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Metal organic frameworks (MOFs) are a fascinating class of
materials that is currently investigated in the context of many
applications. The large size of the chemical space of these systems,
comprising organic linkers connected by metal centers, precludes an
exhaustive experimental search for optimal materials. For this
reason, a variety of modeling tools, ranging from structure-
generators to electronic structure methods has been applied to
understand and increasingly predict their function. Here we review
some recent studies, where computational methods were used to
elucidate MOF properties, such as electroluminescence, refraction
index, and charge transports. As these methods become more
predictive, they enable computational screening of MOF materials.

Introduction

The emergence of metal organic frameworks (MOFs)' as a new class of porous materials
has an enormous potential for diverse applications such as: gas storage/sorption?, molecular
separation’, insulation, catalysis, optics, and light sensitive semiconducting properties
while maintaining its porosity.*® MOFs building blocks consist of metal nodes or
secondary building units (SBU), and organic ligands/linkers with end groups that can
covalently bond with metals such as carboxylates. Highly ordered thin film structures of
surface-anchored metal organic framework (SURMOF) open wide applications based on
more than just the porosity-related properties of MOFs. To study the electronic properties
(electroluminescence, refraction index, and charge transports) of MOFs and SURMOFs,
multi-scale approaches are required.

A wide variety of computational tools has been established over the years to
facilitate the modeling of MOFs: as the first step, molecular models are often generated
from X-ray diffraction data (XRD), or with MOF builder tools such as AuToGraFS’. The
geometry and structural properties can then be modeled with classical force fields, in
particular when XRD data are not available. Such classical force fields have been used
extensively in biology and organic materials but often struggle to describe the structural



properties of MOFs because the metal to organic bonds at the MOF nodes are not well
parametrized in most force fields. Semiempirical methods such as density functional tight
binding (DFTB) have also been used, but did not give significant improvement over
classical force field methods such as UFF or UFF4MOF.%%!% Application of DFTB
methods in modeling of MOFs has been limited by the small number of parametrized
metals (Zn, Al, Au, Si, and alkaline earth) and their organic complexes due to the
complexity of parametrization.!! Recent generations of tight-binding methods such as
GFN2-xTB are able to deal with almost the entire range of elements in the periodic table,
but have not been tested widely in MOF applications.'?

Electronic properties of MOFs are typically studied using quantum mechanical
(QM) methods. The most popular method is Density Functional Theory (DFT), which due
to its versatility has been widely used to calculate the ground states of periodic models and
cluster molecular models of MOFs. To study excited state electronic properties, such as
light absorption/emission spectra and refractive indices, one can employ the Time-
Dependent Density Functional Theory (TD-DFT) method, the Random Phase
Approximation (RPA), or the parametrization-free (for correlation and exchange) Green’s
Function (GW) and Bethe-Salpeter Equation (BSE) methods. However, the GW+BSE
method is extremely demanding in terms of computational effort and can presently not be
applied to large MOF structures, either for ground or excited state geometry
optimization.'>!* As an alternative, TD-DFT methods in molecular cluster models can be
used to approximately describe the electronic properties (absorption/emission) of
electronically excited states. For refractive index calculations, a method to determine the
ground and excited state properties using the random phase approximation (RPA)'*"'7 in
TD-DFT using a molecular model was shown to be sufficient.

Because most MOFs have very flat conduction and valence bands (heavy bare
electron/hole effective mass),'® charge transport is often well-approximated by hopping
transport'® models, but sometimes band-like transport is also considered.?’ In the
following, we review conductivity calculations using specially adapted quantum
embedding methods such as Quantum Patch?"*? to model the electronic structure. Using
input from these calculations, Kinetic Monte Carlo (KMC) methods, such as LightForge
KMC? can be used to describe transport on larger scales.

In this proceeding, we review examples of challenging problems to model the
electronic structure of MOFs, such as:

1. A de novo Strategy for Predictive Crystal Engineering to Tune Excitonic
Couplings;®

2. Light-Switchable One-Dimensional Photonic Crystals Based on MOFs with
Photomodulatable Refractive Index;*

3. Highly Efficient One-Dimensional Triplet Exciton Transport in a
Palladium—Porphyrin-Based Surface-Anchored Metal-Organic Framework;*

4. Photoconductivity in Metal-Organic Framework (MOF) Thin Films;> and

5. Superexchange Charge Transport in Loaded Metal Organic Frameworks.?®

In the discussion of these problems we also briefly review the implementations of the
required computational methods from classical molecular dynamics (MD) to the quantum
level (DFT, RPA).



1. A de novo Strategy for Predictive Crystal Engineering to Tune Excitonic
Couplings®

In the first example, we developed a multi-scale screening strategy to suppress undesirable
photoluminescence (PL) quenching by optimizing chromophore packing and
systematically changing side-groups of the organic linkers which worked as “steric control
units” (SCUs). The nonradiative decay processes caused by excitonic coupling to adjacent
chromophores could be reduced and the PL signal was increased by substituting the
adjustable SCUs. Furthermore, we found optimal alignment of core-substituted
napthalenediimides (cNDIs) to obtain highly emissive J-aggregates using computational
analysis. The schematic of the workflow is shown in Fig. 1.
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Figure 1. a) Chemical structure of R-NDI(OEt), with possible R groups. b) Rotational
angles from MD simulations vs different R groups from Fig. 1a) resulted in a region with
borderline blue emission and J-aggregates with bright green emission within synthesized
SURMOF structures marked with red stars. The inset in the bottom right corner shows a
microscope image of highly J-aggregated emission of the SURMOF. c) Calculated
Coulomb coupling between two optically active parts of neighboring NDI organic linkers
within the SURMOF structure. The transition dipole moments (TDM) coupling simulated
from transition charges using the electrostatic potential method (TrEsp) vs rotational angles
predicted by MD in GROMACS-2018.4. The yellow ellipsoid represents the NDI(OEt)
with the transition dipole vector orientation shown as a grey arrow.®

The multi-scale approach consisted of the following steps: 1. We created a library
of chromophoric MOF linkers with suitable contact groups and computationally screened
for the best SCUs by obtaining the optimized geometry of the R-functionalized bis-ethoxy
substitute-napthalenediimides, dubbed R-NDI(OEt), monomer (Fig. 1a)), with the OPLS
force field. We used this approach to tune the optimum layer distance between 2D sheets
of SURMOF (5-8 A, with 5.8-6.0 A being the minimum), and extracted the optimal rotation
angle of the central linker from the geometry (Fig. 1b)). 2. We then built trimer models of
MD-optimized linkers with fixed intermolecular distances and re-optimized the middle
linker using full gradient minimization techniques in DFT. 3. The middle linker from the
DFT optimization was used to build a dimer model to study the angle-dependent Coulomb
coupling using the electrostatic potential method (TrEsp, Fig. 1¢)), which takes into
account the influence of different SCUs and NDI(OEt), alignment in the SURMOF, with
TD-DFT using the B3LYP functional, Grimme D3 van der Waals correction with Becke-
Johnson damping and the def2-TZVP atomic orbital basis set. The results, shown in Fig.
Ic), predicted highly emissive J-aggregates (R=iPr, no. 15 in Fig. 1b)), which was
confirmed by experiments. Optimized predicted structures showed an increase of more



than 2% in photoluminescence quantum yields (PLQY) compared to other experimentally
tested compounds, e.g. compounds 8, R=Me, and 9, R=Et in Fig. 1b). The prediction based
on computational screening is in excellent agreement with experimental findings and 2%
PLQY is the highest ever recorded quantum yield for crystalline materials based on
naphthalenediimides.

2. Light-Switchable One-Dimensional Photonic Crystals Based on MOFs with
Photomodulatable Refractive Index**

As a second example we review the optical properties of light-switchable 1D photonic
SURMOF crystals. Photomodulation of the refractive index is facilitated via reversible
light-induced trans-cis isomerization of the linkers. We calculated the properties of the two
linker isomers (cis and trans azobenzene) using the random phase approximation (RPA)
based on TD-DFT electronic structure calculations. The resulting index of refraction was
directly compared to experimental data (Fig. 2a)). The transition density of the m — ™
interaction is shown in Fig. 2b) for trans and cis isomers of the linker molecules.
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Figure 2. a) Refractive index of cis (green) and trans (violet) linker configurations from
experiment (solid lines) and theory (dashed lines), where the latter neglects the rest of the
MOF structure. b) Singlet excited state transition density for the m — ™ transition, with
negative and positive phases shown in yellow and green, respectively.?* Reprinted with
permission from Ref. 24. Copyright 2019 American Chemical Society.

We note that only qualitative agreement can be achieved, because RPA neglects exchange-
correlation effects in the excited response. To obtain quantitatively accurate results for
excited states and therefore optical properties, more costly methods, such as the Bethe-
Salpeter Equation (BSE) approach would be required.



3. Highly Efficient One-Dimensional Triplet Exciton Transport in a
Palladium—Porphyrin-Based Surface-Anchored Metal-Organic Framework;*

As a third example we discuss the analysis of triplet exciton transport in a Palladium-
Porphyrin (PdP) based SURMOF using TD-DFT. The periodic structure of the SURMOF
is shown in Fig. 3a). It was a tetragonal SURMOF structure bonded with a Zn-paddlewheel
SBU/node. The m — " interaction in PdP linkers are visualized as intermolecular
noncovalent interactions (NCI) shown in yellow in Fig. 3b). The ground and triplet excited
states of the PdP dimer were calculated with TD-DFT using the CAM-B3LYP functional.
The electron donating and accepting regions (through Dexter transfer between linkers) of
the dimer model are marked in violet and green in Figure 3c). The calculated rate of triplet
excited exciton transfer (TEET) was 1.01 X 10 s~1, which was nearly of the same order
of magnitude as that from the experimental data at 8.00 X 10° s~1. The theoretical TEET
rates were highly dependent on the functional used in TD-DFT. For instance, the TEET
rate found with B3LYP functional was 0.6 X 10°s~1, which was half of the value
obtained using CAM-B3LYP.
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Figure 3. a) Periodic structure of the palladium-porphyrin MOF, b) m — 7" interaction, and
¢) electron density difference between ground state and triplet excited state of the PdP
dimer.? Reprinted with permission from Ref. 25. Copyright 2019 American Chemical
Society.

4. Photoconductivity in Metal-Organic Framework (MOF) Thin Films®

The fourth example was the photoactivated electronic transport phenomenon in a porphyrin
SURMOF loaded with Cg. TD-DFT was used to elucidate the possible origin of
remarkable photoconduction; the electrical conductivity increased by 2 orders of
magnitude when irradiated with visible light with a wavelength of 455nm (2.72 eV). We
believed the process started with porphyrin moieties absorbing the light, followed by Ceo
accommodating rapid charge separation due to its large electron affinity. Subsequently,
electronic transport through separate channels formed by porphyrin for holes and Ceo for
electrons resulted in high conductivity. Loading of Ceo inside the SURMOF had been
confirmed by XRD, UV/Vis absorption, and IR measurements.

In this study, the nature of light-activated conductivity was studied theoretically.
Fig. 4a) shows the building blocks of the SURMOF, and Fig. 4b) the optimized geometry
of the SURMOF structure from periodic DFT calculations using the PBE functional and
D3 Van der Waals correction as implemented in Vienna Ab-initio Simulation Package
(VASP 5.4.4). With loaded Ce¢o in the SURMOF, the conductivity exhibited ohmic
behavior upon irradiation with light. Experimental findings showed G, nmic ~



1.3 X 1077 Sm™1, which is two orders of magnitude higher than the activated-like (hard-
gap) conductivity hgrg-gap ~ 1.5 X 1072 Sm™" in the dark.
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Figure 4. a) SURMOF assembly, b) structure of Cso@Zn(TPPP), c) HOMO and LUMO
orbitals of the electron acceptor (TPP linker) and donor (Ceo) and corresponding orbital
energies. The energies of TPP-Cgo complex are printed in black and the energies of isolated
TPP and Ceo are printed in red. d) The singlet-singlet excitation electron density with and
without Ceo near the TPP linker.’ Reprinted with permission from Ref. 5, Copyright 2019
John Wiley and Sons.

Investigation of the mechanism of charge transport in Ceo@Zn(TPP), a loaded
SURMOF with Ceo, was carried out using our in-house Quantum Patch method for
calculating the electronic coupling matrix elements between MOF linkers and Ceo. The
results were based on molecular orbitals estimated using DFT. We used the
molecular/cluster system of the TPP linker and Ceo. Fig. 4c) shows the highest occupied
molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) and
associated energy levels of pristine Zn(TPP) linker (left) and pristine Ceo (right). HOMO-
7 and LUMO+3 labels corresponded to the orbitals of the Zn(TPP)-Cep complex.
Comparison between the singlet-singlet excitation electron density of pristine porphyrin
(left) and porphyrin in the Zn(TPP)-Ceo complex showed the electron donation from TPP
to Ceo (Fig. 4d)).

5. Superexchange Charge Transport in Loaded Metal Organic Frameworks>®

The last example were the electronic transport properties of HKUST-1 SURMOF loaded
with 7,7,88-tetracyanoquinodimethane (TCNQ) and its fluorinated compound F4-TCNQ,
published in ACS Nano, 2016.2° HKUST-1/MOF-199 is a popular MOF made out of Zn-
paddlewheel secondary building units (SBU) and benzene-1,3,5-tricarboxylate (BTC)



linkers. Within the Marcus theory of charge transfer, the rate of hopping events between
two sites a and b along a path is described by
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Ja b 1s the electronic coupling matrix element between initial state a and final state b, E,
is the difference between energy levels of the relevant molecular orbitals, and 4 is the
reorganization energy. The rest are physical constants and parameters: kg, T, and h are
Boltzmann constant, temperature, and Planck constant, respectively. The occupied and
unoccupied orbitals of molecular fragments of TCNQ@HKUST-1 and F4-
TCNQ@HKUST-1 were calculated using DFT as implemented in TURBOMOLE using
the BH-LYP functional and dev2-SV(P) basis set, and the hopping matrix elements | were
calculated using Lowdin orthogonalization.!® These hopping processes are illustrated in
Fig. 5a) and b).

In the lowest-energy configuration, the computed coupling matrix elements of the
relevant combinations of LUMO orbitals in direct guest-guest hopping between TCNQ
molecules are 1.7 x 1078 eV for parallel and 4.1 X 1078 eV for orthogonal orientations,
and these numbers were comparable to those for F4-TCNQ. In both guests, these coupling
matrix elements were much smaller than guest-host (MOF) and host-host couplings. The
guest-host coupling for TCNQ was 1.4 X 1073 eV, which is of the same order of
magnitude as that for F4-TCNQ at 2.4 X 1073 eV. The reorganization energies, A,
calculated with Nelsen’s four-point method for all relevant hopping sites for guest
molecules were ~ 0.27 eV for TCNQ and F4-TCNQ, and ~ 0.58 eV for MOF fragments.
In the guest-guest hopping only scenario, the activation energy would be 67 meV, which
agreed with the activation energy observed in experiments. However, the activation energy
of hopping processes involving MOF states was much higher.

As a second scenario, second-order processes, or superexchange charge transfers,
were considered in addition to direct hops. In superexchange charge transfer processes, the
total coupling matrix element between two guest molecules g and g’ is determined by the

coupling between the initial and intermediate host states / g,"f, and between the intermediate

and the final guest states /2 via first order perturbation theory, stated as:
g hg p ry
tot dir sx dir ]giilrxfi?érr
Jog' =Jgg' t1gg' =Jgg' T 2 AEgu 32’ @
where J%, is the direct electronic coupling matrix element, J°%, is the coupling matrix
gg pling 99 pling

element of superexchange processes, and h is the virtually occupied intermediate host state.
The denominator AE;, = Ej, — % (E4 + Eg,) is due to the fact that occupation of the virtual
states is too short to allow for ionic relaxation. It is worth mentioning that the calculation
of HOMO-LUMO gaps for the relatively large MOF fragments, and results from hybrid
TD-DFT had been shown to strongly depend on the exchange functional used and were
computationally demanding. Therefore, the calculation of the energy differences
AEgp, AEs, had large method-dependent uncertainties; thus, they were treated as free
parameters. If the estimated AE,;, > 0.4 eV for both guest molecules, the competing direct



process activation energy became E, =% (1+ A4Ey, /A)? > 0.41eV. This activation

energy was one order of magnitude greater than the experimental observations (present
value 0.041 eV). 2’ In the pristine MOF, E;, ~ 1/4 = 0.145 eV was more than three times
the experimental activation energy. Therefore, the direct guest-MOF hopping, and MOF-
MOF hopping could be excluded in our system. In a superexchange process that indirectly
coupled guest molecules with other guest molecules, the energy differences of initial and
final 4E; 4, ~ 0 eV resultedin E, ~ A/4 which was comparable to experimental values.
The direct transfer between guest molecules did not depend on 4E,;, and Ej; it was one
order of magnitude smaller than superexchange processes. This difference was due to very
small electronic couplings of ] < 1077eV between guest molecules for direct hops. If the
estimated 4E;;, < 0.4 eV, then the electron transfer was mainly from direct guest-MOF-
guest process, but the superexchange rate exceeded the rates of any direct process by
several orders of magnitude. We concluded that the superexchange process was more
plausible than other processes in these systems.
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Figure 5. Charge transfer in guest-MOF system via hopping processes. a) Possible first-
order transfer processes (solid lines) between guest and MOF sites (1), direct transfer
between guest-guest and MOF-MOF sites (2,4), and second-order superexchange
processes, dashed lines (3,5). b) Transfer between the LUMO orbitals of the guest
molecules can proceed directly or via occupancy of a virtual state in the MOF. ¢) Current
density of pristine MOF (blue open circle), loaded with TCNQ (red solid triangles) and F4-
TCNQ (green solid square). d) Mobility derived from experimental data using injection
model (dashed lines) and KMC simulation (solid lines) as a function of energy difference
between LUMO of the pristine vs SURMOF loaded with TCNQ (red) and F4-TCNQ



(yellow).?® Reprinted with permission from Ref. 26, Copyright 2019 American Chemical
Society.

To compare our model with experimental data, we used an injection model where the
current density depends on charge carrier concentration, mobility, and injection barrier as:

J(V) ~ nueP?F(V). 3)

The electronic transport processes in the MOF loaded with guests (TCNQ, F4-TCNQ) are
shown in Fig. 5.

The current density for the pristine and loaded MOF is shown in Fig. 5c), and a
direct comparison between derived experimental data using an injection model and KMC
simulation based on DFT input is shown in Fig. 5d). The mobility curves show the intersect
at 0.6 eV (F4-TCNQ) and 0.71 eV (TCNQ), in agreement with the energy difference of the
LUMO level in pristine and loaded HKUST-1 from DFT, ~0.6 eV. However, the relative
order of LUMOs of the MOF loaded with F4-TCNQ and TCNQ using DFT disagreed with
the calculated injection barrier difference of 0.1 eV.

Conclusion

The unprecedented chemical and structural tunability of MOFs through functionalization
and various host-guest interactions makes them an ideal platform to design advanced
functional materials. Computational tools have been developed that can increasingly aid in
the optimization of these materials. Structure building tools, such as AuToGraFS,
combined with classical force fields enable fast screening of organic linkers that can help
guide experimentalists towards synthesis of MOFs with desirable properties. A good
example for such an approach was the screening of linkers to develop bright
photoluminescent MOFs and the other applications reviewed here. Multiscale modeling
using methods such as Quantum Patch and KMC permit calculation of the
conductivity/mobility of pristine and loaded MOFs with reasonable accuracy, usually
about one order of magnitude. Overall, there has been a lot of progress in predicting and
characterizing MOF structures, especially using electronic structure methods. Despite
these advances there remain many challenges with which computational methods still
struggle.

The chemical stability of MOFs and their assembly process, which involves
chemical reactions and solvent interactions, is controlled by a wide variety of other
experimental parameters that are still very difficult to model using computational methods.
The calculation of excited state properties remains mostly limited to molecular cluster
models (monomer, dimer, trimer, etc.) using TD-DFT and RPA; no fully periodic
structures calculations are presently available. One of the drawbacks of TD-DFT is that
calculated HOMO-LUMO gaps strongly depend on the chosen exchange-correlation
functional. Higher-level methods such as GW+BSE are still very challenging at the scale
of typical MOFs due to considerable computational cost. One further remaining challenge
is the influence of polycrystallinity in MOFs when comparing the experimental electronic
properties to computational results. The effects of grain boundaries and defects such as



missing SBUs or linkers are not considered in many computational studies, which presently
mostly model perfect crystal structures. Multiscale modeling that includes grain boundaries
and defects may further improve the accuracy of computational methods.
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