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Dedicated to Prof. Omar Yaghi on the occasion of his 60th birthday, who is one of the pioneers in the
field of reticular chemistry

Reticular materials rely on a unique building concept where inorganic and
organic building units are stitched together giving access to an almost
limitless number of structured ordered porous materials. Given the versatility
of chemical elements, underlying nets, and topologies, reticular materials
provide a unique platform to design materials for timely technological
applications. Reticular materials have now found their way in important
societal applications, like carbon capture to address climate change, water
harvesting to extract atmospheric moisture in arid environments, and clean
energy applications. Combining predictions from computational materials
chemistry with advanced experimental characterization and synthesis
procedures unlocks a design strategy to synthesize new materials with the
desired properties and functions. Within this review, the current status of
modeling reticular materials is addressed and supplemented with topical
examples highlighting the necessity of advanced molecular modeling to
design materials for technological applications. This review is structured as a
templated molecular modeling study starting from the molecular structure of
a realistic material towards the prediction of properties and functions of the
materials. At the end, the authors provide their perspective on the past,
present of future in modeling reticular materials and formulate open
challenges to inspire future model and method developments.

1. Introduction

Reticular chemistry provides an exceptional platform for materi-
als design thanks to the unique building concept of assembling
molecular units to form framework materials in a controlled way.
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The building units may be organic or inor-
ganic in nature, therefore reticular chem-
istry is situated at the interface of organic
and inorganic chemistry. Furthermore, as
one starts from molecular building units
to make materials, reticular chemistry com-
bines elements of molecular chemistry and
solid-state physics. In this review, we will
discuss the current status and future per-
spectives of modeling reticular materials,
where one starts from the atomistic scale
and aims to evaluate the properties and
functions of the material at operating con-
ditions. Given the unique positioning of
reticular chemistry at the interface of vari-
ous disciplines, its modeling also requires
an open vision combining modeling con-
cepts typically used in organic and inor-
ganic chemistry, and molecular and solid-
state physics. Furthermore, as in princi-
ple, the whole periodic table of elements
becomes a playground to make materi-
als, advanced quantum mechanical meth-
ods are necessary to describe with high ac-
curacy all elements going from light ele-
ments to materials prone to strong electron
correlation. In this sense—as will become

clear—modeling reticular materials as realistic as possible, i.e.,
having imperfections, disorder and having dynamic behavior,
will require elements from statistical physics, quantum mechan-
ics but also artificial intelligence. Recently a major leap for-
ward has been witnessed thanks to machine learning approaches
which help to model reticular materials in a more realistic way.

Reticular chemistry is defined as the study of linking dis-
crete molecules or metal clusters by strong covalent or coordi-
nate bonds to make extended structures and the chief aim of
reticular chemistry is the study and synthesis of materials with
a well-defined porosity and functionality.[1,2] Reticular materials
can be subdivided in several subclasses of materials, based on
the identity and connectivity of the atomic constituents, such
as metal–organic frameworks (MOFs), covalent organic frame-
works (COFs), zeolitic imidazolate frameworks (ZIFs) as well as
other crystalline porous materials such as porous organic frame-
works (POFs), porous aromatic frameworks (PAFs), supramolec-
ular organic frameworks (SOFs) and hydrogen-bonded organic
frameworks (HOFs). Figure 1 shows a rudimentary timeline of
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Figure 1. A view of the three-dimensional (pore)structure of some key MOFs (below the arrow) and COFs (above the arrow), together with their consti-
tuting building blocks. MOF-5, composed of Zn4O clusters tetrahedrally connected by 1,4-benzenedicarboxylate (BDC) linkers was synthesized in 1999,
maintaining porosity during solvent removal.[3] ZIF-8 consists of zinc ions tetrahedrally connected by imidazolate linkers, being topologically isomor-
phic to zeolites.[4] UiO-66 is a highly studied MOF with high thermal stability due to its cuboctahedral zirconiumoxide node providing 12 connection
points to BDC linkers.[5] COF-1 was the first discovered COF, consisting of two-dimensional layers of benzene and B3O3 rings.[6] TFPT-COF was the
first reported COF capable of visible-light driven hydrogen generation and is constituted by 1,3,5-tris-(4-formyl-phenyl)triazine (TFPT) and 2,5-diethoxy-
terephthalohydrazide (DETH).[7]

the development of the three largest classes of reticular materi-
als, along with the different constituent building blocks and the
three-dimensional pore structure of the most important exam-
ples of reticular materials.

The field of reticular chemistry was initiated by the dis-
covery of metal–organic frameworks which are by far the
largest subclass of reticular materials. The task group Coor-

dination Polymers and Metal Organic Frameworks: Terminol-
ogy and Nomenclature Guidelines of the International Union
of Pure and Applied Chemistry (IUPAC) published a recom-
mendation on the precise definition of a MOF: “A metal–
organic framework … is a coordination network with or-
ganic ligands containing potential voids.”[8] Note that, ac-
cording to the IUPAC definition, crystallinity or porosity
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is not a requirement for a material to be classified as a
MOF.

Although the concept of coordination polymers was already
explored in the 1960s,[9,10] the development of MOFs as a dis-
tinct and separate class of materials was accelerated by the sem-
inal work of Yaghi, Kitagawa, Férey, and others in the 1990s.
The true innovation was the discovery of stable porous frame-
works that do not collapse in the absence of solvents and in 1999,
Yaghi and co-workers succeeded in synthesizing a crystalline
MOF, named MOF-5, having a high chemical and architectural
stability and a permanent high porosity (61% void fraction).[1,3]

Since then the field expanded substantially and currently more
than 100 000 MOF structures have been reported.[11,12] In 2008,
Férey proposed to classify MOFs according to the dimension-
ality of the inorganic sublattice, leading to zero-, one-, two-,
or three-dimensional structures, comprised of polynuclear in-
organic nodes connected by chelating organic linkers.[13] MOFs
have astonished the scientific community with their exceptional
properties especially when being exposed to external triggers.
Striking examples of such atypical behavior are negative linear
compressibility where the material expands along one or more di-
rections instead of contracting upon exertion of pressure or nega-
tive gas adsorption where the material releases gas from its pores
when the gas pressure of the surroundings is increased.[14,15] An-
other intriguing aspect of some MOFs is their extraordinary flexi-
ble behavior under external stimuli, where the material can trans-
form between various phases, often accompanied by huge vol-
ume changes upon exposure to external stimuli. Kitagawa and
co-workers launched the terminology “soft porous crystals” for
materials with a bistable or multistable behavior with long-range
structural order.[16] Tremendous efforts have been undertaken to
understand the conditions and material’s characteristics that give
rise to such flexible behavior. For a dedicated overview of flexi-
ble MOFs we refer to a recent book edited by Susumu Kitagawa
on the topic.[17] MOFs can also exhibit more subtle flexible be-
havior, for example, associated with linker rotations. As will be
shown further in this review, a slight swelling of the adsorption
pocket between linkers induced by the adsorption of water may
drastically affect the computed adsorption properties. As will be
shown in the case study on water harvesting in Section 3, accu-
rately modeling water adsorption isotherms is a highly challeng-
ing topic.

In 2005, the field of reticular chemistry was expanded thanks to
a prominent discovery by Omar Yaghi who showed that it is possi-
ble to assemble organic building units towards crystalline porous
materials, since then referred to as covalent organic frameworks
(COFs). Linking organic monomers into polymers is obviously
widely known, but the creation of crystalline nanoporous frame-
works based merely on organic (metal-free) monomers was a
new concept. COFs may be fabricated from planar 2D sheets
or from non-planar building units, yielding 2D or 3D COFs re-
spectively. Many COFs possess a relatively high chemical and
thermal stability.[18–21] The absence of metals in COFs makes
them much lighter than most other porous materials, while still
possessing very high surface areas. Since their discovery, the
synthesis of new COFs has increased rapidly and the new ma-
terials can be made with a large tunability in terms of func-
tionality and porosity. The first 2D (2005) and 3D COFs (2007)
were synthesized utilizing boroxine and boronic esters to build

the extended structure with covalently bonded organic building
blocks.[2]

The high architectural, structural, and thermal stability of
MOFs is, in part, due to the chelating organic linkers in which
a single organic linker forms two or more separate coordinate
bonds to the inorganic nodes to build the framework, e.g., poly-
dentate carboxylate ligands (organic linkers) in MOF-5, UiO-66,
and other MOFs. Alternatively, monodentate imidazolate ligands
induce the formation of tetrahedrally coordinated single transi-
tion metal nodes and the M-imidazolate-M angle is typically 145°,
similar or identical to the Si-O-Si angle found in zeolites.[1,22]

For these preceding reasons, ZIFs are considered a distinct sub-
class of MOFs and were first reported by Yaghi and coworkers in
2006,[4] who successfully synthesized twelve zeolitic imidazolate
frameworks (termed ZIF-1 to ZIF-12) using Zn(II) or Co(II) to
bridge imidazolate-type organic linkers.

Inspired by the successes of MOFs, COFs, and ZIFs, a re-
cent complementary addition to the field are porous frame-
works constructed from weak intermolecular hydrogen bonding,
𝜋–𝜋 stacking, or dispersion interactions between discrete organic
molecules.[23,24,25] The weak intermolecular bonding complicates
the synthesis of these porous networks with a desired structure
and functionality.[23–27] The classification of these materials de-
pends on the dominant intermolecular interaction and a dis-
tinction is made between supramolecular organic frameworks
(SOFs) and hydrogen-bonded organic frameworks (HOFs). The
first example of this newest class of reticular materials came in
2010, when Yang et al.[28] reported the synthesis of a stable porous
3D organic network held together by hydrogen bonds and 𝜋–𝜋
stacking, which the authors called SOF-1. In the following year,
in 2011, He et al.[29] reported the synthesis of a microporous
hydrogen-bonded organic framework (HOF-1) for the selective
separation of acetylene and ethene. In the remainder of this re-
view, the discussion will focus on the first three classes of reticu-
lar materials (i.e., MOFs, COFs, and ZIFs).

To summarize the various subclasses of reticular materials, in
MOFs and ZIFs, anionic chelating linkers stabilize the cationic
metal-containing clusters to form an extended structure, typically
combining one type of inorganic building unit with one type of
organic building unit.[30] On the contrary, COFs, SOFs, and HOFs
contain no metals, except when they are being post-synthetically
modified. The covalent bonds in COFs complicate the synthe-
sis of extended structures with long-range order, as these strong
chemical bonds leave little room for defect restoration during the
synthesis process.[30,31]

To simplify the description of reticular materials, their topol-
ogy is best described using the “node” and “link” concept from
A.F. Wells to classify the seemingly inexhaustible variety in which
polynuclear clusters (hereafter referred to as secondary building
units or SBUs) can connect to organic linkers, from which the
final framework is constructed.[32] In the remainder of this para-
graph, we will explain the concept of topologies of reticular ma-
terials using MOFs as a representative example. The atomistic
structure of a MOF can be translated to a mathematical graph by
equating the SBUs to nodes (or equivalently, vertices) and the or-
ganic linkers to edges. A net is a simple graph (i) with at most
one undirected edge connecting any pair of vertices, (ii) with
every vertex linked to every other vertex by a continuous path
of edges and (iii) in the explicit absence of edges connecting a
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Figure 2. a) Schematic representation of the pcu topology alongside the building blocks of MOF-5 and IRMOF-10. b) Schematic representation of the
fcu topology alongside the building blocks of MOF-801 and UiO-66. The octahedral pore of the framework is indicated with an orange sphere. Figure
reproduced from ref. [37] with permission from Ghent University, Copyright 2024.

vertex to itself.[33] According to the Reticular Chemistry Struc-
ture Resource (RCSR), topologies are identified with three-letter
identifiers (lower case and boldface).[34] Figure 2 shows exam-
ples of the translation between the atomistic structure of a MOF
and the corresponding topological description. Different MOFs
can possess the same underlying topology and form a so-called
isoreticular series, see Figure 2.[35,36] The coordination geometry
of the SBUs will determine the topology of the extended struc-
ture in the reticulation process (Lat.: reticulum, meaning netlike)
and the strong coordinate bonds of the anionic organic linkers
to the SBUs impart chemical stability to the resulting extended
structure. The chemical stability is supplemented with architec-
tural stability stemming from the directionality of the coordinate
bonds of the organic linkers to the SBUs.

The remarkable properties of these materials quickly attracted
global attention from researchers aiming to explore the enor-
mous application potential of reticular materials in fields such as
heterogeneous catalysis, gas separation and storage, contaminant
removal, drug delivery, water harvesting, chemical sensing, bio-
logical applications, and others.[38] Whereas the enormous ver-
satility in chemical elements, topologies, porosities, and conse-
quently properties provide a major strength for material design,
it also poses a challenge on how to meticulously design materi-
als for a particular application. Within this area, modeling has
become ubiquitous and an essential component to move from
serendipitous discovery to rational design. However, to make any
realistic prediction on the behavior of reticular materials, it is es-
sential to follow a modeling approach that mimics materials in

experimental set-ups as closely as possible. This means that it is
essential to model materials in their operating environment and
with all their intricacies, thus accounting for defects on various
length scales and presence of disorder. Within the MOF field, de-
fect engineering has been exploited as an additional toolbox to in-
troduce functionalities in the framework.[39,40] Striking examples
are found within the field of catalysis.[41–43] To fully exploit these
concepts, e.g., for catalysis, separation, and gas storage, both ex-
perimental and computational techniques are required which en-
able a precise characterization of the MOF structure from the
nanometer to the mesoscale range (2–50 nm). As will be shown
in this review, providing such modeling techniques for reticular
materials poses enormous challenges. Furthermore, spatial gra-
dients in the crystal, the size of the crystal and its morphology
largely affect dynamics of various processes taking place at the
crystal particle.[44] For example, the ability of soft porous frame-
works to switch between various crystal phases upon exposure to
external stimuli is critically dependent on the size of the crystal
and defect density. Downsizing MOF crystals from the macro- to
the mesoscale substantially suppresses their ability to morph be-
tween various phases.[45–53] Major experimental efforts have been
undertaken to learn the time scales of this switching behavior.
This entanglement of the dynamics of the material with its spa-
tial properties has been defined as spatiotemporal behavior of the
material and is crucial to understand the functional behavior of
reticular materials.[17,54–56] In our endeavor to model reticular ma-
terials at length and time scales comparable to experimental set-
ups, availability of increasingly strong computer infrastructure
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Table 1. Overview of theoretical and computational methods applied in
modeling of reticular materials in Section 2 of this review.

Section Computational techniques

2.1 Building structural models for
reticular materials

Unit cell optimization, geometry optimization,
melt-quenching, reverse Monte Carlo,

polymerization-based modeling,
Bravais-Friedel-Donnay-Harker method,

Wulff construction method, reverse
topology approach

2.2 Potential energy surface Electronic structure methods, density
functional theory, classical force fields,
machine learning potentials, transfer

machine learning, Δ-machine learning,
coarse-graining methods

2.3 Phase Space Sampling Statistical thermodynamics, harmonic
approximation, quasi-harmonic

approximation, anharmonicity, vibrational
correlation, ensemble averages, molecular

dynamics simulations, Monte Carlo
sampling, kinetic Monte Carlo, free energy
methods, enhanced sampling, collective

variables, free energy error estimation

2.4 Physical properties Green-Kubo method, Müller-Plathe method,
Tauc analysis, GW approximation,

Bethe-Salpeter equation

is one key element. In this respect, it is noteworthy that recently
the first exascale computers have been taken in operation, which
open a lot of perspectives to bridge the length-time scale gap
between theoretical modeling and experiment.[57] However, hav-
ing access to massive computing power is not sufficient to close
the length-time scale gap between simulations and experiments.
New theoretical algorithms and innovations are necessary to rec-
oncile the macroscopic experimental observations with atomistic
simulations. As we will illustrate in the next section, the discrep-
ancy in the attainable length/time scales between experiment and
theory is a major challenge in modeling reticular materials for
important technological applications.[57]

The structure of this review closely follows the typical workflow
of a computational study. First, Section 2.1 will discuss methods
to build structural models of reticular materials, how to build or
find atomistic structures suitable for theoretical studies. Second,
Section 2.2 will discuss the central quantity of any computational
modeling study, the potential energy surface (PES). The PES is,
by definition, calculated at 0 K and extensions are necessary to ac-
count for finite temperature effects or pressure. Accounting for
these thermodynamic conditions is equivalent to a conversion of
the PES to a free energy surface (FES) and different techniques

for operando modeling will be discussed. Third, Section 2.3 will
discuss the exploration of the PES (or FES) which is necessary
to understand the spatiotemporal evolution at realistic thermo-
dynamic conditions. As the fourth and final step in a compu-
tational study, Section 2.4 will explain how the results from the
PES/FES exploration can be used to predict a multitude of prop-
erties, suitable for comparison with experiment. In Section 3, the
importance and relevance of computational modeling in reticu-
lar chemistry will be highlighted through a curated selection of
case studies. In each of these case studies, it will be shown how
state-of-the-art computational techniques, in close synergy with
experimental expertise, result in unique insights in the govern-
ing physical principles. This review will conclude by providing
a future outlook in Section 4 and identify opportunities for fur-
ther developments in computational modeling of reticular mate-
rials. As a final note to this introduction, we wish to highlight that
the intention of this review is not to discuss every method itself
in depth. However, to the best of the authors’ knowledge, nec-
essary references have been given to guide the interested reader
on specific methodologies. To guide readers interested in a spe-
cific topic, all theoretical and computational methods that will be
discussed in Section 2 are collected in Table 1.

2. State-of-the-Art in Computational Modeling of
Reticular Materials

Given the wide variety in the composition, structure, and prop-
erties of reticular materials situated at the crossroads of vari-
ous disciplines, the field of computational modeling of reticular
materials is necessarily very broad. To clearly structure the var-
ious components in modeling reticular materials and to lower
the entry barrier of researchers in this interdisciplinary field, we
have structured the discussion in this section following the typi-
cal workflow of a computational study as illustrated in Figure 3.
A typical molecular modeling exercise consists of four steps: (i)
Building a structural model for reticular materials that is suitable
for in silico experiments, (ii) modeling the potential energy sur-
face, the central quantity of a molecular modeling exercise, (iii)
exploring the phase space defined by the potential (or free) energy
surface and (iv) predicting physical properties to connect theo-
retical and experimental results. Within this section, we discuss
each of the components and illustrate the theoretical concepts
with examples taken from the field of reticular chemistry. Due
to the extensive body of literature on the theoretical modeling of
reticular materials, it is not possible to comprehensively cite all
literature works, however many references are given to special-
ized in-depth literature both on the applications and theoretical
background.

Figure 3. The sequence of a molecular modeling exercise, from left to right: building a structural model, modeling the potential energy surface, phase
space sampling, and deriving target physical properties. Reproduced with permission.[58] Copyright 2023, Royal Society Publishing.
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Figure 4. Illustration of different structural models of UiO-66 suitable for computational studies. A structural model can be (a)periodic with or without
defects. Top left: pristine periodic model, bottom left: membrane periodic model with added vacuum above and below the membrane. Top middle:
periodic model with missing inorganic node, bottom middle, periodic model with missing organic linker (bottom left of the model). Top right: aperiodic
cluster model of an inorganic node capped with formate groups, bottom right: aperiodic cluster model of an inorganic node capped with benzoate
groups. The unit cells of the periodic models are shown in blue. The spheres, colored by size, fill the cavities in the periodic models for clarity.

2.1. Building Structural Models for Reticular Materials

This section will discuss the construction of structural models of
reticular materials. The theoretical atomistic models must accu-
rately represent the real material and account for the crystallinity,
flexibility, disorder and the external surface of the target reticular
material. As stated in the Introduction, crystallinity and porosity
are not a requirement for a material to be classified as a MOF (or
ZIF). We remind the reader of the IUPAC definition of a MOF: “A
coordination network with organic ligands containing potential
voids”. The other classes of reticular materials, i.e., COFs, SOFs,
and HOFs, strictly speaking do not possess any metals and there-
fore any ligands, but perhaps the term “network compound” is
the most general term which is applicable to all reticular materi-
als. The IUPAC project, started in 2014, to recommend a precise
terminology is still on-going (latest update June 2024).[59] Figure 4
shows a schematic overview of the different structural models
which will be discussed in this section. To provide clarity in all
the possible structural models of reticular materials, crystalline
and amorphous periodic structural models will be discussed in
two separate subsections. As a special case of a crystalline ape-
riodic MOF, we will highlight the case study of TRUMOF-1.[60]

Next, the discussion will move from idealized pristine struc-
tural models to cluster models, defective and disordered struc-
tural models ending with the inclusion of surface effects to more
closely simulate real materials. This section will conclude by dis-
cussing the discovery of new materials with high-throughput
screening methods to accelerate the discovery of viable candi-
date materials.[61] In the second to last subsection, we provide a
non-exhaustive list of databases where structural models of retic-

ular materials are made available by researchers to any interested
party.

2.1.1. In Silico Design of Reticular Materials

Modeling reticular materials requires an in-depth knowledge of
the structure at the atomistic scale. Information on the material’s
structure can come from experiments that typically follow a top-
down approach, where one tries to zoom into the material us-
ing advanced characterization techniques before, during or after
synthesis and post-synthetic modifications.[62–64] Empirical char-
acterization techniques include microscopic imaging methods to
visualize the structure or spectroscopic techniques to determine
unique spectral fingerprints, which can be compared with spectra
of known materials to determine the atomistic structure. Compu-
tational scientists, on the other hand, build their structural mod-
els atom by atom in a bottom-up approach. The in silico design of
reticular materials requires a solid foundation both in molecular
modeling as well as reticular chemistry.[30]

Reticular materials are comprised of atoms connected by a va-
riety of chemical bonding interactions. In MOFs and ZIFs, the
cationic metal nodes bind to the anionic organic linkers through
coordinate bonds and charge transfer processes. The chemical
environment is different in COFs due to the absence of the metal
nodes, but most reticular materials are characterized by large
cavities enveloped by structural elements of the framework. The
high porosity leads to a significant contribution of long-range
van der Waals dispersion interactions which are challenging to
describe accurately in first principles calculations.[65] A second

Adv. Mater. 2024, 2412005 2412005 (6 of 48) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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consequence of the high porosity in reticular materials are the
resulting large unit cells in periodic calculations, easily leading
to hundreds of atoms per unit cell. For example, MOF DUT-49
crystallizes in the Fm3̄m (225) space group and contains 1728
(432) atoms in the conventional (primitive) unit cell (contracted
pore phase, cubic conventional unit cell, a ≈ 35 Å).[46] Another ex-
ample is MOF MIL-100(Cr), crystallizing in the Fd3̄m (227) space
group, containing 11 152 (1394) atoms in the conventional (prim-
itive) unit cell (cubic conventional unit cell, a ≈ 73 Å).[66,67] The
terms primitive and conventional unit cell will be discussed in
more detail below.

2.1.2. Crystalline Structural Models

Periodicity is inherently present at the atomic level of most retic-
ular materials, which can be exploited to simplify the atomistic
description. Ignoring surface effects, a crystalline solid can be
represented as an infinite periodic extension of a minimal collec-
tion of building blocks (i.e., a periodic unit cell) reticulated into a
wide variety of topologies. Two different types of unit cells can be
used to reproduce the extended structure of a reticular material:
conventional and primitive unit cells. In crystallographic terms, a
primitive unit cell is the unit cell corresponding to a single lattice
point, i.e., the smallest possible unit from which the entire peri-
odic structure can be reconstructed by periodic extensions of the
unit cell along the lattice vectors. The primitive unit cells will have
the lowest number of atoms (and thus the lowest number of elec-
trons) which need to be accounted for during cumbersome first
principles calculations. A second type of unit cell is the conven-
tional unit cell, reflecting the symmetry properties of the lattice.
Conventional unit cells are constructed according to a strict set
of rules which differ for each of the seven lattice systems. These
rules, as well as a detailed theoretical background on the different
types of unit cells, can be found in the International Tables For
Crystallography, Volume A.[68–70] Conversion from the primitive
unit cell to the conventional unit cell can facilitate visualization
of the cavity or the pore structure of the periodic crystalline ma-
terial. If the space group of the crystal structure is known (e.g.,
from powder X-ray diffraction measurements), the primitive and
conventional unit cells can be readily interconverted using the
unique transformation matrix belonging to one of the 230 space
groups.[70] A third type of commonly encountered unit cells are
supercells, which are periodic extensions along one or more lat-
tice vectors of an arbitrary, but finite, number of primitive (or
conventional) unit cells. A description of the crystal lattice with
primitive unit cells limits the possibilities to study any long-range
disorder in the system, which is intertwined with defects and flex-
ibility in MOFs.[71] Additionally, the size of the crystal has been
shown to either promote or inhibit flexibility of the reticular ma-
terial, an effect that cannot be captured using only the primitive
unit cell in periodic calculations.[72,73] As a concrete example of
a size effect in MOFs, Bon et al.[74] showed that the particle size
of flexible MOFs DUT-8(Ni) and SNU-9 decreases during the cy-
cling of the sorption process, attributed to the sorption stresses,
and the crystal size continued to decrease until the fragmented
domains could tolerate the adsorption stresses.

After selecting the target unit cell, the next step is to ob-
tain a structural model that is suitable for periodic calcula-

tions. Structures obtained from experimental data or structural
databases often require preprocessing steps, which may include,
but are not limited to: removing partial occupancies, removing
solvent molecules, imposing charge neutrality by adding hydro-
gen atoms or counter ions, restore disorder, etc. The cleaned tar-
get structure is relaxed starting from a reasonable input structure,
e.g. from experimental powder X-ray diffraction measurements
or taken from a structural database (vide infra). Starting from the
optimized structure, the volume is varied over a small range (at
most a few hundred Å3) in the elastic regime below and above the
equilibrium volume, optimizing the ionic positions and unit cell
parameters at each fixed volume. A finite differencing scheme
can be applied to find the bulk modulus of the structure as the
second-order derivative of the energy with respect to volume. To
mitigate numerical inaccuracies, an energy-versus-volume equa-
tion of state can be fitted to the discrete set of data points. A least-
squares fit of a parametrized energy-versus-volume equation of
state provides the energetically most stable volume and the opti-
mized unit cell parameters. Popular choices of equations of state
for flexible reticular materials include the Birch-Murnaghan[75,76]

and the Rose-Vinet[77,78] equations of state, although the latter
is preferred when modeling flexible materials like MOFs and
COFs.[79] The bulk modulus, relating the decrease in volume with
an increase in pressure, is one of the fitting parameters that fol-
lows from the energy-versus-volume equations of state (see also
Subsection 2.4.1).

Crystalline reticular materials with non-default topologies can
be synthesized with the use of twisted, bent or zigzag organic
linkers.[80] However, crystallinity of a material does not require
periodicity.[81,82] A small, but quickly growing, subclass of retic-
ular materials lack long-range order and are classified as aperi-
odic crystals. Simulating aperiodic crystals is not trivial, whereas
periodic first principles calculations rely on Bloch’s theorem,
which states that the solutions to Schrödinger’s equation can
be expressed as plane waves modulated by periodic functions,
its application to aperiodic crystals is more cumbersome. It re-
quires the definition of superspace groups and becomes ex-
ceedingly difficult due to the high number of degrees of free-
dom for both the electronic and vibrational states.[83] A full ex-
planation on aperiodic crystals and superspace is considered
outside the scope of this review and can be found in Janssen
and Janner.[83] In 2022, Meekel et al.[60] reported the synthe-
sis of a MOF-5, commonly referred to as IRMOF-1, derivate
by replacing the linear para-1,4-benzenedicarboxylate (bdc) link-
ers with bent meta-1,3-bdc linkers. The lower symmetry of the
bent organic linkers leads to an aperiodic crystalline material,
which they called TRUMOF-1. The pore structure of the derivate
can be described using rotationally asymmetric Truchet patterns
(hence the name TRUMOF-1 as an IRMOF-1 derivate) and the
authors showed that adsorption of guests is sensitive to the
disordered pore network.[84] In a follow-up paper, they com-
pared the elastic stability of the aperiodic crystalline TRUMOF-
1 to the periodic crystalline MOF-5 and showed a superior
resistance of TRUMOF-1 to pressure-induced framework col-
lapse, which was attributed to the aperiodic network topology of
TRUMOF-1.[85] Figure 5 compares the topologies of MOF-5 (pcu
topology) and the aperiodic crystalline TRUMOF-1 (fcu-6 topol-
ogy) as well as the F4̄3m (216) space group of the configurational
average structure.
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Figure 5. a) In MOF-5, tetrahedral OZn4 clusters (red polyhedral) are connected by 1,4-bdc linkers (beige panels) to form a network structure with
the simple cubic pcu topology. b) The structure of TRUMOF-1 is generated by similar components, except that the linear 1,4-bdc linker is replaced
by the bent 1,3-bdc isomer (beige angled panels). Clusters are arranged on a face-centered cubic lattice, with each cluster connected to six of its 12
nearest neighbors (topology fcu-6). The connectivity in TRUMOF-1 is aperiodic. Shown in the center of this panel is a representation of one possible
1 × 1 × 1 approximant. The configurational average of the TRUMOF-1 structure, which is periodic but with partial site occupancies, is represented on
the right-hand side. Reproduced with permission.[85] Copyright 2023, Springer Nature.

2.1.3. Amorphous Structural Models

Reticulating building blocks in extended structures implies crys-
tallinity. However, as discussed in the Introduction, the IUPAC
definition of MOFs excludes crystallinity as a necessary condition
for a reticular material to be classified as a MOF. Consequently,
reticular materials can also exist in amorphous phases like liq-
uids, gels, and glasses.[86] Amorphous MOFs can be produced by
either preventing crystallization during reticulation of the build-
ing blocks or collapsing the crystalline structure by pressure-
or temperature-induced amorphization, melt-quenching, or ball
milling.[87] The long-range disorder in an amorphous MOF will
translate to an absence of well-defined Bragg peaks in their X-ray
or neutron diffraction patterns.[88] The lack of periodicity and/or
symmetry in amorphous reticular materials makes them much
more difficult to model accurately.[89–91] To avoid finite-size ef-
fects in the computational results, the size of the periodic unit
cell should be sufficiently large with respect to the largest cor-
relation length of the system.[92–94] As the correlation length is
strongly dependent on the system under study, there are no clear
rules as to the appropriate size of the model. Therefore, it is
recommended to verify the absence of finite-size effects by ex-
ecuting multiple simulations at increasing sizes of the periodic
unit cell, a recommendation that is valid irrespective of the amor-
phous or crystalline character of the structural model.[95,96] Struc-
tural models of amorphous materials can be generated with (i)
melt-quenching with molecular dynamics simulations, (ii) re-
verse Monte Carlo sampling based on experimental input and
(iii) polymerization-based modeling.[90] Hereafter we briefly give
some more information on each of the methodologies.

The first approach relies on molecular dynamics simulations
to generate amorphous structural models, either with reactive
force-fields[97] or with electronic structure methods such as den-
sity functional theory (DFT).[86] While force-fields allow to model
reticular materials at larger time and length scales, there is an on-
going discussion on whether force fields can adequately model
amorphous reticular materials.[91,97] Gaillac et al.[86] used ab initio
molecular dynamics (AIMD) simulations to study the structure
of ZIF glasses (ZIF-4, ZIF-8, and SALEM-2) starting from a struc-
tural model of the crystalline solid state. They melted the ZIF by

running AIMD simulations at 1500 K and used the free diffusion
or cleavage frequencies of Zn-N bonds to make a distinction be-
tween solid (crystalline) and liquid (amorphous) phase. Multiple
configurations of the ZIF liquids were quenched to room temper-
ature by running consecutive 4 ps constant temperature AIMD
simulations at 200 K intervals from 1500 K to 300 K to deliver the
structural models of the solid amorphous glass.

A second way to generate amorphous structural models of gels
and glasses is reverse Monte Carlo (RMC), which works as fol-
lows: (i) the radial distribution function of an initial guess of
the structure is calculated, (ii) a new configuration is generated
by random movement of a particle, (iii) the radial distribution
function of the new configuration is calculated, (iv) the two 𝜒2-
statistics[98] are computed, comparing each radial distribution
function with the experimental radial distribution function and
(v) the configuration leading to the lowest 𝜒2-statistic becomes
the new starting configuration until the 𝜒2-statistic converges
to an equilibrium value or a predetermined threshold.[99] How-
ever, it should be remembered that analysis of Bragg reflections
of experimental samples to validate the computational structure
considers only the long-range configurational average structure,
while the RMC procedure will only deliver one possible struc-
tural model through the minimization of differences between cal-
culated and observed data.[100] Structural models generated with
this method will largely depend on the initial configuration of
the crystalline model as well as on constraints imposed during
the RMC procedure itself.

The third approach to model amorphous MOFs takes inspira-
tion from the field of polymer chemistry. Bechis et al.[101] studied
the effect of defects and disorder in amorphous MOFs by generat-
ing structural models using a polymerization algorithm consist-
ing of four steps: (i) random packing, (ii) polymerization, (iii) sat-
uration and (iv) annealing. Initially, constituent building blocks
of the target MOF glass are randomly packed in a periodic unit
cell at a low initial density, which ensures sufficient mobility for
the building blocks during the assembly process. Next, the build-
ing blocks are polymerized by allowing bond formation between
reactive sites on adjacent building blocks. When a reactive site
cannot find a building block with which to react, the site can be
saturated (e.g., with hydroxyls or water) which results in defects
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in the structural model. To relax the final structural model, the
structure is annealed with MD simulations, typically densifying
the final structure.

2.1.4. Cluster Models to Study Local Phenomena

Depending on the properties of interest, i.e., local versus non-
local phenomena, a structural model needs to be defined that fits
the needs. For example, when interested in catalytic reactions on
isolated active sites, it might be interesting to use a cluster model
to represent the structure, rather than a periodic one.[102] How-
ever, it should be carefully tested in how far the extended envi-
ronment impacts the local property of interest. For some catalytic
reactions, it may at first instance be assumed that only the local
environment plays a role, however, in many cases, neighboring
interactions with other guest species or implicit long-range inter-
actions due to the impact of the lattice may affect the catalytic ac-
tivity. Many cluster calculations have been performed in literature
with clusters of increasingly larger sizes. In this sense, even with
a cluster model, it is possible to a given extent to capture parts of
the extended lattice. A cluster model can be constructed starting
from a relaxed periodic model. First, a narrow region of interest
is identified and all atoms outside this region are removed (e.g.,
by defining a cutoff radius around one or more atoms). In the
next step, the cluster model needs to be saturated (e.g., with H
atoms) to avoid dangling bonds and the terminal atoms can be
frozen in place to mimic the constraints of the original periodic
model, as shown in Figure 4 (right-hand side).[103] Careful con-
vergence tests of the property of interest with respect to the size
of the cluster model are necessary, as the optimal cluster size is
likely to change according to the problem in question. The great
advantage of cluster models lies in the ability to use computation-
ally more expensive electronic structure methods having a higher
accuracy compared to DFT, as will be discussed in more detail in
Subsection 2.2.1.

In 2019, Gagliardi and coworkers used cluster models to study
the activity of Fe(II) species for the hydroxylation of methane
(ethane) to methanol (ethanol) in MIL-type MOFs.[104] In their
cluster models, the metal Fe node was capped with formate
groups to simulate the structural units of various MOFs, includ-
ing MIL-100(Fe), MIL-101(Fe), MIL-127, and PCN-250, and the
authors concluded that MOFs based on a tri-iron oxide node can
potentially serve as catalysts for the conversion of light alkanes
to alcohols. Two years later, in 2021, some of the same authors
again used cluster models to study CO and NO adsorption in
iron-based MOFs.[105] The authors characterized the adsorption
behavior of CO and NO on the same tri-iron oxide nodes to accu-
rately assign the vibrational infrared bands in iron-based MOFs.
In 2022, Lyu and Maurin also used iron-based cluster models
to study the activity of coordinatively unsaturated sites in MOFs
for the catalytic reduction of CO2.[106] The authors studied metal-
oxo trimer nodes (Fe2M, M = Cu(I), Cu(II), Fe(II), Co(II), Ni(II),
Zn(II), Cd(II), Ti(III), Y(III), and Ce(III)) existing in MIL-88, MIL-
100, MIL-101 and PCN-250 for the reduction of CO2. The study
showed that Cu(II)-, Co(II)-, and Ni(II)-doped metal oxo-trimers
could exhibit superior catalytic activity than Fe(II), with Ni(II) the
most active one. In 2023, Tofoni et al.[107] studied the conversion
of methane to methanol over a Fe(II) site in MIL-100(Fe) to hy-

pothesize a catalytic cycle and the authors used cluster models in
DFT calculations to conclude that the Fe(II) centers in the nodes
of MIL-100(Fe) can dissociate O2 to catalyze the production of
methanol.

2.1.5. Disorder in Structural Models

Modeling reticular materials with pristine unit cells (or super-
cells) ignores the presence of defects, always present and un-
avoidable in real materials, as well as surface effects.[108] This
subsection focuses on defects and disorder in reticular materials;
surface effects will be discussed in the following subsection. De-
fects do not necessarily have a negative impact on the material’s
function and defect engineering can be used as a tool to promote
catalytic activity or diffusion in reticular materials.[101,109,110] The
length scale of defects and disorder in crystalline reticular materi-
als can be classified according to their length scale, making a dis-
tinction between short-, mid- and long-range heterogeneities.[54]

The upper part of Figure 6 shows experimental Scanning (Tun-
neling) Electron Microscopy (S(T)EM) images of UiO-66, illus-
trating the continuous efforts of experiment to probe materials at
smaller length scales. In the computational bottom-up approach
(lower part of Figure 6), computational scientists continuously
expand idealized structural models to improve correspondence
with real materials.

The main point defects, the typical example of short-range het-
erogeneities, in reticular materials concern the absence or modi-
fication of either the organic linkers, the nodes or both, as shown
in Figure 4 (middle) and the bottom middle of Figure 6.[112] In
2018, Fischer and coworkers highlighted efforts (at the time) to
model defective metal-organic frameworks.[112] These computa-
tional studies tackled the interdependency of missing linker de-
fects and physical properties such as gas sorption and mechanical
stability. More recently, in 2022, Möslein et al. combined com-
putational modeling and experiment to study the connection be-
tween local defects and the nanoscale mechanical properties of
ZIF-8.[113]

Again in 2018, Sholl and coworkers used molecular simula-
tions to show diffusion in ZIF-8 is facilitated by water-induced
point defects such as dangling linkers and linker vacancies.[114] In
a recent follow-up publication (2024), researchers from the Sholl
group used a combination of DFT calculations, force-field molec-
ular dynamics, and Grand Canonical Monte Carlo simulations
to show that point defects can promote the nucleation of water
clusters and may change the adsorption properties of MOFs in
a significant way.[115] At a larger length scale, a sufficiently high
number of point defects will alter the surface area, leading to
mesoporosity in the crystalline structure.[71] In 2022, Cui et al.[116]

studied the degradation of ZIF-8 and ZIF-71 by defect propaga-
tion using the kinetic Monte Carlo[117] method. In this study, the
ZIF structures were approximated as a 2D square lattice and DFT
calculations were used to estimate the energy of defect formation
and the interaction energy between defects. These energies were
subsequently used as parameters for their kinetic model and the
time evolution of the defect concentration was obtained from av-
eraging multiple kMC trajectories. The authors predict, in corre-
spondence with experimental results,[118] a much slower defect
formation for ZIF-71 compared with ZIF-8 and concluded that
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Figure 6. Top part, left to right experimental images of UiO-66: Scanning Electron Microscopy (SEM) image (Reproduced with permission.[111] Copyright
2018, American Chemical Society), low-dose Scanning Transmission Electron Microscopy (STEM) image showing the framework structure, low-dose
STEM image showing the linkers. Lower part, right to left: Organic and inorganic building blocks of UiO-66 and its framework structure, randomly
generated defective structure with ca. 25 000 atoms, schematic representation of a MOF crystal particle with point defects and mesopores, where
external guest molecules can enter.

neighboring defects lead to autocatalytic growth of the defect den-
sity which in turn leads to the formation of defect clusters.[116]

As an illustrative example of long-range disorder, in 2023, Rogge
et al.[119] studied correlated nanoregions in MOFs and predicted
a higher amorphization pressure for defective UiO-66 due to co-
operative interaction of point defects. Beside local point defects,
extended defects like dislocations and interfacial areas of poly-
morphic materials are responsible for global displacive or recon-
structive modes of flexibility.[120,121]

2.1.6. Surface Chemistry of Reticular Materials

Previous sections focused on the modeling of the bulk of retic-
ular materials. In reality, crystal particles have a finite size, with
sizes ranging from the nanometer to the micrometer scale and
a certain morphology, as shown in the bottom left illustration
in Figure 6. Furthermore, the external surface area has a cer-
tain chemical composition. Apart from these finite-sized effects
at the crystal particle level, reticular materials need to be embed-
ded in supports or fabricated as monoliths to be usable in any
practical application.[122–125] Modeling reticular materials within
their supports is clearly beyond the current capabilities of molec-
ular modeling. However, simultaneously accounting for the finite
size, shape and chemical termination of the external surface, may
come soon within reach of molecular modeling efforts. The prop-
erties of the external surface will determine the interactions be-
tween the nanoparticles as well as with their surroundings.[126,127]

Micron-sized MOFs cannot be used as synthesized as the fine
particles would cause a large pressure drop in fixed-bed reac-
tors or adsorption vessels. Therefore, industrial deployment of
MOFs will necessarily involve MOF/binder composites which are

shaped to larger pellets to guarantee sufficient throughput of the
feedstock.[128] Functionalization of the external surface of reticu-
lar nanoparticles with polymers and lipids is therefore an active
focus in the field of reticular chemistry.[129] To identify the opti-
mal binder material and thoroughly understand the interactions
between the crystalline material and the binder, accurate struc-
tural models of the external surface of reticular materials are re-
quired.

Slab models are constructed starting from geometry-
optimized supercells of the crystal structure. The periodic
model is cleaved along favorable crystallographic planes, typi-
cally identified with the Bravais-Friedel-Donnay-Harker (BFDH)
method,[130] which uses a geometric argument to argue that the
growth rate of a crystallographic plane is inversely proportional
to the interplanar distance. While this measure may not be suffi-
ciently accurate to identify the finite crystal shape,[131] the BFDH
method relies only on the geometry of the lattice and can be im-
mediately applied to any periodic structural model. Alternatively,
crystal surfaces can be identified using the Wulff[132] construc-
tion method, which states that finite crystals are bounded by
faces located at distances proportional to their surface formation
energies. Using this energetic argument, the crystal shape can
be determined by minimizing the total surface energy for a given
volume. However, calculation of the surface energy may prove
challenging in large unit cells with many atoms (e.g., DUT-49
and MIL-100) in which case the BFDH method may prove useful.
A third and final approach is to construct finite-sized crystals
using the specific topology of the reticular material, as was done
by Keupp and Schmid (vide infra).[120] To avoid dangling chemi-
cal bonds or exposed metal ions after cleaving a periodic crystal
along a crystallographic plane, the surface can be terminated
based on chemical intuition or experimental input (e.g., OH-

Adv. Mater. 2024, 2412005 2412005 (10 of 48) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202412005 by U
niversiteitsbibliotheek G

ent, W
iley O

nline L
ibrary on [21/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

ions or H2O molecules in case of synthesis with an aqueous
solvent). By convention, slab models are typically periodic in the
xy-plane, with the z axis perpendicular to the surface. To avoid
interactions with periodic images in the z-direction, a vacuum
box is added above the slab model to construct the final struc-
tural model. When using a plane waves basis set, a sufficiently
large amount of vacuum should be added above the surface
to prevent periodic interactions along the surface normal. The
resulting large lattice constant leads to a short reciprocal lattice
vector, necessitating a large number of plane waves within a
given kinetic energy cutoff for an accurate description of the
electronic structure. Jaffe et al.[133] showed that density func-
tional theory for two- and three-dimensional periodic systems
may be expressed using localized Gaussian basis functions. As
these basis functions naturally go to zero in vacuum, such a
description may be beneficial in 2D slab models of reticular
materials. Figure 4 (bottom left) shows an example of a UiO-66
membrane where the BFDH method was used to identify the
most favorable crystallographic plane and hydrogen atoms were
added to impose charge neutrality of the final structural model.
Obtaining experimental information (e.g., surface termination,
mesoporosity, …) with atomic resolution of the external surface
is extremely challenging and the construction of accurate surface
models from a modeling perspective remains an open challenge
for now.

To the best of the authors’ knowledge, the earliest computa-
tional studies that used slab models for metal-organic frame-
works came in 2012, when Zhang et al.[134] studied H2/CO2
separation in a mixed-matrix membrane (MMM) consisting
of polybenzimidazole (PBI) and ZIF-7. Amirjalayer et al.[135]

studied the surface termination of HKUST-1 in 2016, which
was followed in 2016 by a computational study by Dürholt
et al.,[136] who used slab models to model the deformation of
the [111] surface of HKUST-1. In 2020, Thompson et al.[137]

used slab models of DUT-8(Ni) to study the external sur-
face of nanoparticles and the influence of different surface
groups on the gate-opening mechanism with GCMC simu-
lations driven by classical force fields. The authors showed
that, while the external adsorption sites depend on the cap-
ping group, the different groups capping the external surface
have only a minor contribution to the gate-opening mecha-
nism of the switchable MOF. Around the same time, Mau-
rin and coworkers published a series of computational stud-
ies on MOF/polymer composites for a selection of MOFs, such
as UiO-66,[138] ZIF-67[139] and CALF-20,[140] in which slab mod-
els were used to represent the reticular materials. In the lat-
ter study on CALF-20, the authors studied the adhesion of
four binders to slab models of CALF-20 and evaluated the
CO2 capture performance of the composite system. To con-
struct the slab models, the energetically most favorable[100]

surface was identified using DFT calculations. As no experi-
mental evidence was available regarding surface termination,
the authors terminated the exposed Zn metal ions with wa-
ter molecules based on the synthesis process of CALF-20. The
binder materials (polymers) were added to the crystal surface
and the composite system was relaxed by averaging over sev-
eral independent MD simulations. The authors concluded that
the shaping of CALF-20 with the polymer carboxymethyl cel-
lulose as binder material maintained a high CO2/N2 selectiv-

ity with similar CO2 uptake and transport compared to pure
CALF-20.

Whereas a few computational studies of MOFs using slab
models are available in literature, similar studies on COFs are
scarce. In 2021, Luo et al.[141] constructed slab models of charge
transfer processes in COFs with triphenylamine and triazine
units to study electrochemiluminescence. As another example,
Yu et al.[142] constructed models of MOF/COF hybrids by match-
ing the interfacial facets of a MOF (UiO-66-NH2) and a COF
(tri(4-pyridylphenyl)amine TPPA).

So far, the number of computational studies on the surface
chemistry of reticular materials remains limited. In late 2023,
Zhang et al.[143] published a tool, written in Python, called the
“MOF-membrane constructor” to generate MOF membranes
with reasonable surface terminations and to automatically iden-
tify preferred exposed crystal planes, based on the BFDH method
(vide supra). Notably, the authors provide options to the user with
respect to surface termination. No termination is applied if the ex-
posed metal center is deemed reasonably stable or alternatively,
the exposed metal can be terminated with -OH/-H groups, mod-
ulators like acetate or solvent molecules. It is expected that tools
like these, along with others which will certainly be developed in
the future, will accelerate the development and understanding of
surface chemistry of reticular materials.

In contrast to modeling the external surface of reticular ma-
terials via slab models, the most realistic representations would
be to simulate the materials as true finite-sized crystallites, hav-
ing a certain shape and morphology. So far, the number of con-
tributions reporting simulations on finite-sized crystallites in
the field of reticular materials is extremely scarce. Keupp and
Schmid[120] modeled finite-sized nanocrystallites of DMOF-1(Zn)
using the reverse topology approach,[135,144–146] by extending the
pcu topology and slicing the periodic model along specified hkl-
planes to generate nanocrystallites of around 230 000 atoms
(diagonal distance ∼ 23.3 nm). The reverse topology approach
will be discussed in more detail in the following subsection.
The surfaces of the nanocrystal were terminated with either 1,4-
diazabicyclo[2.2.2.]octane (dabco) pillars ([001] plane) or phenyl
groups ([100] and [010] planes) as shown in Figure 7.

2.1.7. High-Throughput Screening of Reticular Materials

Whereas in Subsection 2.1.1 the focus was set on the construc-
tion of structural models for one particular material, one can also
use the principles of reticular chemistry to generate a nearly in-
exhaustible variety of hypothetical reticular materials from the
possible (super)molecular building blocks, which can be organic,
inorganic or both. Experimental screening is often too time-
intensive as well as expensive to characterize all possible candi-
dates and high-throughput methods are needed to quickly and
accurately explore the design space of reticular materials.[147]

An early attempt to automate the discovery of reticular mate-
rials came in 2011, when Wilmer et al.[148] generated a library
of over 300 MOFs by recombining building blocks of previously
synthesized MOFs. The authors predicted the CH4 uptake for
all possible candidates and their computational results suggested
the promotional effect of methyl functional groups on CH4 up-
take. From their computational results, they identified MOF
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Figure 7. Construction of a MOF nanocrystal from the corresponding blueprint for the case of DMOF-1 NC of size 6 × 6 × 6. Reproduced with
permission.[120] Copyright 2019, John Wiley and Sons.

NOTT-107, with a high structural similarity to the MOF with the
highest methane storage capabilities known at the time, PCN-
14.[149] After the synthesis of NOTT-107, the authors found that
the methane storage capacity was 8% lower than what had been
predicted by simulations, which was attributed to incomplete
pore activation of the synthesized material. To the best of our
knowledge, this was the first success story that showcases how
theoretical predictions can guide experiments.

Inspired by the success of Wilmer et al., researchers quickly
explored different ways to generate hypothetical reticular materi-
als for gas storage.[150,151] Nowadays the most popular way to ex-
plore the hypothetical design space is to use known topologies as
a starting point for the exploration of the design space, referred to
as the reverse topology approach (vide supra). This method starts
from a target topology in which building blocks (linkers/SBUs
for MOFs or organic building blocks for COFs) are reticulated
to the target topology, either by applying symmetry operations of
target space groups or iteratively until a unit cell is formed. After
structural optimization of the hypothetical MOF/COFs, different
candidates can be compared by predicting performance-property
relations from which the most promising hypothetical reticular
materials can be selected for synthesis.

Currently, there are multiple protocols and software packages
(e.g., ReDD-COFFEE,[152] pyCOFBuilder,[153] TOBACCO,[154]

TOBASCCO,[150] GFlowNets,[155] Pormake,[156] Weaver,[145]

Zeo++,[157] AuToGraFS[158] and others) available to aid the in sil-
ico design of MOFs and COFs. The structural models generated
by these computational tools, supplemented with those from
experimental characterization techniques like X-ray diffraction,
are collected and made available in various databases such
as: Reticular Chemistry Structure Resource (RCSR),[34] Cam-
bridge Crystallographic Data Centre (CCDC),[159] the ToposPro
Topological Collections,[160] the Materials Project,[161] Novel
Materials Discovery (NOMAD),[162] the Computation-Ready
Experimental MOF (CoRE MOF) database,[163] the Quantum
MOF (QMOF) database,[164,165] the Wilmer database,[148,166] the
ab initio REPEAT charge MOF (ARC-MOF) database,[167] the
CURATED[168,169] COF database and others.

Reticular materials exist in an immense design space, com-
plicating a comprehensive screening of reticular materials due
to (i) the potentially prohibitive computational overhead to ac-
curately compute properties of interest for every possible candi-
date and (ii) the overwhelming amount of data generated through
the exploration of the compositional, physical and chemical
properties.[170,171] These challenges are emerging in all branches
of materials science and new techniques are needed to process
the large amount of information in an efficient way.[61,172] In a
recent review by Moghadam et al.,[173] the authors discuss the
predictive power of computational modeling by describing the
development of new MOFs that were computationally designed
before being experimentally synthesized, such as NU-100 and
NU-800. A thorough discussion on data science and machine
learning in reticular materials discovery is considered outside
the scope of this review, as many excellent dedicated reviews
are already available in literature, see for example the following
references.[165,174–182]

2.1.8. Inverse Design of Reticular Materials with Machine Learning
Techniques

Recently, significant progress has been made in leveraging ma-
chine learning techniques for the inverse design of MOFs. Tradi-
tionally, the structure of a MOF is first defined, after which its var-
ious properties are predicted. Inverse design attempts to reverse
this process; generating MOFs that satisfy given input properties.
In 2021, Yao et al.[183] proposed a variational autoencoder (VAE)
based approach to encode and decode MOF structures with a la-
tent space of a graph-based representation of MOFs. A Gaussian
process is trained on properties of MOFs in the latent space, en-
abling a search through this space for the top-performing MOFs.

Park et al.[184] more recently proposed a deep reinforcement
learning method based on a generator agent that creates MOF
structures and a predictor that evaluates them for specific proper-
ties (CO2 heat of adsorption and CO2/H2O selectivity). The agent
iteratively improves its design based on a reward from the predic-
tor. The predicted top performers were shown to be competitive
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Figure 8. The central quantity in a molecular modeling exercise is the potential energy surface (PES), which can be modeled by solving Schrödinger’s
equation with quantum mechanical methods (top left). To access larger time and length scales, interatomic potentials can be derived either with machine
learning methods (bottom left) or approximating the PES with analytical expressions (top right). Coarse-graining methods (bottom right) group atoms
in interacting beads. Reproduced with permission.[121] Copyright 2024, Royal Society Publishing.

with top-performing MOFs reported previously in the literature
for direct air capture.

Compared to this reinforcement learning-based approach, Fu
et al.[185] proposed the diffusion-based MOFDiff model (analo-
gous to image-generating models) to predict high-performing
MOFs for carbon capture applications. In their model, coarse-
grained (vide infra) 3D structures of MOFs are directly gener-
ated, maintaining the physical symmetries using equivariant and
invariant networks. These machine learning-based methods for
inverse design of MOFs appear highly promising in generating
novel MOF structures targeted specifically for the applications of
interest.

2.2. Potential Energy Surface

Once a structural model for the material has been defined, the
next step of a molecular modeling exercise models the Potential
Energy Surface (PES), connecting the atomic configuration of a
many-body system to the potential energy of the system. This sec-

tion will discuss four different methods to estimate a single point
on the PES: quantum mechanical methods, classical force fields
(FFs), machine learning potentials (MLPs), and coarse-grained
models. Other methods, such as quantum mechanics/molecular
mechanics (QM/MM) are viable alternatives which have been
successfully applied to study reticular materials.[186–188] A detailed
discussion of this method is considered to be outside the scope
of this review and we refer the interested reader to a dedicated
introduction on QM/MM.[189]

The method of choice to describe the PES is inextricably linked
to the attainable time and length scales of the simulations.[54]

Figure 8 shows the typical simulation limits for each of the dif-
ferent methods. While quantum mechanical (QM) methods will
consistently deliver results with the highest accuracy, these meth-
ods restrict the accessible length and time scales to hundreds of
picoseconds and the nanometer scale due to the extensive com-
putational cost and many degrees of freedom. Both classical force
fields and MLPs construct an interatomic potential to approxi-
mate the PES, yet the underlying principles are markedly differ-
ent and therefore these two methods will be discussed in separate
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subsections. Both classical FFs and MLPs provide access to much
larger time and length scales, enabling the construction of struc-
tural models with a higher complexity and thus closer to physi-
cal reality. Classical force fields give access to longer length and
time scales compared to MLPs, as the latter comprise a more
complex functional form with many more parameters. Coarse-
grained models abandon the atomistic resolution of the system
by grouping atoms in beads. The reduction of the degrees of free-
dom unlock access to structural models up to a few microm-
eters, which in turn allows the study of physical phenomena
such as mesoporosity and polymorphism. However as one aban-
dons the atomistic scale and removes the highest frequencies
in the system, one in principle loses the correct time aspect of
the simulations. More details about which properties can be ob-
tained using coarse-grained models can be found in the following
reference.[190]

2.2.1. First Principles Calculations

Electronic structure methods can be broadly classified in (i)
wavefunction-based methods such as Hartree-Fock (HF) theory
and post-HF extensions and (ii) density functional theory (DFT).
Among the different electronic structure methods, Kohn-Sham
DFT calculations are often the method of choice, typically con-
sidered as an optimal balance between accuracy and computa-
tional cost. Other DFT methods, such as constrained DFT, time-
dependent DFT, and orbital-free DFT will not be discussed in this
review. In particular, orbital-free DFT is currently experiencing a
renewed interest due to its favorable (almost) linear scaling, as
opposed to the cubic scaling of Kohn-Sham DFT.[191–193] Similarly,
wavefunction-based methods like HF and post-HF methods are
considered to be outside the scope of this review. For a dedicated
review of electronic structure modeling in reticular materials, we
refer to the references.[194,195]

2.2.2. Periodic DFT Calculations

Based on the Hohenberg-Kohn foundations of DFT, the Kohn-
Sham formalism reduces the complex direct description of a
many-body system to a (comparatively) simple description of its
energy as a functional of the ground-state electron density.[196,197]

Using DFT, the electronic energy is variationally minimized by
first calculating a trial electron density from trial virtual Kohn-
Sham orbitals and subsequently using the electron density as
an input to the formally exact energy functional. In theory, DFT
is an exact method, clearing the path to an exact solution to
Schrödinger’s equation for an arbitrary many-body system. In
practice however, no exact formulation of the electron exchange-
correlation (XC) interaction is known and thus approximations
to the XC functional are necessary.[198] Due to the approximate
nature of a practical XC functional, the Coulomb energy due to
the interaction of an electron with the entire electron density,
including its own density, will introduce well-documented self-
interaction errors.[199] We refer the interested reader to more de-
tailed information on the approximate nature of exchange corre-
lation functionals.[200–202]

Currently, there are hundreds[203,204] of different XC function-
als available, leading to a veritable “zoo” of density functional

approximations (DFAs). To introduce order in the chaos of the
different approximations, Perdew developed a popular DFA tax-
onomy, termed Jacob’s ladder,[205] separating the available DFAs
according to the ingredients and approximations of the XC func-
tional. By far the most popular type of DFA used in first prin-
ciples calculations of reticular materials are based on both the
electron density and its gradient as input to the XC functional, re-
ferred to as the generalized gradient approximation (GGA). Pop-
ular choices within the class GGA functionals include PBE,[206]

revPBE,[207] RPBE,[208] PBEsol,[209] vdW-DF(2),[210,211] HLE16,[212]

HLE17[213] and others. The optimal choice of GGA functional
will depend on the reticular material under study and vali-
dation with experimental data or high-accuracy wavefunction-
based calculations is indispensable. More accurate XC func-
tionals are available, accounting for the kinetic energy density
(meta-GGA) or including nonlocal Hartree-Fock exchange en-
ergy density (hybrid GGAs), which are typically used to calcu-
late electronic properties such as band gap and band structures
(see Subsection 2.4.3).[214]

The extended structure of reticular materials is best repre-
sented with periodic structural models and thus periodic plane
waves are often chosen as basis functions which, contrary to fi-
nite atom-centered basis sets, do not suffer from basis set super-
position error (BSSE).[215] The susceptibility of finite basis sets to
BSSE can be addressed using the counterpoise method to gen-
erate BSSE-corrected atom-centered basis sets.[216,217] The elec-
tronic core states are highly localized due to the strong Coulomb
potential close to the atomic nucleus and the constraint of or-
thogonality. An accurate description of the oscillatory core states
would require many plane waves, yet deep-lying core states can
safely be considered to be chemically inert. To mitigate the com-
putational overhead, the effect of the core states can be replaced
with a pseudopotential, limiting the explicit description of the
electrons to the extended valence states. For a more thorough
discussion on the differences between plane waves and localized
atom-centered orbitals as basis sets in DFT calculations, see for
example Tosoni et al.[218] As was noted by Formalik et al.,[219]

MOFs and other reticular materials can be considered as a hybrid
class of materials between discrete molecules and periodic bulk
materials. The intermediate nature of reticular materials allows
atom-centered basis functions to be used in computational stud-
ies of reticular materials, which can facilitate the study of reticular
materials with large pore sizes.[214,220,221]

The high porosity of most reticular materials increases
the relative importance of attractive electronic correlation ef-
fects, commonly termed London-dispersion or van der Waals
interactions.[222] An accurate description of these effects is crit-
ical to approach chemical accuracy and explain a variety of
noncovalent interactions (e.g., host-guest interactions in adsor-
bates, hydrogen-bonding interaction, aromatic 𝜋-𝜋 stacking and
more).[223] In the semiclassical approach, the dispersion en-
ergy is evaluated as a pairwise additive interaction between
atoms, even though electron correlation has an inherent many-
body nature.[224] Post hoc semiclassical correction schemes are
readily available, such as the series developed by Grimme
and coworkers: DFT-D3, DFT-D3 with Becke-Johnson damp-
ing or DFT-D4.[225–227] Other popular correction methods are
the Tkatchenko-Scheffler method and the exchange-dipole model
(XDM).[228–230] Extensions to three-body-interactions, like the
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Axilrod-Teller-Muto method,[231,232] or many-body-interactions,
like Tkatchenko’s many-body-dispersion (MBD) method,[233,234]

are also available.

2.2.3. Force Fields

To increase the accessible time and length scales of the compu-
tational model, the computational cost can be mitigated by ap-
proximating the PES using parametrized analytical potentials to
calculate the energy of a system as a function of the atomic po-
sitions. The resulting classical force fields express contributions
to the potential energy in terms of internal coordinates, such as
bond lengths, bending angles, dihedral angles, torsion angles,
and more.[235] London-dispersion and Coulombic contributions
to the potential energy can also be included to account for short-
and long-range non-bonding interactions in the system. To de-
termine intermolecular parameters between atom types, mixing
rules are applied to generate pairwise additive interaction param-
eters between different atoms from the atomic parameters (e.g.,
Lorentz-Berthelot[236,237] mixing rules). The parameters of the an-
alytical functions can be obtained either from experimental mea-
surements or from ab initio calculations.

Early computational studies used generic force fields such
as DREIDING[238] or UFF.[239] To properly account for the id-
iosyncrasies of reticular materials, such as framework flexibil-
ity or open metal sites, material-specific force fields were derived
for reticular materials, such as: UFF4MOF,[240–242] MOF-FF,[243]

QuickFF,[244,245] BTW-FF,[246] ZIF-FF,[247] ReDD-COFFEE,[152]

VMOF,[248] and others. These force fields have been success-
fully applied in computational studies of MOFs, yet there is no
clear preference for a particular force field and careful validation
will always be required. As an illustrative example, force fields
failed to accurately capture the host-guest interaction in case of
CO2 and CH4 adsorption in M-MOF-74 (M = Co, Cr, Cu, Fe,
Mg, Mn, In, Ti, V and Zn).[249] To describe chemical reactions
with force fields, Goddard and coworkers developed a reactive
force field, ReaxFF,[250–253] which includes connection-dependent
terms relying on a bond-order formalism, empirically calculating
the bond order from the relative atom positions. Furman et al.
showed that ReaxFF may experience numerical pathologies due
to bond order-dependent discontinuities and introduced the Ta-
pered ReaxFF formulation to improve energy conservation dur-
ing molecular dynamics simulations.[254,255]

2.2.4. Machine Learning Potentials

In the previous Subsection, it was shown how the PES can be
approximated in a closed form analytical expression, resulting in
classical force fields. While the physical basis of interaction terms
comprising a classical force field is appealing, the usage of force
fields depends on a trade-off between desired accuracy, computa-
tional efficiency, and transferability. The latter refers to the predic-
tion of properties outside of the conditions or systems for which it
was parametrized. As an alternative, the high-dimensional PES
can be approximated by a numerical potential that is obtained
using a non-linear regression of the potential energy as a func-
tion of atomic descriptors or features or with machine learning

methods.[256–260] The fitted function, i.e., the machine learning
potential (MLP), is trained from a consistent set of first princi-
ples training data and does not impose a predefined functional
form for the interatomic interactions.

The first MLP was introduced in 1995 by Doren and coworkers,
who successfully trained a feed-forward neural network to accel-
erate simulations of H2 adsorption on a silicon cluster model.[261]

The application of these first-generation MLPs was limited to
low-dimensional systems such as cluster models or molecules
interacting with a frozen surface. In 2007, Behler and Parinello
applied atom-centered symmetry functions as predefined de-
scriptors to construct atomic descriptors with translational, rota-
tional and permutational invariance.[262] In this seminal second-
generation MLP, the potential energy is expressed as a sum
of atomic energies, accounting for the chemical environment
within a predefined cutoff radius.

Truncating the atomic environment beyond a cutoff radius
necessarily represents an approximation and any electrostatic or
dispersive interactions beyond the cutoff radius are only implic-
itly accounted for.[263] To address the electrostatic long-range in-
teractions, atomic partial charges can be included in the MLP,
as was done with PhysNet, introduced in 2019 by Unke and
Meuwly.[264] However, mapping the electron density onto atoms
is an ambiguous task and the atomic partial charge will depend
on the electron density partitioning scheme, such as Quantum
Theory of Atoms in Molecules,[265] Hirshfeld[266] and Hirshfeld-
Iterative partitioning,[267] the Density Derived Electrostatic and
Chemical (DDEC6) method,[268] Minimal Basis Set Iterative
Stockholder,[269] and others. Electrostatic interactions can also
be included using maximally localized Wannier functions.[270]

One such example is the self-consistent field neural network
(SCFNN) published in 2022 by Gao and Remsing.[271] With this
MLP, initial maximally localized Wannier centers are estimated,
which are iteratively refined using neural networks to obtain a
self-consistent electric field. The converged electric field is then
used as additional input along with the atomic environment
to calculate atomic energies and forces. The inclusion of elec-
trostatic interactions beyond the cutoff radius can to some ex-
tent be captured by using message-passing neural networks,[272]

in which molecules or periodic systems are described as three-
dimensional graph networks consisting of vertices (atoms) and
edges (interatomic distances, not bonds) and the interaction en-
ergy is obtained by exchanging pairwise and even many-body
“messages” with neighboring atoms. In a message-passing neu-
ral network, a continuous chain of overlapping chemical envi-
ronments is required to learn the long-range interactions. While
the partial inclusion of long-range interactions is expected to im-
prove the predictions of the message-passing neural network, the
underlying physics will not be fully incorporated.[263,273,274] Each
atom will be described by a feature vector which is iteratively up-
dated in one or more message-passing layer(s) using message
functions that process information about neighboring atoms. In
this way, effective long-range physics including electrostatic and
dispersion interactions, up to the product of the cutoff radius and
the number of message-passing layers, can be (partially) included
in the feature vector. In April 2024, Isayev and coworkers pub-
lished a message-passing neural network, AIMNet2, which de-
termines the charge distribution by accounting for the interac-
tion energies between charge densities, atomic partial charges
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and the atomic electronegativities to maximally account for
long-range electrostatic interactions.[274,275] Other examples of
popular message-passing neural networks include, but are
not limited to: SchNet,[276] NewtonNet,[277] NequIP,[278] and
MACE.[279,280] The ability of atomic state vectors to pass infor-
mation beyond the cutoff radius in message-passing neural net-
works can enable the inclusion of dispersion interactions, de-
pending on the number of message-passing layers.[281] Disper-
sion corrections like those discussed earlier can either be added
to the reference DFT data, such that these interactions are learned
by the MLP or added as a post hoc correction in case of additive
dispersion correction schemes like Grimme’s D3 method or its
variants (vide supra).

In March 2024, Csànyi and coworkers released a general pur-
pose MLP called MACE-MP-0[282] which was trained on Materi-
als Project[283] data consisting primarily of inorganic crystal struc-
tures. The authors tested their model against the QMOF database
to test the transferability of their model and showed a low mean
average error of 0.033 eV/atom, despite the pronounced differ-
ence between the inorganic crystals of the training data and the
complex MOF structures in the QMOF database. While the au-
thors admit their model needs improvement to describe inter-
molecular interactions and high-pressure simulations, this MLP
is, to the best of the authors’ knowledge, the first attempt at a
general-purpose MLP which can always be improved by adding
high-quality reference data of the system of interest.

To reach chemical accuracy (about 1 kcal mol−1 ≈ 4.2 kJ mol−1

≈ 4.3 × 10−2 eV ≈ 1.6 × 10−3 a.u.), MLPs are preferentially
trained to high-level electronic structure methods. However, the
cost associated with these reference calculations is often pro-
hibitive. To bridge this gap, Δ-machine learning[284] is a promis-
ing method in which the energies learned from a lower level of
theory can be corrected with a limited set of calculations per-
formed with high-level electronic structure methods like coupled-
cluster (CCSD(T)) or random phase approximation (RPA). For
more information on high-accuracy electronic structure calcula-
tions such as CCSD(T) and RPA, we refer to textbooks on elec-
tronic structure methods (e.g., Electronic Structure – Basic Theory
and Practical Methods by Richard M. Martin).[202] In 2020 Bogo-
jeski et al.[285] usedΔ-machine learning to predict coupled-cluster
energies of molecules such as water, ethanol, benzene and oth-
ers. In their approach, the predicted DFT electron density is used
as a descriptor to predict coupled-cluster energies. These authors
showed that it was more efficient to learn the difference (hence
the name Δ-machine learning) between DFT and coupled clus-
ter energies rather than learning either of the two energies sep-
arately. A few years later, in 2024, Δ-machine learning was suc-
cessfully applied to predict the enthalpy of adsorption of CO2 in
protonated zeolite H-CHA by Herzog et al.[286] These two exam-
ples highlight the potential of MLPs to go beyond the accuracy of
DFT and applications of Δ-machine learning in reticular materi-
als are expected to appear in literature in the near future.

Interestingly, machine learning networks trained to predict
specific properties of a MOF can also be useful outside the narrow
task of predicting those properties. For example, in this so-called
transfer learning approach, Ma et al.[287] showed a significantly
improved result on the prediction of CH4 adsorption properties
when it was first pretrained on the prediction of H2 adsorption
properties, demonstrating how training on one task can be in-

formative for a different task. A more striking example of this
was demonstrated by Vandenhaute et al.[288] As the atomic fea-
ture vectors of an MLP trained on energies and forces encode
the atomic environments, they can also be informative for other
properties. By adding a readout layer on the pre-trained atomic
features to predict the phase of a MOF, a reaction coordinate of
the phase transformation could be constructed based on the in-
ternal feature representation of the graph neural network without
retraining the feature vectors. These authors showed that this re-
action coordinate could then be employed in enhanced sampling
simulations to determine the free energy barrier between differ-
ent phases.

2.2.5. Coarse-Graining Methods

Reticular materials are prime candidates for coarse-graining
methods as their reticular nature facilitates a templated repre-
sentation. Subsection 2.1.2 discussed the reverse topology ap-
proach for the templated design of hypothetical reticular mate-
rials, which can be considered as a form of coarse-graining in
which multiple atoms are mapped on a single interaction site.
The simplified representation of the structure can be studied with
parametrized force fields at larger time and length scales beyond
the capabilities of first principles calculations and classical force
fields. There is no unique way to coarse-grain atomistic models
and coarse-graining methods are only limited by the imagination
and chemical intuition of the researcher.

An early example of coarse-graining applied to reticular ma-
terials was published in 2014 by Sarkisov et al.,[289] considering
MOFs as mechanical networks of rigid metal oxide clusters and
organic linkers connected by flexible joints and employing their
model to study the flexibility of MOFs. Another example came
in 2016 when Dürholt et al. constructed a coarse-grained force
field of HKUST-1[290] to study relative stabilities, lattice parame-
ters, and interfacial phenomena of different topologies.[136,291] In
contrast to the approach of coarse-graining MOF building blocks,
Rogge[292] developed a two-step procedure to coarse-grain entire
MOF unit cells, which the author termed the micromechanical
model (MicMec).[293] In the first step, the atomistic unit cells are
mapped to coarse-grained nodes which, in the second step, are
propagated through time based on a nodal Hamiltonian derived
from the elastic deformation energy.

Interactions between coarse-grained beads may require a com-
plex multibody potential even if the underlying atomic interac-
tions consist of simple few-body interactions.[294] For this reason,
neural networks are ideally suited to capture inter-bead interac-
tions. In 2019, Wang et al.[295] developed a coarse-grained neural
network called CGnet. After coarse-grained coordinates of a sys-
tem are chosen, the inter-bead interactions are learned by a deep
learning network through a force-matching scheme. Such coarse-
graining methods are ideally suited to mitigate the high compu-
tational cost associated with neural network potentials compared
with classical force fields while maintaining high accuracy.

Coarse-graining can also be useful as intermediate represen-
tation. In late 2023, Fu et al.[185] developed an approach to gener-
ate novel MOFs for CO2 capture. First, known MOF structures
are coarse-grained and encoded using GemNet-OC, a physics-
guided neural network.[296] After training the neural network, a
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diffusion[297] process is applied by first introducing random noise
to the coarse-grained MOF structures to train a periodic GemNet-
OC, learning the ability to reverse the diffusion process. Train-
ing the denoiser allows the generation of coarse-grained MOF
structures from random structures which can then be reverse-
engineered to atomistic models and relaxed with the classical
force field UFF.

2.3. Phase Space Sampling

This section provides an overview of methods available to explore
the phase space, the space defined by the positions and momenta
of the atoms in the system, to identify relevant configurations and
reveal low-lying transition pathways. As seen from the previous
section, the potential energy determines the energetic stability
of a system as a function of the atomic structure. However, deter-
mining the low-lying states on the PES is by itself too limited as it
only yields information in the limit of absolute zero temperature.
To include finite temperature effects and determine the physico-
chemical properties of materials at realistic conditions, the free
energy surface (FES), not the PES, is the appropriate quantity
to be studied. The terminology “free energy” is often colloqui-
ally used but in fact it may refer to the Helmholtz free energy
F(N,V,T) when evaluated in the constant temperature T, constant
volume V and fixed number of particles or Gibbs free energy
G(N,P,T) when both temperature T and pressure P are kept con-
stant. The FES is obtained by starting from the PES but also ac-
counting for proper corrections obtained from the partition func-
tions evaluated in the appropriate thermodynamic ensemble. To
this end one needs to use the principles of statistical thermody-
namics, where the free energy can be estimated with partition
functions, computed from the microscopic degrees of freedom
subject to predetermined thermodynamic boundary conditions.
More detailed information can be found in dedicated textbooks,
e.g., Statistical mechanics: theory and molecular simulation by Mark
E. Tuckerman.[298]

The vibrational partition function is paramount to include fi-
nite temperature effects in static modeling of crystalline mate-
rials. The canonical vibrational partition function follows from
the discrete (an)harmonic vibrational energy spectrum and pro-
vides an estimate of the free energy, entropy, and other ther-
modynamic properties for a single point on the PES. After the
discussion on static modeling, this section will continue by dis-
cussing dynamic methods. It will be shown how molecular dy-
namics (MD) and Monte Carlo (MC) techniques can account for
multiple metastable states with comparable free energies. Rele-
vant metastable states may be kinetically trapped by large energy
barriers, necessitating enhanced sampling techniques to explore
larger regions of the phase space, the discussion of which will
conclude this section.

2.3.1. Static Methods

Precise phonon calculations provide a way to estimate a wide va-
riety of lattice properties, such as thermal expansion coefficients,
heat capacity, thermal conductivity, bulk moduli and host-host
or host-guest interactions.[299–303] The analysis of lattice vibra-

tions can also help explain the flexibility and reversible transi-
tions like the breathing transition in MIL-53[304,305] and the gate-
opening mechanism in ZIF-8.[306] The importance of lattice dy-
namics is not limited to MOFs as phonons have been shown to
affect charge transfer processes in COFs due to electron-phonon
coupling.[307,308]

The most established static method to calculate phonons in
periodic crystalline structures is based on a second order Taylor
expansion of the potential energy around the equilibrium config-
uration. The dynamical matrix, i.e., the mass-weighted Fourier-
transformed Hessian matrix evaluated at the equilibrium con-
figuration, yields an eigenvalue equation at a given wavevector
in the Brillouin zone.[309] In practice, the large structural mod-
els of reticular materials, even in the primitive unit cell repre-
sentation, justify probing the Brillouin zone at the Γ-point only.
The vibrational frequencies follow from the square root of the
eigenvalues and the eigenvectors give the collective atomic dis-
placements from equilibrium (i.e., the phonons). The preced-
ing procedure allows for a straightforward discrimination be-
tween a saddle point and a minimum of the PES: a saddle
point will have at least one imaginary frequency while all fre-
quencies at a minimum of the PES will be real. Using the
eigenvalues of the dynamical matrix, the PES is therefore ap-
proximated as a superposition of uncoupled quantum harmonic
oscillators.

In case of crystalline reticular materials, the low-frequency vi-
brations (soft mode phonons) can be strongly anharmonic.[16,310]

In the phonon-based quasi-harmonic approximation (QHA), the
temperature dependence of phonons is assumed to rely only
on the crystal structure and volume.[311] Therefore, the anhar-
monicity is assumed to be restricted to the change in vol-
ume and the lattice dynamics are still treated within the har-
monic approximation. The QHA can be used to calculate me-
chanical properties such as the bulk modulus or thermal prop-
erties such as thermal expansion, heat capacity and thermal
conductivity.[312]

To quantify anharmonicity, cubic or quartic force constants can
be calculated with Density Functional Perturbation Theory to es-
timate the anharmonic contribution to the vibrational energy.[313]

Alternatively, the PES can be mapped by performing single point
calculations along the collective displacements of the harmonic
phonons to obtain anharmonic 1D potentials. A polynomial fit
of the anharmonic potential in a basis of Hermite polynomials
allows for an analytical calculation of the vibrational anharmonic
energy levels.[314] A third way to quantify lattice anharmonic-
ity is to variationally solve the nuclear Schrödinger equation us-
ing Vibrational Self-Consistent Field (VSCF) theory,[315] the nu-
clear counterpart of electronic Hartree-Fock theory.[316] Similar to
electronic HF theory, the energy difference between the solution
from VSCF and the exact solution is defined as the vibrational
correlation energy. To account for vibrational correlation, exten-
sions to VSCF can be included using vibrational perturbation
theory,[317–319] vibrational configuration-interaction theory,[320] or
vibrational coupled cluster theory.[321] While these methods al-
low for an estimation of the anharmonicity of the PES, they con-
struct the PES as a function of the harmonic phonons and are
therefore anharmonic corrections to the harmonic approxima-
tion, rather than inherently anharmonic methods. The size of
the structural models of reticular materials, coupled with the
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Figure 9. Different linkers are combined with aluminum-oxide octahedra and different inorganic octahedra are combined with BDC linkers to form
a winerack framework. These frameworks exhibit general rigid-unit modes (RUMs), i.e., terahertz vibrations with translations and/or rotations of the
building blocks. Two of these RUMs are visualized and their theoretically predicted frequencies for the different structures are plotted with Lorentzian
lineshapes with the same amplitude. The color of the curve matches the color of the linker or inorganic octahedron that is substituted in the reference
structure of MIL-53(Al). Reproduced under terms of the CC-BY license.[326] Copyright 2022, Hoffman et al., published by the Royal Society of Chemistry.

substantial computational overhead, can make these advanced
methods challenging to apply to reticular materials using elec-
tronic structure methods (e.g., DUT-49 and MIL-100).

Vibrational spectroscopy is a valuable experimental and the-
oretical tool to study defects and displacive modes of flexibil-
ity in reticular materials.[39,301,302,322–325] In 2022, Van Speybroeck
and coworkers studied the connection between the terahertz
(low-frequency) vibrations and the well-known breathing phe-
nomenon in a series of flexible MIL-53 analogs with different or-
ganic linkers and inorganic nodes.[326] As not all low-frequency
phonons are Raman active, the authors used static DFT calcu-
lations (with the harmonic approximation) to study the effect
of linker and inorganic node substitutions on the terahertz vi-
brations of the MIL-53 series, as shown in Figure 9. The com-
bined theoretical/experimental approach in this study provides
mechanical insight in the breathing phenomenon and highlights
the need for accurate phonon calculations. The advanced static
methods of the previous paragraph, combined with classical force
fields or MLPs, can be readily applied to extend the study of
phonons beyond the harmonic approximation.

2.3.2. Dynamic Methods

The harmonic approximation may prove insufficiently accurate,
while the more advanced static methods can quickly become
intractable due to the required computational cost. As an al-
ternative, the phase space can be explored with MD simula-
tions, propagating the system through time by integrating New-
ton’s equations of motion, as shown on the left-hand side of
Figure 10. A second large class of dynamic sampling techniques
are MC sampling methods, based on accepting or rejecting ran-
dom moves based on acceptance rules derived from the parti-
tion function of interest (right-hand side Figure 10). The energy
evaluations throughout the sampling process can be based on
electronic structure methods, classical force fields or machine
learning potentials. In both classes of sampling techniques, MD
or MC, nuclear quantum effects (NQEs) are typically neglected,
which may deteriorate the computational results as shown by
Lamaire et al.,[327] who showed that NQEs significantly affected
the structural properties of MOF-5. Although rarely applied in
practice due to the demanding computational cost, NQEs can be
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Figure 10. Illustration of dynamics phase space sampling methods. Molecular dynamics propagates the system through time by integrating Newton’s
equations of motion (left). Monte Carlo methods are based on accepting random insertion/deletion moves through importance sampling. Reproduced
with permission.[121] Copyright 2024, Royal Society Publishing.

accounted for with path integral molecular dynamics,[328,329]

which can be accelerated using MLPs.[330–333]

The basics behind these well-established methods are read-
ily available in any textbook on molecular modeling, e.g., Un-
derstanding Molecular Simulation by Daan Frenkel and Berend
Smit.[94]

2.3.3. Sampling Protocol in Monte Carlo Methods

The thermodynamics of both host-guest interactions as well as
structural host transitions (e.g., MIL-53(Al), ZIF-8, MIL-88, …)
are difficult to deconvolve experimentally and molecular mod-
eling techniques are therefore ideally suited to understand the
thermodynamics of guest-responsive frameworks.[334] Selecting
an appropriate sampling protocol to generate a representative en-
semble of configurations is crucial to obtain accurate and quan-
titative results.[121] To highlight the importance of the sampling
protocol, the following will discuss a case study on modeling
gas adsorption in flexible metal-organic frameworks with Monte
Carlo simulations.

In grand canonical Monte Carlo (GCMC) simulations, the
framework is typically assumed to remain rigid.[335] However,
Witman et al.[336] among others showed the necessity to account
for the intrinsic flexibility of the host to accurately model adsorp-
tion in metal-organic frameworks. GCMC simulations can also
easily become trapped in local free energy minima, increasing
the required simulation time until convergence. Transition ma-
trix Monte Carlo (TMMC) methods[337,338] can be applied to ad-
dress these difficulties, which will be discussed in more detail in
Section 3.2. Sampling in the osmotic[339] (μ, p, T) ensemble allows
deformations of the host framework by imposing a fixed adsor-
bate chemical potential μ, the external pressure p and the temper-
ature T to minimize the osmotic potential. In 2010, Maurin and
coworkers introduced a hybrid MD/MC scheme to sample the
osmotic ensemble and observed guest-induced structural tran-
sitions in MIL-53(Cr).[340,341] In the hybrid scheme, the GCMC
steps are supplemented with short MD simulations which are
propagated in time in the (Nhost, Nguest, p, 𝝈a = 0, T) ensemble

with a fixed number of molecules (Nhost and Nguest), a fixed pres-
sure p = Tr(𝝈)/3 with 𝝈 the external stress, setting the deviatoric
stress 𝝈a to zero (𝝈a = 𝝈 – p1 = 0) and a fixed temperature T.
The model of Maurin successfully reproduced the phase tran-
sition from the large pore (lp) to the narrow pore (np) form of
MIL-53(Cr) after adsorption of CO2 at low adsorbate pressure but
failed to predict a second phase transition from the np form to the
lp form. The breakdown of the model was tentatively attributed to
insufficient sampling of the phase space, possibly due to the pres-
ence of large free energy barriers. In 2019, Rogge et al.[342] im-
proved the hybrid MC/MD scheme to model adsorption in MIL-
53(Al) while fully accounting for the shape and flexibility of the
framework. In this second hybrid model, the short MD simula-
tions are sampled in the (Nhost, Nguest, V, 𝝈a = 0, T) ensemble at a
fixed cell volume V. By performing simulations at the range of all
feasible framework volumes V, the authors could probe osmotic
potential barriers which can prevent phase transitions from oc-
curring even when a different phase is thermodynamically more
stable. The authors showed that the adapted hybrid scheme in-
creased the accuracy of the modeled adsorption isotherms, en-
abling a quantitative prediction of adsorption-induced metastable
states, such as negative gas adsorption in DUT-49.[343] Neg-
ative gas adsorption will be revisited in Subsection 2.4.1
in the context of adsorption-induced displacive modes of
flexibility.

Earlier in this review, when discussing disorder in structural
models in Subsection 2.1.1, we briefly discussed the study of
Cui et al.,[116] who used kinetic Monte Carlo (kMC) modeling to
study defect propagation in ZIFs. The authors of this review be-
lieve that kMC is a powerful technique with substantial future
application potential in computational modeling studies. The re-
mainder of this section is dedicated to kMC, focusing on the
timescale of crossing energy barriers while coarse-graining the
PES minima.[117,344] In the kinetic Monte Carlo approach, a series
of stochastic trajectories is generated which propagate the system
from one state to the other and afterwards the correct dynamics
is retrieved by ensemble averaging over all these trajectories.[345]

So far, kMC studies on reticular materials remain scarce.[346–350]

To showcase the potential of kMC modeling and promote further
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computational studies, we discuss two more recent case studies
in which kMC has been successfully applied in computational
studies of reticular materials.

Guo et al.[347,351] combined DFT calculations with kMC simu-
lations to study hydrogen storage in COF-8 and showed the pro-
moting effect of fluorine-doping on the hydrogen spillover pro-
cess. Migration barriers of H atoms were estimated with DFT and
kMC simulations were used to study the migration process. The
authors concluded that doping F atoms in COF-8 changes the
charge distribution on the surface of COF-8, lowering the migra-
tion barrier of hydrogen and enhancing the adsorption energy of
atomic hydrogen.

Very recently, in early 2024, Le et al.[346] also combined DFT cal-
culations and kMC simulations to study the catalytic conversion
of biomass to valuable chemicals and fuels in UiO-66 and focused
on the production of 𝛾-valerolactone via catalytic hydrogen trans-
fer. Reaction energies and barrier heights were estimated with
DFT and kMC simulations were used to predict rate-determining
steps and reaction rates. They assumed the active site to contain
both a free Zr open metal site, due to a missing linker defect,
and an isopropoxide group, originating from the isopropanol
solution used in experiment. The authors benchmarked multi-
ple XC functionals and noted a strong dependence of the reac-
tion rate constants on the chosen XC functional. Comparison
with experiment was difficult due to the unknown concentration
of active sites in the experimental MOF catalyst. Furthermore,
this model neglected diffusion, the inclusion of which could
improve the accuracy of the model. Despite these shortcom-
ings, a reasonable agreement was found between experiment and
theory.

2.3.4. Enhanced Sampling in Molecular Dynamics

A key aspect of dynamic methods to sample the phase space
is the ergodic hypothesis, stating that a sampling protocol will
eventually explore the whole relevant phase space of the sys-
tem. In practice this may not be feasible, as the system may
be kinetically trapped in a metastable state, rendering transi-
tions from one state to another a rare event.[96] Sampling all the
metastable states to construct a free energy profile may require
simulation times beyond the capabilities of the computational re-
sources and thus lead to ergodicity issues. Enhanced sampling
protocols enable efficient sampling of low-probability regions
of configuration space corresponding to activated regions.[352]

A first class of enhanced sampling methods rely on predefined
degrees of freedom, i.e., collective variables (CVs), which may
be defined based on chemical intuition or identified with ma-
chine learning methods.[353] Sampling is enhanced along this
degree of freedom rather than sampling freely along all possi-
ble degrees of freedom. Examples of this class of protocols in-
clude umbrella sampling,[354,355] metadynamics,[356] thermody-
namic integration[357] and variationally enhanced sampling.[358]

In case of MIL-53(Al), the unit cell volume adequately serves as a
collective variable to describe the breathing transition and a free
energy profile can be constructed using any enhanced sampling
technique.[121,359] When the flexibility modes become more com-
plex, such as the conformational inversion[360] (also called “ring

flip”) of the organic linker in MOF CAU-13, it is far from trivial
to define a proper collective variable, as shown in Figure 11.[361]

A second class of enhanced sampling protocols does not re-
quire the definition of a CV and relies on the generation of repli-
cas of the system at different thermodynamic conditions. Exam-
ples of this second class of enhanced sampling protocols include
replica exchange[362,363] and expanded ensembles[364,365] methods.
In a third class of methods, the transition path is sampled without
prior knowledge of transition states by systemically generating
trial paths to create an ensemble of unbiased dynamical trajec-
tories between different basins of attractions in the FES.[352] For
in-depth reviews on enhanced sampling protocols and free en-
ergy calculations in microporous materials, we refer to literature
dedicated to the topic.[352,366–369]

Demuynck et al.[359] studied the breathing behavior of MIL-
53(Al) and applied five biased sampling protocols (i.e., free en-
ergy perturbation, thermodynamic integration, umbrella sam-
pling, metadynamics and variationally enhanced sampling) to
construct free energy profiles as a function of the unit cell vol-
ume. The authors showed that umbrella sampling using the
weighted histogram analysis[370] (WHAM) method required the
minimal computational effort of all methods tested in the study
to reach the predefined error threshold and concluded that um-
brella sampling was the most efficient free energy method for
this system. WHAM is a statistical method to extract free en-
ergy differences from umbrella sampling simulations and, like
any statistical method, will be subject to statistical errors.[96,371]

In 2023, Borgmans et al.[372] developed a protocol to construct
accurate free energy surfaces, called the Optimal Grid Refine-
ment (OGRe) protocol.[373] In this protocol, umbrella sampling
simulations are iteratively refined to minimize the statistical er-
rors in the WHAM method using ThermoLIB,[374] an in-house
developed software package for the construction and analysis of
free energy surfaces.

Beyond providing information on the stability of an empty
MOF, empty host free energy profiles can be extended towards
the osmotic ensemble to gain insight into the adsorbate-induced
flexibility of a MOF. As discussed in Subsection 2.3.2, the full os-
motic potential as a function of the methane gas pressure and the
unit cell volume of DUT-49 was constructed in this way, shown
in Figure 12a.[343] By walking along this osmotic landscape to-
wards increasing gas pressure (full lines), the phase transition
pressure and associated negative gas adsorption step could be
quantitatively predicted. In the same way, walking along the land-
scape from the highest gas pressure towards decreasing gas pres-
sure, the desorption branch could be predicted, giving rise to ob-
served hysteresis between adsorption and desorption, as shown
in Figure 12c. From such investigations, the underlying reasons
for kinetic trapping in metastable states can be traced back to the
presence of osmotic energy barriers.

2.4. Physical Properties

Due to their unique building pattern, reticular materials may
respond in an anomalous way to external stimuli such as pres-
sure, temperature, light and guest adsorption and it is one of the
reasons why they attracted so much interest from the broader
community. From the application point of view their dynamic
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Figure 11. Free energy surface (in kJ mol−1 and obtained with variationally enhanced sampling) of CAU-13 at 300 K as a function of the proposed collective
variables corresponding to the conformational inversion of the organic linker in CAU-13. Schematic representation of one of the folding pathways of
CAU-13 of our simulation cell and the periodic extension. Reproduced with permission.[361] Copyright 2018, American Chemical Society.

Figure 12. a) Osmotic potential of methane gas adsorption in DUT-49 as a function of the gas pressure and unit cell volume. b) Structures of the
open and closed pore phases of DUT-49, along with the observed phase transitions during adsorption. c) The computed adsorption and desorption
branches, obtained from walking along the osmotic potential towards increasing and decreasing gas pressure, respectively. Adapted under terms of the
CC-BY-NC-ND license.[343] 2021, Goeminne et al., American Chemical Society.
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response to external stimuli makes them ideally suited to be used
in sensors and actuators. In this section, we will discuss mechan-
ical, thermal and electronic properties and show how insights can
be obtained from applying the molecular modeling techniques
discussed in the previous sections. To limit our demand on the
reader’s attention, this section does not aim to give an exhaustive
overview of all possible properties and important topics such as
effect of pressure, diffusivity, defect engineering, piezoelectric-
ity and pyroelectricity are considered outside the scope of the
review.[113,121,375–378] Instead, the focus in this section will lie on
the results of important molecular modeling studies to highlight
recent progress in reticular chemistry and the rigorous theoreti-
cal background of these methods can be found in the references.
The examples in this section will highlight the necessity of mod-
eling the spatiotemporal evolution (see Introduction) of reticular
materials as close to experimental conditions as possible to cap-
ture the dynamic response of reticular materials.[54]

2.4.1. Mechanical Properties

The elastic stiffness tensor is a generalization of Hooke’s law in
three dimensions and is commonly employed to study the elas-
tic properties, structural stability, phase transitions and phonons
of reticular materials.[260,379,380] The elastic stiffness tensor can be
used to predict a variety of mechanical properties, such as the vol-
umetric and linear compressibility of a crystal, the bulk modulus,
Young’s modulus, the shear modulus and Poisson’s ratio. The
elastic constants, i.e., the 21 unique elements of a 3 × 3 × 3 × 3
fourth-rank tensor can be calculated at 0 K (adiabatic) or includ-
ing finite temperature effects (isothermal). To calculate the latter,
special care must be taken to sample the system in the appropri-
ate thermodynamic ensemble (see Subsection 2.3.2) and extract
elastic stiffness tensors and bulk moduli.[381,382] For a thorough
theoretical background on crystal elasticity, see Nye.[383] For an in-
depth explanation on the calculation of the elastic stiffness tensor
and derived mechanical properties of (flexible) reticular materi-
als, see Rogge.[384]

Reticular materials have been shown to exhibit negative lin-
ear or area compressibility[14,385,386] (i.e., during volume compres-
sion, the material expands along one or more directions) or aux-
etic behavior (i.e., during uniaxial tension, the material expands
along one or more perpendicular axes). Examples of reticular ma-
terials with reports of negative compressibility include HKUST-
1,[387] MIL-53(Al),[388] MIL-140A/C,[312] ZIF-3,[390] ZIF-4,[391] ZIF-
75,[392] CALF-20,[386] UPF-1,[393,394] DUT-49[395] and others. Giri
and coworkers showed that this unexpected behavior is not lim-
ited to MOFs or ZIFs and reported a negative Poisson’s ratio, i.e.,
the ratio of transversal strain to axial strain during uniaxial ten-
sion, for a series of COFs, such as COF-1, COF-5, TP-COF and a
3D COF with dynamic imine linkages.[396,397] The origins for the
negative compressibility were sought at a different length scales.
In the case of MIL-140A, MIL-140C, DUT-49 and the COFs, the
compression behavior was attributed to the rotational and/or flex-
ural mobility of the linker as a long-range effect. Negative com-
pressibility was also explained by connecting the elastic proper-
ties to the terahertz vibrations linked to symmetric collective de-
formation mechanisms, as was the case for HKUST-1.[302,387,398]

At an even larger length scale, the global topologies of MIL-53(Al)

and CALF-20 were used to explain the anomalous mechanical
behavior. In the case of CALF-20, Fan et al.[386] used molecular
dynamics (classical force field as well as MLP) simulations to
show reversible switching from auxetic to non-auxetic deforma-
tion behavior by applying uniaxial tension along the [001] direc-
tion. Moreover, the authors used static DFT calculations to pre-
dict low energy barriers between different phases of CALF-20.
These results agreed with the conclusions of Chen et al.,[399] who
used both experimental results and classical force field molecular
dynamics simulations to show a reversible structural transforma-
tion in CALF-20 following changes in atmospheric humidity.

A second surprising characteristic in reticular materials we
wish to highlight are the adsorption-induced displacive modes
of flexibility, structural transformations in which chemical bonds
are distorted, but not rearranged (e.g., breathing transformations
found in the MIL-53(Al) family), following the definition from
Vanduyfhuys et al.[121] This phenomenon was already briefly dis-
cussed in Subsection 2.3.2, in which it was shown how a hybrid
MD/MC scheme was able to adequately sample the phase space,
leading to the successful prediction of negative gas adsorption
in DUT-49.[15,343] Negative gas adsorption (NGA) is a novel phe-
nomenon in which adsorption of guest molecules induces a con-
traction of the framework, which in turn releases adsorbed gases
and thus increases the external pressure.[400] In such a displacive
mode of flexibility, the guest-loaded open phase is considered a
long-lived metastable state with a high free energy barrier be-
tween the open and close phases.[401] The large unit cell of DUT-
49 prohibits DFT calculations beyond a simple geometry relax-
ation and limited energy evaluations. To apply more advanced
techniques, one option can be to resort to cluster models. As an
alternative solution, MLPs can be applied to periodic structural
models, as was recently done by Goeminne et al.[402] to model
CO2 adsorption in a series of ZIFs and Mg-MOF-74.

Displacive modes of flexibility are not limited to MOFs and can
also be found in COFs.[403] In 2018, Zhao et al.[404] showed ex-
perimental evidence for adsorption-induced reversible dynamics
in urea-linked 2D COFs, COF-117 and COF-118, using powder
X-ray diffraction measurements. Activating the samples by sol-
vent removal rendered COF-117 amorphous, which the authors
attributed to the flexible nature of the urea linkers. Crystallinity
was regained when the samples were treated with solvents, which
was explained by the disruption of interlayer interactions by the
adsorption of guest molecules. While some computational stud-
ies on guest adsorption in COFs are available in literature (e.g.,
Aksu et al.,[405] Zhao et al.[406]) adsorption-induced structural dy-
namics in COFs remains an open challenge for computational
modeling.

2.4.2. Thermal Properties

A material’s volumetric expansion is not limited to mechanically
driven processes, and the thermal expansion can, like the com-
pressibility, be positive or negative in reticular materials. Already
as early as 2007, Dubbeldam et al.[407] studied thermal expan-
sion in IRMOF-1 with molecular simulations and observed neg-
ative thermal expansion (NTE). The authors explained the NTE
phenomenon by highlighting the competitive response of bond
lengths and thermal movement of the organic linkers to changes
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in temperature. As the temperature rises, the bond lengths will
increase (local effect) but the thermal movement of the organic
linkers can decrease the average length between the inorganic
nodes (long-range effect). A few years later, in 2010, Lock et al.[408]

also used molecular dynamics to study NTE in IRMOF-1 and the
authors proposed, in agreement with Dubbeldam et al., that the
transverse normal modes of the organic linkers counteract the
lattice-expanding longitudinal modes, resulting in an overall con-
traction of the lattice.

This explanation is in line with the conclusions from the previ-
ous subsection, in which negative compressibility was explained
using the rotational and flexural mobility of the organic linkers.
Nowadays, low-frequency phonons, phase transitions[409] and
defects[410] are commonly accepted as important driving mech-
anisms of NTE in crystalline solid materials and NTE is more
likely to be observed in materials with a high porosity and in the
presence of non-covalent bonds, i.e., properties commonly found
in MOFs.[411,412]

Heat transport plays a critical role in any heterogeneous cat-
alytic process and a thorough understanding of the heat capacity
and thermal conductivity of reticular materials is critical in indus-
trial applications such as pressure swing adsorbers.[413] Wieme et
al.[414] studied the heat of adsorption of CO2 and CH4 in a series of
MOFs, including MOF-5, HKUST-1 and UiO-66. These authors
used path integral molecular dynamics with force fields to pre-
dict the heat capacity and the thermal expansion coefficient. The
authors acknowledged that the idealized models likely overesti-
mated the temperature rise, yet they predict idealized temper-
ature increases between 100 and 250 K at high-pressure adsor-
bate loading of 100 bar CO2 adsorption. This computational study
supports the hypothesis that large temperature swings could be
present during the adsorption/desorption process risking mate-
rial degradation, in case of a sharp temperature rise, or adsorbate
condensation in case of a large temperature drop.

The final thermal property we discuss is thermal conductivity,
which can be calculated using either non-equilibrium or equi-
librium MD simulations.[415,416] To understand thermal conduc-
tivity in MOFs, we turn (once again) to the study of phonons.
A large mass difference between the inorganic node and the or-
ganic linker in MOFs will result in a small overlap in the phonon
density of states, leading to minor phonon scattering[311] and an
increased relative thermal conductivity.[417] Naturally, the high
porosity characterizing MOFs will still lead to a low absolute
thermal conductivity. In 2020, Babaei et al.[418] used equilibrium
force field MD simulations with the Green-Kubo method,[419,420]

in which the thermal conductivity is expressed using an inte-
gral of the heat current autocorrelation function, to study the ef-
fect on thermal conductivity due to the presence of adsorbates
in HKUST-1. The authors argued that adsorbed gas molecules
can provide additional pathways for heat transfer, but this effect
must be balanced against the additional phonon scattering in the
framework. When guest molecules enter the pores of a MOF,
they will collide with the framework, increasing phonon scatter-
ing and thus decreasing the thermal conductivity.

In the summer of 2024, Yamaguchi et al.[421] used force field
MD (UFF) simulations to study water adsorption in MOF Cu-
TCPP. The thermal conductivity of the MOF was calculated us-
ing non-equilibrium MD simulations with the Müller-Plathe[422]

method, a non-equilibrium method to predict thermal conductiv-

ities in which a temperature gradient is imposed across the sim-
ulation cell, and the authors showed that aggregated clusters of
water in the MOF pore play a critical role in heat conduction with
an analysis of the phonon density of states before and after ad-
sorption of water. The conclusion of the study was that a network
of adsorbed water molecules will provide additional vibrational
modes to facilitate heat dissipation and increase the thermal con-
ductivity of the combined guest-host system. Contrary to this con-
clusion, Sezginel et al.[423] used equilibrium MD simulations to
calculate the thermal conductivity in a series of idealized breath-
ing porous crystals with the Green-Kubo method and the authors
predicted a decreasing thermal conductivity in the presence of ad-
sorbed gases due to increased phonon scattering. In 2023, Cheng
et al.,[424] used molecular simulations (Green-Kubo method) to
study the heat transfer in three topological ZIFs by calculating
the phonon density of states and supported the conclusions of
Babaei et al. by highlighting the delicate balance between (i) ad-
ditional pathways for heat dissipation and (ii) increased phonon
scattering after guest adsorption. The resulting increase or de-
crease of the thermal conductivity after guest adsorption depends
on the dominant phenomenon and is tied to the topology of the
framework and the type of adsorbate molecules.

In a recent Perspective on thermal conductivity in COFs by
Kwon et al.,[425] the authors highlight the current limitations of
molecular modeling techniques capable of accurately probing the
thermal properties of COF. Nevertheless, the principles of the
previous paragraph are generally transferable. One major dif-
ference which can be highlighted is the length of the organic
linker. In the previous paragraph, a short organic linker increased
the mass mismatch between the inorganic node and the organic
linker, which in turn reduced phonon scattering and is expected
to increase thermal conductivity in MOFs. As COFs do not con-
tain any heavy metal atoms, this argument is no longer applica-
ble. Instead, Rahman et al.[426] studied 2D COFs using equilib-
rium MD simulations, with the Green-Kubo method to compute
thermal conductivities, to show that short linkers give rise to a
greater coupling between acoustic and optical phonons, which
reduced the thermal conductivity along a 2D plane. Furthermore,
the authors propose that larger nodes, with an increased number
of covalent bonds, are beneficial for heat transport, leading to a
higher thermal conductivity.

2.4.3. Electronic Properties

To aid the design of an efficient electro- or photocatalyst, compu-
tational modeling can be used to study and optimize electronic
properties such as band gaps, band structure, polarizability and
charge transfer processes.[345–348] In solids, the electronic (or fun-
damental) band gap is the energy difference between the top of
the valence band and the bottom of the conduction band, whereas
the optical band gap refer to the lowest electronic excitation en-
ergy after photon absorption.[427] In the latter case, the photoex-
cited electron-hole pair will experience additional Coulombic sta-
bilization, resulting in an lower band gap. The high porosity
of reticular materials translates to a low dielectric constant,[428]

which in turn leads to a high binding energy of the photoex-
cited electron-hole pair (i.e., the exciton). The exciton can spon-
taneously recombine (with photon emission) or dissociate into
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free charge carriers to promote catalytic activity.[429] The interest
in reticular materials as potential electro- and/or photocatalysts is
quickly growing, but computational studies are hampered by the
often very large unit cells and the necessity to use hybrid func-
tionals to obtain accurate results from DFT calculations.

Fabrizio et al.[430] studied optical band gaps in MOFs using
DFT calculations (i) to critically evaluate the difference between
Gaussian fitting and Tauc analysis[431,432] for assigning optical
band gaps to MOFs and (ii) release a series of recommendations
to calculate optical band gaps. The authors opted for a hybrid-
GGA functional (HSE06 sometimes also called HSE-HJS)[433]

which has been shown to systematically correspond well with
experimental values of electronic properties.[195] Recently, Yu
et al.[434] studied the electronic properties in a series of COFs of
the Lieb lattice, a two-dimensional square lattice which has been
theorized to facilitate the tuning of electronic properties.[435,436]

The authors used static DFT calculations (HSE06 functional)
to study the optical band gap, exciton binding energy (using
the G0W0

[437] approximation and the Bethe-Salpeter[438] equa-
tion) and chemical structure of the COF series and concluded
that (i) narrowing the band gap and (ii) increasing the dielec-
tric screening[439] effect suppressed the exciton binding energy,
which resulted in an increased photocatalytic activity. An inter-
esting example of the application of the GW method and the
Bethe-Salpeter equation to MOFs is the work by Kshirsagar et
al.,[440] in which the authors combined theoretical calculations
with experimental results to show the strong excitonic effects in
MOF-5. Using DFT calculations, this time with a GGA functional
(PBE), Rahman et al.[426] showed that the pore size is a major
structural descriptor controlling the band gap in COFs. These
authors also used MD simulations to show a positive correlation
between mass density and thermal conductivity (vide supra). Ad-
ditionally, it was shown that functional groups can localize the
charge and thereby alter the band gap. Similarly, Ling et al.,[441]

showed a positive correlation between pore size and band gap
using static DFT calculations (HSE06 functional) in a series of
MIL-53-type MOFs with different metal cations (Al, Ga, In, Sc,
Ti, V, Cr and Fe). It was observed that the correlation between
the pore size and band gap decreased as the presence of metal d
states in the band edges increased and the authors also showed
the major influence of breathing transitions on the electronic
properties.

3. Selected Case Studies Showing the Potential of
Modeling Reticular Materials for Technological
Applications

This section highlights a curated selection of reticular materi-
als with application potential in modern technologies such as (i)
carbon capture[442,443] to address climate change due to anthro-
pogenic CO2 emissions, (ii) water harvesting[444,445] to extract at-
mospheric moisture in arid environments and (iii) renewable en-
ergy conversion to replace depleting fossil resources by convert-
ing solar energy to chemical energy with photocatalysis.[446] Ob-
viously, the examples illustrated in this section are limited, but
were selected to show how reticular materials have evolved into
an extremely versatile platform of materials offering the poten-
tial to contribute to technologically important solutions in many

fields, such as climate change, health and sustainable energy
solutions. Biological applications of reticular materials can be
found in fields such as drug delivery, volatile organic compound
(VOC) sensing, biocatalysis and biomedicine.[447–450] Simulations
of biomolecules by themselves are complicated due to the pres-
ence of slow degrees of freedom (e.g., rotation, diffusion and
conformational changes). Modeling the encapsulation of large
biomolecules by reticular materials requires large pore sizes in
the host and necessitates the use of large structural models which
are difficult to model using first principles methods.[451,452] Addi-
tionally, enhanced sampling methods (vide supra) are required
to overcome the disparity in time scales between biomolecules
and reticular materials.[54] A number of computational studies
on biological applications such as drug storage are already avail-
able, which are concisely summarized in the review by Demir et
al.,[453] yet new methods are needed to fully characterize and un-
derstand the interactions between bioactive molecules and retic-
ular materials.[335,452]

3.1. Carbon Capture

MOFs have long been investigated for their potential to capture
CO2.[442,443,454–456] While a wide variety of MOFs exhibiting ex-
cellent CO2 sorption properties have been reported in the lit-
erature, many suffer from the competitive adsorption of wa-
ter and acid gases at elevated temperatures encountered in flue
gases.[457–462] Therefore, the reporting on CALF-20 (Zn2(1,2,4-
triazolate)2(oxalate)), an exceptionally stable MOF under typical
flue gas conditions, attracted great interest as a powerful candi-
date for CO2 capture.[463,464] CALF-20, shown in Figure 13, is com-
posed of layers of 1,2,4-triazolate-bridged zinc(II) ions pillared by
oxalate ions and preferentially adsorbs CO2 up to a relative hu-
midity (RH) of 40%, with the presence of CO2 in the framework
even suppressing water sorption. Moreover, the low-cost synthe-
sis procedure (aqueous methanol solution at room temperature)
and the wide availability of raw materials (zinc acetate and oxalate
salt) are ideally suited to scale up the production of this MOF in
an economically viable way.[460,461]

To gain fundamental insight into the origin of CALF-20′s ex-
ceptional hydrophobic CO2 uptake capacity, a variety of compu-
tational tools were used. The adsorption of water in CALF-20
was investigated by GCMC simulations employing a static frame-
work by Lin et al.[464] At 20% RH, where the water uptake is half
the saturation loading, the pores of CALF-20 were observed to
be either (i) filled, forming a hydrogen-bonded network or (ii)
completely empty, suggesting rapid water condensation. These
findings were supported from calculations of the self- and cor-
rected diffusion coefficients (Ds and D0) of water in CALF-20 as
a function of the relative humidity, as computed with the Green-
Kubo relation from force field MD simulations. For water, Ds and
D0 are approximately equal up to 20% RH, indicating negligible
cross-coupling between adsorbates.[466] At 20% RH and higher,
a clear difference is observed, indicating the formation of hydro-
gen bonds. Interestingly, no cross coupling is observed for CO2
at any gas pressure.

Moreover, at the most probable binding sites of water with the
framework, no hydrogen bonds are formed with the oxalate link-
ers and low binding energies were observed. Instead, molecules
are oriented away from the oxalate linkers, poised to make
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Figure 13. a) Structure of the CALF-20 zinc triazolate grid. b) Structure of the oxalate pillaring of the triazolate-bridged zinc ions. c) View of the coordi-
nation environment of the zinc ions.

hydrogen-bonding interactions with other water molecules. The
largest cavity diameter (LCD) and pore limiting diameter (PLD)
of CALF-20 are equal to 4.3 Å and 3 Å. Compared to the relatively
small kinetic diameter of CO2 of 3.3 Å, this provides a tight fit
for these molecules.[454,467] Additionally, force field MD simula-
tions revealed that CO2 and H2O molecules compete for the same
binding sites, as shown in Figure 14. This results in more con-
fined water hydrogen-bonded networks in the presence of CO2,
decreasing water entropy.[468]

Shortly after the reporting on CALF-20, experimental results
indicated that structural flexibility can be reversibly induced in
this material under the influence of humidity, resulting in a
second, structurally similar polymorph.[399] To investigate such
guest-induced flexibility in CALF-20 at the atomic scale and its
influence on adsorption, the dynamic behavior of CALF-20 un-
der the presence of CO2 and H2O molecules was investigated
by means of MLPs which were trained to enhanced sampling
DFT MD simulations.[467] With the trained NequIP MLPs,[278]

the free energy profiles of CALF-20 as a function of the unit cell
volume for a range of guest-loadings were determined with dy-
namic MLP-based umbrella sampling simulations. For CO2, a
monotonic increase in the equilibrium volume is observed with
increasing guest-loading. However, for water, a non-monotonic

behavior is observed in which the unit cell first shrinks until in-
termediate water-loadings, after which the unit cell volume in-
creases to a value larger than the empty framework volume. From
equilibrium MLP-MD simulations it was also observed that the
presence of water induces a significant rotation of the triazolate
linkers, while this rotation is less pronounced for CO2.

Aiming to further improve the CO2 and H2O adsorption prop-
erties of CALF-20, Maurin and coworkers built an in silico se-
ries of five linker-substituted MOFs.[469] The adsorption proper-
ties of a CO2/N2 binary mixture and a CO2/N2/H2O ternary mix-
ture were characterized in the five linker-substituted MOFs with
multi-component GCMC simulations. Among the five MOFs,
SquCALF-20, which consists of a squarate linker, was demon-
strated to have a larger CO2 uptake (3.6 mmol g−1 versus 2.8
mmol g−1 at a pressure of 0.15 bar) and higher CO2/N2 selec-
tivity (500 versus 180) when compared to CALF-20. While this
does come at the cost of a slightly more hydrophilic behavior
(competitive higher CO2 adsorption at 10% lower RH due to a
higher water enthalpy of adsorption of −38.7 kJ mol−1 compared
to −33.4 kJ mol−1 for CALF-20), this trade-off might be advanta-
geous in certain applications. This study demonstrates how in-
sight obtained from computational insights can be leveraged to
further optimize MOFs for their target application. In this sense,

Figure 14. Snapshots of DFT NPT MD simulations of a) H2O and b) CO2 molecules in flexible CALF-20 at saturation loading. Structural models taken
from ref. [467].
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a close feedback loop between simulations and experiments has
proven invaluable to exchange new insights to rationally design
MOFs. CALF-20 clearly exemplifies the path of a MOF from the
laboratory to the industrial scale, where attention is not only paid
to the optimal theoretical performance of a material, but also to
in-the-field implementations of the technology to de-risk further
steps up the technology readiness level ladder.

3.2. Water Harvesting

Computational modeling of water adsorption in MOFs is highly
challenging, both in terms of the description of the intermolec-
ular interactions, as well as the simulation sampling procedure.
Water-water interactions can be accurately modeled with force
fields.[470–472] However, these potentials need to be supplemented
with additional terms to account for the MOF-water interac-
tions, which can reduce the accuracy of the simulation results.
Generic MOF force fields may not be sufficiently accurate and
the combined force field will require careful benchmarking to
ab initio reference data or refitting to experimental data.[473–476]

Even for water-water force fields, predicted saturation vapor pres-
sures differ significantly, leading to ambiguity in the reference
of the obtained adsorption isotherms. In general terms, obtain-
ing chemically accurate adsorption isotherms is extremely chal-
lenging as a very accurate level of theory is necessary to de-
scribe the potential energy surface. Recently some new devel-
opments are taking place to describe the adsorption isotherm
based on machine learning potentials, however also here ex-
treme care is necessary to generate the MLPs from chemically ac-
curate underlying quantum mechanical training data.[476] Apart
from the difficulties in describing the molecular interactions,
also the sampling procedure can largely influence the obtained
isotherm. In terms of sampling, the commonly employed GCMC
simulations can be hindered by metastability, especially for hy-
drophobic MOFs where the formation of stabilizing hydrogen
bonded water clusters is required for uptake. Due to the se-
quential nature of insertions in GCMC simulations, reaching
convergence can be extremely difficult.[338,477–479] Additionally,
framework flexibility is neglected in GCMC simulations. While
this approximation intuitively breaks down for MOFs with large-
scale structural changes such as the swelling mode of MIL-88, it
has also been shown to qualitatively affect the isotherm shapes
in MOFs exhibiting only subtle local flexibility.[474,480] Recently,
some of the current authors proposed a new methodology based
on transition matrix Monte Carlo simulations and efficiently
trained MLPs to fully account for the framework flexibility while
keeping chemical accuracy. The method was validated for some
typical water harvesting systems like MOF-303, MOF-333 and
MOF-LA2-1.[476]

Only quite recently, it was recognized that MOFs can act as
effective extractors of atmospheric moisture from arid air us-
ing only natural cooling and sunlight, to subsequently release it
for human consumption.[481–485] In this respect, significant in-
terest developed in MOF-303 (Al(OH)(PZDC), with PZDC = 1-
H-pyrazole-3,5-dicarboxylate), shown in Figure 15a. Tested in an
arid environment (32% RH, 27 °C), a MOF-303 based water har-
vester generated 1.3 L kg−1 day−1, or 0.7 L kg−1 day−1 in the more
extreme conditions of the Mojave desert (10% RH, 27 °C).[484,486]

This performance represented a significant improvement on the
previous state-of-the-art.

Interestingly, MOF-303 does not exhibit a single-step isotherm
(shown in Figure 15c), a desired component of an efficient water
harvester.[143,487] Instead, an S–shaped adsorption behavior is ob-
served. By performing DFT optimizations of water molecules in
the framework, it was revealed that the water seeding initiates
at the pyrazole functionalities of two neighboring PZDC linkers
(see Figure 15b), strongly binding the first water molecules.[485]

In subsequent work by Chheda et al.,[474] the adsorption behav-
ior in MOF-303 was probed by means of Gibbs ensemble Monte
Carlo simulations. First, various force fields were selected and
benchmarked on their ability to accurately capture the interac-
tion energy on the primary adsorption site. However, even after
selecting an appropriate force field, the S-shape of the adsorp-
tion isotherm could not be accurately reproduced when using
the rigid DFT-optimized framework without guest molecules.
Only when employing the framework geometry optimized in the
presence of water molecules could the S-shape of the adsorption
isotherm be captured. Interestingly, this was explained by small
local distortions in the primary adsorption site, in which the
distance between pyrazole functionalities of neighboring PZDC
linkers expands from 3.4 Å to 3.9 Å, as shown in Figure 15b. This
work highlights how adsorbing water can significantly influence
the flexibility of the host MOF, an observation that has been made
before. For example, water adsorption in (Al)MIL-53(OH) is asso-
ciated with phase transition of the framework with pronounced
hysteresis between the adsorption and desorption branch.[488] In
Co2Cl2(BTDD), water adsorption on the open metal sites leads
to a decrease of the pore diameter from 21 Å to 17 Å.[488] Water
adsorption in MIL-88 is even associated with a near doubling of
the cell volume.[480] The necessity to include these effects signifi-
cantly complicates an accurate computational modeling of the ad-
sorption properties of these materials, as typical GCMC simula-
tions neglect the flexibility of the framework. Moreover, a second
complication arises when modeling water adsorption is related to
the employed sampling procedure in GCMC in which molecules
are sequentially added, as simulations can remain stuck in local
free energy minima, sometimes requiring months of simulation
time to reach convergence, due to the strong stabilization of clus-
ters of water molecules.[477,478]

To overcome these difficulties, recent interest has developed
in TMMC simulations (see Subsection 2.3.2). In these simula-
tions, NVT Monte Carlo trajectories are performed at every rel-
evant loading of guest molecules. On these trajectories, virtual
insertions and deletions of adsorbates are performed and the
unbiased acceptance probabilities are accumulated to compute
the macrostate probability distribution.[337,338] From this, the ad-
sorption isotherm at every gas pressure can be computed, avoid-
ing the convergence problems associated with GCMC simula-
tions. This method was used to compute the adsorption proper-
ties of MOF-303 over a continuous range of pressures and tem-
peratures, providing rich insight into the thermodynamic land-
scape of gas adsorption.[489] However, this approach still em-
ploys a rigid framework. Therefore, Goeminne et al.[476] trained
machine learning potentials on the flexible MOF-303 in the
presence of water molecules, to further employ it in MD-based
TMMC simulations. In this way, the flexibility of the frame-
work during guest adsorption is sampled and all adsorption
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Figure 15. a) View of the structure of MOF-303, MOF-333 and MOF-LA2-1. b) Structure of the primary adsorption pocket of MOF-303. The optimized
geometry in the presence of a water molecule is shown with opaque atoms, while the same geometry optimized in the absence of water is overlaid with
transparent atoms. c) The experimentally observed adsorption isotherms for all three MOFs.[485,490]

energetics are treated at the DFT level of theory, yielding quanti-
tative agreement when using the rPBE-D3(BJ) level of theory.

From these simulations, the importance of the local as well
as the global (unit cell) flexibility on the computed adsorption
properties was clearly established. Moreover, contrasting the den-
sity profiles of water at different loadings in MOF-303 with
those in MOF-333 demonstrated the impact of a less hydrophilic
FDC linker composing MOF-333 (FDC = 2,4-furandicarboxylate,
shown in Figure 15a), resulting in two less strongly interacting
adsorption pockets between two linkers instead of one strongly
interacting adsorption pocket as the case for MOF-303.[476,485] For
MOF-333, this gives rise to a single-step adsorption isotherm
instead of the S-shaped adsorption isotherm observed in MOF-
303. Alternatively, instead of modulating the hydrophilicity of the
linker, a linker extension strategy was recently employed in MOF-
LA2-1 to yield a larger working capacity, as seen from the adsorp-
tion isotherm in Figure 15c.[490]

While the water clustering behavior computed from MD-based
TMMC simulations was observed to be very consistent across the
use of different DFT levels of theory used as training data, the en-
ergetics and resulting adsorption behavior was observed to heav-

ily depend on the level of theory. As the use of machine learning
potentials in computational adsorption studies can be expected to
rise over the coming years, further work will be needed in either
developing more accurate functionals or employing highly accu-
rate wavefunction-based methods to derive MLPs. In any case
as previous discussion reveals, to accurately predict adsorption
isotherms, one needs to employ methodologies where the energy
can be calculated at or above chemical accuracy in combination
with methods where the flexibility of the materials is accounted
for.

3.3. Renewable Energy Conversion with Photocatalysis

Abundant solar energy can be converted to chemical energy using
photocatalysis, producing green hydrogen without the need for
renewable electricity. In this context, COFs as photocatalysts have
attracted interest for their advantages in pore structures, high
surface areas and tunable functionalization.[491,492,7,493–499] Photo-
catalytic water splitting stands out as a crucial process wherein
green hydrogen and oxygen are produced in an environmentally
friendly manner. Figure 16a shows a schematic representation
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Figure 16. a) Critical factors and steps affecting the photocatalytic water splitting performance. b) Schematic diagram of the general synthesis of COFs
and redox potentials for photocatalytic water splitting. Reproduced with permission.[500] Copyright 2024, American Chemical Society.

of photocatalytic water splitting as a three-step process: (i) light
is harvested, i.e., the generation of excited electron-hole pairs
through photon absorption, (ii) separation and migration of
charge carriers and (iii) chemical oxidation and reduction me-
diated by these charge carriers. Optimizing these processes in
COFs requires an understanding of the optical absorption, the
ground and excited state properties, charge carrier lifetimes and
band alignment.

To serve as a suitable photocatalyst, the valence band maxi-
mum (VBM) of the COF must be more negative than the water
oxidation potential (O2/H2O; −5.67 eV versus vacuum at pH = 0)
which leads to the oxygen evolution reaction (OER), and the con-
duction band minimum (CBM) must be more positive than the
proton reduction potential (H+/H2; −4.44 eV versus vacuum
at pH = 0) which is the hydrogen evolution reaction (HER), as
shown in Figure 16b. In the first step of the photocatalytic wa-
ter splitting process, absorption of a photon with sufficient en-
ergy to bridge the band gap can photoexcite an electron to create
an exciton. In efficient photocatalysts, recombination of the ex-
citon with concomitant photon emission should be slow and the
exciton should easily dissociate in free charge carriers. The 𝜋-
conjugation in COFs promotes both charge separation and long-
distance charge transportation.[501–503] After optimizing key pa-
rameters such as the band gap, band edge alignment, charge
separation and charge transport, the adsorption of intermedi-
ates on active sites becomes crucial in the overall reaction. The
OER (oxidation reaction) and the HER (reduction reaction) each
have distinct adsorption requirements on the COF surface. Con-
sequently, efficient photocatalytic water splitting requires that ad-
sorption sites for OER intermediates align with the hole trans-
port sites, while adsorption sites for HER intermediates align
with the electron transport sites. We will first introduce orthog-
onal electronic structure engineering (OESE) as a useful con-
cept to optimize the electronic properties of reticular materials.
Next, we will discuss computational studies of the active sites
for photocatalytic water splitting and discuss the potential ad-
vantages of employing donor-acceptor strategies in COF-based
photocatalysts.

3.3.1. Orthogonal Electronic Structure Engineering

High-porosity MOFs are generally expected to exhibit low electri-
cal conductivity, typically explained by the (both spatial and en-
ergetic) orbital mismatch between redox-inactive organic linkers
and the hard metal ions of the organic nodes: the low orbital over-
lap leads to a low electron delocalization and thus reduces charge
carrier mobility (i.e., electrical conductivity).[504–507] Throughout
this review, we have expressed the continuous challenge of mod-
eling at larger length and time scales to understand and explain
plethora of fascinating properties of reticular materials. However,
in this subsection we highlight the concept of orthogonal elec-
tronic structure engineering (OESE) to simplify the study of elec-
tronic properties of reticular materials. The OESE principle, in-
troduced by De Vos et al.,[508,509] reduces reticular materials to an
assembly of building blocks and considers the electronic struc-
ture of reticular materials as a sum of independent (orthogonal)
contributions. The authors first applied the new concept to UiO-
66(Zr). Figure 17 shows the density of states (DOS) of pristine
UiO-66(Zr) as a representative 0D MOF, following Férey’s classi-
fication of MOFs (see Introduction).

The DOS of pristine UiO-66(Zr) can be separated in three con-
tributions from the organic linkers (−1 eV to−0.2 eV, 2.8 eV to 3.6
eV and 4.7 eV to 5 eV, blue background Figure 16) and two con-
tributions from the inorganic nodes (−0.2 eV to 0 eV and 4.4 eV
to 4.7 eV, green background Figure 16). In the photocatalytic pro-
cess in UiO-66(Zr), absorption of a photon with energy ΔEabs will
excite an electron of the linker to create an excited electron-hole
pair. Next, after charge separation and electron transport to the
inorganic node (energy barrier ΔELMCT) the Zr ion in the inor-
ganic node will be reduced (Zr4+ + e− → Zr3+) and the electron
is available for the reduction reaction. A high photocatalytic activ-
ity will necessitate a low (or even negative) energy barrierΔELMCT,
which is clearly not the case for pristine UiO-66(Zr), as shown in
Figure 17. The energy barrier ΔELMCT can be lowered through
defect engineering (vide supra, Subsection Disorder in struc-
tural models and Figure 6).[510] Additionally, the authors showed
that isovalent metal substitution of Zr with Ti enhances charge

Adv. Mater. 2024, 2412005 2412005 (28 of 48) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202412005 by U
niversiteitsbibliotheek G

ent, W
iley O

nline L
ibrary on [21/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 17. Orthogonal tuning of the electronic structure of UiO-66(Zr) (left) where red and black curves represent different spin channels and blue
and green indicate linker and node states, respectively. Linker alteration affects the absorption wavelength, ΔEabs, and therefore controls the energy
needed to excite the linker (BPDC = biphenyl dicarboxylate). The position of the unoccupied d orbitals (ΔELMCT) is changed by node modification and
is important for an efficient ligand-to-metal charge transfer (LMCT). Reproduced with permission.[509] Copyright 2017, American Chemical Society.

transfer capabilities to lower the energy barrier ΔELMCT. MOFs
isoreticular to UiO-66(Zr) can exhibit superior photocatalytic ac-
tivity by tuning the nature and length of the organic linker and
replacing the benzene dicarboxylate linker of UiO-66(Zr) with
higher conjugated organic linkers is expected to reduce ΔEabs
and improve the absorptive properties. Finally, functionalization
of the organic linker with electron-donating groups (e.g., -NH2)
and an increased aromaticity of the linker can also improve pho-
ton absorption. The increased electron-donating character of the
functional group as well as the improved delocalization of the
𝜋-electrons has been shown to be positively correlated with a re-
duction in the band gap.[428,511]

2D COFs are of particular interest in photocatalysis, as the lay-
ered stacking improves the aromatic 𝜋-𝜋 stacking to better de-
localize electrons, which in turn increases the mobility of the
charge carriers. In a follow-up study (2019), some of the same
authors of the previous study applied the OESE principle to
COFs to evaluate the photocatalytic activity.[512] The authors stud-
ied 2D covalent triazine frameworks (CTF), whose high ther-
mal and chemical stability show great promise in photocatalytic
applications.[20,497,513–515] The introduction of triazine groups in
the scaffold naturally incorporates nitrogen atoms in the frame-
work, increasing the basicity of the material to stabilize extra-
framework metal complexes and intercalated metal ions (i.e.,
an example of the heteroatom effect).[516,517] In the computa-
tional study, the authors studied three photocatalytic Ru com-
plexes, in which a Ru2+ ion was octahedrally chelated by three
bidentate nitrogen-containing ligands, as shown in Figure 18.
Embedding the extra-framework complex into the CTF, one of
the linkers will be shared between the framework and the com-
plex, while the other two chelating ligands extend into the pore
(right-hand side Figure 18). The authors first studied the DOS

of the Ru-complexes in vacuo and showed that the complex
has a Ru-centered highest occupied molecular orbital (HOMO)
and a ligand-based lowest occupied molecular orbital (LUMO).
Next, the authors compared the electronic properties of the Ru-
complexes before (left column) and after (three right columns)
incorporation in the CTF framework and showed that the proper-
ties of the complex are mostly conserved. The HOMO of the Ru-
complex is superseded by the highest occupied crystal orbital of
the CTF-centered framework and the Ru-complexes maintained
a high photocatalytic activity after incorporation in the CTF. Ad-
ditionally, the metal-to-ligand charge transfer (MLCT) is predom-
inantly directed towards the ligand containing the highest num-
ber of nitrogen atoms. By altering the nitrogen content, it is pos-
sible to steer the direction of excitation towards either the frame-
work or the pore, depending on the specific requirements of the
catalytic process (right-hand side Figure 18b). The authors con-
cluded that further tuning of the Ru-complexes is available by
modifying the CTF linkers and the OESE principle is expected
to be applicable to other materials beyond the two case studies
discussed in this subsection.

3.3.2. Active Sites for Photocatalytic Water Splitting

Yang and co-workers explored a series of two-dimensional
(2D) COFs for water splitting driven by visible light.[518] These
COFs employed various linkages and building unit combina-
tions to achieve bifunctionality for the HER and the OER.
Nitrogen-containing linkages (imine (I), azine (Ai), and azo
(Ao) groups) were strategically incorporated to promote HER
catalysis as shown in Figure 19a, as previous studies have
shown the efficacy of lone pair electrons on the nitrogen atom
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Figure 18. a) Metal-to-ligand charge transfer (MLCT) and ligand–ligand (LL) transitions in Ru(II)bipm2phen1 together with the corresponding orbitals.
b) Electronic states of the Ru(II)bipm2phen1 complex in vacuo and when anchored on a phennbiph3−n, (n = 0, 1, 2, 3) framework (left). Depending on
the Ru(II)L3 complex and CTF scaffold, the charge transfer upon light absorption can be directed either towards the pore or towards the framework (top
and bottom right). Bipm = bipyrimidine, phen = phenanthroline and biph = biphenyl, see also top of figure. Adapted with permission.[512] Copyright
2019, Royal Society of Chemistry.

in accepting the protons.[515,519] On the other hand, benzene
ring-based groups (benzene (BZ), triphenylamine (TA), 1,3,5-
triphenylbenzene (TBZ) and 2,4,6-triphenyl-1,3,5-triazine (TST))
were chosen as an active site for OER, supported by both com-
putational and experimental investigations.[513,520] Using these
two combinations, a total of 12 different 2D COFs were investi-
gated for photocatalytic water splitting and the electronic prop-
erties were calculated with static DFT calculations using the
HSE06 hybrid functional to assess their suitability for overall
water splitting, as shown in Figure 19b. This involved align-
ing the band edges of the COFs with the reaction potentials
of H+/H2 and O2/H2O. The calculated band edges indicate
that COFs constructed with BZ, TBZ, or TST have CBM posi-
tions higher than the reduction potential of protons (H+/H2)
and VBM positions lower than the oxidation potential of wa-
ter (O2/H2O), making them suitable candidates for overall wa-
ter splitting, while the TA-based COFs did not fulfill the nec-
essary conditions. The authors calculated the band gap and at-
tributed discrepancies with earlier reported optical band gap val-
ues (see Table S1 in ref. [518]) to the importance of the stack-
ing pattern in 2D COFs.[521–523] 2D COFs are characterized by
strong covalent bonding of building blocks within an individ-
ual layer and the relative position of successive layers is gov-
erned by weak non-covalent interactions. The layer offset leads
to various stacking patterns in 2D COFs, significantly impact-
ing the physical and chemical properties of 2D COFs and their
derived materials.[521] Therefore, investigating various stacking

configurations and their impact on the band gap and band edge
is critical for identifying suitable COFs for photocatalytic water
splitting.

Moreover, the authors also investigated free energy changes for
all the elementary steps of HER and OER for I-TST, Ai-TST, and
Ao-TST. The four-electron OER mechanism was considered us-
ing the single-site and dual-site pathways on the TST segment
of the COFs as shown in Figure 19c. The first two intermedi-
ates, OH* (H2O → OH* + H+ with the asterisk symbol repre-
senting adsorption on an active site) and O* (OH*→ O* + H+)
are similar for both pathways. The final intermediate is OOH*
(O* + H2O → OOH* + H+) for the single-site pathway, which
leads to the formation of final product O2 (OOH* → O2 + H+).
For the dual-site pathway, the third intermediate O*OH* (O*+
H2O → O*OH*+ H+) binds on two active sites rather than one
and the final intermediate is OO* (O*OH* → OO* + H+) which
further leads to the formation of final product O2 molecule and
completes the OER. In the absence of induced light (U = 0,
pH = 7), the calculated Gibbs free energy change suggested that
the formation of OOH* is the rate determining step for the
single-site pathway as shown in Figure 19d. While the formation
of OH* is the rate determining step for dual-site pathways, all
dual-site pathways are more energetically favorable compared to
single-site pathways. At a light-induced bias potential U, i.e., the
energy difference between the VBM and the hydrogen reduction
potential, of 1.83 eV for I-TST, all the elementary steps are ener-
getically feasible for dual-site pathways. The reduction reaction
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Figure 19. a) Schematic illustration of the structure and design principles of 2D COFs for photocatalytic overall water splitting. b) The calculated band
positions of the COFs relative to the vacuum level as numbers alongside water redox potentials at pH = 0 as horizontal dashed lines. c) Possible OER
pathways on the TST segment. d) Calculated Gibbs free energy changes for OER intermediates on I-TST. e) HER process on the imine linkage and
corresponding intermediate Gibbs free energy changes for I-TST. Reproduced with permission.[518] Copyright 2020, American Chemical Society.

of water splitting was also investigated for HER by calculating
the free energy of adsorption of a proton (H*) at the nitrogen
atom of the COF. Similar to the OER, the free energy change of
HER (see Figure 19e) becomes spontaneous in the presence of
a light-induced bias potential (U = 1.10 eV). The computational
prediction of photocatalytic water splitting under visible light into
O2 and H2 was experimentally confirmed for I-TST COF, making
this study an instructive example of close synergy between theory
and experiment to gain insight in photocatalytic water splitting in
2D COFs.

3.3.3. Donor-Acceptor COFs

In efforts to reduce the recombination of photoexcited elec-
trons and holes in COFs, researchers have explored combina-
tions of donor-acceptor (D-A) units for photocatalysis.[524,525] D-

A COFs consist of both electron-rich donor groups and electron-
withdrawing acceptor groups. Upon light absorption, an electron
is excited from the donor’s highest occupied molecular orbital
(HOMO) to the acceptor’s lowest unoccupied molecular orbital
(LUMO). This process is most efficient when the HOMO is sit-
uated on the donor and the LUMO on the acceptor. Tuning the
strength of these D-A interactions is crucial for developing effi-
cient COF-based photocatalysts.

Jiang and co-workers reported a computational study on seven
D-A COFs to study the impact of the D-A framework on the pho-
tocatalytic performance and efficiency.[526] Their detailed time-
dependent density functional theory (TD-DFT)[527] analysis as-
sessed the D-A interaction strength by calculating the optical
band gap, from which the exciton binding energy (Eb) can be esti-
mated as an important parameter to evaluate the excitonic effect
of a photocatalyst (see Subsection 2.4.3).[528–531] The Eb was calcu-
lated by subtracting the optical band gap from the fundamental
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Figure 20. a) The HOMO and LUMO energy level diagram for the two types of building blocks used to construct donor-acceptor (D-A) pairs is shown.
TAPTc and TAPBc represent the core structures of the amino-based monomers (TAPT and TAPB) without their amine groups. Similarly, Clc, Hc, OCCHc,
OHc, and OMec represent the core structures of the terephthalaldehyde-based monomers without their aldehyde groups. b) Illustration of various energy
gaps in the molecular base: S0 and S1 denote the electronic ground state and the lowest excited state, respectively. IP: ionization potential; EA: electron
affinity; Efund: fundamental band gap; Eopt: optical band gap; Eb: exciton binding energy. c) The calculated exciton binding energy Eb (double arrows) for
all the COFs. Reproduced under terms of the CC-BY license.[526] 2023, Qian et al., published by Springer Nature.

band gap (Figure 20b) where a lower Eb value signifies a stronger
D-A interaction, ultimately improving the photocatalytic effi-
ciency. For a detailed explanation on the application of TD-
DFT, we refer to the supplementary information in the original
publication.[526] Consequently, a stronger D-A interaction leads to

a lower exciton binding energy, ultimately improving the photo-
catalytic efficiency. The researchers selected TAPB and TAPT as
amine-based acceptor groups and five functionalized terephtha-
laldehydes with C2 symmetry to serve as donor units as shown in
Figure 20a. Analysis of the calculated molecular orbitals revealed
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that TAPT exhibits suitable characteristics for D-A interactions
with all the investigated aldehyde-based monomers. Conversely,
TAPB can only form effective D-A structures with aldehydes con-
taining electron-donating groups like -OH and -OMe. Among
the designed COFs, TAPT-OMe displayed the lowest Eb of
0.16 eV, indicating the strongest D-A interaction as shown in
Figure 20c. Furthermore, the researchers successfully synthe-
sized these COFs and compared the results from photoelectro-
chemical characterization techniques to validate the theoretical
predictions, i.e., the suppression of exciton recombination and
the promotion of exciton dissociation. The TAPT-OMe COFs
demonstrated the highest hydrogen production, highlighting
the effectiveness of this approach. The successful applica-
tion of computer-aided design for targeted chemical tailor-
ing of COFs presents a highly efficient approach to opti-
mize COF-based photocatalysts by (i) calculating properties
from first principles, (ii) synthesizing the most promising can-
didates to confirm the theoretical predictions and (iii) op-
timizing the stability and performance using computational
insight.

4. Future Outlook in Modeling Reticular Materials

Initially the field of reticular chemistry had to mature, but to-
day, 30 years since its inception, the possibilities offered by the
field have clearly been demonstrated. So far, we probably have
only seen a fraction of the opportunities offered by these ma-
terials in technological applications. Initially, reticular materials
such as metal-organic frameworks were perceived as laboratory
curiosities, but the case studies in this review show that retic-
ular materials have matured to an extremely versatile class of
materials which can be modulated to play an essential role in
technological solutions in fields such as health, sustainable and
clean energy production, mitigation of climate change, combat
of environmental, damage clean air and the availability of wa-
ter resources. In our opinion, the challenge for the upcoming
decades in the field of reticular chemistry will be the full integra-
tion of reticular materials into technological applications and de-
ployment at an industrial scale. Initially the attention was focused
on constructing as many materials as possible to prove the gen-
erality of the reticulation concept by combining various building
blocks, topologies, nets etc. Currently it is generally accepted that
with the reticular concept, one can make almost any material with
desired functions. The true challenge is now to further evolve to-
wards integrating these materials into the innovation chain and
to fully exploit their potential to provide solutions for urgent soci-
etal problems related to energy, health and water resources. This
will require more focus towards upscaling, towards exploring the
properties at the crystal particle level, exploring properties in-
duced by shaping, morphology and integration of reticular ma-
terials into larger units with the help of binders or construction
of monoliths. Developments along this trajectory will truly revo-
lutionize the innovation chain where one goes from molecules to
materials to engineering solutions for societal and technological
innovations. Given these evolutions and opportunities, the main
question we like to address within this outlook section is “Where
does modeling fit into this exploration cycle towards technological in-
novation based on the reticular concept?”

4.1. Open Challenges in Computational Modeling of Reticular
Materials

Reticular materials have evolved into a platform to design ma-
terials with desired functions and properties up to any liking.
In parallel to the rise of the field of reticular chemistry, model-
ing also matured substantially and hereafter we try to put both
evolutions into perspective and highlight particular modeling as-
pects, we believe are important in the computational modeling
of reticular materials. To understand the potential role of mod-
eling, it is essential to refer back to their unique building pat-
tern where molecular building blocks with specific functions are
stitched together into a framework with almost perfect control
on the positions of the molecular building blocks. In contrast
to any other material class, the whole periodic table of elements
becomes a playground for reticular chemistry as one can start
from “any building block”. Reticular chemistry is an interdisci-
plinary field, combining aspects of organic and inorganic chem-
istry, molecular and solid-state physics and chemistry. Modeling
these materials also requires concepts from modeling organic,
inorganic, isolated molecules and solid-state materials. Unlike
any other material class, reticular materials provide a unique op-
portunity to construct scaffolds with desired functions in various
applications. Besides the almost boundless number of chemical
elements and building blocks, the almost unlimited number of
possibilities is also rooted in the architectures to combine the
blocks, giving access to periodic, aperiodic, disordered structures,
etc. Modeling such structures is far from trivial as we illustrated
in this review and further method developments will be neces-
sary to model these structures as realistic as possible. Apart from
the flexibility offered by the molecular building blocks, the way
these building blocks are stitched together provides opportuni-
ties to include additional functions, dynamics and properties in-
voked by the architecture itself. A very recent example of such
higher order architectures are infinite catenane frameworks syn-
thesized by Yaghi and co-workers in which discrete adamantane-
like polyhedra are catenated to construct the extended crystalline
structure, as shown in Figure 21.[532]

Interpenetrated frameworks were recently simulated by us to
study flexible COFs and we found that the number of phases
present depends on the degree of interpenetration.[533] The prop-
erties of these newly synthesized materials are largely unknown,
yet these materials exhibit application potential as molecular
motors, efficiently converting chemical energy into mechanical
movement.[534,535] These two examples are a first step towards
making materials that can flex and potentially can stiffen in re-
sponse to external stimuli, leading to elastic porous materials
with rubber-liker properties.[536]

4.1.1. Importance of Accurately Modeling Interatomic Interactions

In the last three decades, reticular chemistry evolved into a strong
material’s design principle, while at the same time modeling
also matured substantially. About two decades ago, modeling was
rather an explanatory field, to help experimentalists in under-
standing their experimental observations. The approaches used
around the year 2000 did not allow to model realistic materials
with realistic sizes capturing defects, disorder, nor was it possible
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Figure 21. The building block of an infinite catenane, or catena-COF, consists of two crossed molecules with a copper atom at the center. When mixed,
they link up to create an extended, 3D material of interlocking molecules. Reproduced with permission.[532] Copyright 2023, Springer Nature.

to study the dynamic behavior of materials and their response to
external triggers or interactions with guest species in a way that
allows a direct comparison with experimental data. Since reticu-
lar materials are governed by a broad variety of interactions going
from strong covalent bonds to coordination bonds but also weak
interactions, e.g., to model host-guest interaction, interactions
between layers in covalent organic frameworks, or 𝜋-interactions
between linkers in winerack frameworks, it is critical to model all
these interactions with high accuracy. The last 30 years, the mod-
eling field evolved substantially and currently it has become pos-
sible to model at the local level (0.1 to 1 nm) both strong covalent
interactions but also weaker interactions with higher accuracy.
Additionally, the proper modeling of the metal-coordination bond
is not-trivial for quantum mechanical models especially when el-
ements are involved prone to strong electron correlation. More
detailed information on how to model these systems is given
in Section 4.2.1. From a modeling perspective, fundamentally
new models have been developed that allow to model strong and
weak interactions, including van der Waals interactions. These
new models have now found their way into the field of reticular
chemistry. Certainly for materials like layered covalent organic
frameworks governed by 𝜋-interactions and dispersive interac-
tions between such layers, those models are critical. Despite this
progress, modeling the quantum mechanical many-body prob-
lem accurately for the whole periodic table of elements and for
the whole set of materials accessible within the field of reticular
chemistry remains an important field of study.

4.1.1.1. Importance of Having Access to Representative Structural
Models: As outlined in Section 2.1 of this review, the first step of
any molecular modeling exercise is the construction of a repre-
sentative structural model with atomic resolution. Furthermore,
as explained in previous paragraphs, there is a need to model not
only local phenomena but model realistic scaffolds of reticular
materials up to the mesoscale. In Section 2.1, we elaborated on
various methodologies to propose structural models for realis-
tic reticular materials. The strength of reticular materials is not
only invoked by their particular building concept but also their
potential to incorporate defects at various length scales into the
framework in a structured way. Defect engineering offers ma-
jor possibilities if it can be controlled in an atomic precise way.
Furthermore, we should obtain more control of the outer sur-
face. While techniques exist to construct disordered models for
these mesoscale structures, without any experimental input the
number of potential structures becomes infeasibly large. There-
fore, a close synergy with experiments is crucial to precisely de-
termine the structure of defective finite-sized reticular materials
from the nano- to the mesoscale. Many spectroscopic techniques
may give input on the structure, but a direct comparison with
atomistic models requires spatially resolved measurements. One
interesting technique to directly observe individual defects in real
space with atomic resolution is offered by high-resolution elec-
tron microscopy.[537–540] However some reticular materials like
metal-organic frameworks are beam-sensitive and new low-dose
electron-microscopy acquisition methods need to be developed
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to overcome the beam-sensitivity in MOFs or other related beam-
sensitive reticular materials. Even when such high-resolution im-
ages come available, electron microscopy modeling and quantifi-
cation tools need to be developed to translate the high-resolution
TEM images to atomistic structural models. Ideally an integrated
experimental-modeling approach would be developed for struc-
ture characterization of tunable reticular materials with varying
building blocks, architectures, defects, and disorder.

4.1.2. Which Length and Time Scales Need to be Modeled with
Atomic Resolution?

As length and time scales span various orders of magnitude when
going from the atomistic to the application level, a pertinent ques-
tion is to what length and time scales and for which phenomena
do we need to model with atomic resolution? We refer to Figure 8
earlier in this review for the achievable time and length scales of
the different methods discussed throughout this review. When
interested in understanding all processes from the crystal parti-
cle level to the atomic level, it is potentially not necessary to model
the whole crystal particle level with atomic precision. At the same
time, it is important to define realistic goals on accessible time
windows with quantum mechanical methods. With the rise of
machine learning models, it will likely become possible to model
reticular materials up to 50 nm at a microsecond time scale in
the near future. Clearly, this is a huge step forward compared to
what is possible today, but it still does not allow a direct compari-
son with experimental data. A realistic goal for modeling could be
to follow the time evolution of realistic materials, having (finite)
sizes of minimum 10–50 nm in presence of defects and poten-
tially guest species, all at quantum mechanical accuracy. When
using methods of atomistic resolution, time scales could be re-
stricted from the picosecond to the microsecond level. To reveal
time aspects in larger spatiotemporal windows one should resort
to overall kinetic models such as kinetic Monte Carlo models or
other yet-to-be-developed kinetic models which are able to deduce
the kinetics on longer time scales, based on underlying atomi-
cally revolved data. When aiming to address also longer length
scales, one should reside to coarser models where not all atomi-
cal interactions are described with quantum accuracy.

4.1.3. Modeling Spatiotemporal Phenomena

As reticular materials form architectures at longer length scales,
modeling needs to capture not only local phenomena but also
non-local events typically important for transport of molecules
through the pores of the materials, modeling framework transi-
tions, phenomena related to the mesoporosity or dynamics in-
voked by higher order architectures as mentioned above. Within
the last 30 years, modeling has evolved substantially, and attain-
able length scales or feasible number of atoms add up to a few
thousand atoms when describing energies with Density Func-
tional Theory or up to a million atoms when using classical force
fields.[220,221] Referring back to future directions in the field of
reticular chemistry, i.e., their integration within larger macro-
scopic units to be used in technological applications, a critical
point for modeling reticular materials is to bridge the length scale

gap between molecular structures at the nanoscale to architec-
tures at the mesoscale or micrometer scale. Despite the fact that
longer time scales are now within reach with the development
of more accurate methods at a computationally affordable cost to
describe the energies and interactions, it remains a formidable
challenge to bridge the time scale gap to understand the kinet-
ics of all phenomena taking place within reticular materials. An
illustrative example is the switching behavior of metal-organic
frameworks between various crystal phases upon exposure to ex-
ternal stimuli. Major experimental efforts have been undertaken
to get track of time for this switching behavior. Only very recently,
the kinetics of switchable MOFs upon butane adsorption could be
measured. A critical dependence of the kinetics on the crystal size
was observed, which was ascribed to butane intracrystalline dif-
fusion, however a clear molecular explanation was not given.[541]

Modeling has now evolved to a point where we can estimate the
kinetics of local phenomena, e.g., reactions, but kinetic theories
to understand the kinetics of intertwined local and global phe-
nomena or phenomena with strongly disparate time scales are
yet to be developed.

Future modeling efforts should further focus on modeling in-
teractions within the framework and with guest molecules with
greater accuracy yet at an affordable cost and on methodologies to
bridge length and time scales to pursue the modeling of realistic
scaffolds of reticular materials and their dynamics. It is impor-
tant to realize that spatial properties are intertwined with time
properties, e.g., the ability of soft porous frameworks to switch
between various crystal phases upon exposure to external stim-
uli is critically dependent on the size of the crystal and defect
density.[45–53] Acknowledging this coupling leads to the concept
of spatiotemporal phenomena, referring to the entanglement be-
tween the dynamics and spatial heterogeneities. Embracing the
coupling between spatial heterogeneities present in the crystal
from the nanoscale local level to the crystal particle level and the
dynamics of the framework as well as its environment may lead
to new design principles where both the spatial and time axis can
be explored. One could imagine that based on the spatiotempo-
ral concept, it could become possible to build materials that can
selectively capture molecules in multiple time windows, or mate-
rials that have a memory. This concept of spatiotemporal design
was first postulated by Stefan Kaskel and co-workers in a recent
perspective paper.[56]

4.1.4. Understanding the Dynamics of Reticular Materials

A critical point to understand the function of a material under
realistic operating conditions is to unravel the material’s dynam-
ics and its interaction with its environment. Reticular materials
are intriguing dynamic scaffolds with the ability to respond to
external triggers in an anomalous way. Understanding the time
aspects of the framework and the phenomena taking place when
being exposed to temperature, pressure and guest interactions is
critical to understand the function of reticular materials. Yet to-
day, time aspects of reticular materials and their interaction with
their environment is not well understood, neither from experi-
mental nor from modeling point of view. About 30 years ago the
first fully quantum mechanical-based molecular dynamics sim-
ulations appeared, however due to the enormous computational
cost of evaluating energies and forces at the QM level, accessible
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time scales were initially restricted to a few picoseconds. The
field has now substantially evolved, and currently even when en-
ergies and forces are evaluated at the DFT level, one can access
time scales of the order of hundreds of picoseconds. Clearly this
is still too short to describe slower events, therefore the field of
machine learning potentials provides a great promise to access
much longer length and time scales. With classical force fields
microseconds are already feasible, however more research is nec-
essary to also access these time scales with machine learning
potentials.

As discussed in this review, enhanced sampling molecular
dynamics methods have become a strong vehicle to study rare
events for example associated with framework transitions and
chemical reactions taking place in reticular materials. However,
challenges remain on how to define collective variables as in
many cases today these are based on chemical or physical in-
tuition. For example, for a phase transformation in soft porous
reticular materials where a large volume change occurs, the vol-
ume is most often chosen as a collective variable. For more com-
plex materials exhibiting a complex configuration space due to
the presence of flexible linkers (e.g., CAU-13, ZrCDC and NOTT-
300), more complex collective variables are necessary beyond the
volume to fully describe their free energy landscape.[361] New
methods are actively being developed to learn the collective vari-
ables in an automated way based on data-driven methodologies,
yet their applications in the field of reticular materials are few
and far between.[542,543] As a recent example from our own group,
we mention Vandenhaute et al.[288] Consequently, one area of fu-
ture growth concerns the further development and application
of data-driven methods within the field of complex chemical and
physical transformations taking place in reticular materials. A
second opportunity in the study of rare events involves the de-
velopment of methods to efficiently sample paths for activated
processes without defining collective variables and without prior
knowledge of transition states. Within this respect transition path
sampling methods provide an interesting route, in which an en-
semble of unbiased dynamical trajectories between various stable
minima is created by systematically generating new trial paths
through modification of previous paths in a Monte Carlo fash-
ion. When resorting to variants like transition interface sampling
(TIS) or replica-exchange transition interface sampling (RETIS),
these methods offer the opportunity to also obtain rates.[544–547]

Such methods have not yet been explored in the field of retic-
ular materials, as one needs thousands of trajectories to obtain
reliable quantitative data. However, when methods become avail-
able that allow to calculate the energies and forces with quan-
tum accuracy at a much lower computational cost, transition path
sampling methods will become viable. Consequently, the integra-
tion of machine learning potentials and transition path sampling
methods is a highly promising avenue. Access to such method-
ologies would open the perspective to answer following questions
relevant for the field of switchable reticular materials: What is
the mechanism behind a phase transformation? Do phase trans-
formations nucleate locally at defects? How are phase transfor-
mations impacted by crystal size, crystal morphology, and spatial
heterogeneities? Do transformations occur collectively or semi-
collectively with domain formation? Can we predict transforma-
tion rates?

The answers to these questions will unlock fundamental in-
sights and are crucial to design spatiotemporal controlled pro-
cesses.

4.2. Specific Challenges and Opportunities in Modeling Reticular
Materials

In this subsection, we identify and enumerate specific challenges
in modeling reticular materials and hope that their identification
will inspire future model developments, which will eventually
lead to modeling new reticular materials in a realistic way. Each
of the following outstanding problems is highly challenging and
we highlight recent efforts by distinguished researchers in the
field who are actively working towards a solution.

4.2.1. Highly Accurate Quantum Mechanical Methods for all
Elements of the Periodic Table of Elements

The strength of reticular materials is their versatility in terms of
chemical elements to be included in the scaffold, however some
of these elements have challenging electronic structures. As an
illustrative example, we mention MIL-53 materials, containing
different metal oxide [M3+(OH)−]n chains that are connected by
benzene dicarboxylate linkers, have been synthesized, for which
the M3+ metal cations can either be 3p metal cations like Al3+,[548]

Ga3+,[549,550] In3+,[551] or transition metal cations like Sc3+,[552]

Cr3+,[553] Fe3+,[554] etc. A second example are rare-element MOFs
with attractive applications in photocatalysis, such as UiO-66 ma-
terials made of Zr6(μ3-O)4(μ3-OH)4 bricks connected through or-
ganic ligands, where one or more Zr ions are substituted by Ti,
Ce or lanthanide metal ions (see also Subsection 3.3.1 Orthogo-
nal Electronic Structure Engineering).[555–557]

An accurate description of the electronic structure of reticu-
lar materials exhibiting strong electron correlations and various
possible spin configurations requires computationally more ex-
pensive methods beyond DFT, which can be broadly classified
in methods from many-body perturbation theory and nonpertur-
bative methods. Many-body perturbation theory includes meth-
ods such as the random phase approximation (RPA),[558–561] con-
strained RPA (cRPA)[562] and the GW approach (see also Sub-
section 2.4.3),[563,564] while nonperturbative methods include dy-
namical mean-field theory (DMFT)[565–567] and density matrix
embedding theory (DMET).[568–571] Application of the preceding
advanced methods to better account for electron correlation re-
main scarce, although recent computational studies are already
available on 1D MOFs such as MIL-53(Al)[558] and 2D kagome[572]

lattice MOFs such as Cu-dicyanoanthracene (DCA-Cu).[573–575]

4.2.2. Future Direction for Machine Learning Methodologies within
the Field of Reticular Chemistry

Within this review, we have mentioned a few times the opportu-
nities offered by the rapidly evolving field of data science and ma-
chine learning. Moreover, we particularly highlighted the poten-
tial of machine learning potentials to predict energies and forces
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with quantum mechanical accuracy. Apart from this specific tar-
get, machine learning is transforming all branches of molecular
simulations with applications in the extraction of free energy sur-
faces, methods to sample phase space, rapid screening of chemi-
cal space, etc. We refer the interested reader to dedicated reviews
on the impact of machine learning in the field of molecular sim-
ulations and materials science.[190,576]

Within this subsection, we particularly highlight some future
directions that are relevant for the field of reticular chemistry and
their computational modeling. Firstly, when we introduced the
sequence of a molecular modeling exercise, the determination
of the PES and its exploration via sampling methods were in-
troduced as two different steps. Currently by the introduction of
active learning schemes, where the MLP itself is used to gener-
ate new configurations ready to be subjected to DFT evaluations,
these two steps are merged to some extent. In this case, one starts
from a small training data set to derive an initial MLP, which is
then used to explore configuration space along some specific col-
lective variables.[577] From these runs new configurations are ex-
tracted, which are subjected to new DFT calculations that can be
used to train a next-generation MLP. This procedure is repeated
until the interesting part of phase space has been seen. Most of
these active learning schemes still rely on the definition of pre-
defined collective variables, for example, the volume in case of
flexible MOFs. Future interesting directions would be to develop
an integrated engine to simultaneously derive the MLP as well
as identify important collective variables or reactive paths. In this
case, the graph neural networks should learn simultaneously the
energy, forces but also important reactive paths or collective vari-
ables.

The simulation of realistic reticular materials may gener-
ate very large structural models (see the discussion in Subsec-
tion 2.1.1). For such mesoscopic systems having spatial gradi-
ents, like external surfaces or internal regions where defects are
present, it might become very difficult to perform DFT calcula-
tions on the mesoscopic systems with periodic boundary condi-
tions. In this case, it might be interesting to explore a cluster-
based approach for generating the MLP. By inspecting atomic
representations in feature space, it could be learned which atomic
environments need to be added to the training data. For such new
environments, a cluster could be carved from the mesoscopic sys-
tem to subject it to quantum mechanical data and generate train-
ing data.

Lastly, one can ask the question whether it is necessary to
build a new MLP for every material at hand. As mentioned ear-
lier in this review general-purpose foundation models, i.e., ma-
chine learning models which are trained on data broadly dis-
tributed across the chemical design space such that it can be ap-
plied across a wide range of systems, are now becoming avail-
able. Such models could serve as a good basis to train more ded-
icated system-specific MLPs. Specifically for reticular materials,
the opportunity exists to explore the building block concept to
train MLPs for a broad set of materials made up of similar build-
ing blocks. In Vandenhaute et al.[578] a proof of principle was
shown for constructing a universal MLP in the field of MOFs.
In this case a set of ten well-known aluminum- and zirconium-
based frameworks similar to MIL-53(Al) and UiO-66(Zr) in either
the topology of the framework or the organic ligand were consid-
ered, however the pristine MIL-53(Al) and UiO-66(Zr) were not

included. The model was trained on a data set with a significantly
larger variety in atomic environments and achieved relatively low
force and stress MAEs, even for the frameworks not included dur-
ing training. Furthermore, the model correctly predicted the ex-
pected flexibility of MIL-53(Al). Such universal MLPs, based on
the building concept in combination with data-efficient equivari-
ant message-passing neural networks, provide promising routes
to easily and quickly explore the space of reticular materials with
greater accuracy compared to universal classical force fields.

From a methodological point of view, systematically newer and
more efficient machine learning mathematical architectures are
continuously being developed. It is of utmost importance that
those working in the field of reticular chemistry closely keep
up with these methodological evolutions, to capture as much
information as possible from the delivered training data. Cur-
rently, strong networks are equivariant neural networks, such
as NequIP and MACE, which are currently considered state-of-
the-art in terms of accuracy and data-efficiency across the pe-
riodic table.[278,280,579] However recently new architectures, e.g.
SO3KRATES[580] which combines equivariant and invariant fea-
tures, have been launched to make them even more efficient for
very long molecular dynamics runs or systems of increasing size.

Evidently this section on future directions in machine learn-
ing methods is not comprehensive but gives only a few future
directions from our perspective, and which we think are relevant
for modeling reticular materials. As many scientists are now ex-
ploring these directions, intriguing new insights in the field of
reticular materials and machine learning are to be expected.

4.2.3. High Throughput Screening at Higher Levels of Accuracy

High throughput screening has been instrumental for finding
new materials in the large design space of reticular materials.
However so far, most screening is performed with relatively
“cheap” computational methods, given the large number of struc-
tures under consideration. Within the review it became clear that
machine learning potentials are highly promising to extend the
accessible length and time scales within molecular simulations,
however the question raised in how far they are also applicable
for high throughput screening.

Earlier in this Review, we discussed MACE-MP-0 as a general-
purpose foundation model, i.e., a machine learning model which
is trained on data broadly distributed across the chemical de-
sign space such that it can be applied across a wide range of
systems (vide supra Subsection 2.2.3). With the development
of such general-purpose foundation models, the possibility of
high throughput screenings being performed at DFT accuracy
is rapidly approaching. However, such models are still compu-
tationally not competitive with classical force fields as they have
many more parameters. This currently renders high throughput
screening with these models unfeasible. To overcome this, merg-
ing short-ranged simple neural networks with physics-based
models to accurately account for long-ranged interactions is a
promising way forward to approach quantum mechanical accu-
racy in high throughput screening. To train such hybrid poten-
tials, foundation models are expected to remain valuable to sam-
ple the phase space without the need for explicit DFT calcula-
tions, gathering data to efficiently train the hybrid potentials.
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Such an approach could lead to transferable models maintain-
ing DFT accuracy at computationally tractable expenses and is
therefore ideally suited for future highly accurate high through-
put screenings.

In the near future, structural, chemical or adsorption-related
properties can be expected to be derived from foundation mod-
els or fine-tuned MLPs for a large set of reticular materials. In a
further step, these DFT quality properties could be used to train
deep learning models to learn highly accurate structure-property
relationships and employ such models to screen vast sets of hy-
pothetical MOFs. This can reduce the need for laborious and ex-
pensive experiments and allows an accurate estimation of the ef-
fect of defects, impurities, surface and size effects, as these are
always well-defined in molecular simulations. In a feedback loop
with experiments, such investigations could furthermore provide
insight into the presence, origin and distribution of imperfec-
tions present in any real-world material under study, ever deep-
ening our understanding of the rich chemistry of these reticular
materials.

4.2.4. Modeling the Crystallization Process of Reticular Materials: a
Highly Challenging Goal for Modeling

In this review, we discussed modeling techniques to model ex-
tended structures of already formed reticular materials, however
a highly challenging goal for modeling is to model the crystal-
lization problem of reticular materials. In contrast to the plethora
of literature available on the modeling of already formed reticu-
lar materials, the literature on the crystallization mechanism and
its characterization is much more restricted. Classical nucleation
and growth theories assume the formation of a rigid nucleus, fol-
lowed by the successive addition of building blocks.[581,582] Both
computational[583,584] and experimental[585–587] studies argue in
favor of the existence of non-classical nucleation and growth
pathways in all classes of reticular materials, although conclu-
sive evidence of the dominant pathway, either from compre-
hensive kinetic studies or precise microscopic imaging, is cur-
rently lacking.[588] As the largest and oldest subclasses of retic-
ular materials, MOFs and ZIFs are the main focus of recent ef-
forts to model the self-assembly process.[584,589–594] In the crys-
tallization process, the system is often assumed to obey Ost-
wald’s rule of stages,[595] sequentially evolving through all avail-
able metastable states. Contrary to Ostwald’s rule of stages, classi-
cal nucleation theory predicts a parallel and independent growth
of all possible phases.[596] Regardless of the serial or parallel crys-
tallization process, the system may become kinetically trapped
in a metastable state thereby arresting the formation of a ther-
modynamically more stable phase, which, as shown abundantly
throughout this review, may heavily depend on external stim-
uli such as pressure, temperature, and guest molecules. More-
over, the formation of strong bonds, in particular the strong co-
valent bonding in COFs, limits self-correction of the system dur-
ing crystallization, commonly referred to as the crystallization
problem.[597,598]

Additionally, from an experimental point of view, different
solvents have been shown to lead to different polymorphs in
MOFs,[599] ZIFs,[600] and COFs.[601] Therefore, accurately model-
ing the early stages of the reticulation process must account for

the solvent, yet explicitly including solvent molecules in the atom-
istic models quickly leads to an overwhelming amount of atoms.
On the other hand, the implicit inclusion of a solvent is a long-
standing open challenge in molecular modeling with frequent
new developments.[602,603]

Clearly, modeling the initial phases of formation of reticu-
lar material formation and crystallization is highly challeng-
ing, given the importance of the conditions, solvent and the
huge amount of possible pathways to be considered. There-
fore, modeling the solvent problem, serial and parallel polymor-
phism and defect healing are identified as highly challenging
areas in the modeling of the self-assembly of reticular building
blocks.

4.3. Final Remarks on the Past, Present, and Future of Modeling
Reticular Materials

We finalize this review by answering the question in how far
modeling fits in the technological innovation chain invoked by
reticular materials. In our opinion, we have currently reached the
phase of a synergistic modeling-experimental approach where
rational material design becomes within reach thanks to an in-
timate feedback loop between modeling and experimental in-
sights. In the future, virtual modeling experiments might hope-
fully be possible where also reverse engineering becomes possi-
ble, how can we design a reticular scaffold that shows the right
function for the right application. We intentionally use the termi-
nology scaffold to refer to the necessary larger macroscopic bod-
ies to be fabricated to integrate the reticular materials in techno-
logical applications. A major challenge for modeling is to step-up
towards modeling realistic crystal particles having a finite size,
with an external surface, a certain morphology, and shape. Hope-
fully, such virtual modeling experiments will enable predictive
modeling of functional reticular scaffolds. Furthermore, model-
ers should closely interact with the experimental community to
understand the boundaries of experimental synthetic procedures
and to validate their predictions. As mentioned in the introduc-
tion, reticular materials are situated at the crossroads of disci-
plines, and in our opinion major steps forward can be achieved
from collaborative efforts among theoreticians with various back-
grounds on one hand, among modelers and expert experimental-
ists on the other hand as well as among scientists crossing bound-
aries of chemistry, physics, computer science, and engineering.
In this sense, reticular materials and their design are a showcase
example of scientific progress among disciplines without bound-
aries.
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