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Quantum Metal-Organic Frameworks

Zhehao Huang* and Richard Matthias Geilhufe

Quantum materials and metal-organic framework (MOFs) materials describe two
attractive research areas in physics and chemistry. Yet, with very few exceptions,
these fields have been developed with little overlap. This review aims to sum-
marize these efforts and outline the huge potential of considering MOFs as

quantum materials, called quantum MOFs. Quantum MOFs exhibit macroscopic
quantum states over wide energy and lengths scales. Examples are topological
materials and superconductors, to name but a few. In contrast to conventional
quantum materials, MOFs exhibit promising unconventional degrees of freedom
such as buckling, interpenetration, porosity, and rotations, stimulating the design

of novel quantum phases of matter.

1. Introduction: Quantum Materials

Quantum mechanics provides a theoretical framework for
describing material properties at the microscopic level
However, many materials display quantum phenomena at mac-
roscopic scales, giving rise to the term quantum materials.!"
These encompass phenomena such as superconductivity, super-
fluidity, topological and Dirac materials, as well as magnetism,
that is, phenomena that lack a classical description. Recent exten-
sions into the time domain include transient and temporal
orders,™ time crystals,* and Floquet systems.!
Understanding quantum materials hinges on the principle of
emergence.® Collective states formed by countless ions and elec-
trons exhibit properties not present in individual constituents.
Elementary excitations of these collective states give rise to
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diverse quasiparticles, often originating
from a few degrees of freedom. In conven-
tional crystalline materials, these degrees
encompass the crystalline lattice, electron
orbital, spin, and charge. For instance, fer-
romagnetism arises from the alignment of
local magnetic moments, dependent on
electronic spin and occupation imbalances.

The classification of states of matter,
historically described by the Landau-
Ginzburg-Wilson theory, faces challenges,
particularly in systems where transitions
don’t entail symmetry  breaking.
Topological order exemplifies this, where
phases are distinguished by topological
invariants.[*1% Temporal orders, like
transient order in nonequilibrium systems,' ! further complicate
traditional paradigms, prompting consideration of coherent
quantum real-time evolution.!?

Besides introducing new mechanisms, considering novel
materials, such as metal-organic framework (MOFs) materials,
opens new opportunities and challenges in quantum materials
research. MOFs, composed of inorganic and organic compo-
nents, offer tunable functionality at the molecular level through
supramolecular chemistry. They find applications in catalysis,
sensing, gas sorption, electronics, biomedicine, and environ-
mental science. However, despite their potential synergy, the
research fields of MOFs and quantum materials have evolved
almost separately.

This review aims to serve as an accessible reference for
researchers in MOF or quantum materials fields. It covers essen-
tial concepts in quantum materials and ongoing efforts in real-
izing quantum phenomena in MOFs. Here, the focus is on
topological materials and superconductors. For magnetic
MOFs, we refer to other excellent reviews, for example,
refs. [13,14]. Furthermore, the review explores opportunities
for novel quantum phenomena based on unique properties like
interpenetration, rotations, buckling, and porosity in MOFs
(Figure 1).

We note that the concept of quantum MOFs materials can be
generalized to quantum framework materials, including, for
example, covalent organic frameworks!">~*® or hydrogen-bonded
organic frameworks.!?%

2. Frontiers in MOF Design

2.1. Design at a Molecular Level
MOFs or porous coordination polymers are a class of hybrid
materials constructed by coordinating metal clusters/cations

with organic linker molecules.*!? The wide variety of inorganic
building units (IBUs) and linker molecules has resulted in an

© 2024 The Author(s). Small Science published by Wiley-VCH GmbH
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(a) conventional degrees of freedom
Lattice Orbital Spin Charge
(b) unconventional degrees of freedom in MOFs

¢ 1

Buckling  Porosity / Fractality

Interpenetration Rotations

Figure 1. Emergence in quantum materials is controlled by internal
degrees of freedom. a) Conventional quantum materials, these typically
include the crystalline lattice, electron orbital, spin, and charge. b) In con-
trast, unconventional degrees of freedom emerge within MOFs. MOF
structures can be built “within each other,” leading to interpenetrated
MOFs. Furthermore, organic linkers allow for rotations or buckling.
MOFs are generally porous, making them hybrids of molecules and crys-
tals and resulting in fractional interfaces with interesting consequences on
topological states of matter.

almost unlimited range of combinations for constructing MOFs.
To date, more than 90 000 MOFs have been developed, offering
diverse pore sizes and functionalities. Consequently, MOFs
have demonstrated high potential in gas storage,**~%°!
separation,”’ % energy storage and conversion,*'? drug
delivery,[37‘38] sensing,[”‘“] catalysis,[43"47] etc. One of the most
exciting features of MOFs is their design flexibility, allowing the
tailoring of properties, such as pore structures, chemical
functionalities, and structural flexibilities at a molecular
Jeve] [21:22:48-51]

Beyond the traditional approach of describing crystal
structures using bond distances and angles, topological
considerations take center stage in MOFs. The MOF structure
can be deconstructed into geometric units, representing the
molecular framework components. The shape and connectivity
of these units can be simplified by a graph representation involv-
ing vertexes and edges. Based on these topologies, reticular
chemistry is a common approach to assemble IBUs and linkers
through strong bonds into a solid crystalline lattice, realizing the
target synthesis.*®! The MOF structures can be further tailored
through the isoreticular principle, for example, to control pore
sizes and introduce functionalities. For example, in Figure 2
we show a series of isoreticular MOFs based on the MOF-5
topology.[*¥! Here, the IBU is kept while the organic linker is
substituted with molecules modifying the pore size. The
Reticular Chemistry Structure Resource® is a database of tens
of thousands of networks and for indexing their corresponding
MOF structures.

Synthesizing MOFs presents significant challenges compared
to well-explored quantum state systems, primarily due to difficul-
ties in achieving high purity and low defect crystals. These chal-
lenges arise from the reversible nature of coordination bonds,
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Figure 2. The isoreticular approach to tailor the properties of MOFs.
Series of isoreticular MOFs based on MOF-5. Reprinted with
permission.®!  Copyright 2002, American Association for the
Advancement of Science.

necessitating strategies such as employing competing reagents
to slow crystal growth and enhancing MOF purity.”?
Although chemical vapor deposition (CVD) has been investigated
for synthesizing high-quality MOFs,?*** its application remains
limited to a few MOF types. Recent advancements have demon-
strated the precise introduction of covalently bonded structures
in assembling organic nanoarchitectures through scanning
probe manipulation.”® Although this approach may not be read-
ily scalable, it offers controlled growth and high purity, making it
potentially viable for quantum devices.

Exploration of MOF quantum states is in its nascent stages,
with notable challenges centered on controlling buckling and
mechanical instabilities. Molecular buckling can be mitigated
by promoting interactions between organic molecules within
the structure. For instance, in MIL-140C, the behavior of the
linker molecule 4,4’-biphenyldicarboxylate (bpdc) varies signifi-
cantly depending on its spatial arrangements; isolated bpdc mol-
ecules exhibit greater mobility compared to those engaged in 7—=
interactions.®”! Thus, strategic design of MOF architectures to
facilitate intermolecular interactions represents a promising
approach for controlling buckling phenomena.

© 2024 The Author(s). Small Science published by Wiley-VCH GmbH
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2.2. Unconventional Degrees of Freedom

Materials are built from a vast amount of ions and electrons.
On the microscopic scale, electrons and ions carry charge, spin,
and orbital degrees of freedom, which collectively contribute to
the macroscopic material properties. However, the unique struc-
ture of MOFs introduces additional unconventional degrees of
freedom, in contrast to well-known inorganic quantum materi-
als. These degrees of freedom are interpenetration, rotations,
buckling, and porosity, summarized in Figure 1.

Interpenetrated frameworks describe framework structures
that are not connected to each other by chemical bonds.
Instead they are bound topologically, requiring the breaking of
bonds in one of the structures for separation. In Figure 3, we
give two examples based on 1) a threefold interpenetrated struc-
ture consisting of Zn,(CNC),(DPT) (CNC = 4-Carboxycinnamic;
DPT = 3,6-Di-4-pyridyl-1,2,4,5-tetrazine) and 2) a twofold inter-
penetrated MOF-5 structure. Interpenetrated frameworks often
interact by weak forces, such as van der Waals interactions,
hydrogen bonding, #—= interactions, etc., forming ordered crystal
structure. The weak interaction between the frameworks allows
for framework flexibility such as different spacing between the
subnets or subnet sliding. The prospect of topologically
entangled compounds with weak interaction opens an interest-
ing prospect for designing novel quantum phases of matter.
While interfaces between different quantum materials are
investigated in great detail, interpenetration allows for the 3D
coexistence of several weakly interacting quantum phases in
the same volume.

Flexible MOFs, or soft porous crystals, present structural flex-
ibility as a unique characteristic.*>**=!! Local flexibilities, such
as linker rotation and swing, are common. They can be tuned by
the change of spatial alignment of a linker around a rotational
axis. ZIF-8 is the prototype MOF that led to the discovery of such
flexibilities, where the rotational linker movement results in the
expansion of pores. As a result, ZIF-8 is capable of capturing
molecules larger than the crystallographically determined pore

(b)

Figure 3. Interpenetrated MOFs. a) X-ray crystal structure of threefold
interpenetration  of  Zn,(CNC),(DPT).  CNC = 4-Carboxycinnamic;
DPT = 3,6-Di-4-pyridyl-1,2,4,5-tetrazine. b) Twofold interpenetrated nets
of MOF-5 at 300°C. (a) Reproduced with permission.'®*! Copyright
2008, American Chemical Society. (b) Reproduced with permission.!'**!
Copyright 2007, American Chemical Society.
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size.l*” Interestingly, molecular rotations emerge collectively
throughout the MOF structure, with distinct frequencies, for
example, symmetric and antisymmetric modes, typically in the
low THz regime.[**

MOFs also display mechanical instabilities such as molecular
buckling, emerging when the axial load on a flexible organic
linker reaches a sufficient strength. Such a buckling can emerge
intrinsically by the mass and composition of the MOF, or it can
be induced by applying strain. Similar to vibronic or phononic
excitations in molecules and crystals, collective buckling modes
can be excited, which in turn interact with electronic degrees
of freedom.** Furthermore, the buckling of molecules can
undergo a quantum transition at low temperatures, where a
tunneling between degenerate buckling states is allowed.

The porosity of MOF structures is a key feature for chemical
applications. In the context of quantum materials, it allows for
embedding guest molecules mediating desired properties. The
open structure challenges the well-defined concepts of bulk
and boundary, allowing for designing novel topological phases
of matter and topological catalysts. Furthermore, the structural
porosity allows for characteristic flexibility, such as breathing
and swelling, which involves reversible crystal-to-crystal or
crystal-to-amorphous structural transformations. For example,
the breathing in MIL-53 features a dramatic change in unit cell
volume and pore volume between its open pore form and closed
pore form, where the bond angles can change drastically upon
guest molecule adsorption and desorption.”®!

2.3. Synthesis and Characterization

As most MOFs are crystalline materials, their synthesis is often
guided by classic crystal growth theory. Solution crystal growth
methods, such as hydrothermal, solvothermal, and ionothermal
synthesis, are the predominant ways in MOF synthesis.
Moreover, interfacial synthesis is one of the most widely used
approaches for 2D MOFs. In this method, the reactions between
metals and organic linkers occur at interfaces (liquid/air, liquid/
liquid, and liquid/solid).[>*®! Due to the confined 2D interfacial
region, the resulting MOFs often exhibit a nanosheet
morphology.

In addition to bottom-up methods, postsynthetic approaches
are prominent. For example, solvent-assisted linker exchange
is a method for the postsynthesis of MOFs.[*”*®! It involves het-
erogeneous reactions of parent MOF crystals with a concentrated
solution of linkers. The linkers from the solution are then incor-
porated into a framework by substituting linkers from the parent
crystal. As a result, the synthesized MOFs possess the same
topology as the parent crystals.

Apart from synthesis approaches in solutions, MOFs can also
be prepared by solid-solid synthesis methods. Mechanochemical
approaches provide solvent-free pathways for preparing MOFs,
which also offer easier scalability.*” By avoiding the use
of organic solvents, it improves the environmental aspect of
MOF synthesis and provides a greener approach compared to
conventional MOF synthesis.

MOF crystal structures are routinely resolved by single-crystal
X-ray diffraction. For MOFs with small crystal sizes, that is, in
the range of nanometers, powder X-ray diffraction and the
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recently developed 3D electron diffraction”® are complementary
approaches.

3. Topology and Spintronics
3.1. A Brief Overview

Despite the framework topology in MOFs, electronic states in the
crystalline lattice can be classified according to their topology.
Here, a nontrivial topology of electrons is accompanied by
striking transport properties. The first discovered topological
quantum state was the quantum Hall effect, found by Klaus
von Klitzing.”" von Klitzing identified quantized Hall plateaus
in Hall voltage measurements of a 2D electron gas. Quickly, this
remarkable discovery led to early theoretical work, unraveling the
topological origin of the quantum Hall effect.’*7?!

The theoretical breakthrough came with the work by Thouless,
Kohmoto, Nightingale, and den Nijs in 1982.”* Extending linear
response theory, they showed that the Hall conductance is quan-
tized and independent of the actual shape of the band structure.
Instead, the Hall conductance o;; relies on a topological invariant,
the Chern number C, of occupied states a,”*! expressed by

2
€
Oxy = _ﬁ an 1)

a ocC.

Here, ¢ is the electronic charge and 7 the Planck constant. The
Chern number is expressed in terms of the Bloch wave functions

W (7)) = e*Tu i (7)

i ou .oy - Oou*. oy -
1 uak auak _ uak auak

Co=-— (2)
2 ok, Ok, Ok, Ok,

Shortly after, Haldane”® showed theoretically the existence of an
anomalous quantum Hall effect (Figure 4). The model is based
on a honeycomb lattice as shown in Figure 4a with broken time-
reversal invariance (note that a magnetic field also breaks time-
reversal symmetry). The electronic band structure, shown in
Figure 4b, can be approximated by an effective Hamiltonian
for the K and K’ points in the Brillouin zone.

H(K + k) ~ wp (o4k, + oyk,) + Ao, (3)
H(K + k) ~ vy (o,k, — o,k,) + Ago, (4)

Here, o; (i=1x, y, 2) are the three Pauli matrices, acting in sub-
lattice space, vp is the so-called Dirac velocity, a model-specific
parameter, and A, (@ = K, K') the gap. Note that by time-reversal
symmetry, K is mapped to K. Hence, if Ax = A the model is
time-reversal invariant. Equation (3) and (4) have the form of a
Dirac equation, for which the Chern number of the lower branch
can be evaluated as follows

C=- %sign(vD)sign(Aa) (5)
Hence, adding the contribution of both K and K’ to the Hall con-

. 2 .
ductance, one obtains o, = 52z v, with
T
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Figure 4. The Haldane model. a) Next-nearest neighbor hopping terms
and nonzero flux leading to time-reversal symmetry breaking. b) Bulk band
structure showing two topological gaps at K and K’. ) lllustration of the
two edges occurring for a finite 2D stripe. The arrows indicate the
momenta of the two edge currents expected in the Haldane model.
d) Band structure calculation for a finite stripe, showing the crossing of
the two edge bands in the topological statesign(Ay) = —sign(A_).

€.

Energy (eV)

*lllllll

T K K’ T

1
v=7 (sign(Ay ) — sign(Ax)) (6)

From Equation (6), it becomes apparent that the Hall conduc-
tance vanishes in the time-reversal symmetric case, that is,
Ay = Ag. Interestingly, the emergence of the Hall conductance
is also reflected in the level crossing of edge states, as shown in
Figure 4d. This phenomenon is referred to as bulk-boundary cor-
respondence, that is, the topological features are determined in
the bulk, but observed on the boundary.

While Haldane’s model was insightful at the time, its realiza-
tion seemed far. It almost took another 20 years until the first
synthesis of graphenel’”! and the era of 2D materials. Only then,
topological systems were found to exist in the presence of time-
reversal symmetry. For example, Kane and Mele predicted that
graphene, the prototypical Dirac material, has to exhibit a tiny
gap opened by spin-orbit interaction.”® Compliant with all lattice
symmetries this gap takes the form

Hgo = Ao,1,5, )

with the Pauli matrix 7, acting in “valley” space (i.e., K and K’)
and the Pauli matrix s, acting in spin space. Since the signs of the
gaps at Kand K’ are opposite for the opposite spin channels, a net
spin current emerges as soon as an electric field is applied,

T = %G} _jl)' This current is characterized by a quantized
spin-Hall conductivity

0y = 8)
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In contrast, the charge Hall effect is zero. This finding has been
an important cornerstone in the development of spintronics,
where technology is built based on the electron spin.
Independently of Kane and Mele, the quantum spin-Hall
effect was found by Bernevig, Hughes, and Zhang (BHZ),
proposing a 2D topological model realized in HgTe quantum
wells.””) Again, BHZ included spin to recover time-reversal
symmetry. For a Chern insulator describing the Hamiltonian

H (E) the following time-reversal invariant Hamiltonian can
be formulated.

_(HB o0

Note that in the present example, time-reversal symmetry acts as
a combination of k — —k, and the operator is, K, with s, acting in
spin space and K being the complex conjugation. As in the Kane—

-

Mele model, the Chern numbers concerning the blocks H(k) and

-

H*(—k) are of opposite sign. As a result, the quantized Hall con-
ductance for the charge vanishes. Instead, its difference gives a
nonzero quantized spin-Hall conductance.

The extension of the above approaches to 3D followed soon
after.®®®2 The first experimental realization of a 3D topological
insulator was found in Bi; ,Sb, using angle-resolved photoemis-
sion spectroscopy.®®! Subsequently, the topological insulator
phase was also seen in the stochiometric compounds Bi,Se;,
Bi,Tes, and Sb,Ses.B* 2% A variant of the topological insulator,
based on the so-called mirror Chern number, was found in
Pb,_,Sn,Se.®”) For more specialized reviews about topological
insulators, we refer to refs. [88,89].

3.2. 2D Topological MOFs

While the symmetry aspects of topological materials have been
intensively discussed by various communities, both in 2D and
3D, the realization of topological electronic states in MOFs is
dominated by 2D structures.

Recently, 2D materials have garnered considerable interest,
beginning with graphene and expanding to include a diverse
array of materials such as transition metal dichalcogenides,
group-VIB dichalcogenides, phosphorene, group-IV monochal-
cogenides, gallium and indium monochalcogenides, hexagonal
boron nitride, oxide layers, and 2D magnets like FePS;, Crls,
Cr,Ge,Te,’*” and 2D MOFs.P# Consequently, experimental
techniques have been developed to fabricate van der Waals
bonded heterostructures, twisted configurations, and to engineer
strain.*>*%l Here, local probing techniques such as scanning
tunneling microscopy (STM) have been important for character-
izing structure and electronic properties.'’*'%* This develop-
ment has also contributed to identifying materials potentially
hosting a quantum anomalous Hall state, such as magnetically
doped topological insulators, intrinsically magnetic topological
insulators, or Moire materials.[*%*!

Translating concepts known from 2D materials to 2D MOFs,
the Liu group pioneered the field of topological MOFs in a series
of theoretical papers in 2013, showcasing the first MOF topolog-
ical insulator,'%%”) the quantum anomalous Hall effect in

Small Sci. 2024, 4, 2400161 2400161 (5 of 15)
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MOFs,'® and topological flat bands in MOFs.'”) 2D MOFs
show the prospect of clean and controllable synthesis as well
as embedding into devices.

To show the intricate connection between structural topology
and electronic topology in 2D MOFs and polymers, Springer
et al"% discussed periodic tesselations, that is, tilings of the
2D plane using geometric shapes, such as squares, triangles, hex-
agons. In doing so, they compare generic tight-binding band
structures for the nearest-neighbor approximation, the second-
nearest neighbor approximation, the effect of spin orbit interac-
tion, and the band structure of a finite ribbon for a total amount
of 101 2D networks. A closely related work was published by
Jiang et al.''! focusing on the topological properties of the hon-
eycomb, Kagome, and Lieb lattices, as well as extensions thereof.
In fact, it is in particular these three lattices which have been in
the focus of theoretical and experimental efforts summarized
subsequently (compare Figure 5). We also mention Fan et al.
as a great reference summarizing tight-binding models for these
lattices.""?!

The honeycomb lattice contains two sites in the elementary
unit cell (Figure 5a). If one orbital degree of freedom is consid-
ered per site, the simplest model gives rise to two bands. Without
spin-orbit coupling, these bands cross linearly (Dirac crossings)
at the K and K’ points in the Brillouin zone (Figure 5d). With
spin-orbit coupling, a topological gap can be opened at K and
K’ prime, leading to a linear crossing of bands of edge states
in a ribbon (similar to the Kane-Mele model before).

A realization of a MOF with honeycomb lattice was theoreti-
cally predicted by Wang et all'®! considering triphenyl
transition-metal networks. They assumed a framework
composed of [Mn(CsHs);] molecules (TMn). The ground state
is ferromagnetic, with a magnetization of 2 up per Mn atom.
The finite magnetization in combination with local atomic
spin-orbit interaction of the Mn atoms in the framework induces
a quantum anomalous Hall effect, related to the Haldane model.
Interestingly, the topological gap lies right at the Fermi level,
with a computational value of 9.5 meV.

Liu et al'® predicted the properties of a 2D indium-
phenylene organometallic framework. The electronic structure
of the framework around the Fermi level is dominated by
in-plane vectorial orbitals (p, p, belonging to C and In). The
interplay of these orbitals with spin-orbit interaction, a finite
magnetization, and p-doping induces a nearly flat band with a
finite Chern number close to the Fermi level.

Hsu et al.l'"¥ performed a theoretical study, predicting the sta-
bility and electronic structures of organometallic frameworks
consisting of metal atoms (elements from groups IIIA, IVA,
VA, VIA, 1B, and Pt) and dicyanobenzenes (DCBs). This work
revealed topological phases with a nontrivial Z, invariant for
the metal ions Au, Ag, Cu, In, Tl, Sn, Pb, Sb, and Bi. Specific
attention is given to Au-DCB exhibiting a quantum spin-Hall
gap of 14.3 meV and Bi-DCB, exhibiting a tiny quantum anoma-
lous Hall gap of 1meV.

The Kagome lattice contains three sites in the elementary unit
cell (Figure 5b) giving rise to a minimal model with three bands.
One band is flat, while the other two bands are dispersive, show-
ing a linear crossing at the K and K’ points in the Brillouin zone
(Figure 5d). Spin-orbit coupling can lift this degeneracy to open a
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Figure 5. Generic electronic structure of a) hexagonal lattice, b) Kagome lattice, and c) Lieb lattice. d,e) Brillouin zones for (a,b) as well as (c), respectively.
Reproduced with permission.!"'® Copyright 2007, Royal Society of Chemistry.

topological gap with linearly crossing edge modes for a finite
ribbon.

Wang et all'” analyzed the n-conjugated nickel-bis-
dithiolene, Ni3;C;,S;, predicting its band structure to exhibit
topological gaps at the K and K’ points (A; = 13.6meV) as well
as between a Dirac band and the flat band (A, = 5.8meV).
The finite magnetization of the sample breaks the time-reversal
symmetry and leads to a quantum anomalous Hall state.
Interestingly, Ni;C;,S;, was synthesized before. 6]

A closely related work was published by Zhao et al."** predict-
ing the electronic structure of Ni3(C;3H1,Ng),, inspired by the
synthesis of the corresponding layered structure.’' Here,
however, the quantum anomalous Hall state lies above the
Fermi level. Zhao et al.'** show that the quantum anomalous
Hall gap at Kand K’ could be accessed by doping with 2 electrons
per elementary cell.

Gao et al.'*% reported about the successful synthesis of the 2D
MOF Ni3(HITP),, grown on a Au(111) surface. The accompa-
nying theoretical band structure calculations based on density
functional theory claim the stability of a topological gap of
~10 meV, which lies ~0.5 eV above the Fermi energy.

In a follow-up, Gao et al.''”! reported on the synthesis and
theoretical analysis of the 2D MOF Fe;(HITP), (see Figure 6).
The theoretical part of their paper predicts several topological
gaps with anomalous quantum Hall states at the edge. However,
all of these gaps are located ~1 eV above the Fermi level. Hence,
these states could not be accessed experimentally.

The Lieb lattice contains three sites in the elementary unit cell
(Figure 5c¢), resulting in three bands for a minimal model. One
band is flat, while the two bands are dispersive, with a linear
crossing at the M point in the Brillouin zone (Figure 5e).
Spin-orbit coupling can lift this degeneracy to open a topological
gap with edge states connecting the three bands for a finite
ribbon.

[114]
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Figure 6. Synthesis and characterization of the 2D MOF Fe;(HITP),,
as well as electronic structure prediction revealing several topological
gaps in the Brillouin zone. a,b) Scanning tunneling microscopy images
from the synthesized structure. c) The theoretical framework structure.
d-f) The computed electronic with (black) and without (red) spin-orbit
interaction. g,h) The emergence of edge states for a finite ribbon.
Reproduced with permission.l""”) Copyright 2020, American Chemical
Society.

Jiang et al.l'® theoretically predicted the electronic structure of
a phthalocyanine-based MOF (MPc-MOF) using density func-
tional theory. They show that a trivial Lieb band structure with
1/3 filling can be tuned into a topological phase by applying
strain or involving chemical substitution. In particular, they
reveal a transition into a Chern insulator at ~4% strain and a
time-reversal broken quantum spin Hall state™'® at ~5.5%.

© 2024 The Author(s). Small Science published by Wiley-VCH GmbH
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3.3. Topology versus Strong Interactions

Various 2D framework structures are predicted or synthesized
on lattices realizing topological gaps. These gaps are typically
opened by spin-orbit interaction, while linear band crossings
are observed when spin-orbit interaction is turned off (theoreti-
cally). For the case where such crossings coincide with the Fermi
energy, the low-energy physics is dominated by electrons with

a relativistic energy—-momentum relation Ei(g) = :twa|E|, with
# the Planck constant and vy, the Dirac velocity, being the slope of
the energy-momentum relation. In physical terms, E. corre-
sponds to the kinetic energy of electronic excitations in the
frameworks.

A competing mechanism for opening a trivial gap is
given by spontaneous symmetry breaking, which occurs for
strong interactions between electronic excitations. The strength
of these interactions is described by the effective fine-structure
constant a, being the ratio of Coulomb interaction and kinetic
energy.

&2

- 10
* ehvp (19)

Here, ¢ is the elementary charge and ¢ the dielectric constant. In
quantum electrodynamics, where vp is given by the speed of
light, the fine structure constant is small, a ~ 35. As a result,
interactions can be treated perturbatively. In contrast, in materi-
als where vp, is small compared to the speed of light, interaction
effects become considerable. This has been discussed
intensively, for example, for graphene!®7?! and other Dirac
materials."**"'** Furthermore, spontaneous symmetry breaking
is a well-studied concept in elementary particle theory to describe
mechanisms for fermionic mass generation.***3% We note that
the prototypical 2D Dirac material graphene has an effective fine
structure constant in the order of a8Phene ~ 1.9 n Table 1, we
deduced the Dirac velocities for various 2D MOFs mentioned
above, compared to the Dirac velocity of graphene. As the
Dirac velocities in MOFs tend to be smaller by at least a factor
of 2, interaction effects in 2D MOFs should become dominant.
As a result, the band structure is altered by establishing a trivial
gap due to spontaneous symmetry breaking.

One of the simplest models to describe the spontaneous sym-
metry breaking is the Gross—Neveu model.'***?>1%] Here, in

Table 1. Dirac velocities for several MOFs compared against the Fermi

. h ,
velocity of graphene V™™™ ~ 1 x 105ms™".

Material References VD/V%’aPhe”e
TMn [108] 0.18
Bi-DCB [113] 0.53
Au-DCB [113] 0.39
Ni3C12S12 [107] 0.42
Ni3(C1sH12Ne) 2 [114] 0.58
Ni3 (HITP), [116] 0.58
Fes(HITP), [117] 0.21
MPc-MOF [111] 4.80
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the low-energy limit, the electronic excitations can be described
the following effective action

S[¥,¥] :/ddx W(ia)qﬂ+%g2(¢qf)2 (11)

where ¥ is a four-component spinor, 0 = y#9,, and g* is a gen-
eral coupling constant. In the mean-field approximation, one can
split the four-fermion term (P¥)? and introduce an auxiliary
field o, as follows.

SV, ¥, 0] = /ddﬁ(ia —0)¥ — éoz (12)

N

By integrating out the fermionic components, one obtains
the action S[s], only dependent on the auxiliary field o.
ApMinimizing this action with respect to o, aast[;y] = 0, gives rise
to a self-consistent equation for ¢. In 2+ 1 dimensions this
equation is given by

2 2
g e op
~ d
’ 272V Jo pp2 + o?

(13)

For a slowly varying field (7, t) = o, this integral is divergent, but
can be solved up to an upper momentum cutoff A.

S i {A - @} (14)

TPV 2
Here, V denotes the unit cell volume. Solving (14) for |o| gives

2 {A _ 27? V}

|6| = 7_1, gz

(15)

Since |o| is a positive number, we define a critical coupling
strength g2 given by Ag? = 2z?V. For a weak coupling, g < g,
only the trivial solution ¢ = 0 is allowed and the fermionic system
remains gapless with an energy momentum relation given by
E = +|p|. In contrast, for g > g, the action is minimized by
accumulating a finite mass o # 0, as shown in Figure 7a.
As a result, a nonzero value of ¢ opens a gap in the linearly
crossing band structure, with an energy momentum relation
of E = ++/p* + o (see Figure 7b). The phase diagram showing
the quantum phase transition from a material with linearly cross-
ing bands to a material with spontaneous symmetry breaking
above a critical coupling strength is shown in Figure 7c.

3.4. Topology and Catalysis

By the very nature of their porous structures, MOFs have
attracted significant attention as catalysts. The sparse frame-
works allow the diffusion of reactants into the MOF structures,
leading to a significantly increased reactive area, compared to
conventional catalysts, where catalytic reactions take place on
the surface. As a result, several prototype studies developed ded-
icated MOF catalysts for reactions of high interest,*’137138 for
example, the hydrogen evolution reaction, oxygen evolution reac-
tion, organic synthesis. For example, for the hydrogen evolution
reaction, an electrolysis setup is used, where the catalytic MOF is
coated or precipitated (during the reaction) on the electrode.

© 2024 The Author(s). Small Science published by Wiley-VCH GmbH
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Figure 7. Spontaneous symmetry breaking in the mean-field Gross-Neveu model. a) Above a critical coupling, the action is minimized for (¢) # 0.
b) A finite value of (o) gives rise to the opening of a gap for linearly crossing bands. c) Phase diagram with a quantum phase transition between
a linearly crossing band structure and spontaneous symmetry breaking above a critical value for the coupling strength g..

The reaction requires metallic MOFs, which can be obtained
by,**! for example, continuous bonds between inorganic
building blocks and linkers, electron delocalization between
inorganic building blocks and linkers, 7~z stacking of organic
moieties, or, guest entities. It was shown by several groups that
various MOFs achieve similar catalytic performance in the hydro-
gen evolution reaction, compared with standard catalysts (mostly
Ni), both, for 2D and 3D framework structures.'**~'**
Independently of MOFs, topological materials have recently
entered the field of catalysis. The topological surface states,
paired with giant electron mobilities, make topological materials
ideal candidates for catalysis reactions.'****] For example,
Hosono et al.'* showed that the 3D topological insulator
Bi,Se; showed excellent catalytic activity for oxidative carbonyla-
tion of amines to synthesize urea derivatives. Katz et al.**”) con-

sidered the hydrogen evolution reaction and concluded that due
to the electronic topology, the material MoTe, maintained a high
carrier mobility and catalytic activity even after application.

square lattice

trivial

[ellel]e e

o]

topological

o T

jo1010

This phenomenon can be traced back to the bulk-boundary cor-
respondence, where the surface states in topological materials
are a result of the topology of the bulk and therefore sustain
(to some extent) even if the surface becomes imperfect.

Up to this point, we discussed electronic topology as a global
macroscopic property of a material. As the topological properties
of a material also persist down to a few unit cells, we argue that
MOFs also allow for linking topological IBUs with trivial mole-
cules. We illustrate this idea in Figure 8. We use the BHZ model
of equation 9 to generate a generic 2D square lattice. For a lattice
consisting of 15 x 15 atoms, the localization of the electronic
wave function on the surface (in the bulk) within the topological
phase (trivial phase) can clearly be seen for a state at the Fermi
level (Figure 8 left). In the second step, we reduce the size to a
5 x 5 lattice coordinated by trivial molecules, modeled by AEz,,
with AE being the HOMO-LUMO gap of the linker molecule.
Using this model, we determine for a trivial inorganic cluster that
electrons around the Fermi level localize at the bonds to the

square framework

DOS
T

ligand HOMO

1 ligand LUMO

luster LLA

E (eV)

Figure 8. Model for a MOF containing trivial or topological inorganic building blocks, in the framework of the BHZ model. The organic linkers are
modeled by a large HOMO-LUMO-gapped two-state system. In the trivial phase, the framework localizes electronic states (at the Fermi level) at
the sites, responsible for the bonding with the organic linkers. In contrast, in the topological phase, electronic states localize at the corners of the
inorganic building blocks, pointing toward the pores. This behavior might be particularly relevant for catalysis applications, where an overlap of electronic
states in the MOF (catalyst) with the electronic states of the reactants (diffusing into the pores) is desired.
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organic linker molecules. In contrast, electrons of topological
inorganic building blocks tend to localize in the direction of
the pores (Figure 8 right). As this is exactly the position where
a catalytic reaction takes place, we see the construction of MOFs
consisting of topological inorganic building blocks as a promis-
ing path towards designing novel MOF catalysts.

4, Collective Phenomena

4.1. Superconductivity

Superconductivity is one of the most striking macroscopic phe-
nomena. In the superconducting phase, electrons condense into
a collective state with vanishing resistivity. After its discovery by
Kamerlingh Onnes in 1911, it could only be described in terms of
a phenomenological theory by Ginzburg and Landau in 19501"*®!
and, in terms of a microscopic theory by Bardeen, Cooper, and
Schrieffer in 1957 (BCS theory)."*) In 1959, Gor’kov showed
that both descriptions are equivalent.">”’ A cornerstone in the
understanding of superconductors was the isotope effect discov-
ered by Maxwell in 1950.°Y Maxwell could show that the tran-
sition temperature of natural mercury (T, = 4.156 K) is slightly
lower than the transition temperature of the lighter isotope Hg'*®
(T. = 4.177 K). This pointed BCS toward an attractive electron—
electron interaction mediated by phonons, giving rise to the
electron condensation below the superconducting transition
temperature.

Unconventional superconductors are more complex materials,
where the electron condensation is a result of the strong
electron—electron correlation. This has first been observed in
the heavy fermion materials, for example, CeCu,Si,,!"* and later
in the organic charge transfer salts!*>*! and the high-T.. supercon-
ductors.!>" Here, the strong correlations of electronic excitations
typically lead to an instability prior to the superconducting phase,
for example, the transition into an insulating ferro- or antiferro-
magnet. Decreasing the temperature further, one of the widely
described pairing mechanisms for the superconductivity is based
on spin fluctuations.!*>>*%7]

The superconducting order parameter is given by a pairing of
two fermions ¥ ;, by considering momentum conservation,

N -

Wos(k) = <lPa;€lP/57E>- The mean-field picture of superconduc-

tivity is shown in Figure 9, for the example of a single spin-
degenerate band with (parabolic) dispersion e;. At zero

normal state superconductor
\ T T \ \ T
= holes g = -
By
ED IR ¥ A _ -
g Erp a oA
S} °
.
" .
[+ electrons % I i
| | | | | |
E E

Figure 9. lllustration of the superconducting phase transition. Below a
critical temperature, a superconducting gap A is established which mixes
electron and hole states.
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temperature, this band is occupied with electrons up to the
Fermi level Er and unoccupied above. In contrast, holes (i.e.,
unoccupied electronic states) show the inverted picture. The
superconducting state is based on a mixture of electrons and
holes, leading to a new type of quasi-particle, called
Bogoliubov quasiparticle. The situation is modeled using the
Bogoliubov-de-Gennes Hamiltonian.

N _
e () (5 4)(E)
lP—l? AE —& T,E

Here, ‘f’% = (c%, ci E) is a spinor, with CTE being the creation
- O

operator, for creating a fermion of momentum k and spin o,
A; is called the superconducting gap function. A spin-singlet
gap corresponds to the condensation of fermions with opposite
spin and is given in terms of a scalar field qﬁ(E)

singlet . s

: £ = io,p(k) (17)
In contrast, a spin-triplet gap describes the condensation of
fermions with the same spin, which is written using the

pseudovector 3( E)
o —i(7-d(K)) o (18)

The field ¢<E> and the pseudovector ﬁ(E) can be expressed in

terms of spherical harmonics. This expression gives rise to the
terminology of s-wave, p-wave, or d-wave gap, etc. The classifica-
tion of the superconducting gaps, based on symmetry, has been
reported in great detail by various authors and summarized, for
example, in the review by Sigrist and Ueda.'® For a more
detailed introduction into the formalism of superconductivity,
we refer to the first part of the review by Balatsky et al.'>”

In the normal state, where A; = 0, the Bogoliubov-de-Gennes
Hamiltonian becomes diagonal and resembles the conventional
band structure shown in Figure 9 (left). Below the superconduct-
ing transition temperature, where A; # 0, the energy eigenval-

ues of the system change to EE::I:,/E%—I—%TrAEA%, as

shown in Figure 9 (right). As a result, the total energy of the sys-
tem is lowered by establishing a nonzero A, given that thermal
fluctuations are weak enough to keep the system in this state.
The term heavy fermion describes a system where the kinetic
energy of the electronic excitations is heavily suppressed, while
particle—particle interactions become dominant. Hence, MOFs
which typically show narrow bands are likely to host unconven-
tional superconductivity, given they are metallic in the normal
state. One example of a highly conductive 2D MOF is Cu-BHT
([Cus(CeSe)]), first synthesized by Huang et al.**” The material
shows a Kagome structure, shown in Figure 10a. Zhang et al.
studied Cu-BHT using density functional theory. In their calcu-
lations, they found a metallic band structure (Figure 10e) where
two blocks of bands cross the Fermi level Er. One block is pri-
marily composed of in-plane orbitals (mainly S-p, and S-p,),
while the other block of bands is primarily composed of
out-of-plane orbitals (mainly S-p,). While the in-plane orbitals

© 2024 The Author(s). Small Science published by Wiley-VCH GmbH
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Figure 10. Superconductivity in the highly conductive 2D-MOF Cu-BHT.
a) Kagome-type crystal structure. b) The resistivity of the sample, with a
sudden drop at the superconducting phase transition around 0.25K.
¢,d) The measurements of magnetic penetration depth and normalized
superfluid density. e) The band stucture, calculated using density func-
tional theory. f) Phase diagram of Cu-BHT plotted against temperature
and applied magnetic field. (a)-(d) Reproduced with permission.['¢"163l
Copyright 2021, American Association for the Advancement of Science’s.
(e) Reproduced with permission.l'®"! Copyright 2017, American Chemical
Society. (f) Reproduced with permission."® Copyright 2017, Wiley.['62163]

give rise to a bandwidth of ~3 eV, the out-of-plane orbitals pro-
duce a narrow band with a bandwidth <1 eV.

Furthermore, Zhang et al."®"! performed a theoretical predic-
tion of superconducting transition temperatures in 2D and 3D
Cu-BHT applying the conventional BCS theory on top of a density
functional theory calculation, deriving transition temperatures of
T. = 4.43K for 2D Cu-BHT and T. = 1.58K for 3D Cu-BHT.
Remarkably, shortly after, the superconductivity in 2D Cu-BHT
could be verified experimentally.**1¢%l However, the supercon-
ducting transition temperature is much smaller, T, = 0.25K, as
can be seen from the resistivity measurement, for example,
Figure 10b. Furthermore, measurements of the magnetic penetra-
tion depths and superfluid density, Figure 10c,d, respectively,
point toward unconventional superconductivity with nodes in
the superconducting gap. The breakdown of the superconductivity
under a strong magnetic field is shown in Figure 10f and follows
the form of a type-I superconductor.
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4.2. Quantum Buckling

Under sufficient axial load, a column buckles, a phenomenon
applicable even at the nanoscale where quantum effects become
significant. This is relevant in the context of mechanical
qubits.'**1%] In materials like MOFs, mechanical properties
are defined by molecular linkers and the MOF topology.
Molecular buckling emerges due to chemical composition, crys-
tal load,*”! or pressure.*®

Quantum buckling is predicted to exist in MOFs. Consider
a linker molecule exhibiting two classical buckling solutions
under pressure: left (L) and right (R) (see Figure 11a for the
example of BDC in MOF-5). These classical solutions refer to
the minima in the total energy landscape when the molecule
is exposed to uniaxial pressure, which takes the form of a
double-well potential (Figure 11b). The larger the pressure,
the deeper the double well, leading to an increase in buckling
and barrier width (Figure 11c). In the quantum regime, the clas-
sical solutions become quantum states, denoted by |L) and |R).
Introducing a finite hopping t between these two energetically
degenerate states leads to an overlap Hamiltonian.

S.[64

H = #(|R)(L| + |L)(R]) (19)

In matrix form, this Hamiltonian can be expressed as
(alH|B) =t o35, with @, p = L, R and ¢}, ; the Pauli matrix x.

@ (b) ‘ ‘
: - ¥ 4%
0.6 | - .".'»' .
=~ v
L 04 3% =
>|°’ 5 o, i
> o2y B¢
ENER G
0oL et i
—1 0 1
Ab (A)
— T T o |
s 0.2
~ 01 - o -
>
“© 0.0 Le—e

I 11
0% 2% 4%
strain

(d) Normal Parabuckling Ferrobuckling
0V < Eg t>4J 4 >t

Barr. height 6V
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Exchange 4J

! 3 Tunneling t
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Figure 11. Predicted quantum buckling in MOF-5. a) Crystal structure of
MOF-5 built of Zn,O clusters, coordinated by BDC molecules. b) Energy
profile of buckled BDC molecules, forming a double-well potential with a
barrier height V. c) Barrier height against strain along the crystallographic
c-direction. d) Buckling phase diagram. Reproduced with permission.!®*!
Copyright 2021, American Chemical Society.
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For a lattice of buckled molecules in a MOF, the interactions
between buckled molecules can be captured in a transverse field
Ising model./*

H=—ty of =) Jjoio? (20)
i

7
Here, J; is an exchange energy between molecules i and j and o®
the Pauli matrix z. In the nearest-neighbor limit, with J i=J the
mean-field limit solution yields a phase diagram, depicted for
MOE-5 in Figure 11d.

This phase diagram illustrates three phases — normal, para-
buckling, and ferrobuckling — determined by parameters such
as barrier height, exchange energy ], tunneling strength ¢, and
the molecule’s ground state energy. At low strain, no buckling
occurs. When the barrier height exceeds ground state energy,
quantum states emerge. If tunneling dominates, quantum fluc-
tuations prevent ordered buckling. Otherwise, collective buckling
occurs, with a transition temperature of T, = 4].

5. Rotational Dynamics

The complex crystal structures of MOFs exhibit various intrinsic
dynamics, including phonons, magnons, and unconventional
degrees of freedom such as molecular rotations and buckling
dynamics."®”) This shift from static to dynamic structure percep-
tion introduces the concept of 4D MOFs 168170

Rotation of linker molecules is a significant aspect of MOF
dynamics."”Y At elevated temperatures or under external stimuli
like laser pumping, linker molecules can undergo complete rota-
tions, observed in various MOFs!®*'72 18 (see Figure 12a).
This rotational dynamics carries an angular momentum and,
as a consequence, couples to the electronic spin. In the case
of axial phonons, this coupling is huge, leading to a prominent
magnetization.!"*""185] Translating this effect to MOFs promises
the design of highly sensitive field strengths measuring devices
and applications in dark matter detection.”®* Furthermore, rota-
tional degrees of freedom call for inertial effects, stemming from
fictitious forces generated by an accelerating motion relative to a
reference frame. While extensively examined in classical®®”! and
quantum mechanics,'®® '8 inertial effects have recently sur-
faced as a potential mechanism for coupling linker rotations
and electron spin.[**”

(a) (b)

www.small-science-journal.com

Table 2. Coupling of molecular rotations to the electron, according to
ref. [190]. S, J, and B are the electron spin, total angular momentum,
and momentum operators. Feey. is the centrifugal force Feen. = mw?R,
- N
with R the radius circumscribed by the rotation. y = <1 —%) 21

is the Lorentz factor.

Spin-rotation coupling @ ]

Centrifugal field coupling YZ'ECent. -7
Centrifugal spin-orbit coupling o= P

WFCenL . (S X P)
Centrifugal redshift - .
Wp(FCent. 1P

Classically, the Coriolis force on a particle in a rotating frame
is Feoriois = 2P X @. Multiplying this force by position 7 yields
theenergy E =7 - ﬁCoriolis = @ - L, where Lis the electron’s angu-
lar momentum. In quantum mechanics, this leads to the spin-
rotation term in the Hamiltonian as H = & - ], with the total
angular momentum ] =1L + S combining orbital angular
momentum L and spin S.

On a more rigorous level, inertial effects’ coupling terms to the
Hamiltonian can be derived from the Dirac equation. In the non-
relativistic limit, the Dirac equation naturally generates spin and
other relativistic corrections, like spin-orbit interaction or the
Darwin term. This formulation in an accelerating frame results
in spin and orbital degrees of freedom coupling to inertial
forces."®1%% particularly, for ideal circular ion motion and in
the nonrelativistic limit, the spin-rotation coupling, akin to the
Coriolis force, arises along with three additional terms due to
the centrifugal force: coupling via the centrifugal field, a redshift
component, and an inertial Rashba-type spin-orbit interaction
(see Table 2).

Inertial effects on quantum systems have been experimentally
verified, notably in neutron interferometry. Werner et al.l'”"]
measured Earth’s rotation effect on a neutron beam’s phase
using interferometry in 1979. More recently, Danner et al.'*
demonstrated spin-rotation coupling in neutron interferometry
(Figure 12), guiding one beam through a rotating magnetic
field. While Werner’'s experiment operated at 1/day ~ pHz,
Danner et al. worked with frequencies in the kHz range.

phase shifter, X

§1{1<'(i = B1 COS(Qt)éI + B] Sln(Qt)éz
SUpUI'IIliITUI’
— 1wl

F'é || detector

O-beam

RIGHTS

Figure 12. Rotations and inertia. a) Collective rotational modes in MIL-140A [ZrO(O,C-CeH4-CO,)].*! b) Neutron interferrometry experiment by Danner
et al." confirming the spin-rotation coupling. Comparing (a,b), electrons in the MIL-140A framework lattice should experience the spin-rotation
coupling in a similar manner. (a) Reproduced with permission.®* Copyright 2017, American Physical Society. (b) Reproduced with permission.!'®?
Copyright 2020, Springer.
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However, MOF rotations can reach GHz. .. THz, up to 18 orders
of magnitude higher than Earth’s rotation. Comparing spin-
rotation coupling @ - S to the Zeeman term & B-5,a1THz rota-
tion corresponds to a ~10T magnetic field. Consequently,
depending on spin and rotation frequency, level shifts occur
in the meV range, detectable with optical experiments. In
Figure 12 we compare the neutron interferrometer setup by
Danner et all'® with emergent linker rotation in MIL-
140 A1 We conclude that electronic levels in the MOF should
be strongly affected by the linker dynamics.

6. Outlook

MOFs are a promising material class for the design of quantum
phenomena. To date, a huge variety of MOFs can be readily syn-
thesized. Their structural properties can be adjusted and
designed by varying IBUs and linkers, both in 2D and 3D.

However, synthesizing MOFs with coherent quantum states
presents significant challenges, primarily due to difficulties in
achieving high purity and low defect crystals. Strategies such
as using competing reagents to slow crystal growth and enhance
purity are necessary.”* While CVD has been explored for high-
quality MOFs, its application remains limited.***>! Precision
techniques like scanning probe manipulation offer controlled
growth and high purity but lack scalability.”! Additionally, con-
trolling buckling and mechanical instabilities in MOFs is chal-
lenging, with strategies like promoting z—z interactions within
the structure showing plromise.[5 7]

Another challenge for electronic phases in quantum materials
research lies in achieving (semi)conductivity in MOFs.[221%%]
Generally, due to suppressed hopping strengths, MOFs show
strong correlation effects which can be altered by the MOF topol-
ogy. Furthermore, the lability of the MOF building blocks affects
the formation of defects and disorder, through the synthesis pro-
cess,'®” hindering functionality and conductivity. Incorporating
unconventional degrees of freedom into the equation allows the
design of totally new phases of matter, such as collective quan-
tum buckling. Also, the softness of the MOFs naturally introdu-
ces time into the concept as MOF structures often cannot be
regarded as static objects, but instead strongly evolve in time.
Incorporating collective rotational degrees of freedom, for exam-
ple, will influence the electronic properties, among others due to
strong spin-phonon coupling and inertial effects. Intermolecular
interactions, such as H-bonding and z—x interactions, can be tai-
lored to control such a rotational dynamics. While significant
attention has been paid on realizing Hall devices based on topo-
logical electrons in 2D MOFs, the general field of discussing
MOFs as quantum materials is only at the beginning. Given
the enormous potential of MOFs and their breakthrough appli-
cations in chemistry, we strongly believe that these materials can
lead to a paradigm change in the field of quantum materials in
the upcoming decade.
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