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Due to their generally poor conductivity, metal-organic
frameworks (MOFs) have been limited in electrical applications.
The highest performing materials
connected Niz(hexaiminotriphenylene),

Nis(hexaiminobenzene),; both feature experimental conductivities

two-dimensionally
and

are

exceeding 500 S/m. From theory, both are predicted to be bulk
metals but the former is known to be a semiconductor within a
single monolayer. In this work we explore structural deformaton
as a route to augmenting the electronic properties of these two
high performing materials. We show that, under hydrostatic
negative the
Ni3(hexaiminotriphenylene), monolayer. Further, we predict a
unique piezoreduction of metal ions and induced-magnetization in

pressure, metallicity can be installed in

Nis(hexaiminobenzene), due to the shift in energy of metal-ligand
bonding and antibonding orbitals. These observations aid in our
understanding of how MOFs conduct electricity and may also be
used as a design principle in future MOF technologies.

Introduction

Previous studies of MOFs have shown that this class of
structurally diverse materials are unique due to their porous
architecture and resultant high surface areas.’ The
application of a particular MOF depends on the chemistry of
both the inorganic metal ions/clusters and the organic linkers.
Considering their structure and composition, MOFs have been
decidedly useful in gas separation and storage,*” catalysis,?
drug delivery,®? and energy-related applications such as light
harvesting,!! thermoelectrics,’> and supercapacitors.’3'# In
case of the latter, a MOF’s utility is intimately related to its
electrical conductivity. Thus improving electronic
delocalization is paramount if these scaffolds will be useful in
energy storage devices.?>18
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Figure 1. A portion of a) Ni3(HITP), and b) Nis(HIB),. The
oxidation state and one resonance depiction of each ligand is
presented in ¢ and d, respectively. Atoms are depicted in C —
black, N — blue, H — white, and Ni — madder.

However, most MOFs are wide gap electrical insulators
with heavy charge carrier effective masses!®20, These
properties stem from their highly metal-ligand
interface?!. Furthermore, the only successful route to doping a

ionic

metal-organic framework relies on the redox properties of the
ligand and/or metal. This approach has been fruitful;, redox-
induced charge hopping??2¢ has been shown to result in
conductivity. But given most charge
carriers are formed thermally, the band gap, and nature of the

increased electrical

frontier orbitals and their corresponding energetics is of
critical importance for generating conductive scaffolds.

Two of the highest performing conductive MOFs,
Ni3(HITP), (HITP = 2,3,6,7,10,11-hexaiminotriphenylene) and
Ni3(HIB), (HIB = hexaiminobenzene) are 2D-connected bulk
metals (truncated building blocks are shown in Figure 1), with
corresponding electrical conductivities of ~60 S/cm?72¢ and
~80 S/cm?°, respectively. Despite their structural similarities,
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monolayer Niz(HITP), features a discrete ~0.2 eV band gap;3°
electrons are thought to conduct in the bulk material in the
non-covalent mi-stacked direction, perpendicular to the
covalent sheets.3! Foster and colleagues further explored this
by demonstrating that Niz(HITP), undergoes a metal-to-
semiconductor transition by separating its sheets (either
through chemical pillaring or otherwise).3° Conversely,
Ni3(HIB), is metallic in-plane but insulating in the bulk non-
covalent directions.?® The electronic dissimilates between
these two scaffolds are governed by the electronic differences
of the ligand (one resonance structure for each are shown in
Figure 1c and 1d). In both syntheses the ligand is required to
be triply oxidized and deprotonated six times to yield a charge
neutral scaffold.

Ideally, these 2D connected MOFs would feature metallic
character in all directions, minimizing the reliance of
crystallographic packing in the non-covalent axis. However,
without augmenting the composition of the MOF, there are no
reports of the installation of a semiconductor-to-metal
transition in the Ni3(HITP), monolayer. Here we propose the
application of pressure to modulate the electronic structure of
these conductive scaffolds in order to obtain novel electronic
properties from these promising conductive scaffolds.

Hydrostatic pressure, both positive and negative, may be
experimentally applied mechanically, or by thermal expansion,
gas adsorption,3%33 etc. In some cases, this process can result
in amorphization, phase transitions, and other structural
changes of the frameworks,3*37 but MOFs are known to be
stable up to relatively high pressure and temperature.3840
With this in mind, the effect of pressure on the electronic
structure of both Ni3(HITP), and Niz(HIB), has not been
previously examined. Here, we demonstrate that under facile
lattice expansion, Ni3(HITP), becomes an in-plane metal.
Further, we observe Niz(HIB), undergoes electronic re-ordering

1

Models of bulk Ni3(HITP), and Nis(HIB), are complicated
because the interplane potential energy surface is relatively
shallow?>. However, much can be gained from examination of
the monolayer, as a single sheet allows us to monitor the
electronic properties within the covalent plane without having
to examine the emergences of magnetic ordering or other
secondary effects. Following the procedure detailed in the
computational methods, we assess the effect of pressure
through the lens of the electronic band structure, density of
states, and magnetic properties in the monolayer.

Based on prior work*!, we hypothesized that the addition
of pressure would stabilize bonding interactions, while
destabilizing their antibonding partners#?. Further, since the
metal-ligand bonds are weaker than the organic covalent
bonds of the ligand, geometric alterations to the framework
are expected to be most evident at the metal-ligand interface.
Thus, we hypothesize that bands that contain Ni-N bond
characteristics will display larger energetic shifts than, for
example, bands associated with the conjugated carbon
backbone.

Lattice contractions are expected to also increase band
dispersion in due to increased inter-atomic interactions.*?
Niz(HITP), exhibits a minor increase in band curvature (+0.05
eV, Figure 2a) compared to its equilibrium structure. Similarly,
Niz(HIB), is persistently a metal even and at high pressure (43
kB, Figure 3a) metallic bands become marginally more disperse
(+0.03 eV).
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Figure 2. Electronic band structures and density of states plots for Ni3(HITP), under five representative hydrostatic pressures. Ni-N
antibonding bands drop in energy upon lattice expansion, and are evident above the conduction band at -10 kB. The k-path from L-to-M

(0.5,0,0.5-t0-0.5,0,0) corresponds to the non-covalent direction and are flat because they are sampling perpendicular to the layer. M-to-
l-to-K sample in the intraplane covalent vectors (0.5,0,0-t0-0,0,0-t0-0.33,0.33,0). Ni3(HITP), becomes metallic at low pressure.

to reduce Ni?* to Ni'-33+ while oxidising each ligand by 1 e7, an
effect we term “piezoreduction”.

Results and Discussion

2 | J. Name., 2019, XX, XXXX
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Conversely, one might expect that a hydrostatic expansion
of the frameworks would feature a similar but opposite
electronic response to that of a contraction (i.e. a band
gap/dispersion reduction with lattice expansion). Through the
application of negative pressure (i.e. stretching the
framework) we note that Ni3(HITP), features a reduced band
gap by 9 meV at -8 kB and, at an applied pressure of
approximately -10 kB the material becomes metallic (Figure
2d,e). The metallicity evidently arises from the installation of
degeneracy of carbon-based bands at the -point. Importantly,
the addition of negative pressure provides a novel route to
converting Ni3(HITP), into a 2D metal, as evidenced by the non-
zero density of states at the Fermi level (Figure 2e). This result
has obvious implications for the expected electrical
conductivity of the framework, as in-plane conduction would
no longer be thermally activated. Additionally, while the
metallic transition may not have been experimentally isolated
due to difficulties in growing single crystals and measuring
their conductivity, we expect that in plane conduction does
contribute to the bulk, pressed-pellet measurements.
Furthermore, the metallic transition occurs around -10 kB,
pressures that should be accessible at high gas loadings or
accessible at high temperatures.

The electronic band structure of monolayer Nis(HITP), also
reveals the emergence of Ni-N centred bands appearing at low
pressures. These bands drop from much higher energy at -8 kB
(not visible in Figure 2d), to immediately above the conduction
band (Figure 2e). Although these bands play no role in
determining the electronic properties of the framework, their
rapid decrease in energy between -8 kB and -10 kB suggests
that the energetics of the Ni-N interface is extremely sensitive
to interatomic distance, and this interaction is antibonding in
character. The bond lengths and associated energetics of this
lattice contortion are presented in Figure 4 and more
comprehensively in the Supplementary Information.

Contrastingly, monolayer Niz(HIB), is persistently metallic
upon both framework expansion and contraction. However,
we noted that the converged structure of 10%-expanded
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Figure 4. A structural (a) and energetic (b) comparison of both
Ni3(HITP), and Nis(HIB), at various pressures. The inset graphs
highlight the Ni** piezoreduction upon expansion of the
Ni3(HIB), lattice.

Nis(HIB),

features

a

non-zero

magnetic moment,

corresponding to approximately 0.66 unpaired electrons per

Ni.

This electronic structure is at odds with any plausible

electronic configuration for square planar Ni2*.
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Figure 3. Electronic band structures and density of states plots for Ni3(HIB), under five representative hydrostatic pressures. LC = lattice
constant. Ni-N antibonding bands drop below the Fermi level at -11 kB (LC = 1.10). The k-path from L-to-M (0.5,0,0.5-t0-0.5,0,0)

corresponds to the non-covalent direction and are flat because they are sampling perpendicular to the layer. M-to-I-to-K sample in the
intraplane covalent vectors (0.5,0,0-to-0,0,0-t0-0.33,0.33,0). Niz(HIB), is persistently a metal at all pressures, and the Ni?* is piezoreduced

at-11 kB (LC = 1.10).
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We first assumed that the magnetic moment was due to an
asymmetry in the expanded lattice resulting in an orbital
degeneracy of d,2 and d,2.,2. However, examination of the
converged material reveals that the structure is indeed
symmetric. In fact, Ni** had been reduced by 0.66 e~ per Ni, to
Nil-33* These two electrons are fully delocalised, in line with a
Robin-Day type Il classification. Bader analysis supported this
observation with as evidenced by an increase in charge density
on the nickel atoms?*3. We surmised that this reduction event
was motivated by the electronic structure of the ligand, which
may be thought of as a trianionic radical (one resonance form
is shown in Figure 1d). While these electrons are paired and
delocalized across the C-based m-system in the equilibrium
structure, elongation of the Ni-N bond results in
piezoreductive transfer of a ligand centred electron to the
neighbouring Ni (Figure 4).

Beyond the electronic differences between the two
structures, e.g. the piezoreductive transition observed in
Niz(HIB),, and the semiconductor-to-metal transition in
NizHITP,, the materials have different energetic responses to
pressure. Figure 4a presents the explicit comparison of
pressure to Ni-N bond length. Here, we observe three
features; i) the equilibrium Ni-N bond length does not depend
on the ligand, ii) as the lattice is contracted Niz(HITP), more
rapidly contracts in the Ni-N bond than that observed for
Niz(HIB) and, iii) as the lattice is expanded the piezoreductive
transition occurs when the Ni-N bond length begins to exceed
~2 A. The difference in Ni-N contraction can be attributed to
the increased rigidity of the HITP ligand owing to an increase in
dense covalent C-C bonds. Examination of total energy versus
pressure (Figure 4b) reveals a similar trend; Ni3(HIB), has a
more shallow potential energy surface indicating that the HITP
material is more rigid. This is further demonstrated through
the structural comparison presented in the Supplementary
Information.

Although we do not observe piezoreductive event in
Ni3(HITP), the Ni-N bands do drop in energy upon lattice
expansion. In Ni3(HIB), these bands drop below the Fermi level
as external pressure decreases, and a formal reduction event
occurs. Perhaps this transition is most obviously depicted by
comparison of the Ni-N bond lengths, and corresponding
energies (Figure 4). Energetically, this transition occurs with an
input of 94 kcal/mol, and should be accessible in the
laboratory setting.

Conclusions

External pressure modulation of monolayer conductive
MOFs such as Niz(HIB), and Ni3(HITP),, leads to exotic
electronic property transitions including band gap closing in
semi-conductive monolayer of Ni3(HITP),. The emergence of
magnetic moments in the metallic monolayer is a result of the
piezo-reductive transition of the metal centres.

As external pressure increases, slight changes in the
electronic band structures occur for both monolayers.
Interestingly, Ni3(HITP), demonstrates a notable contraction in
band gap energy as the lattice became progressively
expanded, eventually becoming metallic at -10 kB.
Additionally, lattice expansion showed that indeed the Ni-N

4 | J. Name., 2019, XX, XXXX

interface was the most labile and, in the case of Niz(HIB),, a
piezoreduction occurs when the Ni-N bond length is expanded
by approximately 10%.

Hydrostatic pressure therefore provides a pathway for
electronic structure modifications in both semi-conducting and
metallic materials. We expect these findings will aid in the
development of novel MOF-based sensors, as well as serve as
a general design consideration in the synthesis of other
compressible, conductive MOFs.

Computational Methods

Structural optimization of monolayer Niz(HIB), and
Ni3(HITP), were performed with DFT as implemented in the
Vienna ab initio Simulation Package (VASP, version 5.4.4).%4
Both structures were equilibrated in a ~20 A vacuum using the
unrestricted GGA-PBEsol exchange-correlation functional.?>
lonic relaxation was achieved when all forces were smaller
than 0.005 eV Al. The plane-wave cut off was set at 500 eV
and the SCF convergence criterion was 10 eV, resulting in
electronic convergence of 0.005 eV per atom. An automatic k-
grid was used during the optimization with 4 x 4 x 1 sampling,
and yielded indistinguishable results comparted to 6 x 6 x 1
meshes. Symmetry was not enforced.

From the equilibrated structures of Niz(HIB), and Niz(HITP),
hydrostatic pressure was applied by scaling lattice constants in
0.5% increments. By allowing the stress tensor to be calculated
at every electronic step while restricting the cell shape and cell
volume to change, the external pressure was calculated at
each lattice constant. Single point calculations were performed
with a 4 x 4 x 1 which is a sufficient k-grid to model monolayer
metallic Ni3(HIB),. For Niz(HITP),, a higher k-grid of 6 x 6 x 1
were used to closely monitor the behaviour of the bands at
the Fermi level and the flat bands corresponding to the Ni-N
antibonding orbitals which are indistinguishable. These
calculations were used to construct the electronic band
structures and corresponding density of states for both MOFs
at different pressures points. It should be noted that the DFT
calculations employed here are known to systematically
underestimate the band gap energy, especially for
semiconductors*®4’, so a larger band gap/dispersion
perturbations may be possible in an experimental setting. The
HSEO6 hybrid functional was also examined and shows
qualitatively similar properties to the PBEsol functional. This
comparison is presented in the Supplementary Information.

Bader charge analysis was performed using the package by
Henkelman and colleagues®® (version 1.03) with core charge
density correction was performed on optimized Nis(HIB),
monolayer with lattice constant scaling of 100% and 110% to
calculate the total charge differences of Ni atoms.
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