overall metallo-ligand a 3D, 4-c building unit. It is important 

to note that the 3D conformation of the metallo-ligand is in contrast to the planar arrangement 
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of 4-c ligands used to construct MOFs with scu-a topology, based on Zr6-, Hf6- and Ce6(IV)-clusters 

(Figure S3).[41-44] 

 The uncommon non-planar metallo-ligand impacts the pore geometry and functionality 

in Zr_Ni-scu-MOF-1. Accordingly, the porous framework encloses polygonal 1D channels running 

along the c axis, with a largest pore diameter of approximately 9 Å, decorated by Cl- anions (Figure 

1c). These 1D channels are interconnected via smaller windows of approximately 5 Å looking 

down the [110] crystallographic direction (Figure S2). This is also confirmed by the void space 

analysis of Zr_Ni-scu-MOF-1 using the Pore Analyser tool available in Mercury[45], where the 

maximum pore diameter was found to be 9.2 Å (Table S3). As we report below, this pore network 

was found to be accessible and studied by detailed gas sorption experiments. 

 

 

Figure 1. The combination of 8-c hexanuclear Zr6(μ3-O)4(μ3-OH)4(H2O)4(OH)4(-COO)8 clusters (a), acting as 

an 8-c rectangular SBUs, with the in situ formed Ni(HPyC)4Cl2 metallo-ligands serving as 3D, 4-c non-planar 

SBUs (b), results in the construction of Zr_Ni-scu-MOF-1 (c), displaying the augmented scu-a net (d). 

Notably, as revealed from the crystal structure of Zr_Ni-scu-MOF-1 and supported by infrared 

spectroscopy measurements, the pyrazole rings remain protonated (Figure S5). The N…Cl 

distance of 3.06 Å between the non-coordinating NH groups and the Cl atoms on the axial 

positions, is shorter than the sum of the corresponding Van der Waals radius (3.3 Å), indicating the 

formation of intramolecular hydrogen bonds, which presumably help the formation and 

stabilization of the metallo-ligand (Figure S4). Although, this kind of M2+ tetrakis-pyrazole (M: 

Cu2+, Co2+, Mn2+, Ni2+) molecular complexes are known in coordination chemistry,[46-47] its 

systematic generation under MOFs synthesis conditions is challenging due to the well-known 

partial decomposition of DMF at elevated temperatures, generating dimethylamine that could 

deprotonate the pyrazole ring.  This particular role of DMF has been successfully utilized towards 

the formation of crystalline pyrazolate-based MOFs.[48-49] In our work, the acidic reaction 

conditions originating from the presence of trifluoroacetic acid (TFA) acting as modulator for the 

formation highly crystalline product, apparently prohibits the deprotonation of the pyrazole 

group and drives the in-situ formation of the non-planar, 4-c metallo-ligand, described above. 
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Notably, the choice and the amount of TFA in the reaction mixture were found to be crucial (see 

Table S1). For example, the use of benzoic acid instead of TFA, which is frequently used in 

synthesis of Zr-based MOFs resulted in amorphous solids.  Apparently, the highly acidic TFA (pKa 

0.23) as compared to the benzoic acid (pKa 4.2) controls efficiently the reaction kinetics and 

promotes the formation of crystalline Zr_Ni-scu-MOF-1. Interestingly, under the same reaction 

conditions, the cobalt analogue is not formed.  However, this material, denoted as FDM-182, was 

synthesized without any modulator, by performing the reaction at 65 oC in DMF, as reported 

recently.[39]  

 The overall charge-balanced chemical formula of Zr_Ni-scu-MOF-1 is Zr6(μ3-OH)4(μ3-

O)4(OH)4(H2O)4[Ni(HPyC)4Cl2]2. The phase purity of the crystalline material was confirmed by the 

excellent match between the experimental powder X-ray diffraction (PXRD) pattern and that 

calculated from the single-crystal structure (Figure S6). Furthermore, the Zr:Ni:Cl atomic ratio 

obtained from energy dispersive spectroscopy (EDS) measurements, executed in a scanning 

electron microscope (SEM), is 3:0.94:1.90, which is in very good agreement with the expected 

value of 3:1:2 based on the chemical formula (Figure S10). 

 The Hf-analogue, Hf_Ni-scu-MOF-1, was synthesized by slightly modified reaction 

conditions and confirmed to be isostructural to Zr_Ni-scu-MOF-1 by PXRD measurements (Figure 

S6). Both materials retain their structural integrity after soaked in various organic solvents as 

studied by PXRD (Figures S7 and S8). Thermogravimetric analysis (TGA) of the as-synthesized 

materials revealed that, following the initial solvent loss, a broad weight-loss step occurs 

between 250–450 °C, corresponding to framework decomposition (Figure S11). This behavior is 

consistent with the reported TGA curve of the cobalt analogue FDM-182, indicating that these 

materials share similar thermal stability and decomposition mechanisms. Pore activation was 

straightforward using acetonitrile as a volatile solvent to exchange the DMF molecules followed 

by overnight drying under high vacuum at room temperature. Prior to the evacuation, the 

complete removal of DMF molecules was confirmed by 1H NMR spectroscopy on acid digested 

samples (Figures S41 and S42). The permanent porosity of both MOFs was confirmed by 

recording Ar sorption measurements at 87 K (Figure 2a), illustrating fully reversible type-I 

isotherms, characteristic of microporous materials. In particular, Zr_Ni-scu-MOF-1 has a 

Brunauer-Emmett-Teller (BET) surface area of 927 m2 g-1 (Figure S12) and a total pore volume of 

0.38 cm3 g-1 at 0.99 p/p0 (Ar total uptake, 297.3 cm3 g-1), which is lower compared to the expected 

value from the single crystal structure (0.56 cm3 g-1). The corresponding values for Hf_Ni-scu-

MOF-1 are 632 m2 g-1 (Figure S12) and 0.28 cm3 g-1, respectively. The observed lower gravimetric 

values are consistent with the heavier framework of the Hf analogue. Considering the 

crystallographic density of Zr_Ni-scu-MOF-1 (1.098 g cm-3) and calculating the corresponding 

value for Hf_Ni-scu-MOF-1 (1.393 g cm-3), the obtained volumetric BET surface area is 1017.9 m2 

cm-3 and 880.2 m2 cm-3 respectively, indicating a small difference in porosity between the two 

solids. 
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 It is noted that the isostructural Zr_Co analogue, FDM-182, shows a slightly lower BET 

area of 862 m2 g−1 and an almost identical Ar total uptake at 87 K (the plateau at close to 0.99 

p/p0  is ~300 cm3 g-1), suggesting a very similar total pore volume as compared with Zr_Ni-scu-

MOF-1, which is also lower from the expected value from the crystal structure.[39] The fact that 

FDM-182 was activated under very mild conditions using supercritical CO2 while Zr_Ni-scu-MOF-

1 by solvent exchange, suggest that our activation procedure is also successful and the observed 

reduced porosities in both cases could be associated with a slight pore contraction upon solvent 

removal. This proposition is supported by the pore size distribution (PSD) analysis. Accordingly, 

the PSD curves calculated using Non-Local Density Functional Theory (NLDFT) after a successful 

fitting of the Ar adsorption isotherm data using a suitable NLDFT kernel (cylindrical pores), 

revealing two main peaks centered at 5.4 and 8.7 Å for both Zr- and Hf-based solids (Figure 2b). 

The larger pore size is associated with the size of the 1D channels and is lower compared to the 

geometric value (9.2 Å) obtained by the Pore Analyzer tool, consistent with the observed reduced 

experimental pore volume. This is also the case for FDM-182, were the main PSD peak is centered 

at 8.5 Å, lower that the geometrically obtained value of 9.6 Å.[39] To gain further insight, we 

recorded the PXRD pattern of the activated Zr_Ni-scu-MOF-1, which shows some broadening of 

the Bragg peaks compared to that of the as-made solid (Figure S9). This suggests reduced long-

range periodicity, likely due to framework deformation upon solvent removal, resulting in a 

smaller pore size and, in turn, lower porosity. 

 

 

Figure 2. a) Argon sorption isotherms recorded at 87 K for Zr_Ni-scu-MOF-1 (blue) and Hf_Ni-scu-MOF-1 

(red) solids. b) Pore size distribution curves obtained by NLDFT.  

The strong synergism, emerging from the close proximity of the different metal clusters and the 

highly polar pore environment, originating from the metallo-ligand containing non-coordinated 

N atoms and Cl-anions on the axial positions of the octahedral Ni2+ complex, pointing to the 

10.1002/chem.202501049

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.

 15213765, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202501049 by C

ochrane G
reece, W

iley O
nline L

ibrary on [07/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



interior of the pore, prompted us to investigate the Xe/Kr separation properties by taking 

advantage of the higher polarizability of Xe over Kr. Accordingly, Xe and Kr adsorption isotherms 

were recorded at 273 K and 298 K up to 1 bar for both analogues. Notably, a relatively steep 

uptake of Xe at low pressures was revealed, compared to an almost linear increase in Kr uptake 

with increasing pressure. For Zr_Ni-scu-MOF-1, a high Xe uptake is recorded, reaching 73.6 cm3 

g-1 (3.28 mmol g-1) and 41.4 cm3 g-1 (1.85 mmol g-1) at 273 K and 298 K respectively, at 1 bar, while 

the corresponding values for Kr are significantly reduced, reaching 28.3 cm3 g-1 (1.26 mmol g-

1)/11.8 cm3 g-1 (0.53 mmol g-1) at 273 K/298 K and 1 bar (Figures 3a). From these isotherms, the 

calculated isosteric heat of adsorption at close to zero coverage (Qst
0) is 26.4 kJ mol-1 and 26.0 kJ 

mol-1 for Xe and Kr respectively (Figures S17 and S19). Notably, the Qst
0 value for Xe is comparable 

to that of MOFs possessing open metal sites and is well placed within the optimal range (17.5–

35 kJ mol-1) for efficient Xe/Kr separation and regeneration processes.[50-51] As function of the Xe 

uptake, the Qst values drop slightly reaching 23.8 kJ mol-1 at 1 bar indicating a relatively uniform 

pore environment (Figure S17). For comparison purposes with the literature data, we calculated 

the IAST Xe/Kr selectivity for a 20/80 molar mixture at 298 K and the obtained value is 8.2 at low 

coverage (Figures 3c, S24, S25) which is higher compared to reported MOFs with a similar pore 

size and comparable to some of the best performing materials, as summarized in review 

articles.[50-51]  It is note that in MOFs, an enhanced Xe/Kr selectivity is achieved with the presence 

of open metal sites (OMS) and/or ultramicroporous cavities (<7 Å), as for example in the cases of 

Cu-MOF-303 (8.2) and Ag-MOF-303 (10.4)[52], Mg-MOF-74 (7.5)[53], Zr-fum (8.2)[54], UTSA-74 

(8.4)[55] and Zn(ox)0.5(trz) (10.2)[56], reported for a 20/80 mixture at 298 K. Taking in account that 

Zr_Ni-scu-MOF-1 does not contain OMS and displays a borderline ultramicroporosity (the PSD 

main peak is centered at 8.7 Å), the observed Xe/Kr selectivity is impressive and associated to 

the polar pore environment of the MOF.  In the case of Hf_Ni-scu-MOF-1, the Xe/Kr at 298 K is 

7.2 at low coverage and drops slightly to 6.3 at higher uptake (Figures 3c, S26, S27). In addition, 

a lower Xe and Kr gravimetric uptake is observed at 273K/298K and 1 bar, reaching 36/23.9 cm3 

g-1 and 10.5/6.8 cm3 g-1 respectively, which is due to the heavier framework in combination to 

the lower isosteric heat of adsorption as compared to Zr_Ni-scu-MOF-1 (Figures S17, S19, S21 and 

S23). It is important to note that the observed difference in the total pore volume (these values 

were obtained from the Argon isotherm taking the point at 0.99 p/p₀, where the pores are filled) 

between Zr- and Hf_Ni-scu-MOF-1 cannot be directly compared with the differences in the Xe 

and Kr uptake, because in the latter cases the measurements were conducted well above the 

boiling point of these gases and at pressures up to 1 bar, only a fraction of the pore surface is 

covered. At these conditions, the pore size—linked to the degree of overlapping adsorption 

potentials—and specific gas–framework interactions, play a crucial role. Indeed, the calculated 

higher isosteric heat of adsorption for both Xe and Kr in Zr_Ni-scu-MOF-1 as compared to Hf_Ni-

scu-MOF-1 are consistent with the observed differences in the corresponding uptake values. 
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Figure 3. Xe and Kr adsorption isotherms of Zr_Ni-scu-MOF-1 (a) and Hf_Ni-scu-MOF-1 (b) at 273 K and 

298 K up to 1 bar. c) IAST selectivity for a 20:80 Xe/Kr molar mixture at 298 K.  

 Encouraged by the polar pore environment of these MOFs, we also studied the CO2 and 

CH4 sorption properties and evaluated the CO2/CH4 selectivity which is important for numerous 

applications. Accordingly, sorption measurements at different temperatures and pressure up to 

1 bar were performed (Figure 4). For Zr_Ni-scu-MOF-1, a high CO2 uptake is observed that 

reaches 96.0 cm3 g-1 and 53.3 cm3 g-1 at 273 K and 298 K respectively, at 1 bar (Figure 4a). Notably, 

the CO2 uptake at 298 K is significantly higher compare to FDM-182 (~31 cm3 g-1) under the same 

conditions,[39] representing a remarkable 72% increase. Although it has been reported that Ni-

based MOFs shows an enhanced CO2 uptake as compared to their Co-analogues, as in the case 

of Ni-MOF-74 and Co-MOF-74, where a 40% increase is reported at low pressure,[57] the observed 

difference between Zr_Ni-scu-MOF-1 and FDM-182 (Zr_Co-analogue) is not clear and its origin is 

currently under investigation. 

 In contrast to CO2, the CH4 sorption uptake in Zr_Ni-scu-MOF-1 is significantly lower, 

reaching 27.9/11.4 cm3 g-1 at 273K/298K at 1 bar, consistent with the lower Qst at low coverage, 

which was found to be 24.6 kJ mol-1 while for CO2 is 27.6 kJ mol-1 (Figures 4a, S28-S31). In the 

case of Hf_Ni-scu-MOF-1, the total gravimetric uptake for CO2 and CH4 is lower compared to the 

Zr-analogue due to the heavier framework, reaching 55.9/30.4 cm3 g-1 and 14.3/6.5 cm3 g-1 at 

273K/298K, respectively (Figures 4b), while the corresponding Qst values at low coverage are 25.8 

and 23.7 kJ mol-1 (Figures S32-S35). To evaluate the potential CO2/CH4 separation properties and 

for comparison purposes with literature data, we calculated the IAST  
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Figure 4. CO2 and CH4 adsorption isotherms of Zr_Ni-scu-MOF-1 (a) and Hf_Ni-scu-MOF-1 (b) at 273 K and 

298 K up to 1 bar. c) IAST selectivity for a 5:95 CO2/CH4 molar mixture at 298 K.  

selectivity for two representative molar mixtures, 5:95 and 50:50 at 298 K (Figures S36-S39). At 

low coverage the obtained value for a 5:95 mixture is 7.4 and 7.1 for Zr_Ni-scu-MOF-1 and Hf_Ni-

scu-MOF-1 respectively and remains almost constant as a function of surface coverage (Figure 

4c). Although these are moderate values, they compare very well with MOFs containing polar 

groups such as the sulfone functionalized Zr-UiO-67 (6.8) and Zr-flu-SO2 (9.0) under the same 

conditions.[13, 58] Very similar values, 7.5 and 7.2 were obtained for a 50:50 molar mixture for the 

Zr_Ni-scu-MOF-1 and Hf_Ni-scu-MOF-1 at 298 K (Figure S40), which are very close to the 

reported value for FDM-182 (Zr_Co analogue), under the same conditions. The observed nearly 

constant CO₂/CH₄ IAST selectivity for the different gas phase compositions is not unusual and has 

been reported in the MOF literature, for example for ZJNU-40a[59], NOTT-101[59], and dia-7i-1-

Co.[60] 

 

CONCLUSIONS 

In conclusion, we report the direct synthesis of two isostructural bimetallic Zr/Hf-Ni M’MOFs, by 

the judicious implementation of Hard-Soft Chemistry. For our purpose, a dual functionality 

pyrazole-carboxylic acid ligand was selected and by fine control over the reaction conditions, a 

4-connected non-planar [Ni(HPyC)4Cl2]4- metallo-ligand based was formed in-situ and bridges 8-

connected M6O4(ΟΗ)4(-COO)8 (M: Zr4+, Hf4+) clusters, resulting in a three dimensional open 

framework displaying the (4, 8)-c scu-a topology. The non-planar [Ni(HPyC)4Cl2]4- metallo-ligand 

results in a polygonal shaped 1D cavities of the scu network and the formation of a polar pore 

environment that was found accessible and fully characterized by detailed Ar sorption 

measurements at 87 K. Due to the unique structural features, the Xe/Kr and CO2/CH4 separation 

properties were studied in both Zr-Ni-scu-MOF-1 and Hf_Ni-scu-MOF-1. Accordingly, the IAST 

selectivity calculated for a 20:80 Xe/Kr molar mixture is 8.2 and 7.1 at 298K for the Zr_Ni-scu-

MOF-1 and Hf_Ni-scu-MOF-1, respectively, which is higher compared to reported MOFs with a 

similar pore size and comparable to some of the best performing materials. The corresponding 
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values for a 5:95 CO2/CH4 molar mixture are 7.5 and 7.2, which compare very well with MOFs 

containing polar groups. 

 The successful synthesis of M_Ni-scu-MOF-1 (M: Zr4+, Hf4+) demonstrates that under 

controlled reaction conditions, the HSAB principle can be effectively utilized for the development 

of heterometallic MOFs based on suitable multifunctional ligands. Accordingly, we envisioned a 

reticular chemistry approach for the design and synthesis of novel heterometallic MOFs based 

on edge-transitive nets other than scu, greatly expanding the family of these important solids. 
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