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Metal-organic frameworks (MOFs) have a wide range of optoelectronic and photochemical applications,
many of which are directly dependent on their excited states. Computational modelling of excited state
processes could aid the rational design of effective catalysts, but simulating MOFs in their excited state
is challenging. This is due to the inherent molecule/crystal duality of MOFs, their large and diverse unit
cells, and the unfavourable scalability of quantum chemical methods. However, periodic and cluster
models have been developed and applied to characterise the excited states of MOFs and their properties,
such as charge transfer, luminescence, and photocatalytic mechanisms. Additionally, embedding techniques
provide a means of explicitly incorporating the crystal environment in such models. Although many high-
quality reviews have assessed computational modelling in MOFs, most have focused on the study of
ground-state electronic properties. In this perspective, we focus on the computational methods available to
describe the excited states of MOFs from the molecular, periodic, and embedding perspectives. To illustrate
the performance of cluster and periodic models, we compare the results obtained using both approaches at
different levels of theory for an exemplary MOF. We also analyse examples from modelling relevant

Received 8th August 2023, photochemical and photophysical including charge transfer, exciton effects, chemosensing, host—guest

Accepted 1st October 2023 mechanisms, thermally activated delayed fluorescence and room temperature phosphorescence. Addition-
DOI: 10.1039/d3ma00518f ally, we show how such methods can be applied to predict MOF-based photocatalytic CO, reduction to
value-added chemicals. We emphasise the advantages and limitations of current methodologies, as well as

rsc.li/materials-advances the potential for utilising databases and machine learning models in this context.

1 Introduction

The versatile electronic structure of metal-organic frameworks
(MOFs) engenders a rich excited-state chemistry. As such, MOFs
find varied optoelectronic and photochemical applications includ-
ing photovoltaic cells," single-molecule magnets (SMMs),>
chemosensors,” and heterogeneous photocatalysts.” MOFs are
composed of modular secondary building units (SBUs): polyden-
tate organic ligands, known as linkers, and transition metal
clusters (TMCs), known as nodes. These SBUs combine to form
a mesoporous crystal with a well-defined network topology. The
remarkable excited-state chemistry of MOFs arises from the fact
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MOFs often retain the photochemical and optical properties of
their constituent SBUs.”> Consequently, optimal light-harvesting
(LH) units and photoactive catalytic sites can be selected to create
desirable photophysics in semiconducting solids.® Additionally,
pre- and postsynthetic functionalisation,” extensive defect
chemistry,® guest-host interactions,” and formation of MOF
composites with other functional materials may further install
bespoke photophysical effects.

The excited electronic structure of a material dictates its
photochemical processes such as light absorption, luminescence,
charge transfer, energy transfer, and conductivity.'® Excited states
therefore control the applications of a MOF, whether it be in
chemosensors, where a target analyte binding to a MOF can
selectively quench or promote luminescence;® conduction, where
excitonic effects control charge carrier dynamics;'* or in a photo-
catalyst, where photoinduced charge transfer may be used to split
the C—O0 bond of carbon dioxide (CO,) using sunlight (C—0O
bond energy is 804.4 k] mol " at 298 K*?)."* Upon photoexcitation,
a MOF may undergo a number of competing pathways. Some of
these are emissive, such as room temperature phosphorescence

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(RTP)"*" or thermally activate delayed fluorescence (TADF),"*"
and some radiationless, such as internal conversion (IC), singlet
fission (SF) or intersystem crossing (ISC)."'® These processes are
governed by their excited-state potential energy surface (PES),
which can be characterised to better control the light-activated
mechanisms. Electronic structure calculations can provide a
detailed atomistic description of MOFs, aiding in the design of
successful materials for a broad range of applications.

MOFs are unique materials in that each constituent node and
linker are joined at an organic-inorganic interface, resulting in a
highly localised excited-state structure.'® As a result, whilst MOFs
are often discussed in terms of their electronic band structure,
their excitation behaviour is often best understood in terms of
coordination chemistry.®?° For instance, light-irradiation causes
electrons to undergo a variety of excitations processes pertinent to
photocatalysis (Fig. 1), such as ligand-centred (LC), metal-centred
(MC), metal-to-ligand charge transfer (MLCT), ligand-to-metal
charge transfer (LMCT), and ligand-to-ligand charge transfer
(LLCT). Those that cross the organic-inorganic interface, such
as LMCT or MLCT, present a unique capacity for spatially
separating charge carriers. The ability to extend exciton lifetimes
and engineer band structure is advantageous to redox applica-
tions. Equally, the porous structure of MOFs with exceptional
sorption properties facilitates efficient CO, sequestration.** Con-
sequently, MOFs are an auspicious candidate for one-pot CO,
capture and conversion.””>* The ability to sequester CO, in a
photocatalytic network is a strong framework for high-efficiency
conversion of CO, to high-value chemical feedstocks.>® Many
experimental reviews>”>>° have documented this progress in this
respect, however computational investigations are essential for
elucidating excited-state chemistry.

¢

Fig. 1 Different types of charge transfer available in MOFs: ligand-to-
metal charge transfer (LMCT); metal-to-ligand charge transfer (MLCT);
ligand-to-ligand charge transfer (LLCT); intra-ligand charge transfer (IL);
and metal-centred charge transfer (MC).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Quantum chemical methods such as time-dependent density
functional theory (TDDFT) and multiconfigurational techniques
are the microscope through which we see excited states.'® They
can now describe ground- and excited-state electron densities to a
high degree of accuracy, enabling quantitative estimation of
photochemical properties such as excited-state energies, excita-
tion energies, oscillator strengths and charge transfer behaviour.
Furthermore, key photoreaction quantities can be calculated,
such as band gaps, excitation energies, charge mobility, and
energy barriers.**?" This gives computational studies a unique
capacity to elucidate spectroscopic results. However, simulating
excited states in MOFs remains a significant challenge. In the
hierarchy of quantum chemical methods available, those with
quantitative accuracy come at the greatest computational cost.
Generally speaking, methods such as complete active space self-
consistent field (CASSCF), complete active space second-order
perturbation theory (CASPT2), or coupled cluster (CC) are limited
to small molecules due to unfavourable scaling with the number
of electrons. In this respect, MOFs are very demanding to simu-
late, even in the case of hybrid Kohn-Sham density functional
theory (KS-DFT), due to their large and chemically diverse unit
cells. Often, simulations must cater for multiple metal-centres, a
variety of spin-states, chromophoric linkers, excitonic effects, and
complicated charge transfer processes. As such, a largely software-
driven paradigm has emerged in which MOFs are treated as either
extended periodic crystals or as individual molecules (Fig. 2).**
In reality, the localised electronic structure is modulated by the
crystal environment. This places MOFs somewhere on a spectrum
between molecule and solid, meaning that MOFs cannot be fully
understood from either perspective alone. In conjunction with the
improved availability of high performance computing (HPC) and
massively-parallel processing, significant research attention has
been dedicated to improving the tractability of quantum chemical
methods through the use of embedding schemes.**”

Many high-quality reviews have assessed the validity of both
cluster and periodic models in MOFs,"****? but none are directed
towards the excited-state chemistry. Herein, we first provide an
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Fig. 2 Cluster and unit cell representations of MOF-5 (Zn: blue, C: grey,
O: red, H: white). Periodic codes perform calculations on the repeating
unit cell in a PW basis set, whereas molecular codes perform calculations
on clusters, in a GTO basis set. The outer oxygen atoms (orange) of the
cluster are one half of a bond cut; these dangling bonds must be saturated
using a capping scheme.
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overview of the most popular computational chemistry methods
available (Section 2). Second, we discuss the models used to
simulate MOF excited states, from the periodic (Section 3),
molecular (Section 4), and embedding (Section 4.4) perspectives,
which we compare in our own computational study (Section 4.7).
We then consider machine learning and databases in MOFs
(Section 5), before seeing how excited-state methods have been
used to study photophysical processes in MOFs (Section 6).
Finally, we turn to the application of these methods to MOF-
based photocatalytic CO, reduction (Section 7).

2 Periodic and molecular perspectives

There is a divide in the implementation of quantum chemical
software stemming from the choice of basis set. Plane wave
(PW) basis sets are a natural choice for approximating the fully
periodic wavefunctions, whereas Gaussian-type orbitals (GTOs)
provide a more chemically intuitive atomic orbital description.
Due to the difficulties in evaluating multielectronic integrals,
the use of Slater-type orbitals (STOs) is less extended, however,
the Amsterdam Density Functional (ADF) code implements
molecular and periodic calculations employing STOs.*® The
periodic nature of plane waves is advantageous in describing
the repeating unit cell of a crystal. Periodic boundary condi-
tions (PBCs) are used to approximate the system in its infinite
limit. The periodic wavefunction is described in terms of Bloch
functions, which are composed of a PW and a periodic function.
Standard solid-state modelling techniques include KS-DFT, den-
sity of states (DOS) and projected density of states (PDOS)
calculations, where cost-saving measures including pseudopoten-
tials (to approximate the core electrons) and energy cut-offs may
be used. Codes such as CPMD*’ and QBox™® focus specifically on
KS-DFT, however others provide excited-state functionality
through methods such as post-HF, TDDFT, Mgller-Plesset pertu-
bation theory (MP), GW, and Bethe-Salpeter equation (BSE).
Notable codes implementing these methods include ONETEP,""
VASP,” Quantum Espresso,** CASTEP,** ABINIT,* and YAMBO.*°
The principal advantage of plane wave basis sets is their accuracy,
which can be systematically improved by increasing the number
of plane waves. However, plane waves are not well-suited for
modelling localised features, such as local excitations, transition
states, and defect chemistry. Additionally, plane wave calculations
can be computationally expensive, especially when using hybrid
functionals.

Molecular codes, on the other hand, perform calculations on
isolated molecules, or clusters thereof, within an atom-centred
basis set (GTOs in most cases), which we refer to here as cluster
models. The molecular wavefunction is approximated in terms
of localised basis functions, composed of linear combinations of
contracted Gaussian functions, in what is considered a chemi-
cally intuitive description of the atomic orbitals. The overall
wavefunction is constructed via linear combinations of GTOs,
and the basis set size can be expanded using a larger zeta-basis
and incorporating PE or diffuse functions; size extrapolations to
an infinite basis have been developed.*” Many popular codes,
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such as Dalton,*® GAMMES,*® Q-Chem,>® ORCA,>! or MOLCAS,>*
include molecular dynamics (MD), HF, post-HF, MP, DFT,
TDDFT, and coupled-cluster (CC) methods within their respec-
tive implementations. The CRYSTAL,>® TURBOMOLE,’* and
PySCF>® packages allow for periodic calculations which solve
for Bloch orbitals in a GTO basis. The Gaussian program,® while
mostly considered a molecular code, also allows the use of PBCs,
allowing calculations to be performed on a molecule in the
presence of its periodic images. Truncating the bulk crystal into
a more tractable cluster model affords higher level theories such
as post-HF and post-DFT methods, but risks omitting wider
effects of the crystal environment, such as band conduction, and
can therefore yield spurious result if a cluster is poorly chosen.
Some codes, such as NWChem,’” have implementations in both
GTOs and PW bases.

There are other less common basis sets that can be used, for
instance, numerical atomic orbital (NAO) basis sets.>® These are
akin to atom-centred basis sets but are numerically optimised
to individual atoms, instead of using the analytical function
itself, improving efficiency and scalability. NAOs are implemen-
ted for many methods including TDDFT and GW in codes such
as FHI-aims,”® SIESTA,®® and DMol3. The CASINO package®
has NAO, PW, and atom-centred basis set implementations for
quantum Monte Carlo (QMC), a highly-scalable method albeit
rarely applied to MOFs due to a costly pre-factor.®>®® However,
QMC has been applied to MOFs to investigate magnetic cou-
pling parameters,®* and to calculate catalytic energy barriers.®®
Finally, KS-DFT has been implemented in a wavelet basis set in
the MADNESS®® and BigDFT®” codes, with the later providing
functionality for TDDFT. Wavelet basis sets provide a high degree
of localisation making them suited to studies on molecules.
Wavelet studies are yet to be reported in the MOF literature.

The CP2K package uniquely bridges the two types of basis
set,®® in its implementation of the Gaussian-and-plane-wave (GPW)
and Gaussian-and-augmented-plane-wave (GPAW) methods, in
which an auxiliary PW basis set is used within the otherwise
atom-centred basis.®® This combines the best of both methods by
maintaining a natural description of the periodic structure, whilst
also facilitating a chemically intuitive description of the valence
orbitals. Equally, embedding techniques, such as hybrid QM/MM
and QM/QM/, seek a compromise by using multilevel schemes to
extract a much larger region of the bulk crystal within an atom-
centred basis set. These methods are a size-extrapolation of a high-
level molecular calculation, from a small region to a significantly
larger one at low computational cost. Hybrid methods will be
detailed in Section 4.4. Many popular codes include QM/MM
implementations including Gaussian,®® CP2K,*®* ORCA,>* FHI-
aims,”® DFTB+,’° COBRAMM,”" ChemsShell,”” and, most recently,
XTB.”

2.1 Optical and fundamental band gaps

The investigation of electronic excitations under periodic
models generally involves calculating the fundamental and
optical band gaps, as well as the electronic band structure.
The fundamental band gap, Eg, is defined as the difference
between the ionisation potential, IP, and the electron affinity,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic comparing the optical (Eqp) and fundamental (Eg) band
gaps obtained from BSE/evGW/PBEO h-capped cluster model (bold lines)
and BSE/evGW/Gau-PBE periodic model (dashed lines) calculations in
MOF-5, obtained by Kshirsagar et al. (ref. 74). The ionisation potential
(IP) and electron affinity (EA) obtained for the cluster model are also
shown. The periodic IP of MOF-5 has been previously reported as 7.30 eV
(HSE06).”?

EA (Fig. 3). This considers charged excitations between the
neutral material and either its anionic or cationic equivalent.
The optical gap, Ept, is the difference between the ground state
and lowest dipole-allowed excited state. Unlike E,, E,, comes
from a neutral excitation, and is generally smaller than E,.
The difference between the optical and fundamental gaps is
known as the exciton binding energy, Eg, determined by the
energy required to split a photogenerated electron-hole pair
due to their Coulombic attraction. Following photoexcitation, a
quasi-electron and quasi-hole pair are created, which mutually
attract to narrow the band gap. Essentially, each quasiparticle
creates an effective image charge which reduces, in the case of
the quasi-hole, or enhances, in the case of the quasi-electron,
the energy required to add or remove an electron from the
system. This process is known as gap renormalisation, and the
resulting quasiparticle gap may be as large as 6 eV smaller than
the fundamental gap.”®”” Gap renormalisation is predominantly a
non-local electron correlation effect, must be accounted for to
achieve accurate band energies. Fundamental gaps are classified
as direct when the valence band maximum (VBM) and conduction
band minimum (CBM) fall on the same k-point in the Brillouin
zone, or indirect otherwise. Indirect band gaps are attractive in
photocatalysis as they offer longer diffusion lengths and lower
recombination rates. However, excitations of this nature require a
change in momentum, through coupling to a phonon vibration.
Regardless, almost all MOFs exhibit direct band gaps.**
Predicting band gaps and excitonic effects represents a
significant challenge in MOFs,”® and is also difficult to corro-
borate experimentally. In conventional semiconductors, where
electron mobility is high, E, can often be adequately approxi-
mated as E,p. due to negligible electron-hole binding energy.
Spectroscopic methods, such as diffuse reflectance UV-vis, can
straightforwardly characterise the gap using a Tauc analysis to
estimate the onset of absorption. However, this is not the case
for MOFs, where electron mobility and band dispersion is low.
In fact, the small DOS of MOFs has lead to some studies
identifying a Gaussian peak-fitting approach as a more reliable
estimation of the optical gap for all but a small subset of MOFs.”
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In fact, such studies note that deriving the fundamental gap from
optical gaps in a largely insulating class of material is an increas-
ingly poor approximation as Ej, becomes large. In MOFs, compu-
tational studies have shown that the fundamental gap can be
double the optical gap, casting doubt on experimental values of E,
obtained with traditional spectroscopic techniques,”* and even
defining the band gap as direct or indirect becomes ambiguous.>®
Instead, to experimentally measure E, in MOFs a mixture of
photoelectron spectroscopies must be used, such as X-ray photo-
electron spectroscopy (XPS), ultraviolet photoelectron spectro-
scopy (UPS), and others.

A higher resolution analysis of excitations is often achieved
by directly simulating the molecular orbitals and excited states
involved via a GTO basis.™* For instance, although photocon-
duction is possible via through-bond conductivity in the frame-
work itself, it is generally unlikely for a MOF to have sufficient
delocalisation across the organic-inorganic interface for this to
occur. Instead, spatial-hopping through the framework pores is
generally a more accessible mechanism for conduction, with
quantum-dot-like node behaviour of the metal nodes or through-
space m-stacking channels, providing alternative conduction
pathways.>® Conductive MOFs are, however, rare. In fact, the local
coordination environment of the metal nodes readily facilitates
ultra-fast electron transfer, such as MLCT, LMCT, or LLCT,
between spatially-separated SBUs.®® These kinds of local excita-
tion are especially pertinent to photocatalysis, and are best
simulated in a GTO basis.>® Other excitations, such as LC and
MC, remain localised on an SBU, and show higher recombination
rates, and are associated with short-lived and intense emission,
such as luminescence, or instead radiationless decay. Finally,
excitations delocalised across multiple molecules, known as
excitons, may further lengthen recombination rates. This, of
course, adds additional complexity to excited-state studies.®*

Overall, the dichotomy between PW and GTO basis sets is
in contrast with the inherent duality of MOFs. MOFs are
frequently well-represented by carefully chosen cluster models
due to localisation of their electronic structure on their SBUs,
however the reliability of each model must be carefully bench-
marked against periodic calculations. In the following sections,
we examine the excited-state methods using periodic and
cluster models in MOFs.

3 Periodic models

Periodic models are the benchmark against which cluster
models should be compared, as they accurately describe the
crystal environment and its long-range effects. This is especially
important in instances where delocalisation of electronic bands
predominates. Electronic structure is highly sensitive to geome-
try, and MOF excited-state studies frequently perform prelimin-
ary relaxations of the crystallographic coordinates using periodic
KS-DFT as the starting point for cluster calculations to obtain
accurate atomic coordinates in the solid state. Although KS-DFT
provides a formally exact theory for calculating ground-state
electron densities, the exact exchange-correlation functional

Mater. Adv., 2023, 4, 5388-5419 | 5391
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remains unknown.'® The hierarchy of approximate functionals,
often referred to as Jacob’s ladder, provides researchers a road
map in compromising cost and accuracy in the search for the
heaven of chemical accuracy,®* and predicted band gaps can vary
considerably depending on the DFT functional and in the case of
hybrid functionals, the fraction of exchange used. For instance,
the generalised-gradient approximation (GGA) functional most
widely used in the solid-state community, PBE, has a tendency to
consistently underestimate fundamental gaps. In MOFs, it has
been observed that when the gaps are above 1 eV and the
systems are closed-shell, a straightforward linear equation of
the form 1.09E, ppg, + 1.04 eV can yield HSE06 band gap predic-
tions with an R* value of 0.92 eV (see Section 5).** The linear
relationship is not generalised for all systems and the results are
more scattered for the open-shell systems. However, significant
chemical diversity is found within MOFs, and similar trends
have been observed in inorganic materials with nonzero funda-
mental band gaps.®* In the absence of the universal functional,
the lack of systematic improvability is a central limitation of KS-
DFT. Nevertheless, hybrid functionals, such as HSE06, PBEO, or
®B97X-D, partially rectify band gap prediction by incorporating a
fraction of exact Hartree-Fock (HF) exchange. However, in a
plane wave basis set, hybrids may be orders of magnitude
costlier than GGA or meta-GGA functionals, even with the use
of cost-saving approximations such as small energy cut-offs and
pseudopotentials. MOFs routinely exhibit unit cells with extre-
mely large size, volume, and complexity, making such computa-
tional studies challenging, and often ruling out the use of
supercells, for example. As a result, the convention is to perform
geometry relaxations at the GGA-level, followed by a single-point
calculation in the case of MOFs. The alternative to using hybrid
functionals, is to add a semi-empirical Hubbard correction,
known as DFT+U. In highly correlated materials such as Mott
insulators, the use of local and semilocal functionals can result
in excessive delocalisation of electronic states due to the self-
interaction error reducing on-site Coulomb repulsion. This can
result in incorrect predictions regarding conductivity.®® An effec-
tive potential, U.¢, known as the Hubbard correction, is added to
the Hamiltonian to improve the description of both correlation
and on-site exchange, increasing the degree of localisation of
these states. The implementation of this correction is simple
computationally, and comes at a much lower cost than hybrids.
The main issue is finding the optimal value of U.g, which is not
a universal parameter, and hardly depends on the material and
the DFT functional. While U, can be obtained from first
principles, most strategies involve semiempirical fitting to repro-
duce experimental data, including band gaps and oxidation
potentials.>* Additionally, DFT+U affects band dispersion about
the Fermi level, however this is not significant in MOFs, which
rarely display high electron mobility.®> In MOFs and metal
complexes, the DFT+U method has been effectively used to
predict correlation in the metal node of MOFs with open d or f
shells where KS-DFT breaks down, and in simulating spin-
crossover (SCO), where the materials reversibly changes spin-
states upon exposure to an external stimuli such as magnetic
field, temperature, or light.*®
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3.1 Band gap screening studies in MOFs

An important advance in the study of solid-state materials and
the field of photocatalysis is to characterise the band structure
(Section 2.1) using KS-DFT, which has significant impact on its
photocatalytic potential. To some extent, this enables ground-
state densities to be used to investigate MOF excited states.
In terms of their band structure, MOFs are generally wide-band
gap materials with flat band structures and low electron
mobility. Conductivity is therefore typically low, ranging from
107° to 107° S em ™ ."** The modularity of MOFs and their
composite materials enables the band structure to be tuned,
specifically the band gaps and band edges, which can lead to
improved conductivity. Low conductivity is inconvenient for
photocatalysis, which requires highly mobile photogenerated
charge carriers. Nevertheless, this arises from a localised elec-
tronic structure, which is equally attractive for photocatalysis as
it provides easy access to potentially dense populations of high-
energy electrons.®” The DOS and PDOS may also be obtained
from periodic KS-DFT calculations, and used to gain insight
into the relative effect of different functionalisations of a MOF.
Whilst the DOS describes the density of electronic states from a
global perspective of the material, the PDOS projects the DOS
onto specific atomic orbitals, to provide a local perspective of
individual atoms. When determining the band structure of a
material, the energies of the band structure are often aligned to
the Fermi level. However, this alignment does not clearly
indicate how a change in structure shifts the energetics.
Instead, aligning the bands to either a reference electrode or,
more commonly, the vacuum level provides a framework for
straightforward comparison between different MOFs. Another
approach is to empirically fit the CBM to an experimental value
or accurate benchmark via the so-called scissor operation, which
corrects the systematic energy error from the functional.®® Many
studies have used vacuum-aligned band structure calculations to
compare band gaps in screening studies. The modular struc-
ture of MOFs allows SBUs to be functionalised on an atomic
level, modulating the band gap. Screening studies compare
various functionalisations by substituting the metal, node or
linker, or by introducing defects. This might involve substitu-
tion of the transition metal in the node;*° changing the
coordination environment of the node; substitution of the
linker;?* substitution of functional groups within the linker;*°
introduction of photocatalytic guests;”" or a combination of these.
The relative energies and band gaps can then be compared to
reveal qualitative trends. The consequence of this is a relatively
cheap protocol for making catalytic predictions by comparing the
HOMO and LUMO levels to redox potentials. For instance, in
photocatalytic CO, reduction, the HOMO and LUMO levels may be
compared to the relevant CO, redox potentials (Section 7), the
competing hydrogen evolution reaction (HER, H' + e~ — 1H,), and
water-splitting.* This can reveal qualitative trends on how functio-
nalisation improves, or inhibits, the Faraday efficiency towards
the photochemical CO,RR. For instance, in a screening study on
a two-dimensional porphyrin-MOF (PMOF), Fe was reported to
be an ideal dopant for engineering the band gap engineering
towards solar-fuel and water-splitting photocatalysis (Fig. 4).”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 KS-DFT (HSE06) band gap values for (a) PMOF with either Fe or Al
at each octahedral centre and (b) a 50% mixture of Al/Fe. The metal at the
porphyrin centre is also shown. Redox potentials are shown for water-
splitting, HER, and CO,RR production of methane and methanol. Repro-
duced from ref. 92 with permission from the Royal Society of Chemistry,
copyright 2017.

The incorporation of the Fe dopant introduces occupied 3d levels
above the porphyrin HOMO and empty 3d levels below the
porphyrin LUMO, tailoring it towards the appropriate redox poten-
tials. An optimal mix was found by doping PMOF with a mixture of
Fe and Al at the octahedral node sites and Zn at the porphyrin site
was able to fine-tune the band edges, towards photocatalytic
applications. Overall, screening studies of this nature enable
theoreticians to predict which MOFs are most likely to display a
given material property, saving experimentalists time and money
synthesising targets which are unlikely to succeed. The wider use of
KS-DFT in MOFs has been reviewed in detail.**

3.2 Time-dependent density functional theory (TDDFT)

TDDFT generalises KS-DFT into the time-domain to explicitly
calculate excited states. The primary advantage of TDDFT is a
modest cost-accuracy ratio. This facilitates excited-state calcu-
lations to a reasonable degree of accuracy at a lower cost than
other high-level methods. This enables calculations to be
performed on larger systems (hundreds of atoms) such as
MOFs, relative to multiconfigurational or perturbation theory-
based techniques. For molecular systems, TDDFT is generally
carried out using either the full Casida formalism®® or the
Tamm-Dancoff approximation (TDA). The full formalism of
solving the Casida equations can calculate E,p by finding
excitations as poles of the response function including forward
and backward excitations, whereas TDA provides a more com-
putationally efficient solution by neglecting backward excita-
tions. In addition to being computationally simpler, TDA has
the advantage of improving the triplet instability issue in
TDDFT.** The results of TDDFT calculations are determined
by the employed functional. The use of a local density approxi-
mation (LDA) or GGA functional results in the well-known
drawbacks of TDDFT, such as the underestimation of band
gaps, prediction of spurious charge transfer states, and incor-
rect simulation of Rydberg states.”” Most of these problems are
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associated with the incorrect asymptotic behaviour of most
XC-functionals and the self-interaction error, which is partially
but not completely resolved in hybrids.®® This is further improved
by using a range-corrected and/or optimally-tuned hybrid func-
tional, however, this is computationally demanding with a PW
basis, especially for systems as large and complex as MOFs. To
alleviate cost, there have been attempts to improve efficiency in
TDDFT, including the auxiliary density matrix method (ADMM),
simplified TDDFT (STDDFT) and the simplified Tamm-Dancoff
Approximation (STDA).”” ADMM carries out a calculation in an
auxiliary basis and provides a correction term for the basis set
superposition error (BSSE), and can be additionally used in
conventional KS-DFT. sTDA provides the most substantial savings
in computer time, by incorporating an empirically parameterised
tight-binding approximation. sSTDA has been implemented in
XTB%® and recently, within the GPW method of CP2K.*® Addition-
ally, the Hubbard correction has also been applied to TDDFT
(TDDFT+U) in the context of excited states.'® Despite the asso-
ciated computational cost, periodic TDDFT calculations of MOFs
have been performed by Fumanal, Tavernelli, et al, who have
explored the excited states of several MOFs,'!751017103

The choice of functional directly influences the accuracy of
the excited states in MOFs. Due to the substantial contribution
of organic ligands to the band edges of MOFs, the common
challenges encountered in predicting excited states in isolated
organic molecules are also observed in MOFs. The influence of
both band gap narrowing and excitonic effects were studied
using TDDFT cluster and periodic models on of M-PMOF Al-
PMOF, its two metalated forms, Zn-Al-PMOF and Co-Al-PMOF.
Both TDA and full Casida approaches were considered under
the PBE, PBEO, and CAM-B3LYP functionals.”® The PBE func-
tional estimated the optical gap to be larger than the funda-
mental gap, ignoring the excitonic effects. Despite E,pc agreeing
with the experiment and correctly describing the Q bands of the
porphyrin, PBE is susceptible to overstabilising LMCT interac-
tions from the porphyrin linker to the metal node. As observed,
this was corrected by CAM-B3LYP, suggesting that the use of
long-range corrected functionals is likely a minimum require-
ment when simulating absorption spectra with TDDFT, at least
in the case of porphyrins. Interestingly, the predictions of Ep
and E, were not significantly different between cluster and
periodic models, however neither were able to correctly recover
gap renormalisation with or without a hybrid functional. The
TDA predicted spectra contained some artificial excitations, a
blue shift, and improper descriptions of the Soret band. Whilst
these results support the use of cluster models in MOFs, it
highlights that higher-level methods, such as GW, are required
for accurate quasiparticle energies and prediction of excitonic
effects in both cluster and periodic models, a current challenge
in MOFs. This distinguishes studies on MOFs from conven-
tional semiconductor studies, in which exciton binding can
be small.

3.3 The GW-approximation

The GW-approximation of many-body perturbation theory
(MBPT) provides the highest accuracy band gap data compared
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to experiment. GW determines the quasiparticle gap directly,
by perturbatively correcting the self-interaction error of the
KS-DFT molecular orbitals.’**'°® This is achieved by solving
the Dyson equation in terms of one-particle Green functions, G,
and a dynamically screened Coulomb potential, W, yielding
accurate gap renormalisation, quasi-particle energies, IPs, and
EAs. This is typically implemented in a eigenvalue-only self-
consistent scheme (evGW) which corrects the self-energy error
in the eigenstates and eigenvalues obtained within KS-DFT.
Additionally, the Bethe-Salpeter equation (BSE/GW) may be
solved to estimate E,p. and the excited states. The GW method
is very expensive and only in a few instances has it been applied
to MOF excited states. However, the application of BSE/GW to
MOF-5"* and PCN-123'°® has illustrated how representative
fragment approaches can be highly valuable in recovering
optical properties.

The determination of optical and fundamental gaps in MOF-
5 has been challenging due to strong exciton binding effects.”
KS-DFT calculations estimated fundamental gaps of 3.57 eV
using a GGA functional (PBE) and 4.48 eV using a hybrid
functional (Gau-PBE), agreeing well with the spectroscopic
optical band gap of 4.5 eV. However, this was likely a serendi-
pitous result for both the theoretical and experimental meth-
ods: the large E},, value of MOF-5, a probable wide-band gap
insulator, is likely to cause a considerable difference between
Eqpe and E,, and GGA functionals underestimate band gaps.
Unlike DFT, the use of the BSE Hamiltonian provides correct
asymptotic behaviour and accurate determination of quasi-
particle energies. Instead, using BSE/GW an Ey value of 3.5 eV
and a fundamental gap of 8 eV, almost twice as large as Eqp.
The simulation was embedded in a PCM to account for the
solvation effect of the ligand, and was incorporated into the
screened Coulomb potential. The renormalisation of the funda-
mental gap of the ligand due to dielectric solvent effects is
substantial, approximately 1.4 eV. However, the optical gap is
only minimally affected, by approximately 0.1 eV. Additional
BSE/GW calculations on two representative H-capped clusters,
one small and one large, revealed a quasiparticle band gap of
8.75 eV, a small overestimation. Interestingly, embedding these
fragments in a PCM improved the discrepancy between cluster and
fragment calculations, meaning the cluster largely recovered the
properties of the periodic solid, and reflected the low dielectric
screening of the crystal environment. Interestingly, the fortuitous
agreement of these results suggests that hybrid functional DFT
may be a useful method for estimating optical gaps in circum-
stances where BSE/GW is prohibitively expensive.” In the wider
context of molecular crystals, Refaely-Abramson et al. have
demonstrated the efficacy of non-local functionals with an
optimally tuned-range separated (OT-RSH) parameterisation
for obtaining GW-level accuracy for quasiparticle gaps using
traditional KS-DFT.'®""*°® This approach yielded quasi-particle
gaps with results comparable to experimental and theoretical
benchmarks. The use of such functionals remains an unex-
plored avenue in MOFs.

The similarities between the molecular excitations in peri-
odic MOFs and the molecular models where investigated in
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PCN-123, which is obtained by functionalising MOF-5 with
azobenzene. % Clusters of various sizes were constructed,
ranging from a lone azobenzene linker to a cluster containing
four metal nodes. In the simulated BSE/GW absorption spectra
(Fig. 5), it was shown that even in the smallest model the
spectral properties were largely recovered relative to the fully
periodic f-PCN-123 benchmark. A conductor-like screening
model (COSMO) was used to handle polarisation of the frag-
ments, and a QM/MM model to account for screening by the
environment. The most significant artefact in the BSE/GW
cluster method was introduced to by the truncation procedure.
The spectrum of the smallest model showed a much less
prominent S; band relative to the fully periodic cis azobenzene
isomer of PCN-123. More generally, the results were indicative
of a fast photoisomerisation of the azobenzene functionality
within PCN-123, and provides strong evidence that a well-
designed cluster model can reproduce optical properties of
the fully periodic system.

oy
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Fig. 5 Comparison of the BSE/evGW/PBE spectra of azobenzene, a single
ligand, a cluster of SBUs, and a fully periodic model. The lowest panel was
performed at the BSE/evGW/PBEh level (including 40% HF exchange).
These results show the capacity of cluster models to recover key features
of the optical absorption spectrum of the fully periodic wavefunction.
Adapted with permission from ref. 109. Copyright 2020 American
Chemical Society.
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4 Cluster models

Cluster models are often a judicious method for simulating
MOF excited states, as MOFs often preserve the photochemical
and optical properties of their constituent metal nodes and
organic linkers. Despite their crystallinity, the flat band structure
of MOFs means they are particularly suited to modelling from
the molecular perspective.'” In photocatalytic applications,
MOF band edges are often engineered to increase dispersion
and improve charge carrier mobility (Fig. 6),>° however band
conduction is rare in MOFs® and conductivity follows a spatial
hopping scheme. Additionally, the explicit treatment of local
electronic structure through an atom-centred basis allows an
intuitive treatment of local phenomena, such as excitations,
transition states, charge transfer effects (LMCT, MLCT, LC,
MC), and defect chemistry. Truncating a region of the periodic
crystal into a cluster, or fragment, reduces the system size and
alleviates computational cost. This affords higher-levels of theory
and, in principle, more accurate calculations such as correlated
wavefunction methods (CASSCF, CC2, or MRCI), as well as
time dependent methods such as TDDFT or BSE/evGW.'%*
Additionally, large diffuse and polarisable basis sets are often
afforded. For the transition metal centres, the zero-order regular
approximation (ZORA) to the Dirac equation is sometimes used
to incorporate relativistic effects and spin-orbit coupling (SOC).

<5 AE=2.15eV Emer

-6 | 7T HOMO

Energy / eV

N

JU HOMO-1

A0 T TU T 7Y T XI__V

Fig. 6 KS-DFT (HSE06) electronic band structure of ACM-1 across four k-
paths. The almost entirely flat valence band maximum (VBM) indicates
highly localised electronic structure. This photocatalytic MOF has been
engineered to include improved band dispersion in the conduction band
along the R—I'-T and U-I'-Z paths, facilitated by 1D Ti-oxo chains that
improve photoexcited charge carrier mobility. Adapted with permission
from ref. 111, copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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Basis sets, such as LANL2DZ, are often used for transition metal
centres, which include an effective core potential (ECP) to reduce
the computational cost by approximating electrons in the core,
with standard basis sets used for non-heavy atoms.'*°

4.1 Cluster extraction

The method with which a cluster is extracted from the bulk crystal
directly influences the calculated properties. Excited-state chem-
istry is controlled by geometry and local electronic structure,
meaning care is required to avoid artificially losing information
from the cluster extraction procedure. A poor truncation choice
can easily change the overall charge, symmetry, or spin of the
system, or the oxidation states of the ligands or metal centres."">
Such systems may be difficult to converge and product spurious
results. For instance, covalent (C-C bond in linker) or dative (M-L
bond between node and linker) bonds must be necessarily cut due
to the extended coordination structure of MOFs. To prevent the
cluster being charged and in its open-shell state, extrinsic capping
groups must be applied to dangling bonds; for every c-bond
cleaved, a new capping o-bond must be created. Capping schemes
vary in complexity, the most simple and common being to cap the
cluster with a hydrogen ‘link’ atom. Equally, molecular orbitals,
tuned-fluorine atoms, or even multi-atom groups such as methyl
or ammonia groups''* may be used to best recover the electronic
structure of the periodic crystal. When link atoms are used during
optimisations, they contribute non-negligible artificial gradients
to the system, which are treated analytically using a Jacobian
when implemented in multilevel embedding schemes (see Section
4.4).°%7% In vibrational analysis, this is an important procedure to
prevent imaginary modes occurring due system not being at a true
local minimum."** Overall, during cluster extraction, it is favour-
able to cut the most neutral bonds possible, such as covalent
bonds in alkyl chains.

In MOFs, the localised electronic structure means even very
small clusters (an isolated linker) can perform exceptionally
well,’®® however caution is required to select relevant chemical
moieties to ensure the wider electronic structure is reflected.
As such, Mancuso et al. suggest two main approaches for
cluster extraction: (1) include complete metal nodes, with some
approximation to the coordinating linkers (for instance, for-
mate in the place of benzene dicarboxylate (BDC); or (2) use
complete linkers and approximate the metal node in some way
(for instance, use of a geometrically similar metal centre, such
as Mg”* for Fe**).*” In our own calculations (Section 4.7), we
found keeping the linkers largely intact, but cutting at the
nearest C-C bond to the M-L bond to be an effective alternative
to (2). A suitable choice of cluster depends on the desired level
of theory, the region(s) of chemical interest, and the effect of
the crystal environment. For example, if the mechanisms
involves the population of exciton and charge transfer states,
the model should incorporate all relevant fragments for the
process. Equally, the model must not be biased by only includ-
ing select moieties towards a specific result. As a result, the
subjective nature of cluster extraction makes benchmark calcu-
lations critical. These might include periodic models or large
clusters with embedding.
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4.2 Combining periodic and cluster models

Periodic and cluster models are routinely combined to provide
a more complete and accurate description of a system than
either model type can provide alone. Periodic calculations are
used to recover geometric properties of the crystal structure,
and TDDFT transition metal cluster models for a detailed
understanding of excited-state electronic structure. A recent
work by Fumanal et al. considers this strategy to analyse the
structure, fundamental gaps, optical gaps, and excited states of
MUV-11, NTU-9 and CAT-5.'® Periodic calculations with
ADMM-accelerated KS-DFT (PBE-D3B]J) were used to relax the
crystallographic structure, followed by PBEO calculations. All
metals (M = Ti, Zr, Zn, Cd, Fe, Ru) were simulated in the closed
shell singlet state, except for Fe(u) which was also simulated in the
quintuplet high-spin state. They found significant differences
between the M-O lengths in the periodic and clusters with
unrestricted KS-DFT for the high spin state, which has a strong
effect on the optical properties. The KS-DFT fundamental gaps
obtained (ranging from 1.2 eV to 4.2 eV across all topologies)
exclude excitonic effects and gap renormalisation corresponding
to an overestimate. The optical gaps obtained using LR-TDDFT
calculations (©B97X-D/def2-SVP) for the clusters illustrate the
strong correlation and systematic shift of 0.44 eV due to Eg in
the optical and fundamental gaps of the periodic KS-DFT system
(Fig. 7a). Fig. 7b directly compares gap values for periodic and
cluster calculations (PBEO0). While variations exist between the
molecular fundamental gap and the solid-state band gap, the
majority of values exhibit a linear trend. Most notably in CAT-5,
ascribed to a loss of symmetry in the LUMO of the CAT-5 ligand
due to truncation at the M-L boundary. This is notably not
observed in Ti(wv) and Zr(v) where the d-orbitals are empty. This
work also highlights the need for long-range corrected functionals
for the characterisation of the nature of excited states (Fig. 7c/d).
While for Zn/Cd-MUV-11, Ti-MUV-11 and Zr-MUV-11, both PBEO
and ®B97X-D provide similar classifications. The lowest excita-
tions in Fe-MUV-11, Fe-NTU-9 and Ru-CAT-5 are assigned as
MLCT transitions with PBEO, and as MC with ®B97X-D.

4.3 Multiconfigurational approaches

Cluster models offer a remarkable advantage by providing access to
higher levels of theory. Multiconfigurational wavefunction methods
are required for circumstances in which a single Slater determinant
is an inadequate description of the electronic structure. For
instance, MOF nodes contain transition metals such as Fe(u) which
can exist in both high- and low-spin states,'”® which influences
properties such as magnetism. Although different spin-states may
be modelled using spin-polarised DFT, multiconfigurational meth-
ods such as CASSCF, CASPT2, or DMRG provide a more complete
description. For instance, GGA functionals are known to over-
estimate the stability of the low-spin states, and hybrid functionals
that of the high-spin state. Furthermore, the accessibility of spin
states is controlled by the crystal environment. SOCs are particu-
larly important in the context of photochemistry because it enables
ISC processes and influences spectroscopic selection rules, excited-
state lifetimes, emission, and absorption. SOCs have an important
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Fig. 7 Correlation plots for (a) DFT (PBEO/def2-SVP) cluster model fun-
damental and optical gaps, and (b) the DFT (PBEO) band gap values in the
periodic and cluster models. Analysis of electron and hole localisation on
either ligand or metal using the (c) TD-PBEO/def2-SVP and (d) TD-wB97X-
D/def2-SVP functions. These characterise excitations as MLCT, LMCT, IL,
or MC. Modified from ref. 103 with permission from the Royal Society of
Chemistry, copyright 2020.
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influence on magnetic properties of a material, and MOFs have
drawn attention as SMMs."” In quantum computing, SMM-
materials are of interest as their doublet ground state can be used
as a quantum bit (qubit)."*® Multireference methods can be used to
characterise the materials in these spin states, and quantify effects
such as SOC. For instance, CASSCF calculations rationalised the
node nanomagnet behaviour of Co(NCS),);(k3-TPT),]-a(H,O)-
b(MeOH) under an applied static field.” Using a cluster model with
an activate space of seven electrons (7,