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ABSTRACT: We explore the eclipsed stacking of a metal—organic
Kagome lattice containing heavy-metal nodes. Our model is Pt;(HIB),, a
hypothetical but viable member of a well-known family of hexaamino-
benzene based metal—organic frameworks (MOFs). Applying space group
theory, it is shown how molecular diradicals, brought into play by a
noninnocent ligand, become topologically nontrivial bands when moving in
a periodic potential. Three factors are required to enable this: (1) eclipsed
stacking, which shifts the Fermi level near a symmetry-protected band
crossing (2) the emergence of an electride-like band that renders the
topological Z, invariant equal to 1, thus nontrivial, and (3) Pt-induced
spin—orbit coupling, to turn the crossing into a bulk band gap. The electride
band, with its unforeseen role, bears kinship to the interlayer band in
hexagonal superconductors. It places its charge density in the voids of the
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crystal, rather than around the atomic nuclei, and we name it a “pore band”. While the synthesis of truly conductive MOFs has
proven challenging, the analysis shows that intrinsically nonlocal physics may emerge from tunable molecular building blocks. With

the richness of redox-active MOF chemistry, this offers a pathway to tailored topological electronics.

B INTRODUCTION

In topological materials, special edge or surface states give rise to
lossless channels with countercurrent flow of electrons with
opposite spins. This form of entanglement arises from the
symmetry properties of occupied bands in reciprocal space,
and the resulting topology of their mapping on Hilbert space.
A nontrivial topology is associated with an odd number of band
inversions in the first Brillouin Zone. Such inversions are related
to reversals in energy ordering between bonding and
antibonding orbitals, much like inverted ligand fields in
molecules.””” In such, a band inversion may be considered a
crossing between bonding and antibonding bands near the
Fermi level Ep, in which the latter becomes occupied. The
crossings themselves are enforced by the symmetry of the
lattice, and their role in topological materials demonstrates
how space groups can give rise to quantum phenomena which
are impossible to attain with molecules. From a chemical
viewpoint, the bulk-boundary correspondence may be the
strangest; it prescribes the observed appearance of metallic
states at the interface of a topological insulator, and trivial
insulator air, which persists in the face of lattice impurities and
defects (if not too major).

These novel electronics have become well reproducible, and
are being explored for application in quantum computing,’®
spintronics,4 thermoelectrics,”° sensing,7’8 high-performance
transistors”' and by virtue of the quantum Hall effect, even as
the new standard for the base unit of electric resistance ohm
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(Q)."" A spectacular hypothesis argues that high-mobility
topological surface states (TSS) bring high rates in
heterogeneous catalysis. This defies the classical approach to
transport phenomena in chemical engineering, as well as the
conventional picture of a catalyst’s surface, given the
robustness of these states against surface modification.'”” "
Although it is estimated that a large majority of all known
materials contains topological bands,'®'” only a fraction
provides robust and “pristine” states that are not convoluted
with bulk ones. In principle, such states can be engineered
through a combination of strong SOC, an appropriate lattice
symmetry and delocalized chemical bonding.'*"’
Metal—organic frameworks (MOFs) can give concurrent
control over these properties through the careful selection of
molecular building blocks.””*" Unfortunately, polar metal—
ligand bonding invokes large gaps for most MOFs, and the
associated electronic localization leaves no chance for highly
mobile states. The search for gapless MOFs has to great extent
been steered by the Dinca group, and the conductive MOFs
that have been developed are best described as semimetals,

Received: July 22, 2024
Revised: ~ September 30, 2024
Accepted: October 1, 2024
Published: October 17, 2024

https://doi.org/10.1021/jacs.4c09993
J. Am. Chem. Soc. 2024, 146, 29599—29608


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maarten+G.+Goesten"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leslie+M.+Schoop"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.4c09993&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09993?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09993?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09993?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09993?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09993?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/146/43?ref=pdf
https://pubs.acs.org/toc/jacsat/146/43?ref=pdf
https://pubs.acs.org/toc/jacsat/146/43?ref=pdf
https://pubs.acs.org/toc/jacsat/146/43?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.4c09993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS
@, . ®
Lieb Kagome
9 ® w W
Y T e
"w @ @ r" @ ®
® M (HITP), \ ® ® 1 MHB), T @
x ] T
h @ @ [ (U ®
e
e la @ ® ®
e 2b L.
° 3¢ ® ®

Figure 1. Left: schematic depiction of Lieb and Kagome lattices with indication of Wyckoff positions. Right: two examples of metallic Kagome

MOFs, with HITP or HIB linkers in the 2b positions.
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Figure 2. Left: MO diagram depicting the b,, and b,, orbitals of the M(HIB), complex as interaction between two o-phenylenediamine fragments—
the perspective depicts 2p, orbitals from above (i.e,, they are not 2s). The by, orbital has the appropriate symmetry for 7 overlap with a (Wyckoff
3c) metal ion d,, orbital, and the associated antibonding interaction is what mainly controls gap 8. For the case of a neutral complex and a small gap
0, two electrons occupy the two orbitals, setting the scene for diradical character. The latter is associated with magnetic orbitals, in which opposite
spins sit on different ligands. The extended framework is then expected to form a hexagonal spin—lattice, as shown by the Lewis structure on the

right.

given the typically small density-of-states (DOS) at Ep (Ngg).
This is in fact beneficial; a large contribution to Ngg by trivial
bulk states “contaminates” the detectability and control over
TSS, 1617

Two types of 2D MOF nets have been probed for
topological properties: the square Lieb lattice (wallpaper
group: p4mm, point group: D), and the hexagonal Kagome
lattice (p6mm, point group: D). Figure 1 depicts both
lattices, as well as Wyckoff positions that indicate site-symmetry.
The Wyckoff positions and local orbital symmetry control the
topology of the electronic band structure.”” Each Wyckoff
position is associated with a set of operations g in the
crystallographic point group P that transform the position into
itself, or an equivalent point. With r the position vector in real
space, this is the stabilizer subgroup Stabp(r): {g€ Pl gr =r}.
For example, in the two-dimensional Lieb lattice on the left in
Figure 1, positions 1a and 1b are unchanged by a C, rotation,
but 2c is not. The particularly attractive feature of MOFs is
that we can often choose from multiple, chemically distinct
options for every Wyckoff position, so that one could, in
principle, tailor a certain band structure. In such, a MOF Lieb
lattice can be synthesized with different square-planar
transition metal ions at the 2c position, connecting

phthalocyanine ligands at 1b.*~>° These lattices are predicted
to become topological semimetals for specific chemical
compositions, or under the application of physical strain.*®

Analogously, semimetallic MOF Kagome lattices can be
realized with a variety of square planar transition metal ions
and redox-active ligands like 2,3,6,7,10,11-hexaaminotripheny-
lene and hexaaminobenzene.”” ™’ In this hexagonal lattice, the
metal ions occupy the 3¢ Wyckoff position, and the linkers the
2b positions—one can see this in Figure 1. Upon coordination
to the metal, the ligands lose protons and “amino” turns into
“imino”; the associated MOFs are usually abbreviated as
M,(HITP), and M,(HIB),, with HITP = hexaiminotripheny-
lene and HIB = hexaiminobenzene. These two frameworks are
isoreticular, and can be synthesized with variations of the linker
where the coordinating NH moiety is replaced by O or 8.7
These conductive Kagome MOFs offer a rich playground for
topological electronics.”*~*°

However, where graphene can be famously peeled off
graphite with adhesive tape, similar solidity should not be
expected for porous 2D MOFs. The synthesis of free-standing
2D MOF nets typically requires surface support,41 the electric
field effects of which may be expected to shift the position of
the gap away from Ey, or in fact quash observable topological

29600 https://doi.org/10.1021/jacs.4c09993

J. Am. Chem. Soc. 2024, 146, 29599—29608


https://pubs.acs.org/doi/10.1021/jacs.4c09993?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09993?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09993?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09993?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09993?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09993?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09993?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09993?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c09993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Real Space

o %
e
«»
e oo 'C....
o %y
e
.

e #e
oo
o_.
o
13

Pty

3

-1.5
D D2h DSh D Dth

6h 6h

r M T

s %e
ket
o
.
[ 1]
oo
o0
s
P

Reciprocal Space

Real

\9

Imaginary

o [
0g0,0 0,00
e%9%s o%e%

. . .q,
e Soty
"ol AL 33X

oq .

0.0 0,0,0
S

'o®e
. oq

LS 4%
Sotet N egten
“ . 1 ¢%e%e

>
> .
o0 Sot.0
el S

Figure 3. Top: depiction of the lattice in real space, where the lattice vectors indicate the translation of one unit cell center to the next. The unit cell
can be conceived as a horizontal hourglass, with one unique lattice point, and four points shared with adjacent cells. To the right: 2D hexagonal
Brillouin Zone and reciprocal-lattice vectors b, and b, defining planes of Kagome lattice points in real space. The complex phase factor associated
with these planes is indicated by the angle in the color wheel to the right. Bottom left: band structure of 2D Pt;(HIB), with the three Kagome
bands near Ez—ry, 7, and m3—in red. Bottom right: representation of Kagome crystal orbitals of a simple three-point lattice basis, and to the right,
the analogous orbitals of 7}, , and 73, which start from a 7* basis (as can be seen at I').

states.”” Only a couple of theoretical studies focus on the
stacked versions of above-described lattices, and they show
that stacking can actually stabilize topological phases, by
altering the energy position of Ey favorably with respect to the
band structure.*”**

In this paper, we show that Pt;(HIB),, in eclipsed stacking,
is a tMOF with “strong” topological states. We will explain
what “strong” means in the context of a band structure analysis.
But to show how the topology of the band structure is
controlled by refined metal—ligand chemistry, we start from
the molecular level.

B RESULTS AND DISCUSSION

Hexaaminobenzene Ligand and the M(HIB), Com-
plex. Hexaaminobenzene should be a redox-active linker (or
noninnocent), from what is known for the square-planar
coordination of certain + II metal ions to two ortho-
phenylenediamine ligands. The associated complex [M(o-
C¢H,(NH),),]", with M the metal ion and n the charge, is
shown on the left-hand side of Figure 2. The charge sets the
number of electrons that occupy two redox-active molecular
orbitals (MOs), with b;, and b,, irreducible representations
(irreps) of the molecule’s D,;, point group: zero electrons for n

29601

= 2+, two for n = 0 and four for n = 2—.**° The b, and by,
MOs are respectively the in- and out-of-phase combinations of
two totally symmetric (a;) 7* orbitals of a single C,, DAB
molecule (Figure 2, left, the linear combinations of 2p, orbitals
are drawn from a z-axis perspective, ie., they look like 2s
combinations). The by, MO is z-antibonding with the
transition metal d,, orbital (occupying the Wyckoff 3c position
in the extended lattice in Figure 1). This repulsive interaction
is what sets the gap 9, estimated to be about 1 eV at the DFT-
BP86 level for M = Ni.* This special pair of orbitals is found
in a family of complexes, including dithiolato [M/(o-
C¢H,S,),]", dicatecholato [M(0-C¢H,0,),]" and multiple-
ring variants, where they have been employed in ligand-
centered catalysis.”’ "> The HITP ligand is catalytic when
embedded in the extended lattice Ni,(HITP), also,”" which
shows that the electronic redox properties can be hetero-
genized. Ni;(HIB), and Cu;(HIB), were subsequently shown
to possess stellar capacitance and durability.>

The neutral complex M(o-C¢H,(NH),), with its two
electrons and small gap &, is a singlet diradical.”® Diradicals
are an archetypal case of static electron correlation, and involve
the coupled, entangled motion of two electrons with opposite
spin. It is important to consider that sophisticated electronic

https://doi.org/10.1021/jacs.4c09993
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structure analyses have shown ligand diradicals in these
complexes to interact through the Ni, via superexchange,
mediated by the metal—ligand 7-antibonding interaction (and
gap 8).*° DFT, a single-particle method, breaks the symmetry
of the wave function to produce a density representable of the
many-body system.”*>> This leads to so-called magnetic orbitals
(Figure 2, top right), which look like the interacting fragment
MO’s on the left of Figure 2, with spatial detachment between
opposite spins. The degree of diradical character, inversely
proportional to the singlet—triplet gap, controls the extent to
which the opposite spins are separated, i.e., it is also inversely
proportional to the overlap of the magnetic orbitals in Figure 2.
Symmetry-broken DFT solutions are mathematically improper,
because they do not transform as irreps of the local point
group.”® But DFT is known to produce reasonably accurate
singlet—triplet gaps due to a fortunate cancellation of errors,”’
closer to experiment than (post-Hartree—Fock) CASSCF
calculations involving excitations of just the two 7* electrons.*

The diradical character can be well visualized through a
Lewis structure of the extended M;(HIB), framework. This
reveals a hexagonal spin—lattice, with spins in antiparallel
alignment between neighboring rings (Figure 2, right). We
now aim to introduce significant spin—orbit coupling (SOC)
through a heavy metal ion in the Wyckoft 3¢ position, to lock
the momentum of the charge carriers onto their spins.
Multilayer M,;(HIB), has been synthesized for M = Nj,
Cu,’” and Co,”® and since the related molecular [M(o-
C¢H,(NH),),]" complexes can be made with M = Pd, Pt as
well, 3D Pt;(HIB), appears a feasible target for synthesis. Pt
can be expected to invoke strong SOC, but that is not what
eventually determines whether TSS appear. For that, we need
this MOF to (1) provide a linearly dispersed and gapped Dirac
crossing at or near Ep and (2) offer a topologically nontrivial
band structure.

Single-Layer Pt;(HIB), and Time-Reversal Symmetry.
The structural relaxation of single-sheet Pt;(HIB), with DFT-
PBE gives Pt—N bond lengths of 2.00 A, in line with those
observed in the molecular analogues described above.***” The
Computational Methods section, at the end of the paper,
details all calculations. The (next nearest-neighbor) N—N
distances are 2.52 and 3.10 A, between N’s on the same and
different ligands, respectively.

The band structure of 2D Pt;(HIB), shows, near Ep, a
pattern characteristic for the Kagome net.’’ It is shaped by
three 7 bands—x,, 7, and 7;—that are shown in the bottom left
of Figure 3 in pink. We start by analyzing this motif, and apply
Bloch’s Theorem, as well as Zak’s approach of defining the
band structure as a set of localized orbitals that are invariant
under all operations of the space group. Thus, our one-electron
Bloch functions take the form y;(r) = ¢**u(r), where r is the
position vector in a periodic basis function u(r), a linear
combination of atomic orbitals (LCAO) for which holds u(r +
R) = u(r), with R a lattice vector. We will refer to the LCAO
description of w(r) as a crystal orbital. The wave vector k sets
the phase factor ¢**, and with that the local point group of
which i (r) forms a representation. This is the stabilizer
subgroup in reciprocal space, the set of operations that
transforms k into itself: Stabp(k): {g € P | gk = k}. We call it
the group of k. In the center of the Brillouin Zone, by definition,
this group is equivalent to the full crystallographic point group
of the lattice: Dg;,. At all other points in the Brillouin Zone, it
will be a subgroup of Dy, (including Dy, itself).

Note that at most points in the Brillouin Zone, k will only be
transformed into itself by the identity operation E; the group of
k is then trivial, and w(r) forms a representation of the C,
point group. But at high-symmetry points, the group of k will
be larger.

Figure 3 shows how this works. At high-symmetry point M,
k defines planes of lattice points that correspond to fully real
phase factors e (n an integer, i.e., n € Z); the 6-fold rotation
becomes 2-fold, and k has the D, point group. At K however,
this is the Dy, point group, with no inversion, and the ¢*"*/3
factors and therefore y;(r) are necessarily complex. This is an
important property of the hexagonal lattice, and the presence
or absence of the inversion center will be of significance our
upcoming analysis of the topological invariant. For now, we see
that a correct real-space representation of the crystal orbital in
Hilbert space requires depiction of the complex phase angle,
and we do this in Figure 3 through Itten’s color wheel.

A simple, general representation of Kagome crystal orbitals,
as shown in Figure 3, employs a three-point (Wyckoff 2,
Figure 1) lattice basis, following what Johnston and Hoffmann
obtained for the Kagome boron net.’" Our system is a bit more
complex, and multiple LCAOs can serve as basis u(r) for three
Kagome bands to develop; the pattern will be the same. But we
know that the Kagome crystal orbitals near Ey should resemble
the frontier MOs of Figure 2. Thus, we pick u(r) to have 7 p,/
p. C=C, n* p,/p, N=C, and 7* p,/d,, N—Pt interactions. The
corresponding crystal orbitals (that belong to the red Kagome
bands) are shown to the right of the general representations,
and they are denoted by the irreps of the local point group.
The 7, crystal orbital, with delocalized 7 p,/p, C—C across the
rings, takes up the B, irrep. The 7, & 7; degenerate E, crystal
orbitals then follow from the introduction of a nodal plane that
dissects the aromatic rings at Wyckoff 2b positions. These
planes are orthogonal (with respect to each other).

Between I' and M, the 7; band gains significant energy, the
7, moves down in energy to a lesser degree, and the 7 stays
practically flat, as it does throughout the Brillouin Zone.
Knowing u(r) allows us to identify the interactions that control
the dispersion. The 7, band increases in energy, because the
appearance of nodal planes in all aromatic rings (at loss of C—
C m-bonding interactions) wins out over the loss of one
antibonding p./d,, interaction per unit cell. The 7, band just
loses two of those antibonding interactions per unit cell, which
is why it goes down in energy. At M, the 7, and 7, bands have
become extended-structure analogues of the b, and b,; MOs
of Figure 2. The energy gap between the two states, A in
Figure 3, comes off a Pt—N antibonding interaction that is
present for B,,, but not for B;,. A for the MOF is considerably
smaller than 6 for the molecule (Figure 2). This is due to “half
antibonding” interactions (with just one N per interaction),
that are enforced by the translational symmetry for B,,. In
addition, relativistic contraction of the Pt 5d orbitals should
lower the overlap, and in such weaken the antibonding
interaction that mediates the energy gap between the two
orbitals, as well as the superexchange. Previously reported band
structures show a smaller computed A for Pt as compared to
Ni (in bilayer analogues based on thiolato ligands).*

Between M and K, both bands become almost perfectly flat,
until they meet each other at the symmetry-protected
degeneracy at K. This degenerate E” irrep at K is also found
in graphene, graphite and several hexagonal superconductors.
From M to K, two rings lose two nodal planes, and one ring
gains three nodes of a 277/3 phase angle. The latter correspond

https://doi.org/10.1021/jacs.4c09993
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Figure 4. Top left: schematic Brillouin Zone of 3D Pt;(HIB), in eclipsed stacking. Top right: corresponding band structure over a wide energy
range, with the Kagome bands highlighted in red. Their dispersion over b;, the stacking direction, corresponds to denoted energy Y. The “pore”
band is drawn in blue. Bottom: band structures without and with spin—orbit coupling (+SOC), with irreps along the band structure, and depicted

through different colors.

to three antibonding interactions with half the overlap, per Sq
= S, cos (0), where S, is the overlap between two orbitals with
no difference in phase (6 = 0) ie., three “half antibonding”
interactions.

The flat 75 band is sometimes referred to as a Chern band in
the modern literature,”°>®* and “flat topological bands” are a
topic of current interest.”* The 7; band, along I'-M, loses just
one antibonding p./d,, interaction per unit cell, and thus
remains higher up in energy than the z, band, which lost two
(one could say the band remains a bit flatter than this LCAO
depiction would fully explain). From M to K, the rings lose the
single nodal plane dissecting them, and form three pairs of p,
orbitals with the complex phase difference of 27/3 between.
The ring C—C n-bonding sees some stabilization, as we move
from two antibonding interactions per ring, to three “half
antibonding” ones. But the reintroduction of #* p,/d,,
interactions gets net stabilization to be marginal overall, and
leaves the band flat.

The orbital analysis shows that the framework band
structure near the crossing of the m; and =z, bands at K is
controlled by the same antibonding interactions that mediate
superexchange between diradicals in the M(HIB), molecular
complex. Because A between the 7; and 7, bands at M is as
much as an order of magnitude smaller than § in Figure 2, we

29603

must have diradical character in these bands in case Ep were
near the crossing. For single-layer Pt;(HIB),, that last
condition does clearly not hold. But things change when
layers are stacked in an eclipsed mode.

3D Pt;(HIB), and the Topological Invariant. London
dispersion interactions are expected to be significant between
layers. We treat these with Grimme’s correction to PBE-DFT,
and compute the eclipsed stacking enthalpy of Pt;(HIB), to
amount to ~30 meV/atom, with an equilibrium interlayer
distance of 3.5 A. Electron diffraction has experimentally
revealed an eclipsed (Pg/mmm) stacking for both Ni;(HIB),
and Cu,(HIB), at room temperature conditions.’” Yet a recent
study of the HITP analogues, by Berry et al,, reveals stacking
defects at 100 K, which the authors relate to the absence of an
electronically ordered state in their measurements down to 0.1
K.%° We return to discuss the challenge of synthesizing (near)-
perfectly stacked Pt;(HIB), at the end of the paper—for now
we note that we are looking at a realistic toy model.

Figure 4 shows the calculated band structure of 3D
Pt;(HIB),. In this hexagonal BZ, the three-band pattern of
Figure 3 appears twice (Figure 4, top right), both patterns
shifted by an energy Y. The Y term scales, quantitively, with
the magnitude of interlayer orbital interactions, i.e., electronic
band dispersion along the I'-A segment in which the interlayer

https://doi.org/10.1021/jacs.4c09993
J. Am. Chem. Soc. 2024, 146, 29599—29608
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6 p,—p, interaction changes sign (from antibonding to
bonding). For Pt;(HIB),, it is a large value for Y which puts
the symmetry-protected crossing near Eg, at points H in the
Brillouin Zone. Note how the crossing at K has moved up in
energy with respect to what is seen in Figure 3, due to
interlayer antibonding interactions. This computed pattern
appears regardless of the level of theory used, ie., the same
result is obtained with the hybrid HSE06 functional
(Supporting Information: Section SI, Figure S1). Most
importantly, Er now lies close enough to the By, and B,
orbitals and their small gap A: the associated bands must
correspond to metallic states with diradical character.

Curiously, there is also an entirely new band that emerges
upon stacking. This band is drawn in blue in the plot, cuts right
through the Kagome bands and increases steeply in energy
between I' and A. This turns out to be a new type of interlayer
band, which needs some special consideration, not least
because this band will turn out to be rather important.
Interlayer bands were first described in the 1980s, for graphite,
graphite intercalation compounds and hexagonal boron
nitride.®*™°® Their role in several hexagonal superconductors,
such as MgB,, CaCy and ThSi,, subsequently initiated a revival
of interest during the first decade of this century.””’° In an
interlayer band, the charge density is not centered around
atomic nuclei, but spread throughout the space between the
layers and in particular, it is located at the centers of the rings
at Wyckoff 1a positions in Figure 1. This is similar to what is
seen in electrides, or interstitial charge localization at non-
nuclear crystallographic sites.”"”’> The characteristic dispersion
of an interlayer band is that of an unbound electron.®” In our
case, the unoccupied Wyckoff la position is actually the
tubular pore, made available by eclipsed stacking. The band
places charge density in the pore channels (Supporting
Information, Section SII), and we therefore refer to it as the
pore band. We introduce two simple methods to identify the
pore band (or any interlayer band). The first applies
representation theory, and uses the notion that a band
corresponding to an unbound, spherically symmetric electron,
must always correspond to a totally symmetric irrep of the
local point group (Supporting Information, Section SIIT). The
second makes use of the limitations of an LCAO basis set:
atom-centered basis sets without diffuse functions should have
trouble to describe the pore band correctly. Indeed, where the
huge QZ4P basis set gives good agreement with plane-wave
calculations, the band disappears entirely at the DZP level (this
is shown in Section SV of the Supporting Information). The
electrons in this band still experience considerable stabilization
with respect to the vacuum level—we estimate this to be almost
3 eV at I'. And the lowest-energy pore band levels lie only half
an eV above Ep, making this band more accessible than the
interlayer band in graphite (>2 ev).”

The bottom part of Figure 4 zooms in on the band structure
near Ep at both the scalar and full relativistic level; the latter
includes SOC. Regardless of the SOC’s magnitude, the
difference between the scalar and full relativistic level is
significant from the perspective of representation theory. Only
in the latter case do we consider the actual spin of the electron,
an aspect often required for the topological analysis. Being a
Fermion, an electron is periodic in 47 rather than 27, meaning
a 2z rotation R has a different representation than a 4z
rotation, which is equivalent to the identity E. This gives rise to
double point groups. Double groups tend to have more bands
with the same irrep, which allows them to mix, and avoid

crossings.”” This can be seen in Figure 4. On all paths
connecting high-symmetry points A, L and H, the group of k is
C,,. At the scalar relativistic level, the two bands that cross and
set the degeneracy at H are only allowed to do so because they
transform differently in that point group when approaching H
(A, and B,); this is the von Neumann—Wigner theorem. But
when we consider spin and take the C,, double point group,
the two bands have the same Iy irrep. The avoided crossing
and associated gap are the hallmark features of a topological
insulator. At 16 meV, our gap is small, because the orbitals that
control it are mainly located on the organic ligands. The value
is in the range of computed SOC-induced gaps for these
frameworks in earlier works.”*7**** Most significantly, our
calculations show Ep to be in or at least very near this gap,
grazing the tip of the upper band.

For high-symmetry points where k is fixed by the inversion
operation, double group irreps correspond to parity
eigenvalues. These show up as “+” and “—7, even and odd,
which means as much as “gerade” and “ungerade” in the
classical g and u subscript from MO notation. At D,;, L, B, and
B, respectively become I's™ and I's" in the double group.
Whenever inversion symmetry is lost, around, both levels are
I's. At H, Dy, with no inversion, the degeneracy breaks up into
I'; and I'y levels, setting the local gap. To determine whether
the band structure is topologically nontrivial, we make use of
the method by Fu and Kane for crystals with inversion
symmetry.”" For that, we first define one set of occupied (or
partially occupied) bands, as well as one set of unoccupied
ones. We show these on the left-hand side of Figure S, in
respectively orange and blue. The sets are fully disentangled in
the presence of SOC, because the pore band engages into an
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Figure 5. Band structure of 3D Pty(HIB), at the full relativistic level
of theory, with closed manifolds of occupied (orange) and
unoccupied (blue) bands. High-symmetry points that are also time-
reversal invariant have thicker, colored vertical lines. The color

indicates the value for 6(T.), turquoise if —1 and magenta if +1.
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avoided crossing with the Kagome bands. For the occupied set,
we now factor the parity eigenvalues at every point in the
Brillouin Zone where the local point group contains an
inversion operation. These high-symmetry points are referred
to as time-reversal invariant momenta (TRIM): they are 1x I,
A (Dg,), and 3x M and L (D,},). Note that Dy, K and H are no
TRIM points. By virtue of Fu and Kane, the Z, topological
invariant v follows from (—1)" = [],,8(T), where
S8(T) = £ 1. Z, represents “odd” and “even”, and &(T) is
effectively obtained by counting the number bands with odd
parity in the occupied set, at TRIM point T,. If this number itself
is odd, 6(T) = —1, and for an even number, 5(T,) = 1. The
product over all points T, in the Brillouin Zone then gives v,
which indicates a “strong” topological phase when equal to
unity. The descriptor distinguishes between strong topological
insulators, like Sb,Tes;, and “weak” ones, for which v = 0, like
Sb,Se;. We find §(T") = 6(M) = 6(A) = —1, 6(L) = 1, thus
(=1)" = =1 and v = 1. We underline an important role for the
pore band here. Through its avoided crossing, it is part of the
occupied set of bands at M, but not at I'. As shown in the
Supporting Information, Section SIV, which lists the band
parity eigenvalues, this turns out to be crucial for the Z,
invariant. In conclusion, our analysis predicts strong TSS to
appear in the gap at H.

Note on Experiment. The topological electronics that we
describe, predict and relate to diradicals, need perfectly
eclipsed stacking with Ps/mmm symmetry. The 6-fold
rotational symmetry is particularly important, as it enforces
the crossing at H. There is evidence for average structures to
take up the eclipsed stacking at room temperature,”” but there
are also descriptions of an absence of truly metallic behavior,
and relating this to stacking imperfections.®® Topological
electronics, as well as advanced techniques for the character-
ization of surface states like angle-resolved photoemission
spectroscopy (ARPES), require large, high-quality crystals.
These have long remained challenging to obtain for MOFs, but
there has been serious progress in this regard. We note that the
Dinca group published a modulator-based synthesis protocol
for single crystals of My(HITP), (Figure 1) and analogues.’
They subsequently showed that conducting MOF crystals of
up to 200 pm can be grown, if one can get the ligand—metal
interaction to be more reversible during crystallization, so that
in-plane crystallinity is improved.”> This elegant method aligns
with James Wuest’s strategy of achieving large porous crystals
by optimizing the bond stren%th between the building blocks
(tectons) that form the lattice.”®

An ideal, or an ideal enough stacking may well be achieved
by a clever use of solvents that are employed as structure-
directing molecules. Gu et al. have developed a handy and, as
has turned out, widely applicable strategy to control eclipsed
and rotational stacking of 2D MOF lattices with striking
accuracy.”’~”” While complex Moiré shapes can be engineered
with proper polar solvents, apolar ones are shown to drive
highly ordered eclipsed stacking. And because MOFs are
highly tunable, a variety of such structure-directing strategies
seems currently available. We note a very recent work in which
the introduction of bulky side groups on ligands enabled a
precise control of stacking and commensurate spin behavior.
The associated MOFs are based on a hexaiminotriindole
ligand, a yet larger analogue of HITP.*

The diradical character may be probed through a transition
that has been observed for molecular analogues, where it

appears in the near-IR region.%’81 It corresponds to a ligand-
to-ligand charge transfer, in which adjacent linkers obtain
alternating charges. For small MOF crystals, the character-
ization by light absorption is possible, and so is the detection of
TSS by scanning tunneling microscopy.

B CONCLUSIONS

We have investigated the electronic structure of Pt;(HIB),,
and shown how nonlocal framework chemistry appears upon
the assembly of diradical building blocks. For this MOF, as
should be the case for this entire family of MOFs, the Kagome
band dispersion is controlled through (weak) z* antibonding
interactions between ligand and metal. These interactions
mediate superexchange through the metal node, between
diradicals localized on the organic struts. In the scenario of
eclipsed stacking, the Fermi level shifts to a position where
these levels belong to free framework charge carriers. We
predict the Kagome band to shape a Dirac cone at H, which
becomes gapped in the presence of strong SOC that is brought
upon the system by Pt. An analysis of the topological Z,
invariant suggests that robust TSS must appear within that gap.

There is a special role for a pore band there, a type of
interlayer band that is itself an apparent case of nonlocality.
This band corresponds to a charge density that is not centered
around nuclei, but rather within the tubular pores of the
system, and between layers. It plays a surprisingly significant
role, in rendering the system topologically nontrivial, i.e.,
without pore band, the Z, invariant would be equal to zero.
The pore band is energetically easier to access than the
interlayer band in graphite and will become occupied upon a
small degree of electron doping. This may be a way to engineer
superconductivity, in particular if concepts from hexagonal
intercalated superconductors can be applied. The low energy
position of the pore band should make it rather interesting for
(electro)catalysis as well, because we could think, at least
theoretically, of a new type of heterogeneous catalysis that does
not take place on metal sites or their ligands, but in the empty
space of the pore. Like the interlayer band, it should be
possible to detect the pore band experimentally, e.g, through
X-ray absorption or scanning tunneling microscopy.gz’83 We
predict the band to be there for isostructural Ni;(HIB), as well
(Supporting Information, Section SV), and it is likely that
some form of this band exists for a much wider range of MOFs,
as well as COFs. We also note that a porous topological
semimetal offers new opportunities for quantum materials in a
broader sense. A MOF with a topologically nontrivial band
structure, like Pt;(HIB),, brings the intriguing possibility for
TSS on inner pore walls, ie., the interior surface. Filling the
pore with an appropriate substrate could then constitute a new
type of interface between domains.

The direct connection between diradical chemistry and
topological states gives chemical control over nonlocal physics;
we know states to becomes more delocalized upon increasing
the diradical character, which we also know to scale along S <
NH < O for organic linker substituents.*> Given MOFs and
their building blocks offer direct control over orbitals at
Wryckoff positions in real space, they offer an ideal playground
for topological quantum chemistry. We therefore hope this
work motivates the pursuit of synthesizing highly perfect,
electronically conductive MOF crystals. Eclipsed-stacked
Pt;(HIB), is a toy model, but a realistic one. Its realization
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would be highly compelling for a variety of electronic
applications.

B COMPUTATIONAL METHODS

GGA-PBE Kohn—Sham density functional theory was used
throughout. The pw.x module of Quantum Espresso 6.5 (QE) was
used for variable-cell nuclear relaxation on a 6 X 6 X 12 electron-
momentum mesh, with tight convergence thresholds for the forces (1
X 10—4 Ry/bohr).%*®> All calculations with QE employed Rappe—
Rabe—Kaxiras—Joannopoulos ultrasoft scalar and full-relativistic
pseudopotentials with a plane-wave cutoff energy of 100 Ry, with a
Gaussian smearing of 0.03 Ry.*® Grimme’s third dispersion correction
(D3) was applied.®” The calculation of irreducible representations at
different points of the Brillouin Zone was done with the bandsx
module of QE. In AMS BAND,*® the wave functions are expanded
using Slater-type orbital basis sets, varying from DZP (double-{ with
one polarization function, the smallest) and QZ4P (quadruple-, with
four polarization functions). The quadratic tetrahedron method was
used for the k-mesh,”” with 17 k-points along each lattice vector.
Relativistic effects were accounted for by the scalar zeroth-order
regular approximation to the Dirac equation (ZORA).”°
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