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ABSTRACT: Owing to their molecular building blocks, yet highly crystalline nature,
metal—organic frameworks (MOFs) sit at the interface between molecule and material.
Their diverse structures and compositions enable them to be useful materials as catalysts in
heterogeneous reactions, electrical conductors in energy storage and transfer applications,
chromophores in photoenabled chemical transformations, and beyond. In all cases, density
functional theory (DFT) and higher-level methods for electronic structure determination
provide valuable quantitative information about the electronic properties that underpin the
functions of these frameworks. However, there are only two general modeling approaches in
conventional electronic structure software packages: those that treat materials as extended, periodic solids, and those that treat
materials as discrete molecules. Each approach has features and benefits; both have been widely employed to understand the
emergent chemistry that arises from the formation of the metal—organic interface. This Review canvases these approaches to date,
with emphasis placed on the application of electronic structure theory to explore reactivity and electron transfer using periodic,
molecular, and embedded models. This includes (i) computational chemistry considerations such as how functional, k-grid, and
other model variables are selected to enable insights into MOF properties, (ii) extended solid models that treat MOFs as materials
rather than molecules, (iii) the mechanics of cluster extraction and subsequent chemistry enabled by these molecular models, (iv)
catalytic studies using both solids and clusters thereof, and (v) embedded, mixed-method approaches, which simulate a fraction of
the material using one level of theory and the remainder of the material using another dissimilar theoretical implementation.
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1. INTRODUCTION
Since their conception,' metal—organic frameworks (MOFs) Metal-organic frameworks
have attracted practitioners from organic, inorganic, and .
. s 2—4 . . . . molecular solid-state

materials disciplines,” " each with a shared interest in physical TG 2 i
properties afforded by mixing multitopic organic linkers and packages d packages

metal ions or clusters (secondary building units, SBUs, or
nodes).”® The combination of SBUs with the multitude of
linkers has enabled a seemingly infinite landscape of materials
with modular properties,” all featuring one commonality:
crystallographically ordered void spaces.”” Porosity in con-
junction with functional MOF components catalyzed interest in
these materials as atomically precise pores enable a series of
heterogeneous gas storage'°~ '~ and separation technologies'”'*
as well as access to extremely high loadings of catalytically active
centers.”>™'® In more recent embodiments, exotic electronic
structures have been discovered,”™*" providing a foundation for
applications in high surface area electrodes in electrochemical
devices” ™" and as ordered arrays of qubits for MOF-mediated
quantum computing.”’~*> Clearly, their diverse composition
and structure enable a wealth of possible applications.

Many of these applications depend on the accessibility of the
pores; pore topology is largely determined by the shape, size, and
composition of the linkers.”** Of course, the node composition
and topology also play a determining role in the structure,”***°
but there are far fewer synthetic handles available to modify and
create novel inorganic clusters. Thus, the prediction of MOF
properties is well-suited to computation,® as we can rapidly
construct a large family of MOFs using only the geometry of the
SBUs and a nearly endless selection of linkers.”” Indeed, one of
the most elegant aspects of MOF chemistry is the ability to
transmetallate’ ™" and geometrically substitute one linker for
another of similar geometry**~*® enabling a broad §amut of
structurally related materials.”” Such isoreticularity™ " is a
cornerstone of the field®' ~>* and has been a key focus for several
years with notable successes (e.g, efficient absorption of
water,”* ™" and as site isolated catalysts®*~°).

Focusing on the organic and inorganic components
separately, there is a rich history of both molecular and solid-
state chemistries from which to draw insight. The design
principles that underpin these fields can also be applied to
MOFs, enabling subtle electronic control of the bulk MOF
properties; chemists can use pre- and postsynthetic design of
organic linkers to augment the properties of the bulk material.”'
The power afforded by constructing materials from molecules
should not be undersold; it is easier to modulate a molecular
property than it is to postsynthetically modulate a material
property. To illustrate this power, both the linker and the
inorganic node have been used as hosts for molecular catalysts
(an example is emphasized in the center of Figure 1).°%% The
paradigm of appending known, active, catalysts to MOFs, via
either linker functionalization®"® or node modifications,*®~"°

4,65
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Should MOFs be treated as
arrays of molecules or extended solids?

Figure 1. Metal—organic frameworks are uniquely positioned between
the molecule, A scale, and material, mm scale, and consequently behave
as both molecules and extended solids.

often only serves the purpose of supporting an otherwise
homogeneous catalyst.”' The fact one is able to append a
catalyst to the surface of a solid without grossIZ diminishing its
function highlights a key design principle:”* the electronic
structure of most MOFs does not impact the local electronic
structure of the catalytically active site, Figure 1. In other words,
from this limited perspective, most MOFs are not greater than
the sum of their parts, they are merely an array of ordered
molecules.

However, there are certain instances where the assembly and
composition of a MOF clearly does augment the electronic
properties of its constituents; they are more complicated than an
array of molecules. For example, the ionization potential of
benzene dicarboxylic acid is 9.9 €V,” yet when it is used to
construct Zn-MOE-5,"> Ti-MIL-125 (Materials Institute
Lavoisier),”* and UiO-66 (Universitetet i Oslo),”® three
examples of frameworks whose frontier orbitals are centered
on benzene dicarboxylate (BDC) ligand, BDC exhibits
ionization potentials of 7.3, 7.7, and 7.0 eV, respectively.”®
Given the energetics of the linkers are hence susceptible to
augmentation depending on the electrophilicity of the metal
ions/clusters, the assembly of the MOF itself can have an impact
on the electronics of the system, even if the states themselves are
largely localized. This enables oglportunities for MOFs in
optical””’® and photocatalytic’*™*" applications, where the
MOF structure and composition play a determining role in the
chemistry of the localized states.

Thus, by making the assumption that all MOFs feature highly
localized electronic states, we limit our ability to provide insight
into some of their properties, particularly for materials with high
levels of covalency at the metal—ligand interface® and for MOFs
that feature extended inorganic connectivity (e.g,, MOE-74%).
Consider the family of champion electrically conductive 2D
MOFs constructed from square planar metals and oxidized
planar hexatopic linkers. The most studied scaffold,
Ni, (hexaiminotriphenylene), (Niy(HITP),),**® only assem-
bles in the presence of chemical oxidants. Analyses of the
electronic structure have revealed that the emergent properties
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of the framework are difficult to rationalize from molecular
design principles alone, as the linkers should feature unpaired
electrons, but the MOF itself shows no EPR signal.85_87 Indeed,
it is more appropriate to consider these sorts of MOFs from a
solid-state perspective, where the orbitals delocalize to form
bands*®* and the symmetry of the crystal becomes important
for correct descriptions of electron energetics.

1.1. Are MOFs an Array of Molecules or Extended Solids?

It is the molecule/material duality of MOFs that places them in
the “nanoscale” gap, somewhere between molecule and material,
Figure 1. Beyond a few simple design principles (e.g., presence of
extended inorganic connectivity, stacking of conjugated linkers,
magnetism, etc.”’~"?), which clearly depend on extended solid-
state interactions, it is difficult to assess where the electronic
structure and physical properties of new frameworks will lay on a
spectrum between molecule and solid. This duality poses
challenges for modeling MOFs, where computational chemists
must make a decision to whether they model them as molecules
or extended solids.

Within the theoretical framework, the primary difference
between solid-state and molecular software packages is the
application of periodic boundary conditions.”® Practitioners are
thus presented with a modeling paradox: should the material be
treated as a bulk solid, in principle obtaining the correct
electronic structure but with reduced capabilities to compute
things like reaction transition states?”* Or should one save
computational time and model a truncated fraction using
molecular software packages, enabling a broader array of
computational tools and higher level of theory but perhaps
sacrificing a proper description of the electronic structure?””

Of course, the ideal model would be one that treats the MOF
as a periodic solid, but can readily apply high levels of theory
(typically limited to molecular software packages) to important
components in the material.”® Ultimately, the purpose of a
model is to help explain and predict experimental realities using
the smallest possible computational system. Hence, it is not
surprising that both molecular and solid-state modeling
approaches have been fruitful in the MOF field, as the scaffolds
may very well act more like one than the other. In this Review,
we canvas the application of electronic structure methods
applied to MOFs, examining both molecular and extended solid
approaches. Emphasis is placed on the methods used in a series
of landmark studies to outline a general approach to simulating
these complex, beautiful materials. We will discuss general
considerations for electronic structure theory (section 2), the
broad methods invoked when modeling MOFs as truncated
molecular clusters (section 3), and as extended solids (section
4), as well as specific calculation considerations in catalytic
studies (section S), and finally discuss the application of
multiscale and embedded modeling procedures (section 6).

2. GENERAL CALCULATION CONSIDERATIONS

Electronic structure calculations provide insight into chemical
systems at a fidelity that may be evasive with experimentation
alone. The reliability and robustness of the calculations depend
not only on the structure and identity of the chemical system but
also on the functional and basis set. To judge the accuracy of a
model, calculated results are compared with experimental or
higher level computational data”” (e.g., band gap for electronic
properties, bond length/angles and lattice parameters for
structure, or vibrations and formation enthalpies to investigate
stability).””” The interdependence of functional and structure
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poses a multifaceted challenge of functional selection to obtain
both realistic physical parameters and electronic wave functions.

By far the most important factor in obtaining reliable
computational data is using reliable atomic coordinates. As
such, it is good practice to perform electronic calculations on
structures equilibrated at that level of theory; small deviations in
atomic positions can result in large electronic disparities.'” Yet,
it is routine to report high-level electronic structure calculations
on geometries obtained using structures equilibrated at lower
levels of theory;'*"'?* we will later discuss the implications of
doing so, and why it has been so successful. Still, there are
reports of practitioners using experimental crystallographic
positions in density functional theory (DFT) models for large
and complex systems when computational equilibration exceeds
the abilities of the computational resources available; this has
proven useful in rationalizing experimental phenomena.'*>'%*
While none of these approaches provide the true ground state
electronic density associated with the terminal functional used
for the reported the electronic properties,'”” the models
themselves are reproducible and consistently provide useful
insights into the chemistry of both molecules and MOFs
alike, 101,106,107

Although one may become disenchanted with computational
approaches because, at face value, it would appear one could
“turn knobs” to recover essentially any desired result,
responsible benchmarking and control studies curtail problem-
atic model reductions and parametrizations. In reality, no DFT
approach is perfect because the nature of the functional that
recovers the exact density and energy is unknown and a vast
array of functionals and corrective terms exist simply to account
for deficiencies in the mathematical description of electron
exchange and correlation. But it is worth remembering what
modelers are trying to achieve; fundamentally, the primary
objectives of an electronic structure model are 2-fold: (i) be
reproducible, such that future studies invoking a published
methodology may build from past results, and (ii) effectively
describe the realistic chemical system in light of the various
approximations and additions that were chosen during model
construction. The many knobs thus exist because of the breadth
of physics present in MOFs. For example, it may be necessary to
add additional dispersion terms to recover computational lattice
parameters in highly conjugated frameworks that more closely
match experiment and spin—orbit coupling (SOC) may not be
important for tetrahedral Zn(II), but will certainly be needed for
tetrahedral Co(II).'*®

Of course, the basis set also plays a role in the accuracy of
computed properties. Here we will only make a few general
remarks but refer the interested reader to an excellent series of
previous works.'”~""* For polar compounds, and MOFs in
particular, it is important to describe the localization of electrons
and their polarization and diftusivity. To do so requires a basis
set of “sufficient size”, which refers to the minimum number of
functions necessary to accurately describe the shape of the
electron density. Basis functions themselves come in many
forms, the most intuitive being “atom-centered”,'?%1 14116
which construct molecular orbitals or bands from some linear
combination of atomic orbitals. In addition to inclusion of
valence orbitals, other functions can be added to describe diffuse
electron density far from the nuclei (useful for noncovalent
interactions and anions) and electronic polarization (arising
from chemical interactions between atoms with different
electronegativities). The most common basis in solid-state
calculations is a series of plane-waves,"'”"'® which simulta-

https://dx.doi.org/10.1021/acs.chemrev.0c00148
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neously enable the description of the bonding interactions
within the unit cell while also enabling sampling of long-range
interactions beyond the periodic boundary condition. The basic
assumption for the remainder of this Review is that a sufficiently
large basis set has been used to properly account for diffuse and
polarized electron density.'"”

One further assumption for charge analysis and other
postprocessing techniques is a preconverged wave function
generated from a self-consistent field (SCF) routine,"*% i.e., fora
given geometry, the electronic component of the Hamiltonian
has reached the minimum value within a certain tolerance. This
section will serve to detail several general considerations when
applying electronic structure theory to MOFs, including
functional and basis set selection (section 2.1), correctional
terms (section 2.2), and charge and spin analyses (section 2.3).

2.1. Functional Selection

DFT is founded on the theorems of Hohenberg and Kohn,
which purport that the energy of a chemical system is a direct
function of the ground-state electron density.'”" In practice, the
Kohn—Sham'** formalism is used to construct the ground-state
electron density of interacting electrons in a static external
potential from density functions describing individual, non-
interacting electrons. The main shortcoming of DFT, however,
is that there is no known functional that satisfies the Hohenberg
and Kohn theorem, and hence we are unable to compute the
exact energy or ground-state density of a system. Instead, a range
of available functionals exist that vary in their approximate
treatment of the exchange-correlation term of the Hamiltonian
(where exchange and correlation are purely quantum mechan-
ical effects that can be thought of as a repulsive and attractive
term, respectively); the challenge lies in identifying which
functional provides the best electron density or energy for a
particular chemical system based on the parameters considered
during functional construction and the dominant physics
present in the MOF. There is ongoing dialogue about the
relative advantages of employing a functional parametrized to
better approximate the “real” electron density, or “real” energy;
however, there is room in electronic structure modeling for both
philosophies.'**

Within the DFT construct, functionals are divided into broad
classes based on their treatment of the electron density gradient;
this hierarchy of electronic structure approaches is sometimes
referred to as Jacob’s ladder, Figure 2."*"'** The bottom rung of
the ladder begins with the local (spin) density approximation
(LDA, LSDA), which assumes a homogeneous distribution of
electrons throughout the material. LDA functionals therefore
are readily applied to metals, i.e., materials with nonzero density
of states (DOS) at the Fermi level (Ep), such as bulk platinum.
Some common LDA functionals include VWN'*® and PZ81."*’
However, it would be misguided to apply any variation of LDA
to the subset of metallic MOFs'” 287130 (e.g.,
Ni;(HITP),),**® despite their nonzero DOS at Ep. The
electron density is not homogeneously distributed throughout
the scaffold; the electron density on the Ni and N are vastly
different and the bond will be improperly described.

Instead, the generalized gradient approximation (GGA)
and related methods are applied to systems with varying electron
density (e.g,, molecules, MOFs, inorganic clusters, etc.). GGA
considers both the electron density and the gradient of the
electron density when recovering energetic values and hence
enables better descriptions of systems with inhomogeneous
charge density, such as metal—organic hybrids. Familiar “pure”

131,132

pubs.acs.org/CR
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Figure 2. Jacob’s ladder of functionals where accuracy increases with
computational cost. Some common functionals corresponding with
each rung are listed on the right.

GGA functionals include PBE'** and PW91,"** and these have
been widely invoked in both the molecular and solid-state
communities for both structure and derivative electronic
property analysis.>*'*

Still, the core shortcoming of all standard GGA approaches
(and DFT approaches in general) is their inabilitg to correctly
describe both electron exchange and correlation;'*° a variety of
more extravagant GGA methods combining progressively more
complicated mathematics have been implemented in order to
better describe these two key components of electronic structure
theory. So-called meta-GGA functionals (such as MO6-L"*” and
TPSS"*®) historically invoke both the first and second derivative
of the electron density to describe the system, while hybrid GGA
functionals include some amount of exact electron exchange as
computed with the Hartree—Fock exchange functional (HF).
The GGA functional PBE, for example, becomes the hybrid
functional PBEO'*” upon addition of 25% HF exchange. The
same functional can have a screened potential added, becoming
HSE06."*° Conversely, the most ubiquitous hybrid GGA
functional, B3LYP,'*" has components of exchange computed
with HF, LDA/VWN, and GGA/B,'** in addition to the
exchange and correlation computed at the GGA/LYP'** level.

Given the diverse library of functionals to choose from, it is
unsurprising that both experimentalists and theorists can feel
overwhelmed in the early stages of model construction. Indeed,
the most common practice is to invoke a well-documented
functional known to recover the appropriate electron density or
energy for similar chemical systems. With this in mind, hybrid-
GGA methods are widely viewed as the minimum level of theory
necessary to describe the electronic structure of systems where
exchange and correlation play a major role in the electronic
structure. This is particularly pertinent in MOFs containing
spin-polarized transition metals,'** where exchange interactions
not only play a leading role in the energy of the material, but also
define the nature of the frontier orbitals/bands, as well as the
band gap of semiconducting materials. In light of these
considerations, by far the most common hybrid functionals
used in MOF modeling are PBEO, HSE06, B3LYP, M06, and
variations thereof,'*® despite their significant increase in
computational demand."*®

Rather than boldly sticking with one functional, systematic
functional analyses may be performed to identify the optimal
exchange-correlation treatment for each material or study. DFT

https://dx.doi.org/10.1021/acs.chemrev.0c00148
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results can benchmarked to quantities derived from experiment
or higher level ab initio calculations such as band gap energy,'*’
ionization potential,'*® lattice parameters,”’ and formation
enthalpies.'*” One study monitored the incorporation of
bipyridine dicarboxylate (bipydc) linkers into UiO-67 (a
MOF formally made from biphenyldicarboxylate, bpdc) by
comparison of computed band gap and experimental lattice
parameter contraction. There, they found excellent agreement
between experimental lattice parameters and unit cells
optimized with the PBE functional corrected for solids
(PBEsol), Figure 3. In the same study, the PBEsol"* yielded

8.7 e 0% bipydc

o 16% bipydc
0 33% bipydc
@ 50% bipydc
© 66% bipydc
0 83% bipydc
e 100% bipydc

* Extrapolated
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o34 o
©

%

O
T 2.5{PBEsol

@©
D24
T
e
22 X
4720 4760 4800 4840 4880
Primitive Cell Volume (A3)

2.3

Figure 3. Linear correlation between computed electronic band gap
and bipyridine dicarboxylate (bipydc) incorporation in Zr-UiO-67. The
HSEO06 (top) and PBEsol (bottom) functionals show qualitatively the
same trend, but PBEsol consistently underestimates the band gap by ~1
eV. The gray star represents the extrapolated value derived from the
best fit line to account for a computational limitation. Data obtained
from ref 106.

consistently smaller band gaps than HSE06 (HSE06 was
routinely greater by ~1 eV), but qualitatively comparable trends
in electronic differences as a function of substitution are
observed. A similar conclusion was reached in another study
examining a larger selection of MOFs with an analogous metal
and ligand chemistry, Figure 4.'*’ The data in Figures 3 and 4
also highlight a common theme in the literature: GGA
functionals tend to underestimate both the experimental and
hybrid-computed band gap, and the addition of exact (HF)
exchanige is necessary to recover more realistic electronic band
gaps.””'~'>? In sum, assuming a sufficiently high-fidelity basis
set, pure GGA functionals are the lowest level of theory required
to provide a reasonable electronic description of most MOFs.
However, the recovery of experimental semiconducting proper-
ties requires the incorporation of some exact exchange.
Sometimes, however, the disagreement between experiment
and theory is more subtly hidden in poorly described
interactions such as long-range dispersion; the addition of
correctional terms can also help empirically tune a DFT output
to match an experimental data set or simply add additional
physics that may better describe the system. These additional
Hamiltonian terms will be considered in the following
subsections, as will eigenvalue alignment procedures that allow
energetic comparisons between quantum mechanical simula-
tions of chemically disparate MOFs.
2.2. Correctional Terms
Generally, computational chemists are more concerned with
trends than quantitative relationships, but there are circum-
stances where it is nice to have both qualitative and quantitative
predictive power such as obtaining both accurate lattice
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Figure 4. Computed electronic band gaps of HKUST-1, UiO-67, UiO-
66, Zn-BTC, and linker functionalized derivatives. HSE06 systemati-
cally predicts larger band gap energies than PBE, more closely matching
the experimental values. Data obtained from ref 149.

parameters and electronic band gaps. The exchange-correlation
functionals discussed in section 2.1 are known to overdelocalize
valence electrons and overstabilize metallic ground states, often
resulting in differences between experiment and theory.'>*
Correctional terms can mitigate this discrepancy, Broviding a
route to accurately reproduce material properties.”” However,
correctional terms are somewhat empirical and invoke mixed
opinions from theorists; they can help incorporate more
accurate physics and interactions into a model, but this comes
at the deficit of potentially overfitting parameters to a particular
material. Here we discuss two of the common correction
procedures, Grimme’s dispersion corrections (section 2.2.1)
and the Hubbard U model (section 2.2.2), which both feature
tunable parameters.

2.2.1. Grimme’s Dispersion Corrections. Both GGA and
hybrid functionals tend to underestimate van der Waals forces
that arise from long-range dispersive interactions.">® Indeed,
these forces play a critical role in the MOF field due to their
significant impact on crystal packing and physisorption.”” To
mitigate this deficit, dispersion correctional terms may be
incorporated with GGA and hybrid functionals. It should be
noted that dispersion corrections may lead to “double-counting”
correlation in strongly bound systems (i.e., unphysically high
repulsion at short interatomic distances), therefore damping
functions are included to counterbalance this effect.'>*"*°

Grimme’s dispersion methods, DFT-D2'®' and DFT-D3,"¢>
are commonly used to account for electronic dispersion; they
provide an empirical correction to account for long-range
Coulombic interactions otherwise unaccounted for in standard
Kohn—Sham DFT.'®® DFT-D2 only accounts for interactions
between all possible pairs of atoms in a material, while DFT-D3
also accounts for interactions across three atomic centers.'**
The various approaches to fitting the corrections parameters are
well—documented,lés_lé7 and numerous methods are available
to account for dispersion past the atom pairwise sum of

https://dx.doi.org/10.1021/acs.chemrev.0c00148
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Coulombic potentials performed in DFT-D. Although these
approaches are not common in MOF literature.'>

There are countless examples of both D2 and D3
incorporation in MOF modeling; here we select a handful that
are particularly pedagogical. Remembering that one primary
reason for the inclusion of dispersion corrections is to more
accurately recover geometric structure (which directly influences
the subsequent electronic structure), the application of these
corrections may be inspired by both structure and electronics.
For example, drastic temperature-dependent phase trans-
formations from narrow to large pore topologies in the “wine
rack” MOFs (e.g,, MIL-53)"°*"” are stabilized by dispersion at
low temperatures and entropic effects at high temperatures.'
One study theoretically examined dispersion interactions to
identify methodologies that replicate pore volumes in flexible
frameworks.'”" PBE-D3 with Becke—Johnson damping and
Axilrod—Teller—Muto (a three-body damping term) correc-
tions showed the best match with experimental structure
data.'”"'”* This computational methodology was also effective
in generating adsorption isotherms of methane on Zr-based
MOFs,'”® albeit at the cost of a significant increase in
computational time due to inclusion of additional CH,
molecules.'” "7

From an electronic perspective, the structure determines the
energies of the electrons. In a report by Zhao, Wang, and
colleagues, a mixed-valent Cu(I)—Cu(II) MOF was presented
for photocatalytic hydrogen evolution.'”® There, the PBEsol-D2
approach was used to recover an accurate geometric structure.
The HSEO06 functional was then used to obtain reliable MOF
redox potentials, thus rationalizing their catalytic observations.
Similarly, PBEsol-D3 was applied in a study focused on
elucidating the effect of hydroxamate groups as alternative
MOF connecting motifs on photocatalytic performance.'”’
There, dispersion corrections were used to improve the
description of the metal—ligand interfacial geometry.

These examples point to a more general theme, though;
structure is paramount in determining electron energetics, and
electron energetics are paramount for applications where
objective comparisons of electron energies are used to
understand reactivity and stability. As a result, dispersion
corrections are advantageous because DFT may struggle to
describe systems whose chemistry is dominated by weak
secondary interactions.

2.2.2. Hubbard U Correction. There is an erroneous self-
interaction of electrons in DFT that stems, in part, from
constructing the energy functional using single-particle spin
densities.'”>'”” Resultantly, two-body Coulomb interactions
between different electrons and self-interactions become
indistinguishable, causing artificial stabilization of delocalized
states.'” This effect is most evident in strongly correlated
systems such as those with unpaired electrons and localized d-
and f-electrons.'>* The exchange-correlation components of
functionals attempt to account for the self-interaction error
themselves, yet the energy may still be poorly approximated.181
One correction is to introduce a Hubbard U term on specific
atomic components; the procedure is generally referred to as
DFT+U."*

The U term accounts for possible repulsive forces between
atomic centers, which become relevant when changes in
oxidation and spin state, and reagent binding may be
important."* ™" In essence, the Hubbard U correction is an
attempt to account for the localization of electrons from
Columbic interactions,"***** which GGA and LDA functionals
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often fail to properly describe.'”* The Hubbard correction is
typically associated with correlation, yet it can also explicitly
account for onsite exchange, J.'”> Though generally, the effective
Hubbard U correction, U, is employed,

Ug=U+] (2.1)
such that U is functional and basis set dependent, and these
terms are not separated.196 The value of U, can be recovered in
several ways, including semiempirically tuning the value to fit an
experimental observable such as band gap.">" The use of U or
U is often ambiguous in literature, yet incorporation in the
Hamiltonian is identical; the inclusion of J can be implicit;
empirically tuned values would expectedly incorporate onsite
exchange, while this value may not be explicitly cited or known.

The transferability of the U parameter depends on the
similarity between chemical systems. U = 4 eV, for example,
known to provide a realistic description for transition metals in
oxygen environments,lg7 was invoked to appropriately account
for charge transfer when studying the oxidation of
Co4(NDC),DMF, (NDC = 2,6-naphthalendicarboxylic acid)
by L."”® However, the addition of a U term is largely empirical
and hence may accurately recover one electronic property at the
sacrifice of another."”” More robustly, U may be resolved from
self-consistent ab initio calculations™’ by the linear response
approach. In doing so, U is effectively determined by the
difference between the bare and screened second derivative of
total energy as a function of atomic occupancies™’' and may
even be computed using the self-consistent DFT + U
procedure.””

The linear response method of recovering ab initio U,¢ values
was invoked to study CO, binding with M-MOF-74 (M = Mg,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) in order to obtain a
reliable description of localized d-states in the transition
metals."*® The calculated values of U ranged from 10.4 eV
for Cu to 4.0 eV for V, effectively highlighting the importance of
deriving individual values for systems of interest; these values
were also consistently greater than empirically derived
parameters for the inorganic metal oxides (likely due to
differences in ligand field strength).203 Yet, Co-MOEF-74 can
be used as a representative example of how large changes in U
may still correspond to small differences in small molecule
binding energies. Over the range 0—5.4 eV, lattice parameters
and CO, binding energies were found to monotonically
increase, yet good agreement between theoretical and
experimental lattice parameters was found between 2 and 5 eV
and the overall increase in binding energy was only ~1 kcal/mol.
For reference, Uy was found to be 5.3 eV with the linear
response method. Still, the CO, binding energies computed with
the ab initio U corrections showed superior agreement with
experimental binding energies over empirically determined
parameters.

Similar to the inclusion of HF exchange, addition of a
Hubbard U parameter to the electron—electron interaction
energy can improve the agreement between theoretical and
experimental band gap values.””* However, rather than
universally, the U correction is atomistically applied. The
relative performance of U corrections and hybrid functionals
compared across a host of semiconductors and metal oxides
found that application of the U correction to only the metal
valence d-orbitals yielded more realistic band gap energies than
when the U correction was applied to both the metal and
nonmetal atoms.”’* Band gaps of open shell metal oxides were
always improved using such U corrections. Results were
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comparable to hybrid functionals, suggesting U corrections may
be an adequate alternative to the more computationally
intensive hybrid counterparts for this system.

It is by no means gospel that the addition of a U term can
replace the electronics obtained using hybrid functionals. The U
parameter magnitude massively impacts the electronic band gap,
as seen by increasing the value of the Hubbard U parameter from
0 to 4 eV, which causes massive perturbations to the band
diagram of Fe;(HTB), (HTB = hexathiolbenzene, Figure 5).29%

K MM

K M
Figure 5. Fermi-aligned electronic band structures for Fey(HTB),
calculated with PBE + U. Increasing values for the Hubbard U
parameter significantly perturb the frontier electronic states associated
with the square planar Fe(II) atom. Reproduced with permission from
ref 20S. Copyright 2019 Springer Nature Limited under CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/.

In a separate study, band gaps computed with PBE+U and
HSE06 were compared, Figure 6.>°° Spin polarized calculations
were performed to account for the open shell character of the
Cu(II)-3d° shells and antiferromagnetic coupling between

Total DOS Cu spin channel A Cu spin channel B
|
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Figure 6. Comparison of density of states (DOS) of HKUST-1
obtained with DFT + U and HSE06. Both functionals produced similar
DOS, however, hybrid/HSEO06 yielded a larger band gap than DFT + U.
Adapted with permission from ref 206. Copyright 2015 AIP Publishing.
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geminal metals were described using the broken symmetry
approach.”®” Although the DOS profiles constructed with each
approach were very similar, the band gap at I" estimated by PBE
+ U (U= S5 eV for the Cu 3d electrons) is approximately half of
that estimated by the HSE06 functional.

With regards to band gap underestimation, systems whose
band gaps are poorly recovered by functionals that exclude HF
exchange may be subject to a mixed theory or postprocessing
strategy sometimes referred to as the “scissor operation”.””* In
effect, the procedure is a rigid shift of the computed conduction
band energetics to either match experiment or higher levels of
theory. The approach itself is predicated on the rigid band
model; most bands in materials do not significantly change
shape as a function of functional.”*”*'" Thus, a rigid shift is
applied to the conduction band minimum (CBM) computed
using pure GGA such that it is aligned to the CBM obtained
from a hybrid functional or experimental measurement.”"' This
strategy was invoked for DOS plots constructed to study the
locality of photogenerated electrons and holes in Fe substituted
Al/Zn porphyrinic MOFs as a function of metal location,
identity, and coordination sphere.”'” PBE + U was employed but
HSEOQ6 recovered a wider band gap; the band edges of the PBE +
U band structure were thus aligned according to the hybrid band
gap energy. Partial substitution of Al with Fe was found to
provide the optimal band gap to encompass the appropriate
electrode potentlals for oxygen evolution and hydrogen
evolution reactions.”'” Generally speaking, the scissor operation
is less favorable than more involved corrections because it lacks
any predictive capabilities and is instead invoked only to make
band gaps appear to be quantitatively recovered.

In sum, dispersion corrections like the Grimme method-
ologies have been found to effectively recover both the structure
of systems with weak long-range or secondary bonding
interactions like redox coupling and 7-interactions lost by the
spatial restrictions necessarily applied to the complex functions
and an enhanced electronic description of semiconducting
properties. The Hubbard U correction offers a more targeted
approach that has also demonstrated the capability to overcome
DFT approximations.

2.3. Computational lonization Potentials

Beyond the electronic band gap, another fundamental chemical
property that provides insight into MOF utility is the ionization
potential. Unlike energetics obtained using molecular models
paired with Koopmans™'® or Janak’s'® theorems (which
essentially state that the eigenvalue associated with the highest
energy electron is equal to the ionization potential, Figure 7a),
the eigenvalues of the highest occupied band in solid-state
calculations cannot be directly used as approximates for the
ionization potential of the material. Eigenvalues recovered from
molecular modeling software are intrinsically referenced to the
electrostatic potential of 0 eV, i.e., vacuum, because no spatial
limitation is applied to the decay of the electric field. On the
other hand, solid-state models include a system-dependent
uniform background potential that augments eigenvalues.
Models that invoke periodic boundary conditions require the
addition of a background potential in order to dampen the
effects of propagating a unit cell with a nonzero electric field.
The Vienna ab initio Software Package (VASP),"' 2157217 ap
example of a common solid-state software package, reports band
energies with respect to the average potential of the unit cell,
rigidly altering energetic eigenvalues based on system-depend-
ent chemical potentials.

https://dx.doi.org/10.1021/acs.chemrev.0c00148
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Figure 7. A comparison of vacuum alignment approaches to recover the ionization potential of materials. (a) A molecular subcomponent of the MOF
is cleaved and the ionization potential of the bulk is estimated from the HOMO energy obtained in molecular modeling packages. (b) Using a “slab”
model, a dipole neutral surface is cleaved and the reference potential is obtained in the vacuous space. (c) Using the internal vacuum within MOFs

enables a dipole-free recovery of the work function.
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Figure 8. Linker functionalization in cerium containing variants of UiO-66 was shown to modulate the oxidative and reductive band-edge potentials
giving access to a MOF that is capable of bother the hydrogen evolution and oxygen evolution reactions. Other redox potentials can then be coaligned.
Adapted with permission from ref 222. Copyright 2018 American Chemical Society.

In principle, if every atom in a discrete MOF particle was
modeled in molecular software packages, then the ionization
potential could be recovered from a single SCF procedure.
Unfortunately, the electron count would make the calculation
impossible. Further, the chemistry of crystallite termination is
often unknown. There are obvious advantages to simulating the
bulk of a MOF by invoking periodic boundary conditions;
however, the consequence of this approach is that the
eigenvalues recovered from periodic DFT are not referenced
to an internal standard of 0 eV. Quantitative comparison
between DFT results obtained for systems with any difference in
chemical potential (even something as simple as the addition of
a H atom) must be referenced in some way, e.g, to the
background potential or an empirical value such as an
experimental potential or work function.'*” Alternatively, one
could truncate the MOF to some representative molecule and
perform a molecular calculation on the fragment (section 3), but
thorough benchmarking is necessary to ensure the model is
sufficient.

The simplest approach to compare differences in electron
energetics of periodic systems is to align the energy axis to the
Fermi level.***'*~*! However, the Fermi-aligned approach is
not overly helpful in most cases because it does not
unequivocally separate whether the chemical perturbation
affected the valence or conduction band energies. For example,
it is not immediately clear whether the addition of an amino
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group added to a BDC will destabilize the valence, or stabilize
the conductions bands, and Fermi level alignment does not
conclusively answer that question.””” This however can be
answered if the scaffold is aligned to the vacuum level.

While there are countless alignments one could chose (e.g.,
the standard hydrogen electrode, the Ag/AgCl potential, etc.),
by far the most convenient is alignment to the vacuum level via
the background potential. In conventional solid-state modeling,
i.e,, purely inorganic crystalline materials, the typical approach
for recovering the background potential energy is to define a
crystallographic surface by including enough empty volume in
the unit cell for the electrostatic potential to plateau to a
constant value; the plateaued potential indicates the region of
the unit cell where the potential is solely defined by the uniform
background potential and therefore equal in value.”*® This
potential can then be deducted from all eigenvalues to obtain
their value with respect to a potential that represents vacuum,
Figure 7.

Critically, the surface cleavage approach comes with three
main challenges: (i) the surface must be dipole neutral to
recover a nonvarying potential in the vacuum region of the
cell,*® Figure 7b, (i) formation of crystallographic surface
induces restructuring of the surface,””* and (iii) the large
requisite slab models make computational procedures quite
time-consuming. Zhao and colleagues managed to account for
all of these effects by resolving the surface of an unsaturated Ni/

https://dx.doi.org/10.1021/acs.chemrev.0c00148
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Co bimetallic MOF nanosheet.”*> Crystal morphology was
experimentally studied using both ex situ and in situ X-ray
absorption spectroscopy (XAS) to determine the nature of the
dominant exposed surface facet, and TEM measurements were
matched to theoretical lattice parameters. Extended X-ray
absorption fine structure (EXAFS) data was used to match
model thickness and determine the nature of coordinatively
unsaturated surface sites. K-edge X-ray absorption near edge
spectroscopy (XANES) was performed for each heavy element
to further corroborate the nature of coordinatively unsaturated
surface sites. The surface model was then created by replicating
the coordination number and oxidation states of surface sites
deduced from this barrage of experimental methods and
comparing the relative stabilities of each model. Clearly, this is
an intensive and dedicated process but is also one that is
somewhat misaligned with the general application and design of
MOFs; synthetic groups, in particular those who examine
catalysis in MOFs, invoke that catalysis is happening within the
MOF at atomically precise sites in the bulk. Hence, it is not the
surface of the crystal that is necessarily understood but rather the
electronic structure of the material viewed from within the pores.

Conveniently, although it is difficult to describe the nature of a
crystallite surface, the high symmetry of MOFs complimented
by their large pores often yield a sufficient internal volume to
identify the background potential, enabling a vacuum alignment
from within, Figure 7c."*" Indeed, this method is robust for pore
diameters greater than S A and enables powerful predictive
capabilities for redox active catalytic MOFs**® that will be
discussed further in section 5. Illustratively, this alignment
approach enabled the screening of linker functional groups in
Ce-containing MOFs for the photocatalytic water-splitting
reaction, Figure 8.°”**” The solid-state application of Janak’s
theorem is achieved by subtracting the electrostatic potential of
the pore from the valence band eigenvalues. In doing so, the
valence band maximum (VBM) and CBM can be aligned to the
vacuum level, granting access to direct comparison with other
reaction potentials such as water oxidation and hydrogen
reduction. Conduction band edges above the reduction
potential of the acceptor and valence band edges below the
oxidation potential of the donor indicate that, under the ideal
model conditions, the desired electron transfer processes should
be achieved upon irradiation. Indeed, many systemic DFT
studies on MOFs center around the effect of metal identity on
bulk properties such as the band gap and band edges.”'”***~>%

In sum, the confines of a unit cell coupled with the self-
consistent nature of DFT yields arbitrary eigenvalues if the
internal energy is not referenced to a known potential.
Unreferenced energies limit energetic comparisons to MOFs
with identical chemical potentials (i.e, compositions). At
minimum, Fermi-aligned potentials enable comparison of
relative internal energy gaps, however, vacuum-aligned electron
energies enable the screening of materials for semiconducting
applications.

2.4, Charge and Spin Densities

Previous sections were generally concerned with the computa-
tion of electron potentials, another critical outcome of electronic
structure modeling is identifying where in the crystal these
electrons are localized. Spin density, and more generally charge
density, are useful parameters that enable quantitative analysis of
electron density throughout chemical systems. While we will
present a brief overview of this concept and its application to
MOF modeling, we point the more interested reader to reviews
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that discuss the topic in-depth.'”'®” Here we examine the

partitioning schemes employed to assign an identity and
parentage to charge density in chemically interacting systems
to highlight the utility of the familiar approaches (Mulliken,
Bader, and Natural Bond Orbital (NBO) analyses, as well as
Charge Model S) and their application to MOFs.

2.4.1. Spin Polarization. In the simplest closed-shell (or
restricted) implementation of DFT, electrons are assumed to be
fully paired. Unless otherwise stipulated, electronic spins are
forced to be collinear, i.e., either “up” or “down”. Obviously this
poses problems when modeling materials featuring components
with uneven numbers of electrons.”®’ Indeed, many MOFs
contain unpaired electrons hosted on transition metals, and
these systems require a spin-polarized approach that effectively
doubles the size of the Slater determinant (and hence the
computation time). All conventional modeling packages offer an
input setting to enable spin-polarization, which can of course be
applied to systems that inevitably converge to closed-shell
structures.

Locally, transition metal nodes in MOFs exhibit d-orbital
splitting analogous to that observed in small molecule chemistry.
The extent of this splitting depends on the ligand field created by
the linker, hence the linker is also responsible for determining
the magnetic properties of the MOF. In principle, all spin states
should be possible, assuming synthetic chemists can design
linkers with sufficiently small fields. Electrons in d-orbitals are
highly sensitive to ligand geometry, and there is at least one
example of a temzperature—induced spin-transition in an Fe-
containing MOF,*” Figure 9. Transitions from spin-paired to
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Figure 9. Transition metal d-orbitals split in the presence of ligand
electric fields. The extent of splitting dictates the spin state of the metals
and, owing to the diversity of ligands available, both high and low spin
Fe(11)***~** and high spin Fe(111)*****? are known. Low spin Fe(III)
is observed if a sufficiently large ligand field is used to construct the
MOE.24°

spin-polarized commonly cause modeler headaches, and it can
be extremely helpful to have some prior estimate of the spin state
from experiment (using techniques such as magnetometry, EPR
or Mossbauer spectroscopy). In the absence of experimental
characterization of the oxidation and spin state, it is important to
examine all possible spin orientations for systems containing
atoms other than d° and d'° metals or radical linkers. The
simplest and most robust approach to elucidating the spin-state
of a material with DFT is to rigorously sample all electronic
orientations and compare the total energies; the lower energy
structure corresponds to the ground state.”””***

As a direct consequence of building materials from transition
metals, unpaired metal-centered electrons may engage in weak
magnetic coupling. While their ordered magnetic interactions

https://dx.doi.org/10.1021/acs.chemrev.0c00148
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are temperature dependent, and almost all MOFs are disordered
at room ternperature,z‘”_245 the electronic configuration has a
major impact on the computed DOS and band gap in static
DEFT. Spin-structure is extremely sensitive to chemical geometry
(e.g, bond length), thus given static DFT is effectively
temperature independent, the relative stability of magnetic
ordering obtained through such models may not be indicative of
the magnetic ground state at room temperature. Indeed, the
weak magnetic coupling associated with MOFs yields low Curie
temperatures (temperature of magnetic ordering <200 K).>'%24!
Strongly coupled magnetic systems are attractive for power
transfer applications, but direct magnetic exchange requires
overlap between the electronic wave functions of two magnetic
sites and MOFs are typically low-density materials. For example,
while the Cu—Cu dimer in HKUST-1 is antiferromagnetically
coupled, longer range paddlewheel-to-paddlewheel internode
distances exceed 8 A, far too long-range for any appreciable
magnetic ordering.”*®

To assess the strength of interactions between spin-active
centers, the coupling constant (J) between neighboring centers
can be recovered either by invoking spin Hamiltonians such as
the Ising and Heisenberg—Dirac-van Vleck models**"~**° or the
broken symmetry approach, which invokes a spin-polarized
formalism and constructs a broken symmetry solution for the
low-spin state.”>" Broken symmetry states are not pure spin
states but rather mixtures of the low- and high-spin states.”>>
The broken symmetry approach recovers | by constructing a
state of mixed spin symmetry (and reduced spatial symmetry)
and a reference pure spin state to evaluate the extent and phase
of interactions.”””***~*** If ] > 0, ferromagnetic pairing of spins
is favorable, if ] < 0 antiferromagnetic spin coupling is favorable,
and if ] = 0 neighboring spins are noninteracting,**®

Truly disordered paramagnetic behavior is difficult to account
for, Figure 10. Although modeling disordered spin provides little
insight into chemical systems, there are certainly circumstances
where unpaired electron spins align off-axis, i.e., noncollinear
spins, a phenomenon induced by SOC.**” While SOC effects
may break the degeneracy of one-electron energy levels, they are
typically eclipsed by the magnitude of other electronic
interactions and therefore provide only a negligible contribution
to the electronic structure.”® Indeed, SOC greatly increases
computational cost. Thus, SOC effects have largely been
reserved to study exotic magnetic properties such as the
quantum spin hall effects found in MOF-based Kagome
lattices.”*”*°° SOC should likely be applied to systems
containing Co(I1)**" or heavy metals, however this is
infrequently performed in literature.

Unless we know otherwise, spin-polarized MOFs are generally
first modeled as ferromagnets. A comparison of fully geometri-
cally equilibrated ferro- and antiferromagnetic structures are
required to assign the ground-state spin structure. Furthermore,
resources often limited modelers to one computational cell: this
poses a challenge when modeling materials whose magnetic
ordering permeates further than one cell or for cells containing
an odd number of metal ions. In other words, it is always possible
to model a spin-polarized system in a ferromagnetic form, but it
is not always possible to model it either noncollinearly or
antiferromagnetically. To be clear, the shortcoming in treating
noncollinearity, and magnetism in general, is not related to the
theory itself, but rather the system size; given unlimited
resources SOC could (theoretically) be applied to MOF
supercells as necessary to describe off-axis spin-disorder.
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Figure 10. While there are a multitude of electronic configurations
available in spin-polarized MOFs, generally the MOF is either modeled
as a ground state antiferromagnet or ferromagnet. Shown is the 2D
plane of carboxylate-bridged Co in Co(adipate), a ground-state
antiferromagnet with magnetic ordering shown in the top right. Data
obtained from ref 262.

In sum, MOFs featuring open-shell chemistry require spin-
polarized computations to account for the unpaired electrons.
The locality and concentration of spin and, more broadly, charge
density throughout a MOF has implications for charge transport
(where charge should be delocalized),”®* as well as catalytic and
luminescent applications (where charge should be localized).>**
To deduce the magnitude and density of atomistic charges,
partitioning schemes must be applied to assign electron density
from bonding areas to distinct nuclei (section 2.4.2).

2.4.2. Charge and Spin Analysis. Spin analyses, which
specifically examine the locality and energy of unpaired
electrons, are made possible by the general methods that
examine the charge density (ie., electron density). Charge
analyses reveal the spatial concentration of charges within
chemical systems, providing critical insight into oxidation states,
extent of charge delocalization across dissimilar components of a
material, as well as charge transfer events, etc. Either spatial or
relative electron density partitioning schemes are applied to
charge densities extracted from standard self-consistent field
procedures; however, considering charge density is a continuous
function of position, its partitioning in a bonded material is an
inherently qualitative task. Most methods based on rigid cutoffs
for atomic radii fail in the presence of strongly ionic or highly
covalent bonding where their approximations break down.**>>%®
Nevertheless, the electronic insight afforded by charge analyses
is continuously valuable for materials development, such as
tuning interaction strengths between lattice components and
adsorbates®®” or providing a measure of Lewis acidity to refine
catalytic performance;”*® even with systematic errors, relative
trends can be elucidated by comparing the change in charge
density of different components in the material.

Mulliken Analysis: Mulliken charges arise from Mulliken
population analysis; this orbital-based protocol deconstructs the
electronic population surrounding a nucleus into atomic orbitals
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and overlap populations.”® Effectively, the charge associated
with each atom, and the density shared between atoms, are
found by projecting the wave function onto an atomic-centered
basis set. Naturally, Mulliken charge analysis is very efficient for
highly ionic species, where the electron density is highly
localized in certain regions in the crystal.

Mulliken charges obtained using the CHelpG method have
been shown to be reliable for determining electrostatic potential
charges.””® Li and colleagues applied this pairing to assess
changes in charge density on the heteroatoms of the fluorescent
ligands in BUT-12 and BUT-13 with and without methyl
substituents.””" The analysis revealed that the methyl groups
increased electron density at the carboxyl oxygen atoms, thus
increasing the strength of Zr—O bonds and presumably
hydrolytic stability, necessary for the detection and removal of
antibiotics and organic explosives from water.

In another example by Farha, Hupp, Gagliardi, Cramer, and
colleagues, Mulliken densities were used to evaluate the extent of
spin delocalization in cobalt sgecies deposited on NU-1000 as a
function of oxidation state.”’” The authors aimed to compare
activation barriers for competing radical processes during the
oxidative dehydrogenation of propane to propene. Exploring
oxidation states from Co(IV) to Co(II), a quartet Co(III) center
with an accompanying oxo-radical was identified as the lowest
energy spin-state, consistent with experimental XANES spectra
of the activated system, Figure 11. The rate-determining step

b | Co(dorbial) Sj; (p-orbitals)
CO(IV)_r_f_f_f_f _f_H_f
Co(lll) EEEIE EEE
Co(ll) EEEIE ETE

spin density: 289 (Go) 2,04 (00709
Co(lll) _rL_f_f_ _H_f_f

spin density: 2.04 (Co)

Figure 11. Spin density localization can be computed quantitatively
with partitioning schemes such as Mullliken analysis to elucidate spin-
configuration of delocalized systems. Here, various oxidation states of
Co grafted to the node of NU-1000 were examined, the lowest energy
configuration is presented in red. Adapted with permission from ref
272. Copyright 2016 American Chemical Society.

was found to be mediated by a radical base,”’> prompting a
follow-up study that also invoked Mulliken spins but to assess
how promoter ion Lewis acidity affects the nature and activity of
Co active sites.”””

Charge Model §: Charge Model 5 (CM5)*"* derives partial
atomic charges from Hirshfeld population analysis and is also
capable of recovering both spin and charge density. Unlike
Mulliken analysis, which recovers charges from partitioning with
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the basis set, Hirshfeld analysis relies on the separation of the
electron density in real space.””> Hirshfeld populations are
derived through electron density perturbation by comparing (i)
the ground state free atom, (ii) molecular electron density, and
(iii) “pro-molecule” electron density, which is the electron
density of free atom electron clouds centered at the DFT
optimized atomic positions (i.e., the atomic electron density
associated with, but unperturbed by, the crystallographic
arrangement).

CMS was applied to assess the effect of appending Ni(II)
olefin oligomerization catalysts to the NU-1000 node decorated
with electron-withdrawing chelating ligands.””® To achieve
higher resolution charge density gradients, a single point
calculation was performed with a larger basis set. Experimentally,
selectivity for C, products increased with chelate inclusion;
mechanistic analysis showed increased activation barriers for
C—C coupling and thermodynamic favorability of 1-butene
release. The CMS analysis revealed charge density reduction
from both the linker oxygens and zirconium with a concomitant
increase in charge associated with oxygen atoms that correlated
with the electron withdrawing ability of the added node ligands
((OH),(H,0), < (acac), < (Facac),, where acac
acetylacetone; Facac = hexafluoroacetylacetone); the authors
rationalize that increased Lewis acidity as well as ligand
reorganization modulates the catalytic cycle.

In a separate study, CM5 was implemented in the study of
Fe(Il) adsorption sites in MIL-100, —101, and —808 that
catalyze the oxidation of alkanes to alcohols.””” The reactivity of
each framework toward oxygenation (formation of Fe(IV)=0
from Fe(II) with N,O as the oxidant) correlated with the partial
charge on the central oxygen of the inorganic cluster, Figure 12.
The spin densities of the Fe(IV)=0 species in all frameworks
were within tenths of an electron of each other and their
differences were deemed neglibile, independent of the crystal
connectivity and composition.
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Figure 12. (a) Cluster model for the node of MIL-100 capped using six
formate groups for the study of the hydroxylation of ethane to ethanol
and methane to methanol. (b) The conversion of divalent Fe(II)
species to Fe(IV)=0 species by N,O. (c) Reaction enthalpy (for b) vs
the charge of the central oxygen of the cluster (Label in red in all
structures. All metal ions are in blue, M1 and M2 can be Fe, Al, or Cr).
Adapted with permission from ref 277. Copyright 2019 American
Chemical Society.

https://dx.doi.org/10.1021/acs.chemrev.0c00148
Chem. Rev. 2020, 120, 8641—8715


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00148?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00148?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00148?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00148?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00148?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00148?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00148?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00148?fig=fig12&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00148?ref=pdf

Chemical Reviews

pubs.acs.org/CR

Bader Charge Analysis: The Bader analysis is based on the
quantum theory of atoms in molecules””***" and is one of the
more popular methods because it does not apply a rigid radius
for all atoms and therefore recovers system-dependent atomic
volumes.”**™2%¢ TIts success is, in part, attributed to the
availability of open-source postprocessing packages that read
standard DFT outputs. The Bader volumes, i.e., the regions of
density assigned to each atom are apportioned using zero flux
surfaces in the electron density gradients.”® The modern Bader
method uses a grid-based numerical algorithm to track electron
density gradients in DFT-generated charge densities.””’ % A
variety of different grid methods have been developed to identify
the zero flux gradients;m_301 the on-grid method is presented
in Figure 13. Conveniently, postprocessing tools exist for the
implementation of Bader charge analysis on both periodic***
and molecular (cluster) systems.**'
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Figure 13. An illustration of the steepest ascent paths (a) on a charge
density grid to find the Bader volumes using the on-grid analysis
method. The ascent trajectories are constrained to the grid points,
moving at each step to the neighboring grid points toward which the
charge density gradient is maximized. Each trajectory either terminates
at a new charge density maximum, or at a grid point which has already
been assigned (b) the Bader volume is then created by collecting all grid
points assigned to a corresponding maximum (m, and m,) separated by
Bader surfaces (purple curved line). Image created with the artistic
guidance of G. Henkelman.*”’

Among the countless examples of Bader analysis applied to
MOFs,*?>3037306 ye highlight perhaps the most obvious case:
monitoring the change in charge density with chemical
functionalization. Bader analysis provided an electronic handle
to monitor the change in charge density of pendant hydroxides
in an InO,(OH), cluster in MIL-68(In). This MOF was
reported to catalyze the conversion of CO, and epoxides. The
reaction mechanism is known to proceed by CO, activation via
adsorption at these basic sites and changes in the Lewis basicity
of the —OH directly augment the rate and selectivity of the
transformation. After NH, functionalization, Bader charge
analysis of the OH indicated an increased O charge density,
which was then used to rationalize the increase in rate of cyclic
carbonate formation.*"”

The same Bader procedure was used to monitor O, reduction
at coordinatively unsaturated metal sites in a family of
structurally similar MOFs.>*® The relative redox activity of the
open metal sites as a function of (i) linker functionalization, (ii)
anion exchange of bridging ligands, and (jii) changes in the
formal oxidation state of the metal center. The relative
propensity for O, reduction was quantified by comparing the
Bader charge on the oxygens of O, adsorbed to each MOF with
that of the oxygen atoms in H,O,, H,O, and free O,. Selective
binding of O, over N, was identified for all MOFs, except those
containing v(1I).

In essence, Bader charge analysis is a measure of relative
orbital localization. It is therefore helpful in identifying the
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oxidation states of metal centers and may provide a better
description of delocalized systems than the preceding methods.

Natural Bond Orbital (NBO) Analysis: Contrary to Mulliken
(rigid radii) and Bader (system dependent radii) analyses,
natural population analysis (NPA) considers the electron
density distribution of a system by constructing its own
orthonormal natural atomic orbitals (NAOs) directly from the
density matrix.”” Natural orbitals are required to be
orthonormal and have maximum occupancy to acquire compact
expressions for atomic and bond properties.”'’ NAOs differ
from standard atomic orbitals (AOs) because their spatial
diffuseness is optimized for their electronic environment (e.g.,
orbitals are contracted in cationic regions and expanded if a
region is more anionic). Local inhomogeneity in charge is thus
accounted for without the use of multiple additional basis
functions and eliminates the basis set dependence of Mulliken
and Hirschfeld population analysis methods.”*

Building off this approach, NAOs can be used to construct so-
called natural bond orbitals (NBOs). NBOs are localized
electron pair orbitals for bonding and lone pairs (as well as their
corresponding antibonding states); as such, these orbitals lie
between AOs, obviously localized on atoms, and molecular
orbitals (MOs), delocalized over the whole molecule.”'’ Thus,
NBOs have the advantage of aligning with Lewis structure
bonding patterns that are the typical qualitative understanding
of bonding.*"" These orbital sets are constructed from a series of
transformations from the input basis set; first to NAOs, then
natural hybrid orbitals, which construct the NBOs.”"*'* This
series of transformations can be helpful in understanding
backbonding,313 charge transfer,>'* H-bonding and van der
Waals complexes,”'® hyperconjugation,”’® and other general
intermolecular interactions. While originally employed for
molecular systems, NBO analysis has been extended to plane-
wave DFT for periodic systems.”'®

While NBO is a partitioning scheme generally used to
examine bonding patterns, it is also a useful method to elucidate
local charge effects. For instance, the Lewis acidity of open metal
sites was investigated with NBO charge calculations on cluster
models to develop an understanding of catalytic transformations
in Cu,(BTC); and CuMIPT (MIPT S-methylisophtha-
late).”"” A larger reduction in NBO charge on copper upon
CO binding was observed for Cu,(BTC),, indicating that
CuMIPT is not as Lewis acidic. Either the reduction in
symmetry or loss of the weak activating group diminished the
electron donating ability of carboxylates in CuMIPT. A separate
study used atomic charges from NBO to understand the
different catalytic reactivity of square planar Cu(II) centers in
oxygen and nitrogen environments toward 1,3-dipolar cyclo-
addition or “click” reactions.”’® Each MOF showed nearly
identical Cu charge densities yet MOFs with CuN, demon-
strated superior activity to CuO,-containing MOFs. The authors
suggested that changes in reactivity could be attributed to the
ligand field and the donor atoms’ propensity to H-bond. CuO,
has a stronger affinity for water and showed the longest catalytic
induction period.

In summary, numerous charge partitioning procedures are
available, and their pairing with high resolution quantum
mechanical analyses enables the quantification of atomic charges
in bonded systems that provide insight into a variety of chemical
properties in MOFs. Still, charge analyses are most effective
when monitoring changes in charge, rather than absolute charge.
The subsequent sections of this review examine the application
of these approaches through the exploration of two modeling
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Figure 14. Various clusters used in computations of catalytic and photophysical transformations in MOFs. (a) HKUST-1 has been modeled using a
single node passivated with protonated benzene tricarboxylic acid motifs, as well as formates. Furthermore, internode interactions have been captured
by truncating to include two nodes. (b) UiO-66 is widely thought to be an ideal support for catalytically active metals by atomic layer deposition onto
the nodes surface. There, the electronic structure of the ZrO motifs is relatively unperturbed by formate vs benzoate passivation, and models instead
vary based on the extent in which they include the pseudopore created by the benzoate pocket. (c) Some models conjecture that the operative physics
and chemistry of the MOF can be described entirely by a free ligand. The simplest cluster extraction is one that yields a free, protonated linker and its
appendages. (d) Instances where the electronic structure of the linker is dependent on the chemistry of the nodes truncate to a full linker bound to all
inorganic components. (e) Some studies include both complete nodes and linkers, in order to capture photophysical transformations that involve both

the metal and ligand.

paradigms in the MOF community: the treatment of MOFs as
molecules and, separately, as solids.

3. MOLECULAR MODELING OF MOF CLUSTERS

MOFs with localized electronic structures, i.e., those that are
acting more like an array of molecules, are routinely modeled by
extracting a fraction of the extended solid and treating it with a
high level of theory as implemented in molecular modeling
suites.”'” There is an advantage to modeling a MOF as a
truncated molecule: computational complexity scales with the
number of electrons, (e.g,, O(n®) for GGA, O(n*) for hybrids).
However, the process of extracting a fraction of atoms from a
MOF reduces the periodicity of the system and mandates some
form of passivation. The chemical decisions made in this
approximation are hence a possible source of systematic error;
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careful benchmarking and vibrational analysis should comple-
ment truncation procedures. Furthermore, this approach is
obviously less applicable to MOFs with delocalized electronic
structure or scaffolds whose properties arise from extended
symmetry (e.g., magnetism, conductivity, radical delocaliza-
tion).”*” Still, reducing model size and eliminating periodic
boundary conditions broadens the applicable methodologies for
examining chemical properties. This procedure is utilized when
subtle local changes that occur in electronically localized
scaffolds are more important than bulk stabilization effects,
such as changes in charge and bonding over the course of a
reaction.

Even at the best of times, MOF nomenclature is problematic,
and these issues are amplified when talking about molecular

truncations of bulk structures, termed “cluster models”. To
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clarify, when discussing the size and types of models used for
molecular modeling, the term “cluster” refers to any subsection
of the MOF that contains at least one chemically complete motif
(i.e., a fraction of the framework that, at minimum, contains a
complete node, linker, etc.) rather than to the inorganic
component of the material. For example, both a single metal
node surrounded by truncated linkers and a free linker in its
protonated form are examples of clusters.

Cluster models provide a unique opportunity to perform
reactivity studies using levels of theory that are not afforded in
solid-state approaches. This section discusses key considerations
for extracting clusters from bulk MOFs (section 3.1), best
practices in optimizing cluster geometries (section 3.2), and
applications of post-DFT methods enabled by reducing model
size (section 3.3). The final subsection will briefly discuss the
methods and challenges associated with determining the
geometric structure of poorly defined crystallographic systems
in order to model their electronic structure (section 3.4).

3.1. Cluster Extraction

Cluster models may be extracted from either experimental or
computationally equilibrated structures.’”' Equilibrating the
latter structures in their periodic forms prior to cluster extraction
significantly improves electronic convergence of the cluster:*'”
this is particularly important for MOFs that contain strained
metal geometries."’n_325 In both cases, it is then common
practice to simulate the pseudorigidity of the MOF by fixing the
coordinates of terminal atoms/groups of atoms. However, the
process of cluster extraction unquestionably results in the loss of
some information, either electronic or steric. The challenge,
more broadly, is in the construction of a model that contains the
dominant geometric and electronic properties of the system, and
modelers are prepared to make some (major) approximations in
order to do so. The value of benchmarking cluster models by
comparison to extended solids and experimental geometries
cannot be understated.””*”

One of the early challenges in cluster extraction is the
emergence of negative vibrational modes that correspond to the
molecular cluster wanting to relax into a geometry dissimilar to
the solid-state. These models often then feature low frequency
negative vibrational modes associated with the structure not
being in a local minimum. The imaginary frequency may persist
after geometric relaxation and can impact the calculation of
thermodynamic properties, such as Gibbs free energy and
formation enthalpies.’”® The same vibrations may also be found
in protocols where a low level of theory is used to obtain an
equilibrated structure, followed by applying a higher level of
theory to obtain electronic properties.””’ " Yet each of these
are common practices in the modeling community, and while
this propagates a small error, it should be systematic if the
procedure is applied consistently throughout.'>**!

One method to eliminate negative frequencies simply and
artificially replaces their magnitude with a value that reduces the
effect of unphysical modes on the equations of state built using
the quasiharmonic approximation.”®***** In other words, if we
assign these modes to vibrations associated with the formation
of the pseudolattice, then we can arbitrarily adjust their
contribution. While this is a somewhat crude correction scheme,
the energetic implications of large-scale structural distortions are
expected to be of much greater magnitude. Persistent negative
frequencies associated with modes artificially impacted by model
parameters, such as boundary treatment, are often
ignored.”***** In practice, however, these modes can potentially
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be eliminated by subsequent optimizations or refining
convergence criteria.

Beyond the geometric constraints placed on a cluster model,
the other major challenge arises due to bond cleavage from the
bulk. Regardless of the size or composition of the cluster model,
extraction of an isolated region from an infinite solid will require
installation of extrinsic passivating groups, rigidly altering the
electronic structure, and sometimes the symmetry of the
chemical system.>*® A significant amount of attention is paid
to this stage of model development; improper passivation can
inadvertently augment the charge of the cluster, the oxidation
states of metals and ligands or, in the worst case scenario, cause
calculations to oscillate and never converge (wasting both time
and resources).*’

Generally, MOF cluster models are formed by cleaving the
material at a remote metal—linker interface (often the weakest
bond in the material) and simply passivating the valence through
addition of hydrogen (formally H® prior to the self-consistent
field routine, Figure 14d).*" Alternative passivation options
include the use of fluorine to emulate the electron withdrawing
nature of the Lewis acidic metal cluster” or more elaborate
orbital capping methods.”*”**' The only real mandate is that if a
o bond is cleaved in the extraction process, then a 6 bond must
be made in the passivation process. The same is true for other
bond types, however cleaving through conjugated networks is
generally a bad idea (e.g,, it would be ill-advised to approximate
an aromatic ring as cis-1,3-butadiene). Intuitively, the fewer
bonds one cleaves, the less perturbed the electronics will be.

In practice, there is no real universal approach to extracting
clusters from MOFs; practitioners will cleave whatever they
think best captures the chemistry of the system. However, we
can broadly summarize the mentalities arriving at the
representative clusters shown in Figure 14:

e Approach 1 (intact nodes, the most commonly invoked),
includes an explicit node (i.e., the inorganic component in
the MOF), and the associated inner-sphere donor atoms
from the anions. This approach is widely used because it
enables a reasonable description of the operative
chemistry at the node, enabling computations of node-
supported catalysis’*>*** and gas sorption properties at
open metal sites”***** among others discussed below. In
these models, the linkers must be neutrally terminated to
some discrete approximate of the MOF linker (e.g., BDC
approximated as formate, Figure 14a). There is some
degree of creativity involved in this process because BDC,
for example, can be approximated as a formate, a
benzoate, or a protonated BDC (Figure 14a,b). To
determine an appropriate degree of truncation a common
practice is to begin with the smallest system (e.g., formate
for BDC) and build outward toward inclusion of the full
linker and beyond until the resultant analysis stops
changing. The success of a given ligand truncation scheme
depends on the purpose of the model (e.g., including
aromatic motifs of linkers may be useful to simulate the
pore environment). A mixed approach to linker
truncation is commonly used for inorganic clusters with
bulky ligands (such as the catalytic pocket model shown in
Figure 14b) because the aromatics around the active site
may play an allosteric role while remote ligands likely do
not contribute to catalytic function, nor do they
significantly alter the chemistry of the node.

https://dx.doi.org/10.1021/acs.chemrev.0c00148
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e Approach 2 (intact linkers), a cluster of a MOF is created
such that the complete linker is intact, and the node is
accounted for in some creative way. In the simplest
example, a linker can be extracted and passivated with
protons, Figure 14c. Here, the Lewis acidity of the node is
obviously poorly accounted for, but its effect may not be
overly important (e.g, for studies relating to the geometry
of a linker-supported catalytic metal). Full SBUs may be
appended to linker termini where their influence controls
the properties of interest (e.g., conformational restriction
during optical transitions,**® Figure 14e). Other exotic
examples may include complete linkers passivated by
approximate nodes (e.g, nodes that are geometrically
related to the MOF but contain more simple metals such
as switching Fe?* for Mg**).>*’

Most models follow approach 1, and feature complete nodes
passivated by some representative anions. As an illustrative
example, the performance of UiO-66 and UiO-66-NH, for the
cross-aldol condensation of propanal with benzaldehyde has
been assessed using both cluster and periodic models.”** The
cluster model was composed of one Lewis acidic [Zrgs(us-
0),(u5-OH),]"** node, with pendant linkers modeled as
formates on the remote portion of the node, and benzoates on
the active half (Figure 15). The idea of a mixed ligand model can

Formate passivated site

H,O/OH- passivated site

Figure 15. Cluster model of UiO-66 wherein one of the BDC linkers is
passivated with a formate or the aqua/hydroxyl pair.>*®

be thought of as a method to locally simulate a pseudopore
environment (i.e., approximating local steric interactions around
the site of interest). In a related study, protonation of the active
hydrate sites (Figure 15) was found to play a critical role in the
reaction pathway of Fischer esterification due to the dual
Bronsted acidity/basicity of water molecules coupled with the
Lewis acid catalytic function of defective Zr(IV) centers.”*’
Naturally, the full linker must be present to study systems
where the linker plays an operative role in the chemistry of the
MOF (approach 2). In fact, there are both thermal and
photocatalytic examples where a cluster model may be a single
linker, Figure 14c, although inclusion of a complete linker and
node are most common, particularly in photoapplica-

8655

. 6,350,351 e
tions.>*33%35! These “linker models” are familiar in inert

MOF scaffolds that can support catalytically active linkers, as
discussed in section 5. For example, biphenyl dicarboxylate
(bipydc) linkers hosting catalytically active species that were
incorporated in UiO-67 derivatives can be modeled as the free
acid with catalytically interesting metals bound through the N-
donor, Figure 14c. The simulated platinum XANES data of the
cluster model matches that of the same -catalytic linker
incorporating into the MOF indicating that electronic behavior
of the linker-metal interaction was not overly affected by
framework incorporation.”*>*>*

Cluster models can also be used to study photophysical
properties if the photoactive motifs are intact. In other words,
the frontier states of a MOF may be individually assessed using
isolated cluster models, provided there is no charge transfer
between the components, i.e., when the valence and conduction
band edges of the solid are centered on either the linker, or
separately, the node. However, many MOFs feature ligand-to-
metal excitations, and models may even erroneously predict
such excitations due to the truncation procedure. For example, a
cluster model featuring a single Zr-oxo node suspended by
hydrogen-passivated porphyrin linkers was generated to explore
the nature of frontier orbitals responsible for photocatalytic
oxidative amine couplings, Figure 14.**° From that model, the
lowest unoccupied orbital is dominated by contributions from
the Zr-oxo moiety, yet the experimental UV—vis response
correlated with linker energetics suggests excited linkers may
transfer charge to the inorganic node.

A linker-only model (approach 2) was also used to simulate
modified UiO-67 hosting borane frustrated Lewis pairs (FLPs),
Figure 14¢.>”**® Approximation of the MOF chemistry as a
single proton-passivated linker was valid in this case because
only the FLP centers were responsible for heterolytic
dissociation of H, in the hydrogenation of CO, to methanol
via formic acid.”>’ However, the model apparently omitted
critical interactions of reagents with the inorganic node; periodic
calculations performed to assess the success of the cluster model
identified strong interactions between H, and the node. As a
result, the mechanistic analysis was performed with the
climbing-image nudged elastic band (CI-NEB) method with
the bulk structure modeled using periodic boundary conditions
(section 4); however, inclusion of the node in the model may
have been important.”*

Beyond these examples, there have been more extreme cluster
extractions designed to include the effects of pore encapsulation.
The pore is thought to provide additional physical influence on
properties such as site adsorptivity,359 enantioselectivity,360 and
size selectivity**"*°* as functions of the pore volume, aperture,
and composition. In such cases, a complete description of the
pore aperture and/or cage created within may be necessary to
explain intrapore reactivity. Such was the case for a borylation
catalyst incorporated as the linker of a UiO-67-analogue.”®® The
heterogenized system exhibited >99% chemoselectivity toward a
monoborylated product, far exceeding the selectivity of its
homogeneous counterpart.’®> Gibb’s free energy profiles were
first recovered from the isolated linker model (Figure 16d), but
it took the implementation of a large UiO-67-analogue cluster
model, containing both the tetrahedral and octahedral pores of
the MOF, Figure 16a—c, to deduce that selectivity of their
catalytic reaction resulted from pore confinement restricting
access to the diborylated product rather than local sterics or
electronic interactions.’**
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Figure 16. (a) Top and (b) side view of a modified UiO-67 scaffold.
The model contained a complete description of both pores, enabling
assessment of energetic barriers for product diffusion throughout,
which seemingly enhanced selectivity for monoborylated products
during catalytic methane borylation; the energetics of reaction
pathways were compared with the pore cluster model (c) and linker
cluster model (d) and similar reaction coordinated diagrams were
recovered. Image adapted from data presented in ref 362.

Clearly, the size of a cluster model, i.e., the portion of the
framework included in the model, will be different between
MOFs of different chemical composition, but it can also vary
when attempting to recover different information regarding the
same scaffold. For instance, the Cu-dimer paddlewheel node
found in Cu;BTC, was approximated to cupric formate to study
small molecule binding at its open metal site, Figure 14a, and
similar binding energies of small gases were recovered using the
cluster model, the periodic model, and experiment.364 However,
the same node required inclusion of complete BTC linkers
(passivated with hydrogen) to account for their steric role while
modeling a carbonyl-ene reaction.**® In a different instance, the
Knoevenagal reaction of malononitrile and benzaldehyde to 2-
benzylidenemalonitrile was modeled at the Cu(II) site.**® The
authors noted the possibility of reagents binding to more than
one node, thus two formate-passivated Cu-paddlewheels were
included and linked together using a 1,3-benzene dicarboxylate
model of BTC, Figure 14a. This cluster was validated by
implementing periodic interpolation schemes between inter-
mediates identified through cluster modeling (section S). The
cluster model predicted that deprotonation of malononitrile
creates a Bronsted acid from one organic linker, and the adjacent
Cu(Il) Lewis acid facilitates subsequent reaction steps both
electronically and through geometric prearrangement. The
periodic model, however, showed that adjacent Cu(II) sites
from a third Cu paddlewheel, not included in the cluster model,
provided additional stabilization that reduced the highest
activation barrier by ~5 kcal/mol. One might conclude, then,
that the cluster model should have included three SBUs for
accurate electronic properties, although the mechanism itself
was qualitatively constant.

Determining the appropriate extent of linker truncation for a
model requires some chemical intuition, but the choice is aided
by synthetic design. Modelers have learned a lot about their
selection of both cluster models and defect passivating agents by
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simply examining the modulators used in experiment.
Modulators are monotopic ligands with local geometry similar
to the linker that primarily aid in prenucleation and organization
of the inorganic clusters during MOF synthesis. The resulting
crystals may host monotopic modulators that became trapped at
the site of missing linkers. Formic acid is a common modulator
added to metal-carboxylate mixtures to facilitate crystal growth.
Hence, it should not be surprising that one of the most common
truncation schemes is the simplification of aromatic carboxylate
ligands to pendant formates.**” The exclusion of phenyl motifs
in BDC linkers might raise eyebrows, however formates are
routinely found bound to Zr nodes in experiment due to the
inherent defective nature of real materials.

However, as illustrated by the pairing BDC, tetrakis(p-
benzoate)pyrene (TBAPy), and BTC with the same Zr¢-oxo
node to yield three dissimilar MOFs with increasing node
connectivity, metal sites that are not coordinatively saturated
can be passivated by hydroxy- or aqua-ligands depending on the
charge compensating requirements, Figure 17. Linker vacancies

Uio-66 UiO-67

12-connected

@--

M cluster
M = Zr(IV) 8-connected NU-1000
Hf(IV)
bl
6-connected MOF-808

Figure 17. Connectivity of MOFs built from inorganic clusters can be
varied by changing the directionality associated with the linker; ditopic
BDC ligands create a 12-connected SBU, tetratopic TBAPy ligands
form 8-connected SBUs, and triptoic BTC ligands for a 6-connected
SBU.

are capable of hosting transition metal catalysts.***™*"" These
have been widely studied in the UiO-66 and NU-1000
frameworks, which have periodic “defect sites”,””"™>"* while
metal appendage to UiO-66 mandates the use of a linker-
vacancy model (Figure 14b);*”* metals are thought to bind via
two bonds formed with node-bound hydroxyls/hydrates.*”* ™"

Even without appended metals, the nucleophilic node-bound
hydrates/hydroxides are thought to be active sites for the
hydrolysis of nerve agents. A tremendous amount of effort has
been invested in the topic, and we will highlight a notable
example: linker-vacant UiO-66 and MOF-808 models compared
for the decomposition of Sarin (Figure 18).””” The energetic
pathway obtained from DFT was similar for both systems, yet
the relative rates of detoxification experimentally are MOF-808
< Ui0-66.""7" It was suggested that the mixed aqua and
hydroxy coordination sphere in MOF-808 has the greatest
capacity for thermal rearrangements to stabilize reaction species

https://dx.doi.org/10.1021/acs.chemrev.0c00148
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Figure 18. Decomposition of Sarin on Zr-oxo nodes in defective UiO-
66 and MOF-808. Subtle differences in predicted reactivity are noted,
and these depend on the capping agent used in the cluster model. Image
produced from data presented in ref 379.

through hydrogen bonding.””” The effect of linker truncation
was assessed by comparing these results to a half formate—half
benzoate capped model and the largest difference in energy
along the reaction pathway was ~1 kcal/mol, bolstering
speculations that the openness of catalytic sites on these nodes
reduces the significance of linker identity in small molecule
transformations, Figure 18.

Even if the electronic properties of the cluster remain intact in
the extraction procedure, the excluded chemistry may have had
an unforeseen operative role in a catalytic cycle. To model
reaction conditions, the explicit inclusion of small molecules
such as solvent or water may become important.”* In one case,
four explicit water molecules were included in a mixed ligand
formate/benzoate cluster model of UiO-66-NH, (in addition to
an implicit solvation model) to study the hydrolysis of
phosphonate ester bonds in chemical warfare agents catalyzed
by UiO-66-NH,.**" An experimental investigation of zirconia
cluster based MOFs showed the presence of amines either in the
MOF (UiO-66-NH,) or the agent VX (O-ethyl S-diisopropy-
laminoethyl methylphosphonothiolate) signiﬁcantly enhances
the rate of hydrolytic decomposition.”*> Multiple water
molecules were included to assess whether the amino groups
were behaving as Bronsted bases to catalyze hydrolysis or
passively tuning the hydrogen bonding network to increase the
nucleophilicity of water molecules around Zr(IV).”*"*** The
trans-benzoate linkers across the active site were aminated, as
adopted from the comparative study of UiO-66 and UiO-66-
NH, for aldol condensation.”®* The transition state barrier for
water addition was higher when the activated water molecule
was coordinated to the aniline unit rather than the hydroxyl
ligands of the node, suggesting the amino group does not
electronically participate in the reaction, and is instead active in
orienting the nucleophilic water molecules.

Indeed, the extent of hydration (e.g.,, number of linker defects
in UiO-66 or coordinated water molecules) can play a
determining role in the catalysis.”****> Water exhibits a dual
role in the hydrolytic reactions with nerve agents, where it
functions as a gate-keeper for adsorption by blocking the Lewis
acid sites on Zr-oxo nodes, in addition to acting as a
nucleophile.”****’ The necessary and endergonic displacement
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of water to initiate nerve agent hydrolysis makes its explicit
presence an important consideration in these models.”*” Explicit
consideration of CO, was further shown to hinder nerve agent
degradation by preferentially binding to Lewis acidic sites.”*
Further, in the presence of CO,, H,0O, and dimethyl
methylphosphonate (DMMP), carbonate formation is preferred
to DMMP decomposition. Although CO, prevents the hydro-
lytic degradation of DMMP on Zr(IV) sites, it was found to
facilitate the desorption of its degradation products to
regenerate the catalyst. Thus, cluster models concerned with
enhancing reactivity or selectivity may benefit from explicit
inclusion of small molecules that may be advantageous.

In summary, the process of cleaving and extracting clusters for
catalytic modeling is somewhat of a case-by-case process.
Depending on the active component, the cluster model may
focus on a complete node or linker and additional subunits (e.g.,
additional nodes or linker components) are included if they play
an electronic or steric role. To verify the results from cluster
models, values can be compared to calculations performed on
the bulk or experimental parameters; transition states and
intermediates found from cluster modeling can be confirmed
through interpolative procedures described in section 5.1.2. The
following sections detail the modeling protocols practitioners
employ once they have a cluster model at hand.

3.2. Geometry Constraints for Cluster Optimization

While the primary challenge of cluster model extraction is
related to the chemistry of the truncation (i.e., how to cut the
solid appropriately and passivate the dangling bonds), there are
further considerations that must be addressed in order to obtain
reliable computational data. The most important of these is how
to appropriately geometrically equilibrate the cluster once it has
been extracted; omission of the repeating framework provides
additional degrees of freedom that may permit the molecular
cluster to access conformations unattainable in the constraints of
the lattice. To mediate this, geometric constraints are applied to
certain atoms or functional groups to mimic the rigidity of a
crystalline MOF.>*’

The main objective of a geometric equilibration is to minimize
forces on atoms and obtain a stable local minimum energy
structure.””’ However, as we alluded to in section 2, occasionally
systems are so large that certain atoms must be frozen/fixed in
their experimental positions in order to simplify the model; the
same protocol is mandated in cluster extraction. Common
atomic freezing procedures described herein for subsequent
optimizations include freezing the passivating motifs, terminal
nodes/linkers, or the para-carbons in BDC-containing MOE-
clusters, as this still allows the ring face to rotate without
expanding the pseudolattice.

As an example, the frozen para-carbons in a metal-appended
NU-1000 derivative were sufficient to maintain the ligand
orientation while studying hydrolysis of the phosphonate ester
bond present in nerve agents.””” The authors employed acetate-
capped cluster models to assess the reaction profile for VX and
3,3-dimethyl-2-butanyl methylphosphonofluoridate, assuming
the openness of the catalytic site would prevent significant
contributions between the reagent and the surrounding linkers.
No constraints outside of frozen para-carbons were applied to
this cluster yet the directionality of the framework appeared to
be maintained, pointing to the geometric rigidity of the Zr-oxo
nodes. In a different study, benzoate linkers were employed to
study the degradation of methylparaxon on the NU-1000
node.”****” The hydrogen atoms para to the carboxylate were

https://dx.doi.org/10.1021/acs.chemrev.0c00148
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again kept fixed, and reasonable quantitative agreement was
found between theory and experiment. In sum, freezing a para-
positioned atom does allow for ring rotation, while preventing
distortion of the pseudolattice.

Maihom, Limtrakul, and colleagues examined CO oxidation
of N,O on HKUST-1 analogues (M;BTC,, M = Cr, Fe, Co, Nj,
Cu, and Zn).**° The model included four BTC linkers bound to
one cupric paddlewheel, and the terminal carboxylic acid
protons were kept fixed. In this case, the ligands were unlikely to
deform throughout the reaction. However, this example serves
as particularly pedagogical: one can imagine a circumstance
where a reaction pathway involves major distortions to the active
metal site that may be stabilized by improperly allowing the
ligands to unbind throughout or artificially expanding/
contracting the coordination bond lengths.

Finally, in perhaps the most extreme application of atom
constraints, a study by Ryu, Kim, Choi, Kang, and colleagues
featured a linker-bound catalyst, Rel(CO);(2,2 -bipyridine-
5,5'-dicarboxylate), which performed CO, reduction. The
photocatalytic response of the MOF was observed to increase
with the concentration of aminated-bpy linkers,””" and EXAFS
revealed bonding interactions between the amine-functionalized
linkers and catalytic linkers that indicated ligand cooperativity. A
creative cluster model featuring the catalyst linker complexed
with an amine-based linker in close proximity was taken from the
experimentally refined crystallographic structure to explore the
energetic reaction profile, Figure 19. To model framework

photocatalytic CO,
conversion

c=0

DFT cluster model

Figure 19. Isolation of the target clusters from a mixed-linker UiO-67
derivative bearing aminated and catalyst-loaded linkers; linker arrange-
ment was maintained without directionality imposed by inorganic
components by constraining carboxylate oxygens.””"

rigidity, the carboxylates were constrained throughout the study.
Indeed, this is an excellent example of a model: the operative
chemistry was captured in their “cluster”, even though its
construction is somewhat esoteric.

In sum, there are numerous combinations of optimization and
truncation protocols one could follow, and it is not immediately
clear which yields the most reliable results. Indeed, the best
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solution depends on the chemistry of each framework, and the
purpose of the model; it is thus difficult to be prescriptive, and
once again benchmarking schemes comparing relative cluster
model sizes, ab initio, or experimental data is strongly
encouraged. Still, the breadth of modeling capabilities available
to molecular models is worth the structural simplifications
because the electronic insights gleaned from extensive and high-
level studies build design principles that guide MOF develop-
ments in every field in which they are applied.

3.3. Post-DFT Methods

One of the most compelling benefits of cluster models is the
ability to apply levels of theory that would otherwise be too cost
prohibitive in periodic modeling. These higher levels of theory
afford better electronic descriptions, which can be useful in cases
where the electrons traverse a shallow potential energy
surface.””” Rather than construct the ground-state density
using a single Slater determinant,®” a multiconfigurational
approach can be used to resolve energies of near-degenerate
electrons, and those on a very shallow potential energy
surface.”” By sampling more than a single electronic
configuration, these methods can provide more reliable
information about nonground-state configurations.” Multi-
configurational self-consistent field (SCF) methods, e.g.,
complete active space SCE (CASSCF),***” can be used to
obtain reference functions for multireference approaches that
account for dynamic correlation such as Meller—Plesset or
coupled cluster approaches.”® A CASSCF configuration
interaction (CI) wave function is constructed from all possible
Slater determinants generated within the active space (ie., a
finite number of frontier orbitals, Figure 20) thus providing an

—_ Virtual Space
electron P
excitations _ ]
for full Cl N Active Space
expansion 1
A
A Inactive Space
b

Figure 20. Schematic of energetic spaces partitioned with active-space
approaches. The inactive space shown in purple is filled with paired
electrons and the virtual space shown in blue is both empty and
inaccessible to the sampled excitations, while all possible electronic
configurations are explored in the active space based on the number of
allowed transitions (e.g., singles, doubles, etc.) and available
configurations.

even more thorough description of the electronic structure than
possible with a single reference function.”® Yet, the literature in
this field, particularly applied to MOFs, is sparse due to the
obvious hardware limitations.

A full CI analysis, which optimizes all the possible
configuration state functions of all electrons, is presently
impossible for systems larger than a handful of atoms.””” To
make CI and multireference calculations feasible, the number of
transitions and orbitals explicitly included in the SCF procedure
is reduced.**”*°! The electrons/orbitals and transitions that are
explicitly accounted for in CI calculations are termed the “active
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space”. Determining an active space that captures both all
orbitals relevant to each state and remains computationally
tractable is quite challenging.*** For example, complex magnetic
behavior exhibited by a Dy(III)-based MOF
({[Dy,(HCAM),(H,0),]-2H,0},, where H;CAM = 4-hydrox-
ypyridine-2,6-dicarboxylic acid)*** was explored with an active
space of the nine electrons in the seven f-orbitals, that determine
the magnetic phases. Ultimately, the results were inconclusive
on the magnetic orientation (i.e., ferromagnetic or antiferro-
magnetic) because the maximum limitations of the hardware
were reached with this simplified model.

A similar approach was used to examine the spin state of Fe
centers in the Fe(II)-based MOF, Fe,(DOBDC) (DOBDC =
2,5-dioxido-1,4-benzenedicarboxylate), which can activate the
C—H bond of ethane for N,O oxidation to ethanol.**” Upon
heating of N,O bound Fe,(DOBDC), Figure 21, transient high-
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Figure 21. Multiconfigurational calculations can be used to determine
the nature of the iron active site in FeDOBDC (dihydroxybenzenebi-
carboxylate). Formation of the high spin Fe(IV) species was facilitated
through MOF incorporation by bulk stabilization of the reactive species
and the weak carboxylate ligand field. Coordination of N,O with a
coordinatively unsaturated metal site of the activated framework forms
Fe(IV)=O0 species capable of activating the C—H bonds of ethene
toward oxidation. Image adapted from data presented in ref 327.

spin Fe(IV)-oxo sites were formed and served as mimics of
enzymatic heme and nonheme motifs (known for facile
activation of strong C—H bonds).****% Single points of
CASSCF and CASPT?2 were again used to identify the oxidation
and spin state of each of the metal atoms in trimetallic oxo-
centered MOF clusters depending on the combination of Fe, Cr,
and AL*"7

Multireference calculations have been employed in MOFs to
study the relationship between concerted and stepwise low-
energy transfers of both protons and electrons because of the
shallow potential energy surfaces in question. Oxidative
dehydrogenation, for example, requires the transfer of both
electrons and protons, through either proton coupled electron
transfer (PCET), which describes proton transfer with
concomitant electron transfer, or hydrogen atom transfer,
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which describes the transfer of a proton to an existing radical,
Figure 22a.**° Multireference calculations are well suited to

MR

Figure 22. Radical processes, such as (a) hydrogen atom transfer, which
involves the transfer of a proton to an existing radical, and (b) PCET,
which involves the transfer of a proton and electron, are sensitive to
level of theory and are well-suited to multireference (MR) calculations.
Yet, MR calculations mandate a reduction in system size (c) to mitigate
increased computational resources owing to the increase in electronic
resolution.**®

distinguishing PCET mechanistics because the potential energy
surface is often shallow. Single point multireference calculations,
both with complete and restricted active space methods,
followed by second-order perturbation theory to include
dynamic correlation, were performed on cluster models of
heterobimetallic oxide clusters, (CoO)(MO)(OH,) (M = Tj,
Mn, Fe, Co, Ni, Cu, and Zn), appended to the NU-1000 zirconia
node (Figure 22c). The cluster employed for geometry
optimizations was further reduced to enable multireference
calculations, Figure 22b. By analyzing the reaction energies and
Hirshfeld spin populations to identify the metal oxidation states
upon MOF incorporation, the authors determined that when
transition metal oxides are partially substituted with low-valent
transition metals the mechanism of proton transfer switches
from stepwise proton and electron transfer, to hydrogen atom
transfer.

In another rare example of CI methods applied to MOFs, the
difference in catalytic activity of Co(II) and Ni(II) species
deposited onto the node of NU-1000 for ethylene oligomeriza-
tion was studied.*”” Single-point CASSCF calculations followed
by second-order perturbation theory (CASPT2) applied to key
intermediates identified with DFT revealed an empty 3d-orbital
on the low spin Ni, not present in high spin Co, which can
hybridize with ethylene 2p-orbitals to stabilize the rate-
determining ethylene insertion step, Figure 23. Activities
calculated from cluster models with formate-truncated linkers
deviated from experiment by 12 and 8 kcal/mol for Co and Nij,
respectively. The authors suggest this may be the result of
considering only mononuclear reactive sites in their model
despite the possibility of binuclear or polynuclear active sites.
Later it was determined that Ni atoms and Ni, groups have
similar activity for the ethylene dimerization process, the origin
of selectivity in this MOF is still under debate.””® We further
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Figure 23. Multiconfigurational analysis on the rate-determining
transition state for Co(II) and Ni(II) appended to NU-1000 revealed
that the reacting molecular orbital is rehybridized during the bond
forming step such that the transition state is stabilized by hybridization
with the metal d-orbitals. The formally empty orbital on Ni(II) can
more readily hybridize as evidenced by its 48% contribution to the MO
versus the 15% contribution from Co 3d orbitals. Adapted with
permission from ref 407. Copyright 2016 American Chemical Society.

note that conventional DFT modeling approaches would likely
have been able to resolve the differences in the electronic
structure of Co(1I) and Ni(II). Regardless, post-DFT methods
certainly offer additional electronic information, and their utility
will become further valued as MOFs are investigated for other
shallow PES transitions.

In summary, post-DFT methods offer the highest available
quantum mechanical description, but are limited by the size of
input geometries. The importance of functional and passivation
procedures escalates with higher-order electronic procedures
because of the interdependence between structure and electron
configuration. Conveniently, however, cluster models have been
able to replicate structural data obtained from crystalline
samples further supporting the case for regions of bulk MOFs
with a localized electronic nature functioning as isolated
subunits.

3.4. Structural Elucidation

In the previous sections, all of the electronic structure models
heavily relied on truncating the MOF in some predictable and
rational way as to not augment the electronic structure of the
cluster. However, until now, we have taken for granted the
position of unrefinable atoms, such as pendant protons unless
the crystal structures are solved with neutron diffraction, the
proton topology is empirically added during the refinement
process. Further, more modern MOF modification techniques
such as postsynthetic transmetalation, ligand exchange, and
atomic layer deposition (ALD) enable a broader gamut of MOF
chemistry with progressively more ill-defined local geometry and
composition. Indeed, node-appended metals are often assumed
or inferred, but it is rarely possible to directly measure their
location (Figure 24).*” In these challenging cases, cluster DFT
approaches have proven extremely useful in assigning various
structural components of MOFs, and these investigations are
often bolstered by complementary X-ray absorption spectro-
scopic data.

MOFs featuring group IV metal-oxo nodes, such as Hfy- or
Zrg-based nodes (e.g., MOF-808, NU-1000, UiO-66, MOF-545,
-535, -525,"'% BUT-12, -13,””" ACM-10/11"""), have been
persistently interesting because of the strong, stable metal—
carboxylate bonds formed at the interface of the node and
linker.””"*'* The structural fortitude of these MOF:s has inspired
postsynthetic functionalization procedures to produce solid-
state systems with chemically distinct active sites, yet (i) the
effectively random nature of deposition techniques convolutes
model determination and (ii) dynamic proton topology of the
cluster support on which metallic species are deposited adds
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Figure 24. Node structures obtained from single crystal X-ray
crystallography for palladium species deposited (a) on the pristine
Hf-MOF-808 node and (b) on the phosphate acid-functionalized node.
Addition of sulfate or phosphate groups to the node of H-MOF-808
was found to stabilize deposited Pd(II) species for catalysis of the
oxidative Heck reaction. Reproduced with permission from ref 409.
Copyright 2019 American Chemical Society.

another level of complexity to structural elucidation and
reactivity studies.*’>*'* In the particular case of metal
deposition onto zirconia (and similar) nodes, the first challenge
is thus defining the proton topology; hydrogen bonding and the
relative orientation of y13-OH, u;-O, —OH, and —OH, ligands
will directly impact the deposition of extrinsic species as well as
overall node reactivity (e.g, reagent—MOF interactions).*'>*'®

In fact, despite being extensively studied by crystallography,
the proton topology on the Zrg-node of NU-1000 was resolved
using a combination of cluster and periodic models, in
conjunction with experimental data.”'” To achieve neutrality,
16 protons need to be added to the ZrsOj cluster (excluding its
eight pendant carboxylates); three distinct oxygen environments
combine to give a complex series of protonation states, Figure
25.""7 By comparing the total energies of all of the possible
orientations (six are shown in Figure 25), with the carbon atoms
of the benzoate ligands frozen throughout the optimization, the
—MIX tautomer that maximized hydrogen bonding between the
—OH and —OH, ligands was found to be the most stable
conformer by >100 kJ/mol in both solid-state and molecular
models. The same proton topologies have been beneficial in
characterizing the binding modes of metals to other Zr-oxo
nodes, supporting several catalytic predictions discussed
throughout this review. However, we do point out that the
DFT minimum energy structure and the experimentally relevant
structure may be different (i.e., the protons may be more labile
than we conclude from models).

Unlike the example shown in Figure 24, the crystallographic
ordering of postsynthetically added metals rarely results in
periodically repeating arrangements. Instead, DFT paired with
XAS can be used to help assign the metal coordination
environment.”'® Two notable investigations spring to mind
the challenging case of assigning the nuclearity of a copper-oxo
species formed in situ on the Zr(IV)-node of NU-1000. In the
original report, an argument is made for the formation of a Cu-
hydroxide chain-like species that bridged two nodes. For the
purpose of the paper, the identity of the catalyst was less
important: the MOF performed selective oxidation of methane
to methanol. Later, the identity of the Cu-oxo catalyst was
refined from XAS and DFT data to a more plausible Cu-dimer
(Figure 26).""” Regardless of the catalysts true identity, these
two papers serve the greater purpose of reminding us that
models are simply that, models.

Throughout section 3, procedures were outlined that reduce
the size of a quantum mechanical model either for efficiency or
to access higher level theories without reducing the quality of
extracted data. MOFs were shown to be effectively modeled by
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(OH-node, H,0-node, and MIX-node). (c) The four conformers that were considered for the MIX-node in the cluster model. Adapted with

permission from ref 417. Copyright 2014 American Chemical Society.
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thermodynamically preferred. Reproduced from ref 419. Copyright
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extracting electronically independent subunits that include the
relevant chemistry. Bonds cleaved in the extraction can then be
passivated, most commonly by hydrogen atoms, and con-
strained optimizations can be performed such that rigidity
imposed by the crystalline lattice is replicated. Given that cluster
extraction and truncation procedure can play an operative role in
the chemistry of the model, these approaches should be
benchmarked, for example to a period model. Many of the
shortcomings of cluster models are alleviated if resources permit
the MOF to be modeled fully as an extended solid; the following
section discusses models of periodically repeating systems and
the successes and shortcomings thereof.
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4. MOFS AS EXTENDED SOLIDS

While it is certainly convenient to approximate extended MOF
structures as finite molecules using the procedures discussed in
section 3, it is their crystallinity and ordered porosity that has
stimulated many of the developments in the MOF field. Indeed,
with the exception of rare amorphous variants,>***°=*?% MOFs
are ordered solids. Thus, conventional solid-state modeling
techniques can be applied where MOF crystals possess
symmetry operations that enable the description of the extended
material using a repeating unit. This section is intended to
provide a background and some general calculation consid-
erations when modeling periodic MOF properties (section 4.1),
including their electronic band gaps (section 4.2), electronic
band structures, and DOS (section 4.3, 4.4 and 4.5), as well as
their lattice vibrations (section 4.6). Finally, we discuss MOFs
with imperfections, those that host vacancies and interstitials
(section 4.7).

4.1. Periodic Models and k-Points

Viewing MOFs as an extended array of molecules, each
component (i.e., the linker and the prenucleated node) contains
a family of molecular orbitals. Upon self-assembly of the MOF
these electrons mix to form new molecular orbitals that expand
over larger and larger regions of space. In principle, one could
model a complete MOF crystallite (i.e., a very large chemical
system as a molecule) and obtain the exact electron energetics
and spatial distributions for all possible molecular orbitals in the
material. Owing to symmetry, however, several of the molecular
orbitals in the crystallite will be very similar in energy and
centered on the same atoms. These geometric degeneracies
enable a reduction in computational cost by modeling the
associated electrons as interacting periodically in bands, Figure
27.

Electronic bands can be thought of as delocalized molecular
orbitals whose energy depends on the extent of electronic
interaction in crystallographic directions within the crystal.
Indeed, Bloch’s Theorem purports that for a nondefective
material, the periodicity of the lattice describes the periodicity of
the overall wave function.”*® Information on both the structural
and electronic properties of a bulk sample can therefore be
gleaned from a single unit cell (although the approach does not
provide information about the surface chemistry at the grain
boundaries of a crystallite). One way of thinking about the
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Figure 27. As size of a chemical system increases toward an infinite
solid, the number of molecular orbitals becomes very large. For high
symmetry materials, the crystallite can be described using a smaller,
repeating unit, whose projection through reciprocal space generates
electronic bands.
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construction of bands in solids is to first create molecular orbitals
for all atoms contained within the computational cell, then, using
harmonics, the electronic interactions with neighboring cells are
computed.*”” By doing so, both the electronic properties of the
discrete unit cell are recovered, as well as the influence of longer
ranged (de)localization and electrostatics, which can only be
observed by sampling beyond one computational cell.***
While it is convenient to visualize bands as large delocalized
molecular orbitals in real space, they are often computed in
reciprocal space (i.e. k-space) using Bloch’s theorem paired with
a basis set constructed from interfering planewaves to determine
the combinations and populations of electronics bands. k-space
vectors can be loosely thought to sample long-range interactions
in the crystallographic directions defined by the k-vector.
From experimental convention, a crystallographic unit cell (or
conventional cell) contains the smallest chemical representation
of a system that exhibits the same overall symmetry as the
pristine lattice. Calculations using this geometry, composition,
and associated lattice parameters will certainly be suitable for
direct calculation of electronic properties, however, some space
groups offer symmetry related primitive cells that contain a
smaller repeating crystalline unit of lower symmetry."”’
Typically, calculations are run on the primitive cell unless the
unit cell is required to capture magnetic ordering or structural
deformations that cannot be described using the smallest
repeating unit, some examples of which are shown in Figure 28.
Every ordered MOF crystallizes into one of 230 unique space
groups,”” each containing a series of high symmetry k-points.***
The lowest crystal symmetry, P1, features no internal symmetry
operations, all atoms in the cell are unique and must be explicitly
computed, and hence there is only one high symmetry k-point in
the first Brillouin zone, I.**® Chemically, the I'-point is the
equivalent of projecting the molecular orbitals contained within
the unit cell in three dimensions: the electronics of the material
are governed by the interactions captured explicitly within the
computational cell rather than their interactions with neighbor-
ing cells. MOFs typically crystallize in high symmetry space
groups,”° and often feature more than one symmetrically unique
k-point that will contribute to the total energy of the system, and
hence should be sampled during the SCF.
Within crystals that feature anisotropic bonding (for example,
graphene, 2D MOFs, etc.) certain crystallographic directions
contribute more significantly to the bonding and stabilization of
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Figure 28. Although the smallest computational cell can save resources,
an improper model may be recovered if a chemical interaction
permeates beyond a single geometric cell. For example, (a) structural
distortions are sometimes captured in temperature independent DFT
(the ground state may feature titling of nodes) ;% and (b) magnetic
ordering can be challenging if the unit cell contains an odd number of
coupling metals (for example, the unit cell of Co,Cl,bis(1H-1,2,3-
triazolo[4,5-b],[4,5-i])dibenzo[1,4]dioxin), (BTDD), contains 3 Co-

(11), which do prefer to order antiferromagnetically*").

the system than others. In the 2D examples, the in-plane and
out-of-plane interactions will contribute differently and some-
times seemingly unpredictably to the total energy of the system.
It is hence good practice to sample as many k-points as possible
to ensure a more tightly converged total electronic energy.

The selection of k-points depends on the crystal symmetry,
and these k-points traverse the first Brillouin zone.®*In practice,
the contribution of each sampled k-point is taken as a weighted
average (determined by symmetry) to recover the total system
energy. The position of sampled k-points through the first
Brillouin zone is computed with one of two philosophically
dissimilar approaches: a I'-centered Monkhorst—Pack, or a non-
I'-centered Monkhorst—Pack k-grid. The main difference is that
the former forces sampling of the I', while the latter does not
guarantee that any high symmetry points are sampled.**> Crystal
symmetry thus helps inform two key computational consid-
erations: (i) the feasibility of using a computational primitive
cell, and (ii) the k-path to explicitly examine how electron
energies changed in the extended solid. Almost all of these
considerations are enabled in freely available software, and high
symmetry points of the first Brillouin zone can be found in
online databases like the Bilbao Crystallographic Server.***

In principle, one would compute the total energy of a system
by integrating over the entire first Brillouin zone or
approximating the integration with the summation of a very
large number of k-points. In practice, the total energy is
asymptotically related to the number of k-points and a
convergence test is required to elucidate when a sufficiently
dense grid has been invoked. We can distill the key
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Figure 29. General computational approach used to obtain electronic structure properties from solid-state structures. (a) Beginning with an
experimentally obtained crystal structure, partial occupancies must be resolved. Then, where applicable, protons must be added to charge balance the
cell, in effect establishing the oxidation state of the metals. Extrinsic solvent may be removed to simulate the activated MOF. Symmetry can then be
enforced and a computational primitive cell may be available. (b) The structure can then be equilibrated, and higher level electronic structure
properties can be obtained by sampling the first Brillouin zone, including electronic band structures and corresponding density of states.

considerations for k-grid generation and their impact on the

points (which contribute significantly to the computa-
material properties down to the following:

tional time).

e In Bloch’s theorem, planewave cutoff (i.e., the basis set) e In MOF chemistry, it is common to perform geometric

and the k-points are independent. Yet both affect the total
energy of the system. Hence, to obtain converged results,
it is good practice to benchmark the k-grid and basis set
separately.

Generally, sampling additional k-points provides better
descriptions of long-range orbital interactions within a
crystal system. Increasing k-grid density does not always
reduce the total energy of the system that depends on the
nature of the bonding and antibonding orbitals.** It is
therefore difficult to predict the impact on total energy
without first running the calculation.

Empirically, a k-grid with a density of 25x (lattice
parameter) ™' provides an estimate of the k-point density
required for a reasonable sampling of electronic
interactions within the crystal.””> Computational feasi-
bility of the resultant grids relies on large lattice
parameters, which typically infer large numbers of
explicitly defined chemical interactions within the unit
cell, the extent of electronic interactions rapidly
diminishes in real space, hence why large crystals often
show little dependence on increased k-point density.
There is a trade-off between modeling large systems with
many explicit electrons, versus small systems with many
explicit k-points. Moreover, while a reduction to the
primitive cell vastly reduces the Slater determinant’s size,
it comes at the penalty of requiring several additional k-
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optimizations with a sufficient k-grid at a lower level of
theory, then refine the electronic structure with a single-
point energy calculation at a higher level of theory; the
size of the k-grid in either case is determined by MOF
symmetry and resource availability.

e Importantly, there is no formal relationship between
lattice parameter and k-point density; rather, large unit
cells often contain sufficient descriptions of strong
interactions, and hence long-range sampling does not
overly alter the energetics of the system. Regardless of
whether this is true for all MOFs, this procedure produces
a highly reproducible systematic error in the total energy
of the system that is acceptable in many cases.

e Most MOFs crystallize in high symmetry space groups,
and it is good practice to include all high symmetry k-
points in the computation of the total energy of the
system, and ideally during the optimization routine.

Regardless of how many k-points are selected for the
optimization routine, the material must be geometrically
equilibrated (and the SCF must be converged) to ensure that
the energetics are computed without spurious numerical
fluctuation. A schematic of the general computational approach
for solid-state materials is shown in Figure 29. Assuming that a
structure has been optimized, the following sections discuss the
computable properties and utility of using a solid-state model for
MOF systems.
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4.2. Electronic Band Gap

The ionic lattices of most MOFs feature a discrete electronic
band gap, while some can be described as metallic (classified as
having nonzero DOS at the Fermi level).”” Within the
subgroup of materials that feature electronic band gaps, their
conductive properties depend on numerous other properties
(e.g., the material’s defect chemistry, the mobility of the charges,
the electronic band gap, etc.). Because standard solid-state
computations omit temperature, and without an exhaustive
defect analysis, we are unable to assign the position of the Fermi
level. In light of this, MOFs are largely insulating materials, but
we note that they are interchangeably referred to as semi-
conductors in the literature.***~**!

The fundamental energy gap, E, is defined by the lowest
energy occupied-to-unoccupied transition in a system (in-
dependent of whether it is symmetry allowed);**” its magnitude
is the difference in energy between the VBM and CBM. Because
of a derivative discontinuity and other localization errors
associated with the exchange potential in semiconducting
systems, GGA functionals systematically underestimate MOF
band gaps.***~*** Empirically, this systematic underestimation
can be improved by incorporatin(g a component of exact HF
exchange into the Hamiltonian.*****” However, the computa-
tional expense associated with hybrid functionals**® prompts the
recovery of semiconducting properties from single-point
calculations at this level of theory on a structure obtained
using GGA.”’

MOFs with bands that exhibit different energies as a function
of k-space (i.e, band dispersion) may exhibit an indirect band
gap, schematically presented in Figure 30, where the VBM and

A
Direct band gap Indirect band gap
Conduction
- N band
=2 1
o
[ |
w Eq 1 TTTTTTTTTTT S T
1 =3
(o]
| 'S
v 135
~.__ phonon
Valence band k

Figure 30. An illustration of the band gap in a semiconductor as a
function of reciprocal space when the CBM and VBM are at the same
point in reciprocal space providing a direct band gap and when they are
at different points in reciprocal space creating an indirect minimum
absorption energy.

CBM occur at different points in reciprocal space. In such cases,
I-point sampling is insufficient to capture the dominant
electronic influences. The lowest energy transition in an indirect
band gap material requires the coupling of photon absorption/
emission to a phonon mode in order to conserve energy and
momentum because the wave vector at the top of the valence
band does not match the wave vector at the bottom of the
conduction band.**’ Indirect band gaps thus diminish the
intensity but extend the lifetime of formed excitons by
preventing recombination; indirect band gaps are desirable in
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photoactive solids for the enhancement of quantum effi-
ciency. ™" Although there are almost no reported indirect-
band MOFs,**"*** the changing band gap energy in reciprocal
space is a phenomenon ripe for exploration.

Certainly, most MOFs feature wide band gaps and highly
localized electronic structures that give rise to flat bands with
well-defined orbital contributions to the frontier states and
direct gaps. The localization of electrons makes MOFs intriguing
for photocatalytic applications,*”***~*7 as it affords one route
toward accessing dense populations of high energy electrons
localized on transiently reduced motifs,****? discussed further
in section 5. Moreover, electronic structure may be tuned to
desirable bulk properties, facilitated by the inherent modularity
of MOFs.

Although the nature of band edges is material/composition
dependent, the electronic band gap of a MOF can be modified
by metathesis and functionalization of the linker and/or
inorganic node. There are four possible frontier orbital
orientations in MOFs, wherein the band edges are defined by
(i) ligand-to-ligand, (ii) ligand-to-metal, (iii) metal-to-ligand, or
(iv) metal-to-metal excitations, ultimately dictated by the
material composition. Countless examples of DFT screenings
are reported for band gap modulation via meta]*'>*?!/2284607403
and linker exchange’ 2204647971 across the gamut of MOFs.
MOFE-S, for example, has been subject to numerous theoretical
studies systematically exchanging components of the inorganic
node”?% 004034727474 o the linker."”>”*® In one study, the
authors made isovalent substitutions for both the inorganic oxo,
as well as the transition metals, and from PBE (which
systematically underestimates the band gap), these modifica-
tions shifted bulk MOF-5 (E, = 3.6 V) into the visible region,
Figure 3177

In a complementary study, both GGA and hybrid functionals
showed tetrahedral Co(II) transmetalation in MOE-S resulted
in band gap reduction, and an eventual transition from
semiconducting to metallic with two cobalt per node.***
Experimental efforts revealed that up to ~3 Co(Il) per cluster
could be incorporated in the presence of solvent, forming blue
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Figure 31. Evolution of the calculated PBE band gap (top) for X,Y-
MOF-S, where X is the substituted metal (X = Zn, Cd, Be, Mg, Ca, St,
Ba) and Y is the substituted anion at the center of the metal node
depicted in yellow (Y = O, S, Se, Te), Adapted with permission from ref
479. Copyright 2014 American Chemical Society.
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crystallites with octahedral Co(II)."”*****! Together, this

indicates that in models assuming isogeometric substitution of
tetrahedral Co(11), the resulting metallicity is likely an indication
of material instability, Co(II) prefers to be octahedral in MOF-S.

Still, transmetalation is a fruitful route to control the nature of
band edges in an otherwise wide gap MOF. Several practitioners
have examined the substitution of transition metals in place of
Zr(IV) in UiO-66,>**>*** however, it is inconclusive whether
incorporation proceeds via transmetalation or node grafting.***
The application of DFT has shown that certain metal ions
seemingly reduce the band gap from the addition of states below
or above the native conduction or valence band. For example,
both Ce-**>**® and Ti-substituted**” Ui0-66 install empty f-
and d-orbitals, respectively, at the conduction band edge,
reducing the requisite excitation wavelength. The installation of
empty metal states at the conduction band edge of MOFs with
ligand-centered excitations is indeed one strategy for engender-
ing linker-to-metal charge transfer*®’ and has applications in
photocatalysis discussed further in section S.

A more popular strategy, particularly in the realm of
photocatalysis, is organic linker functionalization. For example,
one study showed that the band gap of MIL-125, a MOF with an
organic valence band and inorganic conduction band,”*”?
depends the electron donating or withdrawing ability of
functional groups on the BDC linkers, Figure 32.*** In most
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Figure 32. Fermi-aligned band edges of MIL-125 derivatives reveal the
addition of states from organic functionalization raise Eg. closer to the
conduction band edge providing facile band gap modulation. Data
obtained from ref 464. Copyright 2018 AIP Publishing.

cases, the linkers can be installed presynthetically, however,
linker exchange and postsynthetic functionalization®>*>**%
have proven effective to access structures that are otherwise in
phase competition or would simply not self-assemble.”®
Beyond electronic modulation of the band gap via linker and
node functionalization, structural perturbation is also a route to
alter the electronics of deformable MOFs; the physical structure
is another variable parameter in MOFs that may exhibit
flexibility or polymorphism. Perhaps the best example is
conveyed through the breathing behavior of “wine rack”
MOFs.*”°~*? The open- and closed-pore structures of several
monometallic forms of MIL-53 was computed using the HSE06
functional with Grimme’s D3 dispersion correction.””> The
degree to which energy levels (e.g., valence band, conduction
band, and band gaps) were perturbed by the strain was
quantified with the deformation potential,'”* and the band gap
was shown to depend on both the metal composition*”® and
framework density Figure 33.'"” This pressure-induced band
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gap control was further demonstrated with the breathable MIL-

47 framework, Figure 33,102,494
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Figure 33. (a) MIL-53 is a prototypical example of the dynamic, ionic
construction of MOFs instilling the framework with flexural freedom
that alters its macroscopic properties, in this case, band gap energy. (b)
the scatter plot shows through calculated band gaps of the narrow pore
and large pore forms of several MIL-53 (with M(III) metal cations) and
MIL-47 (with M(IV) metal cations) inorganic derivatives that the band
gap of more condensed systems (i.e., the narrow pore form) is lower.
Adapted with permission from ref 493. Copyright 2015 American
Chemical Society.

Because most MOFs feature large discrete band gaps, a
tremendous amount of effort has been invested in understanding
the electronic structure of a family of 2D MOFs that feature a
narrow or zero electronic gap.19’129’130’218’241’243’495_501 Many of
these materials arrange to form hexagonal pores and feature
characteristic “Kagome” electronic bands arising from 3-fold
degeneracy at certain k-points (usually denoted as the K point in
hexagonal crystal systems, although strictly speaking the
direction of the K vector does depend on the space
group).soz’503 As shown in Figure 34, the Kagome bands
occur in the conduction band at the K point as seen by the “Dirac
cone”. If appropriately modeled using SOC,*** the bands
themselves do not cross in k-space (the physics underpinning
this effect are concisely presented in previously published
work).>*>*%° While this gap is often very small (10s of meV), the
nondegeneracy of these states permits unusual physics.'*>"”

Many of these exotic electronic properties are found in the
most well-studied 2D MOF, Niy(HITP),.'"'*%3%7310 gor
example, while both Ni;(HITP), and the Cu(II) analogue are
predicted to be bulk metals due to delocalized z-electrons in the
out-of-plane direction, * Niy(HITP), features a narrow in-plane
gap, and a Dirac cone in the conduction band, Figure 34.%°"
The out-of-plane stacking orientations have posed problems for
modelers, because the anisotropic bonding leads to shallow
potential energy surfaces, which provokes long computations
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Figure 34. Electronic band structure of monolayer Ni;(HITP), (c)
exhibits (a) closed-gap Dirac cones when spin—orbit coupling is
ignored. These Dirac cones open upon spin—orbit coupling inclusion,
(b), as seen by the enlarged view. Adapted with permission from ref
502. Copyright 2014 American Physical Society.

and dissimilar electronlc properties depending on stacking
orientation, Figure 358 Interestlngly, the hexa substituted
benzene analogue features in-plane metalhaty

J

( )

Stacked

J

Figure 35. Both eclipsed and slipped stacking modes of Ni;(HITP),.
The out-of-plane stacking impacts both the z-delocalization of the
aromatic systems in the van der Waals direction, as well the crystal

symmetry.

While bulk models of Niy(HITP), are metallic, a band gap is
observed in monolayer models. The band gap observed in the
monolayer models of Ni;(HITP), (Figure 34) can also be
recovered by artificially elongating the intersheet distance. A
band gap emerges at approximately 5 A,>*” and the open metal-
sites of square planar Ni(II) are exposed. Foster and colleagues
proposed a retrofitting procedure to create a 3D connected
version of the catecholate-based MOF based on this
exposure.”””** 75 The influence of metal identity on band
gap has of course been assessed (Cu(II), Ni(II), Pt(II), Pd(II),
as well as less common Ta(II), Rh(II), and Ir(I1));*'° these
studies reveal that the metal plays a role in balancing strong
electron correlation effects and SOC, while linker redox state
seemed to be one avenue to modulate the Fermi level.”'’~>'%>*!

Interesting electronic phenomena are also observed in
quantum mechanical simulations of isostructural frameworks
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where the linker motifs bond through sulfur atoms rather than
nitrogen. Fe;(HTTP), (HTTP = hexathioltriphenylene), for
example, transitions from a bulk metal to having a discrete gap at
low temperatures (130 K)."”° PBE-D3 calculations found an
intersheet offset of ~1.25 A to be the most stable stacking
conformation by <100 meV per Fe(II) ion, indicating a shallow
potential energy surface."”” In that study, the material was
predicted to be a metal in some sheet orientations, while in
others, both the magnetism and geometric structure gave rise to
the emergence of a band gap. Indeed, shallow PESs will continue
to pose problems for computational chemists; the best effort
with this family of 2D materials has been to use the experimental
c-parameter and equilibrate within that restriction. Importantly,
the slipped orientation perturbs the structure out of a hexagonal
space group P6/mmm to orthorhombic Cmem.

In sum, MOF band gap energies can be effectively modified by
altering the components on which frontier bands are localized,
or adding new states within the existing band gap of a parent
MOF through metathesis procedures. Both of these procedures
enable predictive power in targeting material properties through
systematic DFT studies. Although the band gap energy and
frontier band identity play a role in determining the utility of a
MOF in both light absorption and electrical applications, the
lifetime of the charge carriers depends not only on the gap (or
lack thereof) but rather on the charge. The following sections
will discuss how the electronic band structure and DOS of a
material can be used to predict electronic behaviors, among

them charge mobility.
4.3. Electronic Band Structures

Electronic band structures are a plot of electronic energy as a
function of k-space (i.e., electron momentum). The shape of the
bands provides tremendous amounts of information about
material properties, including the potential to transport charges,
overall material stability and, to the trained eye, even the
composition. Given MOFs are made from discrete molecules, it
is somewhat unsurprising most feature localized (ie., flat)
electronic bands that facilitate the use of cluster models (section
3). However, through development with a complement of
experiment and theory, there are increasing examples of MOFs
featuring curved (ie., dispersive) bands and interesting MOF
applications that rely on the description of bulk electronic
structure. Thus, this section will discuss the calculation and
implications of MOF electronic band structures.

The electronic band structure is simply constructed by
sampling the energy of electrons at various k-points. The
difference in energy between the bottom and top of the band at
two dissimilar k-points is referred to as the bandwidth, or band
dispersion, and is essentially a measure of the “curviness” of the
bands. Higher band dispersion means more mobile charge
carriers and also indicates something about the extent of orbital
overlap and long-range interactions in that crystallographic
vector. Because these plots ultimately depict electron
momentum, the second derivative of a band near a high
symmetry k-point (sometimes called special points) yields the
effective mass of a charge carrier in that band.

Perhaps it is somewhat intuitive that a highly symmetric
crystal would feature a large degree of electronic degeneracy
within the unit cell; it is less intuitive to imagine how crystal
symmetry affects the bulk electronic properties, i.e., those that
extend beyond a single computational cell. As mentioned in the
previous section, the material should be properly equilibrated
using all of the high symmetry k-points in addition to a dense
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grid between them. Practically, however, this is often impossible,
but also unnecessary; generally flat-banded materials (like
MOFs) can be described with [-only sampling because the
insulating interface between the metal and ligand is sufficiently
accounted for by explicit orbital interactions within the
computational unit cell.”****** It is, however, typically good
practice to sample all labeled high symmetry k-points for the
given space group,””***°*% as presented in the Bilbao
Crystallographic Server,”” ensuring that the total energy has
included all important long-range interactions.**

Although the chemical connectivity in MOFs is usually highly
symmetric, MOFs themselves have highly anisotropic electron
density through the crystallographic unit cell: there are pores!
Thus, it is expected that the electronic band structures should
contain some interesting information, albeit subtle, arising from
the periodic absences of electron density. Indeed, one paradigm
in the conductive MOF literature is whether the charge carriers
are more delocalized through-space or through-bonds.”*”**
The band structure sheds light on this. Consider two similar
scaffolds made from 7-stacked triphenylene-based linkers: in the
case of Ln(hexahydroxytriphenylene), the inorganic nodes form
continuous ionic bonds throughout the material,”*® whereas in
Ni,(HITP), the sheets are nonbonded. In both cases, the
greatest band curvature is found to be centered on the linker, but
associated with the out-of-plane direction. In other words, the
conductivity mode is “through space”.”””>*" The delineation of
“through-bond” or “through space” should not be confused with
that between band or hopping conduction, which are separate
mechanisms that can be distinguished by the presence of an
activation energy associated with the conduction,**”*%33¢

Electronic band structure calculations primarily serve to
graphically identify crystallographic directions in which
electrons are highly delocalized and strongly interacting. Such
plots contain a significant amount of information when paired
with the crystal structure and a map of the high symmetry k-
points for the MOFs parent space group. The analysis can be
further complimented by quantitative analysis of the electronic
band dispersion (a concept we have already introduced), and
most importantly, the density of states.

4.4, Electronic Band Dispersion

Band dispersion is the difference in energy of a band between
two high symmetry points in reciprocal space. Greater
dispersion is thought to indicate the material may be a better
electrical conductor in that direction.””" Perhaps a more apt
description is to think of dispersion (or curvature) as an
indicator of electron and hole delocalization. In this mindset, the
“effective mass” of a charge carrier can be computed to quantify
the extent of delocalization associated with a band. In doing so,
the mass of a free charge carrier in vacuum, m, is renormalized
to describe its behavior in the periodic potential of the MOF.
The second derivative of a band near a special point or crossing
the Fermi-level yields the effective mass, m*, of the electron or
hole that would populate that band via

1 _ LOER)
m*  h o ok

(4.1)

where 7 is the reduced Planck’s constant.’*” In practice, this is
readily solved by fitting a parabola to a series of k-points very
near the point of interest. Often, practitioners will present both
“heavy” and “light” effective masses, corresponding to the bands
with the least and most curvature, respectively.
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As an example of the utility of quantifying band dispersion, we
highlight the electronic band structures of sheet-slipped
Co;(HTTP), computed with PBE-D3.'*” In this case,
Co;(HTTP), is thought to conduct through-space (the authors
also conjecture a band transport mechanism from their
experimental data).'”” While the transport mechanism remains
open to debate, computations suggest that the direction of
conduction (i.e., in- vs out-of-plane) in Co;(HTTP), is likely to
be out-of-plane with effective masses of 1.29my, (M—I" and A—
H) and 0.29m, (I'—A), respectively, Figure 36. A similar study
was performed for the Fe-based analogue and the average
effective mass (m*wg/ mg) was determined to be 0.88m. >
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Figure 36. Electronic band structure of Coy(HTTP), and the
associated spin-separated density of states. The Fermi level crosses
bands in the I'—A vector, indicating this material is metallic.
Reproduced with permission from ref 129. Copyright 2017 American
Chemical Society.

Beyond elucidating intrinsic conduction pathways, monitor-
ing changes to the effective mass in the presence of small
molecules has been applied to develop MOFs as chemiresistive
sensors.”> > Chemiresistive sensors operate by measuring
changes in conductivity from charge localizing at binding sites, a
property that is indicated by the flattening of bands, i.e., changes
in the effective mass of the charge carriers. Electronic band
structures of desolvated MOF-74 suggested that the heavy
charge carriers exist perpendicular to the direction of extended
inorganic connectivity (~200m,) while the electron effective
mass was ~2m, along this pathway.”** Binding of small gas
molecules (and likely solvent) changes the electron effective
mass; upon binding of CH, the electron effective mass increases
to 250m,, yet binding of CO, reduces the electron effective mass
to 56m, and H, to 160m,. While this study shows that MOF-74
does feature a notable change in charge carrier effective mass, the
effective masses were too low to be used in a practical
application.

A final consideration in the computation of the electronic
band structure is that while the computed band dispersion is
recovered from temperature-independent DFT, the experimen-
tal observation of the band dispersion itself does depend on
temperature. Thus, dispersion energies less than kT (i.e., the
Boltzmann distribution at the operating temperature) are lost by
the thermal smearing of states and can be considered essentially
flat; the precision enabled by DFT may cause the appearance of
subtle electronic phenomena, such as an indirect band gap, that
are inconsequential under realistic thermal conditions. This
particular issue was highlighted in a recent publication, where
the authors predict band dispersion on the order of kT (<30
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meV) and attributed the observable bulk properties of Zn-
SURMOF-2"*° to this dispersion and its indirect band gap.
While it is difficult to imagine a dispersion of this magnitude
being a factor at room temperature, it does highlight that
periodic DFT is precise and does enable high fidelity studies of
dissimilar electronic states in materials with subtly changing
energetics.

4.5. Density of States

DOS plots are critical to assessing electronic band parentage,
providing information about the type of charge transport that
may exist, be it ligand-to-ligand, metal-to-ligand, ligand-to-
metal, or metal-to-metal fundamental gap. Hence, together with
the electronic band structure and analysis of band dispersion, the
DOS paints a comprehensive picture of the MOF’s anticipated
function.

The integral of the DOS indicates how many electrons occupy
that energy level, and its parentage informs which atoms/
orbitals are contributing to that energy level. Often, DOS plots
are partitioned into atomic specific contributions (atom-
projected DOS, pDOS) or orbital specific contributions
(orbital-projected DOS), providing tremendous amount of
insight into the nature of the bands in a material, as well as a lens
through which the effects of linker functionalization, composi-
tional substitutions, and interstitial influences may be
assessed.”*”~>* The DOS is computed for all sampled k-points,
enabling practitioners to examine the DOS at a single k-point, or
the sum of them. The former can be helpful when MOF bands
cross one another in k-space and has been used fruitfully in MOF
calculations for systems with large unit cells.”*

In spin polarized materials, the DOS representation may be
further partitioned by spin; the spin-refined DOS plot of a
Mn,;(HTB), (HTB = hexathiobenzene) monolayer reveals that
the material is a “half-metal” with a band gap of 1.54 eV in one
spin channel with metallic bands in the other, Figure 37.°*
Similar behavior was identified for Mn(II)-PBP (PBP = 5,5'-
bis(4-pyridyl) (2,2’ -bipirimidine)).>*> This knowledge is val-
uable because the spin bias afforded by the high degree of spin-
splitting is advantageous for spintronic devices that require
precise control over electron dipole orientation.”**

DOS plots have also been helpful in determining the
directionality of charge transport in conductive MOFs. Charge
hopping is likely the mechanism of electron transport in most
MOFs, commonly promoted accessing mixed valency through
either partial redox of the metal/linker or via photoexcita-
tion.”**~>* Of the relatively conductive MOFs, those with the
largest electrical conductivities typically contain an accessible
iron redox couple.”*”**" One of the most conductive 3D MOFs,
Fe(tri), (tri = 1,2,3-triazolate), undergoes facile oxidation to
yield an electrical conductivity enhancement from 10~ to 107"
S/cm.”**>3% From a hybrid GGA calculation, the pristine
divalent material is predicted to have a band gap of 4.4 eV;
partial oxidation of the framework creates midgap Fe(III) d-
states seen in the DOS although (the density of these states is
proportional to the extent of oxidation), decreasing the band gap
to 1.5 eV, Figure 38.>" The same design principle was used in a
variety of other Fe containing MOFs, including Fe,(BDT);,>"'
(NBu,),Fe"(dhbq %), (dhbq = 2,5-dioxidobenzoquinone/
1,2-dioxido-4,5-semiquinone),”> and Fe,(DSBDC) (DSBDC =
2,5-disulfidobenzene-1,4-dicarboxylate).”* In all cases, the
authors attribute the increase in electrical conductivity to a
loosely bound f3-spin electron of Fe(Il), which acts as the source
of the enhanced rate of charge hopping.”*
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Figure 37. Spin-separated DOS (a) of the Mn;(HTB), Kagome lattice
illustrated as the purple shading of the 2D planar Mn,;(HTB), supercell
(b) show the unique half-metallic property of being a metal in one spin-
channel but a semiconductor in the other. Adapted with permission
from ref 542. Copyright 2014 American Physical Society.

There are also fleeting reports of Fe(III) reduction as a route
to installing electron charge carriers (i.e., n-type doping). In a
landmark publication, Fe,(BDP); (BDP = 1,4-benzenedipyr-
azolate)**” was reduced, enabling Fe(II) charge delocalization
that mimics classic d*¢ bimetallic molecular complexes.”*
Fractional reduction of Fe,(BDP); with potassium naphthale-
nide to yield K,Fe,(BDP), (0 < x < 2) accessed nearly a 10 000-
fold conductivity enhancement experimentally.”>” Here, the
authors performed their calculations on an approximate solid-
state system, with the linkers being truncated to their inner-
sphere pyrazolates, likely to reduce computational cost (Figure
39). Chemical reduction of the framework was modeled with
periodic boundary conditions by adding a single electron to a
six-iron super cell ([Fe(pz);)¢), in the absence of a potassium
counterion.”’ The concept of ligand n-doping was also
demonstrated using reduction of the organic linker in a
naphthalene diimide-containing MOE.>*

Similar computational procedures have been applied to probe
the oxidation of organic linkages. The family of M,TTFTB
(TTFTB = tetrathiafulvalene tetrabenzoate) MOFs™” have a
valence band that is highly delocalized along the z-stacked
TTFTB chain, Figure 40.°*° The directionality of charge
transport was exploited such that only the out-of-plane lattice
vector was sampled to assess band dispersion. Upon oxidation,
the hole was free to hop along the extended 7-stacked pathway.
MOFs that feature the same linker but do not crystallize with
extended m-overlap, feature much lower electrical conductiv-

ity.411

https://dx.doi.org/10.1021/acs.chemrev.0c00148
Chem. Rev. 2020, 120, 8641—8715


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00148?fig=fig37&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00148?fig=fig37&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00148?fig=fig37&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00148?fig=fig37&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00148?ref=pdf

Chemical Reviews

pubs.acs.org/CR

Review

a OM @C ON Vacuum level
- A5.2eV A =

A . s
: o

< 27 ! >, -

O - 2.

> | 446V Eg : [

2 , : &2 ;

° " ' 32 A }

3 : 8™ 1 15ev

e v S v

o

(0]

2 i

£

=}

3

S > .

-10

Fe(1,2,3-triazolate), Fe® defect
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Figure 38. (a) The density of states for the Fe’*-containing MOF,
Fe(1,2,3-triazolate), features the emergence of midgap Fe®* d-bands.
(b) The spin-density of the high spin Fe** defect is fully delocalized
over all Fe atoms in the system. Image reproduced with permission
from ref 556. Copyright 2017 Royal Society of Chemistry

Obviously, DOS plots are instructive beyond the paradigm of
visualizing possible charge transport pathways. A more subtle
invocation of pDOS plots was applied to a Ni/Co bimetallic
ultrathin MOF nanosheet to indicate electronic coupling
between metals.””> Charge transfer between the metals was
deduced visually by comparing the pDOS plots for mono-
metallic Co- and Ni-MOFs and the mixed Co/Ni-MOF. The
authors report that electronic coupling across metal centers
results in an increase and decrease in the density of unoccupied
¢, states for Ni and Co, respectively, due to a balance between
electron—electron repulsion and 7-donating abilities, Figure 41.
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u2-pyrazolate-
bridged Fe(lll)

Figure 39. Directionality of charge motion in Fe,(BDP), was exploited
in order to generate the electronic band structure and projected density
of states for Fe,(BDP), upon elimination of the extended structure in
two-dimensions to generate the 2-pyrazolate-bridged Fe(III) so that
the 1D interactions that drive electron transport could be examined.
Data obtained from ref 557.
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Figure 40. Electronic band structure and correlating density of states
for M,(TTFTB) where M = Zn or Cd shown as gray polyhedral, >300
meV band dispersion of a 6-fold degenerate valence band is observed.

In sum, the electronic DOS provides a detailed view of the
atomistic contributions to energy levels, which can be quite
complex for large chemical systems. Information gleaned from
these analyses gives modelers the ability to predict the locality
and direction of electron transfer, which are important in
catalytic applications. The DOS also helps classify a material as a
metal or semiconductor/insulator based on the absence or
presence of density at the Fermi level. However, this section only
focused on the utility and application of electronic DOS, which
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Figure 41. Fermi-aligned DOS of monometallic MOF nanosheets built
with (a) Ni and (b) Co revealed the resultant alteration of d-state
density associated with bimetallic species (c). Ni(II) species experience
electron repulsion from inorganic oxo ligands, while Co(II) species
experience 77-donation from the inorganic oxo ligands. These individual
effects behave cooperatively in the bimetallic species; the donation of
electron density from oxygen to Co(II) diminishes electronic repulsion
from Ni(II). Data obtained from ref 225.

can be identified at a single k-point or summed over the entire k-
grid. A similar sampling and DOS analysis can be performed on
vibrational band structures (i.e., phonon bands), where the DOS
then describes the population of oscillators, a dynamic
phenomenon.

4.6. Lattice Vibrations: Phonons

While the focus of this review is on static modeling rather than
structural dynamic events, thermal properties and electronic
structure are fundamentally interdependent, e.g, conduction
bands in a semiconductor become populated with increasing
temperature and increased conductivity is observed in a metal at
lower temperatures. The phonon discussion will thus be limited
to the general theory and utility in unison with electronic
structure methods. Exciton behavior in semiconductors, for
example, has intrinsic dependence on electron—phonon
coupling such that electronic excitations, exciton recombination,
and charge transport processes may be mediated by the active
phonon modes.”®" Identifying the lattice vibrations and
structural components that enhance or hinder the desired
electronic events enables refinement of the chemical system.*®>

The ground-state electron density obtained through self-
consistent DFT procedures yields first derivatives of the total
energy such as the forces acting on nuclei; phonon frequencies
are a second-order derivative and require additional perturbative
analysis of the electron density.”***°* Phonon frequencies are
therefore obtained by measuring the lattice response to ionic
perturbations through either direct or linear-response ap-
proaches.’®® The direct approach calculates the force constants
in a supercell built from translations of the primitive cell in
response to explicit lattice distortions to construct the dynamical

8670

matrix,’®° while the linear response approach invokes a
relationship between harmonic force constants and perturbation
to electron density in order to reduce computational expense.’®’”

The frozen-phonon technique is the simplest of the direct
approaches wherein the quadratic dependence of total energy on
ionic displacements is exploited to extract the frequency of the

honon mode acting normal to a displacement (typically 0.01
A);17053%368,569 the force constant matrix is constructed by
displacing each atom in the cell and calculating the resulting
forces on every other atom.>”” Only phonon-modes with wave
vectors smaller than the unit cell can be computed with this
approach, commonly mandating supercells. Using the Hell-
man—Feynman theorem, force constants can be obtained from
Fourier transformation of the dynamical matrix constructed
through density functional perturbation theory (DFPT). DFPT
involves the direct computation of second derivatives as the
system response to application of an external potential, giving
access to the dynamical matrix regardless of wave vector without
the need for supercell construction.'””*”"*”* Force constants
obtained through either finite displacement methods or DFPT
can be used to further compute phonon band structures and
DOS as well as other thermal properties.”””

The simplest applications of phonon calculations in MOFs
have aimed to identify the active vibrational modes that
contribute to structural transitions such as ne%ative thermal
expansion,sm_576 adsorbate induced distortions,”’” or thermal
transport abilities.”****” First, the presence of an imaginary
(negative) vibrational frequency indicates either dynamic
instabilities (if the negative modes occur anywhere besides I'),
or absolute instability (if the negative modes occur at I").””*
Phonon DOS and band structures constructed with MOE-§
supercells were used to assess structural dynamics.””” These
studies, performed at the I'-point, invoked the finite distance
method with displacements of 0.01—0.03 A. The origin of
negative thermal expansion observed with this system was found
to originate from the trampoline mode associated with BDC
linkers, Figure 42.°”°% Vibrational modes further give access to
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trampoline translation
Figure 42. Linker-derived low frequency phonon modes are linked to
the negative thermal expansion of MOF-S, presented in ref 579.

experimental data such as experimental IR and Raman spectra,
which aids both in benchmarking theoretical models and
interpreting experimental spectra. Studying the hydrolytic
degradation of MOF-74, the growth of a new peak in time-
resolved IR spectra was identified as the O—D stretch of a
deuterated carboxylate terminus by invoking phonon mode
analysis; from this structure and vibrational mode, a pathway
and the associated kinetic barriers were able to be derived for the
overall reaction.”’

Indeed, of greater interest to electronic structure modeling is
the impact of phonon interactions on electronic transitions and
other energetic pathways. DFT calculations are temperature-
independent, often approximated as 0 K, which neglects the

https://dx.doi.org/10.1021/acs.chemrev.0c00148
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impact of molecular vibrations on properties of interest. To
account for thermal contributions, phonon frequencies must be
inserted into the vibrational partition function to obtain
thermodynamic quantities such as the zero-point energy
(ZPE) correction and vibrational finite-temperature corrections
to internal energy, entropy, and free energy as performed to
determine the mechanical and catalytic properties of V-MIL-
47.°% The thermal analysis employed to recover the zero-point
energy typically involves obtaining the SCF harmonic
frequencies for the system in question using the rigid rotor/
harmonic oscillator approximation.ssz’585 Finite temperature
contributions®®* may be considered to complete the contribu-
tion of nonpotential energy terms. Theoretical frequencies are
typically larger than experimentally observed values due to the
neglect of anharmonicity in the theoretical treatment.***>"!
Electron—phonon coupling plays a key role in nonradiative
recombination processes, Figure 43. First-principle phonon

A

optical )
absorption

emission

Energy

net AE

ZPE{

Figure 43. Contribution of phonon modes to electronic properties is a
function of changing ionic positions altering the available energetic
states and symmetry allowed transitions.

calculations cannot directly provide the rate of electron—hole
recombination, however, nonadiabatic ab initio molecular
dynamics simulations (AIMD) have been implemented to
predict exciton decay and recombination rates.”””*”* As a
demonstration of this, Syzgantzeva and colleagues showed that
phonon modes for Zr-UiO-66-NH, recovered with the finite
displacement method were correlated to the frequencies of
optical transitions in order to identify which modes were
associated with phonon-assisted nonradiative decay.’”* Vibra-
tions contributing to electron—hole recombination process were
found to be low frequency soft modes comprised of both ligand
and node displacements. Design strategies targeting the
suppression of soft phonon modes to extend charge carrier
lifetime may therefore be developed via either metal or ligand
exchange.

The utility of phonon calculations further extends to the
prediction of electronic conductivity. Charge mobility, for
example, is encumbered by phonon-scattering events. Predicting
the motion of an electron through solid-state materials requires a
multifaceted analysis accounting for not only the intrinsic
electronic structure but also the nature of the charge carrier and
its interaction with other lattice properties. To elucidate the
effect of linker functionalization on the electrical conductivity of
Zr-UiO-66, the conductivities of a pristine model and two
substituted derivatives were calculated via the expression ¢ =
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gun, where o is the electrical conductivity, y is the charge
mobility, n is the charge carrier density, and q is the charge of the
carrier.””> Charge mobility was calculated using the Boltzmann
equation with a relaxation time approximation derived by
Bardeen and Shockley for nonpolar semiconductors™®

lel4q

2
po=|—=—| (mam*)*"(Thg)*"
Eq

(3.1)

where C, is the elastic constant, E, is the 3D deformation
potential, m* is the parabolic effective mass, and m is the mass
of an electron at rest (a constant). Generally, the Boltzmann
expression of Bardeen and Shockley is applicable to materials
with low moduli where acoustic phonon scattering is likely to be
the dominant electron scattering mechanism.*”® As discussed in
section 3, the effective mass along a specified k-path can be

estimated from the electronic band structure via

hk?

2m*

(3.2)

The 3D deformation potential descriptor, which offers a
relationship between the phonon mode and an electric
scattering potential to account for the probability of interband
scattering, can be found by fitting a linear equation to the energy
of the LUMO as a function of strain

Eiymo = E; X € + E, (3.3)

The elastic constant quantifies material resistance to deforma-
tion and can be estimated by relating the volumetric strain
energy applied through finite displacements to the total energy,
E

E

1 2
—V-C(1 + ¢€)e” + E
2 1( ) 0 (3.4)

where V is the volume of the cell and ¢ is the strain. Lastly, the
charge carrier density can be estimated by integrating over the
DOS, g(E), and the Fermi—Dirac distribution, fr,(E),””’

n= [ s (E) dE

/ g(E) dE
LuMo 1 + exp[(E — E;)/kgT]

(3.5)

where E is the total energy, Eg is the Fermi energy, kg is the
Boltzmann constant, and T is the temperature. Ultimately,
functionalization of UiO-66 BDC with both NH, and NO,
resulted in decreased conductivity due to a reduction in charge
mobility. However, linker functionalization increases the
number of occupied states near the LUMO in MOFs;
functionalization of linkers may thus be viewed as a route to
enhancing carrier concentrations in MOFs with ligand-centered
frontier bands.

Charge mobility of the UiO-66, UiO-66-NH,, and UiO-66-
NO, Zr(IV) family was further assessed as a function of
inorganic substitution with Ti(IV) and Hf(IV) using the same
relaxation time approximation.””® Because of the small band gap
from titanium d-states at the CBM, Ti(IV)-UiO-66-NH, yielded
the highest conductivity value (1.0 X 1077 S/cm), despite having
the smallest intrinsic mobility, because the charge carrier
concentration compensates for the localization of frontier
conduction band on titanium.>® Together, these UiO-66
investigations isolated the impact of linker functionalization
and metal identity on the various contributions to electronic
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conductivity. Charge mobility was thus found to be dependent
on metal identity due to its impact on electron—phonon
scattering, while charge carrier density could be augmented with
both organic and inorganic substitution.

Phonon calculations have clear utility in unifying the static
DFT approach with thermal contributions to electronic
properties in the absence of molecular dynamics simulations.
The simulation of vibrational spectra including Raman and IR
are further enabled by recovering the phonon modes: the ability
to assign discrete spectroscopic handles with a material motion
is helpful both for structural determination and overall
characterization. However, phonon analysis is typically resource
limited to highly ordered materials, where the phonon band
structure may show interesting dispersion at high symmetry g-
points. Yet, a burgeoning area of interest in the MOF
community is the study of materials with reduced symmetry,
either due to melting or defects.

4.7. Defects

In the previous sections, MOFs have largely been treated as
pristine, defect-free extended solids. Indeed, periodic boundary
conditions demand crystallinity. This approximation is deeply
rooted in the characterization of MOFs, as evidenced by the
procedures for obtaining the crystal structure, pore volume, and
gas uptake properties, which typically assume a pristine
architecture.””” However, defect formation is entropically
favorable,°”’ thus all materials contain defects. Indeed,
significant effort has been invested in minimizing experimental
defect concentrations,”" but defects can also give rise to highly
desirable properties (including the formation of charge carriers
via doping pathways, open metal sites for catalysis, creating
chromophores,602 etc.), 93 and as such are an emerging area of
interest to the MOF field.*"*

In conventional crystalline materials (e.g., Si) there are three
general types of defects: (i) vacancies, where an atom is missing
from the lattice, (ii) substitutions, where a lattice atom is
exchanged for one that does not normally occupy that lattice
site, and (iii) interstitials, where an additional atom is in a
typically unfilled lattice site.”>°*® MOFs regularly exhibit
vacancies in the form of missing nodes or linkers,>”® and
substitutions through isoreticular chemistry or postsynthetic
metathesis, Figure 44.°”” Further, MOFs can play host to a
variety of species within their pores, which can be considered
interstitials.””® Each of these defect types may spawn additional
functionality and modularity to the parent framework, the most
catalogued of which is the liberation of active sites for catalysis
via linker vacancies.®””

Linker redox
counter ion in pore

Linker vacancy
node passivated

Node vacancy

linker passivated 0
counter ion in pore

) )

Figure 44. Node or linker vacancies result in charge balancing ions
bound to the vacant sites (e.g., a proton or formate). Both nodes and
linkers can also be redox active forming structurally bound charge
carriers.

Node redox
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Pairs or groups of these lattice point defects yield further
terminology: Frenkel and Schottky defects. A Frenkel defect is
essentially a vacancy and compensatory interstitial that yield a
charge neutral material, while Schottky defects are defined by
multiple vacancies that sum to zero charge. Because MOFs are
ionic, both Frenkel and Schottky defects are common. For
example, a combined node and linker vacancy may be
considered a Schottky defect and a linker omission passivated
by an additional formate may be considered a Frenkel defect.
Moreover, exotic Frenkel defects may be installed by including a
charge balancing ion within the pore after the redox of a MOF
component (Figure 44); this is uniquely enabled in MOFs
considering they contain large amounts of vacuous space to
support the ions.”*>7

Because defects are often enthalpically disfavored, and
installation is driven by entropy, there is a concentration limit
at which the free energy of the formation of additional defects
becomes positive. The defect concentration limit depends on
the host material, but conventional semiconductors are limited
to only a few percent.’'® Because of their low lattice density and
limited electronic delocalization, MOFs can uniquely exceed
these concentrations by at least an order of magnitude,
sustaining very high vacancy populations.””® For example,
MUE-32, can reversibly reach linker vacancy defect concen-
trations of 80%.°"" These high defect concentrations come as a
mixed blessing because on one hand we are able to model them
in a crystallographic unit cell and not have to worry about their
effective concentration, but we must worry about the impact of
artificial defect periodicity. Hence, one challenge with pristine
models is that they neglect the electronic impact of defects
present in real systems. For example, experimental measure-
ments on Niy(HITP), thin films indicate semiconducting
behavior in contrast to theoretical predictions.*”*'* Critical
analysis of the available experimental characterization of
Ni;(HITP), deduced structural defects must be governing
electron mobility; computational models depicting internal
interfaces demonstrated that polycrystallinity hinders electron
Aow 5!

The following subsections will serve to revisit methodologies
that relate to electronic properties of MOFs in which vacancies
(section 4.7.1), substitutions (section 4.7.2), and interstitials
(section 4.7.3) have been shown to alter bulk behavior through
QM methods, largely through discussion of UiO derivatives.

4.7.1. Vacancies. Vacancies occur as either missing linkers
or metal clusters, as well as single atom omissions from the
inorganic clusters.”'* The elucidation of experimental vacancies
is extremely challenging in MOFs and other solids, often
requiring a potpourri of experimental methods (PXRD, EXAFS,
NMR, IR, etc.) to extract even an average defect concentration
per node.”’**"*!% A a result, we are still learning about their
formation in extremely well-studied materials and only have a
rudimentary understanding of their formation.®' 7"

To completely characterize a defect in MOFs, a combined
theory and experimental approach is often required. For
example, the identity of anionic species coordinated to the
node at a linker vacancy in UiO-66 and -67 was obtained by IR
and NMR experiments; the catalytic mechanism occurring at
active sites defined by these defects was then studied with an
appropriate cluster model to assess reagent adsorption in the
presence and absence of linkers.”*” More advanced experimental
methods, such as diffuse scattering, electron microscopy,
transmission electron microscopy, and electron crystallography,
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have also been paired with theory to refine structural motifs of
defects.”"°**

Periodic models, however, still face challenges for defective
systems because of the cost associated with forming a unit cell
sufficiently large enough to mitigate artificial defect ordering.***
Furthermore, vacancies are realistically either anionic or cationic
and often compensated by an adventitious counterion,
mandating some charge passivation routine.”** In experiment,
these ions originate from the salts or solvents used in the
synthesis, and these salts can be used to inform model
construction.®*®

Modulators can be used to deliberately install linker vacancies
as they compete with the multitopic linker to bind to the metal
node either during synthesis or postsynthetic modifica-
tion.”””%%%®!* Cluster vacancies may be targeted by achieving
multiple linker vacancies; this causes either an absence of a linker
for the cluster to bind to or the stability of an already bound
cluster to be compromised.”’” Linker vacancy concentration
may be tuned using a variety of synthetic conditions ranging
from modulator concentration and acidity®*® to solvent
selection.”””%** Selectively altering linker vacancy concentration
not only enables cluster vacancy formation but also affords
defect engineering, which can be used to intentionally alter
macroscopic properties. For example, increased modulator
concentration during synthesis correlated to increased gas
uptake in defective UiO-66 due to additional missing linkers, as
experimentally demonstrated by Wu et al. with N, uptake
isotherms.®*’

Most computational defect studies have been performed on
the UiO-series of materials, as they are known to feature high
concentrations of defects. Both linker and node vacancies have
been extensively explored: a recent study showed that linker
vacancies capped with trifluoroacetate are more resistant to
hydrolytic and acidic degradation, Figure 45.°*° By systematic
construction of periodic models with differing defective forms,
vacuum-aligned DOS spectra demonstrated only slight changes
to frontier bands and band gap with linker vacancies, but larger
perturbations in the case of missing clusters.®®

Kinetic insights into defect formations can help bridge the gap
between pristine ground states and observed materials. To
address this, one could employ ab initio molecular dynamics to
identify intermediate species formed during linker removal,
followed by nudged elastic band (NEB, section S5.1.2) to refine
the energetic path between intermediates of interest.”>’ As an
example, the role of dehydroxylation in the kinetic formation of
linker vacancies has also been explored.”*” From NEB, dangling
hydroxyl bonds were found to match unassigned IR stretches
from experimental characterization of UiO-66 samples;
decoordination of BDC and an associated hydroxyl is followed
by protonation of the dangling hydroxyl and water desorption.
The activation barriers were found to decrease in energy with
increasing linker defects, suggesting the formation of linker
vacancies might be correlated. This finding is further consistent
with experimental work on linker vacancies in UiO-66(Hf o
Indeed, vacancy defects can be used to anchor adatoms and
interstitials enabling catalysis. The challenge then becomes
deliberate installation of such defects—an area we expect DFT
will prove useful toward guiding experiments in the future.

4.7.2. Substitutions. A substitution involves removing a
chemical component from its lattice site and replacing it with a

different syecies;éos’606 in MOFs, this takes the form of a
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Figure 45. Band gap and DOS were compared for two defective UiO-
66 models, with one featuring a linker vacancy (left) and one featuring a
node and four linker vacancies (right), as a function of capping agents
(fa = formic acid, aa = acetic acid, tfaa = trifluoroacetic acid, cl = CI~/
H,0, e = dehydroxylated metal cluster). The band gap and DOS for
pristine UiO-66 is pictured for reference at the top. Data obtained from
ref 630.

the parent MOF as the “pristine” lattice, linker functionalization
(e.g, BDC to amino-BDC) can also be considered a linker
substitution, where the undecorated linker is entirely replaced by
a new, functionalized linker. Substitution defects can be
intentionally created at the former site of a vacancy (the most
extreme example can be thought of as retrofitting”') or through
postsynthetic ligand and metal exchanges.

Computational explorations of linker functionalization and
metal substitution have demonstrated the utility of these defects
in modulatiné; both bulk material proper-
tes”9149,220,221,4607464,472,475,479,484,634,645 . 1 |0 ] elec-
tronics.”*¥**%**>%*® The simplicity of interchanging MOF
components both experimentally and theoretically makes the
investigation of material augmentations through substitutional
defects particularly powerful. The number of substitutions
included per unit cell or cluster model reflects the concentration
of the defect; substitutions may vary from a single or few linker/
metal lattice points’****%*>%*! to complete substitution of all
linkers/metals in the model.” 47460639644 o change in MOF
properties upon inclusion of an extrinsic component is
dependent on the extent of substitution.**’~%*’

Linker substitutions and metal substitutions also offer a route
to tuning the local interactions between MOFs and small
molecular guests.”*"”°* The conformation and selectivity of
binding, approximated in DFT methodologies by the relative
exothermicity, influence the performance of MOFs for functions
like catalysis or separations.’*>%**%*>%*¢ Linker substitutions
may be introduced postsynthetically by introducing new
molecules of the appropriate size and symmetry into a defective
MOF system. UiO-66, for example, features high quantities of
linker vacancies,®”°*® which can be saturated by the
introduction of functional ligands; monodentate 3-mercaptoi-
sobutyric acid was introduced into defective UiO-66 to
incorporate a thiol functionality for cation trapping.®*> To
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examine the competition of Hg** binding with Ba**, Zn**, and
Pb** to the newly introduced thiol moieties, a benzoate cluster
model of UiO-66 with two linkers substituted for 3-
mercaptoisobutyric acetate ligands was used. UiO-66-SH
showed preferential binding for Hg(II) over Ba(II), but Zn(1I)
and Pb(1II) are expected to bind competitively. Binding energies
of 33 and 49 kcal/mol were calculated for Hg** bound to a single
thiol (SH—Hg, although this is unphysical in reality) and in a
bridging fashion between two SH groups (HS—Hg—SH),
respectively. This study thus demonstrated that to increase Hg>*
binding energies (and therefore selectivity) higher densities of
linker vacancies (and therefore substitutions) are desired. Such
studies demonstrate the utility of monitoring defect-related
properties as a function of concentration.

When constructing hypothetical materials, it is important to
consider the feasibility of MOF synthesis. Metal metathesis may
cause material instabilities due to resultant strain from
differences in atomic radii and related electronic proper-
ties.”*"***%** The ramifications of making Ni(II) and Cd(II)
substitutions to Mg-MOF-74 were studied by comparing the
total energy of the periodic models for Mg—Ni and Mg—Cd
mixed species to the pristine, monometallic M-MOF-74
species.””" Hypothetical mixed MOFs were constructed as an
average of the lattice parameters from the contributing
monometallic species, and systems with variable dispersions
and concentrations were compared. Importantly, disperse
arrangements of substituted metals showed lower overall
energies than when metal types segregated into rich domains.
Additionally, smaller mismatch between the lattice parameters
of the single metal systems (Mg-MOF-74 and Ni-MOF-74)
produced the most stable bimetallic structures (Mg-Ni-MOF-
74), Figure 46. In a similar vein, a study invoking the statistical
distributions of symmetry related bimetallic systems with
variable composition generated the same qualitative statement:
less lattice mismatch resulted in more stable structures.’**

disperse

{ M disperse homometallic backbones

B dimer

1I|Iﬁ| |||||T|

Ni(%) 8 17 17 50 92 Cd(%) 8 17 17 33 33 50 92
Mg(%)92 83 83 50 8 92 83 83 67 67 50 8
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o

Figure 46. Mixing is more favorable in the Mg-Ni-MOEF-74 due to the
lack of strain from ion size mismatch. AE/metal is the energy of various
MM-MOF-74 compositions relative to a linear interpolation of the
appropriate compositions of the respective homometallic MOFs,
positive value corresponds with a favored composition. The metal
percentage corresponds to the appropriate amount of metal
substitution in a 12-metal-ions-containing supercell. Adapted from ref
641.
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One strategy to compute defect formation energies in MOFs
is to reference their formation energetics to their element
components. In a study by Han and colleagues, they sought to
engineer the band gap of MOF-5 to collect lower energy
photons through metal and central anion substitution, Figure
31.%7? In this case, their interest in defect formation was from a
bottom-up synthetic approach; the concentration of a
substitution can increase until it, itself, is a pristine new material,
or the substituted system may be an independent synthesis. For
the purposes of material development, it can aid in intuition to
think of new isoreticular materials as a perturbation from the
parent framework. This study thus highlights the importance of
reference states: elemental references are certainly transferrable,
but any number of other references could have been chosen,
directly affecting the computed formation energies.

In summary, substitutional defects have been a cornerstone of
experimental MOF chemistry, enabling new chemical properties
in otherwise benign scaffolds. However, exploration of their
formation energetics has been largely limited to only a handful of
MOFs, but the number of reports continues to grow as the
importance of defects is realized.

4.7.3. Interstitials. Interstitial defects differ from substitu-
tional defects in that they occupy a point in the lattice that would
otherwise be unoccupied. Whereas a transmetalated system
features a defect in place of an original atom (substitution),
metal species deposited atop/appended to nodes are extraneous
(interstitials). Interstitials in MOFs are difficult to define given
the inherent porosity and high surface area of this class of
materials, which offers more sites for interstitial introduction
than are intrinsic to the framework. Hence, in some sense, all
guests introduced to the MOF can be considered interstitial.

Perhaps the most intriguing example is the inclusion of guests
that create novel charge transport pathways between otherwise
noninteracting nodes. Bridging motifs may be introduced by
incorporating a new coordinating species or covalent function-
alization of existing linkers to bridge pore space. For instance,
tetracyanoquinodimethane (TCNQ) is a tetratopic redox active
molecule that fortuitously can bridge adjacent Cu-paddlewheels
in Cus(BTC),. The extent of bridging was shown to cause an
increase in electrical conductivity (6 orders of magnitude, up to
0.07 S/cm).**® Comparing periodic models of the pristine
framework and with the TCNQ interstitial showed strong
binding (84 kJ/mol) and cluster models consisting of two
benzoate-capped paddlewheels saturated with water molecules
and bridged by TCNQ, showed new conduction band states
localized on the TCNQ molecule.®**®” It was thus reasoned
that thermally promoted charge transfer between the framework
and guest molecule enhanced charge mobility. Later, scanning
electron microscopy and porosimetry supported the bridging
arrangement of TCNQ proposed by theory.**®

Nonnative organic linkers bridging metal sites also impacted
charge mobility in Niy(HITP),.*>” Band structures, calculated
using the B3LYP hybrid functional and the triple-{ basis set,
pob-TZVP, were constructed for different forms of Ni;(HITP),
including a variant with layers separated by 4,4’-bipyridine
bridging the nickel sites and pristine Niy(HITP), with the same
interlayer spacing as the bridged derivative. Bulk Ni;(HITP), is
found to be metallic, but the band gap widens with increasing
interlayer separation, and upon inclusion of the bipyridine
interstitial band dispersion is seen to decrease, effective mass
values increase, and the band gap widens; Niy(HITP), is
rendered a semiconductor. The authors note that square-planar
Ni(II) bound to four nitrogen atoms results in filled d,* orbitals,
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which do not readily bond to additional out of plane organic
linkers. Potential energy curves for pyridine coordination to this
square planar motif showed the hypothetical semiconducting
structure was unlikely to form, however Cry(HITP), with
bridging 4,4'-bipyridine may be an alternative, stable structure.

MIL-125 serves as our final example to frame the contention
of defects in MOFs. In the original report,74 Dan-Hardi and
colleagues noted that MIL-125 became black upon exposure to
UV light in the presence of an alcohol. The authors offered a
hypothesis that this occurred due to a proton-and-electron
transfer onto the MOF, yielding a Ti** and a narrow resultant
band gap. In a follow-up study, Walsh and Catlow demonstrated
that a similar outcome could be achieved by the photo-
elimination of an inorganic oxo, Figure 4755 There, they

a Bridging oxo vacancy in MIL-125 forms Ti%*

b Addition of a proton and electron to MIL-125 forms Ti®*

[ Tia+a+

Figure 47. MIL-125 is known to turn black upon photoexcitation in the
presence of alcohols. (a) Walsh and Catlow suggested that the color
change could have been attributed to the formation of O, via
photoelimination.®"* In contrast, (b) Mayer and colleagues revisited
this problem and demonstrated that the color changes was likely due to
an inorganic hydrogen atom transfer to the inorganic 0x0.%%°

modeled the defect using O, as the reference. However, the
outstanding issue with this photoelimination mechanism was
that, if operable, this process should occur in the absence of an
alcohol (there are no reports to support this claim). Recently,
Mayer and colleagues revisited this discussion and demonstrated
that the original hypothesis of Dan-Hardi was likely correct;
MIL-125 turned black due to PCET, Figure 47590 Regardless,
both of these studies demonstrated a powerful concept that
reaches beyond MIL-125; inorganic defects are a prevalent and
relatively unexplored aspect of MOF chemistry.

While the computations of defects have been historically
challenging due to size limitations®*>%*¥**%%3>%S this is an area
that is primed for rapid development because it is the defects
that enable the charges to flow in conductors and act as the
grafting sites for catalysts. Computational chemistry is well-
suited to perform systematic studies and will undoubtedly
enable a broader gamut of materials with desired properties. We
expect that the prevalence of computational defect studies will
extended to frameworks beyond the Zr-oxo based re-
ports,>770366176%8 4 MOFs with more complex topologies
and connectivity.”*”®”® The first 20 years of MOF chemistry was
spent demonstrating they are crystallographically ordered
materials. The next 20 years will likely focus on their
imperfections.

5. CATALYSIS

With a few notable exceptions, the application of
MOFs in heterogeneous catalysis draws on concepts deeply
rooted in molecular chemistry.”*® The modular nature of the
node and linker enables access to molecularly precise, site-
isolated reactive sites”’” while also affording different local
chemistry to molecular analogues.’”®”*%”® Yet, MOFs are
uniquely dissimilar to molecular analogues: their porosity
engenders an additional modular parameter, and subtle
differences in coordination environment of node-incorporated
metals compared to conventional homogeneous catalysts make
MOFs ideal for accessing novel reactivity, and for performing
fundamental mechanistic studies.

Generally, design strategies targeting specific reactions have
included incorporation of catalytically active linkers,®*® the
formation of SBUs that are intrinsically catalytic,***" and using
encapsulation of catalytic species in the pores (examples are
shown in Figure 48).582583 post synthetic modification
methods®®* such as cationic metal exchange,685 linker
exchange,é%’687 linker functionalization,®**™°*° and atomic
layer deposition (ALD)°**”" have been further utilized to
tune existing scaffolds and provide access to materials that are
otherwise inaccessible through direct synthesis.

Computational analysis of catalytic mechanisms and active
site geometries requires the identification of key intermediates
and transition states that determine the overall efficiency of the
catalytic cycle. Such studies are more sophisticated than simple
geometry optimizations of ground state materials as they include
computationally intensive transition state search methods based
on saddle point searching or interpolative schemes.®”> However,
once these structures are identified; screening various chemical

528,671—676

modulations becomes relatively simple.

a SBU-supported catalyst

Ni-MFU-4/

b Linker-supported catalyst

UiO-67-bipydc(Ir(COD)(OMe))

¢ Encapsulation

Pd@Ui0-66-NH,

Figure 48. Some avenues for appending molecular catalysts. (a) Ni transmetalation in MFU-4 yields a catalyst capable of selective olefin
oligomerization.72 (b) Ligand exchange in UiO-67 enables the support of Irf(COD)(OMe) (COD = cyclooctadiene), a catalyst for C—H borylation of

arenes.*”” (c) Encapsulation of Pd in amino-functionalized UiO-66 catalyzes the hydrogenation reactions.
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Unfortunately, transition-state searching can sometimes feel
like finding a needle in a haystack; if the chemical system has
more than four atoms, the potential energy surface (PES) has
more than three dimensions and from there the PES becomes
very complicated, very quickly. To simplify the challenge of
determining the appropriate gradients to follow (both transition
state searches and generally in modeling), it is helpful to extract
clusters using the procedures discussed in section 3. Molecular
modeling in catalytic studies of MOFs is seemingly requisite to
accomplish the exhaustive analyses necessary to determine both
reaction pathways and their driving force.””® This section
discusses the use of cluster models (and a handful of solid-state
examples) for computational kinetic studies (section 5.1)
including transition state searches (section S5.1.1) and saddle
point search methods (section 5.1.2, section 5.1.3), ending with
the strategies to compute activation barriers and predict charge
transfer phenomena in photoactive scaffolds (section 5.2).

5.1. Kinetics and Transition State Searches

Conventional ground-state DFT methods provide very precise
estimates of geometries at intermediate points along a reaction
pathway. Transition states are geometries that correspond to
saddle points on the PES, and are the highest energy
configuration that exists along the lowest energy pathway
between two intermediates. This section proceeds with the
assumption that the intermediate structures, either solid-state or
cluster, have been initially equilibrated.

5.1.1. Transition-State Search Algorithms. The tran-
sition state is a saddle point on the PES that lies along the
minimum energy path between intermediates, i.e., the dominant
reaction pathway, and accordingly has exactly one negative (i.e.,
imaginary) frequency corresponding to a single direction of
molecular motion with no restoring force. Analogous to ground-
state equilibrations that converge to a minimum point on the
PES, transition-state optimizations self-consistently converge to
a saddle-point. Saddle point search methods generally take one
of two forms: (i) interpolation methods, which step through a
series of geometric configurations obtained by interpolating
between the coordinates of “known” reactants and products, and
(ii) surface walking algorithms, which are based on assessing the
local gradients or Hessian matrices.””” Ultimately, the various
saddle point finding methods differ only in the manner with
which they traverse the PES, but should in principle yield the
same result.

5.1.2. Interpolation Algorithms. Interpolation Algorithms:
One intuitive approach to find the transition state between
intermediates is to construct a “chain-of-states” along the MEP
by interpolatin% coordinates between the known reaction
intermediates.””” Interpolative schemes optimize a series of
static chemical configurations referred to as images along the
PES between the reactants and products to create a 2D energy
profile; the resolution (and expense) of interpolation schemes is
a function of the number of images as well as the chemical
system, and their convergence relies on having a well-converged
description of the starting materials and products.””” Still,
constructing a chain-of-states both reduces computational cost
by limiting the degrees of freedom to sample, and ensures
extracted geometries belong to the appropriate reaction
coordinate.

The most common interpolation methods are the
string’®""7%* or NEB approaches,’”*™7%° which have been
widely applied in inorganic surface catalysis’””’*® and ion
diffusion,”””~""" and more recently to MOFs.”">~"** The

various incarnations differ both in their convergence scheme
and the reaction coordinate spacing kept between images.
Importantly, the images obtained from interpolation algorithms
that define the MEP may not necessarily contain the true
transition state structure, and the results are often improved by
the addition of a surface-walking algorithm to locate the true
transition state using the highest energy structure, Figure 49.70%

Comparison of NEB and CI-NEB

030 I saddle

point

0.25 CI-NEB shift:

0.20 F +0.05 eV

0.15

Energy (eV)
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0.05 |-

0.00
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Figure 49. An illustrative representation of how pure interpolative
schemes (e.g, NEB, blue) may overlook the true saddle point, but
refinement schemes that employ gradient searching methods in
addition to interpolative ones, such as CI-NEB (red) or subsequent
transition state searches with surface-walking methodologies identify
the saddle point. Image adapted from ref 702.

String Methods: The string method gets its name from the
equal spacing kept between its connected “string” of images,
achieved through a repositioning step after each SCF
iteration.””’ Various embodiments of the string method have
been developed: the simplified method”®" seeks to increase
accuracy of the highest energy structure and computational
efficiency, while the growing string method”*” adds more images
until a complete reaction path and transition stare are
identified.””> Other alternatives exist (e.g, climbing image
string, which is analogous to CI-NEB’") but are highly
uncommon in MOF literature because the cluster modeling
alternative generally provides higher fidelity data from smaller
model sizes. In fact, string methods have only recently been
applied to MOFs and are limited to the diffusion of gas
throughout the pores.”' ™"

Nudged Elastic Band: Analogous to the string method, the
NEB approach initializes a “chain-of-states” or “band” between
the reactant and product configurations with images at fixed
distances along the reaction path (n.b.: here, band does not refer
to an electronic band, and to avoid ambiguity we will be explicit
in our discussion of NEB). However, in NEB, the geometric
perturbations between images along the PES is governed by
sprin% forces applied along the band, hence the “elastic”
band.”**”"® This chain-of-states converges to the MEP by
optimization of each individual image and minimization of the
spring force acting parallel to the band, as well as the true forces
acting perpendicular to the reaction path. The result is a scan of
the potential energy surface between reactants and products that
traverses a saddle point; if the exact transition state is of interest,
the highest energy structure obtained using NEB should be
further refined.”*>"*°

The climbing-image variant of NEB, CI-NEB, is the most
widely used interpolation-based algorithm in MOF model-
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state searches along simple reaction coordinates.
climbing image, or the highest energy conformation, obtains a
high resolution convergence to the saddle point without
increasing the number of images by moving up the PES along
the band, and down the PES perpendicular to the band, by way
of the energy gradient without considering the spring forces.””*
CI-NEB was employed with PBEsol-D3 to assess the activation
of hydrogen gas by UiO-66 with one linker per primitive cell
functionalized with 1-(difluoroboranyl)-4-methyl-1H-pyrazole
(Ui0-66-P-BF,).**” The MEP and saddle point energy provided
by CI-NEB demonstrated that activating H, via dissociative
adsorption is a lower energy pathway than a reaction of H, with
adsorbed CO,.

In a related system, the transfer of hydrogen from palladium
nanoparticles encapsulated in NH,-UiO-66 (Pd@NH,-UiO-
66) to 2,3,5-trimethylbenzoquinone (TMBQ) was studied.®®
Thermodynamically stable configurations of palladium nano-
particles up to 32 atoms large encapsulated in the NH,-UiO-66
pore were first determined with AIMD and refined at the I'-
point using DFT optimization with the PBE-D2 method.”**”**
Subsequent CI-NEB calculations with the Pd,g cluster revealed
that increased catalytic activity likely stems from enhanced
TMBQ binding due to cooperativity between the palladium
nanoclusters and the NH, linker moieties.”*> This study
benefited from an interpolative method because surface-walking
algorithms would struggle to navigate the multitude of low-
frequency modes in the PES of H, adsorption and desorption on
a palladium surface.

In both cases, however, the dissociation and reaction of H, or
H* (i.e., surface adsorbed H*) are readily performed via linear
interpolation: at the time of writing, we are unaware of any
examples of more complicated molecular transformations
modeled using this approach. In short, it is easy to interpolate
the trajectory of a proton; it is more difficult to interpolate the
complicated trajectory of multiple atoms moving in 3D space.

5.1.3. Surface-Walking Algorithms. Surface-walking
algorithms (e.g, quasi-Newtonian methods)”**™"* are often
employed to refine transition state guesses from other methods
such as NEB.”*” Occasionally called eigenvector following, these
techniques proceed self-consistently by maximizing the energy
along one local eigenmode of the Hessian while minimizing the
energy along all other modes.”*" A good initial guess is critical
because the transition state found as a result of these algorithms
may follow an incorrect gradient, neglecting to connect the
reactant to the desired product geometries (this occurrence is
illuminated by intrinsic reaction coordinate calculations, section
5.1.5).7%

Minimum mode finding algorithms, such as the dimer
method,”” calculate only the lowest eigenvalue and correspond-
ing eigenvector. The “dimer” consists of two configurations of
the system close together on the PES that are displaced by a fixed
geometric distance.”** As an example, the dimer method was
employed to study the kinetics of hydrogen migration in cluster
models of single metal atoms deposited on the node of MIL-
125-NH,.”>> The activity of MIL-125-NH, for the photo-
reduction of CO, to formate depends on the photogeneration of
a Ti(II) active site via LMCT stabilized by hydrogenation of
bridging oxo atoms. Here, the mechanistic differences between
deposited Au and Pt were compared, and differences in H*
binding energies were used to rationalize differences in
reactivity. The diffusion barrier for hydrogen migration from
the metal atoms to the bridging oxo units that facilitate Ti(IV)
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reduction, determined using the dimer method, showed the
spillover mechanism was facile in the case of Pt loading and
inhibited by the different preferential binding of Au to the lattice.

The most widely used embodiment, the “improved” dimer
method, proceeds with fewer gradient calculations than the
string or NEB methods.”>® However, the dimer method still
suffers from difficulties with systems containing many low-
frequency modes and with identifying a transition state along the
targeted reaction coordinates. Again, this method works
particularly well for protonic transition states and other one-
or low-dimensional chemical events.

5.1.4. Combining Interpolative and Surface-Walking
Methods. The most efficient way to locate transition states is
through a combined interpolative and local saddle point search
approach.”%” In this way, the interpolative scheme generates a
reasonable initial guess for the transition state structure along
the MEP, and a local surface-walking (saddle point searching)
algorithm is then used to equilibrate the transient geometry. In
the molecular software package Gaussian,”*” for example, both
interpolation and surface-walking methods are used in the
synchronous transit-guided quasi-Newton (STQN) approach to
elucidate the structures of activated complexes.””® If only a
transition-state structure guess is provided, the Berny algorithm
is used to converge to the saddle point.”>” When structures are
provided on either side of the activated complex, a quadratic
synchronous transit approach gets close to the quadratic region
of the MEP, and the saddle-point is refined using a quasi-
Newton or eigenvector following approach (QST2).”*’ The
uphill search direction for optimizing transition states is chosen
based on the tangent of the synchronous transit path, and the
eigenvector for this ascent direction is then fed into the quasi-
Newton or eigenvector following algorithm to refine the saddle
point.”*" QST3 additionally employs a transition state guess
between the intermediates, which may increase the accuracy of
the interpolated path mitigating the risk of calculation failure yet
comes at a computational deficit.”**

The STQN procedure was adopted to compare the catalytic
efficiency of NTU-180, a Cu-paddlewheel-based MOF, for
propylene carbonate formation from CO, and propylene oxide,
in the presence of tetrabutylammonium bromide (TBAB).”*’
To isolate the effects of pore confinement and node construction
on the overall efficiency, the reaction energetics were compared
across four models: (i) gas phase calculations without the
presence of catalysts (e.g., without TBAB or NTU-180), (ii) in
the presence of TBAB alone, (iii) on a hydrogen passivated Cu,
paddle-wheel/TBAB cluster model, and (iv) a large NTU-180/
TBAB model featuring six Cu, paddle-wheel units and 24
ligands. The lowest activation barrier for cycloaddition was
exhibited by the NTU-180/TBAB model highlighting the
importance of both confinement and Lewis acid Cu(II) sites in
stabilizing the epoxide ring-opening step.

The catalytic activity of Fe,M (Fe**, M = Ti**, V*, Cr™,
Mn?**, Fe?*, Co**, Cu®*, and Ni**) mixed valent nodes found in
PCN-250 were investigated for the oxidative dehydrogenation
of propane using N,O as the oxidant.”** Cluster models
containing formate-passivated Fe,M mixed valent nodes showed
that oxygen-binding energy is strongly correlated with the N,O
and C—H activation barriers; we highlight the C—H activation
barrier descriptor, Figure 50. Identifying the transition states
played an operative role in determining the optimal metal
identity for oxidative dehydrogenation of propane using N,O.
Moreover, increasing HOMO energy of the cluster model,
facilitated by varying metal identity in Fe,M, increases the
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Figure 50. Lowest free energy M = O bond (M = Tj, V, Fe, Mn, Co, Nj,
Cu, Zn) and the activation energies for C—H dehydrogenation are
correlated. The shape of the data point indicates whether the reaction
occurs on the Fe (square) or M (circle) site of the cluster. Reproduced
with permission from ref 744. Copyright 2019 American Chemical
Society.

oxygen bond strength due to the increased ability to donate
electrons ultimately resulting in a decreased N,O activation.
Four materials were synthesized (M = Mn, Fe, Co, and Ni), and
the calculated trend agrees with experiment, revealing, PCN-
250(Fe,Mn) ~ PCN-250(Fe;) > PCN-250(Fe,Co) > PCN-
250(Fe,Ni); this is unsurprising considering the increasing
electronegativity of the transition metals.

In periodic systems, NEB can be used to find an approximate
saddle point in the potential energy surface, which can be further
refined by applying CI-NEB with or without subsequent
invocation of the dimer method. The images for CI-NEB may
still straddle the true saddle point, thus surface-walking
algorithms are preferred. Open metal sites in PCN-250 were
screened for C—H activation with N,O using the PBE-D3(B]J)
level of theory; the rate limiting step was found to be metal
oxidation using the CI-NEB+dimer method.”*> A similar
procedure also used the CI-NEB+dimer method combined
with high-throughput screening of adsorption studies in
derivatives of HKUST-17** as well as the development of an
apparent universal descriptor for C—H activation (discussed in
more detail later in this section).”*” This balance of procedures
provided by interpolation and gradient analysis is effective
because CI-NEB is a high accuracy interpolative scheme that
ensures a structure between the provided intermediate minima.

5.1.5. Confirming the Reaction Pathway. Typically,
transitions states are “confirmed” through examination of
computed vibrational modes. By definition, geometrically
equilibrated structures have zero imaginary vibrational modes,
while activated complexes should have exactly one, correspond-
ing to the direction of the bond making/breaking process.”**
Vibrational analysis indeed confirms a geometric configuration
is a saddlepoint on the PES, however, there is no guarantee that
it is the saddlepoint along the MEP, i.e., the lowest energy
transition state.

After confirmation that the identified saddle point corre-
sponds to a first-order saddle point with one negative frequency
via vibrational analysis, an intrinsic reaction coordinate (IRC)
calculation can be performed to confirm the transition-state
configuration actually connects the reactants and products.”*’
The IRC is the path of steepest descent from the lowest energy
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saddle point to minima in both the forward _(groduct) and
backward (reactants) direction on the PES.”*’ This mass-
weighted steepest descent algorithm should be performed both
in the forward and backward directions. The path defined by this
calculation has no dynamic significance but is a convenient
trajectory on the PES to reactant and product minima.”*" IRC
calculations require initial force constants, which can either be
computed at the beginning of the IRC calculation or fed into the
calculation from the output of the transition state optimiza-
tion.”>* We note that, during the revision of this Review, an
excellent example of the use of IRC was published by Snurr and
colleagues.”** Following the reaction path may also adventi-
tiously reveal unidentified intermediate states between the
defined reactants and products.

5.1.6. Bridging Experiment and Theory. Transition
states are of particular interest in kinetics studies. For example,
it is helpful to convert computational geometries and
corresponding energies into key metrics, such as reaction rates
and turnover frequencies (TOFs), to enable comparison with
experiment. Computational kinetics yields quantitative activa-
tion energies that can be used to predict a rate constant, k, via
Eyring’s transition state theory,””

_ kb_Te—AGTS/RT
h (5.1)

k is the reaction rate, k, is Boltzmann’s constant, 4 is Planck’s
constant, T is the absolute temperature, R is the universal gas
constant, and AG™ is the free energy change from the initial to
transition states.

Motivated by a desire to optimize catalytic cycles, efforts are
usually placed on identifying the rate-determining step, the
slowest step of the reaction. Typically, because the rate of the
forward and reverse reactions become constant at equilibrium,
practitioners deduce the rate-determining step as the highest
energy transition state. While this simplification is acceptable for
a single reaction path, catalytic cycles turnover and are thus
offset in energy by the difference between reactants and
products.”*® A universally general formalism is instead based
on two rate-determining-states.”>>~ "> These are defined as the
transition state and intermediate (not necessarily corresponding
to the same reaction step) with the highest degree of rate
control, i.e., the strongest influence on the overall rate upon an
infinitesimal change in Gibb’s free energy.”>* Within the context
of catalysis, such states are referred to as the TOF-determining
transition state (TDTS) and the TOF-determining intermediate
(TDI), Figure 51.7°

The TDTS and TDI can be found by maximizing the
energetic span’°° (8E), which is defined by Kozuch and Shaik’**
as

k

Erprs — Erpp, if TDTS after TDI
SE =

Erprs — Erpr + AG, if TDT before TDI (52)

from which the TOF, in its simplest form, can be approximated
for a spontaneous reaction
kT

TOF = 2 oF/RT
h (5.3)
A thorough review of the energetic span model, including its full

o . 757

expression, is provided by Kozuch.

‘While approximate reaction rates can be obtained from DFT
energies using TST, there may be other variables at play that
cause the model to diverge from experiment. For example, the
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Figure S1. Rate constant representation of the TOF is often obtained
from experimentation, yet computational chemistry operates out of the
energy representation by producing an energy landscape. Eyring’s
transition state theory (TST) offers a mathematical translation between
the energy and rate constant representations. The energy representa-
tion features the several transition states (T,), including the TOF
determining transition state (TDTS, rate limiting transition state), and
several intermediates (L), including the TOF determining intermediate
(TDI, most populated intermediate), and the most abundant reaction
intermediate (MARI). The energetic span (SE) is the energy difference
between the MARI and TDTS. The activation energy (Eaj) is the energy
difference between the TDI and TDTS.

diffusion and adsorption behavior of reactants affects local
concentrations at active sites.””* The rate of diffusion to these
active sites has been used to create what the authors claim to be a
more realistic simulation of reaction conditions.””

Rate constants obtained from traditional TST are considered
to be an upper limit because it is assumed that any s_})ecies with
sufficient energy will directly proceed to products.”*® A more
accurate rate constant is recovered from variational transition
state theory (VTST), which uses the minimum-flux criteria to
determine the transition state.”®" Instead of invoking the rate
constant obtained from the highest potential energy point, the
transition state position is adjusted to minimize the rate
constant.”*"7%> Several flavors of VTST exist which help recover
different material properties.”**

Most often, DFT models provide electronic explanations for
observable phenomena. On occasion, a more direct comparison
of simulated reactions to experiment is desired. The
interconversion between energies recovered from QM models
and kinetic parameters can thus be valuable. While there is
benefit to generating high resolution renderings of each
structure along a mechanistic route because of the subtleties in
product selectivity, the inexhaustible variations of MOF
structure and chemistry needs to be narrowed toward the
chemical space comprising interesting MOF properties and
electronics.

5.1.7. Descriptors. Descriptors are transferable approx-
imations built from correlations between atomic level properties
obtained through simple implementations of static DFT and
macroscopic experimental kinetics. The role of descriptors is to
enable high-throughput catalyst screening without the need for
involved kinetic investigations of methodically selected material
derivatives.”®* Although not a MOF example, one of the finest
demonstrations of this concept was presented by Nerskov and
colleagues, who showed that the energetics of CH;*-binding to
the surfaces of metals correlated with their selectivity for
hydrogenation of acetylene, even though CH;* itself was not a
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reaction intermediate or transient species but rather a good
barometer for sigma donation to the metal surface.”®’%
Thorough mechanistic investigation of individual systems for
even single reactions requires a tremendous amount of
computational resources and human effort. Descriptors are
thus indispensable tools for the acceleration of materials
discovery and development.

In conventional heterogeneous surface catalysis (e.g. surface
of bulk Pt, Ir,O4, etc.), activity is commonly a function of
adsorption and dissociation energies. These energies result from
the couplin_g of transition metal d-states to the valence states of
adsorbates.”**7%”7% In these instances, it may be useful to
divide the metal electronic states into the s—p bands and the d-
bands because adsorption energy is composed of bond energy
contributions from coupling between the metal sp states when
the adsorbate approaches the surface and between the
renormalized adsorbate states (after sp coupling) with the
metal d-states. Accordingly, the adsorption bond strength
depends on the filling of the d-bands. The simplest model
describes the d-band using only the d-band center (i.e., the
difference in energy between the average energy of the d-band in
the DOS, and the Fermi level), and it has been successfully
applied as an adsorption energy descriptor.”*”””°

MOFs indeed have extremely large amounts of surface, an
advantage for adsorption applications, however, most of it is
catalytically benign. The d-band center descriptor has been
employed to identify MOF catalysts for bifunctional oxygen
evolution/reduction reactions (OER/ORR),””" focusing on the
2D MOF, (H,NMe,),M (Cl,dhbq""); (M = Ti, V, Cr, Mn, Fe,
Co, and Cl,dhbq = 2,5-dichloro-3,6-dihydroxybenzoquinone,
M-DBQ-CP). The d-band center was shown to positively
correlate with the Gibb’s free energy change of the OER and
ORR reaction intermediates, Figure 52. This led the authors to
identify Ti-DBQ-CP as the most promising bifunctional catalyst
of the studied series of MOFs, in addition to providing a
pedagogical example of descriptors being useful in speeding up
materials discovery.

Descriptors can be built by examining the correlation of a
computable property such as activation energy in the case of
catalysis.””* For example, chemical descriptors were developed
to identify My(BTC), candidates for CO oxidation with N,O,
Figure 53.”° To develop the descriptor, calculations were
performed using a cluster model truncated to one M—M
paddlewheel unit with four coordinated BTC linkers and the
MO6-L functional. N,O decomposition, the first and rate-
determining step in the catalytic cycle, is enhanced by charge
transfer from the MOF to N,O via 7 back-bonding. A linear
relationship was found between activation energy and (i) the
values of charge transfer, taken as the charge difference between
the transition state and adsorption complexes (qrs — qags), (ii)
spin density (p), taken as the sum of the value over the node
dimer transition metals, and (iii) the HOMO—LUMO gap
composed of the MOF cluster model and N,O, Figure 53.

In a different approach, chemical descriptors for the oxidative
C—H bond activation of methane to methanol by a series of
chemically diverse MOFs were identified using a high-
throughput comgutational screening approach predicated on
periodic DFT.””” The authors show the active site formation
energy, AE (forming the “active” metal-oxo via oxidation of the
open-metal site), is a predictive metric for the reactivity of MOF
active sites toward C—H activation. These correlations enable
prediction of the active site stability and the methane C—H
activation barrier from AE, halving the number of requisite
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Figure 52. (a) The d-band center descriptor (x-axis) applied to
(H,NMe,),M (Cl,dhbq""); (M = Ti**, V¥, Cr**, Mn**, Fe**, Co**)
showed excellent correlation with the Gibb’s free energy change (y-
axis) of adsorption for OER/ORR intermediates; the relationship with
OOH* (burgundy), O* (teal), and OH* (gray) all scaled well with the
d-band center as well as with each other as shown in (b), where the
Gibb’s free energy change of OOH* and O* are plotted as a function of
OH*. Reproduced with permission from ref 771. Copyright 2018
Elsevier.

DEFT calculations to simply model the M=O formation, and
MeOH desorption to return to the open-metal site catalyst.

Despite their obvious upside, descriptors have played less of a
role in the development of novel MOF catalysts than, for
example, borrowing principles from molecular chemis-
try.””77*=77% Owing to the diverse chemical space, MOFs are
well-suited to high-throughput studies employing descriptors for
bulk property prediction. Because the scaffolds are largely
assembled using the geometries of building blocks,” their
likelihood of forming, their ;)ropertles, etc. are all optimization
targets rather than inputs.”

One of the motivating factors behind descriptors is the ability
to accurately predict desirable material properties with easily
calculated values. Yet, this process is highly manual, involving an
intensive series of calculations to prove a generalizable
correlation. Machine learning (ML), however, offers a more
efficient route toward identifying the subtle electronic or
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Figure $3. Activation energy (E;) of the rate-determining step in the
oxidation of CO by N,0 over My(BTC), (M = Fe, Cr, Co, Ni, Cu, and
Zn) is correlated with the (a) charge transfer difference between the
adsorption and transition states, (b) HOMO,;o;—LUMO\;,(, gap, and
(c) summation of spin density at the metal atom. Reproduced with
permission from ref 390. Copyright 2017 American Chemical Society.

structural changes that drive reactivity or instill certain
electronic behavior.””® Indeed, the predictive and generative
power of ML algorithms is becoming 1ncreasm§l opular in the
chemical commumty779 782 and MOF field; 77790792 gy

example, ML algorithms are being used to generate chemical
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descriptors for improved target material and molecule
generation.793

While seemingly unrelated, ML may be considered an
extension of descriptors,’”’® the main difference being that
while ML algorithms accommodate multidimensional descrip-
tions of the input data, descriptors rely on the theorist to screen
relationships between chemically intuited system properties. In
this way, ML affords an efficient route toward large-scale
relationship screening to identify subtle trends in big data sets,
which is often necessary for materials property predictions for
complex systems. Multidimensional descriptions (typically
referred to as features or labels) offer more complex analysis
because they are often comprised of a mix of chemical and
structural characteristics and properties; one study demon-
strated both chemical and structural characteristics were
necessary to maximize prediction of methane adsorption in a
data set of ~130 000 MOFs.””*

Indeed, the power of both ML initiatives and descriptors lies
in their generalizability, which is directly related to the chemical
diversity of the data set used to construct the predictive tool.””
Building this data set, however, is nontrivial; the robustness,
generalizability, and accuracy of the result is dictated by the
efficacy of the data with which the model is trained and strongly
correlated to the data set size.””° Throughout this Review, we
have highlighted the computational resources necessary to
pursue electronic structure theory level descriptions of MOFs,
offering procedures to increase tractability and electronic
resolution by truncating to cluster models, etc. In light of this,
it is unsurprising that the majority of the current literature relies
on Monte Carlo and molecular dynamics simulations to
calculate features necessary to label data sets intended for ML
studies; material properties like pore volume and surfaces areas
are easily obtained from GCMC simulations. Understandably,
ML models designed to predict electronic structure theory
results have thus far largely focused on predicting wave functions
or chemical properties for small-molecule data sets,””””"” or
specific properties such as refractive index,””® save several recent
materials discovery examples.”””*** Electronic structure theory
is primarily implemented in conjunction with GCMC
simulations in materials-based ML studies,*'”**"*%* or to
serve as reference calculations for larger data sets in the MOF
field.** Yet, with the advent of high-powered computing and
improved algorithm development, we expect the MOF field to
move toward both property and structure prediction, as it is
already emerging in current literature.**"*%°

5.2. Photocatalysis

The localization of charge (i.e., flat bands) of most scaffolds and
the ability to tune the size and parentage of the electronic band
gap®”® makes MOFs interesting candidates for photoredox
catalysis. Photoexcitation provides one route to accessing
transient, exotic redox states,***”*°® and can further be used
to promote an electron from the MOF to pore interstitials (e.g.,
absorbed polyoxometalates®*” or nanoparticles®'”).
Photocatalysis is predicated on the photocatalyst forming
high energy, transient holes, and/or electrons, a process which is
governed by (i) the photopromotion (e.g, band gap), (ii)
relative alignment of vacant and occupied states in the catalyst
and reactants (e.g, electron affinity and ionization potential/
workfunction), and (iii) exciton lifetime.*® Furthermore, there
are four possible excitations in MOF materials, and they depend
on the composition of the material: (i) ligand-to-ligand, (ii)
ligand-to-metal, (iii) metal-to-ligand, and (iv) metal-to-metal
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excitations. In all cases, photoexcitation yields a hole in the
valence band and an electron in the conduction band, which are
then primed to do work, Figure 54.8"" Here, we discuss the
utility of DFT in quantifying activation barriers, and identifying
the modes and direction of charge transfer in photoactive
MOFs.
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Figure 54. Photoexcitation of a valence electron to the conduction
band minimum enables redox catalysis. Upon light absorption and
excitation, electrons that populate the conduction band travel to the
lower energy vacant states of an acceptor, while holes formed in the
valence band exchange with electrons from higher energy occupied
states of a donor.

5.2.1. Quantifying Activation Barriers. Experimentally,
the energy of activation is quantified as the optical gap of a
material, defined by the lowest energy dipole-allowed
transition.”** The fundamental gap, which is the difference in
energy between the highest occupied and lowest unoccupied
states in the material, is either close or identical in energy to the
optical band gap.*** Therefore, in theory, the fundamental
electronic band gap is adopted as an approximation of the
excitation wavelength.®"

The computation of band gaps for solid systems is discussed
in section 4, however, an accurate description of both the band
gap and the valence band ionization potential are paramount for
the prediction of photocatalyticall;r relevant properties (i.e.,
hybrid functionals are necessary).*"” Again, the contribution of
electron exchange is of particular imsportance when studying
electronic transitions in metal ions.**> Yet, the computational
expense associated with hybrid functionals**® prompts the
recovery of optical and redox properties of MOFs from a single
point hybrid functional calculation on a structure obtained using
GGA theory.”” This technique is prominent in MOF literature
and was applied to study the impact of metalation on the
photocatalytic properties of a porphyrinic MOF for water
splitting and CO, reduction;**' geometry optimizations were
performed using PBEsol, followed by HSEO06 to recover
electronic properties. In all cases, the porphyrin alone was a
chromophore; only the addition of Fe introduced new low-
laying states. These midgap orbitals were used to justify the
improved catalytic ability of the Fe porphyrin compared to other
metals.

Static DFT recovers ground-state electron densities and may
provide a poor description of the unoccupied orbitals populated
upon photoexcitation. Methods like TD-DFT permit calculation
of excited state electron configurations, ie., the energy of a
system is recovered when electrons are not placed in the lowest
possible orbitals/higher-level Kohn—Sham orbitals are occu-
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pie The optical gap can be found by identifying the first
excited state; a simple task in molecular modeling packages, but
rarely attempted in the solid-state.*’* When invoking periodic
boundary conditions, the fundamental gap is thus taken as an
approximate activation energy, however, the optical gap is
narrower than the fundamental gap because of the exciton
binding energy. This disparity between experiment and
theoretical approximations can be observed in computations
of HKUST-1. The electronic band gap is ~3.5 eV using HSEOG,
but the material is strongly blue colored.®*”*'* Conveniently,
the localized electronic states in highly ionic MOFs again grants
the opportunity to sensibly model local electronic structure with
high levels of theory like TD-DFT by reducing the computa-
tional system to a cluster model.”" Linker-to-linker transitions
specifically offer increased control over band edge positions via
molecular chemistry and functionalization.”***'® In one study,
amino- and nitro-functionalized UiO-66 showed band gap
reduction using HSE03.”"> The same study also examined
hydroxylated and dehydroxylated metal centers of UiO-66,
revealing that hydroxylation increased the band gap of the bulk
material, likely owing to the increased ionicity at the node/linker
interface.

Indeed, the implementation of TD-DFT for MOF cluster
structures has generally been successful in the case of linker-
centered excitations. TD-DFT was also effectively applied to a
series of UiO-66 derivatives when studying the origin of band
gap perturbations as a result of varying linker identity.”"”
Calculations were performed on cluster models of the hydrogen-
passivated linkers, and HOMO—-LUMO energies showed
excellent agreement with values obtained from periodic
calculations. Experimental adjustments to the optical response
were found to be the result of additional linker states
corresponding to the added functional groups.

The impact of framework rigidification and the chemical
environment on the optoelectronic properties of light adsorbing
molecules upon MOF inclusion is of interest to dampen
unproductive photodecay.*'® TD-DFT simulations of
4/,4" 4" 4"""_(ethene-1,1,2,2-tetrayl)tetrakis(([1,1’-biphen-
yl]-4-carboxylic acid)), a luminescent linker incorporated into
MOE-5, were performed in the free and lattice-constrained
cluster geometries.”'” Consistent with experimental results on
the bulk MOF, TD-DFT showed the HOMO—-LUMO gap was
blue-shifted by ~400 meV upon MOF inclusion due to a
resultant conformational change and differences in terminal
Lewis acidity; these data were in qualitative agreement with
experiment.

‘While linker-to-linker transitions are more prevalent in MOFs
than metal-to-ligand, ligand-to-metal, and metal-to-metal, the
latter three transitions offer additional routes toward band gap
modulation beyond organic functionalization. Band gap
modulation of MOFs featuring metal-to-metal transitions can
typically be accessed by substitution of transition metals into and
onto nodes in otherwise wide gap scaffolds.**”**° These
materials then show standard crystal field splitting patterns
related to their local ligand environment. Perhaps more
interesting are linker-to-metal and metal-to-linker transitions;
the electron and hole become spatially separated within MOFs
featurin% these transitions, giving rise to prolonged exciton
lifetime.™"

Perhaps the most exciting photophysical avenue in MOF
chemistry is the control of ligand-to-metal excitations, as they
are analogous to redox noninnocent molecules®** while boasting
potentially very large populations of photoaccessed reduced,
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site-isolated metals. Indeed, MOFs are able to stabilize excited-
state radicals (e.g., with metals or linkers that yield a reasonable
reduced product upon photoexcitation). The propensity of
MOFs for electron storage was demonstrated in a series of
landmark studies where the authors showed that MIL-125 could
support photoaccessed Ti(IIl) in the presence of a sacrificial
reductant.”*”*** The general approach invokes stabilization of
the excited state by a cation (i.e., either proton or sodium)
coupled electron transfer into the valence band hole of the
photoexcited MOF. The generality of this approach is yet to be
determined.

There are several methods outside of conventional DFT that
may be invoked to assess the optical gap on relatively small
cluster models with higher fidelity than ground-state, static
implementations.731 For example, single-reference configura-
tion interaction calculations (CI) consider the contribution
from higher energy states when computing the ground-state
wave function; the range of configurations sampled is restricted
for practicality. The “active space” is the number of orbitals
included when considering (i) all excitations in the active space
(CASSCF, section 3.3) or (ii) select excitations into select
orbitals (singles, doubles, restricted active space, section 3.3), as
recently reviewed.”’” CI methods provide a more accurate
description of the frontier states and total energy in cases where
low-lying excited states make a significant contribution at the
operating temperature of the material and elsewhere that
correlation effects are signiﬁcant.sm825 In brief, the presence
and relationship between multiple low-energy excited-state
configurations are accounted for thus improving the description
of unoccupied orbitals/bands. CI wave functions can further be
used in multireference calculations. Naturally, in addition to an
astounding increase in computational expense, the success and
accuracy of CI and MR calculations is dependent on the
selection of an appropriate active space, a challenging
procedure.***

In sum, the activation energy recovered from static DFT is
most often reported as the fundamental band gap. Recovering
experimental semiconductor band gaps in the solid-state
empirically requires the inclusion of exact exchange in the
Hamiltonian, however, molecular cluster models can be
employed when frontier bands are localized on isolated
components and are minimally perturbed by MOF incorpo-
ration. To obtain more accurate descriptions of the orbital
interactions involved in excitation processes, post-DFT methods
can be applied. However, the higher resolution quantum
mechanical insights may mandate geometric or active space
restrictions that diminish their ability to provide a realistic MOF
model.

5.2.2. Predicting Charge Transfer Phenomena. Because
most MOFs have flat bands, an exhaustive electronic band
structure calculation is often a waste of computational resources.
Instead, photocatalytic MOF chemistry can be explained using
conventional DOS plots, which illustrate the orbitals contribu-
ting to each band.””” In a photocatalytic reaction, from the
ground state, absorption of a photon may promote an electron
into the conduction band: the excited electron and hole are in
kinetic competition between exciton recombination and the
desired electron transfer.**® The exciton binding energy, which
drives recombination, is the attractive Coulombic force that
must be overcome to separate a hole and electron®”’ and thus
decreases exponentially as a function of distance.**° Photo-
catalyst design for systems with flat bands benefits from
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localization of the excited electron on a separate component
from its ground state.”*°

Many MOFs have wide band gaps stemming from valence and
conduction bands centered on the organic linker, which are
commonly conjugated systems dominated by 7—7* transitions
(e.g, MOF-5 and Zr"V-Ui0-66).*"%'7*3* Wide gap materials,
particularly, can host chromophores that sit mid gap relative to
the bulk material. For example, a chromophore similar to the
green fluorescent protein was appended to the biphenyl linker of
a zinc-based MOF to inhibit low energy vibrational modes that
deplete its signaling response.*** Similarly, UiO-67 has been
employed as an immobilization platform for a rhodium-based
photocatalyst through postsynthetic linker exchange.®*
[Cp*Rh(bpydc),]Cl, (bpydc = 2,2'-bipyridine-S,5’-dicarbox-
ylic acid) performs the photoreduction of CO, to formate. DOS
of the hybrid material revealed that the frontier states were
defined by the new d—d transitions of rhodium, indicating the
framework played a passive support role.

MOFs composed of late transition metals or metals with high
quantum numbers will typically feature ligand-to-ligand
transitions because the organic components have lower
ionization potentials and higher electron affinities than the
Lewis acidic metals.**” Early experimental work presumed that
the zinc-oxo clusters in MOF-5 operate as ZnO quantum dots
via a ligand-to-metal charge transfer.*®%° There, the GGA
functional PBE, known for overstabilizing strongly bonded
states, places the zinc orbitals closer to the conduction band
edge. However, this was later debunked using a higher level of
theory (HSEs0l06)**" paired with experiment: MOF-S features
primarily ligand centered excitations, Figure 55.°*' Higher

Ly

Valence band Conduction band

MOF-5

Figure 55. Valence and conduction band extrema projected at the I'-
point. The linkers are shown in isolation for clarity. Data obtained from
ref 76.

energy conduction bands may also be populated via a
multiphoton absorption process, although the prediction of
the e;&glicit energetics will depend heavily on the functional
used.

Unlike d'° MOFs, those constructed with Ti(IV) have
reported photoaccessible Ti(III) states as evidenced by EPR
and transient absorption spectroscopies, in addition to
theory.226’6l3’843_845 Vacuum level alignment of several Ti-
(IV)-based MOFs showed not only that the unoccupied
titanium d-orbitals consistently dominate the conduction band
but also that the CBM occurred at roughly the same eigenvalue
for different linkers and node architectures, Figure 56.*" Nodes
built from the other d° ions (Zr(IV) and Hf(IV)) do not exhibit
metal-based states near band edges, although Ce(IV)-UiO-66,
which has empty f-orbitals, exhibits a conduction band
dominated by metal orbitals.”*”

The DOS for MOFs known to undergo cation exchange, e.g,,
MOF-74 and MFU-4l, before and after transmetalation with
Ti(IV) further revealed the generality of invoking the first row
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d’-transition metal to generate low-lying metal-based acceptor
states.”" The substituted MOFs mimicked the electronic
structure of pristine models but for the addition of unoccupied
states from titanium d-orbitals below the native CBM.
Comparatively, the energetic position of new metal d-states
exhibited a greater dependence on the metal coordination
sphere when incorporated through appendage rather than
directly into the bulk lattice.**®

Powerfully, in addition to modulating the chemical identity
and energy of the conduction band through metal substitution
without affecting organic valence bands, ligand-centered valence
bands can be modulated by changing the organic motif with
negligible perturbation to the conduction band if it is metal-
based.'”” A renowned example of band gap modulation through
organic linker functionalization is reduction of the MIL-125
band gap from the UV to visible light region through amino-
functionalization,**” and the same principles have been applied
to other MOFs.***~*' DOS plots show that electron donation
from the amino group formed shallow midgap states at the
valence band. Subsequent analysis with DFT established that the
band gap could be further tuned by adjusting linker functional
groups and the concentration of functionalized linkers.””
Experimentally, it was observed that MIL-125-NH, indeed
exhibited an optical gap in the visible range and, interestingly,
the minimum band gap was reach at >350% linker substitution.”>*
This observation leaves us wondering whether their observation
was catalysis enabled by surface sites, or rather that the material
became limited in quantum efficiency. Either way, this example
highlights the symbiosis of theory and experiment by showing
that visualization of the DOS is an indispensable tool for
analyzing the band edges of photoactive system, especially for
the fruitful modulation of exciton separating MOF species that
can be selectively tuned from both band edges.

6. MULTISCALE, EMBEDDED, AND MIXED-METHOD
MODELING

In the previous sections, the electronic structure was computed
using quantum chemical descriptions of both the extended solid,
and clusters cut therefrom. One of the main contributors to
model size in methodologies invoking a molecular approx-
imation is the size of the passivating ligands. Numerous
examples were presented where their inclusion primarily serves
to simulate the electrostatic potential and sterics of the pore. Yet,
such van der Waals and weak dispersion interactions are readily
captured at lower levels of theory (e.g., molecular mechanics,
semiempirical, and HF approaches).®>” Rather than isolating a
chemically relevant cluster for full quantum mechanical analysis
that includes compositionally complex components responsible
for simple electrostatic contributions, methodologies have been
developed to embed a quantum mechanical model within
another level of theory. Thus, the description of remote
chemistry is maintained, while a higher level theory is applied
at the active site.”>* 7%

Generally, practitioners refer to these mixed methods as
“embedded” systems, where one level of theory is surrounded by
another. To make matters confusing, this approach is sometimes
called “hybrid theory”,**” posing obvious problems for the DFT
community. Further, they are also sometimes referred to as
“multiscale models”, specifically when the higher level of theory
traverses one length-scale, while the lower level of theory
traverses another. Such multiscale approaches are widely used in
engineering,&;g_géO geographical science,**%* and chemis-
try, > 7% ‘but here we will not delineate between it and
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transmetalation (MOF-5, MOF-74, MFU-4]) reveals unoccupied titanium orbitals at the conduction band edge, with roughly the same electron
affinity, and orbital-based states at the valence band edge, consistent with band gap reduction through addition of functional groups on linkers. Data

obtained from ref 461.

embedding. Rather, this section specifically relates to the use of a
high level of theory within a bath of a lower level. Regardless of
the name, the utility of these approaches has enabled
calculations of the chemistry of active sites in extremely large
systems, and its development and application to biological
systems warranted the 2013 Nobel Prize.**’~%""

In principle, a successful embedded model should feature
essentially all of the chemistry that an all-electron calculation
would provide and can be implemented in both molecular and
solid-state configurations.®’> Generally, a two-layer (QM/MM)
approach is invoked, where one region of the chemical system is
described quantum mechanically, and the remaining regions are
described using MM methods. Additional intermediate layers
may be added, resulting in an N-layer approach; however,
methods exceeding three layers have not been implemented in
common software packages. The largest shortcoming of these
models arises from the interfacial descriptions at the QM/QM,
QM/SE, or QM/MM boundaries, but this is also an excellent
platform to provide insights about the metal—organic interface.
In this section, we highlight the basic components of typical
multiscale modeling procedures applied to MOFs, with a
particular focus on the two-layer QM/MM scheme, a
convenient approach to maintaining a description of the pore
without performing more expensive all-electron DFT.

6.1. Two-Layer QM/MM Schemes

QM/MM enables a description of steric interactions from a
much cheaper Newtonian parametrized force field (FF) while
maintaining an electronic description of key chemistry. A
tremendous amount of work has been dedicated to the
development of FFs,*”>™*"® and although they will not be
discussed here, they do play a major role in determining the
success of the embedded model. MM itself does not explicitly
include descriptions of electrons®’” despite being parametrized
from higher level DFT data and experiment. Several “general”
FFs commonly used in MOF literature include, UFF,%°
AMBER,**' AM1,**> DREIDING,**’ and MNDO.*** Recently,
MOF-specific FFs have been developed such as BTW-FF**° and
MOE-FF,**® however the confident utility of the force field only
applies if it is used for systems in which it has been parametrized.
Thinking back to an example presented in section 1, even the
same linker (BDC) paired with different metals (forming MIL-
125, MOF-5, and UiO-66) form materials with vastly different
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work functions, and therefore bonding properties. A single FF
for BDC will likely fail if liberally applied to all BDC-containing
MOFs; the nodes impact the electronics, geometry, and
properties of the linker. Yet while MOF FFs lack generality
and transferability, their implementation drastically reduces the
time to solution, making their development a highly worthwhile
endeavor.

The interfacial energy at the QM/MM must be accounted for
in the self-consistent procedure of an embedded QM model.
Two general schemes have been developed to account for the
interaction at the QM/MM boundary, either additive or
subtractive/extrapolative.”” The total system energy of the
additive scheme, E, y4;,e is recovered by summing the energy of
the high-level/QM model region, Eygp, modey the energy of its
environment recovered by a lower-level of theory/MM, and an
additional energy term, Ej ..oy Which includes mechanical
and electronic embedding of the model region in its environ-
ment,

Eadditive = Ehigh.model. + Elow,environment. + Einteraction (61)
where
Einteraction = Emech.embed. + Eel.embed. (62)

Mechanical embedding (E, .ch emped.) is evaluated using the FF to
describe physical interactions between the two layers of theory,
while electronic embedding (E.empeq,) accounts for the
electronic effects created by atoms outside of the QM region.
In practice, electronic embedding is often accomplished by
treating the atoms in the MM region as point charges in the QM
calculation; this procedure allows redistribution of the point
charges to provide a more accurate electronic environment for
the QM region.887

Contrarily, the subtractive scheme, otherwise known as the
extrapolative scheme, inherently accounts for mechanical
embedding; the interactions between the QM model and the
MM environment are treated in the MM description of the
entire system by subtracting the MM description of the QM
model from the MM total energy.

E

subtractive — Ehigh.model. + Elow.system. - Elow.model. (6.3)

This treatment of the boundary between layers of theory
corrects error introduced by the interface between system
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components.**® Notice, the subtractive scheme does not include
electrostatic embedding; this can be remedied by introducing
electronic embedding models of varying sophistica-
tion,557:889,890

Like all applications of theory, multiscale models require a
certain level of benchmarking and forethought in the model
construction. The substituent test was developed to determine
whether different levels of theory would combine to provide a
reasonable description of a system by producing substituent
values (S-values), which are meant to be minimized.*”'*"* In a
two-layer subtractive scheme, the S-values are derived from the
overall error between the energy obtained through multiscale
modeling, E i acive and the energy of the complete system
computed at the higher/QM level of theory, Eygp, ystem.

Eerror = E

(64)

subtractive E high.system.

From substitution of eq 6.3 into eq 6.4, we obtain

Eror = (Ehigh.model‘ + Elgwmodel. ~ Elow.model‘) - Ehigh.system.
(6.5)

Rearrangement of this equation provides

Eerror = (Elow.sys. - Elow.mode].) - (Ehigh.sys. - Ehjgh,model,)
(6.6)

where the parenthetical terms represent the S-value for the low

(Slow = Elow.system. - Elow.model.) and hlgh (Shigh = Ehigh.system. -
Ehigh'model.) levels of theory, yielding

Eerror = Slow - Shigh (67)

Therefore, the minimum error occurs when S, and Sy, are
equivalent.

The most popular incarnation of the subtractive embedded
scheme is Our Own N-layered Integrated Molecular Orbitals
and Molecular Mechanics (ONIOM),****7*%%% which has been
implemented in several popular software packages.””” While
ONIOM was developed from two-layer hybrid ap-
proaches,”"*7>7* jts theory is not limited to two layers or
restricted by level of theory.**”?®" In fact, there are several
instances of ONIOM applied to cluster models of
MOFs;637‘901’902 here, we highlight a representative example
of elucidating the adsorption sites of CO, and CH, on MOEF-5
cluster using a MP2/HF approach.”” There, the authors
systematically examined three cluster model sizes (Figure 57)
with three unique binding orientations of the small gas
molecules. Both the cluster model size and the ONIOM
boundary location were important in the final system energy; a
cluster model containing three linkers (Figure 57) was required
to effectively describe the pore corner binding site, which was
revealed to preferentially bind CO, and CH, over the other
examined sites. This study further emphasizes the careful
consideration required when developing a multiscale model to
determine which portions can be reasonably excluded from the
higher-level layer.

The ONIOM approach is not limited to molecular cluster
calculations. In a representative study, O, binding to an open
metal site in periodic M-MOF-74 (M = Mg, Ni, Zn, Co, Mn, and
Fe) was studied using high level functionals.””* A QM region
was required because Fe undergoes oxidation upon binding of
O,, and the energetics also depend on neighboring cations. For
this study, the 10 A radius around the active site was treated with
the hybrid functional B3LYP that included a line of three metal
atoms and the associated DOBDC linkers with their non-
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Figure 57. Partitioning employed for the ONIOM study (MP2/HF
level) to elucidate CO, and CH, adsorptive sites on MOF-S. Three
cluster models were examined, (i) 1 linker and 2 nodes, (ii) 2 linkers
and 3 nodes, and (iii) 3 linkers and 4 nodes. Each of these models were
partitioned for the ONIOM study, where either the node or linker were
described at the higher level MP2 depending on which adsorptive site
was being examined. Two gas molecule orientations to the node and
linker, perpendicular and parallel, were considered. Hydrogen atoms
are omitted for clarity. Data obtained from ref 903.

coordinating carboxylate and oxygen substituents separated into
the MM layer. After testing several FFs for the MM layer, MOF-
FF parametrized to both ferric and ferrous forms of a Fe-MOF-
74 cluster model of the QM region was found to best reproduce
structural elements and full QM values. The energy of binding
was computed with QM /MM methods, where the two terminal
metals of the QM region were exchanged; all M(II) ions in the
MM sections were treated with Fe(I) parameters to avoid
reparameterization of MOF-FF for each substitutional deriva-
tive.

In arelated study with the same material, alkane hydroxylation
was examined, Figure 58.”%° There, B3LYP was again employed
in the same QM region, but UFF was applied to the periodic
environment. All Fe(II) ions but the active site were replaced
with nonmagnetic Mg(II) ions to simplify the spin-state effects
across the extended lattice. This substitution of Mg(II) for
Fe(II) is somewhat common, but is an obvious area for
improvement. Spin natural orbitals were used to explain that the
high spin state aids in C—H activation of alkanes, and
encourages H*® abstraction.

A more precise description of framework contributions to the
region of interest can be obtained by employing a QM/SE

https://dx.doi.org/10.1021/acs.chemrev.0c00148
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model. SE methods provide information about the electronic
structure, neglected in MM approaches, which can improve
recovery of electronic perturbations of the bulk framework from
changes in the QM region. Although the advantages of QM/SE
schemes over QM/MM schemes have been discussed,”*® and
such schemes have been implemented for biological systems,”’
there are sparing examples of its application in MOF modeling.
Given the success of applying SE methods to MOFs, the scarcity
of both QM/SE and QM /MM studies in MOF literature”*® may
be a symptom of the field’s youth.”*””'® While SE methods are
not guaranteed to perform better than MM methods,”"" in some
cases explicit electronic interactions with cavity walls, e.g., 7—7x
interactions, need to be considered.

The QM/SE ONIOM approach was employed to study the
difference in stereocontrol exerted by the R3,3’-diphenyl-1,1'-
binaphthyl phosphate chiral catalyst when coordinated to Cu-
dimer paddlewheels in a MOFE.”'> The enantioselective
Bronsted acid-catalyzed Friedel—Crafts reaction between
indoles and imines yielded products of opposite chirality to
the homogeneous system; because the electronic pore environ-
ment provided secondary interactions leading to selectivity, an
explicit electronic description of the pore was included by
treating the lower-level of theory region with PM6. A conductor-
like polarizable continuum model (CPCM) was included for
solvation effects.”’® Indeed, interactions between aromatic
functionalities on the MOF and reactants were found to drive
the difference in enantioselectivity due to electronic stabilization
that could be better reproduced with explicit considerations of
the electrons.

In an analogous comparison between a homogeneous and
MOF-bound catalyst, ONIOM was applied to IRMOEF-3 where
structural parameters were elucidated from pure QM calcu-
lations and neutron-diffraction results obtained at 3.5 K were
best reproduced when the lower-level of theory region was
described by the PM3 functional.”'* The aniline catalyzed
Knoevenagel condensation of benzaldehyde and ethyl-cyanoa-
cetate was found to occur faster in IRMOF-3 than with
molecular aniline. By considering several plausible reaction
pathways and deactivation pathways as enabled by multiscale
modeling, it was found that catalytic activity was improved
within the MOF framework due to water adsorption; the Zn(II)
sites adsorb water that would otherwise poison the catalytically
active amine moieties.

6.2. Boundary Treatment

The greatest challenge in multiscale methods is not necessarily
the combination of theories, but the treatment of the interface
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between layers.”’> Within any embodiment, the interface
between levels of theory inevitably disrupts the description of
direct interactions between components. Conceptually analo-
gous to the cluster extraction procedure, the QM region must be
“cleaved” from an extended solid. Thus, severed bonds must be
saturated with hybrid orbitals,****'°~"* pseudoatoms,”' ">
or, more commonly, link atoms like hydrogen, Figure 59.99

Link Atom Approach

Orbital Approach

Figure 59. General approaches to boundary treatment. The link atom
approach, wherein bonds divided between levels of theory, are capped
by extrinsic atoms to saturate the valence shell of each atom on either
side of the boundary. The orbital approach, which employs auxiliary
orbitals in the MM region and active (SCF optimized) orbitals in the
QM region through either a general hybridized approach®*" or a local-
self-consistent approach®*”°*, where localized orbitals are determined
through parametrization of a related system.

Hydrogenation of dangling bonds is effective in removing
spurious formal charges from the cluster environment, however,
the saturating motif can further be tuned to reproduce the
polarization of the truncated bonds.***”**7*°

As an example, a QM/MM ap;)roach was used to study the
proton topology in NU-1000.>" Here, the objective was to
simply reproduce electronic trends observed in full QM analysis
of the same cluster model.*'” Unsurprisingly, the inclusion of
electronic embedding in the multiscale model was necessary to
reproduce full QM values. The boundary between layers of
theory separated the anionic carboxyl groups from the phenyl
ring and models were optimized using both hydrogen and tuned
fluorine link atom approaches;**” the energies and geometries
recovered from full QM models were more accurately
reproduced by models invoking hydrogen link atoms (a
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somewhat intuitive result as the hydrogen link atom works
reasonably well for cluster modeling, section 3).

Advantageously, the QM/MM study of proton topology in
NU-1000 also explored the impact of linker presence in both
QM and hybrid QM/MM procedures by comparing the relative
energy of benzoate-, acetate-, and formate-capped cluster
models with both procedures.””” Energies and structures
extracted from the full QM model of the benzoate capped
cluster were consistent with its QM/MM model as well as both
the full QM and QM/MM models of the acetate-capped cluster,
however, full truncation of the linker to a formate resulted in an
energetic difference for proton topology by up to 11 kcal/mol. It
was noted that in the case of metal deposition or guest inclusion
both formate and acetate models would likely be insufficient to
incorporate linker effects, consistent with findings from its
preceding literature.*"”

Like in cluster extraction, ongoing effort is placed on
developing protocols for determining which bonds are the
best interfacial regions in QM/MM models in MOFs. One study
directly addressed this using a bond-tuned approach where the
impact of the system-tuned fluorine link atoms in which the
generality of a parameter set would be extended to the type of
bond cleavage, e.g.,, C—C or C—0, was assessed.””® The success
and generality of this approach, however, will be revealed as
more papers are published using the same protocol. The study
does point to a larger issue: link atoms can result in
overpolarization due to their proximity to point charges
implemented in the MM layer. Localized orbitals correct this
to some degree because the charge density is inherently
distributed into the pseudo-orbital; these methods have more
complex implementations.”*’

Charge redistribution techniques that adjust the position of
point charges along the cross-boundary bond vector have been
successful in eliminating negative modes in the QM/MM
Hessian that correspond to inadequate boundary treatment. To
assess the different electronic influence of varying the 5,5'-
substituents of salen(Mn) catalysts when incorporated as MOF
linkers, a redistributed charge and dipole method was applied.***
The redistributed charge and dipole method adjusts the point
charge on the first atom in the MM layer and distributes it evenly
across the number of bonds it shares with the QM region and
shifts the divided charges along the bond vector away from the
link atom.”*

The same scaffold, salen(Mn), is a catalyst known to perform
enantioselective epoxidation of nonfunctionalized olefins was
heterogenized into a mixed-linker MOF with biphenyl
dicarboxylates and experienced increased enantioselectivity.”'
Full QM analysis of the homogeneous salen(Mn) catalyst
developed modified Hammett parameters to describe the
enantioselectivity of the catalyst with $,5"-substitution.”*” The
authors validated their QM/MM methodology where the
changing substituents were treated at the MM level.® A
DREIDING®® FF was parametrized to a cluster model of the
unsubstituted salen(Mn) linker extracted from the bulk MOF
structure.”" All other electronic embedding schemes resulted in
overpolarization that returned imaginary modes at the QM/MM
boundary; negative frequencies associated with interactions
between the link atom and the MM point charges were ignored;
it is unsurprising that the link atom bond length is not
equilibrated. Refining treatment of dangling bonds at the
truncated boundary continues to be integral to reproducing the
electronic environment of the boundary region and, therefore,
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the general ap;)licability of multiscale approaches to theoretical
MOF studies.””>”**

The periodic and ionic nature of MOFs enables both their
simulation through solid-state techniques, molecular modeling
approaches, and partitioning schemes. While modeling the bulk
system provides the most holistic description of the electronic
structure, molecular clusters provide access to higher levels of
theory. These theories enable potentially excellent predictive
power, albeit at the sacrifice of a description of the pore. Hence,
while there are only a handful of examples of successful
multiscale models being applied to MOFs, there is a real
opportunity to reduce computational load (even if the
implementation mandates serious consideration of the interface
treatment, model size, and FF parametrization). In the advent of
high-powered computing and continued advancement in
hardware, we expect full quantum mechanical descriptions of
larger systems will negate multiscale and full molecular
mechanical approaches unless the multiscale approaches
venture toward device length scales. Yet in the interim, these
unique methods may be used to study diffusion properties,”***°
nucleation,”” encapsulation,”**”*” prenucleation events during
self-asgembly, and potentially for polymer growth in MOF
pores.

7. OUTLOOK AND CONCLUSIONS

Owing to their ionic construction, MOFs are positioned at the
interface of molecular and materials studies, affording both
periodic and molecular modeling approaches. Descriptive
models that, through the efficient use of computer resources,
may be used to recover precise quantitative quantum mechanical
information about MOF:s fuel the budding partnership between
experiment and theory. Yet, as in any computational endeavor,
there are several major considerations. Here, we aimed to
broadly survey the current applications of electronic structure
theory to MOF-centric research questions to date. In doing so,
we draw a few solid conclusions:

e Despite the terminal goal of gaining predictive power
through modeling, the development and success of a
model can only truly be realized through comparison to a
known, reproducible experiment, or higher level of
theory; benchmarking in this fashion will help to inform
the appropriate level of theory and potentially necessary
correctional terms.

The functional does play a major role in determining the
properties of the MOF. Hybrid GGA functionals offer
increased accuracy over pure GGA functionals yet
augment the computational expense. The most common
hybrid functionals used in MOF modeling are PBEOQ,
HSE06, B3LYP, MO06, and variations thereof. Often,
structures are geometrically optimized to the GGA level,
followed by a single point hybrid calculation to return the
electronic structure. This minimizes computational
expense, while affording a higher degree of electronic
structure information, even if it is technically from a
nonequilibrated structure.

Correctional terms offer an empirically tuned route
toward improved agreement between experimental
observables and theoretical results. Dispersion correc-
tional methods account for long-range Coulombic
interactions otherwise neglected by the standard Kohn—
Sham DFT formalism. Because of the impact of van der
Waals forces in crystal packing and host—guest systems,
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long-range electron correlations are a necessary consid-
eration in MOF modeling. The Hubbard U correction
term works to counteract the ubiquitous self-interaction
error in DFT, accounting for the localization of electrons
from Coulombic interactions. Both of these correctional
terms may be employed to improve agreement between
experiment and theory.

Owing to the localized electronic structure of many
MOFs, they may be modeled as molecular clusters,
affording calculations at higher levels of theory. There
exist two general approaches to extracting cluster models
from MOFs, (i) preserved node, where an entire
inorganic node is described while surrounding it with
some form of linker approximate, and (ii) preserved
linker, where at least one linker remains in its full form and
crystallographic connectivity. Importantly, the specific
composition and truncation points of a cluster model
depends solely on the purpose of the model; thus, cluster
size will differ, not only across MOF species but between
models of the same MOF composition intended to
recover different aspects of electronic structure. Regard-
less, extraction approaches generate dangling bonds that
must be passivated to maintain charge neutrality; often,
these are passivated with hydrogen or a truncated version
of the original linker, for example truncating BDC to
formates.

The loss of framework rigidity in cluster models poses
obvious computational challenges, considering many of
interesting electronic properties arise from the specific
orientation of inorganic and organic components. Thus,
cluster optimization necessitates inclusion of geometric
constraints, often accomplished by freezing judiciously
selected terminal atoms to minimize unphysical frame-
work distortions that may significantly augment resulting
electronic descriptions.

Reduced cluster model sizes can afford higher levels of
theory, and subsequently higher electron resolution,
otherwise prohibited by large chemical systems. Post-
DFT methods, such as multiconfigurational approaches,
are made tractable with cluster models, facilitating the
assessment of metal oxidation and spin state, as well as
explicit charge transfer mechanisms, etc.

The crystallinity of MOFs facilitates periodic calculations,
which enable bulk electronic and transport properties to
be assessed. Taking advantage of the high symmetry
points in MOFs enables accurate recovery of the
electronic properties within the crystal. The manifestation
of these electronic properties can be seen in the electronic
band structures, which feature the band gap, and density
of states (DOS) plots; both of these theoretical tools
display the highly localized electronic structure of most
MOFs, which gives rise to wide electronic band gaps with
well-defined orbital contributions to the frontier states.
The entropic favorability of defect formation motivates
computational models that can accommodate and
replicate their presence. While experimental efforts are
often focused on minimizing defect concentration, their
utility is coming into focus. Their presence can give rise to
highly desirable bulk material properties, such as
increased electrical conductivity and catalytically active
open metal sites. Periodic models suffer from artificial
modeling periodic defects, which may result in unrealisti-
cally high defect concentrations; thus, a supercell is
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typically required to obtain energies in better agreement
with experiment. The advent of high-performance
computing has allowed models to be constructed in
which realistic defect concentrations are attainable,
however, computational studies exploring reactivity of
known defect sites have also found success employing
cluster models of defective nodes.

Owing to the complex crystallinity of MOFs, five types of
defects must be considered: (i) vacancies, there is a
missing linker or node in the lattice, (ii) substitutions,
linkers, or nodes are postsynthetically modified or
additional chemical motifs are introduced, (iii) inter-
stitials, guest molecules within MOF pores (which have
been shown to alter the electronic structure of the host
MOF), (iv) Frenkel defects, a vacancy and compensatory
interstitial to charge balance, and (v) Schottky defects,
multiple vacancies that sum to zero charge.

The molecular level of control over the bulk MOF
afforded by the modular nature of the node and linker
construction promotes targeted formulation of character-
izable, site-isolated reaction sites, which are important in
catalysis. Computational analysis of catalytic mechanisms
and active site geometries facilitates the identification of
key reaction intermediates and transition state geometries
that would otherwise be indiscernible via experimentation
alone. Interpolation and surface-walking algorithms offer
computational pathways toward elucidation of the
minimum energy pathway and transition-state structure.
These may be coupled with computational kinetics via
Eyring’s transition state theory to quantify key exper-
imental metrics, such as reaction rates and turnover
frequency.

The localization of charge in most MOFs positions them
as potential candidates for redox catalysis, and electronic
structure theory offers a powerful pathway toward
quantifying key properties related to this application,
including (i) energy of activation (e.g., band gap), (ii)
relative alignment of vacant and occupied states in the
catalyst and reactants (e.g., electron affinity and ionization
potential/work function), and (iii) exciton lifetime.
Moreover, band structures and DOS work to illuminate
the specific charge transfer and metal/ligand redox
noninnocence mechanisms at play.

Embedded model systems, in which an area of interest is
modeled at a higher level of theory and the surrounding is
modeled at a lower level of theory, afford an improved
level of steric description, while maintaining computa-
tional efficiency. Multiscale models, a specific embedding
case, refer to systems where the area of interest is
described at a high level of QM theory, while the rest of
the system is treated with molecular mechanics, although
semi-empirical or another level of QM can be employed as
well. The main advantage of multiscale methods over
cluster models is the inclusion of important effects from
physical/steric interactions or the electrostatic field
emanating from the surrounding framework, which is
inherent in any cluster extraction scheme. Thus, these
methods maintain a QM level description of the area of
interest, while still accounting for the steric and electronic
effects of the bulk system.

The emergence of machine learning (ML) property
prediction and material generation initiatives will play an
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increasingly important role in the targeted design of novel
frameworks.

In summary, this Review detailed the tension of considering
MOFs as either molecules or as extended solids. While in reality
the chemical properties of MOFs lay somewhere in between
these two extremes, modeling approaches do not: one can either
use molecular or solid-state software packages. Ultimately, the
success of any model is predicated on the type of chemical
interactions it is trying to include, as well as the resolution of the
target properties. Hence, the same MOF can be modeled in
several different ways, placing computational chemistry in a
unique position to provide quantitative, predictive insights into
MOF structure/function relationships.

Returning to our original conjecture: MOFs are truly a unique
class of molecular materials, masquerading as either molecules
or extended solids. It is this duality that invites contributions
from the molecular, solid-state, and condensed matter physics
communities, and continues to make this neoteric field rapidly
evolve.
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acac = acetylacetone

AIMD = ab initio molecular dynamics simulations

AO = atomic orbital

BDC = benzene dicarboxylate

bipydc = bipyridine dicarboxylate

bpdc = biphenyldicarboxylate

BTC = benzene tricarboxylate

BTDD = 1H-1,2,3-triazolo[4,5-b],[4,5-i])dibenzo[1,4]-
dioxin

CASPT?2 = complete active space second-order perturbation
theory

CASSCEF = complete active space SCF

CBM = conduction band minimum

CDC = trans-1,4-cyclohexane-dicarboxylate
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CI = configuration interaction

COD = cyclooctadiene

DFPT = density functional perturbation theory
DFT = density functional theory

dhbq = 2,5-dioxidobenzoquinone/1,2-dioxido-4,5-semiqui-
none

DMMP = dimethyl methlphosphonate

DOBDC = dihydroxybenzenebicarboxylate

DOS = density of states

DSBDC = 2,5-disulfidobenzene-1,4-dicarboxylate
Eg = Fermi level

E, = fundamental energy gap

EXAFS = extended X-ray absorption fine structure
Facac = hexafluoroacetylacetone

FF = force field

FLP = frustrated Lewis pair

GGA = generalized gradient approximation

HF = Hartree—Fock

HITP = hexaiminotriphenylene

HKUST = Hong Kong University of Science and Technology
HTB = hexathiobenzene

HTB = hexathiolbenzene

HTTP = hexathioltriphenylene

LDA = local density approximation

LSDA = local spin density approximation

MIL = Materials Institute Lavoisier

MIPT = S-methylisophthalate

MO = molecular orbital

MOF = metal—organic framework

NAO = natural atomic orbital

NBO = natural bond orbital

NDC = 2,6-naphthalendicarboxylic acid

NEB = nudged elastic band

NPA = natural population analysis

PBP = 5,5'-bis(4-pyridyl)(2,2’-bipirimidine
PCET = proton coupled electron transfer

SBU = secondary building unit

SCF = self-consistent field

SOC = spin—orbit coupling

TBAPy = tetrakis(p-benzoate)pyrene

tri = 1,2,3-triazolate

TTFTB = tetrathiafulvalene tetrabenzoate

UiO = Universitetet i Oslo

VBM = valence band maximum

XANES = X-ray absorption near edge spectroscopy
XAS = X-ray absorption spectroscopy

ALD = atomic layer deposition

MEP = minimum energy path

CI-NEB = climbing image nudged elastic band
TMBQ = 2,3,5-trimethylbenzoquinone

LMCT = ligand-to-metal charge transfer

STQN = synchronous transit-guided quasi-Newton
TBAB = tetrabytylammonium bromide

IRC = intrinsic reaction coordinate

TOF = turnover frequency

TDTS = TOF-determining transition state

TDI = TOF-determining intermediate

VTST = variational transition state theory

Cl,dhbq = 2,5-dichloro-3,6-dihydroxybenzoquinone
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