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Short naphthalene organophosphonate linkers to microporous 

frameworks 
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Özgür Yazaydın,[h] Jens Beckmann[i] and Gündoğ Yücesan*[a] 

 

Abstract: We report three novel 3D porous metal-

organophosphonate metal organic frameworks (MOFs) [{Cu(4,4’-

bpy)0.5(1,4-NDPA-H2)] (1), [{Cu2(4,4’-bpy)0.5}(1,4-NDPA)] (2) and 

[{Cu(4,4’-bpy)}(2,6-NDPA-H2)] (3) constructed using the structurally 

rigid 1,4-naphthalenediphosphonic acid (1,4-NDPA-H4) and 2,6-

naphthalenediphosphonic acid (2,6-NDPA-H4). 1 and 2 exhibit the 

highest surface areas obtained using the structurally rigid and short 

aromatic organophosphonate linkers. The compound 1 has been 

further analyzed by TGA and Quantum Design PPMS vibrating 

sample magnetometer.  

The practice of metal-organophosphonates (MOPs) to obtain 

predictable pore sites is an important goal yet to be achieved by 

the MOF chemists as porous MOPs are expected to introduce a 

wider palette of applications and robustness into the future 

MOFs.[1] In order to achieve the synthesis of predictable porous 

networks in MOPs, metal cluster or simple one-dimensional 

secondary building unit (SBU) approach should be developed 

with precise control of the angle between the bridging ligands and 

the SBU core.[2] The structural control in MOF synthesis has been 

partially achieved with the carboxylate linkers.[3] The major 

difference between the organophosphonate and carboxylate 

linkers is the structure of the adhesive functional unit, where 

carboxylates exhibit simpler trigonal planar connectivity with 

precise binding modes while organophosphonates are tetrahedral 

with numerous possible binding and protonation modes.[4] 

Because of the richness of the binding modes, MOPs usually 

produce uncontrollable metal oxide condensations in one, two 

and three-dimensions to produce highly dense pillared-layered 

structures.[5] Another parameter to achieve the goal of 

establishing the pore sites in MOP chemistry is the regulation of 

the binding modes of the organophosphonate units while tuning 

the angle between the organic linkers.[5b] Trigonal planar tritopic 

aromatic organophosphonates and the tetrahedral 

organophosphonates have been shown to prove this hypothesis 

to produce predictable voids, as their bridging arms are already 

separated by angles of 120° and 108° around triazine, methane, 

silane and adamantane cores.[6] The well separated phosphonate 

arms directed the formation of metal clusters to form void spaces. 

Such void spaces haven’t been observed with the linear aromatic 

organophosphonates yet.[1] 

As seen in the tetratopic and tritopic long branched aromatic 

organophosphonates, the geometry, orientation and binding 

modes of the bridging ligands are the most significant factors 

determining the final structure and the applications of the metal 

organic solids. 1,4-benzenediphosphonic acid is the most used 

linear aromatic organophosphonate linker in the literature.[7] The 

unsystematic study of this ligand by various research groups have 

produced random interesting properties with dense lamellar and 

pillared layered structures while the MOFs constructed using the 

structurally analogous 1,4-benzenedicarboxylic acid produced 

large surface areas between 2600 to 2900 m2/g.[8] On the other 

hand, each of the reported structures with 1,4-

phenyldiphosphonic acid offered interesting proton conductivity, 

ion exchange and magnetic properties, but to date no porous 

platforms using the 1,4-benzenediphosphonic acid has been 

achieved.[7] During the course of this study, we used structurally 

similar 1,4-naphthalenediphosphonic acid. We have further 

explored the effect of the additional phenyl group and the 

increased structural rigidity. 

The naphthalene chemistry has been a very popular research 

area since the beginning of the 20th century. There have been 

innumerous articles published in the literature investigating the 

naphthalene core. One of the interesting features of naphthalene 

is its structural rigidity, which has been used as a center for a 

bridging ligand to construct functional MOFs. Most notably, 2,6-

naphthalenedicarboxylic acid lead the synthesis of IRMOF-8 by 
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Yaghi.[9] 1,4-naphthalenedicarboxylic acid lead the synthesis of 

MOF-49 and 50.[10] On the other hand, introduction of the 

phosphonate functional group around the naphthalene scaffold 

was not achieved until very recently. We have just published the 

structure and binding modes of 2,6-naphthalenediphosphonic 

acid (2,6-NDPA-H4).[5b] 1,4-naphthalenediphosphonic acid (1,4-

NDPA-H4) was published in 2012.[11] During the course of this 

study, we have used 1,4-NDPA-H4, which is structurally similar to 

1,4-benzenediphosphonic acid with an additional phenyl ring 

making it structurally more rigid and explored its potential to form 

void spaces in comparison with the parent 1,4-

benzenediphosphonic acid. We have also altered the reaction 

conditions to apply more control over the binding modes of the 

organophosphonate units to regulate the structural diversity and 

finally used 2,6-NDPA-H4 to further engineer the binding angles 

of the potential of organophosphonate linkers. In addition to 

engineering the organophosphonate structure, we have also 

employed the auxiliary organonitrogen compound 4,4’-bipyridine 

(4,4’-bpy) to control the coordination environment of copper ions 

and to introduce additional bridging potential. Here we report the 

three-dimensional MOFs [{Cu(4,4’-bpy)0.5(1,4-NDPA-H2)] (1), 

[{Cu2(4,4’-bpy)0.5}(1,4-NDPA)] (2) and  [{Cu(4,4’-bpy)}(2,6-NDPA-

H2)] (3) constructed with the structurally rigid 1,4- and 2,6-

naphthalenediphosphonic acid units. The structures of 1, 2 and 3 

(Figs. S1-S3) have been characterized by single crystal X-ray 

diffraction. The compounds have been further analyzed with TGA 

and their magnetic analysis was performed using Quantum 

Design PPMS vibrating sample magnetometer. BET surface 

areas of 1 and 2 were derived from N2 adsorption isotherms at 

77K which were predicted by Monte Carlo simulations in the grand 

canonical ensemble (see SI for the details of simulations). 

The compounds 1, 2 and 3 have similar 3D structural patterns. 

Each of the structures are composed of Cu-O-P-O chains and 

these chains are connected to form the 3D frameworks via the 

1,4-NDPA-H4 and the 4,4’-bpy linkers. One common feature of 

these three compounds is that the 4,4’-bpy linkers 

naphthalenediphosphonates are always parallel to each other in 

each of the structures. The size of pore sites in 1 and 2 is 

established with respect to the angle between the 

naphthalenediphosphonate and the 4,4’-bpy units, which are 

connecting the Cu-O-P-O chains to form the three-dimensional 

framework. Therefore, unlike the dense pillared layered structures 

where all the bridging ligands are parallel to each other, in this 

case 4,4’-bpy units and 1,4-NDPA-H4 are not parallel to each 

other. The copper coordination is square pyramidal in 1, distorted 

octahedral in 2 and octahedral in 3. 4,4’-bipyridine and 1,4-

naphtalenediphosphonic acid linkers have nearly 90° angle 

producing rectangular voids in 2 making the chain structure in 2 a 

1D secondary building unit that could potentially produce 

isoreticular expansions to give rectangular voids in different sizes 

and shapes. 

 

  

Figure 1. The 3D structure of 1, showing the voids highlighted in green within 

the framework and 1D SBU composed of edge sharing Cu-O-P-O-Cu-O-P-O 

rings.  

As seen in Fig. 1, the chain structure in compound 1 is composed 

of 8 membered edge sharing Cu-O-P-O-Cu-O-P-O rings along a-

axis with square pyramidal Cu(II) and fully deprotonated 

phosphonate ends. These chains are connected to form the 3D 

MOF structure via 4,4’- bpy and 1,4-NDPA-H4   linkers with an 

angle of nearly 30° with respect to the a-axis. The simplicity of the 

chain structure in 1 indicates that it could be facilitated as one-

dimensional secondary building unit forming larger voids with 

improved tether lengths in the future. 

 

  

Figure 2. The 3D structure of 2, showing the voids highlighted in green within 

the framework and 1D SBU with edge sharing Cu-O-P-O- rings, and the central 

bridging {Cu2O2} rhombi. 

As seen in Fig. 2, the chain structure in compound 2 is composed 

of two identical {Cu2O2} rhombi with alternating short-long Cu-O 

distances. The inner Cu(II) centers, which don’t coordinate to the 

4,4’-bpy units make another {Cu2O2} rhombus with almost 

identical Cu-O distances. These three adjacent rhombi are 

connected together via 8 membered Cu-O-P-O-Cu-O-P-O rings 

to give the basic structure of the one-dimensional chain. The 

chains in 2 were connected by 4,4’-bpy and 1,4-

naphthalenediphosphonic acid units with an angle of near 90 

degrees with respect the x axis to form the rectangular voids. As 

seen in Fig. 3, compound 3 has the same 8 membered chain 

structure observed in 1. Unlike the square pyramidal coppers in 1, 

the copper centers in 3 are octahedral. Therefore, the structural 

difference between 1 and 3 is originating from the octahedral 

copper coordination. In compound one 4,4-bipyridine coordinates 

on the basal plane while in 3, two 4,4’-bipyridine units coordinate 

at the apical positions. As a result of the additional 4,4’-bpy 

coordination around the 8 membered Cu-O-P-O-Cu-O-P-O rings 

along a-axis, the structure of 3 is much denser compared to 1. Fig. 

4 shows simulated N2 isotherm of 1 and 2 at 77 K, which 

demonstrate rapid filling of relatively narrow pores. BET surface 
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areas calculated from the simulated isotherms of 1 and 2 were 

229.2 m2g-1 and 132.1 m2g-1, respectively.[12] 

   

Figure 3. The 3D framework of 3, edge sharing Cu-O-P-O-Cu-O-P-O rings. 

 

  

Figure 4. Simulated N2 isotherms at 77K in 1 (top) and 2 (bottom). 

 

The magnetization measurements were made using a Quantum 

Design PPMS vibrating sample magnetometer. The sample 1 

shows paramagnetic behavior (see Fig. 5) at room temperature 

with a paramagnetic susceptibility = 1.26x 10-5 emu/gr Oe. 

Magnetization measurements from 300K to 10K were made in the 

field cooling mode at a constant magnetic field of 500 Oe. The 

sample does not show any magnetic phase change during cooling. 

The noisy data seen at temperatures above 170K is due to the 

movement of small particles during measurement and the very 

small magnetic moment. To confirm this, we have also measured 

M vs. H at 200K and did not see any hysteresis. The Curie 

Constant C=13160 AK/Tm was found by applying Curie Law 

(M=CB/T) to temperature dependent magnetization data in the 

10-150K range. 
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Figure 5. (a) Magnetization measurement of 1showing paramagnetic behavior 

at 300K (b) Magnetization vs. temperature with a dc field cooling from 300K at 

500 Oe (c) Curie Law fitting of the curve from 10-150K. 

Thermogravimetric analysis was conducted only for the sample 1 

with a rate of 10°C /min. The yield for 2 and 3 was very low to 

conduct the thermogravimetric analysis. Organonitrogen ligands 

usually start decomposing earlier. Therefore, the decomposition 

of the first 21.7% weight loss starting at ca. 375 °C is associated 

with the 4,4’-bpy unit (19% calculated). The second 24,1 % weight 

loss start at ca. 450 °C is in accordance with the previously 

reported metal-organophosphonate decomposition temperatures 
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and it is associated with the organic components of the 1,4-

naphthalenediphosphonic acid (28.2 % calculated) Fig. S6. 

As a result, the use of structurally rigid 1,4-NDPA-H4 and 

changing the reaction conditions to optimize the binding modes 

and angles of the bridging ligands have provided a new platform 

to produce the porous MOPs. The addition of 4,4’-bpy helped 

engineer the copper coordination surface, restraining the copper 

coordination modes while adding extra bridging capacity into the 

metal organic frameworks. The structures reported has relatively 

higher BET surface areas for MOFs constructed using the 

organophosphonates and the first porous frameworks using short 

and structurally rigid aromatic organophosphonates. Adjustment 

of the angle between the bridging ligands 4,4’-bpy and 1,4-NDPA-

H4 is influential in the final pore sizes. Unlike the pillared layered 

structures produced with 1,4-phenyldiphosphonic acid, this 

strategy has produced microporous MOFs avoiding the formation 

of pillared compounds. The angular differences between the 

linear 4,4’-bpy and tetrahedral phosphonates could be further 

facilitated to produce engineered porous platforms in the future.  

In addition, the reported 8 membered one-dimensional chain 

structures could potentially be engineered to form predictable 

frameworks with increased tether arms. We have noted the chain 

structures in 1 and 2 as potential one dimensional secondary 

building units to form isoreticular expansions to obtain larger 

parallelogram and rectangular voids in this system. We are 

currently working on this hypothesis with longer aromatic 

organophosphonates. 

Supporting Information Summary 

The following files are available free of charge. 

The synthesis, crystallogprahic information, BET simulations and 

TGA. 
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The 3D framework of 2, showing the porosity of crystal, 1D-SBU with edge sharing Cu-O-P-O- rings, and the central bridging {Cu2O2} 
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