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ABSTRACT: We report the first one-dimensional tubular metal-organic framework (MOF) [Ni(Cu-H6TPPA)]∙2DMA (H8TPPA = 
5,10,15,20-tetrakis[p-phenylphosphonic acid] porphyrin) in the literature. The structure of this MOF, known as GTUB4, was solved 
using single crystal X-ray diffraction and its surface area was calculated to be 1102 m2/g, making it the phosphonate MOF with the 
highest reported surface area. GTUB4 also possesses a narrow indirect band gap of 1.9 eV and a direct band gap of 2.16 eV, making 
it a semiconducting MOF. Thermogravimetric analysis of GTUB4 suggests that it is thermally stable up to 400°C.  Owing to its high 
surface area, low band gap, and thermal stability, GTUB4 could find applications as electrodes in supercapacitors.

Metal organic frameworks (MOFs) are microporous materials 
that contain well-defined micropores composed of organic and in-
organic surfaces. [1-6] They have been used in applications ranging 
from gas absorption, sequestration of greenhouse gases [7,8], catal-
ysis [9, 10] magnetism [11-14], drug delivery [15, 16], cosmetic 
applications [17], food packaging and transportation [18, 19], pro-
ton conductive membranes [20, 21] and electrical conduction [22-
24]. Although thousands of MOFs have been reported in the litera-
ture, the structural diversity of MOFs, MOF linker core geometries, 
and different metal-binding functional groups have not been fully 
exploited yet. Recently, two new families of MOFs have emerged, 
which employ phosphonic and phosphinic acids as metal-binding 
units, in contrast with the conventional MOFs that contain carbox-
ylates and azolates. [25-28] Phosphonic acids are able to support 
extremely rich metal-binding modes, while phosphinic acids have 
carboxylate-like metal-binding modes. [28] The presence of d-or-
bitals in the phosphorus atom can give rise to rich electronic inter-
actions, which have resulted in completely different geometries 
compared to those of conventional MOFs. [25-28] Owing to the 
higher strength of the C-P and P-O bonds compared to R-C=O 
bonds, phosphonate MOFs exhibit higher thermal and chemical sta-
bilities compared to conventional MOFs. [12, 29, 30] To the best 
of our knowledge, the total number of microporous phosphonate 
MOFs is currently less than 0.001% of the total number of reported 
MOFs.  Nevertheless, they have already opened new vistas in ca-
talysis, [30, 31] proton conductivity, [20, 32, 33] and biological ap-
plications [34]. 

One of the often unexplored properties in MOF research is semi-
conductivity. [22-24] Traditional carboxylate MOFs are generally 
known to be insulators. The majority of the known semiconductive 
MOFs are based on ortho-diimine, ortho-dihydroxy, and azolate 
linkers; however, due to their very conservative metal-binding 
units, further structural development has been limited. [1, 22-24] 
Therefore, new metal-binding units that give rise to high structural 
diversity and semiconductivity are needed. In this direction, the 

phosphonic acid metal-binding unit (R-PO3
2-) – containing phos-

phorus, which is a good conductor and has a negative charge that 
is evenly distributed over the three tetrahedronally oriented oxygen 
atoms – has shown great promise. We have recently shown that the 
presence of the phosphorus d-orbitals in phosphonic acids pro-
motes electron delocalization in the one-dimensional inorganic 
building unit (IBU) of the phosphonate MOF TUB75, which is 
composed of polyaromatic 1,4-naphthalenediphosphonic acid link-
ers and one-dimensional copper-containing IBUs and has a narrow 
band gap of 1.4 eV. [13] To build upon this work, in this study, we 
used a conjugated tetratopic linker,  H8-TPPA, to synthesize an-
other semiconductive phosphonate MOF, namely [Ni(Cu-
H4TPPA)]∙2DMA (GTUB-4), which has a unique one-dimensional 
microporous tubular structure with a very high BET surface area of 
1102 m2/g and a narrow indirect band gap of 1.90 eV. 

Due to the rich metal-binding modes of organophosphonates, the 
rational synthesis of phosphonate MOFs into predefined one-, two-
, and three-dimensional frameworks has been a great challenge. 
[25-27] Previously, phosphonate monoesters mimicking the car-
boxylate metal binding were used to generate microporous MOFs. 
[35, 36] Recently, we developed a new strategy to retain mono-
deprotonated R-PO3H-1 in hydrothermal reactions via a pH-con-
trolled synthesis. [37, 38] The R-PO3H-1 metal-binding unit also 
provides carboxylate-like metal binding to generate predictable 
phosphonate MOFs. In this study, we aimed to attain the simplest 
metal-binding modes with the tetratopic, structurally rigid, and pla-
nar phosphonic acid H8TPPA (which contains a conjugated por-
phyrin core), whose phosphonic acid moieties are separated by ca. 
90° from one other. Thus, when H8TPPA is coordinated to molec-
ular IBUs in the simplest 1.100 mode (in Harris notation [39]), 
they are expected to create square or rectangular void spaces. In 
this connection, our goal was to create H4TPPA4- (in which each 
phosphonate arm is mono-deprotonated) to achieve the 1.100 
metal-binding mode.  In addition, we aimed to create an extended 
one-dimensional conjugated system that supports 



 

semiconductivity. To achieve this, we performed a low-tempera-
ture synthesis in DMF to promote the formation of molecular IBUs, 
as a high-temperature hydrothermal synthesis could provide 
enough energy to form one-dimensional or two-dimensional IBUs. 
Furthermore, in a square planar coordination environment, the high 
energy d9 electrons of Cu(II) can support conductive behavior in 
MOFs. [22] Inside a porphyrin core, Cu(II) usually adopts a square 
planar coordination environment. Therefore, we adapted the Pd-
catalyzed Arbuzov reaction to synthesize metal-free H8-TPPA. Due 
to the large ionic radius of the Pd atom, it does not readily incorpo-
rate into the porphyrin ring, allowing one to incorporate other metal 
atoms into the porphyrin core. [34, 40] Later, we introduced square 
planar Cu(II) into H8-TPPA’s imidazole ring to synthesize Cu-
H8TPPA (the deprotonated imidazole hydrogens are omitted in this 
formula). GTUB-4 was synthesized in a DMF/H2O and phe-
nylphosphonic acid (modulator) mixture at 80 °C for 24 h, giving 
rise to long purple needle crystals in high yield (see SI for experi-
mental details). These carefully controlled conditions were re-
quired to achieve the simplest 1.100 phosphonate metal-binding 
modes. 

 
Figure 1. a) Edge view of the rectangular void channel of GTUB-
4. b) Perspective view of the rectangular void channel. c) Side-top 
view of tubular structure and its hexagonal sieves. d) Another side 
view of GTUB-4 facing the CuH4TPPA4- building unit with square 
void channels. 

The structure of GTUB-4 was solved using X-ray crystallography. 
As seen in Figure 1, GTUB-4 has a one-dimensional tubular struc-
ture, which is the first of its kind among the MOFs reported to date.  
GTUB-4 has one rectangular void channel extending through the 
tube (see Figures 1a and 1b) and two different hexagonal voids on 
the sides, top, and bottom of the tube (see Figures 1c and 1d). The 
phosphonate metal-binding groups in GTUB-4 have 1.100 metal-
binding modes corresponding to the simplest type of metal-binding 
mode. As mentioned earlier, this was achieved under well-con-
trolled pH, temperature, and solvent conditions – the three variables 
that control the structural diversity of phosphonate MOFs. The 
crystal structure of GTUB-4 reveals that it contains one of the sim-
plest IBUs, namely octahedral nickel metal centers coordinated to 
the four phosphonic acid metal-binding groups of H8-TPPA. As 
seen in Figures 1A and 1B, the basal plane of octahedral Ni exclu-
sively connects the Cu-H4TPPA4- linkers, while the apical positions 
of Ni are occupied by two water molecules. In the crystal structure, 
the MOF tubes are packed at 41.87° with respect to each other, 
leading to growth in two different directions (see Figure 2D). As 
the tubular structure of GTUB-4 is composed of three distinct pore 
sites (see Figures 1A, 1C, and 1D), the textural properties of 
GTUB-4 were characterized with molecular simulations (see SI for 
details). GTUB-4 was computed to have a specific pore volume of 

0.425 cm3/g, an accessible surface area of 1102 m2/g, and pores of 
approximately 5 Å in diameter (Figure S7). 

 
Figure 2. a) b) and d) contain different views of the cross-packed 
GTUB-4 tubes in the crystal lattice. c) Cu-H4TPPA4- metal-binding 
modes with Ni. 

The structure of GTUB-4 shown in Figure 1D suggests that 
H8TPPA’s conjugation extends over the mono-deprotonated tetra-
hedral phosphonate metal-binding unit R-P=O(OH)O-1, in which 
the phosphonate electrons could delocalize over the tetrahedral ge-
ometry. In light of these results, we used solid-state diffuse reflec-
tance spectroscopy (DRS) to determine the optical band gap of 
GTUB-4 to see whether it is semiconducting or not (see Figure 3). 
The indirect optical band gap of GTUB-4 was found to be 1.9 eV 
(see SI for calculation details).  The narrowness of the band gap is 
presumably due to the extension of conjugation via the mono-
deprotonated phosphonate metal-binding unit. 

Figure 3. Estimation of the indirect band gap of GTUB-4 via Tauc 
plotting of the DRS spectrum. 

The presence of metal ions could increase the thermal stability of 
MOFs compared to that of the linkers due to the presence of addi-
tional covalent and ionic bonding opportunities in MOFs. Thus, we 
studied the thermal behaviors of H8-TPPA, Cu-H8TPPA, [Ni(Cu-
H4TPPA)]∙2DMA, (GTUB-4) via thermogravimetric analysis 
(TGA).  As seen in Figure S3, the TGA curve obtained from the 
hand-picked GTUB-4 crystals indicates that the solvent and water 
molecules evaporate from GTUB-4 until 100 °C. The second step 
of ~11.1% weight loss corresponds to the evaporation of dime-
thylammonium cations in the crystal lattice (12.3% calculated).  
The third step of ~28.8 % weight loss between ~400 °C and ~650 
°C corresponds to nearly half of the organic components of 
H8TPPA (52% calculated).  The decomposition of GTUB-4 con-
tinues above 900°C, suggesting that GTUB-4 might be converted 
into thermally stable phosphides above 650°C. [44]  

Herein, we reported on the first tubular MOF, GTUB-4, which was 
constructed using the highly conjugated H8-TPPA linker. The strict 



 

pH and temperature control enabled the formation of a one-dimen-
sional tubular structure with a calculated surface area of 1102 m2/g.  
The conjugated porphyrin core and electron delocalization around 
the phosphonate metal-binding unit are believed to enhance the 
conjugation along the 1D structure.  This results in a narrow band 
gap of 1.9 eV, indicating that GTUB-4 is a semiconductor. We 
were selectively able to introduce square planar Cu(II) with high 
energy electrons into the porphyrin core of GTUB-4, where the 
linker connectivity is achieved via octahedral Ni centers. The ther-
mal decomposition pattern of GTUB-4 indicates that it is thermally 
stable up to 400 °C, after which the organic components of the por-
phyrin core collapse. The presence of water at the apical position 
of the octahedral Ni site suggests the possibility of post-synthetic 
modifications of GTUB-4. We are currently working on combining 
the one-dimensional tubular channels to synthesize a three-dimen-
sional version of GTUB-4. 
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