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ABSTRACT: Conventionally, force fields for specific metal— IS
organic frameworks (MOFs) are derived from quantum chemical h;
simulations, but this method can be computationally intensive, *‘g\ {L »{X: sl
o . . X o.€ 7o I
especially in cases for large MOF structures. In this work, we devise S CH ;cﬁ o
a methodology to reduce the force field derivation costs by /}f’,{ &o ""&& %0
replacing the original MOF with a smaller polymorphic structure, , X P S
with the hypothesis that the force field parameters will be ol \2; SN Vv:‘
transferrable among chemically identical, polymorphic MOF “ L@e‘
structures. Specifically, we demonstrate this transferability in Force Field Application ‘Jf;,‘
MOF-177 structure for H,O and NH; gas molecules and show Development . ‘ )

that the force field parameters derived from a smaller polymorphic  polymorph C> New FF |:> Target MOF
MOF-177 can be used accurately to the original MOF-177

structure. This methodology can accelerate the development of
force field parameters for large porous materials, in which computational costs for conventional methods are expensive.

Bl INTRODUCTION lations can be very expensive, especially for MOFs with a large
number of atoms in a unit cell. The cost for density functional
theory (DFT) computation grows with the third power of the
size of a system,”” which makes it hard to employ DFT

Metal—organic frameworks (MOFs) are notable for their large
surface areas, high Porosity, structural flexibility, and
remarkable tunability.”> With these properties in hand,

MOFs can be adopted for many purposes such as carbon calculations for practical usages for large MOFs.

capture, gas storage, catalysis, gas separation, and drug To relieve the burden of expensive calculations for
delivery.”~" Given their highly tunable nature and facile developing accurate force fields, costly reasonable schemes
synthesis, tens of thousands of MOFs are experimentally have been studied in recent years and a partly QM-driven force
reported,'’ and millions of MOFs have been deployed in field named MOF-FF** was developed by Schmid and co-
various computational databases.''~'* In conjunction with the workers. With initial parametrization with the MM3 force field,
growth of the MOF research field, there has been a growing MOF-FF has been extended to various MOFs adopting the GA
number of theoretical works devoted to modeling MOF algorithm. Quick-FF requiring ab initio constants was also
structures. In particular, researchers who are interested in developed by Van Speybroeck et al. to propose a rapid
adsorption and diffusion properties use both quantum methodology of force field derivation.”* A general force field
chemical and classical mechanics to obtain various related (VMOF) targeting for reproducing lattice dynamics of MOFs
properties. And especially for conditions requiring less was further devised by Gale et al, which succeeded in
accuracy but more cost-effectiveness, classical calculations simulating thermodynamic properties obtained from DFT
with genelzgic force fields like universal force field (UFF)"* or calculations.”® In addition, quantum mechanics/molecular
Dreiding” are used to model various MOF structures. mechanics hybrid models have been actively studied for large
Furthermore, several common force fields which targeted systems with moderate costs. This methodology is economical

MOF exclusively such as UFF4AMOF'” or BTW-FE'® were also
developed for rather precise applications. However, given the
chemical diversity of the MOF structures, there are instances
where these common force fields fail to accurately describe the
interactions between the gas molecule and the MOFs.'” In this
case, a new force field that can successfully model the gas
properties in the MOFs should be developed.”” In general,
accurate quantum chemical calculations are normally imple-
mented as a role of basis function to develop the force field for
a given MOF.”" Unfortunately, quantum mechanical simu-

and promising, yet problems of automation still exist.”®
Although numerous state-of-the-art technologies introduced
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here are actively utilized for economic force field develop-
ments, problems of specificity and applicability remain
challenges. In other words, an extension of these force fields
is required as they often fail to accurately describe diverse and
uncommon building blocks or conditions.'”*” As an example
of these widely transferring force fields, there also have been
many studies about interchangeable force fields for zeolites and
their derivatives.”*” However, zeolites (especially pure-silica
zeolites) all possess the same chemistry since they are made up
of SiO, building blocks, and as such, it makes sense that
transferability would be more valid in zeolites compared to
MOFs. Therefore, a new methodology of force field develop-
ment that applies to most MOFs and also inexpensive is
expected.

In this work, we devised a new methodology that uses a
polymorph of a MOF as a replacement structure to derive the
force field parameters. Polymorphs refer to structures that
possess the same buildin% blocks but different coordination
networks, or topologies.”” Given that various MOFs have
reported polymorphism during their experimental synthe-
sis,”' " it is conceivable that one can potentially generate
hundreds of different polymorphs for a given MOF using
computational techniques. Upon creating these polymorphs,
one can intuit that similar to the case of zeolites, all of these
polymorphs will share transferable force fields. If this intuition
holds, then one can derive a force field from a polymorph that
has a small number of atoms in a unit cell and use these
parameters to classically model other polymorphs with a larger
number of atoms. Because quantum chemical simulations take
far less time for smaller-size MOFs, it is evident that the
computational cost for force field derivation can dramatically
reduce if transferability indeed holds across polymorphs of a
MOF.

With the work, MOF-177"" was selected as the case study
target MOF for force field derivation. MOF-177 is composed
of Zn, O(CO,)4 metal clusters and BTB(1,3,5-benzenetriben-
zoate) linkers and is a promising material for various gas
storage and adsorption applications.***® More importantly, the
unit cell of MOF-177 contains 808 atoms, which makes it a
very large MOF and requires expensive DFT simulations to
obtain each of the single point energies needed for force field
derivation.

The outline of our work is as follows. First, the polymorphs
of MOF-177 were generated computationally, and an adequate
polymorph of MOF-177 was chosen as our replacement
material. In this new polymorph, force field parameters were
derived for H,O and NH; molecules, respectively. These
complex molecules were chosen because conventional force
fields do not accurately model these polar molecules with
quadrupole moments. Finally, these parameters were trans-
ferred to the original MOEF-177 structure and compared to
quantum chemical calculations for verification purposes.

B EXPERIMENTAL SECTION

Force field derivation for MOF-177 was achieved using the
following steps, as outlined in this section. Overall, the outline
here follows a standard procedure similar to other force field
derivation methods®” " with the only main difference being
that the target material of MOF-177 was replaced by its
suitable polymorph replacement.

Preparation of MOF-177 and Its Polymorph. An in-
house software named PORMAKE'* was used to generate the
original MOF-177 structure as well as its polymorph structures.

The validity of the MOF-177 structure has been verified by
cross-checking the structure with the structures reported in
other papers.”"*® Vienna Ab initio Simulation Package (VASP)
was employed to relax all of the MOF structures, and the DFT
simulations were performed with a generalized gradient
approximation functional of Perdew—Burke—Ernzerhof
(PBE-GGA).” Recommended projector augmented wave
(PAW) potentials were applied,*’ and the cutoff energy for
the plane-wave basis was set to 520 eV. For sampling the
Brillouin zone, I'-sampling with a spacing of 0.SA™" was used.
The conjugate-gradient-based relaxations minimized the forces
and the stress tensor was applied with respect to atomic
positions, cell shape, and cell volume.”” SCF loops had a
convergence criterion of 1 X 1078 eV, while a maximum of 60
steps were allowed for each run. The relaxation was conducted
until the norms of forces became smaller than 0.01 eV/A.
Finally, Zeo++ was used to obtain the void fraction of each
structure.

Guest Molecules: NH; and H,0. In our case study
analysis, NH; and H,O were selected as the guest molecules
for deriving new force fields. Since our objective is to show
transferability for widely used materials systems, we decided to
utilize well-known models for the molecules themselves. For
the NH; molecule, OPLS all-atom (OPLS-AA) force field
parameters were used as it can successfully simulate amine
hydration by balancing hydrogen bond strengths.*> Regarding
the H,O system, the Tip4p-Ew model was adopted, which can
replicate Coulomb and Lennard-Jones long-range interac-
tions."*

Computational Details for Energy Calculations. In our
research, mainly two types of binding energy calculations were
conducted: quantum and classical computations. DFT
calculations with VASP were introduced for the reference of
the fitting force field parameters. The nonbonded interactions
were valued with the following equation.

E on-bonded = EMOF+guest = Eyor — Eguest

PBE-GGA functional was used with projector augmented
wave (PAW) pseudopotentials and periodic boundary
conditions to obtain each of these energy terms. For accurate
calculations, DFT-D3 methods™ were utilized as the van der
Waals correction.

While modifying new force fields, classical simulations were
accompanied by testing the resulting fields at each step. Large-
scale Atomic/Molecular massively parallel simulator
(LAMMPS) was primarily utilized for this kind of
computation. With this software, one can get a variety of
interaction models for diverse materials, including MOFs.*
The MOF frameworks and guest molecules were considered as
individual groups, and pairwise potential energies consisting of
van der Waals interactions and Coulomb attractions were
computed. The Lennard-Jones potential parts were calculated
with a cutoff of 12.5 A, while the electrostatic interactions were
computed with Ewald summations with a cutoff of 10.0 A. The
pairwise interactions were defined as a summation of pairs
between each atom from a guest molecule group and every
single atom from the frameworks. To be specific, a group of
MOF atoms and a group of guest molecules were designated,
and pairwise energy, including van der Waals energy, Coulomb
energy, and long-range k-space energy, was calculated between
these groups. Energy calculations were completed by adopting
Lorentz—Berthelot mixing rules. Additionally, data files
converted with LAMMPS interface’” were utilized with no
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Figure 1. Atom type definition in metal cluster of MOF-177(a) and in linker(b).

pair coefficient section. Instead, pair-related terms were
isolated and modified using the force field development
process.

Force Field Development. The nonbonded interactions
between guests and the MOFs can be described with the
following equation in our research

p 12 P 6 q_q_ez
Enon»bonded = EL] + Ecoul = 4e (7) - (7) + ;

In this research, the parameters ¢ and € for individual atom
types of MOF-177 were adjusted, which will be described
below. Lennard-Jones potential was targeted for the fitting,
rather than the Coulomb potential. The charges of H,0 and
NH; were defined as those from the model Tip4p and OPLS-
AA, respectively. For the neutralization of MOF-177 and its
polymorph, two methods were adopted: Rappe-Goddard
charge ecg{uilibration (Qeq)48 and extended charge equilibration
(EQeq).4  method takes the first ionization potentials,
electron affinities, and atomic radii as inputs, which means the
determined charges highly depend on the geometry of each
atom. EQ,, method uses all of the measured ionization
energies to get charges. As both of the equilibration methods
are widely applied, two systems of charges were established to
ascertain the transferability of force fields under diverse
conditions.

With the force field parametrization, discussing the atom
types for adjustment is necessary. In MOF-177, there are four
different elements: metal or zinc, hydrogen, oxygen, and
carbon. These atoms were divided into 8 different types which
are denoted as Zn, H, C,, C, C;, C,, O;, and O,. This
subdivision was intended to simulate nonbonded interaction
energies like van der Waals interaction and Coulomb
interaction in classical calculations. Figure 1 shows the
definition of atom types for the MOEF-177 framework.
Specifically, oxygen and carbon atoms were classified by their
geometrical conditions; for instance, carbons were divided by
whether they were in the terminal of linkers, in central or
peripheral benzoate groups, or had no hydrogen. This
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geometric classification was enabled by using Q. charges,
which determine the values with the geometry. Metal atoms
and hydrogen atoms were regarded to share the same local
environment, with other atoms belonging to each type.

For the derivation of new force fields, a gradient descent
algorithm was adopted so that the classical computations can
fit well with the reference quantum values. Scipy was used for
the optimization, and the specific optimizer was Sequential
Least Squares Programming (SLSQP), developed by Dieter.
The objective function for the algorithm was a Boltzmann-
weighted mean deviation (BMD) which is described below.*®

_E "
N (EDFT,n - EFF,n)2 X exp(%)

BMD = Z N ~Epgr,,
e ()

n=1

Here, n denotes each configuration of a guest molecule, N
denotes the total number of configurations, and T stands for
temperature. The temperature was set at 300 K, which is
considered room temperature. Since the error term is weighted
for higher DFT energies in the absolute scale, the fitting is
oriented for favorable strong binding sites that have more
negative energies.

While the scalar function BMD is minimized for variables,
the optimizer requires some constraints or bounds. In this
sense, the following bounds were set for the force field
parameters: within 0.5 A for ¢ parameters, and 1000 times
bounds for € parameters. The initial parameters (UFF), a step
size of 0.001 for the algorithm, 1 X 10™* for tolerance, and the
previously mentioned bounds could yield unique parameters
for each case. One may get several different combinations of
parameters with similar loss functions by varying hyper-
parameters. Nevertheless, these degenerate solutions show
similar parameter values that were empirically observed in our
research.

B RESULTS AND DISCUSSION
Selection of a Polymorph of MOF-177. Using POR-
MAKE, 44 different polymorphs of the MOF-177 structure

https://doi.org/10.1021/acsomega.3c06937
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Figure 2. Topology descriptions for MOF-177 and its polymorphs. (a) qom or the original MOF-177 network; (b—d) candidate polymorphs tsx,
rtl, and men respectively. The (a)qom network has 808 atoms in its primitive cell, whereas (b) tsx has 101 atoms, and (c) rtl and (d) men have 202

atoms in their units.

were generated. To reduce the computational cost, candidate
materials were selected before VASP geometrical optimiza-
tions. The primary factor for identifying the candidate was the
stability of the polymorphs. As such, polymorphs with RMSD
above 0.1 were deemed to be unsuitable due to structural
instability and were disregarded as potential candidates. These
polymorphs were additionally filtered depending on whether
they had atomic composition ratios identical to those of the
original MOF-177. To narrow down the possible polymorphs
further, only ones with at most a quarter size of MOF-177 were
selected. As a consequence, some reasonable candidates were
obtained and are shown in Figure 2. All of these candidates
consist of the BTB linker and the zinc metal cluster group.
Figure 2(a) shows the original MOF-177, and Figure 2(b—d)
shows candidate polymorphs.

Next, the identification of polymorphs with a pore
environment similar to that of the original MOF-177 was
pursued. As given in Table 1, the rtl polymorph has the closest

Table 1. Comparison of the Pore Volume between MOF-
177 and Its Polymorphs

original (qom) rtl tsx mcn
number of atoms 808 202 101 202
void fraction 0.480 0.541 0.216 0.321
volume (cm®/g) 1.157 1.460 0.320 0.597

volume profiles compared to the original(qom) MOF-177. In
other words, the rtl network might be the best topology which
has a similar condition to the original MOF while being quite
stable. In this sense, the rtl polymorph (depicted in Figure
2(c)) having 202 atoms in its unit cell was selected as the final
candidate to replace the original MOF-177 structure in the
force field derivation procedure.

Development of a Force Field for H,O Adsorption.
With the reduced (rtl) MOF-177 structure, two different
partial charges (Qeq and EQeq) were chosen and different force
field parameters were derived for each of these cases. The
reason we selected two different charge models is that a priori,
it is not clear which charge models should be used for MOF-
177 so we wanted to ensure that both charge models lead to
accurate energetics upon deriving their respective force fields.
For force field development, 123 positions of a H,O molecule
were used for fitting. Here, 46 samples were taken from the
approaching path determination method,””** whereas the rest
77 samples were taken either randomly or with configurations
taken from both the Monte-Carlo(MC) and Molecular
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dynamics(MD) simulation results. Specifically, 30 random
sites were utilized for the fitting, while the rest were obtained
with MC and MD for obtaining strong binding sites. For the
approaching path determination, two types of paths (depicted
in Figure S1) were employed for the process: one path from
the metal atom to the oxygen atom of the H,O molecule, and
the other from the oxygen atom of the (rtl) MOF-177 to the
hydrogen of the H,O molecule. Each path contained molecule
sites captured with intervals of 0.1 A (~1S configurations
respectively). H,O sites rotated at intervals of 60° along three
different coordinates (2—3 configurations for each rotation
vector) were also included for each path. (Details about
random sampling, MC, and MD simulations are described in
the Supporting Information).

Next, force field parameters were derived by minimizing the
error term (BMD) of the classical energies against these 120
DFT energies (Table S1 for the derived force field
parameters). The comparisons of the developed force field
with those of UFF and DFT are shown in Figures 3 and4. To
be specific, Figure 3 focuses on the molecules along the
approaching paths, while Figure 4 shows all of the molecules.
Analysis of the interaction energies enables us to recognize that
the UFF generally overestimates the pairwise interactions in
the Q.-charged system, whereas it shows the opposite in the
EQ. -charged system. These deviations are successfully
reduced with newly adjusted o, € parameters in our force
field. In Figure 4, one can see that the values from UFF seem
to digress more from the benchmarked DFT line compared to
the newly calculated force field energies. Specifically, BMD
values decrease from 0.3093 to 0.021 ((kJ/mol)?) in the Qg
charged system, and from 1.254 to 0.0148 ((kJ/mol)?) in the
EQ,,-charged system.

To further evaluate the performance of the new force field,
validation with about SO configurations of the small (rtl)
polymorph that were not used in the fitting process was
conducted (Figure S2). And for these data points, the new
force field parameters agree better with DFT, especially in the
low-energy binding regions. (Detailed BMD values are shown
in the caption of Figure S2.) With this data, it seems clear that
the newly fitted force field parameters do a better job of
accurately depicting the energetics compared to conventional
force fields.

Next, our derived force field parameters were then applied to
the original(qom) MOF-177 system to evaluate the trans-
ferability. For the evaluation, only a few samples (21 samples)
were prepared, as the DFT energy calculations in the original
MOFEF-177 structure are expensive. Figure 5 shows the
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show energies obtained with UFF, and the blue points refer to interaction energies calculated with the newly derived force field.

performance of the parameters for the system in which the
H,O molecule interacts with the large MOF-177 configuration
set. In Figure 5, the new force field shows good transferability
for both the Q. -charged and EQeq-charged systems.
Specifically, some samples are highly overestimated in Q.-
UFF system, whereas the energies are somewhat corrected in
the new force field. Samples in the region have close distances
between MOF and H,0 (~3 A between the Zn atom and the
O water atom). Namely, UFF seems to be unsuitable for
simulating repulsive interactions, and our force field is fitted to
supplement the drawback. Also, among the two-charged
systems, a dramatic improvement is achieved especially for
favorable sites in the EQ.q-charged system. With this analysis,
it can be concluded that the new force field developed in the
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small polymorph can be also utilized for the original MOF, and
the strength is emphasized when it comes to a more deviating
charge system.

Development of a Force Field for NH; Adsorption.
Force fields were further derived for (rtl) MOF-177 containing
NH; as the guest molecules. Sample construction with 121
sites and BMD minimization were conducted identically to the
H,O system. Approaching paths were slightly transformed with
respect to related atoms: one path from metal to the nitrogen
atom of NHj;, and the other path that reaches the hydrogen
atom of NH; from an adjacent oxygen atom of the rtl

framework (Figure S3). The resulting force field parameters
are listed in Table S2.
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Like the H,O case, Figures 6 and7 show the energy
comparisons between the classical and the DFT results for the
newly derived force field to those from UFF. Approaching
paths are plotted in Figure 6, and it seems that the UFF
generally underestimates the interaction energies between the
MOF and the NH; in both of these charges. These deviations
are reduced in the new force field, indicating its accuracy. In
addition, all of the fitting samples are shown in Figure 7. It is
noticeable that the UFF for the Q.-charged system shows
pretty good performance (BMD value of 0.1619 ((kJ/mol)?))
compared to the EQ,, system (BMD of 2.567) or H,O system
(BMD of 0.3093). Nonetheless, fitting procedures do improve
the accuracy of the classical calculations in both of the two

charges. To be specific, BMDs have decreased to 0.0486 in the
Q. system, and 0.181 in the EQ, system. In the EQ,-charged
system, possibly favorable sites were fitted well except for an
outlier. The outlier might be inevitable since overall parameters
tend to be shifted toward higher energies. As mentioned earlier
in the H,O system, validation of the new force field with some
sites that were not included in the fitting procedure was also
conducted. (The results are shown in Figure S4.) With the
process, our new force field was demonstrated to be applicable
to the small (rtl) polymorph-NHj system.

The results for the original MOF-177 (21 samples) are also
depicted in Figure 8. Unlike the H,O system, UFF can
simulate the conditions of the Q.q-charged NH; system with
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little error, as it does in the small polymorph conditions.
However, UFF fails to accurately depict the DFT energies in
the EQeq-charged UFF system. Overall, again, the new force
field parameters do a good job of transferring to the original
MOF.

Averaged BMD Evaluation for New Force Fields. For
the evaluation of the efficiency and transferability of our new
force field, resultant Boltzmann-weighted mean distributions
were attained, as mentioned above. These values serve as
absolute indicators of performance, which enable us to evaluate
our force field quantitatively. Consequent results are listed in
Table S3, while the overview of all of the values is given in
Figure 9. The numbers of samples employed for these values
were 123, 50, and 21 sites for fitting, validation, and evaluation,
respectively.

From Figure 9, it can be seen that the BMD values of the
UFF are higher than those from our new force field. To be
specific, BMD values have enhanced up to at least 80% in every
case. For the water system, BMD values show 83.5 and 92.7%
decreases with Q. and EQ,, respectively. And for the
ammonia system, 81.4 and 98.3% decreases in BMD values
are found in Q.4 and EQ,q charges. This shows the efficacy of
developing force field parameters compared to using generic
force field parameters. In general, it can be seen that for both
UFF and derived force field parameters the BMD values tend

44334

to increase upon going from the rtl polymorph to the original
MOE-177 structure. These increases are attributed to geo-
metrical factors changing upon moving from one polymorph to
another, which implies comparing BMD errors for different
polymorphs has little physical significance. In this sense, with
the quantitative analysis described in Table S3 and Figure 9,
advancements made in the original MOF with the new force
field demonstrate transferability.

B CONCLUSIONS

To demonstrate compatibility between a MOF and its small
polymorphs, we have developed force fields for H,O and NH,
molecules inserted in the rtl polymorph of MOF-177. The new
force fields can successfully reproduce the interaction energies
computed from approaching paths in the small polymorph,
demonstrating that the new parameters are accurate enough to
be used. And by applying the parameters to the large MOF,
our new force fields can be concluded to perform better than
UFF in the original MOF-177 as well as they do in the small
polymorph. Specifically, the force fields show improvement
compared to UFF in all of the systems we derived for.

Our work is meaningful in that transferability between
polymorphs is observed, which enables one to reduce the
computational costs for classical calculations. As such, with the
facility in generating polymorphs for all MOFs, it can become
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an integral step in force field derivation for other MOF studies
that require intensive quantum chemical calculations.
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