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Abstract: This study describes the porous MOFs Cu2H4STPPA·2 

H2O (1·2 H2O), Zn2H4STPPA (2) and Zn2H4MTPPA (3) obtained 

using the tetrahedral linkers tetraphenylmethane tetrakis-4-

phosphonic acid (H8MTTPA) and tetraphenylsilane tetrakis-4-

phosphonic acid (H8STPPA) under solvothermal conditions. X-ray 

structures reveal 3D frameworks with large assessable voids. The 

percentage void volumes and the specific BET surface areas of 1 

(48.7%, 794 m2/g), 2 (48.1%, 565 m2/g) and 3 (51.3%, 927 m2/g) 

predicted by molecular simulations are among the highest reported 

for MOFs derived from phosphonic acids.  

The recent efforts in carboxylate based metal organic 

frameworks (MOFs) provided valuable insight in the area of 

designing tailor-made three dimensional porous networks.[1] The 

well-established inorganic building units (IBUs) in carboxylate 

based MOFs provided structural control.[2] The precise 

isoreticular expansion of known networks has provided the 

desired pore sizes for storage, separation, catalysis and drug 

delivery.[3] Although most of the known aromatic carboxylic acid 

ligands have been used in MOF synthesis, vast structural 

potential for novel carboxylate bridging ligands and their yet 

unexplored properties make the MOF chemistry a very attractive 

research area. Organophosphonate linker molecules are the 

most promising candidates to take the current MOF research 

into a different level. Metal-organophosphonates are less air 

sensitive and exhibit better heat resistance compared to the 

present carboxylate based MOFs.[4] In addition, metal-organo-

phosphonate frameworks provide remarkable structural 

diversity[5] offering a wide range of potential applications 

including magnetism, porosity, catalysis and bone 

regeneration.[6] There is not yet a methodology to control the 

structural diversity in metal-organophosphonate solids to 

synthesize predictable networks. Unfortunately, the current 

literature on aromatic organophosphonates and the number of 

known aromatic organophosphonate linkers are very limited to 

derive reasonable pathways towards the designed synthesis of 

metal organophosphonates.[4] Only few examples of isoreticular 

expansions of porous metal-organophosphonates have been 

reported, which have enabled a nitrogen donor ligand to 

maintain the position of the metal atoms.[7] Another method used 

the organoimine chelators to engineer the metal coordination to 

limit the number of phosphonate coordination on the metal 

atom.[6b] The known metal complexes of aromatic 

organodiphosphonates usually exhibit compact pillared-layered 

structures and they would exhibit tendency to pack at high 

densities.[4,8] One of the few reported porous metal-

organophosphonate framework was synthesized using a 

tetrahedral tetraphosphonic acid based on a tetrahedral 

adamantane core.[9] Therefore the judicious choice of the 

bridging ligand is very important in the synthesis of porous metal 

organophosphonates. In this sense, tetrahedral tetraphosphonic 

acid ligands exhibit remarkable geometrical orientation with four 

open trigonal pyramidal cavities.[9,10]  

In this work the recently introduced tetrahedral linkers 

tetraphenylmethane tetrakis-4-phosphonic acid (H8MTTPA) and 

tetraphenylsilane tetrakis-4-phosphonic acid (H8STPPA),[11] are 

exploited for the construction of porous metal organic 

frameworks with copper and zinc under solvothermal conditions 

(Scheme 1). Thus, the reactions of H8STPPA with Cu(NO3)2·3 

H2O and NaOH (approx. molar ratio 1:1:2) in H2O/MeOH (approx. 

volume ratio 1:1) and H8STPPA with ZnNO3 (approx. molar ratio 

1:1) in H2O/MeOH (approx. volume ratio 4:1) at 150°C provided 

crops of single crystals of the composition 

Cu2SiC24H16P4O8(OH)4·2 H2O = Cu2H4STPPA·2 H2O (1·2 H2O) 

and Zn2SiC24H16P4O8(OH)4 = Zn2H4STPPA (2), respectively (the 

reaction conditions were optimized using high-throughput 

methods).[12] H8MTTPA and ZnSO4·7 H2O (approx. molar ratio 

1:2) was stirred briefly in dimethylformamide and heated to 180 

ºC for 24 h in a PTFE-lined stainless steel acid digestion bomb, 

which afforded single crystals of the composition 

Zn2C25H16P4O8(OH)4 = Zn2H4MTPPA (3).  

The crystal structure of 1·2 H2O shows three distinct  

phosphonate protonation modes, which consist of a full 

deprotonated RPO3
2-, a half deprotonated RPO3H- and two fully 

protonated phosphonate groups RPO3H2 (Figure 1).  
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Scheme 1. Synthesis of the MOFs 1 - 3. 

 
Figure 1. (a) Cu(II) coordination environment in Cu2H4STPPA·2 H2O (1·2 
H2O). (b) Cu4P7O21·4 H2O cluster observed in 1 (c) Perspective view of three-
dimensional porous framework of Cu2H4-STPPA ·2 H2O (1·2 H2O) along the c 
axis. 

These phosphonate groups coordinate to the square pyramidal 

Cu2+, two square pyramidal hydrated {Cu(H2O)}2+ and one 

double hydrated {Cu(H2O)2}2+ forming the Cu4P7O25 cluster 

(Figure 1b), which is connecting the two STPPA moieties to form 

the three dimensional porous framework of 1·2 H2O (Figure 1c). 

Within the tetranuclear cluster {Cu1-Cu2} and {Cu3-Cu4} show 

edge-sharing contact to adjacent Cu atoms to produce two 

distinct {Cu2O2} rhombi with alternating short-long Cu-O 

distances. Each of the {Cu2O2} rhombi are connected by two 

fully deprotonated and one of the half deprotonated 

phosphonate groups to form the cluster structure. The overall 

three dimensional porous framework structure of 2 and 3 is 

formed by connecting the 1D chain of corner-shared Zn2P2O4 

rings with H4STPPA4- and H4MTPPA4- moieties, respectively 

(Figures 2 and 3).  

 
Figure 2. (a) The chain structure of corner shared Zn2P2O4 (b) Representation 
of channels formed by void space within the framework of Zn2H4-STPPA (2), 
showing the porosity of the crystal along the a axis. 

 
Figure 3. (a) The chain structure of corner shared Zn2P2O4 (b) Perspective 
view of three-dimensional porous framework of Zn2H4-MTPPA (3) along ab 
plane. 

The major difference between the structures of 2 and 3 

originates as a result of angular difference between the Si and C 

cores in 2 and 3, which strains the chain structure of corner-

shared Zn2P2O4 in 2 as seen in Figures 2a and 3a. Although 

both compounds have the same structural components and 

tetrahedral Zn coordination pattern, they show different 

porosities due to this angular difference between the Si and C 

cores of STPPA and MTPPA units. 

Pore volumes, pore size distributions and Brunauer–Emmett–

Teller (BET) surface areas of 1 - 3 were predicted with molecular 

simulations (Table 1 and Figure S1, see Supporting Information).  
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Table 1. Porosity and specific surface area of 1 - 3 predicted by molecular 

simulations.  

 Void volumea  Accessible pore 
volumeb  

BET surface areac  

1 48.7 % 40.0 % 794 m2g-1  

2 48.1 % 33.8 % 565 m2g-1   

3 51.3 % 46.0 % 927 m2g-1   

aComputed by using a 0 Å probe size. bComputed by using a Helium probe.  

cCalculated by Monte Carlo simulation.  

The void volumes were calculated by trial insertions of a 0 Å 

probe size (a randomly chosen point in the system) within the 

entire volume of the unit cell. This allowed us to determine the 

volume of the simulation cell that is not occupied by framework 

atoms. The accessible pore volumes were computed with the 

Widom insertion method[13] using a helium probe. This mimics 

the experimental helium porosimetry at room temperature and 

low pressure.[14] It should be noted that calculation of the void 

space is based solely on the system geometry, i.e. radii of atoms, 

whereas the accessible pore volume is based on a 

thermodynamic definition. Pore size distributions were obtained 

by the method of Gelb and Gubbins,[15] which is based on the 

largest sphere that can fit in a pore. BET surface areas were 

derived from N2 adsorption isotherms at 77K which were 

obtained by Monte Carlo simulations in the grand canonical 

ensemble.[16] The percentage void volumes of all three materials 

are very close to each other. On the other hand, their accessible 

pore volumes are quite different. This is due to the presence of 

voids which are not accessible to guest molecules as can be 

clearly seen in the pore size distributions calculated for 1-3 

(Figure S1). Pores with diameters less than about 3 Å are not 

expected to be accessible to guest molecules. In particular, 

almost one third of the void volume in 2 is not accessible (48.1% 

vs 33.8%). Consequently, the accessible pore volume of the unit 

cells increases in the order 2 (33.8 %) < 1 (40.0 %) < 3 (46.0 %). 

Similarly, BET surface areas increase in the order 2 (565 m2g-1) 

< 1 (794 m2g-1) < 3 (927 m2g-1). 

In summary, we report 3D porous copper and zinc 

organophosphonates, which were constructed using aromatic 

tetraphosphonic acids H8STPPA and H8MTPPA. Surface areas 

derived from Monte Carlo simulations have shown that 

tetrahedral aromatic organophosphonates determine the porous 

three-dimensional metal organic solids having exceptionally 

large surface areas. The Zn-MOFs  2 and 3 comprise very 

similar structures consisting of chains of corner-shared Zn2P2O4 

rings. The flexibility of the chains observed in 2 and 3 strengthen 

the hypothesis that isoreticular expansions could be possible by 

increasing the tether length of the tetrahedral ligands.  We are 

currently working on producing larger surface areas following up 

this hypothesis. 

 

Supporting Information Summary 
X-ray crystallography, Molecular simulation, Void volumes, 

Accessible pore volumes, Pore size distribution, N2-adsoption 

isotherms and BET surface areas. Additional references. 
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