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We report the electronic structure of two metal-organic frameworks (MOFs) with copper paddle wheel
nodes connected by a N»(C,H,4)s (DABCO) ligand with accessible nitrogen lone pairs. The coordination is
predicted, from first-principles density functional theory, to enable electronic pathways that could
facilitate charge carrier mobility. Calculated frontier crystal orbitals indicate extended electronic
communication in DMOF-1, but not in MOF-649. This feature is confirmed by band structure
calculations and effective masses of the valence band edge. We explain the origin of the frontier orbitals
of both MOFs based on the energy and symmetry alignment of the underlying building blocks. The
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1 Introduction

Metal-organic frameworks (MOFs) are typically porous hybrid
materials made of metal ions or clusters connected by organic
ligands, allowing for a vast number of compositions and
topologies. Since they were first studied in 1995, they have been
successfully applied in catalysis,” gas storage® and separation*
as well as in drug delivery systems.® Despite these advances and
continuous growing interest in these systems, their electronic
transport properties are only poorly understood.® A better
understanding of the underlying principles of charge transport
in MOFs is imperative, since electrically conductive MOFs could
improve important technologies such as supercapacitors,’
batteries® and fuel cells.’

The number of known intrinsically conductive MOFs is
small, although it has increased substantially during the last
decade.'* Charge carrier movement within the frameworks is
often supressed due to poor conjugation pathways across node
and ligand, arising from a mismatch in energy and/or symmetry
of the frontier orbitals of the building blocks. This and the often
insulating nature of many ligands leads to the localisation of
charge carries, resulting in poor conductivity of the MOF.
Several strategies have been employed to improve charge
transport in MOFs: they range from the use of metal nodes with
more diffuse valence shells, substitution of redox-inactive
ligands with m-conjugated ligands or the integration of donor/
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DMOF-1 as a potential semiconductor with enhanced 1D charge carrier mobility along the framework.

acceptor systems (especially mixed-valency based) to the inclu-
sion of “guests” into the pore that promote charge transfer.">>*

Metal-organic frameworks with the binuclear paddle wheel
topology in principle offer effective coordination of metal node
and ligand, allowing for improved mobility along the frame-
work. The paddle wheel itself (Fig. 1) allows for local metal-
metal electronic overlap, which with an appropriate selection of
ligand could provide a one-dimensional conduction pathway.
HKUST-1 is a notable example of a MOF with paddlewheel
topology (see the left of Fig. 2), where the ligand is coordinated
to the metal node via carboxylate linkers. It becomes conductive
upon introduction of the redox-active molecule tetracyanoqui-
nodimethane (TCNQ) into the pore due to the creation of effi-
cient charge pathways at the metal nodes.”” Based on these
considerations we selected the frameworks DMOF-1 (ref. 23)
and a variation of MOF-649,>* both with paddle wheel topology
in the metal nodes and direct coordination of metal node and
ligand.

Cu paddlewheel DABCO

Fig. 1 Structures of the two important building blocks of this study,
the copper paddle wheel (left) and the DABCO ligand (right). Blue, red,
black, azure and peach spheres represent copper, oxygen, carbon,
nitrogen and hydrogen atoms.

This journal is © The Royal Society of Chemistry 2020
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HKUST-1

DMOF-1

MOF-649

Fig. 2 Structures of the Cu-based MOFs that contain the paddlewheel motif: HKUST-1 (left), DMOF-1 (centre) and MOF-649 (right). Hydrogen

atoms are omitted for visibility here and in all following figures.

DMOF-1 contains a bi-ligand motif formed of 1,4-diazabicyclo
[2.2.2]octane (DABCO) ligands along c-direction of the crystal and
benzenedicarboxylate (BDC) ligands in a-/b-direction, connected
by copper paddle wheel nodes (see Fig. 2, middle). MOF-649 has
the same topology, but instead of BDC ligands in a-/b-direction it
consists of 2,6-azulenedicarboxylate (AZDC) ligands (see Fig. 2 on
the right). It was originally reported with a Zn>* paddle wheel
node, but given the similarities in topology between MOF-649
and DMOF-1 we consider it appropriate to substitute the Zn
atoms for Cu for comparison of the electronic structure of the two
systems. DABCO is a di-nitrogen containing, anti-aromatic ligand
commonly used as a complexing ligand. The availability of the
lone pair on the nitrogen allows for facile donation and subse-
quent coordination to metal centres. This direct coordination of
metal atom and ligand lone pair could lead to an intrinsic charge
pathway similar to the extrinsic pathways created in HKUST-1
upon TCNQ incorporation.

In this study, we analyse the electronic structure of DMOF-1
and MOF-649 with paddle wheel topology based on Cu con-
nected to DABCO, focusing on the alignment of the frontier
orbitals of the building blocks. First-principles properties such
as band structure and effective mass are reported for both
systems based on density-functional theory (DFT). We provide
an explanation of the resulting crystal orbitals based on the
alignment and mixing of the original molecular orbitals of the
building blocks. Finally, we demonstrate the effect of substitu-
tions on the band structure of MOF-649.

2 Methodology

All electronic structure calculations were performed with
density functional theory (DFT) using the all-electron FHI-Aims
package.>*® The MOF structures were first relaxed under peri-
odic boundary conditions with the Tier 1 numerical basis set
using the semilocal PBEsol functional, and subsequently
relaxed with the Tier 2 basis set and the same functional.
Convergence criteria were set such as to achieve forces of less
than 0.01 eV per A per atom. We used a 1 x 1 x 2 supercell for
all DMOF-1 and MOF-649 calculations. Electronic structure
calculations that followed were done with the hybrid functional
HSE06 with 25% Hartree-Fock exchange for greater accuracy.

This journal is © The Royal Society of Chemistry 2020

Band structure calculations were performed in two separate
runs, using a 1 x 1 x 8 k-grid for calculations of the bands in ¢-
direction and a 8 x 1 x 1 k-grid in a-/b-direction; due to the
computational cost of a hybrid band structure calculation. A
single calculation on an equally fine k-grid (e.g. 8 x 1 x 8) would
not have been feasible. The accompanying partial density of
states were plotted with a Gaussian broadening of 0.05 eV.
Effective masses were calculated with the code effmass,*® which
we updated in this work for compatibility with FHI-Aims. The
conventional definition of the effective mass

O E\ "
2
me=h (6k2)

describes the acceleration of an electron in an applied electric
field and is valid for parabolic bands. It thus provides a good
description in semiconductors with low carrier concentrations
at moderate temperatures.

In MOFs however, most bands are far from parabolic, and thus
the definition of the effective mass must be changed to account for
the non-quadratic curvature of the band.* In the effmass imple-
mentation, this can be done by either considering higher order
energy terms in the dispersion relation (transport effective mass) or
by taking into account the occupation of all bands as determined
by the Fermi-Dirac distribution (optical effective mass). In our
calculations, we assumed the Fermi level to be at the top of the
valence band and calculated the optical effective mass at 7= 300 K.

To explain the orbital composition of the bands near the
highest occupied crystal orbital (HOCO) and lowest occupied
crystal orbital (LUCO), we performed neutral cluster calculations
of a single copper acetate and two DABCO ligands, decreasing the
distance of copper and nitrogen from 6 A to 2.5 A. The calcula-
tions done to evaluate the energy alignment of the building blocks
were done as cluster calculations as well. In cluster calculations,
we relaxed all structures on hybrid functional level immediately
before performing electronic structure calculations. All orbitals
are presented with an isosurface level of 0.015 within VESTA.**

3 Results & discussion
3.1 DMOF-1

DMOF-1 consists of Cu, Ni or Zn paddle-wheel nodes connected
by BDC ligands in the a-/b-direction and DABCO ligands in the
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c-direction.®® DMOF-1 has been mainly studied because of
structural changes upon post modification of the BDC ligand
including ‘breathing’ effects and structural compression with
polar adsorbate concentration.** To our knowledge, no
conductivity studies on DMOF-1 have been reported so far.

DMOF-1 with a Cu node in its ground state square-pore
structure contains Cu®*/d" cations in antiferromagnetic (AFM)
alignment.*® It has orthorhombic symmetry, belonging to the
space group P4/mmm. Firstly, the ground state of DMOF-1 was
confirmed to be AFM within the Cu(u) paddle wheels, being 78
meV per paddle-wheel more stable than ferromagnetic (FM)
ordering using the PBEsol functional. This is in agreement with
calculated ground state magnetic ordering in structurally
similar Cu paddle wheel MOFs.*®

The resulting frontier orbitals from electronic structure
calculations with HSE06 are shown in the top of Fig. 3. They
show a possible conduction pathway along c-direction in the
valence band due to the delocalised electron density. The main
reason for this is a sizeable overlap of Cu-d, orbitals with
DABCO nitrogen lone pairs. This assignment is confirmed by
the dispersion observed in the conduction band, as seen in the
bottom of Fig. 3, which implies a smaller carrier effective mass
than usual in MOFs.

The partial density of states in Fig. 3 supports our assumption
of the orbital composition, revealing that the valence band is
mostly made of N orbitals and smaller contribution of Cu
orbitals. This infers that the ligand is responsible for conduction
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Fig. 3 Top: Frontier orbitals of DMOF-1. Bottom: Electronic band
structure (left) and atom-projected density of states (right) of DMOF-1.
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pathway in the MOF, contrary to many MOFs described where
conduction is promoted via the metal nodes. The energy associ-
ated with this dispersion is 0.12 eV, and the carrier effective mass
is 0.81m.. Compared to commercially used inorganic semi-
conducting materials, this dispersion might seem low; it is
however higher than typical dispersions observed in MOFs.*” In
contrast, the conduction band, comprised of 7r-orbitals on the
ligand, does not enable a full pathway through the framework
and shows no significant band dispersion.

3.2 MOF-649

MOF-649 was reported by Barman et al. as a framework with
Zn>" paddle wheel nodes and 2,6-azulenedicarboxylate/DABCO
ligands. Azulene itself contains an intrinsic dipole and there-
fore has potential for increasing gas storage capacities and
adsorbate interactions within a pore through additional polar-
isation and non-bonding forces. MOF-649 has orthorhombic
symmetry and belongs to the space group Cmmm. To the best of
our knowledge, no electronic structure calculations have been
reported on this material.

Given the similarities to DMOF-1, we calculate its properties
under a substitution of Zn for Cu. Following a resolution of the
magnetic ground states, a direct comparison of the electronic
structure of DMOF-1 and MOF-649 can then be made. The
procedure was analogous to the one used for DMOF-1: the
ground state was confirmed to be AFM, 48 meV per paddle-
wheel more favoured than its FM counterpart.

The band structure of MOF-649 differs significantly from
that of DMOF-1 (Fig. 4, top). The conduction band is similar to
DMOF-1: it consists of m-conjugated orbitals along the AZDC
ligand, which does not result in a connected conduction
pathway. In contrast to DMOF-1 however, the valence band
exhibits orbitals located on the ligand that do not result in
a connected pathway. The conjugated pathway across paddle
wheel and DABCO ligand is instead found in bands below the
valence band. This is confirmed by the resulting band structure
(Fig. 4, bottom), which displays no dispersion in valence nor
conduction band, but in the band below the former.

The associated band width is 0.11 eV and if those states were
thermally accessible, the carrier effective mass would be around
0.82m, - both values comparable to those obtained for DMOF-1.
The original assumptions about the orbital compositions is again
confirmed by the partial density of states analysis, showing that
the dispersive band originates from ligand orbitals, with a minor
contribution from Cu paddle wheel orbitals.

3.3 Energy level alignment

To shed light on the band structures of the two MOFs, we per-
formed cluster calculations of their building blocks. To do so, we
calculated the electronic structure and ground state energy of
a copper acetate paddlewheel (Cu,(acetate),), DABCO, BDC and
AZDC. Additionally, we studied the orbital composition of
a model 1D DABCO - copper paddle wheel - DABCO rod through
a series of calculations, in which we gradually decreased the
distance of metal node and ligand in steps of 0.5 A from 6 A to 2.5
A (the calculated approximate equilibrium distance of those two

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Top: Frontier orbitals of MOF-649. Bottom: Electronic band
structure (left) and atom-projected density of states (right) of MOF-
649.

building blocks in the frameworks is 2.23 A). The results are
shown in Fig. 5 in a molecular orbital diagram. It shows that the
dispersive bands which form the valence band in DMOF-1 and
the band below the valence band in MOF-649 originate from the
mixing of the DABCO HOMO with the originally unoccupied Cu-
d,> orbitals of the paddle wheel. Furthermore, it supports the
finding that the main contribution to this band comes from
ligand orbitals rather than the metal node. The diagram also
resolves the non-dispersive conduction band of MOF-649, as
simply being the AZDC ligand states that energetically misalign
compared to the dispersive band. The additional ring fused to the
benzene in AZDC provides more electron density than BDC,
resulting in a HOMO of higher energy above the energy of the
dispersive band.

Building 1D model HOMO Frameworks
blocks Dabco - Cu paddlewheel - Dabco
E
Dabco HOMO o * 1254
‘i — — —— MOF-649 Valence band
e -
@ _ F x @ & et )
) Y L Qg[} o
;z‘:cnomo - g ;; ; -
BDC HOMO
;'s"f - DMOF-1 Valence band

Fig. 5 Energy (Kohn-Sham eigenvalue) alignment of the building-
block molecular orbitals that combine to form the crystal orbitals in
the studied frameworks.
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3.4 Substitution effects on the band structure of MOF-649

The unfavourable energy alignment of the AZDC linker led us to
study the effect of substitution on the band structure of MOF-
649. Potential substitution of hydrogen on AZDC with an elec-
tronegative group (e.g. F or Cl) could lead to a lowering of the
energy of the HOMO below the dispersive state of the frame-
work, thus turning the latter into the valence band. The
resulting band structures are shown in Fig. 6.

The energy difference between the bands of interest is
indeed lowered upon substitution, but neither substituent
prove strong enough to invert the band positions. In the case of
Cl, the dispersive band still finds itself 40 meV below the
valence band, whereas in the case of F this gap shrinks to 22
meV; the difference between the top of the dispersive band to
the top of the valence band remains above 60 meV however,
leaving possible hole carriers thermally inaccessible.

3.5 Electronic properties

An overview of the electronic properties for DMOF-1 and the
studied MOF-649 variants is given in Table 1. Each of them
belong to the class of wide-bandgap semiconductors with
bandgaps ranging from 2.3-3.1 eV. Since the intrinsic carrier
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Fig. 6 Electronic band structure and atom-projected density of states
of MOF-649 with Cl (top) and F (bottom).
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Table 1 Calculated electronic properties of the studied MOFs. The
valence band (VB) dispersion was only significant in the case of DMOF-
1

VB effective

MOF Bandgap (eV) mass ()
DMOF-1 3.14 0.81
MOF-649 2.30 —
MOF-649 w/Cl 2.33 —
MOF-649 w/F 2.46 —

concentrations may be low, as the bandgaps fall in the visible
range of the solar spectrum there is the potential for photo-
conduction under illumination.

The effective mass of the valence bands of DMOF-1 is found
to be below 1m. along the direction of the DABCO ligand, sug-
gesting increased mobility and thus increased electrical
conductivity given appropriate carrier density. Other frame-
works do not yield dispersive band edges, and therefore band
transport is unlikely to be accessible. However, there is still the
potential that localised charge transport in the form of small
polarons could be accessible. To assess this would require
a practical formalism for assessing polaron dynamics in hybrid
frameworks, which is a target that we are working towards.

4 Conclusions

A comprehensive analysis of the electronic structure of several Cu
paddle-wheel MOFs has been conducted. We found extended
delocalisation of the frontier orbitals of DMOF-1. More specifi-
cally, it is the linear overlap between the copper d,- orbitals and
the DABCO lone pairs of the nitrogen that facilitates charge
carrier transport in the framework. This is supported by calcu-
lated dispersion in the band structure and low effective masses of
respective bands. MOF-649 shows similar band structure, but
due to the different ligands the frontier orbitals do not show any
dispersion. Substituting the AZDC ligand hydrogens with elec-
tronegative halogens (chlorine or fluorine) has not proven effec-
tive enough to push the ligand orbital below the dispersive bands
in MOF-649. Further research could consider the effect of
different pillar ligands, which may change the connectivity and
topology. Our study reveals DMOF-1 as a potential semi-
conducting metal-organic framework.
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