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Herein, we report the design and synthesis of a highly electrically conductive and microporous 

three-dimensional zinc-phosphonate metal-organic framework [Zn(Cu-p-H4TPPA)] 

⋅2 (CH3)2NH2
+ (designated as GTUB3), constructed using the 5,10,15,20-tetrakis [p-

phenylphosphonic acid] porphyrin (p-H8TPPA) organic linker. GTUB3 has an indirect band 

gap of 1.64 eV and a high average electrical conductivity of 4 S/m, making it a rare example of 

an electrically conductive zinc metal-organic framework.  The N2-accessible geometric surface 

area of GTUB3, as predicted by molecular simulations, is 671 m2/g. Owing to its simple, high-

yield synthesis at low temperatures, porosity, and electrical conductivity, GTUB3 may be used 

as a low-cost electrode material in next generation phosphonate-supercapacitors.   
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Introduction 

Metal-organic frameworks (MOFs) are microporous compounds that can reach very high 

surface areas of over 7000 m2/g. 1-3 The majority of MOFs in the literature are synthesized using 

derivatives of arylcarboxylic acid linkers. 4-10 Traditional arylcarboxylate MOFs often contain 

well-defined molecular inorganic building units (IBUs) such as paddle wheel patterns. 6, 7 The 

ligand-binding modes around such molecular IBUs form large angles, ensuring separation 

between the organic struts and, in turn, resulting in large void spaces. 11 On the other hand, such 

separation limits the electrostatic interactions between the organic linkers. Therefore, 

traditional MOFs lack the required electron hopping and extended conjugation mechanisms 

between the bridging ligands to support electron mobility. 12-14 Although high surface area 

MOFs are ideal platforms to host electrons for supercapacitor applications, due to the lack of 

such mechanisms, conventional arylcarboxylate MOFs are generally known to be insulators.  

 

Recently, two-dimensional π-stacked MOFs based on ortho-diimine, ortho-dihydroxy, azolate, 

and thiolate metal-binding groups have exhibited very high electrical conductivity. 12, 14-20 Due 

to the conservative, strongly chelating metal-binding modes of ortho-diimine and ortho-

dihydroxy linkers, these systems are limited to the planar X- and Y-shaped linker geometries. 

Therefore, efforts to optimize the surface area and conductance in these systems has been rather 

limited.  In a similar fashion, it has been very difficult to covalently modify graphene and 

activated carbon electrode materials to optimize their conductivities and surface areas. 21 MOFs 

with metal-binding groups that provide higher structural diversity are required to produce the 

next generation of electrode materials in supercapacitor applications, e.g., the use of 

supercapacitors to reduce the charging time in electrically powered vehicles.22, 23 In this 

connection, phosphonates are the most structurally diverse metal-binding groups with three 

oxygens available for metal-binding in various coordination modes as shown in Harris notation. 

A 
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24-27 In addition, several phosphonate MOFs are known to exhibit exceptionally high thermal 

and chemical stabilities, which would be beneficial for their use in the presence of water, 

electrolytes, or even acids. 28-30 To the best of our knowledge, less than 0.003% of all known 

MOFs reported in the structural databases are phosphonate MOFs, which are constructed using 

aromatic phosphonic acid linkers. 25, 31, 32 Owing to the aforementioned advantages, phosphonate 

MOFs may allow for structural variations that generate high electrical conductivity and high 

surface areas for charge holding and be sufficiently stable for use in industrial applications.   

 

Semiconductive Phosphonate MOFs 

Recently, we reported the first highly stable semiconductive copper-phosphonate MOFs 

TUB75 and TUB40 with directionally dependent electrical conductivities in the 10-3 and 103 

S/m range. 33-35 In a related study, we reported the first semiconductive permanently 

microporous hydrogen-bonded phosphonic acid framework (constructed using the p-H8TPPA 

linker) with a band gap of 1.54 eV. 36 To the best of our knowledge, no semiconductive zinc-

phosphonate MOFs have been reported in the literature. Thus, in this work, we used the 

polyaromatic porphyrin core with zinc IBUs to synthesize a semiconductive zinc-phosphonate 

MOF known as GTUB3.  To produce mono-deprotonated phosphonic acid metal-binding 

groups, we carried out a pH-controlled deprotonation of the Cu-p-H8TPPA linker. 34 The four 

mono-deprotonated phosphonate groups in Cu-p-H4TPPA-4 are involved in the formation of the 

tetrahedral zinc atoms.  Each of the zinc atoms is coordinated to a mono-deprotonated 

phosphonic acid tether of Cu-p-H4TPPA-4, allowing us to achieve the simplest tetrahedral ZnO4 

metal-binding modes and thereby ensuring the extended conjugation of the porphyrin core 

throughout the MOF.  This generates short π-stacking between the planar porphyrin units, 

which may also promote electron hopping.  Together, these features result in a relatively high 

electrical conductivity of 4 S/m (see reference 14 for a comprehensive list of 3D MOFs and their 
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electrical conductivities). The low band gap of 1.64 eV points to the semiconducting nature of 

GTUB3.  

 

Synthesis of GTUB3 

Due to the rich metal-binding modes of arylphosphonic acids, M-O-M condensations result in 

unpredictable oligomerizations of metal-phosphonate polyhedra in one, two, and even in three 

dimensions. 37, 38 Therefore, to achieve predictable synthesis in metal phosphonate chemistry, it 

is important to restrain the metal-binding modes. Previously, we achieved the selective mono-

deprotonation of arylphosphonic acid using a pH-controlled synthesis. We adapted the same 

strategy in this work to reproduce the simplest metal-binding modes observed previously in 

GTUB4. 34 

 

The Cu(p-H8TPPA) linker (see Figure 1a) was synthesized according to our previously reported 

method (see Figure S3 for the synthetic pipeline). 34 The single crystals of GTUB3 were 

synthesized in scintillation vials after the reaction of 0.03 mmol Zn(NO3)2·6H2O,  0.01 mmol 

Cu-H8TPPA, and 1.5 mmol phenylphosphonic acid at 80 °C in the presence of 10 ml:7.5 ml 

DMF/H2O and pH values between 1.7 and 7 (to ensure the mono-deprotonation of the 

phosphonic acids).  The yield of the reaction was 90% and the purity of the crystals was 

confirmed by EDX elemental analysis (see Figure S4).  

 

Structure of GTUB3 

One of the preferred coordination environments for a zinc atom is tetrahedral.  Thus, it is 

expected that the square planar p-H8TPPA linker will produce a 3D MOF structure when it 

coordinates to the tetrahedral zinc atom (following the simplest Harris notation).  Figures 1a, b 

and c show the structure of GTUB3, which was solved using single-crystal X-ray diffraction 

(see SI for crystallographic refinement details and Tables S1 and S2 for bond distances). As 
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seen in Figure 1c, the selectively mono-deprotonated p-H8TPPA linkers coordinate with the 

tetrahedral zinc atoms to generate a 3D structure.  GTUB3 is unique compared to other 3D 

phosphonate metal-organic solids with tetrahedral molecular IBUs.  It has a negatively charged 

framework of [Zn(Cu-p-H4TPPA)]-2 and the presence of two dimethylammonium cations in the 

pore sites provide charge balance.  The presence of sp2-bound phenylphosphonic acid around 

the porphyrin core results in extended conjugation throughout the 3D framework. Furthermore, 

as seen in Figure 1b, the highly conjugated planar tetratopic p-H8TPPA linkers are separated by 

a distance of ca. 4.2 Å, which leads to electrostatic interactions between each of the porphyrin 

units and possibly electron hopping. Furthermore, the pyrrole ring of the p-H8TPPA core has a 

square planar Cu(II) atom, which is known to provide high energy electrons.  Finally, the 

textural properties of GTUB3 were calculated using the Poreblazer v4.0 software 31.  We 

obtained a N2-accessible geometric surface area of 671 m2/g, pore widths of 4 to 6 Å (Figure 

S6), and a helium-accessible pore volume of 0.43 cm3/g.  

 

Band Gap Measurement 

We generated the Tauc plot of the solid-state diffuse reflectance spectrum (DRS) of hand-

picked single crystals of GTUB3 to estimate its band gap (see Figure 2b). 39 From the Tauc plot, 

we see that GTUB3 has a low indirect band gap of 1.64 eV, characteristic of a semiconductor.  

The details of the DRS measurement and fitting may be found in the SI.     

 

Electrical Conductivity Measurements 

To measure the electrical conductivity of GTUB3, we developed a new technique that can 

quantify the average thickness of the crystals during impedance spectroscopy.  This technique 

is especially useful when the crystal size is less than 1 mm3 and the crystals are randomly 

oriented and not uniformly covering the surface, which is the case for GTUB3 (see Figure 2a).  

The details of the experimental setup may be found in the SI.  
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We used a two-electrode jig system made of mirror-polished and gold-coated copper discs of 

diameter 12.7 mm and height 6.35 mm. The electrodes were placed between the anvil and 

spindle of a standard micrometer, insulated by PLA (3D printer filament), and heat-treated for 

the optimal alignment of the electrodes. We recorded the impedance values (using the Digilent 

Analog Discovery 2 with impedance analyzer) before and after mounting the samples, for each 

electrode separation increment/decrement of 0.01mm, between 100Hz-1MHz (as seen in Figure 

2c). We have estimated the parallel capacitance (which is ca. 8 pF) and offset distance of the 

electrodes at close proximity and compensated for these values in the measured values when 

the sample is mounted. The extrapolation of the Nyquist plots to the real axis gave a resistance 

of ~ 200 Ω (see Figure 2c). Since the conductivity is given by σ=L⁄RA (where L is the length 

of the sample, R is the resistance, and A is the contact surface area) and L=0.08mm and 

A=13mm2 in our case (estimated from an optical microscope image), we find the minimum 

conductivity to be σmin= 0.03 S/m. This value represents the lowest estimate of the electrical 

conductivity of the GTUB3 crystals, as the actual contact surface area is less than the total 

surface area of the crystals. Thus, the actual conductance is expected to be higher.   

 

We also performed DC measurements under an optical microscope, by directly pressing on the 

crystals with a stainless-steel probe attached to a three-axis micromanupulator system 

connected to a Keithley DMM4050 digital multimeter. After compensating for the probe/wire 

resistance, we measured resistance values between 100Ω and 300Ω for different crystals and 

crystal orientations, in good agreement with the impedance measurements. The single-crystal 

surface area for this measurement is ca. 0.1 mm2 (estimated from an optical microscope image). 

Therefore, the DC measurements on single crystals yield a range of conductances between σ = 

2 S/m and σ = 8 S/m (NB: σ = 4 S/m based on the average resistance of 200 Ω).  The small 
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range of observed conductances suggests that the conductivity of GTUB3 is non-directional, 

which is likely due to the extended conjugation throughout the 3D GTUB3 crystal structure.   

 

Thermal Properties 

Thermogravimetric analysis (TGA) of GTUB3 shows a two-step weight loss of solvent 

molecules totaling 12.4 % until ca. 300 °C (see Figure S5).  The sharp weight loss beginning at 

ca. 400 °C, as seen in the previously reported porphyrin-phosphonate MOFs, indicates the 

decomposition of the organic linker.  The thermal decomposition of GTUB3 continues above 

900 °C, which might be indicative of the formation of heat-stable organophosphide species 

between 400 and 450 °C. 40, 41 Therefore, it was not possible to compare the theoretical and 

calculated weight losses. This unusual decomposition pattern is unique to p-H8TPPA and MOFs 

constructed using p-H8TPPA. For example, similar  TGA patterns have also been observed in 

the thermal decomposition profiles of the starting materials Cu(p-H8TPPA) and p-H8TPPA, and 

also GTUB4, a nanotubular [Ni(Cu-p-H4TPPA)]⋅2 (CH3)2NH2
+  MOF  (for a comparison, see 

Figure S5). 34, 42 

 

Conclusions 

Herein, we report the synthesis of GTUB3, a 3D zinc-phosphonate MOF. The electrical 

conductivity measurements indicate that it has a high, non-directional average electrical 

conductivity of 4 S/m, making GTUB3 the first conductive zinc-phosphonate MOF in the 

literature and a rare example of a conductive 3D zinc MOF. The sp2-bonded 

phenylphosphonates ensure the extension of the conjugation of the porphyrin core into the 3D 

framework via the tetrahedral zinc ions, which we believe is why GTUB3 exhibits a non-

directional conductivity. Presumably, polyaromatic phosphonic acid bridging ligands with 

tetrahedral zinc IBUs may also produce electrically conductive MOFs.  We are currently 

working on expanding our conductive zinc MOF library using different linker geometries. Due 
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to its porosity, non-directional conductivity, high-yield synthesis, and low cost, GTUB3 may 

be used as an electrode material for supercapacitors.  
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Experimental Section 

CCDC 2052211 contains the supplementary crystallographic data for this paper. This data can 

be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 
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Figure 1. a) Crystal structure of Cu-H8TPPA and the zinc coordination modes around the 

phosphonic acids. b) Domino-like packing of the porphyrin units in GTUB3, which are 

separated by a distance of 4.2 Å. c) 3D structure and view of pores in GTUB3. 

 

Figure 2. a) SEM pictures of GTUB3 crystals non-uniformly arranged on a surface with 

random orientations. b) Tauc plot of the diffuse reflectance spectrum of GTUB3, showing an 

estimate of the indirect band gap. c) Real and imaginary Nyquist plots of impedance sweeps as 
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a function of electrode spacing (non-offset values).  The red and blue dots represent the Nyquist 

plots for each increment/decrement in electrode gap distance. 

 

 


