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Abstract: Herein, we report on the synthesis of a micro-
porous, three-dimensional phosphonate metal–organic
framework (MOF) with the composition Cu3(H5-MTPPA)2 · 2
NMP (H8-MTPPA=methane tetra-p-phenylphosphonic acid
and NMP=N-methyl-2-pyrrolidone). This MOF, termed TUB1,
has a unique one-dimensional inorganic building unit
composed of square planar and distorted trigonal bipyramidal
copper atoms. It possesses a (calculated) BET surface area of
766.2 m2/g after removal of the solvents from the voids. The
Tauc plot for TUB1 yields indirect and direct band gaps of

2.4 eV and 2.7 eV, respectively. DFT calculations reveal the
existence of two spin-dependent gaps of 2.60 eV and 0.48 eV
for the alpha and beta spins, respectively, with the lowest
unoccupied crystal orbital for both gaps predominantly
residing on the square planar copper atoms. The projected
density of states suggests that the presence of the square
planar copper atoms reduces the overall band gap of TUB1,
as the beta-gap for the trigonal bipyramidal copper atoms is
3.72 eV.

Introduction

Metal–organic framework (MOF) research has gained significant
momentum over the last twenty years.[1–3] To date, thousands of
MOF crystal structures have been deposited into the crystal
structure databases. Their use in diverse applications range
from small molecule storage,[4–7] catalysis,[8–10] magnetism,[11–15]

conductivity,[16,17] solar cells,[18] drug delivery,[19,20], to food
chemistry[21], etc. MOFs provide a synthetically flexible
platform[22–24] and synthesized MOFs may undergo structural
optimizations via defect engineering[25] and post-synthetic
modifications.[26,27] Consequently, MOFs possess greater struc-
tural flexibility and a wider range of applications compared to
traditional high surface area materials such as zeolites, carbon
nanotubes,[28,29] and graphene.[30–32] One of the emerging

applications in MOF chemistry is the development of electrically
conductive electrode materials for supercapacitor
applications.[16,33] The large surface areas and structural flexibil-
ity/diversity of MOFs provide unique advantages for optimizing
the conductivity and charge-holding capacities of next-gener-
ation supercapacitors. For example, several MOFs are known to
possess very high surface areas exceeding 7000 m2/g compared
to graphene or activated carbon electrodes.[34,35] However, since
current MOF chemistry has evolved around well-separated
molecular inorganic building units (IBUs) and well-separated
organic struts to increase pore surface areas,[24,36] this approach
inhibits electron-hopping mechanisms for electrical conduction
and reduces the magnetic interactions between the metal
ions.[37] This is why conventional MOFs constructed using
arylcarboxylic acid linkers are generally known to be
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insulators.[16,38] Guest incorporation in carboxylate MOFs has
been shown to be effective in making insulating MOFs
conductive.[39–41]

MOFs containing well-aligned two-dimensional sheets con-
structed using azolate,[42] ortho-diimine,[43–47] quinoids,[48] ortho-
dihydroxy,[49] and sulfur-donating[50] linkers have been shown to
be highly electrically conductive (see Ref. [16] for comprehen-
sive lists of such MOFs). Such linkers are chelators with
conserved metal-binding modes, which promote the formation
of conductive two-dimensional sheets, for example, ortho-
diimine and ortho-dihydroxy MOFs form via the chelation of
single square planar metal atoms. As a result, such MOFs
generally possess a single type of IBU, which limits their
structural diversity and ability to optimize their surface areas
and conductivities.[16,33,51,52]

In addition to the two-dimensional conductive MOFs, we
have recently shown that arylphosphonic acid linkers with
molecular, one-, and two-dimensional IBUs can produce electri-
cally conductive three-dimensional MOFs via electron-hopping
and extended conjugation mechanisms. In fact, we recently
reported the highest single-crystal conductivity for a three-
dimensional MOF using arylphosphonic acid linkers.[37,53,54]

Phosphonate MOFs possess extremely rich metal-binding
modes compared to any other MOF family in the literature,
which give rise to diverse IBUs in one and two dimensions.[55–57]

Phosphonate MOFs with one-dimensional IBUs generally form
one-dimensional void channels surrounded by well-stacked
aromatic units,[58] while those with two-dimensional IBUs form
pillared-layered networks.[55] It is believed that the well-layered
aromatic units in such phosphonate MOFs help promote
electron hopping and that the continuous arrangement of
M� O-P polyhedra in the IBUs extend the conjugation.[37,53]

Moreover, due to their exceptionally high thermal and chemical
stabilities, phosphonate MOFs could be suitable for applications
such as electrodes in supercapacitors for electric vehicles and
the storage/supply of energy produced by solar panels and
wind turbines.[12,59–61] In this work, we report the crystal structure
of a newly synthesized phosphonate MOF, termed TUB1, which
possesses a unique one-dimensional IBU composed of square
planar and distorted trigonal bipyramidal copper(II) ions, and a

tris-deprotonated methane tetra-p-phenylphosphonic acid link-
er. TUB1 was found to have a calculated BET surface area of
766.2 m2/g, and an indirect band gap of 2.4 eV.

Results and Discussion

The solvothermal synthesis of TUB1 involved the reaction
between CuSO4 and the H8-MTPPA linker (synthesized accord-
ing to our previously reported method[12]) in a polar aprotic N-
methyl-2-pyrrolidone (NMP) solvent at 167 °C using Teflon-lined
43 ml Parr acid digestion vessels (Scheme 1). To ensure that the
H8-MTPPA linker did not fully deprotonate (in order to restrain
its metal-binding modes), we adapted our previously employed
pH-controlled reaction conditions.[12,54,62] Using this method-
ology, we obtained light blue single crystalline plates of the
exact composition Cu3(H5-MTPPA)2 · 2 NMP (see Figure 1)[63] with
a tris-deprotonated [H5-MTPPA]3� linker in ca. 2% average yield
and 98% H8-MTPPA crystals. Different synthetic conditions with
different solvents did not improve the yield as the crystallization
of the H8-MTPPA linker was always preferred.

TUB1 is composed of one-dimensional IBUs, which are
bridged together by [H5-MTPPA]3� linkers. Each IBU is composed
of corner-sharing eight-membered Cu1� O� P� O� Cu1� O� P� O
and Cu2� O� P� O� Cu2� O� P� O rings. Since three of the four
phosphonic acid units in the linker are mono-deprotonated, the
linker has asymmetric metal-binding modes, viz., the mono-
deprotonated units could give rise to ionic interactions while

Scheme 1. Solvothermal reaction for the synthesis of TUB1.

Figure 1. a) View of the rod-shaped IBU (highlighted in yellow) in the ac plane of TUB1 b) Structure of the one-dimensional IBU of TUB1 c) View of
parallelogram void channels in the ab plane of TUB1. NMP molecules were omitted.
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the fully protonated unit provides coordinate covalent binding.
Therefore, TUB1 exhibits two different metal-binding options, in
contrast to our previously reported Co2(H4-MTPPA) and Zn2(H4-
MTPPA) MOFs.[12,64] In particular, the three mono-deprotonated
phosphonic acid units are coordinated to square planar and
distorted trigonal bipyramidal copper centers (labelled Cu1 and
Cu2, respectively) via ionic bonding, while the fully protonated
unit exclusively generates coordinate covalent bonding be-
tween the square planar copper center and the P=O bond of
the phosphonic acid. (The density functional theory (DFT)-based
charge analysis in Table S6 shows that there is high electron
delocalization on the deprotonated oxygens, suggesting the
possibility of ionic interactions.) To the best of our knowledge,
the presence of both trigonal bipyramidal and square planar
copper centers in a one-dimensional IBU has not been
previously reported for phosphonate MOFs.[58] The crystal
structure of TUB1 indicates the presence of two different types
of square- and parallelogram-shaped void channels (see Fig-
ure 1). From Grand Canonical Monte Carlo simulations, the BET
surface area and Helium-accessible pore volume of TUB1 were
estimated to be 766.2 m2/g and 0.296 cm3/g, respectively (see
Supporting Information for details).

Next, the indirect and direct band gaps of TUB1 were
estimated from Tauc plots of the UV-Vis spectrum (see Figure 2)

to be 2.4 eV and 2.7 eV, respectively. The Tauc plots of H8-
MTPPA reveal direct and indirect band gaps of ca. 4.2 eV, which
are considerably wider than those of TUB1 and contain two
jumps as opposed to one in the TUB1 plots. This is likely due to
the fact that [H5-MTPPA]3– has an insulating sp3 methane core.
The lower band gap of TUB1 arises from the formation of one-
dimensional IBUs composed of eight-membered
Cu1� O� P� O� Cu1� O� P� O and Cu2� O� P� O� Cu2� O� P� O rings
in the MOF. Such a dramatic change in the Tauc plot after the
formation of TUB1 suggests the emergence of an electron
hopping mechanism, as the sp3 methane core in [H5-MTPPA]3�

blocks the extension of conjugation in three dimensions.
A thermal gravimetric analysis (TGA) of TUB1 was performed

to examine its thermal behaviour. As seen in Figure S6, at ca.
100 °C, the remaining water molecules evaporate from the
structure. NMP starts to leave the pores of TUB1 at ca. 200 °C (in
accordance with its boiling point at 202 °C). The [H5-MTPPA]3–

organic components start decomposing at ca. 420 °C and the
decomposition pattern remains stable until 850 °C, suggesting
the formation of thermally stable phosphide clusters.[68] This
pattern is similar to those of previously reported copper
phosphonates.[62,69]

To gain deeper insight into the electronic structure of TUB1,
we performed DFT calculations of the highest occupied crystal
orbital (HOCO)-lowest unoccupied crystal orbital (LUCO) gap,
projected density of states (pDOS), HOCO and LUCO, average
partial charges, and band structure. The details of our DFT
calculations using Slater-type orbitals (STOs) and the HSE06[70]

functional may be found in the Supporting Information. The
optimized structures of a 2x2x2 supercell and a single unit cell
of TUB1 are shown in Figure 3, with the spin polarizations of
each copper atom indicated on the unit cell. The structural
differences between the optimized structure and experimental
crystal structure are small (see Table S3). As illustrated in
Figure 4, the copper atoms in the unit cell have different
coordination environments, with the α-copper atoms (i.e.,Figure 2. Tauc plots of UV-Vis spectra used to obtain the indirect (left) and

direct (right) band gaps of TUB1 (black) and the H8-MTTPA linker (red).

Figure 3. Optimized structure of TUB1. a) A view down the b-axis of the 2×2×2 supercell. b) A view down the b-axis of the unit cell, with the red (spin-up)
and blue (spin-down) arrows indicating the minimum-energy spin configuration of the unpaired electrons on the copper atoms (Cu – light brown; P – yellow;
O – red; C – black; H – white).
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copper atoms with an excess of spin-up electrons) in the
trigonal bipyramidal geometry and the β-copper atom in the
square planar geometry.

Next, the pDOS was calculated using the range-separated
hybrid functional HSE06,[70] which is known to yield accurate
solid-state HOCO-LUCO gaps.[71,72] An analysis of the pDOS
(shown in Figure 5) reveals a potential electrical conduction
mechanism involving two spin-dependent HOCO-LUCO gaps,

viz., a spin-up (α) gap of 2.60 eV, which is in good agreement
with the experimental estimates of 2.4 eV (indirect) and 2.7 eV
(direct), and a spin-down (β) gap of 0.48 eV. As seen in the
pDOS, the β-HOCO-LUCO gap, which lies beneath the Fermi
energy, is generated by orbitals primarily on the carbon atoms
and some on the oxygen and copper atoms. From the β-HOCO
and β-LUCO iso-surfaces in the top panel of Figure 6, we see
that the β-HOCO is primarily composed of π-orbitals on the sp2

Figure 4. A portion of the TUB1 unit cell, highlighting the two types of copper coordination environments. a) Trigonal bi-pyramidal copper atom coordinated
to five oxygen atoms. b) Square planar copper atom coordinated to four oxygen atoms (Cu – light brown central atom; P – yellow; O – red; H – white).

Figure 5. Spin-up (red arrow) and spin-down (blue arrow) projected density of states for TUB1: (A) Copper, (B) Phosphorous, (C) Oxygen, (D) Carbon. The solid
red and blue lines indicate the α- and β-HOCO energy levels, respectively. The dotted red and blue lines indicate the α- and β-LUCO energy levels,
respectively. The blue numbers in panel A indicate the energies of the β-HOCO and β-LUCO, while the red numbers in panel B indicate the energies of the α-
HOCO and α-LUCO.
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carbon atoms in half of the phenyl rings down the b-axis. The
β-LUCO is composed of the same phenyl carbon π-orbitals, as
well as π-orbitals on the oxygen atoms and d-orbitals on the
square planar copper atoms (see Figures S3 and S4). The higher
energy β-unoccupied crystal orbitals are primarily composed of
orbitals on the trigonal bipyramidal copper atoms and yield a
gap of 3.72 eV (see Figure S3). Comparing this value to the β-
and α-HOCO-LUCO gaps of 0.48 eV and 2.60 eV, respectively,
generated by square planar copper atoms, it is evident that the
coordination environment of the copper atoms plays an
essential role in narrowing the HOCO-LUCO gap. From the α-
HOCO and α-LUCO iso-surfaces in the bottom panel of Figure 6,
we see that the α-HOCO is composed of carbon and oxygen π-
orbitals along the b-axis, while the α-LUCO is primarily
composed of d-orbitals on the square planar copper atom (see
Figures S3 and S4) and π-orbitals on the oxygen and carbon
atoms. The participation of the carbon, oxygen, and square
planar copper atoms in both spin-dependent HOCO-LUCO gaps
suggests that they are integral in facilitating electrical con-
duction in TUB1.

The band structure of TUB1 is shown in Figure S5. As can be
seen, there are 120 meV dispersions in the β-LUCO band along
the X-Γ, Γ-Y, L-Γ, Γ-Z, N-Γ, Γ-M, and R-Γ paths in k-space. This
points to higher electron mobility in several directions
compared to typical semiconducting MOFs, which have linear
bands or bands with dispersions of less than 50 meV.[16,73]

Conclusion

In summary, we have reported on the synthesis and electronic
properties of a low-gap three-dimensional MOF TUB1, which
possesses a unique one-dimensional IBU composed of corner-

sharing eight-membered Cu1� O� P� O� Cu1� O� P� O and
Cu2� O� P� O� Cu2� O� P� O rings containing square planar and
distorted trigonal bipyramidal copper centers. TUB1 was found
to have a BET surface area of 766.2 m2/g and Helium-accessible
pore volume of 0.296 cm3/g (as predicted by Monte Carlo
simulations), and an indirect band gap of 2.4 eV. Our DFT
calculations confirm the experimental structure, yield spin-
dependent HOCO-LUCO gaps of 2.60 eV (α) and 0.48 eV (β),
suggest a role of the square planar copper centers in reducing
the HOCO-LUCO gap, and point to above-normal non-direc-
tional electron mobility.

The uniqueness of TUB1’s IBU was made possible by the
structural diversity afforded by phosphonate metal-binding
groups. Such metal phosphonate IBUs may be used to construct
semiconductive MOFs with polyaromatic cores for use in next-
generation supercapacitors.
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