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Germany

The arrangement of organic semiconductor molecules in a material can be modulated
using different supramolecular approaches, including the metal-organic framework
(MOF) approach. These arrangements result in different frameworks topologies and
structures. Fabrication of materials comprising optimized assemblies and functional
molecules enables efficient tailoring of material properties, including electronic
responses. Since semiconducting properties are sensitive to subtle changes in the
nanostructure of the material, the exploitation of MOFs has promising potential in the
development of new materials with designed structure and function. Based on
decade-long method development, virtual design strategies have become ever
more important, and such design methods profit from the availability of automated
tools. Such tools enable screening of huge libraries of organic molecules in in silico
models of the structure of three-dimensional nanoscale assemblies as the prerequisite
to predict their functionality. In this report, we present and demonstrate the application
of an automated workflow tool developed for MOFs of the primitive cubic (PCU)
topology. We use pentacene-based ditopic linkers of a varied chemical composition
and pillar linkers of different molecular sizes to automatically generate PCU MOFs,
sample their structural dynamics at finite temperature, and predict electronic coupling
matrix elements in vibrationally averaged assemblies. We demonstrate the change of
the intermolecular ordering in the resulting MOFs and its impact on the
semiconducting properties. This development lays the basis of an extendable
framework to automatically model a wide variety of MOFs and characterize their
function with respect to properties, such as conduction properties, absorption, and
interaction with light. The developed workflow protocol and tools are available at
https://github.com/KIT-Workflows/PCU-MOF.

Keywords: organic semiconductors, pentacene, metal-organic framework, virtual design, workflow, structure
builder, molecular dynamics, stacking
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1 INTRODUCTION

Electronic properties of organic semiconductors (OSCs) and their
optoelectronic response highly depend on the structural
arrangement of the molecules and their vibrational freedom in
the material (Pohl and Pohl, 2020; D’Avino et al., 2016). They
determine the electronic coupling between the molecules, which
impacts the mechanism and the properties of the electronic
conduction (Kera et al., 2009; Mailman et al., 2017; Haldar
et al, 2021). The packing geometry of OSC is driven by the
subtle intermolecular interactions, which are difficult to control;
therefore, crystal engineering remains a significant challenge. The
arrangement of molecules depends on the crystallization
conditions, which, in most cases, cannot be easily controlled.
This limits the fabrication of new OSC with desired orientation of
the molecular units and also the optimization of the
semiconducting properties, which result from the molecular
packing in a material. A precise control over the architecture
of the material, which incorporates the OSC components at well-
defined positions and orientations, can be realized by a reticular
chemistry approach (Freund et al, 2021), applied for the
synthesis of metal-organic frameworks (MOFs). This approach
has been successfully utilized to obtain materials with a controlled
three-dimensional assembly of organic molecules (Alvaro et al,
2007; Liu et al., 2011; Xu et al., 2016; Liu and W6ll, 2017), opening
new perspectives in the fabrication of OSC materials with
programmable functionality (Garg et al., 2019; Haldar et al,
2019; Xie et al., 2020).

Metal-organic frameworks are materials that consist of
organic molecules, ie., linkers, and inorganic polynuclear
clusters (nodes), known as secondary building units (SBUs)
(Rowsell and Yaghi, 2004) (Figure 1). Several bipartite nets,
known in reticular chemistry (O’Keeffe et al., 2008), represent
binary frameworks used for the construction of MOF structures
of various topologies (Kalmutzki et al, 2018). By combining
different metal ions and organic linkers in diverse topologies, a
considerable variety of MOFs can be realized, and around 100,000
different MOF structures have been synthesized so far (Chung
et al,, 2014; Lyu et al., 2020). They represent a unique variety of
structures, and their properties can be tailored through rational
design (Freund et al,, 2021) and by choosing the appropriate
combinations. As one may guess, an unprecedented number of
possible combinations occurs, which led also to the creation of
huge databases of hypothetical MOF structures and screening of
new MOF candidates (Moosavi et al., 2020). MOFs are widely
used for gas sorption (Lin et al, 2020; Qiao et al, 2020) and
storage (Li et al.,, 2018; Connolly et al., 2020), sensors (Kreno
et al., 2012), or solar cells (Goswami et al., 2016). They are good
candidates for establishing new OSC with tailored electronic
properties by ordering organic linkers in a network manner
with the specific framework topology (Ohrstrom, 2015;
Neumann et al, 2016). However, owing to their porous
structure and relatively large distances between neighboring
OSC linker molecules, MOFs are typical wide-bandgap
semiconductors, but their electronic conduction can be
increased by realizing structures that enable efficient charge
transfer through-bonds (Narayan et al, 2012) or space
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(Neumann et al, 2016), as well as by m-stacking (Liu and
Woll, 2017; Haldar et al., 2021; Zojer and Winkler, 2021). The
through-bond pathway depends on continuous SBUs comprising
metals and ligand moieties; their high charge mobility and small
band gap are a result of the proper orbital overlap and well-
matched energy levels. Through-space electronic conduction can
be enhanced by incorporating guest molecules like TCNQ or
fullerenes in MOF pores (Neumann et al., 2016; Liu et al., 2019). It
can be also photoswitched by light (Heinke et al., 2014; Kanj et al.,
2018; Garg et al., 2019; Haldar et al., 2020). Upscaling of MOF
electronic conduction via the incorporation of highly efficient
OSC molecules with n-stacking within MOF scaffold, e.g.,
pentacene, has been also realized (Haldar et al., 2021). Hence,
electronic conduction in MOFs is based on several different
mechanisms (Xie et al., 2020); therefore, it follows different
design strategies. For example, in the last case, due to the
localized frustrated rotations of the pentacene cores in the
assembled structure, charge carrier mobility is significantly
decreased. More rigid linkers (with limited vibrational
flexibility) or other types of assemblies with the designed
orientation of OSC units in the MOF scaffold are sought after
(Haldar et al., 2019).

Considering the enormous chemical space of MOF
components, a multitude of new candidates with interesting
properties can be realized. Unfortunately, attempting to access
them all experimentally via MOF fabrication is expensive, time-
consuming, and based on trial and error (Stock and Biswas,
2012). Predictive methods for MOF construction, design, and
selection of the most prominent candidates with a desired
functionality will significantly accelerate the discovery of new
formulations and reduce costs (Mancuso et al., 2020). There are
several free and commercial tools or molecular editors for the
initial construction of a representative MOF model, e.g.,
Avogadro (Nefedov et al., 2021) and Materials Studio
(Dassault 2020). Often, they require time-
consuming manual work and prior knowledge of the
topological details and metal-organic interactions in MOF.
Advanced algorithms using the reverse topological or top-
down approach are implemented, using graph theory, in the
tool of Boyd and Woo (2016), and using known nets
(topologies) of MOFs that follow a recursive, geometry-based
assembly of SBUs and linkers (O’Keeffe et al., 2008), in codes
like stk (Turcani et al.,, 2021), Zeo++ (Martin and Haranczyk,
2014), ToBaCCo (Colén et al., 2017), and AuToGraFS (Addicoat
et al., 2014a). All of these tools can be used to prepare a basic
MOF model for visualization, whereas subsequent structure
optimization and the calculation of electronic and/or
optoelectronic properties should be done separately. Some of
the tools require programming knowledge, and they have
limited automation functionality towards virtual design of
new MOFs comprising various components, triggering new
interesting phenomena.

In this report, we present an automated, transferable, and
user-friendly workflow for the generation, optimization, and
structure—property prediction of new MOF materials. We use
the SimStack workflow environment (https://www.simstack.de/)
to combine several modules, called WaNos (Workflow active

Systemes,
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FIGURE 1 | Reticular chemistry applied for the fabrication of MOFs with diverse metal-organic networks, components (organic molecules and metal nodes), and
properties. Virtual design of new MOF materials by automated workflows investigated in this report.
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Nodes), responsible for the specific tasks or calculation(s)
involved in the MOF building protocol and up to the analysis
of specific MOF properties, e.g., in the case presented here,
electronic coupling elements towards semiconducting MOFs.
Each WaNo uses as an input the output from the previous
WaNo, enabling an easy transfer of data between compute
units and construction of different workflows, as well as a
combination of different WaNos aiming at desired purposes.
The workflow, introduced here for a MOF design and calculation,
is as follows:

¢ Adaptable: User-friendly graphical user interface (GUI) and
automated dataflow between multiple module functions
allow easy adaptation of the workflow to specific user
requirements;

¢ Reproducible: Once set up, it will generate the same results
independently of the user environment. Automatic flow of
data and processes allows an error-free data generation and
storage of the work recipes for other investigations;

o Efficient: It significantly reduces the time to prepare and
carry out similar calculations that have the same
methodological flow, but different starting input data;

e Expandable: By replacing method modules (WaNos), the
workflow can be extended to related applications and to
diverse MOF topologies. Moreover, it can be used as a part
of other workflow(s);

e Transferable: It can be used by users outside the group
which has developed it without facing implementation
issues.

Considering the variety of MOF materials and possible
attained properties, multiple options for such workflow
developments are possible. In the present study, we focus on
the primitive cubic (PCU) topology of MOFs (O’Keeffe and
Yaghi, 2012) (Figure 1) that is a widely used topology found in
fabricated MOF materials (Li et al., 2007; Luo et al., 2017; Wei
etal.,, 2019; Xingetal., 2019; Yao et al., 2019). The PCU topology
features the network that describes the MOF-2 family, which has
paddle-wheel nodes, such as Zn,(CO,); and Cu,(CO,)4,
connected by linkers (Li et al., 1998; Xing et al, 2019
Goldman et al.,, 2020; Qiao et al., 2020; Yazdanparast et al,,
2020) and the MOF-5 family with octahedral nodes, such as
Zn4(0)0,,Cs (Li et al., 1999; Schoedel et al., 2016). It can be
formed also from SBUs based on Mg, Cd, Pb, or rare earth
metals (Bhattacharya et al., 2014; Luo et al., 2017; Lin et al,
2018; Yao et al,, 2019). In addition, MOF films grown using a
layer-by-layer technique on the pre-functionalized surfaces, e.g.,
surface-anchored MOFs (SURMOFs) (Liu et al,, 2012; Zhuang
et al,, 2016), using Cu,(CO,), and Zn,(CO,)4 SBUs are often
assembled in PCU-type networks. Owing to the fact that
SURMOFs allow us to control the assembly type and the
linker order in a material (Heinke et al., 2014; Heinke and
Woll, 2019), crystal structure engineering of such MOFs
comprising OSC and chromophore molecules will allow us to
investigate new systems systematically and accelerate the
selection of the most promising MOF candidates. Virtual
screening of various organic linker molecules and their
assembly in the MOF allows computation of
structure—property relationships that can be accessed by the
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Copper secondary building units (SBUs) are depicted in blue.

FIGURE 2 | Representation of MOF materials of PCU topology investigated in the present report. Layer and pillar linkers are marked in green and cyan, respectively.

PCU
Topology

automated workflows reported here, including the dynamical
behavior of the structure at finite temperature.

We demonstrate the architecture of such a workflow and its
exemplary usage for the prediction of electronic coupling
elements between pentacene cores in a PCU SURMOF
structures built from ditopic pentacene layer linkers and
DABCO (DABCO = 1,4-diazabicyclo(2.2.2)octane), pyrazine
(pyz = 1,4-diazine), and bipyridine (bipy = 4,4'-bipyridine)
pillar linkers (Figure 2). Pentacene (Pn) is an organic
molecule, which is characterized by high charge mobility in its
different crystal forms (Jurchescu et al., 2007; Virkar et al., 2009).
It was previously integrated in the SURMOEF-2 type of MOF
(Haldar et al., 2021), where the stacking of pentacene cores of the
linkers, localized at a distance of approximately 5.8 A, was
suggested to be not optimal for efficient charge carrier
transport caused by ineffective overlap between the
neighboring pentacene cores (Zojer and Winkler, 2021) and
weak 7-7 interactions, which are dynamically changing over
time, as observed in MD simulations at 300 K (Haldar et al.,
2021). These simulations explained increased vibrational
flexibility of molecules in the material and the significant
decrease of the effective electronic coupling.

With PCU SURMOF type of assembly, investigated here, we
aim to use automated workflows to build and calculate properties
of new MOFs and illustrate the change of their semiconducting
properties as a function of the controlled separation between the
pentacene cores (by different pillar linkers) that change with the
stacking type and the dynamics of OSC cores in a material. With
this work, we initiate a new approach for further virtual design of
versatile MOF assemblies that will enable the upscaling of the
functionality of single molecules, such as pentacene, to yield

functional solid materials or thin films of macroscopic
dimensions in future investigations.

2 METHODS AND COMPUTATIONAL
DETAILS

MOFs are modular periodic systems, consisting of metal (0x0)-
nodes (SBUs) and organic linker molecules. Depending on the
nature of both components, different three-dimensional nets are
formed. Virtual design of new MOF constructs requires the
combination of several algorithms (methodologies and codes)
that are linked together in one workflow, enabling automated
data transfer and on-the-fly property prediction. Here, we create
an automated methodology to build, optimize, and analyze
MOFs of the PCU topology and implement it within
SimStack. MOF systems and components used for the
protocol demonstration are depicted in Figure 2. Three
ditopic linkers, differing by the R-substitution in the linking
phenyl group and based on pentacene cores, were used as layer
linkers, i.e., connected to the Cu-node by Cu---O coordination
bonds (on y- and z-axes), while DABCO, pyrazine, and
bipyridine were used as pillar linkers with Cu--"N
coordination (x-axis).

In SimStack, each module or WaNo implements a graphical
user interface for the backend codes, which performs required
calculations. Each WaNo is maximally generalized, therefore can
be used to calculate various molecules and types of materials, and
can be used for tasks in conceptually different workflows. The
PCU-MOF workflow consists of several WaNos for software
codes, such as TURBOMOLE (Balasubramani et al., 2020),
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FIGURE 3 | PCU-MOF workflow within the SimStack client to build, optimize, and analyze MOF materials for automated structure—property predictions and design.

AuToGraFS (Automatic Topological Generator for Framework
Structures) (Addicoat et al, 2014a), GULP (General Utility
Lattice Program) (Gale and Rohl, 2003), VASP (Vienna Ab
initio Simulation Package) (Kresse and Hafner, 1993),
LAMMPS (Large-scale Atomic Molecular Massively Parallel
Simulator) (Boyd et al., 2017; Plimpton et al., 2020), and
interfaces between codes. We also developed several new codes

and algorithms, i.e., LCmaker, Achmol (Assembler of Chemical
Molecules), and SuperCeller.

To create an automated workflow for MOF design, we have
used several available WaNos, DFT-Turbomole (Schloder and
Régo, 2022), DFT-VASP (Ricardo, 2021), QuantumPatch3
(Friederich et al., 2014), and Format-Converter, while all
other WaNos (MOF-input, LCmaker, AuToGraFS, GULP,
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lammps-interface, LAMMPS, Achmol, and SuperCeller) were
programmed for the purpose of MOF design and are reported
here for the first time. The workflow consists of three central
parts, i.e., 1) MOF Builder, 2) MOF Optimizer, and 3) MOF
Analyzer (Figure 3). The MOF Builder consists of the general
WaNo MOF-input, where the user specifies linker molecules,
metal node type, and desired topology; DFT-Turbomole,
where optimization of input linkers is done using the
TURBOMOLE software; and LCmaker and AuToGraFS
used to build the periodic MOF model. To generalize the
standard of atomic units in the entire workflow, both in
converting formats and in developing the back-end
software in different parts of the workflow, we employed
the Atomic Simulation Environment (ASE) (Larsen et al,,
2017). The MOF Optimizer includes WaNo GULP for the
pre-optimization of MOFs with force-field potentials, DFT-
VASP for MOF optimization using the quantum mechanical
approach (density functional theory, DFT), and Format-
Converter designed to convert different file formats
between software. The MOF Analyzer is a multifunctional
part of a workflow, which is assigned to calculate different
properties of MOF based on both 1) optimized structures at
0 K (right branch, including Achmol and SuperCeller WaNos)
and 2) sampled MOF structures during molecular dynamics
(MD) simulations at finite temperature using LAMMPS. In
the present study, we focus on the calculation of the electronic
coupling matrix elements, Ji; between the initial state of a
donor and the final state of the acceptor, used in the Marcus
theory of charge transfer (CT), i.e., in a hopping mechanism
(Marcus, 1993) to estimate the semiconducting properties of
PCU MOFs. According to this theory (Eq. 1), the charge
transfer rate, kcp, is defined as

1

kT2 &

—(AG® + 1)
Ak T

2
ker = 7|]if|2 1

o)

Here, A is the reorganization energy, connected to the change
in the equilibrium geometry of both donor and acceptor upon
change of the charged state, kg is the Boltzmann constant, T is the
temperature, and AG’ is the total Gibbs free energy change
(i.e., energy difference between frontier molecular orbitals
involved in CT). Electronic coupling, Jiz between adjacent
OSC cores in a MOF was calculated using the overlap between
molecular orbitals obtained from the DFT, as implemented in the
WaNo QuantumPatch3. A detailed description of algorithms and
computational details is given below.

2.1 Metal-Organic Framework Builder

In this part, the initial model of a MOF is constructed from the
user-defined linker molecules and implemented SBU nodes.
Here, we describe the PCU topology of MOFs, and we
selected as an example Cu metal nodes in the paddlewheel
shape (Cu_pw6.inp). The workflow uses the AuToGraFS
software; therefore, all SBUs and topologies available in
AuToGraFS can be accessed by our tool too, enabling many
extensions. Input data, ie., linker molecules and SBUs, are
specified in MOF-input WaNo. Since we have used two linker
types, layer and pillar, that have different chemical compositions,
two parallel optimization procedures of linker molecules have to
be performed in DFT-Turbomole. The choice of different
functionals, basis sets, and other DFT parameters is
implemented in this WaNo. All linkers studied here were
optimized utilizing the B3LYP functional (Lee et al, 1988;
Becke, 1993) with the def2-SV(P) basis set (Weigend and
Ahlrichs, 2005) and Grimme D3 dispersion correction
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(Grimme et al,, 2010), using default optimization criteria.
Optimized structures are then automatically passed to LCmaker.

LCmaker makes a customized “inp” or “xyz” format files for
different versions of AuToGraFS and automatically generates the
joint points, called dummies, in the places where the organic linker
should be linked to the metal node. LCmaker supports two
algorithms for dummy selection: (1) for carboxyl group
connections, ie., by removing COOH groups from layer linkers
and exchanging them by the dummy points (Figure 4B), and (2) for
the nitrogen-terminated pillar linkers by the dummy on the N atom.
Moreover, there is also a possibility to define dummies via the user-
defined atom indexes. Options available in the LCmaker are depicted
in Figure 4 and listed in Supplementary Table S1.

As mentioned before, there are several algorithms to apply
metal center-organic linker connections for the specific MOF
topology. We built MOF structures using AuToGraFS (Addicoat
et al., 2014a) for three main reasons: 1) the simplicity of MOF
construction based on manageable input and output interfaces, 2)
its ability to support almost all MOF topologies, 3) its ability to be
linked to a fully featured force field UFF4AMOF (Universal Force
Field for MOF) necessary for further optimization of structures of
arbitrary frameworks using, e.g., GULP software (Addicoat et al,
2014b; Coupry et al., 2016). Moreover, UFFAMOF is implemented
in LAMMPS package, enabling lots of further investigations of
specific MOF properties, including MD simulations. AuToGraFS
has also implemented additional atom types found in the
Computation-Ready Experimental (CoRE) database (Chung
et al., 2014); it shows comparability with experimental results
and enables our workflows to be extended to various MOF
systems. AuToGraFS was implemented in our workflow in the
respective WaNo node called AuToGraFS (Figure 3). This WaNo
enables use of the code without any prior programming knowledge
and manual preparation of necessary files. Together with LCmaker,
AuToGraFS is automatically generating MOF periodic
representation that can be processed in the further steps of the
workflow.

TABLE 1 | Unit cell parameters of PCU-type MOF structures studied.

Structure Cell parameters
XxYxZinA)
CUQ(PH)Q(DABCO) 9.24 x 19.50 x 19.50
Cua(Pn)a(py2) 9.23 x 19.50 x 19.50
Q(Pn)z(blpy) 13.64 x 19.42 x 19.42
Cuy(Me-Pn),(DABCO) 9.47 x 19.59 x 19.58
Cuy(iPr-Pn)>(DABCO) 9.73 x 19.54 x 19.60

2.2 Metal-Organic Framework Optimizer
Two consecutive optimization schemes are used to optimize the

initially generated MOF model: pre-optimization with the
UFF4MOF force field using GULP (Gale and Rohl, 2003;
Addicoat et al., 2014b) and later optimization based on DFT
using VASP. Such a DFT-optimized MOF structure represents
one of the local minima structures necessary for setting up the
next steps of the workflow. For the case study presented here,
DFT calculations in the DFT-VASP WaNo (Ricardo, 2021) were
performed using the PBE functional (Perdew et al., 19961997)
with the Tkatchenko-Scheffler method with iterative Hirshfeld
partitioning (Bucko et al., 2013) using VASP version 5.4.4. The
plane wave energy cutoff was set to 500 eV, and the k-point grid
was 3 x 2 x 2. The input-output file formats between codes were
handled via Format-Converter WaNo (Figure 3).

2.3 Metal-Organic Framework Analyzer
From this step, functionality of the workflow can be user specific,
and different WaNos can be added to the workflow to calculate
desired properties of MOF materials. For the semiconducting
properties, which can be triggered via different electronic
conduction mechanisms, DFT-optimized MOF structures from
DFT-VASP may be used:

e To calculate band structure, from which couplings and
effective masses of electrons and holes can be derived,
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FIGURE 6 | Representative structures of MOF of PCU topology obtained automatically after MOF Builder and MOF Optimizer parts of the workflow starting from
coordinate files of linkers and specification of SBU type: Cux(Pn)o(DABCO) (A), Cux(Pn)(bipy) (B), Cus(Me-Pn)>(DABCO) (C), Cux(iPr-Pn)»(DABCO) (D).
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e To calculate electronic couplings between linkers based on
molecular orbitals self-consistently converged at the explicit
MOF environment, which are used in hopping equations,
eg., Eq. 1,

e To sample temperature-dependent MOF structures with
further calculation of couplings from snapshots in MD.

Since our previous studies have proven that the vibrational
flexibility of linkers in a MOF impacts charge carrier mobilities
measured experimentally (Haldar et al., 2021), in the present study,
we focus on the electronic couplings between OSC cores in PCU-type
MOF assemblies based on the MD sampled structures at 298 K (left
branch in MOF Analyzer in Figure 3). However, in the PCU-MOF
workflow, we demonstrate two possible pathways that may be used to
estimate electronic couplings in the hopping scenario.

2.3.1 Electronic Coupling in DFT-Optimized
Metal-Organic Frameworks

If the electronic conduction of a MOF is based on the charge carrier
hopping between OSC linkers in a MOF scaffold with no or negligible
impact of the metal atoms linking them (Liu et al., 2019; Haldar et al,
2021), metal atoms can be omitted. To extract optimized MOF in
XYZ format from the periodic file formats and provide essential files
for the QuantumPatch3 WaNo (cml files with linker molecules in the
MOF supercell fragment), where couplings are calculated for each

linker separately (Friederich et al., 2014), we developed a python-
based code that uses the Open Babel Toolbox within ASE (O’Boyle
et al,, 2011). It is known that atom positions in periodic calculations
are mapped to the unit cell (Figure 5); therefore, direct conversion of
files after VASP to Cartesian format, keeping atoms grouped to each
linker, is not possible. This is done in our workflow by the Achmol
(Assembler of Chemical Molecules) code implemented in Achmol
WaNo. It takes the unit cell of the optimized MOF structure and
creates a supercell out of it, e.g.,, 2 x 2 x 2. Then, it removes metal
atoms and searches for groups (clusters) of complete linkers (the
correct amount of atoms that belong to a specific molecule) based on
a condition of volume minimization of the center of mass of the
linkers. It finds complete linkers based on the number of atoms of
separated linkers after removing metals using a connectivity matrix.
The graph of molecules is the main pattern to find complete linkers
after optimization (Figure 5B). The main output of Achmol is the
Cartesian file with three linkers (on x-, y-, and z-axes, periodically
repeated to represent the MOF) with atoms grouped to a specific
linker molecule, e.g., atoms 1-49 belong to linker 1, while atoms 50 to
100 to linker 2. All extracted linkers are then automatically
hydrogenated to keep neutral charge consistence and can be used
to create user-defined clusters, specified in WaNo SuperCeller,
necessary for further calculations in QuantumPatch3. Achmol can
post-process output files of periodic calculations in CONTCAR, xml
and cif formats, e.g., vasprun.xml or sample.cif. Options available in
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FIGURE 7 | Molecular packing of the pentacene cores in a MOF as a function of MOF topology and the COM distance between ditopic linkers: dimer structure from
QM/MM MD simulation of Zn paddlewheel SURMOF-2 reported by Haldar et al. (2021) (COM of 5.8 ,5\) (A). Cux(Pn)2(DABCO) PCU-type MOF simulated in the present
study and the trimer of layer linkers formed during MD simulation at 298 K (COM of 9.2 A (B).
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the Achmol WaNo are depicted in Figure 5 and listed in
Supplementary Table S2. Functionality of SuperCeller is listed in
the Supplementary Material (Supplementary Figure S2;
Supplementary Table S3).

2.3.2 Electronic Coupling From Molecular Dynamics
Sampling

MOF structures obtained after MOF Builder and MOF Optimizer
can be used as starting structures in MD simulations at finite
temperature in either VASP (ab initio MD) or LAMMPS (force-
field-based MD). Considering the high computational cost and
limited simulation times of ab initio MD, we performed MOF
structure sampling using UFFAMOF as implemented in
LAMMPS. For that, two WaNos were created: lammps-interface
and LAMMPS (Figure 3). lammps-interface contains a list of options
that should be specified by a user to set up automatically input files to
run MD. It passes all files to LAMMPS, which performs the actual
MD run, including equilibration and production. For the MOF
systems studied here, we performed MD simulations of 4 x 4 x 4
supercells for 10 ns (with a timestep of 1 fs) at 298 K. Production runs
were preceded with 30 ps equilibration. All simulations were done in
a canonical ensemble (NVT).

To calculate electronic couplings between neighboring ditopic
linkers structured in a MOF during 10 ns MD, we extracted
dimers from 1,000 snapshots (every 10ps) and performed
separate calculations using the Quantum Patch approach
(Friederich et al, 2014). Couplings were calculated as an
overlap between the highest occupied molecular orbitals,
HOMO (hole transport), and the lowest unoccupied molecular

orbitals, LUMO (electron transport), in dimers using the B3LYP
functional with the def2-SVP basis set.

3 RESULTS AND DISCUSSION

The workflow protocol described in Section 2 was applied to
automatically generate and optimize five PCU MOF systems with
the subsequent structure sampling by MD simulations to collect
vibrationally averaged assemblies of pristine and modified
(methyl and isopropyl) pentacene ditopic linkers. The cell
parameters of optimized structures are listed in Table 1.

Representative structures are depicted in Figure 6 and
Supplementary Figure S3. Due to the similar size of DABCO
and pyrazine pillar linkers, the geometrical parameters of both
systems are also similar, resulting in center-of-mass (COM)
distances between neighboring linkers of approximately 9.2 A,
which is much larger than the distance observed for the
previously reported SURMOE-2 structures (Haldar et al, 2021)
(around 5.8 A, Figure 7A). PCU MOF with a bipyrazine pillar
has an even larger COM (around 13.6 A, Figure 6B).

MD calculations of MOFs with pristine pentacene cores
and a DABCO (or pyrazine) pillar revealed system
stabilization in a nanosecond scale with the formation of
self-assemblies depicted in Figure 7B. Dynamical
movements of linkers in these MOFs are decoupled, and
after starting an MD production run, some dimers are
stabilized faster (within 2ns) and others slower (within
7ns), e.g., dimers “A-B” and “B-C” in Figures 8B,C.
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(B) and Cuy(Pn)2o(pyz) (C). The comparison of z-slip distances between layer linkers in Cua(Pn)o(DABCO) and Cux(Pn)»(pyz) (D). Plotted structural parameters and “A”-,
“B”-, “C"-marked linkers are depicted in Figure 7.
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FIGURE 9 | Absolute electronic coupling elements (B3LYP/def2-SVP) between HOMO (A) and LUMO (B) orbitals of ditopic pentacene linkers extracted from the
force-field MD simulations of Cu,(Pn)>(DABCO) (in blue) and Cuy(Pn)s(pyz) (in green) PCU-MOFs at 298 K.

However, during a 10ns MD run, all 128 molecules in  changes in material. Both 7-7 interaction distances and 7-
simulated supercells reached stable assemblies (similar to  slip are significantly changed in comparison to the dimers
the ones shown in Figure 7B) without further structural  formed in SURMOF-2 (Figure 7A); they are also much more
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stable at room temperature than observed previously
(Figure 8).

The average values of 77— distances for both Cu,(Pn),(DABCO)
and Cuy(Pn),(pyz) are around 3.75 A (374 and 3.77-386 A,
respectively), and the dispersity of their change is relatively small
with the variance of 0.058-0.066 A” (for comparison, see plotted 7—7
distances for SURMOF-2 in Figure 8A). A larger COM distance
between metal nodes in the PCU MOF, modulated by pillar linkers,
results in different packing of pentacene cores in a material that
enables more efficient overlap between orbitals, as was also suggested
by Zojer and Winkler (2021) by screening different distances between
ditopic pentacene linkers. New structuring of OSC cores impacts
electronic couplings between HOMO and LUMO orbitals and,
therefore, significantly ~stabilizes average effective coupling
(Figure 9). From 1,000 snapshots collected in MD, the average
value of absolute coupling between HOMO and LUMO orbitals
of linkers in Cuy(Pn),(DABCO) is 74.5 and 45.2 meV, respectively.
The same is also observed for Cu,(Pn),(pyz): Juomo of 77.3 meV and
Juumo of 47.2 meV. The average values of couplings in the last 2 ns of
MD are 82.2 and 78.3 meV between HOMO orbitals and 52.0 and
46.7 meV between LUMO orbitals of MOFs with DABCO and
pyrazine pillars, respectively. An actual state transition of the
electronic coupling is depicted in Supplementary Figures S8, S9.

Increasing the COM distance further, eg, by introducing
bipyridine (Figure 6B), resulted in the reduction of interactions
between the pentacene cores (Supplementary Figure S4). Taking
into account the energy barrier for the CCCC dihedral angle rotation
between the OSC linked to two phenyl rings (Supplementary Figure
§5) and possible barrier-free rotations by 60-120°, large separation of
ditopic linkers eliminates any possibility for an overlap between the
adjacent molecules (Supplementary Figure S6). Therefore, the
Cuy(Pn)y(bipy) MOF is not a good candidate for charge
transport. For this reason, we were not continuing analysis of
electronic coupling matrix elements for this system.

Another approach to modify packing of molecules in a MOF can
be realized via introduction of the steric control units (SCU) (Haldar
et al, 2019). We investigated two SCUs also in the present study via
chemical modification of ditopic pentacene linkers by methyl and
isopropyl groups. Hence, we replaced the hydrogen atoms in phenyl
rings with methyl groups (Me = CH3;) or isopropyl groups (iPr =

CH(CH3;),) (Figures 2 and 6C,D). Both systems were automatically
structured in a MOF with the DABCO pillars, i.e., structures Cuy(Me-
Pn),(DABCO) and Cu,(iPr-Pn),(DABCO). Even if the unit cells of
these PCU MOFs are very similar, packing of ditopic linkers in the
material and the dynamical behavior of the pentacene cores towards
finding stable aggregates differ significantly. Selected snapshots of the
neighboring OSC cores are depicted in Supplementary Figure S7.
Addition of SCU introduces steric repulsions between neighboring
ditopic linkers, disabling the formation of stable assemblies of
pentacene OSC cores, as was observed for Cu,(Pn),(DABCO) and
Cu,(Pn),(pyz). The COM distance is similar in all four cases, but
packing modulated by the SCU allows only for a small coupling
between the orbitals (Figure 10). This packing is not stable at room
temperature, suggesting worse semiconducting properties of such
MOFs. Moreover, the hindrance of efficient packing of pentacene
cores depends on the size of the SCU: the addition of isopropyl group
in Cu,(iPr-Pn),(DABCO) reduces charge carrier transport in the
material (Figure 10B), resulting in average electronic coupling of
1.7 meV (HOMO orbitals) and 3.9 meV (LUMO orbitals).

From several examples studied in this report, it is seen that subtle
modifications in the chemical composition of MOF components or
type of MOF topology result in significant differences in the
assemblies of OSC pentacene cores and their dynamically averaged
stacking. Introduction of steric control units induces additional steric
repulsion, suppressing preferable orientation of pentacene cores
(which is observed in the case of pristine ditopic linkers), lowering
charge carrier transport. Spatial control of the separation distance
between OSC cores via the length of the pillar linker allows us to
optimize stacking and increase the average effective couplings for the
hole transport up to 75 meV, retaining structural stability at finite
temperature. Virtual screening of other linker molecules, their
packing in a MOF, and resulting electronic properties is possible
using automated workflows reported in this study.

4 CONCLUSION

We developed an automated workflow tool for virtual design of new
MOF materials of the PCU topology with the subsequent prediction
of electronic properties. This reproducible, transferable, and
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adaptable computational protocol (Mostaghimi et al., 2020) allows us
to build MOF structures, optimize them using different levels of
theory, and analyze electronic coupling matrix elements in
dynamically averaged assemblies at finite temperature. We
demonstrate the functionality of the developed software by
preliminary in silico crystal engineering of molecular assemblies of
pentacene OSC. For this, we constructed MOF structures based on
pristine and chemically functionalized pentacene ditopic linkers (as
layer linkers) and DABCO, pyrazine, and bipyridine (as pillar
linkers). Copper paddlewheel nodes were used to keep the three-
dimensional order of organic molecules in a material.

All structures were automatically optimized and further
investigated using the MD approach. We have shown the change
of the stacking type between ditopic linkers with pentacene OSC
cores as a function of the intermolecular separation in MOFs
controlled by different sizes of MOF pillars. We have proven that
stacking of pristine ditopic linkers is more efficient, where the metal
node distances are around 9 A, enabling better overlap of HOMO
and LUMO orbitals of OSC cores, increasing both hole and electron
conduction, respectively. Moreover, the analysis of the m-m
interactions and m-slip changes during 10ns MD production
runs confirmed higher MOF nanostructure stability at room
temperature, addressing the concept reported by Haldar et al
(2021) and supporting hypotheses postulated by Zojer and
Winkler (2021). The average effective electronic coupling between
OSC in Cu,(Pn),(DABCO) and Cu,(Pn),(pyz) was calculated to be
78-82 and 46-52meV between HOMO and LUMO orbitals,
respectively.

Using the developed workflow, we have demonstrated the
reduction of the electronic conduction propensity of PCU-type
MOF materials fabricated from ditopic pentacene linkers with
introduced steric control units (methyl and isopropyl groups).
This observation resulted from steric repulsions between
neighboring organic linkers in the MOF scaffold,
suppressing the formation of the optimal interaction
assemblies with high molecular orbital overlap integrals.
The exceptional sensitivity of the semiconducting properties
of MOFs upon the specific details of the molecular assembly
inside a material, modulated by subtle chemical modifications
of building components, illustrates the importance of
screening protocols for both organic molecules and their
structuring in MOFs. The availability of the automated
workflow tools reported in this study significantly simplifies
the tasks involved in these investigations.
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