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Samenvatting

Moleculaire modellering is een relatief recente tak van de wetenschap. Simu-
laties op de moleculaire schaal werden immers pas mogelijk na de ontwikke-
ling van digitale computers en nog steeds is het vakgebied nauw verbonden
met ontwikkelingen in de computerwetenschappen. De theoretische funda-
menten worden gevormd door een ontzettend belangrijk stukje kennis dat
we als mensheid vergaard hebben: de atomaire hypothese, die stelt dat alle
materie rondom ons bestaat uit onderling interagerende deeltjes die constant
in beweging zijn. Het basisidee van moleculaire modellering is dat door het
gedrag van deze atomen te simuleren in virtuele experimenten, we de eigen-
schappen van materialen op een fundamenteel niveau kunnen bestuderen.
Eén van de grote uitdagingen hierbij is het vinden van een evenwicht tussen
de precisie waarmee de atomaire interacties beschreven worden enerzijds,
en de bijhorende computationale kostprijs anderzijds. In zeker opzicht is
het verrassend dat, ondanks de exponentiéle groei van computerkracht, het
momenteel nog steeds onmogelijk is om de Schrodingervergelijking exact
op te lossen voor chemisch interessante systemen. De verklaring hiervoor is
dat ook de complexiteit van kwantummechanische problemen exponentieel
toeneemt naarmate meer en meer deeltjes in rekening worden gebracht.

De zoektocht naar nieuwe methodes die een accurate beschrijving van ato-
men geven én tegelijkertijd snel berekend kunnen worden door een compu-
ter, is volop bezig. Hierbij is het belangrijk om een onderscheid te maken
tussen zogenaamde ab initio methoden en krachtvelden. De ab initio aanpak
houdt in dat er vertrokken wordt van de fundamentele vergelijkingen van
de fysica. Meestal worden zo nauwkeurige resultaten bekomen worden,
weliswaar aan een hoge computationale kostprijs. Diagonaal tegenover de
ab initio aanpak, staan methoden gebaseerd op krachtvelden. Krachtvelden
beschrijven elektronen niet expliciet, wat ertoe leidt dat alle berekeningen
zeer snel uitgevoerd kunnen worden. Spijtig genoeg houdt dit meestal in
dat er slechts een zeer benaderende beschrijving van de interacties gegeven
wordt. In dit proefschrift wordt een aanpak onderzocht die het beste van de
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twee werelden probeert te verenigen: de ontwikkeling van een krachtveld dat
gebaseerd is op ab initio methoden.

Het vertrekpunt voor dit nieuwe krachtveld is de ontwikkeling van een
methode die de elektronendichtheid partitioneert in atomaire bijdragen.
Er zijn gelijkenissen met bestaande partitioneringsmethoden zoals Iterative
Stockholder, maar nu worden de pro-atomen geschreven als een lineaire com-
binatie van eenvoudige Slater functies. Het nieuwe partitioneringsschema
wordt aangeduid met MBIS, afkorting van de Engelstalige benaming Mini-
mal Basis Iterative Stockholder. MBIS geeft een beknopte maar betrouwbare
beschrijving van de elektronendichtheid. Het is precies de complexiteit van
de volledige beschrijving van de elektronendichtheid die ertoe leidt dat ab
initio methoden een hoge computationale kostprijs hebben. De eenvoudige
MBIS representatie van de elektronendichtheid, die kan samengevat worden
met slechts enkele parameters voor elk atoom, is dus een goede basis voor
het krachtveld dat verder ontwikkeld zal worden.

Een hele waaier aan krachtvelden is ontwikkeld in de voorbije decennia.
De keuze voor een bepaald krachtveld dat geschikt is voor een bepaald
toepassing is helemaal niet voor de hand liggend. Een krachtveld is meestal
ontwikkeld en getest voor één specifieke toepassing. Hetzelfde krachtveld
gebruiken voor een andere toepassing houdt meestal in dat er een hele reeks
aanpassingen moeten gebeuren, die allemaal grondig getest (zouden) moeten
worden. De reden hiervoor is dat veel krachtvelden afgestemd worden op het
reproduceren van enkele specifieke eigenschappen, zonder dat het onderlig-
gende mechanisme correct beschreven wordt. Deze waarneming heeft geleid
tot een aantal basisprincipes die we opleggen aan de nieuwe methode voor de
ontwikkeling van een krachtveld. Deze basisprincipes (onder andere een fy-
sische onderbouw voor alle termen voorzien, het vermijden van overfitting en
het gebruik van de meest accurate ab initio methoden in de parametrisatie)
worden later uitgebreid besproken.

In deze thesis werd een nieuwe methode ontwikkeld voor de beschrijving
van niet-covalente interacties met een krachtveld. Dit krachtveld kreeg de
naam MEDFF, de afkorting van Monomer Electron Density Force Field. Om
de vooropgestelde uitdrukking voor de energie te rechtvaardigen en om het
(kleine aantal) parameters vast te leggen, wordt de ab initio energie eerst
ontbonden in componenten met een fysische betekenis. Als eindresultaat
bekomen we een krachtveld dat een correcte beschrijving geeft van dis-
persiegedomineerde complexen in de gasfase, zonder MEDFF expliciet af te
stemmen op de molecules die onderzocht worden. Simulaties van dezelfde
moleculen in de vloeistoffase levert niet steeds correcte resultaten op, wat
kan verklaard worden door onder andere het ontbreken van veeldeeltjes-
dispersieinteracties en het kwantumgedrag van atoomkernen. Deze twee



effecten worden standaard verwaarloosd in krachtveldsimulaties, en op die
manier helpt MEDFF in het verkrijgen van inzicht in de redenen waarom een
krachtveld soms wel en soms niet het gewenste resultaat oplevert.

Daarna wordt het nieuwe niet-covalent krachtveld MEDFF gebruikt in de
context van een recente, praktische toepassing: de adsorptie van gastmo-
leculen in poreuze materialen. Specifiek worden interacties tussen CHy,
COa3, N3 en verschillende metaal-organische roosters bestudeerd. Hierbij
wordt aangetoond dat MEDFF een betere overeenkomst vertoont met de ab
initio adsorptie-energie dan andere krachtvelden die momenteel beschikbaar
zijn in de literatuur, opnieuw zonder dat MEDFF specifiek moet aangepast
worden voor deze systemen. Daarnaast wordt ook duidelijk dat een sys-
tematische overeenkomst tussen gesimuleerde en experimentele adsorptie-
isothermen zeer uitdagend blijft.

MEDFF wordt tenslotte ook gebruikt om simulaties van gasadsorptie in
metaal-organische roosters te bekijken vanuit een ander perspectief. Een
variant van het bestaande importance sampling schema wordt ontwikkeld.
Hierbij wordt een krachtveld gebruikt als hulpmiddel voor de ab initio bepa-
ling van de Henry coéfficiént en de adsorptie-enthalpie. In een eerste stap
van dit schema wordt een krachtveld gebruikt om de meest interessante
adsorptiesites te identificeren. Daarna worden ab initio berekeningen uit-
gevoerd voor deze sites, wat toelaat om accurate waarden voor de Henry
coéfficiént en de adsorptie-enthalpie te vinden. Dit onderzoek onthult niet
alleen verschillen tussen generieke krachtvelden en ab initio methoden, maar
werpt ook licht op het belang van dispersiecorrecties in dichtheidsfunctio-
naaltheorie. Op deze manier kan dit onderzoek opnieuw beschouwd worden
als een voorbeeld van hoe MEDFF toelaat om fundamenteel inzicht in niet-
covalente interacties te bekomen, ook voor toepassingen die relevant zijn
voor hedendaagse problematieken.

Samenvattend kan gesteld worden dat het centrale onderdeel van dit proef-
schrift de ontwikkeling van een nieuwe methode voor niet-covalente kracht-
velden is: MEDFF. Enkele belangrijke kenmerken van MEDFF zijn het gebruik
van een decompositieschema voor de ab initio energie, een inzichtelijke para-
metrisatiemethode, en het gebruik van de meest accurate ab initio methoden
voor het genereren van referentiedata. Er wordt aangetoond dat het resul-
terende krachtveld robuust is en gebruikt kan worden voor de beschrijving
van gasadsorptie in nanoporeuze materialen, een toepassingsgebied dat niet
gebruikt hoefde te worden bij de constructie van MEDFF. Er kan dus besloten
worden dat MEDFF een handig hulpmiddel is om inzicht in niet-covalente
interacties te verkrijgen, ook voor industrieel relevante toepassingen zoals de
opslag van COy in metaal-organische roosters, en dat MEDFF toekomstige
ontwikkelingen in dit gebied kan ondersteunen.






Summary

Molecular modeling is a fairly young branch of science, owing to its reliance
on and close connection to developments in digital computers. Its theoretical
foundation is one of the most important pieces of human knowledge: the
atomic hypothesis, stating that everything around us consists of perpetually
moving particles interacting with each other. Molecular modeling enables
the study of the behavior of materials at a very fundamental level by perform-
ing virtual experiments on model systems. One of the greatest challenges,
present ever since the first simulations, is striking the balance between the
accuracy of the atomic interactions on the one hand and the associated com-
putational cost on the other hand. In fact it is in a way very surprising that,
despite the exponential growth in computing power, the exact solution of the
Schrodinger equation for chemically relevant systems is still far out of reach.
This is ultimately due to the complexity of quantum mechanical problems,
which also rises exponentially as the number of particles is increased.

The quest for methods that allow for an accurate yet computationally feasible
description of interatomic interactions is still ongoing. A rough distinction
can be made between electronic structure approaches and force-field based
methods. The former are developed from theoretical considerations and usu-
ally deemed accurate but involving a high computational cost. Force fields,
which generally lack an explicit description of the electronic structure, are
comparatively very simple from a computational point of view but considered
to provide only a very approximate description of the interactions. In this
dissertation, an approach is investigated which aims to combine the best
of both worlds: the development of a force field that is rooted in ab initio
methods.

The first cornerstone of the newly developed force-field methodology is a
novel procedure that allows a partitioning of the electron density into atomic
contributions. It shows similarities to the existing Iterative Stockholder
approach, but here the pro-atoms are expanded in a small basis of Slater
functions. The resulting partitioning procedure is therefore named Minimal
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Basis Iterative Stockholder. The end result is a concise but faithful repre-
sentation of the electron density, whose complexity plays a determining role
in the computational cost associated with ab initio methods. The concise
representation, involving only a few parameters for each atom, will be the
foundation on which the force field will be built.

Many different force fields have been developed over the years, yet the
selection of the appropriate method for the application of interest is far from
trivial. When an existing force field is employed for simulations other than
those for which it was specifically designed, it is common that a daunting
and laborious cycle of testing and reparametrization has to be iterated. The
reason for this is that many existing methodologies are fitted to reproduce a
certain quantity, rather than providing a proper description of the underlying
mechanisms. This served as inspiration for the guiding principles of the novel
method to derived force fields that will be explained later. Aiming to ensure
robustness, these guiding principles include a clear physical interpretation of
each energy contribution, avoiding ill-conditioned fitting of parameters and
the ability to use high-level ab initio methods to generate reference data,
while at the same time keeping the approach as simple and transparent as
possible.

In this dissertation, a new force field methodology for the description of
noncovalent interactions was developed. It will be referred to as MEDFF,
the abbreviation of Monomer Electron Density Force Field. MEDFF employs
an ab initio energy decomposition scheme, both to justify the proposed
potential energy expression and to calibrate the (very limited number of)
associated parameters. The end result is a potential that succeeds in properly
describing dispersion-dominated complexes in the gas phase, without the
need to explicitly fit to the complexes of interest. Simulations performed for
similar systems in the condensed phase are less satisfying, but discrepancies
can be explained by incorporating effects such as many-body dispersion and
the quantum nature of nuclei, which are commonly not explicitly accounted
for in current force fields. Ultimately, this leads to a better comprehension of
the reasons why a force field performs well or badly.

Turning to more practical applications, the noncovalent force field MEDFF
is then used to investigate a currently highly relevant topic in materials
science: the adsorption of small guest molecules in porous materials. More
specifically, interactions between CH4, CO2, N2 and various metal-organic
frameworks, which are often porous, are considered. These interactions are
crucial for the potential use of metal-organic frameworks for carbon capture
and storage or for the purification of natural gas. It turns out that the newly
developed force field surpasses most other force fields when it comes to
predicting ab initio adsorption energies for these systems. At the same time



it is shown that a consistent agreement between simulated and experimental
isotherms remains very challenging for the systems under consideration.

Finally the same subject, namely simulation of gas adsorption in metal-
organic frameworks, is considered from a different point of view. A variant
of importance sampling is developed which employs force fields to facilitate
the ab initio calculation of properties such as the Henry coefficient or heat
of adsorption. Initially, a force field is used as a screening tool in order to
sample favorable adsorption configurations. After that, more accurate ab
initio calculations are performed for these configurations to obtain refined
values for the Henry coefficient and heat of adsorption. This research reveals
interesting differences not only between generic force fields and ab initio
methods, but also highlights for instance the importance of the choice of
dispersion corrections in density functional theory methods. In this way, it
provides another example of how the MEDFF force field developed in this dis-
sertation is a tool that allows gaining fundamental insight into noncovalent
interactions, also for real-life applications of interest.

In conclusion, this Ph.D. dissertation is centered on the development of a
novel method to construct noncovalent force fields, MEDFF. Some charac-
teristics that distinguish the MEDFF approach from existing force-field de-
velopment methodologies, are the employment of an ab initio decomposition
scheme, fitting a minimal number of parameters and usage of high-level ab
initio methods for parametrization. It is shown that this leads to a robust
force field, which can be used to describe gas adsorption in nanoporous ma-
terials, a domain outside of the data set for which MEDFF was originally con-
ceived. The current work thus provides additional insight into noncovalent
interactions for systems which hold great promise for industrial applications
(for instance involving gas separation by metal-organic frameworks), and
might be a valuable tool for future developments in this area.
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Introduction

One does not become a theorist by buying chalk,
an experimentalist by buying a microscope
or a computational scientist by downloading software.

Mikko Karttunen, 2016

It goes without saying that the discovery of new materials has been of
paramount importance in the evolution of mankind. Ranging from polymers,
over semiconductors to quantum dots, the recent successes of materials
science are all around. A crucial milestone of the past decades was the advent
of High Performance Supercomputers, which allowed unseen progress in the
field of computational molecular modeling. This is precisely the field of the
current thesis, which starts from the fundamental equations governing the
behavior of atoms and ends with computer simulations at the atomic scale
of real-life applications. Therefore, a general introduction to computational
molecular modeling is provided in Section 1.1. The main message is that
even though the fundamental laws are well-known, exact solutions of the
resulting equations are out of reach. This implies that appropriate approxi-
mations need to be introduced, striking a balance between correctness and
computational tractability. The balance of these apparent antipodes will be
a common thread throughout all upcoming chapters. Some approximations
that are currently used are briefly discussed, one of them being force fields,
which is an approach that enables simulations on the microscale while still
providing atomistic detail.



4 Molecular modeling

If Section 1.1 is concerned with setting the scene, Section 1.2 is about meeting
the players: an overview of currently available force fields is given. They
are classified according to their relevant properties, such as functional form,
parameter determination and coverage of chemical space. The strengths and
weaknesses of each class are discussed, and this allows a demonstration of
the opportunities for further force-field development.

Finally, in Section 1.3 those opportunities are used to draw the blueprint
for a novel ab initio derived noncovalent force field, which is the main
methodological innovation presented in further chapters of this thesis. The
introductory chapter ends with an outline of this dissertation.

1.1 Molecular modeling

Physics is the branch of science that tries to explain the fundamental mech-
anisms governing the behavior of matter and energy. A long-standing dream
of many physicists is the discovery of a simple set of laws that would allow
a description of the entire universe. Such a Theory of Everything is very
unlikely to be available in the near future, let alone its application to practical
problems on earth. All current physical models describing the world around
us are thus approximations, and this thesis is rooted in one of the most
successful of those approximate theories: quantum mechanics. Quantum
mechanics provides a description at the atomic level and an important as-
sumption is that all matter is built up of electrons and nuclei as fundamental
building blocks. Choosing an appropriate level of detail is critical in any
physical model of the world, and the atomic level is a splendid choice for the
understanding and design of novel materials. This subbranch of materials
science can be termed molecular modeling.

Section 1.1.1 reviews the basic concepts underlying quantum mechanics, as
well as some of its applications, in particular those belonging to quantum
chemistry or molecular quantum mechanics. The resulting theoretical frame-
work has very solid foundations, but has a limited practical applicability
because of the complexity of the encountered equations. Luckily, many
derived models are available which allow exploiting the computational power
of current computers in order to apply the theory to real-world problems.
A broad overview of such models aiming to approximately satisfy quantum
mechanical equations is given in Section 1.1.2.
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1.1.1 From the Schrodinger equation to molecular mechanics

Quantum mechanics is a branch of physics describing nature at the micro-
scopic level, at the atomic or subatomic scale. Its origins can be traced back
to the beginning of the twentieth century, when some famous physicists
explained experimental phenomena using models that were incompatible
with theories existing at that point in time. Examples include the ultraviolet
catastrophe (Max Planck, 1900), the photoelectric effect (Albert Einstein,
1905) and the particle nature of electromagnetic radiation (Arthur Compton,
1923). In the mid-1920s, these preliminary efforts were formalized into a
theory, nowadays referred to as standard quantum mechanics, thanks to
contributions of Niels Bohr, Erwin Schrodinger, Werner Heisenberg, Paul
Dirac, and others. Afterwards, the theory was extended to treat relativistic
effects, which resulted in the Dirac equation, the Klein-Gordon equation
and ultimately in the development of quantum electrodynamics, which gives
a complete description of the interactions between matter and light. This
paved the way for quantum field theory, of which the Standard Model is
an example that provides the most complete picture of fundamental forces
(eletromagnetic, weak and strong interactions) to date (the exclusion of grav-
itational force however prevents the Standard Model from being a candidate
Theory of Everything). The latter developments are only relevant at the
subatomic scale and not considered in this work. Neither do relativistic
effects come into play for the systems studied here. This is why the fol-
lowing theoretical introduction is limited to standard quantum mechanics,
considering electrons and nuclei as basic building blocks without further fine
structure.

The Schrédinger equation

One of the radical paradigm shifts in quantum mechanics is the abolishment
of the deterministic universe. In classical physics, given the initial state of
a system, one can compute all measurable properties of this system with
certainty for any point in time. In quantum mechanics, measurements
disturb the system (this is related to Heisenberg’s uncertainty principle) and
in general only the probability of a certain measurement outcome can be
predicted. To represent this mathematically, a quantum system is described
by its wave function |¥(¢)), which is a complex-valued vector in a Hilbert
space that encodes all information about the quantum system at a time ¢. A
single, spinless particle is a simple example of a quantum system and its wave
function can be projected to coordinate space. The wave function is then
written as a complex-valued function in Cartesian coordinates W(r;t), with



6 Molecular modeling

|W(r;t)|? (which is real-valued) acting as the probability density function of
finding the particle at position r at a certain time t.

Perhaps the most important equation in quantum mechanics is the
Schrédinger equation:'

A (1) = i1 (0) (1.1

It is a partial differential equation that describes the time evolution of the
wave function and can be considered the quantum-mechanical counterpart
of Newton’s second law of motion in classical mechanics. Despite its ap-
pealing simplicity, the Schrédinger equation is in general very hard to solve.
Much of the complexity lays hidden in the expression for the Hamiltonian
operator H, which is the operator corresponding to the total energy of the
system. In case the Hamiltonian does not depend explicitly on the time ¢, a
separation of variables can be applied to the Schrédinger equation 1.1 with
E,, as the constant of integration:

ﬁ’@n> = En’()on> (1~2)
d
ih=f(t) = Ef (1) (1.3)

The first equation 1.2 is called the time-independent or stationary
Schrédinger equation, which is a differential eigenvalue equation. By apply-
ing boundary conditions on the time-independent part of the wave function
|p), this equation will only have bound solutions for discrete values E,,
which is indicated by the discrete label n in subscript. The time-dependent
equation is easily solved to yield for the total wave function:

_; Ent
ch h ’(Pn (1.4)

where the coefficients ¢,, are determined based on the initial conditions.

The wave function for a set of indistinguishable particles should also satisfy
symmetry constraints. For fermions (half-integer spin particles, such as elec-
trons) the wave function has to be anti-symmetric with respect to swapping
the position of two particles. This leads to the Pauli exclusion principle, which
says that two fermions can never be in the same state simultaneously.

The molecular Hamiltonian and the Born-Oppenheimer approxima-
tion

A molecular system is a collection of N, electrons (fermions with spin 1/2
and negative unit charge) and Ny atomic nuclei (spin and charge depend on
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the number of protons and neutrons in the nucleus). Without external per-
turbations, the Hamiltonian for this system consists of five contributions: the
nuclear kinetic energy T, the electronic kinetic energy T. and the Coulomb
interaction between nuclei-nuclei (VNN), between electrons-electrons (V, ee)
and between nuclei-electrons (VNG). These contributions are expressed as
follows (in atomic units):2

H=Tyn+T.+ Vyn + Vee + Ve (1.5)
) 1
In=-Y —V3 (1.6)
— 2M4
) 1
T, = —Z§v§ (1.7)
K2
. ZaZ
V=40 5 b (1.8)
Asp AB
5 1
Vvee =+ . (]~9)
i>g
Ve = —ZZ% (1.10)

where M4 and Z4 represent respectively the mass and charge of nucleus A
and Rp, r;j and r4; denote the distance between the different particles.
Note that this Hamiltonian does not show any explicit time dependence, so
it suffices to solve the stationary Schrédinger equation 1.2.

The molecular Hamiltonian appears to show symmetry in the appearance
of terms related to electrons and terms related to nuclei, but there is an
important “imbalance” between the two. Because nuclei are much heavier
than electrons (the lightest element, hydrogen, has a nuclear mass that
is 1836 times the electron mass), the dynamics of both particles happen
on different time scales. In the Born-Oppenheimer approximation? it is
therefore assumed that the nuclei remain fixed with respect to the motion
of the electrons. This assumption allows treating the nuclear coordinates
(represented by the vector R) at first instance as parameters, and by addi-
tionally assuming that excited electronic states show a much higher energy
than nuclear excitations, the total wave function can be written as a product
of a nuclear wave function |x) and an electronic wave function |¥.). The
latter obeys the following equation:

He|W¢) = E°| ) (1.11)
ﬁe:Te+VNN+‘7ee+vNe (]‘12)



8 Molecular modeling

Note that here Viyy is simply a constant term because the nuclei are assumed
to be clamped to their positions. Next, still within the Born-Oppenheimer or
adiabatic approximation, the nuclear part of the wave function is found by
solving;:

TN + Efl (R)} |Xnm> = Enm|Xnm> (1'13)

Note that £ (R) now has to be considered as a function of the nuclear
positions.

Molecular dynamics

Equation 1.13 shows that, within the Born-Oppenheimer approximation, the
nuclei obey a Schrodinger equation where the potential energy is generated
by the electrons as described in Equation 1.11. For the study of extended
molecular systems, necessary in order to obtain thermodynamic properties,
the model is further simplified by neglecting the quantum mechanical na-
ture of the nuclei. In this case the nuclei move on the Born-Oppenheimer
potential energy surface (PES) ES (R) and their positions satisfy Newton’s
second law of motion:

d’Ry
Mj——=— =-V7rE (R 1.14

Simulations that solve the resulting set of equations are called Molecular
Dynamics (MD). Using statistical mechanics,* values for macroscopic observ-
ables can be extracted by taking appropriate averages during MD simula-
tions. Because the thermodynamic limit is out of reach for any computer
(the number of nuclei considered in the simulation would have to be on the
order of Avogadro’s number), the set of equations 1.14 has to be extended in
order to sample the appropriate ensemble. For instance, the temperature of
the system can be controlled by thermostatting algorithms and the external
pressure by barostatting algorithms. Alternatively to MD simulations, Monte
Carlo (MC) methods can also be used to obtain thermodynamic information.
In MC simulations, the same PES E¢ (R) is used to sample the phase space
according to a specific distribution, but now this is done employing randomly
generated nuclear configurations. As a final note, we mention that nuclear
quantum effects (NQEs) can be incorporated into MD simulations, by for
instance using the path-integral approach.’
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1.1.2 Bridging theory and experiment with ab initio based
force fields

The theory exposed in the previous section in principle allows the predic-
tion of macroscopic observables, starting from nothing but the Schrodinger
equation, basic properties of electrons and nuclei, and the expression for
the molecular Hamiltonian. The direct connection between fundamental
postulates from quantum mechanics and experiment is however hampered
by the complexity of the electronic Schrodinger equation 1.11. Concerning
molecules, only for one-electron hydrogen-like atoms, a complete analytical
solution is available. For any chemically relevant system, a direct numerical
solution (for instance using a finite element method) would require an enor-
mous computational effort that is out of reach for current hardware. This
is why several methods have been developed to compute approximations
to the electronic energy ES (R). The most important distinction is the
one between so-called ab initio methods and empirical potentials, which is
further explained below.

Ab initio methods

Ab initio (Latin for “from the beginning”) or first-principles methods use only
fundamental physical equations and constants as input. Examples include
Quantum Monte Carlo, Configuration Interaction, Complete Active Space
perturbation theory and Density Functional Theory (DFT). Although some
of these approaches (for instance DFT) usually do include some empirical
parameters, they will be considered ab initio in this work, because at least
conceptually they start from the fundaments of quantum mechanics.

The basis for many first-principles methods is Hartree-Fock (HF),® where
electrons move in a mean-field potential generated by the other electrons.
This self-consistent field approach neglects electron correlation and has
therefore been largely superseded by more accurate methods. An example of
such a method is coupled-cluster theory,” which starts from the HF solution
and then computes corrections based on perturbation theory by considering
excitations of HF orbitals. In practice, the spatial wave function is expanded
in a finite basis set, which for molecular (non-periodic) systems typically
consists of Gaussian functions centered on the nuclei. This is also an approx-
imation, which however offers very accurate results if an extrapolation from
increasingly larger basis sets is performed in order to estimate the complete
basis set (CBS) limit. CCSD(T)/CBS (coupled-cluster with single, double
and (perturbative) triple excitations in the complete basis set limit) is often
considered the golden standard of quantum chemistry for the description
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of closed-shell molecules near equilibrium.® It is interesting to note that
treating the triple excitations perturbatively often works better than an exact
treatment: the reason is that the difference between the two is close to the
contribution that would be included by considering quadruple excitations.
The computational cost of CCSD(T) formally scales as O (N]Zasis) with Npasis
the number of basis functions, although this can be improved by techniques
such as density fitting.8 CCSD(T)/CBS can currently be used for complexes
containing several tens of atoms.

There is a one-to-one mapping between the ground-state wave function and
density of a system of electrons subjected to an external potential.” Therefore
in DFT, the electron density, which is much less complicated to work with
than the wave function, is used as the central quantity.m For instance, the to-
tal energy of the system is a functional of the electron density. Although DFT
provides in principle an exact formalism to solve the Schrédinger equation,
practical calculations always involve approximations because an exact rep-
resentation of the functional is not known. Many functionals exist,!" which
can be determined from physical considerations or parametrized with exper-
imental data. A weakness of many DFT functionals is the lack of long-range
dispersion interactions. In recent years, many methods have been developed,
aiming to solve this deficiency either by altering the functional directly'? ™
or by adding a dispersion correction on top of the DFT energy.'®"'® The
formal scaling of DFT is O (foasis) but this can be improved by various
techniques. Using aggressive optimizations, a linear scaling algorithm for
condensed phase systems was developed enabling the simulation of one
million atoms with DFT." This is however an extreme example requiring
massive computational resources. Currently DFT simulations of systems
containing several hundreds of atoms for thousands of configurations have
become routine.

Force fields

Force fields or empirical potentials take a radically different approach: the
electrons are not considered explicitly. Instead, the energy is expressed as a
rather simple analytic function of the positions of the nuclei. For instance
the chemical bond between nuclei A and B can be modeled as a harmonic
spring, so the contribution to the energy is given by

1 2
Eyond = ikAB (Rap — Rip) (1.15)

Note that two parameters, the force constant k4p and rest value R%B’ are
included which are not fundamental constants from quantum mechanics and
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need to be determined in another way. Similarly simple expressions are often
included to describe for instance dispersion and electrostatic interactions
between atoms. A straightforward implementation of the typical force-field
energy expression scales as O (Ngtoms), which can be improved easily to
O (Natoms 10g Natoms). Not only is the complexity lower than for ab initio
methods, the scaling is also in the number of atoms (not in the size of
the basis set) and prefactors are typically a lot smaller. This makes force
fields orders of magnitude faster, which allows them to be routinely used
in MD simulations spanning millions of time steps for systems containing
thousands of atoms.

Ab initio derived force fields

Three different computational methods to compute the energy of a molecular
system were briefly described: CCSD(T)/CBS, DFT and force fields. They are
arranged in order of decreasing complexity: from providing results close to
the solution of the Schrédinger equation (CCSD(T)/CBS) to a functional form
that is not rooted in quantum mechanics (force fields). Accuracy of course
comes at a price: while force fields can easily sample the phase space to
compute macroscopic observables, CCSD(T)/CBS (an example of a post HF
method) is limited to simulations at much smaller length and time scales as
schematically shown in Figure 1.1.

The fact that force fields are not based on first principles can be seen as a
weakness, but it also provides many opportunities because there is a lot flex-
ibility in their design. Both the expression for the force-field energy and the
accompanying force-field parameters can be chosen freely. This immediately
sparks the idea of combining the best of both worlds: deriving force fields
with input from quantum mechanics. This would allow performing simula-
tions where the energetics are close to those predicted by the Schrodinger
equation, at time and length scales that allow comparison with real-life
experiments. This idea has inspired many force-field developers, as evidenced
by a recent review on this very topic.?! Still, current ab initio derived force
fields can be improved tremendously. The most stringent attention points
are limiting the overfitting of parameters, the ability to use highly accurate
wave function methods to generate reference data and a physically grounded
description of atomic interactions. The main goal of this dissertation is the
development of a noncovalent force field that satisfies these requirements
and then apply this methodology to simulations concerning the adsorption
of guest molecules inside metal-organic frameworks (MOFs).
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Figure 1.1: Schematic comparison of the length and time scales achievable
with various levels of theory. Reproduced with permission from
Ref. 20. Copyright (2017) The Royal Society of Chemistry.

1.2 Overview of the force-field landscape

Before starting the development of a novel force field, it is instructive to
review efforts from the literature in order to indicate the strengths and
weaknesses of current methods. This will allow a better understanding of
the design choices that have been made in the novel methodology that will
be presented later on. The number of available force fields is staggering and
a complete list is simply impossible to compile. The following discussion
only includes a selection of force fields, based on their relevance in the
context of this Ph.D. The force fields are divided into different categories
based on characteristics such as the complexity of the functional form, the
input data used to construct the force field and the range of systems that
can be treated. This classification is debatable: force fields often show
characteristics of multiple classes. The guiding line for the classificaction
presented here is to give a comprehensible overview of existing force fields,
that helps to understand the challenges in the development of the new force
field, which is the subject of Chapter 2. A schematic overview of how the
different categories are positioned with respect to each other is provided in
Figure 1.2.
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1.2.1 General considerations

As mentioned earlier, the expression for the force-field energy can be freely
chosen. Yet there are some terms which appear in the vast majority of force
fields, except for instance in some machine-learned force fields. Therefore
some general considerations on possible functional forms are discussed be-
fore moving on to actual examples from the literature.

Covalent interactions (interactions between chemically connected atoms)
are usually described in terms of internal coordinates such as bond lengths,
bending angles, dihedral angles...Next to automatically respecting trans-
lational and rotational invariance for molecules, the choice to use internal
coordinates also allows interpretation of force-field terms similar to a spec-
troscopic analysis. Often bond lengths and bending angles remain close to
their equilibrium value, which means a harmonic potential offers a good
description. For dihedral angles, a Fourier expansion is more common in
order to more easily satisfy symmetry constraints. More advanced covalent
energy expressions can be constructed by including anharmonic terms, by
considering additional internal coordinates such as out-of-plane terms, and
by coupling different internal coordinates.

Also concerning noncovalent interactions, many force fields share similar
potentials. For convenience, the following discussion is initially focused on
the noncovalent interactions between two molecules situated at a large sepa-
ration distance, meaning that the overlap of the wave functions is neglegible.
Because molecules consist of charged nuclei and charged electrons, they will
interact electrostatically. In principle, it is possible to perform a multipole
expansion of each molecular charge density, centered for instance on the
center of mass of the molecule. Aside from possible convergence issues in
the expansion series, this also requires the implementation of electrostatic
interactions between high-order multipoles. It is therefore very common to
work only with monopoles (charges, for which ¢ = 0) but on each atomic
site. A first term that is present in nearly all noncovalent force fields, is
therefore the electrostatic or Coulomb interaction between atomic point
charges. Extensions of this basic model include higher-order multipoles,
distributed charge densities, and additional centers next to the nuclei.

Noncovalent interactions are generally much weaker than covalent interac-
tions, and perturbation theory is thus a proper tool to investigate nonco-
valent interactions for the situation where two molecules are situated far
apart.? Concerning dispersion interactions, this approach leads to the well
known Egisp = —% expression, where R is the separation distance, which
is also nearly universally present in all classical potentials. More complex
dispersion models can include higher order terms, many-body terms, atomic
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anisotropy, and short-range damping. Next to dispersion interactions, also
induction can be treated using second-order perturbation theory to provide a
leading term which can be interpreted as stemming from classical inducible
dipoles. This term is however less common, as it increases the computational
complexity of the force-field energy calculation.

There is a wide consensus on the treatment of noncovalent long-range inter-
actions between molecules, because imposing antisymmetry on the dimer
wave function (starting from monomer wave functions) is trivial and there is
no charge transfer between the monomers. At shorter ranges around the van
der Waals separation distance, the monomer wave functions start to overlap
and the situation is much more complicated. In this case, the antisymmetry
of the dimer wave function can be imposed in different ways. Especially when
higher orders of perturbation theory are considered, different terms become
increasingly difficult interpret, as different physical effects (electrostatics,
dispersion, exchange-repulsion, induction) are all intertwined. A more elabo-
rate treatment of the above discussion can be found in Chapter 6 of the book
“The Theory of Intermolecular Forces” by Stone.?®

A common workaround to this problem is to simply ignore all considera-
tions mentioned above. Instead, a simple term that prohibits atoms from
colliding is included (for instance a hard-spheres model, the R~'2 repulsion
of the Lennard-Jones potential, or the exponentially decaying wall of the
Buckingham potential) and include all short-range effects effectively in the
parameters of the model, without explicitly providing a model for them. In-
deed, for instance the Dreiding force field describes noncovalent interactions
by a combination of atomic point charge interactions and a Lennard-Jones
potential. This particular combination is in fact a very popular choice and
common to many force fields, as discussed in the following section.

1.2.2 Generic force fields

Although the first MC simulation for a system of rigid spheres dates back
to 1953,% the foundations of many modern force fields were only laid in
the 1980s and 1990s. The first of these efforts that will be discussed is the
Dreiding® force field, developed by Goddard and coworkers, as it allows
the introduction of some basic concepts shared by many force fields. It
is a generic force field in the sense that one general set of parameters is
available, from which the parameters specific to a system are extracted based
on the topology and simple hybridization considerations. The nonbonded or
noncovalent contributions Fyy, of the standard Dreiding force field include
point-charge electrostatics (Eq) and the Lennard-Jones model for van der
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Waals interactions (Eyqw):

Ey, = EQ + Evaw (1.16)
q:4;
FEo = i 1.17
Q Z f” ’I”Z'j ( )
1>)
s N12 /o N6

Baw = Y fijdes; [(”) - <”> ] (1.18)
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The sum runs over all pairs of atoms 7 and j and r;; indicates the distance
between those atoms. The van der Waals parameters are only defined for
cases where ¢ and j denote atoms of the same type. In other cases, mixing
rules are used to obtain ¢;; = /€€ and 0;; = U“J;ﬂ For each pair
of atoms, a so-called fudge factor f;; is included. In the Dreiding force
field, it is equal to zero if i and j are neighbors (1-2 interactions) or second
nearest neighbors (1-3 interactions), and equal to unity in all other case. The
idea behind this is that chemical bonds are much stronger than noncovalent
interactions, so the latter will be contained in the bonded energy terms
(discussed later). The original Dreiding paper acknowledges difficulties in
determining atomic charges ¢; (a topic which will be extensively discussed in
Section 2.1), and suggests to use either no charges or Gasteiger charges.?® The
van der Waals parameters ¢;; and o;; are provided for 45 different atom types.
Atom types are used to distinguish chemically different atoms (according to
the specific force field), and for Dreiding depend on the atomic number, the
hybridization or geometry and possibly the oxidation state. The atom types
are focused on the elements H, C, N and O, but additionally elements such
as B, Na, Ca, Zn and Fe are also parametrized. Numerical values for the
Dreiding van der Waals parameters are partly adopted from the force field by
Williams and Cox,?” which in turn has been fitted to reproduce experimental
crystal structures and sublimation energies, and partly by interpolating,
extrapolating or fitting new values. Note that sometimes hydrogen atoms
bonded to carbon atoms are treated implicitly, meaning that the hydrogen
nucleus is not explicitly present in the simulation, but its effect is included in
the modified parameters for the effective carbon atom. This is also referred
to as the united-atom approach, in contrast to the all-atom approach. As
a final note, it is mentioned that Dreiding sometimes includes additional
nonbonded terms to describe hydrogen bonds.

The valence interactions consist of bond stretching (Ep), angle bending
(E4), dihedral angle torsion (E7) and inversion terms (E7). Expressions for
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individual instances of these internal coordinates are given by:

Ep = %KB (R — R.)? (1.19)
Eq = %KA (0 —0,)? (1.20)
Br = 3V {1~ cosln (¢~ go)]} (1.21)
Er = %C’ (cos U — cos ¥g)? (1.22)

where R, 6, ¢ and ¥ denote bond lengths, bending angles, dihedral angles,
and angles between a bond and the plane formed by three atoms respectively.
Other variables are force-field parameters that depend on the atom types of
the atoms in question.

Other generic force fields share much similarities with Dreiding and these
will be discussed more concisely. The Universal Force Field (UFF)?*® extends
Dreiding in the sense that parameters are provided for the entire periodic
table up to Lw (Z=103). Several functions for modeling van der Waals inter-
actions are discussed, but finally the Lennard-Jones potential is retained. The
corresponding parameters are based on a combination of literature values,
fitting to experimental crystal structures, ab initio calculations, and extrapo-
lation schemes. To compute atomic charges, the QEq method is advised.”

Assisted Model Building with Energy Refinement (Amber) is rather a family
of force fields, originally developed at the Kollman group, sharing a common
functional form.3° The original work again uses the Lennard-Jones potential
in the nonbonded energy, with parameters based on work by Hagler et al. 3
but with ad hoc adjustments.

The final example that is discussed is the MM33273* force field. The MM3
energy expression is more complex than for the previous cases. The van der
Waals interactions for example are described by the Buckingham potential:

6
Bvaw = Y _ fijeij [—2.25 (Uﬂ) +1.84(10)% exp {—12”}] (1.23)

T g
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The exponential function used to model repulsion at short interatomic dis-
tances, is physically more justified than the term proportional to 12
in the Lennard-Jones description.3>~3” The latter has been introduced because
it is computationally very cheap to compute once 7% has been calculated,
which needs to be done for the long-range dispersion anyway. The Buck-
ingham parameters are obtained starting from the values used in the pre-
ceding MM2 force field,® but ad hoc corrections are introduced. The charge

used
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distribution in MM3 is represented using bond dipoles, instead of the more
frequently used atomic point charges.

Some more examples of generic force fields such as the Transferable Poten-
tials for Phase Equilibria (TraPPE)** or Chemistry at Harvard Macromolec-
ular Mechanics (CHARMM)® could be discussed, but by now the general
characteristics of this class should be clear. Generic force fields feature
relatively simple expressions for the potential energy, provide a general set
of parameters that can be used for a wide range of systems, and are fitted
at least partly to reproduce experiments. The original papers that were
discussed here acknowledge that the construction of the noncovalent part
of the force field is problematic. Mostly very simple models (Lennard-
Jones or Buckingham potential and optionally point-charge electrostatics)
are employed, with parameters whose origin is not always clear and are often
determined ad hoc. It is therefore striking that these force fields are still used
today (sometimes modified), and indeed often provide sensible results. Yet,
generic force fields have been criticized many times because of their poor
accuracy.*! All following categories of potentials aim to improve this in one
way or another.

1.2.3 Case-specific alterations to existing parameter sets

There are countless papers where some generic force field is used as a starting
point, but because it provides poor agreement with experiment for the system
at hand, the parameters are altered in an attempt to fix this. Hereafter some
examples of this procedure are provided, mostly related to nanoporous mate-
rials. Pérez-Pellitero et al. rescaled UFF Lennard-Jones parameters to obtain
better agreement with experimental isotherms for N2 and COs in zeolitic
imidazolate frameworks (ZIFs).*> Wu et al. rescaled the UFF ¢ parameters by
0.635 so the force field reproduces the experimental adsorption isotherm of
CHy4 in ZIF-8."® Boulanger et al. found that rescaling GAFF molecule-water
dispersion energies by 1.115 resulted in optimal hydration free energies.**

A more systematic approach to adapting an existing generic force field is
UFF4AMOF.* % As the name suggests, UFFAMOF extends UFF with addi-
tional atom types for transition metal elements and oxygen, in the envi-
ronment in which they typically occur in MOFs. The functional expression
for the energy as well as the noncovalent parameters are unchanged, so
only covalent parameters for the new atom types need to be determined.
Of these covalent parameters, bond angles and coordination numbers are
determined “by observation” from structures (combined experimental and
DFT computed structures), while the new bond radii are fitted so the new
force field reproduces the same MOF structures.
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Ad hoc alterations to existing parameter sets seem attractive as they allow
obtaining the wanted results quickly, without the need to go through the
time-consuming development of a new force field from scratch. It is however
questionable whether for exampling rescaling all van der Waals parameters is
a physically meaningful way to mend deficiencies in the existing PES. There
is also the obvious risk of overfitting, rendering the predictive capabilities
questionable despite the capability of these force fields to reproduce reference
results.

1.2.4 Parametrization methodologies

Instead of directly providing a list of parameter values, as generic force fields
do, it is also possible to specify the method that is used to determine those
parameter values. Such parametrization methodologies are also applicable
to a wide range of systems, but contrary to generic force fields which can be
considered “Plug and Play”, a simulation has to be preceded by a setup pro-
cedure executed by the user. This setup can include collecting experimental
data, performing ab initio calculations to obtain reference results or running
(short) force-field simulations.

A first example of a parametrization methodology is potfit,~* which is
a code (primarily aimed at solid-state systems) that implements the force
matching approach.’® The basic idea is that force-field parameters are de-
termined so they minimize a cost function, which measures the deviation
from ab initio computed atomic forces, energies and/or stresses obtained for
a number of configurations relevant for the application of interest. Potfit can
handle different interaction models, including the Embedded Atom Method®'
which is often used for metallic systems, but can also work with tabulated
potentials for which no a priori analytical expression is assumed. Finding the
global minimum of the force-matching cost function is often problematic as
it is likely to be ill-conditioned. Several advanced algorithms to perform the
search for the best parameters are therefore implemented in potfit. Because
any new force field should be tested and validated, the potfit authors state
that it typically takes a few weeks before for the new force field can actually
be used in simulations. ForceFit>* and ForceBalance®® are other codes that
implement the force matching methodology, but are designed rather for
applications in organic chemistry.

The Joyce>* > protocol determines all parameters of the covalent force field,

using information about energies, forces and the Hessian, which are com-
puted for the target molecule using a first-principles method. Next to the
often encountered bond, angle and dihedral terms, Joyce also allows the
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use of off-diagonal terms, which include an explicit coupling between dif-
ferent internal coordinates. Some of the Joyce authors have also developed
an automated protocol to construct noncovalent force fields, again using
quantum mechanical data.>® In this approach, named Picky, intermolecular
interactions are expressed as a Lennard-Jones potential and point-charge
electrostatics. The Picky protocol optimizes parameters iteratively. First
MD simulations are performed using the current parameters, from which a
number of dimer configurations are extracted. The interaction energy of the
dimers is calculated using a quantum mechanical method of choice and the
force-field parameters are further optimized (by minimizing a Boltzmann-
weighted deviation of interaction energies) to better fit those results. Using
the updated parameters, new MD simulations are performed after which
the cycle is repeated until the parameters change negligibly. The original
paper used Picky to derive a pyridine (C5HsN) force field with the quan-
tum mechanical calculations performed at the MP2/cc-pVDZ(mod) level of
theory, resulting in good agreement with experiment for the liquid density
and vaporization enthalpy. It is interesting to note that the initial parameter
estimates were taken from the Optimized Potentials for Liquid Simulations
(OPLS) force field, but the final parameters deviated significantly. Still,
both parameter sets predict very similar bulk properties, highlighting the
redundancy in the parameter set.

During this Ph.D. a novel in-house parametrization methodology for covalent
force fields named QuickFF was developed.’”*® One of the distinguishing
features of QuickFF is that correlations among the parameters are dealt
with using so-called perturbation trajectories, in order to avoid the ear-
lier mentioned problems with ill-conditioned cost functions and redundant
parameters sets. It permits the use of both periodic and cluster ab initio
calculations as reference data and can describe the coupling between internal
coordinates by using cross terms. The usefulness of QuickFF has been mainly
demonstrated by its application in the context of force-field simulations of
(flexible) MOFs.>-63

1.2.5 Reactive force fields

One of the common features of the force fields discussed up to now is that
the topology is part of the system specification and remains unchanged in
any simulation. In other words, bonds can never be broken and thus chemical
reactions can not be modeled. Chemical reactions involve important redis-
tributions of the electron cloud, and as the latter is not explicitly modeled,
it is perhaps no surprise that force fields are not a proper starting point to
describe for instance bond formation or breaking. Yet there are certain so-
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called reactive force fields which aim to do exactly this, the most famous
one being ReaxFF developed by van Duin, Goddard and coworkers.®* Instead
of using explicit bonds between atoms, ReaxFF assigns bond orders which
are updated during a simulation, which allows bonds to form or break in a
continuous manner. Parameter sets are available for many systems, including
hydrocarbon reactions and oxygen interactions with silica surfaces. One of
the weak points is that ReaxFF requires an enormous number of parameters,
which additionally are not straightforward to determine.

1.2.6 Polarizable force fields

The computational effort to compute the potential energy scales quadrat-
ically with the number of atoms, O (Ngtoms), for most force fields. The
number of terms contributing to the covalent energy is proportional to the
system size, and for large systems most of the computational time is spent
on the noncovalent energy, where the number of terms is proportional to
the number of atom pairs. This explains the formal quadratic complexity,
although it should be mentioned that algorithms such as domain decompo-
sition and Fast Fourier transform allow a reduction to O (Natoms 10g Natoms)
in practical applications. This is all under the assumption that the force-field
model of the charge density is not influenced by the presence of other charge
densities, i.e. no polarization effects are included (most often this means that
fixed point charges are used).

This section discusses force fields that explicitly model microscopic polar-
ization, for instance by considering inducible dipoles, which should give
a physically more correct description at the cost of increasing the formal
complexity to O (Ng’toms). As a prototypical case the atomic multipole
optimized energetics for biomolecular applications (AMOEBA) force field will
be discussed.®>~® Polarization is modeled by attaching an inducible dipole p;
at site ¢ which is assumed to be proportional to the electric field E; at the
position of site ¢:

wi = E; (1.24)

Note that this induced dipole will change the electric field at the positions of
the other sites, in turn generating induced dipoles at the other sites which
then again influence the electric field at site ¢ et cetera. This shows that the
above set of equations can be solved iteratively (alternatives are direct matrix
inversion or extended Lagrangian schemes), explaining the additional com-
plexity for such a force field that includes many-body effects (compared to
the more conventional pairwise-additive models for the noncovalent energy).
Much effort has been devoted to enable large-scale MD simulations using
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the AMOEBA force field. This resulted in the Tinker-HP®® software package
which, thanks to its good scaling over up to thousands of processors, allows
AMOEBA simulations of large water boxes and biosystems.

A fundamental difficulty with inducible point dipoles is the so-called polar-
ization catastrophe, which arises when these dipoles are too close together.
This deficiency has to be mended, for instance by damping the electro-
static interactions at short range.”® Also the determination of the additional
force-field parameters (the atomic polarizability tensors @;) can be problem-
atic. The atom-condensed Kohn-Sham DFT approximated to second order
(ACKS?2) polarizable force field is an alternative approach (rooted in quantum
mechanical equations instead of derived from classical electrostatics) which
helps to deal with some of these problems.”" 72

1.2.7 Machine learning potentials

Machine learning is a branch of computer science where a computer system
learns to perform a certain task based on input data delivered by the user,
but without being explicitly programmed to execute the task. The progress
in machine learning in other fields has also incited new research in molecular
modeling and more specifically in the development of force fields. The basic
idea that is often used is the following. Quantum mechanical data (energies,
forces, but also for example atomic charges) are generated for a range of
configurations. This is the only input that is needed to construct the force
field: the machine learning algorithm does not make any assumptions about
the physical model for the quantum mechanical data, but simply makes
implicit connections between configuration geometry and resulting values
of interest. Later, these implicit connections can then be used to predict
estimates for quantum mechanical data for new configurations not present
in the training set.

The gradient-domain machine learning (GDML)"® and its successor incorpo-
rating spatial and temporal symmetries (sGDML)’* are examples of models
for intramolecular forces, applicable to small- and medium-sized molecules.
A distinctive feature of GDML is that atomic forces are used as input data
rather than the energy. The sGDML offers an important improvement by
exploiting physical symmetries present in the input data, which allows a
significant reduction of the number of simulations required to generate the
reference data. This makes it feasible to use the accurate CCSD(T) level of
theory for this task. Some of the same authors also developed a classical
intermolecular potential with the help of machine learning, coined IPML. The
energy expression is based on the MEDFF’° potential, which was developed
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in the context of this Ph.D., but extended with electrostatic multipoles, Thole-
damped inducible dipoles and many-body dispersion. The spirit of MEDFF
is also retained, by working with only 8 global parameters that have to be
fitted once and are further used across compounds. The crucial new element
in the IPML approach is that environment-dependent local, atomic proper-
ties (electrostatic multipoles, description of valence electron densities and
polarizabilities) are predicted by machine learned models. These models have
been shown to be transferable across small neutral organic and biologically
relevant molecules.

FFLUX’®77 (formerly known as QCTFF’®) is a protein force field in devel-
opment based on atomistic kriging models. These machine learning mod-
els allow predicting energies and multipole moments given the geometry,
with atomic partitioning achieved using the Quantum Theory of Atoms
in Molecules (QTAIM).”” The development of FFLUX has been going on
for many years, focusing on the individual components separately. Only
recently, efforts to place the different pieces in their place have emerged
holding promise for a truly innovative force field that can actually perform
meaningful simulations in coming years.

1.2.8 Force fields directly incorporating ab initio quantities

The ab initio force fields discussed before usually only incorporate quantum
mechanical results indirectly. Typically, ab initio energies (and their deriva-
tives towards nuclear coordinates) are used to construct a cost function,
which is then minimized in order to obtain the many parameters present in
the predefined force-field energy expression. In contrast, this section features
force fields that incorporate quantum mechanics in a more direct way.

The first example is the Gaussian Electrostatic Model (GEM),282 which
explicitly retains the electron density. The ab initio computed electron
density is expanded in an auxiliary basis of Hermite Gaussian functions at
specific sites (not limited to the positions of the nuclei). The coefficients
of the expansion are determined by density fitting, an approach in which
the Coulomb integral of the difference in ab initio and force-field density
is minimized. The resulting model density in terms of Hermite Gaussian
functions can obviously be used to evaluate the electrostatic interaction
between fragment densities at a low computational cost, including the often-
neglected penetration effect. In GEM, the model density is also used to
compute the exchange-repulsion contribution to the force-field energy. More
precisely, the exchange-repulsion energy is assumed to be proportional to the
overlap of fragment densities,® with the proportionality factor a fitting pa-
rameter. The GEM force field differs from previously discussed potentials be-
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cause its development is based on a decomposition scheme, which partitions
ab initio interaction energies into physically meaningful components. The
employed decomposition scheme is called constrained space orbital variation
(CSOV),# and it provides the electrostatic, exchange-repulsion, polarization
and charge-transfer contributions to the total interaction energy. The latter
two terms are modeled in GEM similar as is done in the sum of interacting
fragments ab initio computed (SIBFA) force field.®

Another ab initio decomposition scheme is symmetry-adapted perturbation
theory (SAPT),2® which gives rise to exchange, electrostatic, induction and
dispersion contributions to the total interaction energy. A recent force
field where the separate terms correspond precisely to this decomposition is
SAPTFF by McDaniel et al.3” The starting point is again a monomer electron
density, from which monomer properties (atomic charges, static polarizabili-
ties and dispersion coefficients) are derived based on a distributed multipole
analysis (DMA).% These asymptotic interaction parameters are sufficient to
construct the “long-range” force field, which works well if the closest contact
distance between monomers is significantly larger than their approximate
van der Waals contact distance. At shorter ranges however, the remaining
parameters are derived based on SAPT calculations of dimers and ionization
potentials of isolated atoms. The fitting of parameters is done separately
for the different contributions of the force field (electrostatic, exchange,
polarization and induction), with the corresponding SAPT contribution(s) as
reference data. This approach guarantees that the resulting force field is
physically grounded and should provide better transferability to systems not
included in the reference data. SAPTFF was later extended by adding explicit
terms that describe three-body exchange and dispersion interactions.®” The
contribution of these terms turned out to be significant for the simulation of
liquids and can therefore not be neglected in an ab initio derived force field
that works both for gas and condensed phase.

A similar approach has been presented by Misquitta et al. A first effort
concerns the development of an ab initio derived force field for the pyridine
dimer.”® As many parameters as possible are “computed”, rather than fitted,
from monomer calculations using a basis-space algorithm for the iterated
stockholder atom procedure.”™ 2 This fixes the parameters for the long-range
terms, and for the short-range terms, first-order SAPT(DFT) energies are
first partitioned into contributions from pairs of atoms in order to avoid
difficulties encountered when fitting the sum of many exponentials together.
Further investigation of the short-range repulsion resulted in the Slater-
ISA force field,”® which is based on overlapping atomic densities modeled
by a Slater like function. Another distinctive feature of these potentials is
the inclusion of atomic anisotropy in most force field terms. The effects of
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anisotropic terms has been further investigated and lead to the Multipolar,
Anisotropic, Slater-Type Intermolecular Force Field, MASTIFF.>* The basis-
space algorithm for the iterated stockholder atom procedure can also be
used to obtain non-local distributed frequency-dependent polarizabilities.”
This method, termed ISA-Pol, can be used as the basis for polarization and

dispersion models that are directly derived from ab initio calculations.

1.3 Goals and outline

1.3.1 A wish list for a novel noncovalent force field

The discussion in the previous section provided an overview of different
classes of force fields. Considering that only a small subset of potentials
from the literature was considered, it should be clear that a myriad of force
fields is currently at ones disposal. This raises the question whether there is
actually a need for yet another new force field, which is the methodological
contribution of this thesis. More precisely, a novel methodology to construct
noncovalent force fields completely from ab initio input will be presented.
The development of this force field started after deficiencies were noted
during simulations of MOFs with a widely used noncovalent potential, which
had to be mended by ad hoc modifications to the parameters.”® Because
such modifications to empirical potentials are not a satisfactory long-term
solution, and existing more advanced noncovalent force fields were not ap-
plicable to the materials of interest, it was justified to begin the construction
of a novel methodology from the bottom up. A number of principles that
the novel force field ideally would adhere to are listed below. This list can
be considered a blueprint for the methodology that will be developed in the
remainder of this work.

« Each contribution to the force-field energy should have a clear physical
meaning. This can be achieved by fitting term by term to results from
an ab initio energy decomposition scheme.

« Parameter fitting is often an ill-conditioned optimization problem. The
condition number should be kept low, for instance by limiting the
number of parameters and thus the dimensionality of the parameter
space.

« Reference data should be generated by highly accurate quantum me-
chanical methods. In other words, a modest amount of reference
calculations on relatively small systems should suffice.
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Figure 1.2: Schematic overview of the classification of some selected force
fields, sorted by increasing complexity from top to bottom. The
presented scheme is necessarily debatable because of the many
degrees of freedom existing in the construction of force fields
and a more elaborate discussion is provided in the main text.
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« The method should be robust and applicable to a large portion of
chemical space. This means that the force field should be constructed
for an entire database, rather than adjusted to suit a specific case.

« Simplicity should be favored over complexity so the approach remains
conceptually transparent. On a related note, the computational cost
should be comparable to conventional force fields.

Itis clear that these points have received attention in the literature before (for
instance in the works discussed in Section 1.2.8 on force fields that directly
incorporate ab initio quantities), but never all in one encompassing effort.

The last two points are especially important to apply such a noncovalent
potential to a challenging problem such as gas adsorption in MOFs. As
mentioned earlier, conventional force fields are often not suited for the
description of noncovalent interactions in MOFs, which can be demonstrated
by considering some recently constructed force fields, specifically aimed at
improving the description of gas adsorption in MOFs.””"%° With applications
such as carbon capture and sequestration or natural gas vehicles in mind,
gas adsorption in MOFs holds promise for industrial applications. Still,
further developments in molecular simulation methodologies are required
and therefore the last part of this dissertation is devoted to an investigation
of how the noncovalent force field derived in this work can contribute to this
topic.

1.3.2 Outline of this dissertation

The subject of this dissertation has been extensively introduced in this first
chapter and the goals have been made clear. Now is an appropriate time
to provide an overview of the remainder of this work. Naturally, a division
into two parts emerges: a methodological section, the development of a
novel noncovalent force field, and an application section, where this force
field is applied to simulate the adsorption of small gas molecules in MOFs
Frameworks.

In Chapter 2, a novel noncovalent force field methodology is developed. The
first step is the introduction of a new atoms in molecule scheme, which
partitions the molecular electron density into atomic contributions. This
results in a simplified model for that density, which in turn leads to a direct
computation of many force-field parameters. Next, the functional form of
the force field is motivated and a robust procedure to obtain physical values
for the remaining parameters is introduced. After calibration to a database
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of dimers, the performance of the new method for the prediction of second
virial coefficients and liquid properties of small hydrocarbons is investigated.

The following Chapter 3 applies the newly developed force field to a techno-
logically relevant problem in molecular modeling: simulating the adsorption
of small guest molecules in MOFs. First, different potentials (both ab initio
and force field) are compared with respect to the adsorption of methane
in Zr-based MOFs. Second, an importance sampling method is introduced
which allows computing ab initio Henry constants using a minimal amount
of quantum mechanical calculations.

The final Chapter 4 provides concluding remarks and prospects on future
work. The extent to which the proposed new force field fulfills the criteria
put forward in the introduction is discussed, along with a personal reflection
on the impact of this dissertation on further development of noncovalent
force fields.






Methodology: Development of a
Noncovalent Force Field

In Chapter 1 a broad overview of force fields available in the literature was
presented. Despite the wealth of potentials at one’s disposal, the need for the
development of new force fields was extensively motivated resulting in a list
of desirable properties those force fields should satisfy. These requirements
form the blueprint for the new noncovalent force field presented in the cur-
rent chapter, whose development is the main methodological advancement
of this Ph.D. dissertation.

In Section 2.1 a new methodology to condense information from a quantum
mechanical calculation into atomic parameters is presented. These atomic
parameters are, together with an ab initio energy decomposition scheme,
vital ingredients for the novel noncovalent force field, whose recipe is dis-
cussed in Section 2.2. Results obtained for some seemingly simple test cases
are provided and contrasted with experiment in Section 2.3, which leads to a
re-evaluation of the originally proposed requirements and pointers for future
research on the generation of noncovalent potentials in Section 2.4.

2.1 Concise representation of the electron density:
the MBIS partitioning scheme

Most ab initio derived force fields employ only the end results of quantum
mechanical calculations, such as energies or forces on the nuclei. Here,

29
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an approach that uses quantum mechanical data in a more direct way
is pursued. As explained in Chapter 1, the electronic part of the wave
function |¥€) contains all information given a set of nuclear coordinates
{R1,R2...RN}. The complexity of the wave function is in first instance
reduced by only considering the electron density p (r). Evaluating integrals
involving the electron density, for instance to calculate electrostatic inter-
actions, is still computationally expensive. Furthermore, in force fields it
is desirable to express quantum mechanical information in terms of atomic
properties. Therefore, the density p (r) is written as a sum of (analytically
simple) densities with each term corresponding to a nucleus, which allows
a further reduction to a limited number of force-field parameters for each
nucleus. The partitioning of the electron density into atomic contributions
can be done using an atoms in molecules (AIM) scheme. The term AIM is also
used for the partitioning of the electron density of extended systems such as
liquids or crystals, as this is conceptually the same as for molecules. Despite
the fact that considering a molecule as being composed of atoms offers
valuable chemical insight, this picture does not arise directly from quantum
mechanics: the wave function is ignorant about atoms in a molecule. Still,
many useful AIM schemes are available in the literature that use different
assumptions to achieve a quantitative partitioning of a molecule into atomic
contributions. In the context of this Ph.D. dissertation, another AIM scheme
is developed that is especially suited as the basis for noncovalent force fields.

Below, the need for this novel partitioning scheme, referred to as Minimal
Basis Iterative Stockholder (MBIS), is briefly motivated and its main method-
ological features are explained. Next, a comparison with other schemes
is presented, focusing on their further use in force fields. The detailed
derivation and results of the MBIS partitioning scheme have been published
in Paper | [Ref. 100].

2.1.1 The need for a robust atoms in molecules method

Existing AIM methods can be classified into different categories. The first
category consists of methods that fit atomic charges in order to reproduce
the electrostatic potential (ESP), a function that can be computed from the
electron density, as closely as possible. Because atomic point charges are not
adequate to model the ESP generated by nuclei and the electron cloud inside
a molecule, a cost function has to be constructed that only takes deviations
with the reference ESP into account in regions outside the molecule with
relatively low electron density. The detailed choice of this cost function is to a
certain extent arbitrary and this has led to a multitude of ESP fitting variants
such as the Merz-Singh-Kollman scheme," 192 the ChelpG scheme'®, the
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Hu-Lu-Yang fitting method,'™ or the REPEAT method'® which all differ in
the choice of the cost function. ESP fitting methods in general can show
some drawbacks such as limited transferability of charges, excessive con-
formational dependency, sensitivity to the level of theory of the reference
ESP and ill-conditioned charges for buried (highly coordinated and thus
shielded) atoms, but workarounds to most of these problems have been
presented in the literature.'0: 192 104,106 By, construction, ESP fitted charges
will reproduce the ESP outside the molecule and this seems to guarantee a
faithful reproduction of molecular multipole moments (at least the lowest
orders). This in turn seems to lead to good predictions of intermolecular
electrostatic interactions, as long as molecules are very far apart and their
electron clouds do not overlap. This reasoning is often used to justify the use
of ESP fitted atomic charges in force fields. However, atomic point charges
can not capture the electrostatic penetration effect, which is much more
important at equilibrium dimer geometries than commonly assumed. This
is the major reason why fitting to the ESP is not a proper starting point for
the construction of a physically motivated force field.

The second class of partitioning methods act in Hilbert space, which means
the density matrix is partitioned directly. The Mulliken'"’
widespread of this class, despite showing some deficiencies such as unphys-
ical negative populations, unduly basis set sensitivity and unreasonable re-

scheme is the most

sults for complexes with ionic character. By using an orthogonalization pro-
cedure due to Léwdin, problems with negative populations can be avoided.'*®
A further improvement is made by the construction of so-called Natural
Atomic Orbitals, from which Natural populations can be calculated.'® An
important assumption in these methods is that each orbital basis function is
centered on one of the nuclei, which is the case for most localized basis sets.
For calculations performed on a grid or using plane waves, these Hilbert-
partitioning schemes are not applicable unless the wave function is first
transformed into a set of spatially localised quasiatomic orbitals."'® Together
with the finding that Mulliken, Lowdin and Natural charges all provide a
rather poor description of the ESP, this raises objection to the use of these
methods in force-field development.

The third and final considered class of AIM approaches are density par-
titioning/fitting methods. Density fitting can be done in a conceptually
straightforward way by introducing an auxiliary basis set and fitting the
expansion coefficients of those basis functions to minimize some metric,
typically the Coulomb self-interaction energy of the difference between the
fitted density and the reference density.’® When both the reference wave
function and the auxiliary basis set consist of Gaussian-type functions, the
coefficients are determined by a set of linear equations. This approach is
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frequently used in quantum mechanical calculations in order to simplify
four-center integrals, but has also been used as the basis for the GEM-0?
and GEM* ' force fields as discussed in Chapter 1. The auxiliary basis sets
used for density fitting are typically rather large, leading to a non-negligible
additional computational cost when used in a force field afterwards. They
also lack a clear physical interpretation, as it is not trivial to relate the
expansion coefficients to properties of the atoms. In this respect, density-
based partitioning methods are an interesting alternative. A first example
of such a method is QTAIM, which divides a quantum mechanical system
in non-overlapping basins that are delimited by surfaces through which the
flux of the gradient of the electron density is zero,”” which ensures that the
atoms have a well-defined kinetic energy. The resulting basins (generally
representing atoms) are oddly shaped and do not resemble isolated atoms at
all. The Hirshfeld method on the contrary enforces this by considering the
density as a weighted sum of so-called pro-atoms, which are densities com-
puted for isolated, neutral atoms."'? Hirshfeld partial charges are however
rather small in absolute value (i.e. not in agreement with chemical intuition,
unable to reproduce the reference ESP, ...), an issue that can be solved by
also including charged pro-atoms as is done in variants of the Hirshfeld
method such as Iterative Hirshfeld''® (HI), Extended Hirshfeld'* and the
DDEC methods."> "7 All aforementioned Hirshfeld approaches require a
precomputed database of pro-atoms, possibly including nonexistent highly
charged anions. The Iterated Stockholder Atoms®' (ISA) approach alleviates
this requirement by constructing pro-atoms on the fly. This however leads
to ill-defined density tails of such pro-atoms®2, which in turn leads to limited
conformational robustness.'

As anillustration, the atomic densities obtained using some selected density-
based partitioning methods are shown in Figure 2.1 for a hydrogen fluoride
(HF) molecule. Note that Hirshfeld (left) and MBIS (center) atomic densities
appear similar, but do show an important difference in the tail of the hydro-
gen atom. The QTAIM atomic densities (right) are disjoint and sometimes
also called atomic basins. This leads to rather oddly shaped atoms.

It is clear that numerous AIM methods are available in the literature, with
many variants that all try to improve certain aspects of their predecessor.
This has led to increasingly complex algorithms or the introduction of many
tuned (empirical) parameters. The novel MBIS approach presented below
aims to be elegant, straightforwardly applicable to large systems and free
from empirical input without losing positive aspects of previously developed
methodologies. This makes MBIS the only scheme that ticks all required
boxes to be used as the basis for a noncovalent force field that fulfills the
criteria explained earlier.
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Figure 2.1: The isosurface of atomic densities at p4 = 0.1 bohr =2 for Hir-
shfeld (left), MBIS (center) and QTAIM (right). The hydrogen
fluoride molecular density is calculated using the PBE functional
with a 6-311+G(2df,p) basis set. Fluoride densities are shown
in red and hydrogen densities in blue. The fluoride atomic
charges are —0.21, —0.49 and —0.69 for the different partition-
ing schemes respectively.

2.1.2 Theoretical derivation

Density-based AIM methods partition the given total electron density p(r)
into atomic contributions ps(r), A =1... Natoms that are to be determined.
In the Hirsfeld approach (and variants) the atomic contributions are deter-
mined by the stockholder formula

0 r Natoms
pal) =p 40 with @)= > A6 @
B=1

0
where pY () are pro-atomic densities. The factor pf}((:)) can be interpreted as

a weight function that assigns part of the total electron density to atom A, in
other words it represents the share of atom A in the total density (hence the
name stockholder). The stockholder formula is supported by arguments from

information theory. The Kullback-Leibler divergence [ pa(r)In (%’%) dr
A

is a measure for the amount of information that is lost when the AIM
density is approximated by the pro-atomic density. By minimizing the total
information loss
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under the constraint that the sum of AIM densities equals the total density
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one obtains Equation 2.1.

In the original Hirshfeld method, the pro-atomic densities p4(r) are fixed
and obtained as spherically averaged isolated neutral atoms. The ISA on
the other hand places no restrictions on the pro-atoms (except that they are
spherically symmetric) and instead determines them self-consistently from
the density when iterating the stockholder procedure. The MBIS method can
be situated somewhere in between: the pro-density is expanded in a minimal
basis of atom-centered s-type Slater density functions, whose parameters are
determined as part of an iterative procedure. As explained above, the final
parameters minimize the Kullback-Leibler divergence of the pro-density from
the reference electron density. The MBIS procedure can in this sense also
be understood as a density fitting technique employing a Slater-type basis
(instead of the more common Gaussian basis functions) and the Kullback-
Leibler divergence as the cost function (instead of the more commonly used
Coulomb metric). The pro-density of atom A, with nucleus at R 4, consists
of a sum of 1s Slater-type density functions with m 4 terms:

ma
PoA(r) = ph(r) (2.4)
i=1
N 3 r—R
pi(r) = 3 4 exp (—‘ AA’> (2.5)
05;8™ O Ai

where m 4 is the number of shells of atom A or its row in the periodic table.
The prefactor for each term is chosen so that [ p%;(r)dr = Ny, and thus
the electron population of pro-atom A is given by NG = >4 Ny;. Atom-
centered Slater-type densities are chosen because these are the simplest
functions that display a cusp at the nucleus as well as the correct asymptotic
behavior far from the nucleus.

The parameters {N4;} and {0 4;} can be determined using a self-consistent
algorithm, which can be derived starting from the following Lagrangian:

Natoms (I’)
Li{pa(m)}, Ar), {Nait{oai}, {patl = > /pA(r) In P 4
A=l

pY(r)
Natoms
+ [aw) ( S palr) —p<r>> ar
A=1
Natoms
+ pa | (palr) = ph(r)) de (2.6)
A=1

The first term of this Lagrangian gives the Kullback-Leibler divergence dis-
cussed before, the Lagrange multiplier A\(r) in the second term constrains
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the sum of AIM densities to the total density, and the Lagrange multipliers
{pa} in the third term are used to ensure that the population of each pro-
atom equals the corresponding AIM population. The latter is enforced in
order to avoid ambiguities in the statistical interpretation of the Kullback-
Leibler divergence.'”™ The resulting Lagrange equations can be solved to
obtain following expressions for the parameters of the Slater-type density
functions:

0 .
Ny = /p(r) ppgz(%) dr (2.7)
0 .
oA = 3;{@ p(r) i)’%’((g r — Ral|dr (2.8)

The same expressions can also be obtained by minimizing Equation 2.2 under
the condition that [p(r)dr = [ p°(r)dr. The right-hand sides of the
above equations contain the pro-density p°(r), which in turn contains the
parameters that are present in the left-hand sides. This warrants a self-
consistent solution: first Equations 2.4 and 2.5 are used to determine {p%;,(r)}
with current values for { Na;} and {0 4;}, and from this the pro-density p°(r)
is obtained. These results are used to update the parameters {N4;} and
{04} according to Equations 2.7 and 2.8. The procedure is bootstrapped
by generating initial guesses for the parameters (equal to the number of
electrons in each shell of the corresponding neutral isolated atom for {N4;}
and inspired by hydrogenic s-type orbitals for {o 4;}) and repeated until the
pro-atom parameters no longer change significantly from one self-consistent
cycle to the next.

To illustrate the outcome of an MBIS partitioning, the results for a COq
molecule are shown in Figure 2.2. The gray line depicts the reference molec-
ular density p(r) along the O-C-O axis, while the black line shows the MBIS
pro-molecular density p°(r). The dotted lines show the breakdown of the
latter into its contributions: because oxygen and carbon are second-row
elements, there are two basis functions for each atom. The 1s Slater-type
densities show up as straight lines because of the log scale for the y axis.
The lower panel of Figure 2.2 depicts similar results, but with the core Slater
functions condensed into an effective point charge (visible as straight lines).
This allows one to simplify the calculation of Coulomb or overlap integrals
for pro-molecular densities, because the overlap between such core Slater
functions is negligible.



36 The MBIS partitioning scheme

10° pr) - ply(r) — p°(r)
@)
10°¢

10

Density [a,”]

‘.
Y

15 -10 05 00 05 10 15

107

103 e

(b)

102k
10

Density [a,”]

(0 SN IR RS B
-1.5 -10 -05 00 05 10 15
0=C=0 axis [A]

Figure 2.2: The molecular electron density of CO3 (gray line) is approxi-
mated as a sum 1s Slater-type density functions. Reprinted with
permission from Ref. 100. Copyright (2016) American Chemical
Society.

2.1.3 MBIS as the basis for force-field development

The MBIS partitioning scheme outlined in the previous section was applied to
various molecular data sets and compared to other methods regarding repro-
duction of the ESP, accuracy of electrostatic interactions and the robustness
of atomic charges. First, a qualitative description of the results is provided for
each metric separately. Afterwards, the performance of the different methods
is assessed by performing a Pareto analysis involving combinations of the
previously mentioned metrics.

Reproduction of ESP

It is sensible to require atomic charges used in a force field to be able to
reproduce the ESP, computed using an ab initio level of theory, around a
molecule. A good reproduction of this ESP is indeed a necessary condition
for the force field to make good predictions of electrostatic interactions for
the right reasons. The reference molecular electron densities were calculated
using DFT (B3LYP""'2! functional and 6-311+G(2df,p)'*? basis set) for the
monomers contained in four dimer data sets:
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« $66'? containing a diverse set of neutral organic molecules
« IHB15'* featuring ionic hydrogen-bonded complexes
« X40'® which contains dimers with halogen bonds

« ZG237' consisting of dimers of neutral and anionic silica clusters and
guest/template molecules typically adsorbed in porous media

as well as three data sets of fairly large molecules

« PENTA103"% with multiple penta-alanine conformers
« SILICA245"* which contains topologically difference silica clusters

« MIL53(M)10'% containing organometallic clusters with the same
structure (based on the MIL-53(Al) MOF) but with a variety of metals.

To quantify the quality of the ESP produced by various sets of point charges,
the Hu-Lu-Yang cost function is used, which gives a weighted quadratic
deviation between the reference ESP and the ESP generated by the point
charges. The corresponding RMSE value is computed as

2
J wary (r) (VDFT (r) =>4 ﬁ) dr

RMSE =
ESP f WHLY (I‘) dI'

(2.9)

where wpry (r) is a weight function that goes to zero both inside the
molecule and at larger distances, ensuring that the most relevant part of
space around the molecule is sampled. Furthermore, Vppr is the DFT elec-
trostatic potential.

By construction, Hu-Lu-Yang ESP fitted charges will show the lowest
RMSEEgp as they are determined precisely to minimize this very cost func-
tion. Other ESP fitting methods such as the Merz-Singh-Kollman and the
ChelpG scheme show slightly higher errors across the various data sets of
molecules. RESP charges on the other hand perform considerably worse: the
charges are restrained in order to increase the robustness of the method,
but this comes at the prize of poor reproduction of the ESP. The original
Hirshfeld density-based partitioning schemes provides charges that do not
reproduce the reference ESP very well, compared to the unrestrained ESP
fitting methods. The follow-up methods (HI, DDEC, ISA and the novel MBIS)
all provide a considerable improvement and are in some cases close to the
ESP fitting methods. The QTAIM scheme is consistently the worst, but can
be improved tremendously if higher order multipoles are considered, which
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is usually the case in force fields based on this method. In correspondence
with earlier work, the Hilbert-space partitioning methods (Mulliken, Lowdin
and Natural charges) provide a poor description of the ESP.

Electrostatic interactions

A more direct test for the accuracy of a physically-motivated force field is its
ability to predict electrostatic interactions. This can be done using the frozen-
density approach: the ab initio densities of isolated monomers are used to
compute the Coulomb integral of those densities of the monomers in a dimer
configuration. This gives a reference value against which the electrostatic
interaction predicted by the force field (for which the charges are derived
from the ab initio monomer densities) can be compared. Polarization and
charge-transfer effects are not present in the frozen-density approximation,
which allows one to focus entirely on the performance of the electrostatic
component of force fields.

The sets of molecular dimers used for this investigation have been men-
tioned before (566, IHB15, X40 and ZG237). The reference energies range
from —0.06 kJmol ™! to —664 kJmol ™!, indicating that a wide variety of
electrostatic interactions are considered. Surprisingly, and perhaps contra-
dicting common belief, ESP-fitted charges do not provide the most accurate
electrostatic interaction energies. MBIS point charges for example perform
in general better than all of the considered ESP-fitting schemes, although
the improvement is rather small. Next to point charges, the MBIS parti-
tioning method also provides a simple expression for the electron density
in terms of 1s Slater functions, allowing a simple evaluation of electrostatic
interactions including the penetration effect. This offers a consistent and big
improvement compared to any set of point charges, resulting in a RMSE that
drops by more than 50 %. Only for complexes with very strong electrostatic
interactions (more attractive than —50 kJ mol™!), the MBIS model including
a valence Slater function does not offer a more accurate description than the
MBIS point charges. The reason for this is due to neglecting atomic dipole
moments, which is the main source of error in these cases. Still, it can be
concluded that a force field aiming to faithfully reproduce the individual
components of dimer interaction energies, of which electrostatics is one, has
to include a proper model for the penetration effect. MBIS allows this in a
natural way by providing an explicit model of the monomer electron density
in a minimal basis of Slater functions, balancing accuracy and computational
efficiency.
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Robustness

A third criterion to evaluate AIM methods is the robustness of the atomic
charges. It is desirable that atomic charges are not overly sensitive to details
of the ab initio calculation, such as small changes in geometry or the level
of theory. This is required to obtain transferable charges, i.e.charges that
are the same for atoms in different molecules but with a similar chemical
environment. The robustness with respect to conformational changes was
quantified by computing the standard deviation of atomic charges across
103 conformers of the same molecule (PENTA103 data set). It should be
stressed that some fluctuation on the charges can be expected, as internal
polarization will cause changes in the electron density for the different con-
formers. However, the standard deviation of the charges from ESP fitting
methods is significantly larger than it is for all density-based partitioning
schemes that were tested. This confirms previous work from the literature
that ESP charges are typically ill-defined because the cost function is rank
deficient,'? which leads to large changes in the charges for small changes in
molecular geometry. Mulliken charges are about as sensitive as ESP-fitted
charges, while Lowdin and Natural charges are roughly as robust as the
density-based partitioning schemes. Another robustness test concerns the
basis-set dependence of the metal atom charge across 10 MIL53(M) clusters.
Again ESP fitting methods are in general less robust than density-partitioning
methods. Mulliken and Lowdin charges are very sensitive to changes in the
basis set.

Pareto analysis

The newly developed MBIS partitioning scheme was compared to other AIM
approaches considering three criteria: reproducing the reference ESP, accu-
racy of dimer electrostatic interactions and robustness of the charges. The
ideal AIM method should score well on all criteria (especially the latter two)
and therefore the trade-offs between the desired properties are visualized in
the Pareto plots in Figure 2.3. Panel (a) shows the error on the interaction
energies on the X-axis and the error on the ESP on the Y-axis, with red
dots indicating the point charge models on the Pareto front. Point charge
models in black are not on the Pareto front and thus suboptimal, in the sense
that there are other methods available which perform better for both criteria
simultaneously. The MBIS-S model (where the final S indicates that Slater-
type functions are used to model the electron density) goes beyond point
charges which are used in all other methods, and is therefore not included
in the Pareto front. It is clear that there is some correlation between the
error on the interaction energies and the error on the ESP. The correlation
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Figure 2.3: Pareto plots showing the trade-offs between different desirable
properties of AIM methods. Reprinted with permission from
Ref. 100. Copyright (2016) American Chemical Society.

is however far from perfect, as for example IS, MBIS and Natural charges
predict interaction energies more accurately than Hu-Lu-Yang ESP fitted
charges, despite the latter showing the smallest deviation with respect to
the reference ESP. As discussed earlier, including the Slater-type functions
in the MBIS density results in a tremendously lower error on the interaction
energies, which explains why the MBIS-S method is situated left of the Pareto
front.

Panel (b) of Figure 2.3 shows the Pareto plot with the error on the interaction
energies on the X-axis and the sensitivity (the inverse of robustness) on
the Y-axis. Again MBIS is on the Pareto front, which means that there
is no other method included in the test which can improve one desired
property of an AIM scheme without deteriorating the other. Together with
the success of the MBIS density to model the electrostatic penetration effect,
this provides evidence that MBIS is a proper starting point to construct
a physically-motivated noncovalent force field, which will be done in the
following section.

2.2 Development of the monomer electron density
based noncovalent force field

The introductory chapter concluded with a list of desired properties of a
noncovalent force field. This wish list will now be filled in more concretely in
order to explain the novel methodology for the construction of a noncovalent
force field that was developed during this thesis. As a basic ingredient,
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the monomer electron density (partitioned with MBIS) will be used and
hence the force field is named Monomer Electron Density based Force Field
(MEDFF). In first instance (Section 2.2.1), the MEDFF energy expression will
be presented, which consists of four components, each one corresponding
to a component of the SAPT decomposition of interaction energies. This
ensures that each term of the force field, which features at most one so-
called interaction parameter, can be physically motivated. Additionally, the
interaction parameter for each component can be fitted separately which
avoids a difficult minimization in a high-dimensional parameter space, as
demonstrated in Section 2.2.2. In second instance, all interaction parameters
(three in total) are recalibrated using very accurate CCSD(T)/CBS interaction
energies for a database containing 66 dimers and a first internal and external
validation concerning dimer interaction energies is presented.

The following discussion of the MEDFF methodology is largely based on
Paper Il [Ref. 75], which features additional details and supplementary
results.

2.2.1 Motivating the functional form of the MEDFF energy
expression

A proper starting point to develop and test a noncovalent force field, is the
study of dimer interaction energies in the frozen-monomer approach. This
means the internal monomer geometry is not altered in the dimer, so the
covalent energy is constant and this allows complete focus on noncovalent in-
teractions. Note that the reverse is not possible: when developing a covalent
force field, variations of monomer geometries need to be considered which
will at the same time lead to changes in the noncovalent energy. The logical
sequence is thus to first develop a noncovalent force field and afterwards de-
rive a covalent part on top of the previously derived noncovalent terms. This
idea is also incorporated in the QuickFF methodology,*” %8
candidate to derive covalent force fields from ab initio input complementing
MEDFF. The mentioned approach has been followed to derive covalent force
fields for alkanes and alkenes on top of MEDFF, which was required for the
simulations discussed in Section 2.3.

which is a prime

Below, the MEDFF expression for the interaction energy between two
monomers will be provided, with the ab initio molecular ground-state elec-
tron density of the separated, isolated monomers as input. The MBIS
partitioning scheme is applied to these monomer electron densities, which
provides a compact approximation pi(r) of the ab initio density p;(r) of



42 Development of MEDFF

monomer 1 with N1 as follows:
N
B atoms NA’ ‘r _ RA’
p1(r) = Z 3 3v exp <— (2.10)
= 8moy, OAw

In this approximation, the original MBIS density has been simplified by
condensing the core Slater functions onto the nucleus as illustrated in Figure
2.2 for the case of COq. For force-field applications, only one Slater function
(with valence population N4, and valence width o 4,,) is retained for every
atom and the effective core charge ¢4 . is given by:

ma—1

Gre=2a— Y Na (2.17)
i=1

It has been shown that empirical force fields rely to a large extent on com-
pensation of errors between different energy components.'?’ For example, if
dispersion interactions are underestimated (compared to an ab initio decom-
position scheme) while electrostatics are overestimated by the same amount,
the total energy will still be in good agreement with the reference. Such a
cancellation of errors is however most often fortuitous rather than physically
inspired, limiting the transferability of these force fields. An approach to
avoid this problem is to construct a force field in close correspondence with
an ab initio energy decomposition scheme, in order to guarantee that each
force-field component has a physically sound foundation. There is a large
number of available decomposition schemes, many of them rooted in either
the supermolecular, variational approach by Kitaura and Morokuma'?® 1
or in the direct, perturbative approach named Symmetry-Adapted Perturba-
tion Theory (SAPT).8® As there are no quantum mechanical operators cor-
responding to components of the interaction energy, such a decomposition
is always ambiguous and schemes need to be judged for instance on their
correspondence to chemical intuition, their accuracy for total interaction
energies, and their computational cost. Based on these considerations,
Hartree-Fock SAPT2+(3) (where 2+(3) refers to the order of the perturbation
expansion that is included) as implemented in PSI413% 131 js used below for
the development of a new noncovalent force field. The SAPT intermolecular
energy is expressed as the following sum of components:

Einter = Eelst + Eexch-rep + Edisp + Eind,ct (2‘12)

The behavior of these different components as well as the total interaction
energy along the dissociation curve is shown in Figure 2.4 for two complexes:
a hydrogen-bonded water dimer on the left and the 7 — 7 stacked benzene
dimer on the right.
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Figure 2.4: Dissociation curves showing components of the SAPT energy
for the water dimer (left, hydrogen-bonded) and m — 7 benzene
dimer (right, dispersion-dominated). Reprinted with permission
from Ref. 75. Copyright (2017) American Chemical Society.

The components of the noncovalent force field which will be developed show
a one-to-one correspondence to the SAPT components. These force-field
terms, electrostatics, exchange-repulsion, dispersion, and induction, will be
discussed subsequently in the following subsections.

Electrostatics

The first component describes the frozen-density electrostatic interaction
and is calculated as the Coulomb integral of the monomer charge distri-
butions. Given the force-field model of the electron density (eq 2.10) and
the effective-core point charges located at the nuclei (eq 2.11), the force-field

electrostatic energy is computed as:

Niioms Nitoms

Eeist = Z E:IXS?

A=1 B=1

Eﬁg? _ qA,cQB,c

Rap

. QA,CNB,U
Rap

. NA,UQB,C [
Rap

NA,UNB,U

Rup

1 -9 (0B RAB)]
1 —g(0au, RaB)]

+

(2.13)

[1— f(o0av,0Bw, RaB) — [ (0Bw, 04, RaB)] (2.14)
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where the functions g and f are

f(oio5,7r) =

r
o
This expression for the electrostatic energy between atoms A and B can be

r
= (14 DYesp (-0 21
g(o,7) < + 5y ) &P~ (2.15)
4 202
r j r

# 1+M_0'20'2-] exp (_O'i> (2.16)

(o7 -3}) b
simplified by introducing the net atomic charges , g4 = qa,. — Na, and

4B = 4B,c — NB,U:

Eé?s? = q‘Z?QB + Egl)qefetration (2‘17)
AB
The first term simply provides the electrostatic interaction between point
charges, so the second term (which decays exponentially as the atoms are
separated) describes the penetration effect due to the use of a distributed
model for the electron density. The above expression, as well as all other
terms of MEDFF, are implemented in the in-house Yaff force-field code.

Exchange-repulsion

The second term represents exchange-repulsion, which is a quantum me-
chanical effect mostly arising from the Pauli exclusion principle and is
therefore also referred to as the Pauli repulsion energy. In the context of
dimers, it is present when the electron densities of the monomers overlap
and can thus also be termed the steric repulsion energy. The exchange-
repulsion energy cannot be simply expressed as a functional of the isolated
monomer densities, however many approximate models have been proposed
in the literature.3%°% 132133 Figyre 2 5 illustrates two such models for a rather
simple case: the helium dimer. The first model (KS,) assumes that the
exchange-repulsion energy is proportional to the density overlap of isolated
helium atoms. A least squares fit to the data points for this specific case
results in Ko = 9.7. The second model (K153) proposes an expression
proportional to the square of the wave function overlap of the isolated helium
atoms, with K1 = 1.2 in this case. It is clear that while both models correlate
with the exchange-repulsion energy, the first model allows a much better
correspondence to the reference data.

In MEDFF it is assumed that the exchange-repulsion energy is simply pro-
portional to the overlap of the monomer electron densities:

Eexch—rep = Uexch—rep / drﬁl (I‘) ,52 (I‘) (2'18)



Methodology 45

50
o Eexch—rep
40t — KoS,
T — KiS§
530—
2
£20}
Q
(=}
3)
10}
9.6 1.8 2.0 22 24

Interatomic separation [A]

Figure 2.5: The exchange-repulsion energy (computed using
SAPT2+(3)/aug-cc-pvtz) of the helium dimer is compared
to two overlap models. S, denotes the overlap of densities, S,
denotes the square of the wave function overlap, where in both
cases the isolated atoms are computed using HF/aug-cc-pvtz.

This energy can be expressed as a sum over pairs of atoms by making use of
the force-field model for the electron density in eq 2.10.

NL N2

atoms atoms

Eexchfrep = Z Z Eé?(g]—rep (2.19)

A=1 B=1

EAB . SAB

exch-rep — Uexch—rep (220)
SAB o NA,UNB,U

h (O8] vy h vy vy 221
SnFan [h(0 A, 0Bw, RAB) + WM(0Bw, 040, RaB)] (2.21)

where the function h equals

40'.20'2 .
h(oi,05,1) = L 3+ 7i 57| exp <—(:> (2.22)
RN

A crucial difference with most existing models, is that the prefactor Ueych-rep
is independent of the atoms and even the molecules involved. To clearly
distinguish such a parameter from atomic or atom-pair specific parameters,
it is called an interaction parameter of the MEDFF model. The interaction pa-
rameter Uexch-rep is the proportionality factor that relates the total overlap of
the monomers to the total exchange-repulsion interaction energy. In Section
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2.2.2 it will be shown that a universal value of Ueychrep can be determined
which predicts fairly accurate exchange-repulsion interaction energies for
many dimers included in a database.

Dispersion

London dispersion forces or simply dispersion interactions are another exam-
ple of a quantum phenomenon without a direct classical analogue. It arises
from the correlation between the spatial parts of electronic wave functions,
due to Coulombic repulsion. When two molecules are far apart (the overlap
between their wave functions is negligible), the dispersion interaction energy
can be obtained using perturbation theory and can be written as the following
function of the intermolecular separation distance R:*

Bagp = ——0 — =5 _ 210 (2.23)

This expansion can be interpreted semi-classically as the electrostatic in-
teraction between instantaneous multipoles induced by fluctuations in the
electron densities. Such an interpretation is however not fundamentally
correct and additionally rather complex as the basis for a force-field model. A
simpler model is adopted in MEDFF, by only retaining the leading two terms
of the perturbation expansion and introducing a damping function to modify
the behavior at short intermolecular separation distances:

Naltoms NaQtOmS
Euisp = > Bl (2.24)
A=1 B=1
(&) UsCB
Egql =—fe(zaB) Rﬁﬁ — fs(zaB) ;%TAB (2.25)
AB AB
~ 2lip
fo(zap)=1— ZT exp (—xAR) (2.26)
k=0
The Tang-Toennies damping function™ (with z4p Rap ) s

(O-A,17+UB,U)/2
chosen and another interaction parameter Usg is introduced. This parameter

attempts to fix some deficiencies of the proposed energy expression, such
as the truncation of the perturbation expansion, short-range effects that are
not properly described by the damping function, and approximations used
to determine C® coefficients. The value for Usg will be determined in Section
2.2.2 by parametrizing the model based on SAPT dispersion energies.

In order to complete the MEDFF dispersion model, the coefficients C¢ 5 and
C4 5 need to be determined for each pair of atoms A and B. The Tkatchenko-
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Scheffler'® method allows computing values for the C coefficients by mod-
ifying free-atom values (which are computed using Time-Dependent DFT)
based on the AIM partitioning of the isolated monomer densities.

Veff 2
Cefia = <Vf1ree> Cess (2.27)
A
2
CoaB = CoanCozs (2.28)

% o0
[E 6AA T gcﬁBB
where o are static atomic polarizabilities, V are atomic volumes (computed
as the expectation value of 73 times the atomic density), and the superscripts
eff and free refer to atoms in molecules and isolated atoms respectively. The
MBIS partitioning is used to determine the AIM densities, as this has been
shown to be a reliable procedure to produce molecular C% coefficients.'” The
C? coefficients finally are determined based on the C° coefficients using a
recursive relation proposed by Starkschall et al.’™

3
2

(ry) . (rp)

4
Chpy/ 2 + 53¢ (2.29)

(rd) (g

In this case, the expectation values of powers of 4 and rp are evaluated
using the free-atom densities.

8
Cap =

Induction

The final contribution to the MEDFF energy (and also the final component
of the SAPT energy decomposition scheme) is the induction energy. The
interpretation of the SAPT induction energy is not straightforward, and more
specifically the separation into contributions from polarization and charge-
transfer effects to this component is debatable.'3® 137 Polarization refers to
the classical effect where charge densities are deformed in the presence of
other charge densities, resulting in electrostatic interactions that are not
included when considering unperturbed charge densities (as done in the
frozen-density approach used to compute the electrostatic component). This
term should in principle be modeled using a polarizable force field, employing
for instance Drude oscillators or inducible dipoles, and many such methods
are available in the literature.”® 137147 Further investigation of some polar-
izable force-field models revealed that none of them could be incorporated
in MEDFF without altering the design philosophy. Because polarization
additionally increases the algorithmic complexity of the force-field energy



48 Development of MEDFF

calculation, a drastic simplification is employed and the MEDFF induction
energy is assumed to be proportional to the overlap of the monomer densities:

Naltoms NaQIOmS

Endet = >, > End (2.30)
A=1 B=1

Epdy = —UnnaaS*P (2.31)

This can in part be motivated by the observation that charge-transfer
energies, which most likely make an important contribution to the
SAPT induction energy, decay exponentially with increasing separation
distance® 87 1487152 jyst as the overlap of the monomer densities falls off
exponentially. It can be noted that the MEDFF induction model is exactly
the same as the exchange-repulsion model (apart from a minus sign which is
merely introduced to obtain positive values for all interaction parameters), in
line with an earlier observation that the exchange part of the charge-transfer
contribution to SAPT is approximately proportional to the SAPT exchange-
repulsion energy.'

2.2.2 Calibration of the interaction parameters

The MEDFF expression for the total intermolecular energy consists of four
components, representing electrostatic, exchange-repulsion, dispersion, and
induction contributions. The analytic function for each component was
introduced in the previous section. In order to complete the model, values
for the three interaction parameters need to be determined, which is the
subject of this section.

The aim of MEDFF is to reproduce dimer dissociation curves from high-level
ab initio calculations, and therefore the MEDFF interaction parameters will
be determined using CCSD(T)/CBS interaction energies as reference in a
later paragraph. First however, each of the four components of MEDFF will
be compared separately with the corresponding SAPT contribution in order
to validate the proposed energy expressions and obtain more insight into
strengths and weaknesses of the proposed force field. In the current section,
only an internal validation is performed, meaning that the reproduction of
data that are used in the construction of MEDFF is investigated. In later
Sections 2.2.2 and 2.3, an external validation will be performed. Finally in
Sections 3.1 and 3.2 MEDFF will also be used to investigate an interesting
application (gas adsorption in MOFs) which lies outside of the scope of
systems that are used in the current chapter for the construction of the
MEDFF methodology.
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Next to picking an appropriate level of theory used to generate reference
data, the choice of the data set employed for the parameter calibration is a
crucial component of the force-field derivation. The S66x8'%® database was
chosen from the literature, which contains 66 dimer complexes consisting
of monomers such as acetic acid, benzene, neopentane, uracil, and water.
For each of the 66 complexes, 8 displacements along the dissociation curve
are considered. The geometries of the monomers are kept rigid in order to
maintain a clear separation between intermolecular and intramolecular in-
teractions. The S66x8 database was constructed in such a way that it provides
a balanced representation of the noncovalent interactions commonly found
in biomolecules. More specifically a classification into three categories is
made: 23 hydrogen-bonded complexes, 23 dispersion-dominated complexes,
and 20 “other” complexes (defined as those that do not pertain to either
of the two first categories) are included in the S66x8 database. Finally it
should be mentioned that all complexes consist of light elements (hydrogen,
carbon, nitrogen and oxygen) and contain at most 34 atoms. This makes it
computationally feasible to perform the necessary SAPT and CCSD(T)/CBS
calculations which are used as reference data in the following two subsec-
tions.

Separate fitting to SAPT components

As mentioned earlier, the Hartree-Fock SAPT2+(3) variant of symmetry-
adapted perturbation theory is chosen as it provides, for the current pur-
poses, the correct balance between computational tractability and corre-
spondence of total interaction energies with CCSD(T)/CBS values. The first
component to be discussed is the electrostatic component.

The MEDFF electrostatic interactions are simply computed as the Coulomb
integral of the MBIS representation of monomer electron densities (which
are computed using B3LYP/aug-cc-pVTZ for the monomers of the S66x8
database), without the need to introduce any fitting parameters. A parity
plot comparing SAPT and MEDFF electrostatic energies is provided in Figure
2.6 (a). As the S66x8 database features 8 displacements for each of the 66
complexes, a total of 8 x 66 = 528 dimer configurations is considered and
each of these configurations is represented as one datapoint in the parity
plot. Overall, the performance of MEDFF seems satisfactory over a wide
range of interaction strengths encountered in the database and irrespective
of the class of complexes (hydrogen-bonded, dispersion-dominated or other
complexes, which are indicated with a color code) that is considered. This
confirms earlier findings reported in the validation of the MBIS methodology
in Section 2.1.3. When the MEDFF electrostatic model is replaced with more
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Figure 2.6: Correlation plots of SAPT and force-field energy components
for the complete S66x8 database. Note the use of logarithmic
scales. Reprinted with permission from Ref. 75. Copyright (2017)
American Chemical Society.

conventional methods such as point-charge interactions between RESP fitted
partial charges, deviations with the SAPT values are considerably larger. This
is mostly notable for very strong electrostatic interactions (for which the
penetration effect is crucial) and for the dispersion-dominated dimers.

The proposed MEDFF model to describe the exchange-repulsion energy is
a term proportional to the overlap of the monomer densities. The overlap
itself only depends on monomer properties: it can be calculated using the
MBIS parameters resulting from the partitioning of the monomer electron
densities. The proportionality factor, Ueych-rep as defined in eq 2.18, however
is related specifically to the interaction of two monomers and has to be
derived from dimer calculations. Here it is determined such that the mean-
square deviation between force-field and SAPT exchange-repulsion energies
is minimized (only dispersion-dominated complexes were considered, as
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motivated in the next paragraphs). As the MEDFF model is linear in the
parameter Uexch-rep, its value can be computed by linear regression which
gives Uexchrep = 8.13 in atomic units. The resulting scatter plot in Figure
2.6 (b) shows that the proposed model is adequate for dispersion-dominated
and “other” complexes, employing only one parameter that is fitted to the
reference data. The performance for hydrogen-bonded complexes is some-
what worse, but it turns out that this is partially compensated, through
fortuitous cancellation of an error with the opposite sign encountered in
the electrostatic component. Obviously the correspondence between SAPT
and MEDFF exchange-repulsion energies could be improved tremendously
by determining separate values for Uexch-rep for each complex individually.
Such an approach would however lead to many fitting parameters, intro-
duce the need for additional dimer calculations for each new system, and
violate the design principles of MEDFF. As a final note on the exchange-
repulsion contribution, it can be mentioned that Soderhjelm et al. found a
proportionality factor of 8.6 between exchange-repulsion energy and density
overlap.™ Given the many differences in computational details (a different
database of dimers representing functional groups in proteins is used, refer-
ence exchange-repulsion energies are computed differently, and the density
overlap is calculated by numerical integration), this is not too far from the
MEDFF value Ueych-rep = 8.13.

Similar to the exchange-repulsion model, the MEDFF expression for the
dispersion interaction contains one interaction parameter, Ugg, which can
not be obtained solely from the properties of the monomers involved. This
parameter scales the term of eq 2.25 that is proportional to R~ and can
thus also be interpreted as a rescaling of all interatomic C% 5 coefficients.
As the dispersion energy is a linear function of the parameter Ugg it can
once again be determined from a linear regression, this time with reference
energies obtained as the SAPT dispersion component. If this linear regression
is performed for each complex of the S66x8 database separately, the obtained
interaction parameters vary over a rather large range which means that a
universal value for Usg applicable for all complexes would not provide proper
results. Within the class of dispersion-dominated complexes however, the
value Usg = 0.57 is an acceptable estimate which can be used for all dimers
of this class. The scatter plot obtained using this value is shown in 2.6 (c) and
clearly for the dispersion-dominated dimers (blue symbols) there is a good
agreement between SAPT and MEDFF dispersion energies. The dispersion
energy for the hydrogen-bonded complexes is systematically underestimated
(in absolute value) by MEDFF.

The MEDFF induction features the same expression as the MEDFF exchange-
repulsion. The corresponding interaction parameter, Uingct, can therefore be
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determined in the same way as earlier by fitting to the SAPT induction com-
ponent instead of the SAPT exchange-repulsion component. Figure 2.6 (d)
reveals that this is not an appropriate approach to cover the entire database
of dimers. Apparently, induction is a much more complex phenomenon than
the simple overlap-based model assumed in MEDFF. A more thorough in-
vestigation is required, probably including polarization effects explicitly. An
important consideration in this respect is that the SAPT induction energies
might need to be further decomposed. It has been argued that charge-
transfer and (classical) polarization effects, which both are part of the SAPT
induction energy, show a fundamentally different behavior and methods
aiming to separate these contributions have been developed.'*® 37 Such a
further decomposition of the reference interaction energies and the introduc-
tion of corresponding additional MEDFF terms could indeed lead to a better
induction model. Another approach would be to focus on some particular
dimers which show up as outliers. For instance, it turns out that especially
double hydrogen-bonded complexes show large deviations between SAPT
and MEDFF induction energies, which can be seen as a line of red markers
above the diagonal on the lower left corner of Figure 2.6 (d). This suggests
that including an additional term in MEDFF that explicitly models hydrogen
bonds could offer a better correspondence with SAPT induction energies.

During the development of MEDFF, several more complicated models for
the induction energy were tested for the S66x8 database, such as inducible
dipoles, a hydrogen bond term similar to the one used in QMDFF,"> more
complicated functions of the overlap (instead of the currently used propor-
tionality), prefactors dependent on the atomic number, ... Overall, these
modifications resulted in an improved correspondence to the reference data.
It was however judged that, within the spirit of MEDFF, the gains in accuracy
were not outweighed by the additional complexity of the models and the
increased number of parameters. This is the reason why the rather simple
induction model was retained. More accurate refinements of MEDFF will
certainly need to improve the current induction model, and the previous
discussion provides some pointers about how this might be achieved.

Fortunately, the MEDFF procedure adopted thus far can be completed by
considering only dispersion-dominated complexes. Indeed, Figure 2.7 shows
that if Uingct = 0.87, an acceptable agreement between MEDFF and SAPT
induction energies is obtained. This finding is the reason why the fitting
of all interaction parameters was done based on reference data only for the
dispersion-dominated complexes.
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Figure 2.7: Correlation plot of SAPT and MEDFF induction energies for the
dispersion-dominated complexes of the S66x8 database.

Constrained recalibration with respect to CCSD(T)/CBS energies

In the previous two sections, the MEDFF expression for the interaction en-
ergy was presented and values for the three interaction parameters (Uexch-rep
appearing in the exchange-repulsion energy, U,s appearing in the dispersion
energy, and Ujy4t appearing in the induction energy) were determined by
linear regression using the corresponding SAPT energy contributions for
a database of 23 dispersion-dominated complexes, considering 8 displace-
ments for each complex. The advantage of fitting the interaction parameters
term by term is that the proposed energy expressions could be validated and
the force field can be motivated from a physical point of view. This advantage
is however at the same time also a weak point for the following reason. The
different SAPT components cancel each other to a large extent, leading to
a situation where the sum (which is the total interaction energy) is much
smaller in absolute value than each of the contributions for configurations
near the equilibrium. This behavior is illustrated in Figure 2.4 for the dissoci-
ation curves of a water dimer (left) and a benzene dimer (right). The downside
is thus that a small relative error on one of the components, will result in a
large deviation for the total interaction.

In order to tackle this problem, the three MEDFF interaction parameters
are recalibrated simultaneously in order to obtain a better correspondence
with ab initio total interaction energies. The prediction of total interaction
energies will improve by making use of a cancellation of errors present in
the different energy terms. In order to do this in a controlled fashion and still
retain some information from the individual fitting of interaction parameters,
the recalibration will be done using ridge regression. The basic idea of
ridge regression, also termed Tikhonov regularization, is the addition of a
term to the cost function that restrains the fitting parameters to predefined
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values. The use of such prior information about the parameters is similar to
techniques used in Bayesian statistics.>®" 1 In the case presented here, the
cost function will contain on the one hand the sum of quadratic deviations of
total interaction energies and on the other hand the sum of quadratic relative
deviations of the interaction parameters from their values determined from
fitting individual components to SAPT reference data.

It is not a priori clear what the relative contribution of these two terms to
the total cost function should be, and therefore the contribution of the term
that restrains the interaction parameters to their SAPT values was varied
from very large to very small. It turns out that the estimated prediction error
of the interaction energies initially decreases significantly by allowing the
interaction parameters to deviate slightly from their SAPT values. Further
relaxation of this restraint however does not result in a further decrease of
the estimated prediction error, which signifies the presence of soft or floppy
modes in the parameter space: it is possible to change a combination of
interaction parameter values over a wide range without having a serious
impact on the resulting total interaction energies. The best choice of the
final parameters is obtained at the point where the parameter values are
closest to their SAPT values, but still provide a low estimated prediction
error. The final values that will be used further on are Uexchrep = 8.43,
Usg = 0.57, and Ujpget = 0.86 (all in atomic units), which seems rather
close to the values obtained from fitting to individual components of the
SAPT interaction energy, which resulted in Ueychrep = 8.13, Usg = 0.57, and
Uindct = 0.87. This completes the construction of the MEDFF force field, and
before proceeding to a validation on systems outside of the database used in
the parameter fitting, it is mentioned that the root-mean square deviations
between MEDFF and CCSD(T)/CBS interaction energies for the dispersion-
dominated complexes in the S66x8 database range from 3.7kJmol ™! at
closest intermolecular distances, over 1.5kJ mol™! at equilibrium dimer ge-
ometries, to 0.2 kJ mol ! at long-range separations.

External validation on the hsg data set

One of the guiding principles in the design of MEDFF, was that it should be a
robust method that is transferable to chemical systems that were not present
in the database used to determine the interaction parameters. In order to
test whether this objective has been fulfilled, the performance of MEDFF for
the dispersion-dominated complexes of the hsg data set' is investigated.
This means 13 dimers extracted from a system where indinavir is bound
to an HIV-II protease crystal structure are considered. The values of the
interaction parameters are not reoptimized, but simply take on the values
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Figure 2.8: Performance of several force fields in reproducing CCSD(T)/CBS
interaction energies for the dispersion-dominated complexes of
the hsg data set. Reprinted with permission from Ref. 75. Copy-
right (2017) American Chemical Society.

as determined in the previous section. This means that the only ab initio
calculations necessary to compute MEDFF interaction energies for these new
dimers are DFT calculations performed on the isolated monomers, which
poses a computational cost that is similar to what is required to construct
force fields that use partial charges fitted to ab initio ESPs. The performance
of MEDFF for the considered part of the hsg data set is shown in Figure 2.8
and compared to other force fields from the literature: the Generalized Am-
ber Force Field'®® (GAFF) and the Merck Molecular Force Field'®' (MMFF),
which can be considered generic force fields, and the Quantum Mechanically
Derived Force Field"™ (QMDFF), which is based on ab initio calculations
and shares some features with MEDFF. None of these force fields was fit-
ted explicitly to the systems considered, so this approach should provide a
somewhat fair comparison. MEDFF clearly shows the best correspondence
to the CCSD(T)/CBS interaction energies, but QMDFF is only very slightly
worse. The correlation with the reference energies is markedly worse for
GAFF and MMFF. This first external validation provides some evidence that
the MEDFF approach is indeed a proper way to construct robust noncovalent
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force fields, using only a small amount of fittable parameters and featuring
energy expressions that do have a clear physical interpretation, at a total
computational cost that allows scaling to larger systems.

2.3 Application of MEDFF to alkanes and alkenes in
gas and condensed phase

Further tests of MEDFF pertain to the reproduction of macroscopic exper-
imental properties of small alkanes and alkenes, first in the gas phase and
later in the condensed phase. As MEDFF was constructed without any
empirical input from such experiments, this can be considered a challenging
procedure to establish whether or not MEDFF is suited to predict experimen-
tal properties. Alkanes and alkenes are chosen as these can be considered
to form dispersion-dominated complexes, the class for which the MEDFF
interaction parameters were calibrated. It could be argued that single-
component alkane or alkene simulations are not the most “exciting” ones
nowadays. Indeed, force fields that provide good agreement with experi-
mental liquid densities of methane, ethane, propane, ... were established in
the 1980s.°? Yet, these seemingly simple systems can provide fundamental
insight into differences between ab initio derived and empirical force fields,
as will become clear in the following Sections 2.3.1 (gas-phase simulations)
and 2.3.2 (condensed-phase simulations).

2.3.1 Reproduction of second virial coefficients

The deviation of a real gas from an ideal gas can be expressed using the
virial equation of state, which relates the pressure P to a power series in
the density p: P = kgT [p + B2(T)p? + B3(T)p® + .. .]. The second virial
coefficient, Bo(T'), represents the initial deviation from ideal-gas behavior
and only depends on the interaction between two molecules:'®

Bo(T) = 2r / (1 = (exp [~ BUrnier (r)])) r2dr (2.32)

As demonstrated in the previous section, MEDFF provides Ujnter values for
dispersion-dominated dimers in reasonable agreement with CCSD(T)/CBS
values. Figure 2.9 shows that the MEDFF estimation for B2(T") is comparable
to experimental values for the investigated small alkanes (methane, ethane,
propane, and butane) and alkenes (ethene and propene). For the larger
molecules propene, propane, and butane the experimental values are slightly
underestimated (the absolute value of the MEDFF second virial coefficient is
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larger than experiment) which means that MEDFF is in general overbinding
in these cases.
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Figure 2.9: Comparison of second virial coefficients from our force field
(symbols) with experiment (solid line). Experimental data for
alkanes from Ref. 164, for propene from Ref. 165, 166 and for
ethene from Ref. 167. Reprinted with permission from Ref. 75.
Copyright (2017) American Chemical Society.

It should be stressed that these MEDFF results are obtained without empiri-
cal input and without fitting specifically to dimers of the molecules involved
(except for ethene which happens to be in the S66x8 database). The necessary
atomic parameters are obtained from monomer calculations of the alkanes
and alkenes, while the three interaction parameters retain the values that
were determined earlier by calibration with respect to CCSD(T)/CBS dimer
interaction energies. This should be contrasted to approaches typically used
in the literature, where parameters for ab initio force fields can only be
obtained by performing expensive calculations of interaction energies for a
large set of comlexes of the molecules of interest. The good performance of
MEDFF for the test performed here can therefore be considered remarkable
and further proves that the suggested approach can be used to generate
useful noncovalent force fields.

2.3.2 Reproduction of liquid densities

Inspired by the good reproduction of experimental second virial coefficients,
MEDFF is further used to simulate the same molecules in the condensed
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phase. The liquid density and enthalpy of vaporization are calculated at a
pressure of 1 atm and temperatures just below the respective boiling points
of methane, ethane, propane, butane, ethene and propene. These properties
are obtained from MD simulations of the liquids in the NPT ensemble and of
asingle molecule in the NVT ensemble (the latter are only necessary to obtain
enthalpies of vaporization). The results are compared to experimental values
in Table 2.1, and the agreement is in general rather poor. The densities are
systematically overestimated with errors ranging from +11% for ethane up
to +20% for ethene. The enthalpies of vaporization are also overestimated
for all molecules that were studied, with errors ranging from +12% for
ethane up to +23% for butane. This means that MEDFF predicts interactions
that are overly attractive, when compared to experiment, in the condensed
phase. This was however not observed in the previous tests, indicating that
some complications arise in condensed-phase simulations using an ab initio
derived force field, warranting a more extensive discussion as provided in the
next Section 2.4.

Table 2.1: Comparison of simulated and experimental liquid density p and
enthalpy of vaporization AH,,,. Experimental data for methane,
ethane, propane and butane are taken from Ref. 168, for ethene
from Ref. 169 and for propene from Ref. 170. Reprinted with
permission from Ref.75. Copyright (2017) American Chemical

Society.

Molecule T [K] plgl™!] AH,,p [kJmol ']
Exp. Sim. Exp. Sim.

methane 112 423 503 8.2 9.2
ethane 185 545 618 14.7 16.4
propane 231 581 684 18.8 22.8
butane 273 601 714 22.4 28.3
ethene 169 568 673 13.5 16.1
propene 225 609 674 18.5 18.8

2.4 Discussion of condensed-phase simulations

In the previous section it was concluded that MEDFF predicted the liquid
density of some small alkanes and alkenes in rather poor agreement with
experiment, with simulated densities more than 10% above the reference
value. This can be considered a rather poor performance when taking into
account that force fields derived specifically to reproduce these quantities
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typically obtain errors smaller than 1%. An example of a such force field is
the all atom optimized potential for liquid simulations (OPLS-AA), which for
instance results in a liquid density of butane at the boiling point deviating
only —0.5% from the experimental value.'””! However, the same force field
has been reported to fail in correctly reproducing the second virial coefficient
of the same substance,'? as graphically represented in Figure 2.10. At a
temperature T' = 280 K, only slightly above the boiling point, the deviation
between the experimental and simulated second virial coefficient is 25%. It
is therefore inevitable to conclude that OPLS-AA does not provide a value
for the liquid density of butane close to experiment because it offers a fun-
damentally correct description of the interaction between butane molecules,
but rather because it relies on a compensation of errors. It is true that some
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Figure 2.10: Second virial coefficient of butane. Experimental data from Ref.
164, OPLS-AA results from Ref. 172. Reprinted with permission
from Ref. 75. Copyright (2017) American Chemical Society.

other force fields might provide appropriate results both for the condensed
and gas phase at the same time. Still, it has been recognized some time
ago that empirical force fields in general do not provide the right answers
for the right reasons,® a topic which is not always fully appreciated in the
force-field development community, although it recently gained some more
attention.'?’ 173

A more elaborate discussion on whether it is desirable that force fields rely on
compensation of errors will be provided in the concluding Section 4.3 of this
work. In the next sections, more insight into differences between gas-phase
and condensed-phase simulations is gained, using the MEDFF description of



60 Discussion of condensed-phase simulations

methane as a test case. The topics that will be considered subsequently in
the following three sections are changes in atomic parameters, many-body
effects and nuclear quantum effects coupled with an anharmonic covalent
force field.

2.4.1 MBIS parameters from the condensed phase

One of the basic assumptions in the derivation of MEDFF was that the
atomic parameters could be obtained from ab initio calculated densities of
the monomers of interest, by applying the MBIS partitioning scheme to these
densities. When many monomers are placed together in a configuration
representative of for instance a liquid, the ab initio densities of the monomers
will deform and this will have an effect on the MBIS partitioning and thus
on the resulting atomic parameters that serve as input for MEDFF.

A configuration of 100 methane molecules in a periodic box was obtained
from an NVT simulation at 111.6 K and the experimental density employing
the OPLS-AA force field. For this configuration, the PBE electron density
was calculated and partitioned using the MBIS scheme. The resulting MBIS
parameters of each atom change from molecule to molecule, and for further
simulations the averaged value over the 100 methane molecules was taken.
A comparison between some MBIS parameters (core charge q., valence
population N, and valence width o,) obtained as the average value from
a condensed-phase electron density with the corresponding parameters as
derived from monomer calculations is provided in Table 2.2. Despite the
seemingly subtle changes in the atomic parameters, there is a considerable
influence on the calculated liquid density of methane at the boiling point:
the error with respect to experiment drops from about 19% to less than 12%.
Interestingly, the correspondence with CCSD(T)/CBS interaction energies for
a set of methane dimers is adversely affected. This seems to confirm that
many-body effects play an important role in condensed-phase simulations,
even for the apparently simple system that is liquid methane. The procedure
presented here allows the implicit capture of such effects in a pairwise-
additive potential, similar to what is done when a force field is directly fitted
to experimental condensed-phase data. The next section includes a further
discussion on the explicit inclusion of many-body effects.

2.4.2 The importance of many-body (dispersion) effects

Another basic premise in the construction of MEDFF was that the interaction
parameters could be determined based on reference dimer interaction ener-
gies. This does not allow investigating many-body effects (here, a molecule is
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Table 2.2: Comparison of MBIS parameters for C and H atoms in methane,
derived from monomer electron densities or condensed-phase
electron densities.

Atom Parameter Monomer Condensed

C Qe 4.347 4.346
N, 4.965 5.043

q —-0.617 —0.697
oy [A] 0.279 0.281
H qec 1.000 1.000
N, 0.846 0.826
q 0.154 0.174
oy [A] 0.202 0.200

considered to be one body, obviously many-atom and many-electron effects
are included in the reference interaction energies). The most common way to
include many-body contributions in a force field is by describing polarization
effects employing inducible dipoles, fluctuating charges or Drude oscillators.
For alkanes and alkenes in the liquid phase, it is most likely crucial to also
include many-body effects arising from dispersion interactions.'”*

Force fields that provide an explicit description of many-body interactions
are challenging for several reasons. A first concern is the selection of an
appropriate model. Inducible dipoles (to describe electrostatic polarization)
or the Many-Body Dispersion' 7> (MBD) method provide at first sight an
elegant inclusion of many-body effects up to infinite order. Both suffer how-
ever from the so-called polarization catastrophe, which means these methods
break down for close contacts between atoms and need ad hoc fixes. A second
major problem is the determination and validation of parameters. Because
many-body effects are rather small for complexes of a few alkane/alkene
molecules, it is hard to obtain appropriate reference data using a high-level ab
initio method, as computationally expensive calculations on large complexes
have to be performed. A final issue is the computational complexity of the
resulting force field. While the time to compute the energy of a pairwise-
additive force field formally scales as O (Ngtoms), for a force field including
many-body terms the complexity increases to O (Ngtoms). Obviously, this
makes simulations on long timescales and large length scales challenging
and requires a substantial coding effort.

The combination of these difficulties is the reason why no simulations with
a many-body force field were conducted within the scope of this work. The
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influence of three-body dispersion and exchange interactions on the liquid
density and heat of vaporization of some small molecules has been investi-
gated by McDaniel et al.® In short, a two-body force field based on SAPT
is complemented with an Axilrod-Teller-Muto (ATM) term damped at short
interatomic distances. Effective values for Cy coefficients are used, which
supposedly mimic higher order terms, and are obtained by comparison with
SAPT computations of methane trimers. Note that the three-body contribu-
tions for these trimer configurations are generally smaller than 0.1 kJ mol ™!
in magnitude. The density of liquid methane at the boiling point (the same
conditions used in the test for MEDFF) reduces from 481 g cm ™3 for the two-
body force field to 453 g cm ™ for the three-body force field. The error with
respect to experiment reduces from 14% to 8%, which is certainly a sub-
stantial effect. As three-body dispersion interactions are usually repulsive,
it is expected that adding such terms increases the average intermolecular
distance and thus lowers the liquid density. The amount by which the density
decreases is perhaps larger than anticipated based on the gas-phase trimer
calculations, but this only confirms the crucial importance of many-body
effects in the condensed phase.

2.4.3 Nuclear quantum effects and anharmonicity of the cova-
lent force field

All calculations performed with MEDFF thus far assumed that the nuclei
behave as classical point particles. This is an approximation because the
quantum nature of the nuclei is not taken into account. Nuclear quantum
effects (NQEs) are mostly important for light atoms and at low temperatures,
conditions that are satisfied by the simulation of liquid methane at the boil-
ing point. The influence of NQEs can be modeled by performing imaginary
time path-integral MD (PIMD) simulations, where the actual physical system
is replicated Npeaqs times with the different replicas or beads connected by
harmonic springs. This also means that unfortunately the computational cost
increases by a factor Nycaqs. Using the i-Plinterface,'’® 177 PIMD simulations
were performed for liquid methane at the boiling point (additional compu-
tational details are provided in Appendix B.1). The resulting densities are
plotted as a function of the number of replicas or beads in Figure 2.11 and
compared with both the MEDFF density obtained without NQEs (classical
MD) and the experimental density. Although complete convergence is not
achieved at Npeaqs = 64, the density obtained for this number of beads is
a good estimate of the influence of NQEs, which is substantial for the case
investigated here.
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Figure 2.11: The liquid density of methane at 112 K and atmospheric pres-
sure, as simulated using MEDFF with and without the inclusion
of nuclear quantum effects

Another aspect that has not been highlighted thus far is the description of
the intramolecular interactions within one methane molecule. For methane,
this is often deemed unimportant and some popular force fields such as OPLS
or TraPPE even represent methane as a single particle, completely neglecting
any internal structure of the monomer. In the simulations presented earlier,
the noncovalent terms were coupled with a simple harmonic covalent force
field (featuring harmonic bonds and bends) derived using QuickFF.5”:5® For
the simulations performed with PIMD, more complicated covalent terms (an-
harmonic bonds and bends) were introduced, with the necessary parameters
again determined using QuickFF. Both cases are compared in Figure 2.11,
labeled as PIMD (harmonic) and PIMD (anharmonic) respectively. When
Npeads = 1, the density is independent of the covalent description and both
coincide with the density from classical MD (when Npeaqs = 1, no NQEs are
taken into account). It is however striking that as NQEs are included, the
difference in the covalent force field does lead to different liquid densities,
with deviations of a few percent. The reason for this behavior is that higher
nuclear vibrational levels (far from equilibrium, where the largest differences
between harmonic and anharmonic potentials are observed) are only sam-
pled in PIMD simulations with a large number of beads.'’® Finally note that
the error of MEDFF with respect to experiment reduces from 19% for classical
MD, to about 11% when NQEs are fully included and the covalent force field
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Table 2.3: Comparison of OPLS and MEDFF with respect to the description
of methane.

OPLS MEDFF
Fitted to Experimental data Ab initio data
Complexity Very simple More complicated
Computational cost Extremely low Moderate
Dimer interaction energies Moderate Good
Second virial coefficients Good Good
Liquid density Very good Overestimated
Inclusion of many-body effects Degrades predictions Improves description
Inclusion of NQEs Degrades predictions Improves description
Accurate covalent interactions No influence Improves description

is anharmonic. Again, this is a sizable correction that was not accounted for
in original MEDFF simulations.

As a concluding note, the recent work by Pereyaslavets et al.should be
mentioned."”® In this study, ab initio force fields for alkanes were derived and
it was concluded that NQEs were crucial for the prediction of liquid densities.
For alkanes near their boiling point, correction of roughly 6% to 12% were
observed. The results provided in Figure 2.11 lie within the same range.

2.5 Intermediate conclusions

The methodological advancement presented in this chapter is a new ap-
proach to obtain noncovalent force fields from quantum mechanical calcula-
tions: MEDFF. The main points that distinguish MEDFF from existing force
fields are that it is physically grounded in symmetry-adapted perturbation
theory and that overfitting is avoided by employing a minimal amount of
parameter tuning. Despite good results for dimers, agreement with experi-
ment for condensed phase properties was under par and several explanations
were explored. At this point, a summary of the differences between the
generic OPLS force field and MEDFF is provided in Table 2.3 in order to
properly understand this behavior. The question which of the two force
fields performs “best” is far from trivial, as the definition of a “good” force
field is ambiguous. If one is only interested in reproducing the experimental
density of methane, OPLS is the obvious choice as it is computationally
very cheap (one site per molecule and only Lennard-Jones interactions) and
the parameters are fitted precisely to reproduce the experimental density
using classical simulations. It is however clear that OPLS accomplishes this
good correspondence partially for the wrong reasons. For instance when
NQEs are included, which offers a more accurate simulation methodology
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than classical simulations, the correspondence with experiment degrades
because such effects are already implicitly included in the parameterization.
In contrast, MEDFF systematically improves as more advanced simulation
methodologies are considered and based on the previous sections, it can be
assumed that MEDFF with inclusion of many-body effects, NQEs and an
anharmonic covalent force field would predict the liquid density of methane
in acceptable agreement with experiment. Of course, this approach would be
computationally very costly compared to classical simulation of OPLS.

To clarify the statements about the computational cost of both force fields,
the actual simulation time is now discussed for the MD simulations in the
NPT ensemble of liquid methane. For a system of 100 molecules described
with OPLS, LAMMPS™ performs 9351 timesteps per second when using 8
Intel Xeon cores. The same simulation with MEDFF as the PES, performs
only 270 timesteps per second, which is about 35 times slower than OPLS.
There are two important remarks that need to be made in order to prop-
erly judge these numbers. First of all, the density predicted by MEDFF is
substantially higher than for OPLS. MEDFF thus simulates a denser system
which means more pairs of particles need to be taken into account. More
importantly, OPLS represents methane as a single site which means that
during an MEDFF simulation the number of particles is 5 times larger for
this system (as each methane molecule features 5 atoms). It it therefore also
instructive to consider the all-atom variant of OPLS, which is called OPLS-
AA,'81 where each atom is explicitly simulated, as is the case for MEDFF. The
same simulation with OPLS-AA performs 1722 timesteps per second, which
means that MEDFF is only 6 times slower that this generic force field.

This topic is further discussed in Section 4.2, where an outlook on the future
of ab initio derived force fields is provided. For now, the current chapter
detailing the MEDFF methodology, can be concluded by recapitulating that
MEDFF appears to be a robust method that provides gas phase interaction
energies in good correspondence with reference values and deviations for the
condensed phase results can be (at least partially) explained by considering
more advanced extensions. This suffices to proceed to the application of
MEDFF to systems that currently pose challenges for standard noncovalent
force fields, which is the subject of the next Chapter 3






Application: Gas Adsorption in
MOFs

In the previous Chapter 2, a new approach to derive noncovalent force fields
from ab initio calculations was presented. The resulting MEDFF method-
ology was extensively tested and shown to provide a reliable description
of interactions between dispersion-dominated molecules for some model
systems. In the current chapter, the application of MEDFF to technologically
relevant problems is investigated focussing on the adsorption of small gas
molecules in Metal-Organic Frameworks (MOFs). After a very brief intro-
duction to MOFs at the beginning of Section 3.1, the simulation procedure for
computing adsorption isotherms is critically evaluated by comparing differ-
ent force fields for the case of CHy adsorption in zirconium (Zr) based MOFs
in Section 3.1.1. Because a consistent agreement between simulated and
experimental uptakes is shown to be lacking, the same systems are subjected
to ab initio calculations which help to understand the high sensitivity of
Grand Canonical Monte Carlo (GCMC) results to the underlying PES and
in this way explain the previous apparent inconsistencies (Section 3.1.2).

A second investigation, presented in Section 3.2, deals with a novel procedure
to facilitate the calculation of Henry coefficients, which characterize adsorp-
tion in the low-pressure regime. This procedure allows computing ab initio
properties using a limited number of calculations, by using a force field as a
biasing potential. Henry coefficients of CO3, CH4 and N2 in various MOFs,
including frameworks featuring open metal sites, are calculated and it turns
out that MEDFF is the best choice as the biasing potential for subsequent
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ab initio calculations. This research shows that MEDFF has its merits even
outside of its original intention to predict interaction energies of dispersion-
dominated complexes. Owing to the robust way MEDFF was constructed,
from the choice of the functional form to the calibration of the interaction
parameters, MEDFF appears to provide semi-quantitative agreement with ab
initio calculations for a broad range of systems.

3.1 Methane adsorption in Zr-based MOFs

MOFs are coordination polymers consisting of metal ions coordinated by
organic ligands and often show nano- or micropores. One of the main points
that triggered scientific interest, is the sheer amount of imaginable MOFs.
Different MOF building units (of which some examples are shown in Figure
3.1) allow much freedom when it comes to coordination, which results in a
multitude of possible topological nets. Together with the availability of many
different building units, this has led to a huge increase of reported MOFs
thanks to the concept of reticular or modular synthesis. 8% 183

A first possible application is the development of single-site catalysts.?’ Cat-
alytic sites can be included by considering open metal sites or coordinatively
unsaturated sites (CUSs), but among many other possibilities catalytic activ-
ity can also be achieved by incorporating nanosized clusters within the pores.
Another practical use exploits the ability of some MOFs to undergo large
structural transformations. More generally, crystalline materials that show
multistable behavior are named soft porous crystals,'3* and can for instance
behave as shock adsorbers and be used for energy storage. The stimuli
that can trigger structural transformation, including mechanical pressure,
temperature, and guest adsorption, have been studied from a computational
point of view.*® In this work, the focus will be on MOFs as promising materials
for applications involving gas storage or separation.'®~ 8 When compared
with other porous materials such as zeolites, some MOFs show exceptional
structural features. Thanks to their modifiable structure and many function-
alization posibilities, materials with very high porosity and large surface area
have been synthesized. These properties are of course vital when it comes to
adsorption of small gas molecules.

One of the limiting factors for the use of MOFs in real-life applications,
is the limited mechanical stability of many frameworks."™ A remarkable
exception is the UiO-66 framework, which remains crystalline under rather
high external pressures, to some extent even when defects are present.®® This
is the reason why the work presented in the next sections (a summary of the
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Figure 3.1: Example of different building blocks that can be used to con-
struct carboxylate MOFs. Reprinted with permission from
Ref. 183. Copyright (2003) Springer Nature.

findings from Paper Il [Ref. 189]) will focus on Zr-based MOFs, of which
the very stable UiO-66 framework is a prototypical example.

The considered materials are Ui0-66,"° Ui0-67,"° DUT-52,T NU-1000"%2
and MOF-808'% which all feature Zrg(113-0)4(113-OH)4 bricks. The former
three share the same fcu topology as depicted in Figure 3.2 and differ only in
the ditopic organic ligand that connects the metal centers. Crystals of NU-
1000 and MOF-808 on the other hand display respectively a csq topology
(8 tetratopic linkers coordinating the Zr node) and a spn topology (6 tritopic
linkers coordinating the Zr node), which is shown in Figure 3.3. Experimental
results for methane adsorption in UiO-66, UiO-67 and DUT-52 are available
in the literature and a comparison between experimental and simulated
isotherms will be the subject of the following section.
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Figure 3.2: Depiction of the fcu topology which is shared by UiO-66, DUT-
52 and UiO-67. Also the inorganic brick is common between
these materials, which differ only in the organic linker. Zirco-
nium atoms are shown in cyan, oxygen atoms in red, carbon
atoms in gray, and hydrogen atoms in white. Reprinted with
permission from Ref.60. Copyright (2016) American Chemical
Society.

3.1.1 Comparison with experimental isotherms: quantitative
and qualitative investigation

In order to computationally screen a database of MOFs for materials apt
for a certain gas-adsorption related application, ideally there should be
quantitative agreement between experimentally measured and simulated gas
uptakes. To compute the uptake or number of adsorbed guest molecules,
most often a Monte Carlo simulation in the grand canonical ensemble is per-
formed, referred to as a GCMC simulation. It is obvious that the simulated
gas uptake will depend on the PES that is used to describe interactions within
the framework, among guest molecules and between the guests and the
framework. The first question is therefore whether one or more force fields
from the literature can provide a systematic agreement with experimental
adsorption isotherms.

Five force fields are considered and an overview of the properties of each is
provided below. The UFF/TraPPE?* 3° model considers methane as a single
site. This means there are no covalent terms for methane. Electrostatic
interactions involving methane are also absent. Additionally, as the frame-
works are considered rigid in this work (which is conventional in GCMC
simulations and appropriate for the rigid MOFs studied here), no interactions
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Figure 3.3: Node connectivity, linker and topology for UiO-66, NU-1000 and
MOF-808. Reproduced from Ref. 194 with permission from The
Royal Society of Chemistry.

between framework atoms need to be considered. In the end, the UFF/TraPPE
model thus only features Lennard-Jones interactions between pairs of guest-
guest and guest-framework atoms. The Lennard-Jones € and o parameters
for framework atoms are taken from UFF, which were determined using a
mixture of calculations, experiments and empirical rules. The corresponding
methane parameters from TraPPE were determined in order to reproduce the
critical temperature and saturated liquid density of bulk methane. The sec-
ond force field will be referred to as Dreiding-UFF/TraPPE and is very sim-
ilar to the first considered model. The only difference is that the framework
Lennard-Jones parameters are now taken from the Dreiding® force field,
which is based on experimental crystal structures and sublimation enthalpies
(except for zirconium atoms, for which no Dreiding parameters are available
and thus the UFF values are used). The third model, MM3-MBIS 32734 19
replaces the Lennard-Jones potential with a Buckingham potential which
should provide a better description of the repulsive wall for close interatomic
contacts. In this case, all atoms from the methane guest molecule are
considered explicitly and thus electrostatic interactions involving methane
molecules are present and are modeled by including MBIS point charges
(although it should be mentioned that the influence of the electrostatic
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interactions is minor for the simulations performed here). Another important
difference with the previous force fields, is that the noncovalent parameters
now also depend on the chemical environment of the atoms and no longer
are uniquely determined by the atomic number of the atoms. The number of
parameters and complexity of the model is further increased in the next force
field, SAPTFF.2”- 1% This is an ab initio based force fields where all necessary
parameters are obtained from a combination of monomer properties and
SAPT calculations of dimer interactions. It shares some similarities with the
final force field that will be considered, MEDFF,”> which was discussed at
length in the previous chapter of this dissertation. All GCMC simulations
discussed in this section have been performed using the RASPA software

package.'’

The simulated and experimental adsorption isotherms at room temperature
for methane in UiO-66, DUT-52 and UiO-67 are plotted in Figure 3.4, consid-
ering pressures up to 80 bar, with the plots in the right column zooming in on
the low-pressure region. For UiO-66, Dreiding-UFF/TraPPE offers a good
agreement with the experimental isotherm while UFF/TraPPE overestimates
the uptake at relatively high pressure, a finding which was published in
earlier work."® The ab initio based force fields MEDFF and SAPTFF both
overestimate the adsorption while MM3-MBIS provides an underestima-
tion. At pressures below 1bar however, rather different conclusions can
be drawn as shown in Figure 3.4 (b). Now MM3-MBIS and MEDFF are
closest to experiment, while Dreiding-UFF/TraPPE overestimates the uptake
by a factor 2. This is particularly surprising given that at low pressures
(and thus low loadings), adsorption is completely determined by host-guest
interactions while at higher pressures (and thus high loadings) additionally
the description of guest-guest interactions will have a sigificant impact on
the simulated adsorption. The fact that Dreiding-UFF/TraPPE is deficient
at low pressures must mean that it does not provide a proper description
of the host-guest interactions. The correspondence with experiment at high
pressure must then be explained as a deficient description of the guest-guest
interactions which cancels the previously mentioned error in the host-guest
interactions in the case of UiO-66. This seems to be confirmed by the poor
performance of the same model for the frameworks DUT-52 and UiO-67,
which are from a chemical point of view rather similar to UiO-66. All in
all, no single force field achieves a consistent agreement with experiment for
UiO-66, DUT-52 and UiO-67 over a wide pressure range. The MM3-MBIS
model shows the best overall performance, with MEDFF as a close second in
the low-pressure regime.

When simulating isotherms using a force field, one is not always interested
in the absolute loading but rather in qualitative trends such as the ranking



Applications 73

= ® Experiment — UFF/TraPPE === SAPTFF -+ MEDFF/TraPPE
— Dreiding-UFF/TraPPE — MM3-MBIS ---  MEDFF

Ui0-66 (low loading)

_Ibld =0
& =
] =l
g g
%) PREU
% %
=3 =3
= =
5 =
:LE) 5 0.5 L
<2 =
Q o 2 ]
E E . ]
Z 9 20 .
z 0 20 40 60 0 @ '8.0 0.5 1.0
Pressure [bar] Pressure [bar]
(a)
- DUT-52 i DUT-52 (low loading)
T 15 Tan 20,
< <
] S
E | e ERE
o 10 )
< <
g |
2 i 210
= .-I""... - z
b L Cos,
£ 2 - - .
2 o 2 0.0 =
20 20 40 60 30 2 95 0.5 1.0
Pressure [bar] Pressure [bar]
(©) d
_':, 20 Ui0-67 T Ui0-67 (low loading)
=0
> . <
= e =
Eis e H
2 Pl
210 £
5 . 3 .
T ML = 15 .-
Lﬂj 5 3 .....l.l. lﬂ))0.5 - - ]
| = = ] -
3, P .
20 20 40 60 30 2 80 0.5 L0
Pressure [bar] Pressure [bar]
(e) ()

Figure 3.4: Comparison of experimental and simulated gravimetric adsorp-
tion isotherms of methane in a series of isoreticular MOFs. Ex-
perimental data for (a), (c), (d), (e) and (f) from Ref. 199, exper-
imental data for (b) from Ref. 200. Reprinted with permission
from Ref. 189. Copyright (2017) American Chemical Society.

of different frameworks. A second assessment of the force fields considered
here is about the ranking of the Zr-based MOFs discussed earlier with respect
to gravimetric methane uptake at P = 30 bar and room temperature. Both
Dreiding-UFF/TraPPE and MM3-MBIS predict

UiO-66 < MOF-808 < DUT-52 < UiO-67 < NU-1000

while the other models, UFF/TraPPE, SAPTFF and MEDFF reverse the
position of MOF-808 and UiO-66:

MOF-808 < UiO-66 < DUT-52 < UiO-67 < NU-1000

Despite large differences in uptake predicted by the different models, there
is a quite good agreement on the ranking, and if the uptake at P = 100 bar
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is considered all rankings are in perfect agreement. There are however two
critical remarks about this apparent consistency between results obtained
with the different force fields. First, it should be mentioned that methane
uptakes at high pressure correlate well with the surface area and pore volume
of the framework,?®! quantities that can be computed using a simple geomet-
ric calculation instead of complicated GCMC simulations. A second remark
is that UFF/TraPPE, Dreiding-UFF/TraPPE and MM3-MBIS predict that
the uptake at P = 30bar is much higher in DUT-52 than in UiO-66, while
experimentally they are nearly the same. Concluding this section, it can be
stated that different force fields will generally predict very dissimilar uptakes,
but do agree to a wider extent on qualitative results such as the ranking of a
set of materials.

3.1.2 Comparison with ab initio adsorption energies: sensitiv-
ity of GCMC simulations to the potential energy surface

In order to gain more insight at the atomic level on differences between the
force fields employed in the previous section, interactions between a single
methane molecule and the UiO-66 framework are studied, aided by the use
of periodic ab initio calculations. First, an appropriate level of theory that
can serve to provide reference interaction energies has to be selected. Here,
the PBE?%? functional with modified D3 dispersion corrections with Becke-
Johnson damping (D3MB])**, including three-body ATM contributions'” is
chosen. This is justified by the good agreement with interaction energies for a
set of dimers consisting of methane and terepthtalic acid molecules (the latter
is chosen as it represents the UiO-66 BDC organic linkers) computed using
CCSD(T)/CBS. At the same time, the PBE-D3MBJ-ATM is computationally
tractable in order to study many configurations of methane in UiO-66.

A second consideration which turns out to be very important, is the selection
of those configurations. Ideally, all relevant adsorption sites should be taken
into account, and an attractive approach is to simply extract snapshots from
GCMC simulations of the system under consideration. This however intro-
duces a certain bias, as the resulting configurations will obviously depend
on the PES that was used for those GCMC simulations.?** In an attempt to
reduce this bias, 100 configurations of a single methane molecule in UiO-66
were extracted from a GCMC simulation (at room temperature and 1 bar) for
each of the five force fields, resulting in a set of 500 configurations in total.
The scatter plots of force-field versus ab initio adsorption energies for two
subsets of all configurations are shown in Figure 3.5, where blue dots indicate
configurations extracted from a Dreiding-UFF/TraPPE GCMC simulation
and the red dots indicate extracted from a SAPTFF GCMC simulation. In
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general, the ab initio derived force fields SAPTFF and MEDFF are closer to
the reference adsorption energies than the generic UFF/TraPPE and UFF-
Dreiding/TraPPE models. More surprisingly perhaps, the RMSD for the
latter two models is significantly higher when SAPTFF configurations are
considered than when Dreiding-UFF/TraPPE configurations are consid-
ered. Note that the SAPTFF configurations (red dots) are indeed relevant
as the ab initio computed adsorption energies are well below zero. It has
been claimed that generic force fields such UFF/TraPPE provide good agree-
ment with quantum chemical predictions for the adsorption of methane in
MOFs.2® The results shown here contradict this: the generic force fields
clearly are overly repulsive in many cases, at least if the complete portion
of the PES that is relevant for adsorption is considered. If the generic force
field itself is used to sample the PES, some favorable adsorption sites are
overlooked, biasing the results. Finally note that the results obtained using
the MM3-MBIS model are markedly better than those from UFF/TraPPE
and UFF-Dreiding/TraPPE. This suggests that the overly steep repulsive
wall (proportional to 7~!2 in the latter cases versus exponentially decaying
for MM3-MBIS) plays an important part in the previous observations.

Finally, the results concerning single-molecule adsorption energies are con-
nected to the isotherms presented in the previous section. For UFF/TraPPE,
Dreiding-UFF/TraPPE and SAPTFF, the most favorable configurations are
overstabilized, i.e. below the diagonal in the corresponding scatter plots of
Figure 3.5. This explains the high uptakes at low pressures as shown in
Figure 3.4 (b). As shown in the scatter plots, UFF/TraPPE and Dreiding-
UFF/TraPPE are overly repulsive for many configurations that are predicted
to be favorable by the ab initio level of theory. A detailed analysis of the
PESs confirms that the volume of accesible pore space is relatively small for
these models and this explains why the corresponding isotherms saturate at
a relatively low loading. This offers an additional explanation for the earlier
statement that Dreiding-UFF/TraPPE achieves agreement with experiment
by a cancellation of errors.

Although there are clear differences between the force fields concerning the
prediction of ab initio adsorption energies, the errors are generally below
1 keal mol~! which is often considered the threshold for “chemical accuracy”.
The errors with respect to the experimental Henry coefficient (which is the
slope of the isotherm at low pressure), however range from 80% for MEDFF
up to 300% for UFF/TraPPE. A further investigation revealed that by chang-
ing parameters of the Dreiding-UFF/TraPPE model such that adsorption
energies vary by 2kJ mol ™!, changes in the predicted uptake at low pressure
are as high as 80%. This high sensitivity to small changes in the PES, can be
explained by considering that the uptake at low pressure is proportional to
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Figure 3.5: Scatter plots of adsorption energies for 200 configurations
of methane in UiO-66 (blue dots: sampled from Dreiding-
UFF/TraPPE GCMC, red dots: sampled from SAPTFF GCMC).
Force-field energies are compared with PBE-D3MBJ-ATM re-
sults. Reprinted with permission from Ref. 189. Copyright (2017)
American Chemical Society.

the Boltzmann factor e #Fads. From this it can be concluded that precise

quantitative agreement between experimental and simulated isotherms is
extremely challenging.

3.2 Ab initio determination of Henry coefficients

In the previous section, a critical assessment of different force fields was
presented with respect to their description of methane adsorption in Zr-
based MOFs. One of the added values of ab initio derived force fields such as
SAPTFF and MEDFF, was that these allowed to correctly sample all relevant
regions of the PES. This information was then used to gain fundamental
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insight into force-field predicted isotherms, starting from a comparison be-
tween ab initio and force-field single-molecule adsorption energies.

In this section, which summarizes the methodology and findings presented
in Paper IV [Ref. 206], another attractive feature of MEDFF is highlighted,
namely as a tool that can facilitate the computation of ab initio Henry
coefficients.

3.2.1 Importance sampling with MEDFF as biasing potential

As stated before, the slope of the isotherm at low pressures is called the Henry
coefficient. For many materials at typical operating conditions, the uptake
at low pressures is indeed proportional to the gas pressure and therefore
the Henry coefficient completely characterizes the low-pressure adsorption
regime. Assuming that both the host geometry and guest geometry are rigid,
the Henry coefficient at temperature T' can be computed as:

dsexp (—BAU
Ky = Bf T Els ) (3.1
where g = kE%T, AU = Unost+guest — Unost — Uguest is the adsorp-

tion energy and [ ds indicates an integration over all configurations of the
guest molecule in the host. The integration is usually performed using a
Monte Carlo approach, more specifically the Widom insertion method.?’’
The Widom insertion method consists of generating a set of N random
configurations without any bias, after which the estimated value Ky is
determined as:

N
R = 3 exp(~AAT) (32)
=1

As the number of Widom insertions NN increases, the estimate gets better
and for the cases considered here (small molecules adsorbing inside MOFs) a
typical order of magnitude is 1 to 10 million insertions. When a force field is
used to evaluate the adsorption energies AU, the associated computational
cost is acceptable but for many ab initio methods it will present an unsur-
mountable barrier. The goal of the following derivation is therefore to reduce
the number of calculations required to estimate the Henry coefficient for a
given PES, to the point where ab initio methods become feasible.

The main problem when evaluating the integral in eq 3.1 is the large variance
on the integrand: exp (—AU ) ranges from nearly zero for repulsive configu-
rations (AU positive and much larger than kgT) to a very large number (AU
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negative and several times as large in magnitude as kgT). A solution that has
been used many times before for such a problem is importance sampling. In
this context, it will prove advantageous to introduce a biasing PES for which
the adsorption energies are represented as AU. The Henry coefficient can be
rewritten as:

Ky — [ dsexp <—ﬂ [AU — Aﬁ])Nexp <—5A(7> des exp <—5A[j)
fds exp (—BAU) fds

(33)
= <exp (—B [AU - Af]} ) >e—5AU Ky (3.4)

where Ky is the Henry coefficient for the PES AU. This expression might
not seem to be very useful at first sight, because in order to compute K,
another Henry coefficient K has to be computed as well as the integral

<exp (—B [AU — AU} ) >e—ﬁAU (where the subscript indicates that config-

urations need to be selected with probability proportional to e #AUV. The
crucial idea behind eq 3.4 is the assumption that the biasing PES AU is
computationally cheap (typically a force field), which allows an accurate
estimate of Kz using Widom insertion. Calculations with the original
PES (typically an ab initio method) only need to be performed to evaluate

<exp (—ﬁ [AU — AUD>6—MU' The latter integral however only requires

a limited number of energy evaluations, on condition that the biasing PES
and the original PES are sufficiently similar. Indeed, as AU ~ AU, the
integrand will always be close to unity and show a rather small variance.
The importance sampling method introduced here can be summarized by the
following steps. First, the Henry coefficient of a biasing PES AU (typically
a force field) is computed using Widom insertion, using a large number of
N samples. Next, a limited number of n configurations is selected from
the Widom insertion simulation, with the probability to include a certain
configuration proportional to e “#2U_ Finally, the adsorption energy AU is
computed for these n configurations which allows the evaluation of eq 3.4.
Before proceeding to a validation of the proposed procedure, it should be
mentioned that the previous steps also provide all necessary information in
order to evaluate quantities such as the average adsorption energy for the
AU PES.

Validation

A crucial condition for the practical application of the method outlined above,
is the availability of a biasing force field that provides adsorption energies
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close to the corresponding ab initio values. The term close is rather vague at
this point: the validation performed in this section will show what it means
by considering a relevant use case. For CHy4 in UiO-66, the integral in eq 3.1
was calculated on a regular grid using the PBE+D3(BJ)?°* 2% ab initio level
of theory. This required a substantial computational effort and was meant to
be performed once in order to obtain a benchmark value against which the
results from the proposed importance sampling method could be compared.
This comparison is shown in Figure 3.6, where the convergence of the esti-
mated Henry coefficient is plotted as a function of n, the number of ab initio

calculations performed when estimating <exp (—ﬂ [AU — AU]>> N

The black line indicates the benchmark result from the numerical integration
on a grid and different subplots are provided for different biasing PESs
(MEDFF, MM3-MBIS, Dreiding-UFF/TraPPE and UFF/TraPPE). It seems that
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Figure 3.6: Comparison of the importance sampling method with a grid-
based approach for the Henry coefficient Ky of CHy4 in UiO-
66 at room temperature. Notations such PBE+D3(BJ)@MEDFF
indicate that PBE+D3(BJ) plays the role of the original PES AU,
while MEDFF is used as the biasing potential AU. Reprinted
with permission from Ref.206. Copyright (2017) American
Chemical Society.

the Henry coefficient estimated using importance sampling converges to
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the correct value, regardless of which force field is used as the biasing
potential. The rate of convergence however varies considerably. When using
MEDFF as the biasing potential, the least amount of ab initio calculations n
needs to be performed. MM3-MBIS requires considerably more samples and
Dreiding-UFF/TraPPE and UFF/TraPPE in turn require even more. This can
be explained completely by the discussion in Paper Il [Ref. 189], where the
same order was observed when ranking these force fields for the reproduction
of ab initio adsorption energies for the same system, CH4 in UiO-66. It
is concluded that by using MEDFF as the biasing potential, the number
of required ab initio calculations can be reduced by roughly two orders of
magnitude compared to the conventional Widom insertion approach. This
reveals another possible use of MEDFF, namely as a tool to facilitate the ab
initio prediction of adsorption properties and it will therefore be employed in
the following applications of the importance sampling methodology for the
calculation of Henry coefficients.

3.2.2 Adsorption on open metal sites: CO; in Mg-MOF-74

One of the cases where generic force fields are known to fail in describing
adsorption, is when polar guest molecules adsorb at open metal sites present
in some MOFs.2%° A prototypical case is CO3 in Mg-MOF-74, where it would
thus be interesting to compute Henry coefficients using an ab initio PES. The
convergence of the Henry coefficient and adsorption enthalpy as function
of the number of importance samples n was investigated using MEDFF as
the biasing PES, and n = 20 000 was considered appropriate. It is not trivial
that MEDFF provides adsorption energies in acceptable correspondence with
ab initio values without any reparametrization, because in this example
the interaction between COy and the open metal sites is not dispersion
dominated (and only for those cases it was shown that MEDFF predicted
accurate interaction energies). The explanation why MEDFF does work as
the biasing potential is twofold. First, its derivation and parametrization
are much more robust than the way empirical force fields are constructed.
Second, the correspondence between biasing potential and reference PES
does not need to be incredibly good for the importance sampling method
to work well, as long as the relevant parts of the reference PES are explored
by the biasing potential. This explains why MEDFF is an appropriate choice
for the task at hand.

Henry coefficients Ky and adsorption enthalpies A H,45 were calculated for
CO3 in Mg-MOF-74 for different ab initio levels of theory using the impor-
tance sampling approach. The results are summarized in Table 3.1, together
with force-field results (obtained using a Widom insertion simulation) and
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experimental values from different sources. It turns out that the simulation
results are rather sensitive to the framework geometry, which was considered
rigid. Therefore each simulation was performed for two geometries: the
first one is a DFT optimized structure of the empty framework (labeled
“geometry empty”, on the left-hand side of Table 3.1) and the second one a
DFT optimized structure loaded with CO3 molecules located at the primary
adsorption sites (labeled “geometry loaded”, on the right-hand side of Table
3.1). Although both geometries are visually very similar, the difference in
results is substantial: adsorption enthalpies are roughly 4 kJ mol ™! lower in
the loaded geometry and the Henry coefficients consequently a factor 3 to 4
larger. This can be seen as an indication that the rigid framework assumption
is not valid in this case, and a hybrid MC/MD extension of the importance
sampling approach should be pursued.

Geometry Empty | Geometry Loaded

Level of theory | Kx AH, 4 Ky AH,qs
PBE+D2 34 -34.2 124 -38.1
PBE+D3(B)) 48 -34.1 168 -38.2
PBE+D3M(B)) | 112 -37.5 434 414
vdW-DF2 130 -37.8 522 -42.1
MEDFF 62 -37.8 488 -44.8
MM3 28 -31.9 71 -35.1
Dreiding 27 -30.6 45 -32.5
UFF 31 -31.2 47 -32.8

Experimental source | Ky AHuqs

Britt et al. ' - -39

Mason et al. ' 384 -42

Yu et al. ?"? 414 -42

Queen et al. 2" 407 -44

Table 3.1: Henry coefficients in molkg ™! bar™! and enthalpies of adsorp-
tion in kJ mol~! of CO5 in Mg-MOF-74 at 298 K. Reprinted with
permission from Ref.206. Copyright (2018) American Chemical
Society.

Still, some interesting conclusions can be drawn from the presented results.
First of all, the generic UFF, Dreiding and MM3 force fields all provide
rather low Henry coefficients compared both to ab initio and experimental
results. This is related to their inability to provide a proper description
of adsorption at open metal sites. MEDFF systematically predicts more
attractive adsorption energies and thus higher Henry coefficients, for the
loaded geometry even providing values in semiquantitative agreement with
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experiment. Because differences between MEDFF and ab initio adsorption
energies are observed to be non-negligible, this agreement is likely to be at
least in part due to a cancellation of errors. Finally the large spread on results
from different ab initio levels of theory should be mentioned. For instance
the PBE+D2'® Henry coefficient is four times smaller that the prediction from
vdW-DF2'% 214216 confirming a benchmark study of van der Waals corrected
functionals.?'” Also note the sizable difference between PBE+D3M(BJ)?°3 and
PBE+D3(B)J),%% two levels of theory that only differ in the data set that was
used to fit the damping parameters of the dispersion correction scheme.
Yet, the former Henry coefficient is more than twice the value of the latter
while the adsorption enthalpies differ by about 3kJ mol™!, indicating that
even in a situation where dispersion is not seen as the dominant adsorption
mechanism the choice of the description of dispersion in DFT should be
carefully considered.

3.2.3 Comparison of ab initio levels of theory for adsorption
in UiO-66

In the previous section it was shown that different variants of two-body
dispersions corrections (for instance D3M(B]J) versus D3BJ) could result in
sizable differences in Henry coefficients. This topic is further explored here,
now focusing on the role of many-body dispersion interactions. To this end,
the Henry importance sampling method is used to investigate the adsorption
of CHy in UiO-66, with the PBE functional coupled with the many-body
dispersion (MBD)'"® method as the ab initio level of theory and MEDFF
as the biasing potential. MBD adds a van der Waals contribution to the
electronic energy, computed using the coupled fluctuating dipole model,
which includes many-body dispersion effects up to arbitrary order. The
obtained Henry coefficients and adsorption energies are plotted in Figure
3.7 as a function of the order of many-body effects that are taken into
account. Note that in this context, many-body dispersion effects have to be
interpreted as many-atom dispersion effects. In other words, 2-body means
only pairs of atoms are considered when computing the dispersion correction
energy, 3-body means that also triplets of atoms are considered, etc. The
Henry coefficient Ky decreases each time an additional odd order (3,5, ...)
is included indicating that these are generally repulsive terms, while the
Henry coefficient increases each time an additional even order (4,6,...) is
included which shows that these terms provide additional stabilization. Note
that the Henry coefficient obtained when including only two-body dispersion
interactions is twice as large as the value obtained when fully treating many-
body effects. Also note that the latter is closer to the experimental value of



Applications 83

Kp = 0.6 molkg ™! bar™1.2% A similar reasoning explains the behavior of
the adsorption enthalpy A H,4s. Adding odd orders of many-body dispersion
leads to more repulsive interactions, so the adsorption enthalpy increases (its
absolute value decreases). Because even orders of many-body dispersion lead
to more attractive interactions, this means the adsorption enthalpy decreases
(its absolute value increases).
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Figure 3.7: Henry coefficient (left) and adsorption enthalpy (right) of CH4 in
UiO-66 computed with PBE with MBD corrections, as a function
of the order of included many-body effects (dotted lines are
only present to guide the eye). Reprinted with permission from
Ref. 206. Copyright (2018) American Chemical Society.

Finally, a qualitative comparison of the influence of linker functionalizations
on UiO-66 is presented. The pristine UiO-66 framework features benzene-
dicarboxylate as organic linkers. Four variants are considered by respectively
functionalizing each linker with amino (-NHy3), nitro (-NO3), methoxy (-2,5-
OMes) and naphthyl (-1,4-Naph) groups. For each of the resulting MOFs, the
Henry coefficients for CO2, CH4 and N2 were calculated at room temperature
and from this the selectivity of equimolar mixtures of those guest molecules
was calculated. The influence of the functionalization on these selectivi-
ties is shown in Figure 3.8 for some selected PESs: the generic force field
UFF, the ab initio derived force field MEDFF, and the PBE functional with
D3(BJ) and MBD dispersion corrections. Note that this is a proper example
of a qualitative investigation: firstly because trends among functionalized
versions of the same framework are considered and secondly because only
ratios of Henry coefficients (i.e.selectivities at low pressure) for different
guest molecules are considered. Still there are some differences between the
curves obtained with distinct PESs. For instance, UiO-66-NH5 and UiO-66-
NO3 show a higher CO3/CHy selectivity than UiO-66-2,5-(OMe), and UiO-
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66-1,4-Naph according to PBE+D3(B)), PBE+MBD and MEDFF. The opposite
is observed when using the generic UFF potential, providing an example
where one should be very careful when dealing with force-field results, even
when simply extracting qualitative adsorption properties.
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Figure 3.8: Selectivities of equimolar mixtures at room temperature in func-
tionalized versions of the UiO-66 MOF. Reprinted with permis-
sion from Ref. 206. Copyright (2018) American Chemical Society.

It can be noted that the CO2/CHy selectivities predicted by PBE+D3(BJ)
and PBE+MBD are rather close to each other, but much larger deviations
are observed when Nj is involved. This was further investigated by con-
sidering dimers composed of a guest molecule and a functionalized linker.
For each combination of guest molecule and functionalized linker, 100 con-
figurations were considered and the mean deviations between PBE+MBD
and PBE+D3(BJ) interaction energies are reported in Table 3.2. It is not
very surprising that all mean deviations are positive: as mentioned earlier,
including many-body dispersion generally leads to more repulsive interac-
tions. Perhaps more surprisingly, the largest deviations are observed for
dimers involving Na, despite the fact that absolute interaction energies are
much smaller in this case than for the other guest molecules. This also
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means that PBE+MBD will show a much lower Henry coefficient for No than
PBE+D3(B)), resulting in much higher CO2/Ny and CH,4/N2 selectivities for
the former level of theory. It was attempted to further clarify the observed
differences between MBD and D3(B)) dispersion corrections by investigating
molecular Cg coefficients. Again, the largest differences between both meth-
ods were observed for the case of Ny. Because many other effects (such as
the short-range damping or the different functional expressions) come into
play, it is however not possible to fully explain the differences in adsorption
properties solely based on differences in molecular Cg coefficients.

Table 3.2: Mean deviation between interaction energies computed using
PBE+MBD and PBE+D3(B)): (AUppg+MBD — AUppR+D3(BJ))
in kJmol~! where the average is over 100 dimers. Note that
the differences between the two levels of theory appear to be
systematic for all configurations of a particular dimer, so RMSD
values are very close to the (absolute value of) the reported mean

deviations.
Framework CO, CHy No
UiO-66 +0.85 +0.61 +1.15
UiO-66—-NH5 +0.94 +0.70 +1.20
UiO-66—-NOs +0.88 +0.66 +1.29
Ui0-66-2,5-OMes +0.91 +0.68 +1.44

UiO-66-1,4-Naph +0.98 +0.74 +1.35
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4.1 Conclusions

The challenge of finding a proper representation of the potential energy
surface has been present ever since the early days of molecular modeling.
It requires a careful consideration because of the delicate balance between
accuracy and computational cost. In many instances, there has been a divid-
ing line between two approaches that have radically different starting points.
Ab initio methods simplify the Schrédinger equation to the point where an
approximate solution becomes computationally manageable. Force fields
on the contrary are oblivious to the quantum nature of molecular systems
and try to implicitly incorporate these effects by fitting parameters. In this
dissertation it was attempted to bridge the two approaches, by developing
a new methodology to derive noncovalent force fields rooted in an ab initio
energy decomposition method.

The derivation of a novel AIM method was described in Section 2.1 as a first
fundamental step towards ab initio based noncovalent force fields. The MBIS
partitioning approach provides a concise representation of an ab initio elec-
tron density as a sum of atom-centered Slater-like functions. This way, the
electron density is summarized by a few parameters for each atom in a force-
field like fashion. It was demonstrated that MBIS is robust, i.e. the resulting
parameters are not very sensitive to detailed changes in the electron density,
such as small conformational changes or variations of the basis set. MBIS
densities were also shown to accurately reproduce reference electrostatic
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interactions as well as molecular dispersion coefficients. These properties
make it an ideal starting point for the construction of an ab initio derived
noncovalent force field.

The methodology of this noncovalent force field, named MEDFF, was pre-
sented in Section 2.2. Similar to the SAPT ab initio energy decomposition
scheme, the MEDFF energy consists of four distinct components: electro-
static, exchange-repulsion, dispersion and induction interactions. Each of
these components was validated and calibrated separately by applying SAPT
to a database of molecular dimers. This approach avoided the ill-conditioned
fitting in a high-dimensional parameters space, ensured that the proposed
energy expression could be justified from a physical perspective and con-
tributed to the overall robustness and transferability. The final MEDFF inter-
action parameters were refined in order to better reproduce CCSD(T)/CBS
interaction energies, especially for dispersion-dominated complexes and an
external validation on another database of dimers confirmed the good per-
formance compared to other force fields.

The next part of the validation concerned the reproduction of experimental
properties of small alkanes and alkenes, but of course without adapting the
MEDFF parameters to these specific cases. In the gas phase (second virial
coefficients) encouraging results were obtained. In the condensed phase
however (liquid density and enthalpy of vaporization) the agreement with
experiment was less satisfying. Several reasons for this discrepancy were
explored and it was concluded that effects such as many-body dispersion,
nuclear quantum effects, but also an anharmonic description of the in-
tramolecular interactions all have an appreciable impact on the simulation
results. A correct description of all these effects would tremendously improve
results from ab initio derived force fields, but unfortunately such models are
not always trivial to construct as well as incurring a serious computational
penalty. Still, this study provided more insight into the apparent success
of some generic force fields, which include the previously mentioned effects
implicitly in their parameters by fitting directly to experimental data.

After the development and validation of MEDFF, the methodology was used
to derive force fields describing the interactions between MOFs and small
guest molecules. In Section 3.1, the performance of several force fields, in-
cluding MEDFF, was compared concerning the adsorption of CHy4 in Zr-based
MOFs such as UiO-66. Important quantitative differences in the predicted
uptake were established, whereas all tested force fields shared a lot of (but
not all) qualitative features such as the ranking of frameworks by their high-
pressure uptake. It was also found that ab initio derived force fields predict
adsorption energies in better correspondence with dispersion-corrected DFT
values, but this does not necessarily lead to a better agreement with exper-
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iment at low pressures. By performing a sensitivity analysis, it was shown
that small changes in the PES can have a dramatic impact on the predicted
uptake which explains why a consistent agreement between experimental
and simulated isotherms for the right reasons is hard to achieve.

A final application of MEDFF explored the role force fields can play in assist-
ing the ab initio calculation of observables, as detailed in Section 3.2. A vari-
ant of importance sampling was introduced which allowed the computation
of Henry coefficients where adsorption energies need to be calculated only
for a fraction of configurations that is necessary for the conventional Widom
insertion approach. This was achieved by introducing a biasing potential
which picks out the relevant adsorption sites. After calculating the ab initio
adsorption energy for these selected sites, the ab initio Henry coefficient
could be determined using appropriate weights. In principle, any PES can
be used as the biasing potential but a faster convergence is reached if the
biasing potential and ab initio PES are as similar as possible. It turns out
that MEDFF is the best choice among the considered force fields, and in this
way MEDFF can also be considered as a tool that supports the fully ab initio
calculation of quantities of interest.

Applying this importance sampling scheme to the calculation of ab initio
Henry coefficients for small gas molecules in MOFs revealed some interesting
results. First, it was shown that small changes in the framework geometry
can have an important impact when COy adsorbs at an open metal site,
raising questions about the often invoked rigid-framework approximation
for this case. Secondly, the influence of dispersion correction schemes and
more specifically many-body dispersion was investigated. It turns out that,
perhaps surprisingly, even for CH4 in UiO-66 the three-body dispersion
terms cannot be neglected when predicting gas uptake. Finally it was also
shown that the generic UFF force field does not always lead to the same
trends as ab initio methods, as evidenced by studying the influence of linker
functionalization on selectivities of COy, CH4 and Ny adsorption.

An important consideration when proposing a new force field, is its practical
usability for other members of the community. A first attention point is
the computational cost of running simulations with this force field. In this
respect, the calculation of the MEDFF energy and derived quantities is of
the same computational complexity as for instance a standard Lennard-
Jones potential with point-charge electrostatics. Admittedly, the pair in-
teractions given by Equations 2.14, 2.20, and 2.25 are considerably more
involved, but this can be alleviated by tabulating them at the start of a
simulation. Tabulating the noncovalent potentials is the standard approach
in for instance the popular DL_POLY?"™ molecular dynamics simulation
package and is supported by many force-field codes. Next to computational



90 Conclusions

efficiency, this approach also ensures that MEDFF can be used in many
other codes without requiring additional programming. A user can simply
employ Yaff, the in-house code developed at the CMM, in which the reference
MEDFF implementation is available, to generate tables and use his or her
preferred software package for further simulations. A second aspect is the
amount of work required to obtain MEDFF parameters for the system of
interest. In principle, only the electron density of the monomers and the
MBIS partitioning of this density is required. Again, this is comparable
to what is required for many force fields in the literature, where atomic
charges need to be determined from an ab initio calculation. The MBIS
partitioning method is implemented in the publicly available HORTON?"
program, which can process the electron density output of a few popular ab
initio packages, so this should not present a significant obstacle. It should
be noted that in case the interaction parameters (Uexch-reps Uind,ct; and Usg)
as determined in the original MEDFF paper are not deemed adequate for
the system at hand, the fitting process to obtain more appropriate values
is cumbersome and will require a significant computational cost as well as
some “manual” labour. Thirdly, and finally, it is worthwhile to discuss the
coverage of chemical space. While many force fields only provide parameters
for a limited number of systems, the necessary MEDFF input can be obtained
irrespective of which chemical elements are present, as long as an ab initio
density and corresponding MBIS parameters can be computed, which is
likely to be the case except for some “exotic” molecules. Of course, whether
the subsequent MEDFF simulations will actually produce sensible results is
not guaranteed. For the systems to which MEDFF has been applied (alkanes
and gas adsorption in MOFs), mixed results have been obtained, however
always observing acceptable agreement with ab initio interaction energies.
Further investigation is required to find out if similar conclusions hold when
different molecules and crystals are investigated using MEDFF.

A final note about the interplay of MEDFF with other force fields is in order.
In the force-field community, it is not uncommon to mix energy contributions
from different sources. For instance, the van der Waals model of force field
A is combined with the electrostatic model from force field B, which is
superimposed on the covalent model of yet another force field C. Assuming
that each component faithfully describes only the interactions it is supposed
to model and that the different components are additive, this is an acceptable
approach. It has however been shown that for many common force fields,
these conditions are not satisfied.'”’ Even for MEDFF, it was shown that
there is a strong interplay between the energy contributions (Section 2.2.2),
as small modifications of one term needed to be compensated with changes
in other terms. The mixing of certain MEDFF components with other force
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fields, or the mixing of terms from different force fields in general, is therefore
not advocated, except possibly when the MEDFF interaction parameters
would be recalibrated accordingly.

4.2 Future developments

Based on the previous section with conclusions, some considerations with
respect to related future research are presented.

One of the main shortcomings of MEDFF that was already encountered
during the initial stages of its development, were the problems related to the
induction component which prohibited a good description of for instance
hydrogen-bonded complexes. The inclusion of a proper polarization model
is therefore the primary candidate to make MEDFF more widely applicable.
Earlier it was argued that such a model will increase the computational com-
plexity, but recently there have been major advances in algorithms for point
dipole polarizable models (such as implemented in Tinker-HP®). Combined
with the ever increasing availability of computational power, it does not seem
unlikely that many-body induction will become commonplace in new force
fields. As many-body dispersion effects can be included at a similar compu-
tational cost and appear to have an important impact on condensed-phase
simulations, the extension of MEDFF with such terms is also an interesting
pathway. It should however be mentioned that constructing such many-
body models is far from trivial. Some polarization models from the literature
have been tried, but seriously underestimated the absolute value of SAPT
induction energies for the S66 database. The results of this investigation are
detailed in the Supporting Information of Ref. 75.

Next to modifying the MEDFF energy expression, also the determination of
the interaction parameters could be revisited. At the moment, those param-
eters have been assigned “universal” values which are used throughout. It
is however also possible to refine these values specifically for the system
at hand to obtain more accurate interaction energies. While this is not
completely in line with the MEDFF design philosophy, it could be argued
that the reparametrization of only the three interaction parameters requires
much less reference data and much less effort than constructing a complete
new force field from scratch. Taking this point even further, it could also be
interesting to introduce separate interaction parameters for different atoms
within one molecule to test how appropriate the current expression for the
MEDFF energy is.

Some of the proposed modifications and extensions of the MEDFF method-
ology have been investigated by Bereau et al.??* They recently proposed
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the Intermolecular Potential with Machine Learning (IPML), which uses
MEDFF as a starting point, mainly aiming to make the resulting force field
applicable to a wider range of chemical systems but also to obtain an even
better correspondence with reference interaction energies. A first crucial
difference is that the atomic parameters are determined using a machine
learning model trained on partitioned ab initio densities. This means that the
monomer electron density is no longer required to obtain atomic MEDFF pa-
rameters, as these can now be computed using the machine learning model.
An important extension is the inclusion of additional energy terms: point
multipole electrostatics, the Thole model of smeared inducible dipoles®® 7
and the many-body dispersion energy formalism by Tkatchenko et al.’® 22
Finally, the parameter of the repulsion model now depends on the interacting
atoms. This brings the total number of interaction parameters in IPML to
444N with N the number of different atom types that are considered. IPML
achieves low errors on gas-phase dimers of diverse data sets, also including
hydrogen-bonded complexes. Additionally, denser systems such as water
clusters and the benzene crystal are considered. For the latter case, predicted
cohesive energies are not far off experiment, but the potential is still slightly
overstabilizing.

MEDFF was successfully applied to the simulation of gas adsorption in
MOFs, showing better correspondence to ab initio adsorption energies than
force fields from the literature. Because this was the case for a variety
of frameworks (including MOFs with CUSs), it seems that MEDFF can be
confidently used in many cases. One of the limitations of those simulations
is however that only rigid frameworks were considered. While for the in-
vestigated MOFs this was a good approximation, the flexible nature of some
frameworks is of paramount importance for their adsorption properties.??
One of the future challenges is therefore the construction of covalent force
fields (preferably using the in-house QuickFF approach) in conjunction with
MEDFF. Combined MEDFF/QuickFF force fields would include both covalent
and noncovalent interactions derived using nothing but ab initio input, which
would open up possibilities for many areas of molecular modeling.

One such area is the study of NQEs. When force fields are fitted to exper-
imental data, NQEs will be implicitly included in the parameters. If NQEs
are then also included explicitly in simulation, double counting will occur.
Therefore simulations explicitly including these effects should be done with
force fields without empirical input (or with a direct ab initio evaluation of the
PES). As shown in the simulations of liquid methane with NQEs, anharmonic
effects in the covalent force field turn out to have an appreciable influence.
A further investigation on how to correctly parameterize these anharmonic
effects is therefore required.



Conclusions and Outlook 93

4.3 Perspective

This final section contains a personal reflection on the possible impact of my
doctoral dissertation on future work related to the development of noncovalent
force fields, but also considering molecular modeling in general. | will state some
of my impressions formed by reading many papers, attending conferences, dis-
cussions with other scientists, or in short dealing with the topic of my Ph.D. day
in day out for a few years. | hope it serves as an appropriate conclusion of
this work and provides some insights that are more valuable than just numbers
rolling out of a computer.

The point of departure for this outlook is the concept of a “Pauling point”,
attributed to one of the founders of quantum chemistry and overall brilliant
scientist Linus Pauling. There are at least two distinct interpretations of the
Pauling point concept. The first one is the notion that a problem should
be approached using the broadest possible picture that does not distort any
crucial aspects. In other words, one should avoid looking so closely at a
problem that irrelevant details increase the complexity to a point where the
crucial features become blurred. This vision of course comes close to Occam’s
razor. A second interpretation, which | find more appealing, shows the
other side of the coin and is explained by quoting Per-Olov Léwdin, another
important name in the history of quantum chemistry:?23

[...]a characteristic feature of quantum chemistry is that even
a fairly simple theory could sometimes give excellent agreement
with experimental experience, but that this agreement may dis-
appear whenever one tries to improve the theory. The point of
excellent agreement was coined the “Pauling point” in honor of
one of the great pioneers in our field[...]

There are many examples of Pauling points in the field of molecular modeling,
some clearly visible but many covered by the accumulation of approximations
and assumptions present in the comparison between experiment and theory.
An illustrative example is found in coupled-cluster theory, which introduces
a particular perturbation expansion to solve the many-electron Schrodinger
equation. Different variants such as CCSD, CCSDT, ... are distinguished
by which excitations from the reference orbitals are allowed (S-for single
excitations, D-for double excitations, T-for triple excitations, ...). A partic-
ular feature is that CCSD(T) and CCSD[T], variants which only provide an
approximation for contributions from triple excitations, are actually more
accurate than the correct treatment of those triple excitations.??* CCSD(T)
or CCSD[T] can thus be considered Pauling points, as a better theoretical
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description given by CCSDT actually produces worse results. The origin
of this surprising behavior is a cancellation of errors arising from approxi-
mate treatment of triple excitations and neglect of higher excitations in the
CCSD(T) and CCSDJ[T] method. As alluded to a few times in this dissertation,
many results from the literature are based on such a compensation of errors,
often without a general awareness of this behavior.

Lowdin extended the concept of a Pauling point, probably only partly joking,
by introducing the related “Ph.D. point”, illustrated in Figure 4.1, which is
an adaptation from Ref. 225. The Ph.D. point refers to the fact that many
Ph.D. proposals aim at solving a particular, seemingly small inconsistency
in the current methodology. The Ph.D.student then gets his/her teeth into
the topic and quickly discovers that current methods are less robust than
proclaimed. The attempt at an improved approach can offer better insights,
but unfortunately can also lead to worse agreement with experiment, which

unfortunately is rather hard to sell in the scientific community.

Agreement A
between Theory Perfect agreement
and Experiment

Pauling Ph.D. Refinement of
Point Point the Theory

Figure 4.1: Graphical representation of a Pauling point, which shows that
a more detailed theoretical model does not necessarily lead to
a better agreement with experiment. Figure adapted from Ref.
225. Copyright (2009) John Wiley & Sons, Inc.

It is my conviction that the construction of MEDFF and the accompanying
comparison with the liquid density of methane is a perfect example of the
Ph.D. point, with a generic force field such as OPLS playing the role of the
Pauling point, as illustrated in Figure 4.2. MEDFF obviously provides a more
complex description of the interactions between methane molecules than
OPLS, yet the agreement with experiments in the condensed phase is worse
for the former. It was however shown that by additionally including effects
such as many-body dispersion, nuclear quantum effects and anharmonic
intramolecular interactions into MEDFF, results that are closer to experiment
are obtained. In OPLS on the contrary, taking these effects into account
worsens the results because they are already included implicitly when fitting
the OPLS parameters.
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Figure 4.2: Pictorial representation of the liquid density of methane as pre-
dicted by various methodologies discussed in this work (not to
scale). The lines between the data points are merely present to
guide the eye.

A question that force-field end users like to see answered by force-field
developers is: which force field provides the most accurate results for my
simulations? By now it should be obvious that a clear-cut answer is not
possible. It should be easy to see that MEDFF is not “the force field to end all
other force fields”, in the sense that it would surpass existing methods in all
aspects. Even tough the following phrase is an example of bad self-marketing,
| must say that it seems very unlikely to me that MEDFF will become the de
facto standard concerning the choice of PES. The reason being that its agree-
ment with experiment is often unsatisfactory and although ways for further
improvement were explored, these will lead to an additional complexity and
computational cost making it unsuitable for practical situations.

Based on these considerations, it seems that generic force fields are the
way to go then. This is supported by the first interpretation of the Pauling
point, advising to use the simplest model that captures the relevant features.
However, because parameters are fitted directly to reproduce experiments,
the predictive power of such force fields is highly questionable and they
possess, at most, some “reproducing power”. It also needs to be stressed that
many details are brushed under the carpet in a non-transparent way. When
moving away from the systems to which parameters were originally fitted,
this will impact simulations without providing any real insight. | think this
is where the added value of ab initio derived force fields such as MEDFF is
mainly situated. They allow scientists to investigate what is happening and
why, as has for example been demonstrated in the Applications chapter of
this work. Even though they will often not match empirically fitted models
when it comes to reproducing experiment, ab initio derived potentials can
help to provide a better understanding of both limitations and success stories
of generic force fields. The future of molecular simulations performed with
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classical potentials thus needs empirical, generic, simple force fields as well
as ab initio derived more complex models: the challenge lies in using the
appropriate model for the task at hand.
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ABSTRACT: Atomic partial charges appear in the Coulomb
term of many force-field models and can be derived from
electronic structure calculations with a myriad of atoms-in-
molecules (AIM) methods. More advanced models have also
been proposed, using the distributed nature of the electron
cloud and atomic multipoles. In this work, an electrostatic
force field is defined through a concise approximation of the
electron density, for which the Coulomb interaction is trivially
evaluated. This approximate “pro-density” is expanded in a

=
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ﬂ( ) given
7210 — P2(x) = 3 45 P (x)
< _ Na
210 pAi( )= =g
‘@
g1 e (=534
107 Ny and oy

optimized with
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0=C=0 axis [A]

minimal basis of atom-centered s-type Slater density functions, whose parameters are optimized by minimizing the Kullback—
Leibler divergence of the pro-density from a reference electron density, e.g,, obtained from an electronic structure calculation.
The proposed method, Minimal Basis Iterative Stockholder (MBIS), is a variant of the Hirshfeld AIM method, but it can also be
used as a density-fitting technique. An iterative algorithm to refine the pro-density is easily implemented with a linear-scaling
computational cost, enabling applications to supramolecular systems. The benefits of the MBIS method are demonstrated with
systematic applications to molecular databases and extended models of condensed phases. A comparison to 14 other AIM
methods shows its effectiveness when modeling electrostatic interactions. MBIS is also suitable for rescaling atomic
polarizabilities in the Tkatchenko—Scheffler scheme for dispersion interactions.

1. INTRODUCTION

The importance of force-field models is evident from recent
hallmarks of atomistic force-field simulations in biology, such as
the full characterization of f2 adrenergic receptor with a
Markov state model' and the Anton 2 computer that can
perform 10 us molecular dynamics simulations per day on a
system containing one million atoms.” In many other domains,
impressive scientific breakthroughs were also realized with
atomistic force-field simulations, such as the virtual screenmg of
87 000 zeolites for the selective adsorption of CO,.*

An efficient and reliable model for electrostatic interactions is
a fundamental component of a force-field model. For example,
molecular recogmtlon in proteins can be driven by electrostatic
interactions.! Several authors studied partial charges derived
from electronic wave functions to model electrostatic
interactions in metal—organic frameworks.”"® Depending on
the framework type, the values of the partial charges can
strongly affect the predicted adsorption isotherms and self-
diffusion coefficients.” Energy decomposition methods have
also shown that electrostatic interactions are one of the main
driving forces in the formation of hydrogen bonds."’

In this work, we propose a new and transparent method to
derive, from an electronic wave function, a robust, compact, and
reliable model for electrostatic interactions that is easily

7 ACS Publications  © 2016 American Chemical Society
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included in a force-field model. The goal is thus an efficient
computation of electrostatic interactions between the molecules
in the frozen density approximation,'’™"? ie., without
accounting for induction or polarization effects. Although it is
important and challenging to account for polarization in force
fields,"*™" the development of polarizable force fields goes
beyond the scope of this paper. We also do not consider so-
called “polarized force fields”, where polarization is described
effectively by computing the charges from an electronic
structure calculation with a polarizable continuum model.'®
The most basic and widespread electrostatic force-field
model consists of interacting atomic point charges placed at the
positions of the nuclei. In older works, e.g., the TraPPE force
field for CO,,"” the partial charges are fitted to experimental
thermodynamic reference data. More recently, e.g, as in the
TraPPE-EH models,"® charges are often derived from
electronic wave functions. Plenty of methods exist to compute
such partial charges but usually, for force-field purposes, they
are fitted to the electrostatic potential around model
compounds of interest,"’ e.g, extensions of the AMBER force
field often use the RESP method for partial charges.”” The
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point-charge model is only a very crude representation of the
molecular charge distribution; it does not account for finer
details such as atomic multipoles®' and the spatial distribution
of the electron cloud. The spatial distribution becomes
important when electron densities of two atoms or molecules
begin to overlap: in that regime, point—multipole models
neglect a relatively large attractive electrostatic force, which is
known as the penetration effect.'>>*~

In principle, atomic multipoles are easily computed with an
atoms-in-molecules (AIM) method. In some works, the
acronym AIM is used exclusively for Quantum Theory of
Atoms in Molecules”” (QTAIM). Here, it is used more
generally, to refer to any method that partitions the molecular
electron density, p(r), into atomic contributions, p,(r), from
which, e.g, atomic multipole moments can be derived. The
spatial distribution of the electron density is sometimes also
modeled with density-fitting techniques, e.g,, as in the Gaussian
Electrostatic Model”**” or related methods.**™* This leads to
very accurate models of the electronic density but the use of
such advanced charge distributions in force-field simulations
poses some difficulties: the conformational dependence of
atomic multipoles can be very complex and it is far from trivial
to include torques acting on higher moments in a force-field
model. Several authors have proposed methods to overcome
these challenges, ef., with rigid molecules® or with machine
learning methods.>* Such advanced techniques are not always
feasible for large-scale simulations. In this work, we propose a
mathematically elegant and compact approximation of the
electron distribution that results in relatively accurate electro-
static interactions in force-field models, without compromising
computational efficiency. Only spherically symmetric models
for atoms are considered and generalizations toward non-
spherical atoms will be studied in future work.

Our new method minimizes the Kullback—Leibler (KL)
divergence of a pro-density, a minimal expansion in atom-
centered s-type Slater functions, from a given molecular
electron density.*>*® This approach is closely related to the
Iterative Stockholder (IS) method,”” where the pro-molecule
density is a sum of spherical non-negative pro-atom densities,
without any restrictions on their radial dependence. As will be
discussed in section 2, the algorithm to optimize our pro-
density parameters is also very similar to IS. Hence, we refer to
our new method as Minimal Basis Iterative Stockholder
(MBIS).

MBIS can be perceived in two different ways. In the first
place, it is a variant of the Hirshfeld method:*® a partitioning of
the molecular electron density inspired by information
theory.” Second, it can also be seen as a density fitting
technique that uses the KL divergence,® instead of the more
common least-squares approach with a Coulombic metric,* to
optimize the model density. This duality also permits many
applications, beyond the scope of modeling electrostatic
interactions. For example, the Hirshfeld method is extensively
used in different dispersion corrections for density functional
theory (DFT) computations."'™* Furthermore, AIM popula-
tions are widely used in conceptual density functional theory to
compute condensed reactivity indicators.™*

Several related AIM methods were proposed in the literature,
each trying to improve certain properties of their predecessors.
The original Hirshfeld method®® has some well-known
weaknesses, such as the relatively low partial charges* and
some deficiencies in its motivation from information theory.*®
These issues were mostly fixed in the Iterative Hirshfeld (HI)

3895

method:*® charges computed with this method reproduce well
the electrostatic potential around a molecule.”’ " Compared
to ESP-fitted charges, HI charges are also relatively robust, with
respect to conformational changes, choice of basis set, etc.*”*
Unfortunately, also the HI method has its deficiencies. For
example, when the method is applied to highly polar oxides, it
requires the spherically averaged density of the nonexisting
oxygen dianion as input’’ When this dianion density is
computed with a localized basis set, HI charges severely
overestimate electrostatic potentials of metal oxides.’"*> The
Iterative Stockholder (IS) analysis was developed independ-
ently from the HI method and it addresses most of the issues
mentioned so far.’"**> However, IS charges are not very robust,
with respect to conformational changes, similar to ESP-fitted
charges.” A recent analysis revealed that the lack of robustness
is strongly related to the ill-defined density tails of the IS pro-
atoms, while the core region of the IS pro-atom is usually well-
defined.” Several authors have presented solutions to over-
come the weaknesses of the HI and IS methods.’**"**™%7 A
general difficulty with these recent efforts is that they all
significantly increase the algorithmic complexity and/or
introduce many tuned parameters that are needed as extra
input for the partitioning. In this work, we will reverse this
trend and propose a method that is mathematically elegant,
straightforward to implement for large systems, and free from
empirical input (like atomic radii) or precomputed pro-atoms.

In the development of the MBIS method, we paid special
attention to its applicability to condensed phases and extended
systems. One of the applications of interest is the automatic
derivation of environment specific force-field parameters for
supramolecular systems™ and porous materials.”*” In such
applications, density partitioning is applied to DFT calculations
of large atomistic models, from which force-field parameters are
derived. Besides the obvious requirement that an accurate
model for electrostatics must be obtained, it is also essential
that the AIM method is computationally feasible for large
systems. In practice, this means that the computational cost
must scale linearly with the system size. This is achieved in
MBIS by using only well-behaved integrals over atomic regions
whose cost is independent of the system size.

The paper is organized as follows. In section 2, the MBIS
method is derived using arguments from information theory,
followed by more practical aspects such as numerical algorithms
and software implementations. Section 3 showcases typical
MBIS results with two brief applications. Section 4 compares
MBIS to 14 other AIM methods, assessing the robustness of
charges and the accuracy of electrostatic potentials and
electrostatic interactions. Some specific advantages of MBIS
over HI are presented in section 5, by testing different variants
of the Tkatchenko—Scheffler dispersion model.** Finally, our
conclusions and an outlook on future work are given in section

6.

2. MINIMAL BASIS ITERATIVE STOCKHOLDER
METHOD

2.1. Information Theory Approach to Hirshfeld
Partitioning. It is instructive to review the information theory
arguments”” that support the Hirshfeld method.** The amount
of information lost when atoms-in-molecules (AIM) densities
are approximated by pro-atoms, can be expressed as the sum of
the KL divergence for every atom:

DOI: 10.1021/acs.jctc.6b00456
J. Chem. Theory Comput. 2016, 12, 3894-3912



Publications in International Peer-Reviewed Journals

105

Journal of Chemical Theory and Computation

STias (6] fp,\<r> In[ 40 ]

(1) (1)

Traditionally, the pro-atom densities (p3) are fixed and the
AIM densities) (p,) are the unknowns to be determined. In the
original Hirshfeld method, spherically averaged isolated neutral
atoms are used as pro-atoms. To obtain AIM densities that are
maximally similar to the pro-atoms, one minimizes the
information loss with the constraint that the AIM densities
must add up to the total density: ZAf]’“‘ palr) = p(r). Hence,

the optimal AIM densities are a stationary point of the
following Lagrangian:
Ly[{p}, 40); 221 z [ h,( ]
Nitoms
+ /ur)[ AR p<r>J dr
A=1 @)
where A(r) is the Lagrange multiplier and p{(r) represents the

fixed pro-atom densities. The Lagrange equations take the
following form:
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After multiplication by p3(r)p3(r) and summing over all atoms
B, one obtains the well-known stockholder partitioning:*
a(r)

O] zg: 7 ) )

which corresponds to the definition originally given by
Hirshfeld*® The name stockholder comes from the ratio
pa(r)/p°(x): at every point in space, it represents the share of
pro-atom A in the total pro-density. It can be interpreted as an
atomic weight function that assigns part of the total electron
density to atom A. In most Hirshfeld variants,***®*"**** the
weight function varies smoothly over the range [0,1]. In
QTAIM,” a similar atomic weight function, derived from the
topology of p(r), is either 1 inside the atomic basin or 0
elsewhere. Because of the minimization of the KL divergence,
the Hirshfeld AIM densities are maximally similar to the pro-
atoms, ensuring some degree of transferability between AIM
densities in different molecules.’

The use of fixed pro-atoms has some important disadvan-
tages. Results obtained with the Hirshfeld partitioning method
are largely dependent on the choice of the fixed pro-atoms,
which is essentially arbitrary."® Furthermore, p3(r) and p,(r)
do not necessarily have the same norm (N} # N,), such that
the KL divergence cannot be used as a proper measure for
information loss.®’ This shortcoming was one of the
motivations to develop the HI method.* In HI, the pro-
atoms are not fully fixed a priori but rather updated iteratively
to achieve consistency between the charge of the pro-atom and
the AIM density.

2.2. Definition of the MBIS Partitioning. In this paper,
we will make use of the information theory concepts reviewed

p(r) with p°(r) =

2 (r)
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in the previous subsection, yet with a different model for the
pro-atomic density:

P =Y pl(x)
i=1 (6)
with
o Ir — Ryl
Pu(0) = N, () = . 8” exP[ T ) o

where the number of Slater functions, m,, is the number of
shells of atom A (i, its row in the periodic table). Both the
population (Ny;) and the width (6,;) of each atomic shell are
free variables. The shape functions (fy(r)) are normalized 1s
Slater-type density functions (/fy(r) dr = 1) and, hence, the
population of a pro-atom is simply N} = Y Ny, Figure la
illustrates the expansion of the density in Slater functions, for
the case of a carbon dioxide molecule.
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Figure 1. (a) An expansion of the molecular electron density of carbon
dioxide (solid gray curve, p) in a minimal number of Is Slater-type
density functions (black dashed curves, p},). The sum of all Slater
functions is the pro-molecular density (solid black curve, p°). (b) A
reduction suitable for force-field models: for every atom A, the nuclear
charge and the core Slater functions are condensed into an effective
core charge (solid vertical line, g, ), while the valence Slater function
(dashed black curve, parameters Ny, and 6,,) is retained.

It is clear that the pro-atom parametrization with s-type
Slater functions is only applicable to (reconstructed) all-
electron densities. Regardless of this requirement, the MBIS
method has many advantages over existing methods, as will be
extensively shown in the remainder of the paper. Future work
will focus on more advanced pro-atom models, e.g, to make
them also suitable for pseudo-densities, while still maintaining a
numerically robust algorithm. In this work, only the most
minimal, yet very effective, parametrization of the pro-atoms is
considered.

All the pro-atom parameters, {N,;} and {5,,;}, and the AIM
densities (p,(r)) will be optimized by minimizing the
information loss. The main difference with the conventional
Hirshfeld method is that a set of pro-atom parameters also is
varied, such that the pro-atom densities become a good
approximation of the AIM densities. These additional degrees
of freedom also allow us to constrain the population of each
pro-atom and corresponding AIM to be equal, avoiding any
ambiguity in the statistical interpretation of eq 1.°' The
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Lagrangian for this problem is an extension of eq 2 with
additional variables and constraints:
] '

Lil{n}, A(x), {Ny}, {oad, {m,}]

+ f l(r)(

+ Z i [626) = ()

f\s / 2 (x) In[

mm

() = ﬂ(f)) dr

(8)

where 1, are new Lagrange multipliers associated with the
consistency of the pro-atom and AIM populations.

Independent variation of the Lagrangian L, with respect to
each variable (p,(r), Ny, or o6,;) leads to a set of Lagrange
equations, which, together with the constraints, determine the
MBIS AIM and pro-atom densities and the Lagrange
multipliers A(r) and {y,}.

We first consider the derivative of L, toward N;:

5L, Ip,(r)
E -/ 50(e) N, ©
_/( NG +/4A]/N(r) dr (10)
=ﬁ‘/28&®“ (11)

When we multiply by Nj; and sum over the shells i of atom A,
we get

p(r)

% (12)
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T 0Ny :

= u,Nj — N, (13)

Because of the constraint N, = N3, we have y, = 1 for each
atom. Next, we take the functional derivative of L, toward p,(r)
and make use of y, = 1:
I
5ﬂA(r)

n p(r)
pu(r)

whose solution is the stockholder partitioning formula in eq 5.
Finally, we consider the derivative of L, toward o,;

+ A(r)
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where we made use of /fm(r) dr=1.

The AIM densities can be eliminated from the Lagrange
equations (eqs 11 and 17) by making use of the expression
pa(r)/pi(xr) = p(r)/p°(r). They can be rewritten in the
following form:
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0
Ppi(r)
N, = ds
= foo () (18)
1 o (r)
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These identities form the basis for the self-consistent algorithm
that will be explained in the next subsection.

2.3. Self-Consistent Algorithm. Figure 2 depicts a
flowchart of the self-consistent algorithm discussed in this
subsection. The individual steps are described in more detail
below.

Initial guess of pro-atom

parameters: N, and gy

Egs. (6) and (7): Computation of
total pro-density, p°, with the
current Ny and oy,

Egs. (18) and (19): update
parameters Ny and oy,
for all shells in all atoms.

No

Eq. (20):
Converged?

Post-processing. E.g. atomic
multipole expansion,
radial moments, ...

Figure 2. Flowchart of the self-consistent algorithm for the refinement
of the MBIS parameters.

In order to determine all of the pro-atom parameters, {N,}
and {0,;}, an initial guess is generated first, which will be
refined later. Because the parameters {o,;} are nonlinear, it is
not guaranteed that L, is convex or has a unique minimum.
Hence, multiple stationary points may exist and a reasonable
initial guess is needed to find the solution of interest. The initial
values of the parameters {N,;} of atom A are set to the number
of electrons in each shell of the corresponding neutral isolated
atom. The initial guess of {6,} is inspired by hydrogenic s-type
orbitals. For the innermost and outermost shell of atom A, we
take ao/(2Z,) and ay/2, respectively, where Z, is the atomic
number. Initial values of 6, for the intermediate shells are fixed
by geometric interpolation:

9o

Ohi = ZZA—[(i—J)/(mA—J)]

Given the initial guess, the parameters are refined iteratively
with a self-consistent update. In a single iteration, eqs 18 and 19
are evaluated, using the “old” parameters in the right-hand side,
yielding the “new” parameters in the left-hand side. These
iterations are repeated until the pro-atom parameters no longer
change significantly. In this work, the iterative algorithm (of
MBIS and other HI flavors) is stopped after the root-mean-
square (rms) deviation between the pro-atom densities of the
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last and the previous iteration drops below a threshold of 107*
au:

max | [ a5}, () = £ s O < 107

Other convergence criteria could be used as well, e.g,, based on
the gradient of the Lagrangian L.

It should also be possible to optimize the pro-atom
parameters with a quasi-Newton optimizer. However, robust
quasi-Newton optimizers that can handle various types of
equality and inequality constraints (to fix the total population
and to keep all parameters positive) are nontrivial The
algorithm sketched above satisfies all constraints at every
iteration, is much easier to implement, and converges smoothly,
even with very tight convergence settings. The Levenberg—
Marquardt algorithm is not applicable, because it is specifically
designed for least-squares objective functions, while MBIS uses
the KL divergence as the objective function.

The integrals in eqs 18 and 19 must be evaluated
numerically. Because each integrand is well-localized on one
atom, it is possible to implement the self-consistent update with
a cost that scales linearly with the number of atoms.

2.4. Relevant Pro-Atom Parameters for Modeling
Electrostatic Interactions with Force Fields. After the
optimization of pro-atom parameters, one may reduce the pro-
density to a simpler picture, which is suitable for force-field
models. The nuclear charge and the Slater functions associated
with core electrons can be condensed into a single effective core
charge, gy This is illustrated in Figure 1b. The remaining
valence Slater function is characterized by two parameters: its
valence population, denoted as Ny, and its valence width, which
is denoted as 6,,. The net atomic charge (g = g — Ny,) can
be used to approximate long-range electrostatic interactions.
The two remaining degrees of freedom can be used to model
the penetration effect'>*>™>° (ie., the deviation of the
electrostatic interactions from the simple point-charge model
when the electronic densities begin to overlap). It can be
computed efficiently with analytic expressions for the Coulomb
interaction between Slater densities.”***

2.5. MBIS Implementation. In the remainder of this work,
MBIS will be tested extensively with applications to theoretical
electron densities of molecules and condensed phases. In these
applications, the all-electron density is first computed on an
integration grid suitable for the numerical evaluation of eqs 18
and 19. The implementation of these numerical integrals differs
significantly between isolated molecules and periodic systems.

For isolated molecules, all-electron densities are computed
with Gaussian09,” using density functional theory (DFT).
Different functionals and Gaussian basis sets were used, as will
be explained in the following sections. The MBIS partitioning
of isolated molecule densities is carried out with HORTON
2.0.0,%> which uses a standard atom-centered Becke—Lebedev
integration grid.64 This implementation can be combined with
any level of theory in Gaussian09 that produces an all-electron
one-particle reduced density matrix (IRDM) with the “density
= current” option. Because Gaussian09 does not write out the
1RDM when relativistic corrections are used, our tests on
isolated molecules are limited to molecules that contain no
elements heavier than krypton.

Electron densities of periodic models are computed with the
Projector Augmented Wave (PAW) method,” as implemented
in GPAW-0.11.0.°°7% Integrals involving the all-electron
density of periodic systems are carried out as follows. In the

(20)
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PAW formalism, the total electron density is separated in a
smoothly varying part, denoted as p(r), and a correction for
every atom A in the so-called augmentation sphere.” In
GPAW, the smooth density is represented on an equidistant
real-space grid and the corrections are evaluated on atom-
centered grids in spherical coordinates. This combination of
integration grids makes it possible to perform very accurate
integrations involving (reconstructed) all-electron densities of
periodic systems. Our second MBIS implementation can handle
any type of integration grid; therefore, we used the same grid
structure as in GPAW for periodic calculations. The advanced
numerical techniques in this implementation, such as linear-
scaling computational cost® and convergence acceleration, will
be discussed in future work.

2.6. Relation to Other Partitioning Methods. The MBIS
pro-atom model has been used previously, but not yet in the
context of Hirshfeld partitioning. For example, a similar pro-
atom model (with fixed parameters) was also used in an ESP
fitting scheme.”” A similar density model is also used in the
Stewart—Slater method.” Although our pro-atom model is
obviously inspired by Slater’s work on atomic shielding
constants,”” the typical polynomial prefactors are omitted.
This omission is inspired by the piecewise exponential ansatz
from statistical models for atomic densities.”*””* The reduced
model for force-field applications in subsection 2.4 has also
been previously used in the development of force-field
models 31376

Our approach is comparable to the IS method.*® In IS,
spherical pro-atoms are defined by generic radial functions
without further restrictions in terms of density basis functions;
in practice, they are represented by function values on a radial
grid. A self-consistent update, in the same spirit as eqs 18 and
19, guarantees that the optimal IS atoms minimize the KL
divergence over all possible spherically symmetric pro-
atoms.”>”” Even though this is a convex problem, a well-
documented weakness of IS is that the density tails of the pro-
atoms are ill-defined, which leads to numerical instabilities and
poorly defined atomic charges.*”**”” In MBIS, this is resolved
by modeling the density tail of each atom with only a single
Slater function, which is comparable to the BS-ISA+DF
method.*® The MBIS self-consistent update algorithm is also
very similar to the HI algorithm.*® The main difference with HI
is that MBIS makes use of an analytic ansatz for each pro-atom
with several parameters per atom (i.e., the populations and
widths of all shells in each atom), while HI varies just one
population parameter per atom and makes use of precomputed
isolated atom densities. Furthermore, HI cannot be derived by
replacing in Lagrangian L1 the MBIS pro-atom by its HI
counterpart.*®

It is also important to realize that density fitting is
closely related to MBIS. This connection becomes clear by
considering the following Lagrangian:

L,[{Ny}, {au}, #]

= /p(r) ln( plr)

P°(r) (1)

The self-consistent update eqs 18 and 19 can also be derived
from L,. This shows that the optimal MBIS pro-atom
parameters can also be found by minimizing the KL divergence
of the pro-molecule density, p°(r), from a given molecular
density, p(r). This interpretation is similar to density fitting in
force-field development,”* except for the following two

78—80

]dr +u 50 = (o) de
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Table 1. Comparison of HI and MBIS Charges for a Selection of Molecules and Solids (See Text)”

Charge, q [e]

molecule or oxidation iterative Hirshfeld (HI) ~ minimal basis iterative stockholder core charge, valence charge, valence width,

solid atom,,.  number, ON method (MBIS) method qa, [€] qay [e] oy, [A]
MIL-53(Al) Hy, 0 0.132 0.155 1.0 —0.845 0.198
H,0, H 1 0.387 0.414 1.0 —0.586 0.186
H,0 H 1 0.436 0.443 1.0 —0.557 0.187
MIL-S3(Al) Hy, 1 0.565 0.519 1.0 —0.481 0.175
LiO, Li 1 0.912 0.825 1.076 —0.251 0.387
MIL-53(Al) Cpe 0 —0.132 —0.148 4.359 —4.507 0.266
MIL-53(Al) Con 0 —0.087 —0.110 4354 —4.463 0.266
CO C 3 0.144 0.108 4.327 —4.218 0.270
MIL-53(A)  C,, 4 0910 0.849 4340 —3.491 0.246
Co, C 4 0.847 0.863 4.340 —3.477 0.243
MgO o -2 —=2.220 —1.934 6.243 -8.177 0.247
chabazite Oy -2 —1.497 —1.261 6.335 —7.596 0222
chabazite O, -2 —1.480 —1.250 6.337 —7.588 0.222
MIL-53(Al) Opy -2 —1.952 -1.220 6.329 —7.548 0223
chabazite o, -2 —1.431 -1219 6.344 —7.563 0.220
quartz (o) -2 —1473 -1213 6.343 —7.555 0.221
o~ o -1 -1.0 -1.0 6.194 —7.194 0.246
H,0 o -2 —0.872 —0.885 6.333 =7219 0.220
MIL-53(Al) O, -2 —0.781 —0.748 6.354 —7.103 0214
CO, o -2 —0.424 —0.431 6.380 —6.811 0.208
H,0, o -1 —0.387 —0.414 6.351 —6.765 0212
LiO, o -1/2 —0.456 —0.412 6.330 —6.743 0215
(e O, 0 —0.194 —0.177 6.364 —6.541 0.207
cOo o -3 —0.144 —0.108 6.398 —6.506 0.201
o o 0 0.0 0.0 6.348 —6.348 0.207
0, o 0 0.0 0.0 6.371 —6.371 0.203
OF, o 2 0.156 0.121 6.367 —6.247 0.203
04 O, 0 0.389 0.354 6.386 —6.032 0.197
o* o 1 1.0 1.0 6.431 —5.431 0.182
OF, F -1 —0.078 —0.060 7.381 —7.441 0.182
MgO Mg 2 2.220 1.934 10.551 —-8.617 0.117
MIL-53(Al) Al 3 2.780 2.111 3218 —1.104 0.352
quartz. Si 4 2.946 2.425 4.425 —2.000 0314
chabazite Si 4 2.944 2.490 4.395 —1.905 0.316

“Results are grouped per element and sorted by the MBIS charge within each group. For the MBIS method, also the quantities from subsection 2.4

also are reported.

points. First, the MBIS pro-density is expanded in Slater
functions while density-fitting techniques usually rely on
contracted Gaussian functions, also with higher multipoles.*’
Second, MBIS uses the KL divergence as a cost function to fit
the pro-atom parameters, while conventional density-fitting
makes use of a least-squares cost, often with a Coulomb metric.
The least-squares cost function was also used in other related
works, e.g, the least-squares analogue of IS is known as Stewart
atoms®" and the least-squares analogue of MBIS is very similar
to Stewart—Slater atoms.”' Hybrid approaches, combining
least-squares and KL-divergence cost functions, were also
proposed, such as Hirshfeld-E,*' Gaussian ISA,** and BS-ISA
+DE.* In the development of the MBIS method, a least-
squares cost function was avoided, because it was recently
found to lead to nonlocal AIM densities.* Finally, note that the

pro-atom parameters are sufficient to construct monopolar
electrostatic force fields. Therefore, we expect that the direct
optimization of the pro-atoms with a Lagrangian similar to eq
21, i.e., without constructing AIM densities, can be an attractive
alternative to conventional AIM methods.

3. EXAMPLE MBIS APPLICATIONS

This section provides two illustrative applications of the MBIS
method. Their main purpose is to show the applicability of
MBIS in very different scenarios and to provide the reader with
some typical results. The first example discusses the robustness
of MBIS and its compatibility with chemical intuition, when
applied to rather extreme variations of the oxidation states of
oxygen. The second example shows that MBIS is also
sufficiently robust when studying subtle variations of the
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Figure 3. MBIS results for different phases of water (isolated water molecule, water clusters, ice-1h, and liquid water) derived from all-electron
densities computed at the BLYP level of theory: (a) the norm of the molecular dipole moment of each water molecule, (b) the net charge of each
water molecule, (c) the oxygen charge of each water molecule, (d) the norm of each atomic dipole moment, (e) the valence width of each atom
(64, see subsection 2.4), and (f) the atomic core charge of each oxygen atom (g, ; see subsection 2.4).

electron density of water between the gas, liquid, and solid
phases.

The examples below only illustrate the usefulness of the
MBIS method. A more systematic assessment can be found in
section 4.

3.1. Oxygen in Different Oxidation States. In previous
studies, Hirshfeld-I (HI) partitioning was criticized for its poor
applicability to oxides.”"*>>* During the iterative convergence
of the charges, HI requires reference densities for the oxygen
dianion (or sometimes even trianion) in vacuum, which does
not exist.”> When the oxygen dianion is computed with a finite
basis, one obtains a very diffuse density that is not
representative for the oxygen atom in a molecule or crystal.
This mismatch results in very large absolute values for the
atomic charges in oxides, overestimating the polaritzr of oxide
clusters or the electrostatic potential in solid oxides.”>*> Many
modifications of HI were proposed to surmount this
limitation,”">> 75278 often using different (somewhat arbi-
trary) techniques for the computation of unstable anions. The
MBIS method does not need (unstable) ion densities as input
and one would therefore expect that it does not suffer from the
same overpolarization issues as HI

Table 1 compares MBIS and HI results for the oxygen
element, in a series of systems where the oxidation state of
oxygen varies from —2 to +3: MgO, chabazite, MIL-S3(Al),
quartz, H,0, CO,, H,0,, LiO,, O;, CO, O,, and OF,. Results
for other elements in these systems also are given, for the sake
of completeness. In addition, the isolated oxygen cation, atom,
and anion are included because these have different valence
electron densities that result in different parameters for the
outer shell in the MBIS pro-density. Atom types, which are
used to differentiate all nonequivalent atoms, are defined in
section S1 in the Supporting Information. All electron densities
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are computed at the PBE level of theory. For isolated
molecules, Gaussian09°> was used with the 6-311+G(2dfp)
basis and charges were computed with HORTON.® Electron
densities of crystal unit cells were computed with GPAW,*~°
using a grid spacing of 0.1 A and charges were derived from the
periodic densities with a second implementation of MBIS. (See
subsection 2.5.)

The main trend in Table 1 is the strong correlation between
HI and MBIS charges. For systems where HI was found to be
useful for force-field development, MBIS gives very comparable
results. However, when oxygen has an oxidation state of —2 and
has (semi-ionic) bonds to cations with a high oxidation
number, MBIS charges for oxygen are less negative, making
them more suitable for force-field development.

A reasonable correlation between atomic charges and
oxidation numbers is found. Such correlations are not expected
to be perfect, because the oxidation number is based on simple
counting rules that do not account for the (partial) covalent
character of chemical bonds. It may be surprising that the core
charge, g, is systematically larger than the integer value one
would get by combining the nuclear charge and an integer
number of core electrons. Because the valence Slater function
does not decay toward the nucleus, it also contributes to the
core region, which is compensated by a slightly more positive
core charge. All the variations in the net charge are reflected in
the valence charge (ga,). The valence width (o,,) linearly
correlates with the net charge: within each group of a given
element, more negative atoms tend to have a slightly larger
valence width.

3.2. Application of MBIS to the Three Phases of
Water. The MBIS method will first be illustrated with an
application to an isolated water molecule, 38 clusters of water
molecules, a model for the hexagonal phase of ice, and 10
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snapshots of a liquid water MD simulation. The electron
densities of the isolated systems were computed with
Gaussian09°” at the BLYP/6-311+G(2dfp) level of theory.*>™
The 38 clusters, ranging from 2 to 10 water molecules in size,
were taken from the work of Temelso et al.*” We used the 3 X
3 X 2 model for the ice-1h phase of water from the work of
Hayward and Reimers.”® This model contains 96 water
molecules and is tuned for computational applications: the
water molecules have realistic randomized orientations, yet the
net dipole moment of the unit cell is constrained to zero. The
geometry of the ice-1h model is refined with CP2K-2.6.0%"~"
at the BLYP-D3 level of theory,”**>**** using the MOLOPT-
DZVP-SR-GTH® basis set and GTH pseudo-potentials.”*”’
CP2K was also used to generate periodic structures of liquid
water (32 molecules per unit cell). These geometries were
sampled every 10 ps from a 100 ps NVT*® molecular dynamics
run at 300 K and at the experimental density, using the same
level of theory. The electron densities of all periodic structures
(ice and liquid water snapshots) were computed with
GPAW®*™®8 using the BLYP functional and a grid spacing of
0.1 A, as explained above. (CP2K was not used for this purpose,
because it cannot print out a reconstructed all-electron density
on suitable integration grids.)

Figure 3 displays the key MBIS results for the water systems
in this section. The partitioning of the density into atomic
contributions, p,(r), is first used to construct electron densities
of separate water molecules from which multipoles can be
derived (relative to the molecular center of mass). The most
obvious result is the increase of the molecular dipole moment
as water forms hydrogen bonds with surrounding molecules
(Figure 3a). Similar trends are usually found in simulations of
water with polarizable force fields.””™'*> This increase is seen
throughout all water clusters and the solid ice-1h phase. Liquid
water exhibits relatively large random fluctuations in the
molecular dipole moment, due to variations in the water
geometry and its local environment. Another clear trend is that
water molecules have a tendency to exchange a small fraction of
an electron with their surrounding, leading to nonzero
molecular charges (Figure 3b).

Atomic charges and dipole moments are directly derived
from the AIM densities, p,(r). The increased polarization of
water in larger clusters (Figure 3c) is due to the decrease of the
(negative) oxygen charge, while the norm of the oxygen dipole
moment follows the opposite trend (Figure 3d), slightly
reducing the overall polarization. Hydrogen atoms have a small
and constant dipole moment, showing that they are only weakly
polarizable.

Because the MBIS pro-molecular density is a sum of
spherical atoms, it was to be expected that AIM dipole
fluctuations play a minor role, compared to atomic and
molecular charge fluctuations. In general, the partitioning of the
total polarization into contributions from atomic charges and/
or dipoles is inherently ambiguous and can be strongly
dependent on the AIM method. However, Mei et al. observed,
for a large set of molecules and for all AIM methods tested in
their work, that the overall polarization always involves a
significant amount of charge fluctuations.'”*

MBIS pro-atom parameters reveal additional trends that are
not easily observed with other methods. The valence width, 6,
as introduced in subsection 2.4, is also sensitive to the
molecular environment, which is most notable for the hydrogen
atoms, while oxygen has a more constant valence width (Figure
3e). Polarizable force fields usually consider fluctuating atomic
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charges and/or dipoles, but fluctuations in the width of the
atomic electron distribution are rarely included. Our results
indicate that these may also be relevant to model electronic
polarization.

Finally, Figure 3f shows the atomic core charge (g, ), defined
in subsection 2.4. This quantity varies relatively little, which is
consistent with the expectation that the properties of core
electrons should be transferable. There is a small but notable
difference between the core charge for Gaussian09 (1—-10
H,0) and GPAW (ice-1h, liquid) calculations. GPAW
calculations on the isolated clusters confirm that this is due
to the different treatment of the core electrons in both
programs (results not shown).

Generally, the MBIS results for different phases of water
show that the method is robust enough to uncover several
subtle trends in the electronic polarization, which is very helpful
for the interpretation of these trends and the construction of

polarizable force fields.

4. SYSTEMATIC COMPARISON TO OTHER AIM
METHODS

In this section, the MBIS method is compared to a series of
other AIM methods, using several molecular datasets. This
assessment focuses on properties that are relevant for modeling
electrostatic interactions in force fields: the quality of the
electrostatic potential (ESP), the accuracy of electrostatic
interactions, and the robustness of the charges.

4.1. Molecular Datasets. Several datasets of molecular
dimers and isolated molecules are considered in this section:
five were taken from the literature and two new datasets are
introduced below. All molecular electron densities were
computed at the B3LYP/6-311+G(2df,p) level of theory with
Gaussian09.”

Three sets of molecular dimers were taken from the work of
Hobza et al, namely, S66 (diverse noncovalent interactions
between neutral organic molecules),'** THB15 (ionic hydrogen
bonds),'” and X40 (halogen bonds).'*® From the X40 set,
dimers containing iodine were omitted, because proper all-
electron densities for such heavy elements can only be
computed with relativistic corrections. (See subsection 2.5.)
Also, a new set of molecular dimers is introduced, i.e., ZG237,
which consisted of a set of 237 dimers of silica clusters and
typical guest/template molecules for porous media. Neutral and
anionic silica clusters are present in ZG237 and the guest
molecules include noble gases, as well as neutral and cationic
organic molecules. (More details are provided in section S2 in
the Supporting Information.) The goal of this assessment with
molecular dimers is to test how well atomic charges obtained
with different AIM methods can reproduce the electrostatic
interaction.

Three datasets of larger isolated molecules are also used in
the tests below, two of which were taken from earlier work:
PENTA103 (103 random penta-alanine conformers)*’ and
SILICA24S (topologically different hydrogen-terminated silica
clusters containing up to 8 Si .e\mms).Sl One new set,
MILS3(M)10, was created based on our experience with the
development of a flexible force field for the metal—organic
framework MIL-53(AL).° This set contains 10 organometallic
clusters with the same structure (see Figure 4), but with
different metals in a trivalent (+3) oxidation state: Al, Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, and Ga. The spin multiplicity of each
cluster was fixed by coupling the spins of the transition metals
to obtain a maximal (S.) value. The u-OH group is located at
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Figure 4. Depiction of a metal-oxide cluster, where M is a metal atom
in a trivalent (+3) oxidation state (Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni,
and Ga).

the center and the cluster is carefully terminated by four
malondialdehyde anions and one formic acid anion. This
neutral configuration is stable for many first-row transition
metals (excluding Cu and Zn), and it resembles well the metal-
oxide structure found in the MIL-53 framework.'”’”

4.2. Selection of AIM Methods. Three categories of AIM
methods are used for comparison: ESP-fitted charges, density
partitioning methods (Hirshfeld variants and QTAIM), and
Hilbert-space partitioning methods.

Atomic charges fitted to the electrostatic potential (ESP) are
among the most ubiquitous for the development of force-field
models. We selected four such variants: Merz—Singh—Kollman
(MSK),'® CHELPG,'” Restrained ESP (RESP),* and Hu-
Lu-Yang (HLY).”” MSK, CHELPG, and HLY differ in the way
the volume around the molecule is sampled in the fitting
procedure, but they all make use of a standard least-squares
procedure. The RESP method extends the MSK cost function
with hyperbolic restraints to penalize large absolute atomic
charges.

A large selection of Hirshfeld variants is used in our
comparison, starting with the original Hirshfeld method (H).**

CMS is a popular empirical correction to the Hirshfeld method
to better reproduce experimental dipole moments of small
molecules.''’ Another popular related method is Hirshfeld-I
(HI).* While the Hirshfeld method simply uses spherically
averaged neutral atoms as pro-atoms, HI iteratively updates the
pro-atoms to enforce consistency between the AIM charges and
the charges of the pro-atoms. Charged pro-atoms are
constructed by a linear interpolation between spherically
averaged densities of isolated neutral atoms and ions. A
particular improvement of HI over Hirshfeld is that HI charges
make a good estimate of the electrostatic potential of organic
molecules.*” This is no longer the case for metal oxides, e.g, the
ESP in the pores of zeolites, which inspired several groups to
further improve the method, leading to variants such as
Hirshfeld-E>' (HE) and DDEC4.>® The IS analysis is another
variant of the Hirshfeld method, proposed independently of HI
but with many similarities.”” IS also iteratively updates its pro-
atoms but just uses the spherical averages of the AIM densities
from the previous iteration as the new pro-atoms. Besides all
the Hirshfeld variants mentioned so far (H, CMS, HI, HE,
DDECH4, and IS), one more density-based method, QTAIM,”’
is also included in the comparison.

The third group of methods are Hilbert-space methods,
which partition the density matrix instead of the density.
Mulliken (M) is the oldest AIM method''" and two popular
improvements of this scheme are also widely used: Lowdin
(L)""* and Natural (N) charges113 These three Hilbert-space
methods assume that each orbital basis function is centered on
one of the atoms, which is always the case when using standard
Gaussian basis sets. However, in several popular periodic DET
codes, e.g,, VASP, CPMD, and GPAW, such information is not
available, because they use delocalized basis sets.

Results for methods MSK, CHELPG, CMS, M, L and N
were obtained with Gaussian09.°> The MSK or CHELPG
methods make use of van der Waals radii but do not define
them for all elements, in which case UFF radii were used
instead. Gaussian-formatted checkpoint files were used to post-
process the densities with HORTON-2.0.0° to compute the
HLY, H, HI, HE, IS, and MBIS charges. The RESP program
from the Antechamber program”4 was used to compute the
RESP charges. DDEC4 charges were computed with
Chargemol-09.15.2014," *and QTAIM charges were computed
with AIMAII-11.06.19."'® Practically all MBIS results below are

Method  PENTALG MIL53(M)10 SILICA X40HMONO ~ ORGANIC
w MSK 43 3.7 62m= 95= 54
£ RESP 33 1 - 13 - 1 - 87 =
;cuﬂpe 52= 62m 51m 10 = 65m=
9wy 42 37. 45. 9.4 53=

H 16 = 17 = 86m= 17 = (T —
2 M5 15 == 13 - 20— 12 - 10 =
3 < H 73= 88m 23— 14— 78=
3;: < DDEC4 73m= 59m 12 - 12 = 72m=
2 & HE 9.9 = 14— 13— 13 10 =
g £ IS 7.9= 53m 9.0m 13 = 6.8 =
MBIS  83= 7.3m 13 - 12 - 7.3=

QrAM 49 101 39 37— 2] —

) 28— 36— 10 = T J— 13 =

F:;Iati;g;mcge 42— 36 m— 17 — 38— 22—
22— o 3 — 22— 13 =

Figure 5. RMSEgg, (in kJ mol™") computed for all AIM methods in this work, averaged over groups of isolated molecules. (See text for definition of

groups.)
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(b) Methylsilanetriol
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Figure 6. ESP maps plotted on the p = 0.002 a.u. isosurface of (a) methylacetamide and (b) methylsilanetriol. In the left column for each molecule,
the DFT ESP and the ESP due to selected point-charge methods (HI, MBIS, and RESP) and the core charge + valence shell (MBIS) are shown. For
each approximate ESP, the deviation from the DFT reference is shown in the right column, for each molecule.

obtained from the pro-atom parameters discussed in section
2.4. MBIS AIM densities, as such, are not used unless noted
otherwise.

4.3. Quality of the Electrostatic Potential (ESP). In the
context of force-field development, it is assumed that whenever
atomic charges accurately reproduce the electrostatic potential
(ESP) around a molecule, they also make good predictions of
the electrostatic interactions.”” Hence, one of the desirable
properties of atomic charges is their ability to reproduce the
ESP as well as possible, which is the topic of this subsection. A
direct assessment of the quality of electrostatic interactions is
discussed in subsection 4.4.

‘We have tested the quality of the ESP for all sets of isolated
molecules discussed in section 4.1 and also for the monomers
present in all dimer datasets. The HLY ESP cost function is
used to measure the quality of the ESP and the results would
not change much if we had used an MSK or CHELPG cost
function instead. The HLY cost functxons is an integration over
a volume surrounding the molecule,”” which we converted to
an RMSE value as follows:

2
) dr

(22)

where wyy y(r) is the weight function designed by Hu, Lu, and
Yang: it becomes 1 in the region surrounding a molecule and
goes smoothly to zero inside the molecule and at larger

/WHLy(f)(VDFT(") - ZA 4,,gnqA

Ie— R,

RMSEggp =
= / wypy(r) dr
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Vppr(r) is the reference ESP from the DFT
calculation and g, are the atomic charges. The smoothness of
the weight function guarantees that the ESP cost is not sensitive
to the exact position of the grid points, which is a clear
advantage over other ESP fitting methods. RMSEggp, which we
computed for every molecule and every AIM method, is a
measure for the error on the frozen-density interaction
of a unit charge with the molecule when it is
placed near its van der Waals surface.

Figure S compares, for every AIM method, the average of
RMSEggp within five groups of isolated molecules: PENTA103
and MILS3(M)10 are those discussed in section 4.1. SILICA
contains all those of the SILICA24S set plus all silica clusters
from the ZG237 set. X40HMONO contains all halogenide
molecules present in the X40 set of dimers. Finally, ORGANIC
contains all other monomers from the dimer sets $66, IHB1S,
X40, and ZG237. (The noble-gas atoms from ZG237 are not
included.)

Obviously, the ESP-fitted charges (MSK, RESP, CHELPG,
and HLY) perform well in this test, because they are optimized
to reproduce the ESP surrounding each molecule. RESP
charges are not as optimal as the other three, because of the
hyperbolic restraints, which becomes very pronounced for large
molecules as in the PENTA set. Reducing the strength of the
restraints could relieve this issue, but it would also result in less-
robust charges. The halogenides in X40HMONO have an ESP
that is relatively difficult to reproduce with point charges: the
sigma-hole of the halogen atom corresponds to a large and local

. 70
distances.
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dipole moment whose effect on the ESP cannot be explained in
terms of atomic monopoles.”*'"”

The original Hirshfeld method (H) usually predicts poor
ESPs, because the absolute values of the atomic charges are too
low.* All variants of the Hirshfeld method (HI, CMS, DDEC4,
HE, IS, and MBIS) produce more-accurate ESPs, except for
CMS and HI when tested with the SILICA set. The good
performance of the IS method is not surprising: it partitions the
electron density in AIMs that are as spherical as possible,
sometimes by introducing an unreasonable radial depend-
ence,” thus having small atomic dipole and higher multipole
moments. In fact, any method that performs better than IS
likely biases the charges to mimic effects of atomic multipoles.
Such overfitting clearly occurs in the ESP-fitting methods. In
the case of MBIS, we only considered MBIS point charges and
not the more-advanced model with valence Slater functions
(see Figure 1b), simply because eq 22 only tests the ESP
outside the molecule, where the density is very low. In this
region, the ESP generated by the Slater functions is very well-
approximated by that of point charges. Of all Hirshfeld variants,
DDECH4, IS, and MBIS are comparably good.

Consistent with previous observations, QTAIM charges are
inadequate for the purpose of modeling ESPs.> This can only
be fixed by including higher atomic QTAIM multipoles, as is
often done in QTAIM-based force fields.>* Mulliken (M),
Léwdin (L), and Natural (N) charges rarely produce useful
ESPs in our tests.

Figure 6 shows ESP maps plotted on the p = 0.002 a.u.
isosurface of two representative molecules: methylacetamide
and methylsilanetriol, which have electrostatic potentials that
are, respectively, easy and difficult to reproduce with point
charges. The isosurface approximates the molecular van der
Waals surface,"'® which is convenient for visualizing non-
covalent interactions. In addition to the ESP of the DFT
calculation, the ESPs obtained with a subset of atomic charge
methods, and their deviation from the DFT result, are shown.
The isosurfaces sample the ESP at a higher density than the
HLY cost function, which has two important consequences.
First, the scale of the ESP deviations is large, compared to the
reported RMSEgp values. Second, the ESP maps are different
for MBIS point charges and MBIS core charges with
delocalized valence shells, the latter accounting for the
penetration effect.

The main observation is that all model ESPs qualitatively
agree with the DFT result. (See the left-hand column in Figures
6a and 6b.) Some quantitative differences are present, but they
only appear clearly in the isosurfaces on which the deviations
from the DFT ESP are shown. (See the right-hand column in
Figures 6a and 6b.) Even though RESP charges have a relatively
low RMSEgg, the deviations from the DFT ESP are not
significantly smaller than those for the other methods. When
MBIS core charges and valence shells are used to estimate the
ESP, a better visual agreement is found, because the penetration
effect is already significant at the selected isodensity surface.
Also note that the ESP obtained with HI charges for
methylsilanetriol deviates the most from the DFT reference,
which is consistent with the limitations of HI for oxides, which
were also discussed in subsection 3.1 and also are seen in Figure
S. Finally, note that this visualization of two representative
molecules merely serves as an illustration. Solid conclusions can
only be drawn from a thorough statistical analysis involving
many molecules, such as the one presented in Figure S.
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4.4. Accuracy of Electrostatic Interactions. A common
assumption in force-field development is that ESP-fitted
charges also reproduce electrostatic interaction energies in
general. Here, we assess the validity of this assumption for
molecular dimers: the electrostatic interaction in the frozen-
density approximation'*™"* (Egp) will be used as a reference to
test approximate electrostatic interactions obtained with atomic
point charges from different AIM methods. The frozen-density
approximation does not include any effects from polarization or
charge transfer. Such effects should be modeled with a
polarizable (or polarized) force field, which is beyond the
scope of this test.

The four sets of molecular dimers described in section 4.1
(S66, THB1S, X40, and ZG237) cover a large variety of
electrostatic interactions, from as little as —0.06 kJ mol™" to
rather extreme values of —664 kJ mol™". Especially in the
7G237 set, it is often hard to classify dimers into specific
interaction types, such as hydrogen bonding, salt bridge, etc. To
facilitate the interpretation of the results, we have classified the
dimers more conveniently, just using thresholds on the strength
of the electrostatic interaction in the frozen-density approx-
imation: “weak” (Epp > —10 kJ mol™), “medium” (=10 kJ
mol™" > Egp > =50 kJ mol™'), and “strong” (Epp < —50 kJ
mol™"). Figure 7a shows the numbers of dimers from each
dataset in each class. The THB1S set contributes exclusively to
the “strong” class, while all other sets have dimers in each class
of interaction strength. Figure 7b shows the root-mean-square
error (RMSE) on the electrostatic interaction energy for each

(a) Number of dimers from each dataset per category

Dataset Weak Medium Strong
S66 16 39 11
IHB15 0 0 15
X40 13 13 5
2G237 63 83 91

(b) RMSE on the electrostatic interaction

AIM
Method Weak Medium Strong
MSK 59m 15 mem 4] —
RESP 59m 17 mem 51 me—
CHELPG 5.9m 17 wmem 43 e—
HLY 58m 14 wem 40 w—
H 61m 25 mees 87 eos—m
CM5 6.0m 20 mem 54 e—
HI 55m 15 == 35 e—
DDEC4 58m 15 mem 36 e—
HE 59m 20 meesm 47 eo—
IS 59m 14 wm 31 —
MBIS 57m 13 wm 30 w—
MBIS-S 2.5% 49m 30 v—
QTAIM 7.2m 22 s 39 se—
M 58m 23 mees 6] ee—
L 62m 26 w39 e—m
N 59m 11 == 29 m—

Figure 7. Accuracy of the electrostatic interactions for three classes of
electrostatic interactions: “weak” (Epp > —10 kJ mol™), “medium”
(—10 KJ mol™ > Egp, > —50 kJ mol™), and “strong” (Egp < —50 kJ
mol™!). Panel (a) shows the number of dimers that each dataset
contributes to each class. Panel (b) shows the RMSE of the
electrostatic interaction (in units of kJ mol™), obtained with atomic
charges from different AIM methods, for each group. MBIS-S goes
beyond the simple point-charge model and uses spherical valence
Slater functions to model the penetration effect.
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Metﬁm a) PENTA103 b) SILICA245 ¢) MIL53(M)10
MSK  0.068 m— 010  e— 017
RESP  0.063 e 013  e— 0.13

CHELPG  0.054 e 0.09]  e— 0.12
HIY 0080 s 0.092 e— 0417

H 00067 = 0.0035 s 0.045

CM5  0.0055= 0.00341 0.013
HI 0.0097 m 0015 =m 011

DDEC4 0011 = 0.025 0.035
HE 0011 = 0.018 == 0.19

IS 0.025 mmm 0.038 0.056

MBIS 0.014 == 0.022 = 0.031

QTAIM  0.015 == 0.0042 8 0.020
M 0082 0.064 13

L 0.0085m 0.021 mem 0.39

N 0012 m 0.0096 = 011

Figure 8. Standard deviations on atomic charges (in e), within different sets of molecules: (a) the fluctuation on the atomic charges of 103 penta-
alanine conformers, (b) the fluctuation on three different types of Si charges in a set if 245 silica clusters (see text for definition of groups of Si
atoms), and (c) the fluctuation on the metal charge in the MILS3(M)10 clusters, due to changes in the basis set.

of the three classes and for each AIM method. The label
“MBIS-S* refers to the interaction energy computed using
effective core charges and valence Slater density functions, as
shown schematically in Figure 1b.

A surprising result in Figure 7 is that electrostatic interactions
computed with ESP-fitted charges are not the most accurate.
MBIS point charges perform better in all three classes (“weak”,
“medium”, and “strong”) than the best ESP-fitting method
(HLY). This can be understood as follows: as explained in
subsection 4.3, ESP-fitted charges are biased to reproduce
effects of atomic multipoles on the ESP. Although this may
improve the accuracy with which the ESP is reproduced, it is a
form of overfitting that may deteriorate other results obtained
with ESP-fitted charges, as we observe here.

The second important result is that the MBIS method is a
very effective model for the penetration effect. The MBIS-S
results in Figure 7 are obtained by describing every atom with
an effective core charge and a valence Slater function. Even
though this is a very simple (and thus computationally efficient)
approach, it already reduces the RMSE by more than 50% in
the “weak” and “medium” classes. Only for “strong” electro-
static interactions, there are no apparent benefits from using
such Slater density functions. A more detailed analysis, in which
we computed electrostatic interactions with multipole
expansions of MBIS AIM densities, showed that the greatest
error in the “strong” electrostatic interactions is due to the
neglect of atomic dipole moments.

4.5. Robustness of the Atomic Charges. For the
development of an electrostatic force-field model or for the
chemical interpretation of atomic charges, it is desirable that the
charges are robust, i.e., not too sensitive to small details in the
electronic structure calculations from which they are derived.
Robustness is a prerequisite for transferability, ie., the
assumption that parameters derived from a molecule remain
valid when that molecule is embedded (non)covalently in a
molecular environment. Even for environment-specific force-
field parameters,ss’”g a robust partitioning is of interest to
ensure that such parameters remain valid as far as possible from
the reference point for which they were computed. In this
subsection, three types of sensitivity (the inverse of robustness)
of atomic charges are investigated: sensitivity to conformational
changes, sensitivity to chemical changes in the environment,
and sensitivity to changes in the basis set.
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Figure 8a shows the sensitivity of the atomic charges to
conformational changes of the penta-alanine chain, for all AIM
methods. For a given AIM method, the standard deviation of
the atomic charges in the PENTA103 set are computed with
respect to the average charge of each atom over all 103
conformations. These 103 conformers are randomly generated
metastable structures.” Although some fluctuation of the
charges may be expected due to internal polarization, some
methodological artifacts will cause larger fluctuations without
physical origin.

Figure 8b compares an averaged standard deviation of the Si
charges in the SILICA245 set. The Si atoms are divided into
three groups, based on the number of terminating hydrogen
atoms they are bonded to (ranging from 0 to 3). Within each
group, the standard deviation on the Si charge is computed and
the average over the four groups is shown in Figure 8b. This
standard deviation should be small, because the Si atoms within
one group have a very comparable chemical environment.

Finally, Figure 8c shows the sensitivity of the metal atom
charge in the MILS3(M)10 clusters to the basis set. Their
electron densities were computed with 6-311+G(2dp,f), 6-
311+G*, 6-31+G*, 6-31+G, or 6-31G*. The standard deviation
is computed relative to the average charge of each transition
metal over all basis sets. Note that the sensitivity values for
Mulliken and Lowdin fall literally off the chart and the
corresponding bars in the bar plot were truncated for the sake
of clarity.

The ESP-fitted and Mulliken charges have a very high
sensitivity in all three cases, which is consistent with earlier
work.* This is problematic, because it is almost impossible to
provide definitive charges with such methods. The basis set
sensitivity seems to be the most difficult to control: the
standard deviation is larger than 0.1 e for the MSK, RESP,
CHELPG, HLY, HJ, and HE methods, as well as the M, L, and
N methods.

The basis set robustness of the H, HI, and HE methods can
be improved as follows. Currently, we have used consistent
levels of theory for pro-atom and molecular electron densities.
If the pro-atoms were computed with a single level of theory
and basis set, independent of the settings of the molecular
calculation, the robustness would significantly improve. This is
noticeable in the low sensitivity of the DDEC4 and especially
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the CMS charges. Both CMS and DDEC are implemented with
a unique set of pro-atoms.

The MBIS charges are more robust than the IS charges. This
is simply because MBIS pro-atoms have fewer degrees of
freedom than IS pro-atoms, which is consistent with previous
observations.”*

The restraints in the RESP method only have a marginal
impact on the robustness, compared to MSK (the same method
without restraints), showing that the restraints do not meet
their purpose while they may cause a very poor fit to the ESP
(see Figure S). The HLY method, a rather recent ESP-fitting
method with a more carefully constructed cost function, does
not guarantee robust results either.

QTAIM charges are among the most robust in our test,
which is consistent with previous studies assessing the
transferability of QTAIM results.>*'*" Still, several Hirshfeld
variants, such as CMS, MBIS, and DDEC4, are comparably
robust.

4.6. Pareto Analysis. In our comparative analysis, we have
considered three main criteria that atomic charges should meet
for the development of force fields: accuracy of the ESP,
accuracy of electrostatic interactions, and robustness. Ideally, an
AIM method should combine all these features, especially the
last two. The Pareto plots in Figure 9 visualize the tradeoffs
between different criteria discussed in the previous subsections.
It is unavoidable that some subjective choices slightly affect the
Pareto analysis, such as the selected molecules in the datasets,
their classification into groups, the ESP cost function, etc.
Nevertheless, some clear trends can be observed.

Figure 9a compares the average RMSEg, over all groups in
Figure S (Y-axis) to the average RMSE of the “weak” and
“medium” electrostatic interactions from Figure 7 (X-axis). The
“strong” electrostatic interactions are not included, because we
found that these can never be reproduced reliably with any
model using just atomic monopoles. The data point for
QTAIM was omitted, because of its excessively large average
RMSEggp. The Pareto front only considers genuine point-
charge models. Obviously, the MBIS-S method performs far
better for electrostatic interactions, because it goes beyond the
simple point-charge model. This figure mainly shows that an
accurate electrostatic potential does not guarantee accurate
electrostatic interactions, and vice versa. If both qualities are of
interest, the N, MBIS, IS, and HLY methods are Pareto
optimal. Obviously, HLY is Pareto optimal, because its cost
function was used to compute (RMSEggp), which is the reason
for its advantage over MSK and CHELPG.

Figure 9b uses the same X-axis as Figure 9a but has the
average of the three sensitivity values from Figure 8 on the Y-
axis. The data point for the Mulliken method was omitted
because of its excessively large average sensitivity value. The
Pareto-optimal point-charge models are N, MBIS, and CMS.
Again, when going beyond point charges, MBIS-S has very
attractive performance. The poor performance of ESP-fitted
charges in Figure 9b is striking. The RESP method has been the
method of choice in the development of many force-field
models, most notably in the AMBER community. Our results
indicate that RESP and other ESP fitting methods are relatively
poor methods for modeling electrostatic interactions in force
fields.

3906

(a) i
30} : oL
o,
N ¢
25} H
H y
.
izof
5 i
o 15| | RESP® g5 @H
E L (> OHE
~ 10h MBIS-S &
L] .Q{_
S
SeCHELPG
5| L
0 P R
0 2 4 6 8 10 12 14 16
(RMSE,; ) [k/mol]
0.14F (b) oL
0.12f
o MISK
ORESP
 0.10¢
= @CHELPG
S 0.08-
£ eHE
e
2 0.06/
<
0.04
MBIS-S
0.02 .
0007

(RMSE,;) [k}/mol]

Figure 9. Pareto plots showing the tradeoffs between different
desirable properties of AIM methods: (a) the quality of the ESP versus
the accuracy of electrostatic interactions and (b) the sensitivity of the
atomic charges versus the accuracy of the electrostatic interactions.
Red data points are on the Pareto front for all models using just point
charges. The MBIS-S method goes beyond point charges by
introducing a model for the distributed valence electron density.

5. APPLICATION TO DENSITY-DEPENDENT
DISPERSION MODELS

Several dispersion models, typically used to correct DFT
calculations, apply the Hirshfeld partitioning method to
estimate AIM polarizabilities. The polarizability of atom A in
a molecule (@) is obtained by rescaling the experimental value
of the free neutral atom using the third radial moment of AIM
density, pa(r):

3
a = aA,free<3,r—>A
() fee (23)
where
) = /dr Ir — R,Pp, (r) (24)

and similarly for (r*) Afree These rescaled polarizabilities are
used in various methods”' ™" to obtain environment-specific
atomic Cg coefficients. The original Hirshfeld method is most
often used in this context. The HI method is sometimes used
instead'”' and found to improve dispersion-corrected DFT
calculations for ionic systems.””** Density-based dispersion
models are not only used for correcting DFT calculations but
were recently also employed in force-field development.*® In
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this section, we will directly compare the accuracy of molecular
Cg coefficients when the Tkatchenko—Scheffler method is used,
in combination with different Hirshfeld variants.*> We expect
that similar results can be obtained with the exchange—hole
dipole model (XDM)*' and related approaches such as dDsC.*

The expectation value (r*),4. can be computed in two
different ways. One may use the symmetry-broken ground-state
density of the free atom or one may constrain the atom to be
spherically symmetric and closed-shell. (In both cases, the same
level of theory as that for the molecule is used.) The second
choice is the most common in the context of dispersion
models. For some elements, however, this results in higher-
energy states with fractionally occupied orbitals. For the sake of
consistency, compatible choices are made when computing the
reference atoms for the (Iterative) Hirshfeld method. In this
section, we consider in total six variants of the TS dispersion
model, using three different partitioning methods: H, HI, and
MBIS. For each partitioning method, ground-state (GS)
reference atoms or spherical closed-shell (SCS) atoms are
used. The molecular Cy4 coefficients are also computed with
Grimme’s D3 model.”*

The dispersion models are tested with the database of C
coeflicients for dimers of neutral molecules by Tkatchenko and
Scheffler," which are derived from experimental dizpole
oscillator strengths. B3LYP/6-311+G(2dfp) densities*'* are
computed for all molecules in this database and the atoms that
they contain. Gaussian09°” is used for the B3LYP calculations,
except for the SCS atoms, for which a new SCF program was
written. Dimers with the Xe atom are omitted because their all-
electron density can only be computed properly with relativistic
corrections. As explained in subsection 2.5, the density cannot
be written out by Gaussian09 when relativistic corrections are
used.

Figure 10 shows the scatter plots of the model Cy values
versus the experimental reference data, including the mean
percentage errors (MPE) and the root-mean-square percentage
errors (RMSPE). The original TS model corresponds to TS-H-
SCS, which is one of the better variants. When using the
Iterative Hirshfeld method instead (TS-HI-SCS), the RMSPE
increases, indicating that the model becomes less accurate. In
both H and HI variants, the use of ground-state atoms, i.e., TS-
H-GS or TS-HI-GS, leads to a systematic overestimation of the
reference Cg coefficients. The situation is reversed when using
MBIS partitioning, i.e., the dispersion model is most accurate
when using ground-state reference atoms (TS-MBIS-GS), while
the use of spherical reference atoms (TS-MBIS-SCS) is clearly
inferior. Finally, it is worth noting that Grimme’s D3 model
performs slightly better than any TS variant, which is
impressive, given that it only makes use of the nuclear
coordinates and not the electron density.

We will now analyze why the TS model only works well for
certain methodological combinations. First, the spherical
closed-shell atoms have slightly larger (or equal) (r’),ge.
values compared to ground state atoms, as shown in Table 2.
It turns out that, for completely different reasons, the Hirshfeld
method exhibits some artifacts in the partitioning that also
result in increased values of (r*) , as explained below. For most
molecules, these two effects balance out, except for the H,
molecule, which causes some outliers in Figure 10 for TS-H-
SCS and TS-HI-SCS at low Cg values.

The artifact of the H method is very clear in Figure 11: it
shows the AIM density (p,) of the hydrogen atom in hydrogen
fluoride, computed with the H and MBIS methods. The
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Figure 10. Scatter plots of model molecular Cg coefficients versus
experimental reference values. Except for the D3 results, all data points
are shifted upward, to avoid overlap between results from different
models. The mean percentage error (MPE) and the root-mean-square
percentage error (RMSPE) between model and reference molecular C¢
coefficients are printed just above the corresponding data points.

Table 2. Value of {r*), 4. (in Units of a,°) for the Elements
Present in the Molecules in the Tkatchenko—Scheffler Set,*
Computed in Two Ways: Using Ground-State (GS) Electron
Densities and Using Densities of Atoms That Are
Constrained to Be Spherical and Closed-Shell (SCS)

3
(afieescs

element (,}>A,l'ree,GS [ag’] <’A>A,fme,SCS [ag’] 3
(WA free,GS
H 79 9.7 123
Li 89.0 105.6 L19
C 357 41.4 1.16
N 27.0 30.9 L14
o 22.7 23.8 1.0S
F 18.6 189 101
Ne 154 154 100
Si 103.0 114.3 111
S 77.0 79.7 104
Cl 66.7 674 101
Ar 572 572 1.00
Br 97.0 97.8 101
Kr 89.1 89.1 1.00

Hirshfeld AIM density (solid blue line) is asymmetric, with
more electron density toward the fluoride. This can be
understood as follows. Any variant of the H method exhibits
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Figure 11. Total electron density (black) of hydrogen fluoride along
the internuclear axis, including the AIM density (solid) and the pro-
atomic density (dashed) of hydrogen for the H method (blue) and the
MBIS method (green).

the same similarity principle,” because of eq 5: the Hirshfeld
AIM density will be as close as possible to that of the pro-atom.
Because the density tail of isolated hydrogen (dashed blue line)
is so different from that of hydrogen in HF, the Hirshfeld AIM
density is aspherical with too much density in the bonding
region. This accumulation of density, relatively far away from
the hydrogen nucleus, leads to larger values of high radial
moments, such as (r*),. This is a general feature of the H
method, also seen in other molecules. In the MBIS method, no
such asymmetries are found because the parameters o, in eq 7,
i.e, the widths of the Slater functions, are also optimized to
match the molecular electron density. By consequence, the
MBIS AIM density (solid green curve) almost coincides with
the corresponding pro-atom (dashed green curve) and is
therefore close to symmetric.

Figure 11 also shows a side effect of the MBIS method:
where the MBIS AIM density (solid green curve) passes
through the nucleus of fluoride, some ripples can be seen,
because some details in the fluoride core electron density
cannot be reproduced by the Slater functions. These ripples are
very local and, therefore, have a negligible effect on (r*),.

Figure 12 further illustrates the mismatch between the
density tails of the HI pro-atoms and the molecular densities in
the TS set. It shows the MBIS valence width of the carbon
atoms of all molecules in the TS set* versus their MBIS charge.
This figure also includes the data points for free carbon atoms
and ions, which are used as pro-atoms in the HI method. The
trends in this figure are general: neutral atoms and anions have
density tails that decay slower (ie., higher valence width) than
molecular electron densities. This leads to asymmetric HI AIM
densities, such as the one observed in Figure 11. Especially
when computing higher radial or multipole moments with the
HI method, this may result in undesirable artifacts. In previous
work, the erroneous density tails of unstable anions were
corrected e.g, by computing these atoms in a Watson
sphere.'”® For example, such corrections were used by Butko
et al.*»® in their tests of the TS-HI variant. The results in
Figure 12 suggest that it is also advantageous to reduce the
density tails of stable anions and neutral atoms.
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Figure 12. MBIS valence width (o,,, see subsection 24) of carbon
atoms in the Tkatchenko—Scheffler set of molecules” versus their
MBIS charge (black plus signs, +). The valence widths of isolated
carbon atoms and ions are also included: ground-state atoms (red
circles, ®) and spherical closed-shell atoms (blue squares, H).

Finally, note that a few other Hirshfeld variants were
proposed, in which the density tails of the pro-atoms are
optimized to match the molecular electron density, most
notably the IS method 733 and some of its variants including
the Gaussian ISA** and BS-ISA+DF.”

6. CONCLUSIONS AND OUTLOOK

The MBIS method is a new density-based AIM method that is
particularly suitable for the development of efficient and
relatively accurate electrostatic force-field models. MBIS
belongs to the family of Hirshfeld methods. Its pro-density is
expanded in a minimal set of atom-centered s-type Slater
density functions, whose parameters are fitted to a given
molecular electron density by minimizing the Kullback—Leibler
divergence. In that sense, it can also be interpreted as an
information theory density-fitting method, where the Slater
functions as such are used in applications, rather than the
atoms-in-molecules densities.

The MBIS method is extensively tested for the development
of electrostatic force-field models. When it is just used for the
purpose of deriving atomic charges, it is one of the best
methods available to date, in terms of robustness and accuracy
of the electrostatic interactions. When the MBIS Slater
functions are used to describe the valence electron density in
a force field, the error on the electrostatic interactions can be
reduced by 50%, if the electrostatic interaction is not too
strong. This is a computationally efficient approach to describe
the so-called penetration effect, i.e., the deviation of interatomic
electrostatic interactions from that of point charges, when the
atomic densities begin to overlap. MBIS is also useful beyond
the scope of frozen-density electrostatics, e.g., when modeling
dispersion interactions, or to analyze density fluctuations that a
polarizable force field should reproduce.

In future work, we will focus on improving our method, its
implementation, and more applications in different areas. The
obvious methodological improvement is a better model for the
pro-molecular density, e.g., by including atomic multipoles*”**
or by making it compatible with pseudodensities. An improved
pro-molecule model should not merely result in a better fit to a
given electron density; one should also avoid too many degrees
of freedom for the sake of robustness. Moreover, the use of an
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improved pro-density model in force fields should remain
computationally efficient.
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ABSTRACT: We propose a methodology to derive pairwise- o 2 O |, sasansanssy =

additive noncovalent force fields from monomer electron “\o<\°§\°(\ :8;: AAAAAA f"’ww _go) g
densities without any empirical input. Energy expressions are G\Z:\;\"\e" % 205 methane » -
based on the symmetry-adapted perturbation theory (SAPT) MEDEF (_‘:"’g ethane v —
decomposition of interaction energies. This ensures a physi- n S 10 pmiﬂi 2
cally motivated force field featuring an electrostatic, exchange- D.;,;@fac% 2o ethene » —
repulsion, dispersion, and induction contribution, which Tete, 1 gm g propene ¢ —

contains two types of parameters. First, each contribution
depends on several fixed atomic parameters, resulting from a
partitioning of the monomer electron density. Second, each of
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TIK]

the last three contributions (exchange-repulsion, dispersion, and induction) contains exactly one linear fitting parameter. These
three so-called interaction parameters in the model are initially estimated separately using SAPT reference calculations for the
S66x8 database of noncovalent dimers. In a second step, the three interaction parameters are further refined simultaneously to
reproduce CCSD(T)/CBS interaction energies for the same database. The limited number of parameters that are fitted to dimer
interaction energies (only three) avoids ill-conditioned fits that plague conventional parameter optimizations. For the exchange-
repulsion and dispersion component, good results are obtained for all dimers in the S66x8 database using one single value for the
associated interaction parameters. The values of those parameters can be considered universal and can also be used for dimers not
present in the original database used for fitting. For the induction component such an approach is only viable for the dispersion-
dominated dimers in the S66x8 database. For other dimers (such as hydrogen-bonded complexes), we show that our
methodology remains applicable. However, the interaction parameter needs to be determined on a case-specific basis. As an
external validation, the force field predicts interaction energies in good agreement with CCSD(T)/CBS values for dispersion-
dominated dimers extracted from an HIV-II protease crystal structure with a bound ligand (indinavir). Furthermore,

experimental second virial coefficients of small alkanes and alkenes are well reproduced.

1. INTRODUCTION

Classical force-field simulations are an attractive tool to study
molecular systems because the phase space can be sampled at a
very low computational cost (compared to ab initio methods).
This computational efficiency allows one to study phenomena
at the nanoscale such as the competitive adsorption of H,0O and
CO, in zeolite 13X, the mechanical energy absorption ability
of the MIL-53(Al) metal—organic framework,” or the
composition and behavior of disordered protein states.®
These are only a few examples of successful applications of
force fields. The noncovalent interactions are most often based
on experimental data.*”® This is of course a limitation, as it is
potentially very interesting to study systems for which no
experimental data is available. Additionally, in most cases it is
impossible to assess a priori the accuracy of such force fields as
the final results critically depend on the specific terms included
in the force-field expression and on the parametrization
procedure. Force fields derived from ab initio calculations
offer in a way the best of two worlds. On the one hand the
analytical energy expression can be evaluated -efficiently,
allowing simulations of large systems on a long time scale.

i i © 2016 American Chemical Society 161
~<7 ACS Publications

On the other hand, these force fields succeed reasonably well in
reproducing ab initio data and can be derived for any molecular
system for which reliable ab initio data can be generated. In this
work, we will therefore focus on describing noncovalent
interactions with only first-principles calculations as input.
Constructing such noncovalent force fields exclusively based on
ab initio data is a long-standing problem. A conventional and
straightforward approach is to generate relevant configurations
of the system(s) of interest, determine the intermolecular
interaction energy and/or forces for these configurations using
an ab initio method, and then fit (many) parameters of the
noncovalent force field by minimizing a cost function with ab
initio results as reference data. This procedure has been applied
successfully numerous times.”~'" There are however also some
drawbacks of this straightforward matching of ab initio and
force-field results, such as the introduction of many parameters
and the difficulty in giving a physical interpretation to each of
the contributions. In this work we will try to circumvent some
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of these problems associated with deriving noncovalent force
fields. Typically atom types are introduced leading to a large
number of parameters that need to be fitted. Even though the
number of unknowns in the cost function can be considerably
reduced by using mixing rules, the fitting in a high-dimensional
parameter space will often be ill-conditioned.'* A second
drawback is that the physical origin of interactions is not
properly incorporated. For example, most noncovalent force
fields omit the penetration effect, which has been shown to be
substantial,"® when describing electrostatics. This contribution
is then erroneously included in the van der Waals energy.
Indeed it has been shown that most force fields rely to a large
extent on compensation of errors."* A third and final deficiency
of the conventional approach is that scanning the PES with an
ab initio method is computationally very costly. Therefore, one
is usually limited to density functional theory (DFT) or second-
order Moller—Plesset perturbation theory (MP2), which both
have some known limitations (mostly relevant for intermo-
lecular interactions): DFT cannot properly describe electron
correlation, while the perturbation term in MP2 is rather large,
leading to overestimated dispersion interactions in for example
stacked aromatic—aromatic systems.'>' It would therefore be
very interesting to base noncovalent force fields on coupled-
cluster theory with single and double excitations and a
perturbation correction for the triples contribution (CCSD(T))
in the complete basis set (CBS) limit, the current gold standard
in quantum chemistry.'”

The issues mentioned above have been partly addressed in
earlier work, and these efforts are briefly summarized hereafter.
The quantum mechanically derived force field'® (QMDFE) is
based on a limited number of universal parameters (28 in total
for the noncovalent interactions) combined with atomic
charges from a partitioned molecular electron density.
QMDFF succeeds well in reproducing B3LYP-D3/def2-
QZVP reference interaction energies for gas-phase dimers.
However, effects such as charge penetration are not included
and the parameters are obtained, at least partially, by manual
inspection, thus rendering the physical interpretation of the
different terms unclear. To correctly estimate parameters, it is
desirable to match the force field term by term with an
intermolecular perturbation theory that provides a decom-
position of the interaction energy into physically recognizable
components, such as symmetry-adapted perturbation theory'’
(SAPT). It has been shown that this approach leads to
physically motivated noncovalent force fields that can predict
second virial coefficients and gas adsorption in metal—organic
frameworks in quantitative agreement with experiment.”"”>®
Although the resulting parameters have been shown to be
transferable to other chemical environments, the distribution of
molecular properties over atomic contributions remains a
tedious work. The study of SAPT exchange energies at small
intermolecular distances showed that improved models
(compared to traditional Lennard-Jones or Born—Mayer
functional forms) lead to a more accurate, transferable and
robust description of short-range interactions.”* The SAPT
decomposition has also been used for the construction of
intermolecular potentials for small organic molecules using the
CamCASP suite of programs, and this methodology is proven
to be successful for the pyridine system.” A related approach
yielded similar success for the water dimer.”® Recent advances
in the AMOEBA force field use SAPT to improve the
description of electrostatics” and the sum of exchange-
repulsion and dispersion,”® aiming to improve the accuracy
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and transferability of the potential. Another method to ensure
physical parameters is to use the results from a density-based
energy decomposition analyis” (DEDA). This has been
applied in a force-field context only to a few selected systems
such as rare-gas dimers®® or directional dependence of
hydrogen bonds.>’ Also the SIBFA®® (sum of interactions
between fragments ab initio computed) force field should be
mentioned, as it successfully applies a decomposition of the
total interaction energy similar to the one used in this work.

We believe that the added value of the current work is mainly
that several beneficial properties of the efforts discussed above
are combined. In this way we take a step forward to tackle the
three deficiencies mentioned earlier. At most three linear
parameters are calibrated at a time, thus avoiding ill-
conditioned fits. Furthermore, all terms are physically inspired
(for instance including in a natural way the charge penetration
effect using distributed charges) and a limited number of high-
level ab initio calculations suffices to confidently determine all
parameters. Our results show that the description of induction
is the weakest point of the model and can be used with one
universal value for the interaction parameter only for
dispersion-dominated complexes. For hydrogen-bonded com-
plexes, the interaction parameter needs to be determined on a
case-specific basis. We thus gain insight into apparent
limitations of the proposed methodology for the description
of the SAPT induction for systems that feature hydrogen
bonds. We note that many-body effects are very important in
the induction energy for such systems and these need to be
implicitly captured in our, by construction, pairwise-additive
force field. Concerning the exchange and dispersion contribu-
tions, however, we show that good results are obtained for all
dimers using a single universal value for the corresponding
interaction parameters. Moreover our model succeeds in the
explicit description of the electrostatic penetration effect using
distributed charges. The combination of SAPT (to ensure
physical values) and CCSD(T)/CBS (to ensure accurate
values) reference data in the fitting process, through the
introduction of prior knowledge about the parameters in the
cost function, is a novel aspect of the presented work.

To conclude this introduction, we discuss the structure of the
remainder of this paper. In section 2, we present the analytical
expression for the noncovalent contributions to the energy of
our force field. All terms are based on the partitioning of the ab
initio monomer density, resulting in a force field containing
only a very limited number of free parameters to be fitted, the
so-called interaction parameters. In section 3, we will discuss
how these interaction parameters are determined. In first
instance this will be done by fitting to SAPT components of the
interaction energy of a database of dimer configurations. In a
second step the parameters are refined by fitting to CCSD(T)/
CBS interaction energies for the same database of dimers. In
section 4, we will perform an external validation of the
constructed force field. First of all this will be done by
comparing with ab initio interaction energies for another
database of dimers, next by comparing with experimental
second virial coefficients for small alkanes and alkenes. Finally
we will also investigate whether the force field is suitable to
predict properties of condensed-phase systems. Section S
summarizes our main findings.

2. FORCE-FIELD COMPONENTS

The primary goal is to reproduce ab initio interaction energies
of dimers with a force field. We are not concerned with

DOL: 10.1021/acs jctc.6b00969
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intramolecular interactions, as the force field proposed in this
work only describes noncovalent interactions. We therefore
start by presenting the analytical expression for the interaction
energy between two molecules, for which only intermolecular
interactions are present.

To construct a force field for a dimer, we require the ab initio
molecular ground-state electron density of the separate, isolated
molecules where the nuclear positions are taken from the
monomer geometries in the dimer. In other words, the nuclear
positions are not relaxed when going from the dimer
configuration to the monomer configurations. As DFT provides
reliable ground-state electron densities for most molecules, it
will be used in this paper to compute the monomer properties
that serve as input for the force field. More accurate wave
function based methods, SAPT and CCSD(T), are only used in
this work to determine the three interaction parameters related
to intermolecular interactions. Using DFT for the monomer
calculations makes it possible to apply the proposed method to
relatively large molecular systems. The ab initio molecular
electron densities of both isolated molecules will be represented
by pi(r) and p,(r) respectively. The minimal basis iterative
stockholder (MBIS) scheme™ is used to partition the ab initio
molecular electron density of the isolated molecules into atomic
contributions. This partitioning scheme allows one to
approximate the molecular electron density as a sum of s-
type Slater functions:

o

— A exp| -——&
3
A=1 i=1 8710y, Oi

where the sum over A runs over all N, atoms in molecule 1
and i runs over all m, shells of atom A. The position of atom A
is represented by Ry, and the parameters Ny; and o,; give the
population and width of the s-type Slater function of shell i on
atom A. The width of the s-type Slater function is the
characteristic length over which the density decays appreciably.
In other words the width oy, is inversely proportional to the
rate of decay of the Slater function. The parameters Ny; and oy,
are determined in such a way that the information loss
(expressed as the Kullback—Leibler divergence) from the ab
initio reference density to the prodensity is minimized, under
constraints on the total charge and atomic populations. This is
the most simple and concise model for an electron density that
is physically reasonable, inspired by the piecewise exponential
ansatz from statistical models for atomic densities.””*> The
MBIS charges and widths are the only molecule-specific
information used in the proposed force field and are
independent of the other monomer present in a dimer.
These atomic parameters are not fitted to dimer interaction
energies, but obtained directly from the monomer electron
density. This is in sharp contrast with the interaction parameters
(introduced later in this section), which are the fitting
parameters of the model.

For force-field applications, we further simplify the
approximation of the molecular electron density by condensing
the core Slater functions onto the nuclear charge. The force-
field approximation of the valence molecular electron density
p(r) is then given by

AOKS o

Neg N Ik — R,
) et N, .
50 = ip(—]
i) 870y, G @
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where N, and 6, are the population and width of the valence
Slater function of atom A. We therefore call N, and 6, the
valence population and valence width, respectively. The
effective core charge g, of atom A is given by

m—1

Y= Zy — Z Ny
i=1 3)

where Z, is simply the atomic number or nuclear charge of
atom A. To clarify this approach and to get a sense for the
magnitude of populations and widths, we present the
parameters of a water molecule in Table 1. The oxygen atom

Table 1. MBIS Parameters and Resulting Force-Field
Parameters for a Model of the Electron Density of a Water
Molecule (DFT with B3LYP*®/ aug-cc-pVTZ‘W)

element Ny ou” Ny o' Zy Ny, % Qac
(o) 1.66 0.03 720 022 8 720 022 6.34
H 0.57 0.19 1 0.57 0.19 1.00
H 0.57 0.19 1 0.57 0.19 1.00
“Units: A.

has two shells of electrons, and thus the MBIS partitioning
leads to a model density with two Slater functions. The first
Slater function contains 1.66 electrons (Np, = 1.66) and decays
exponentially with a characteristic length of 65, = 0.03 A. The
second shell, containing valence electrons, contains 7.20
electrons (Np, = 7.20) and decays exponentially with a
characteristic length of 6o, = 022 A. As expected, the first
Slater function decays a lot faster than the second one. This
means that the first Slater function can be approximated
accurately by a point charge in force-field simulations. The
charge of this first Slater function (N, = 1.66) is subtracted
from the nuclear charge (Z, = 8), resulting in an effective core
charge qo. = 6.34. The oxygen atom is modeled in the force
field as a point charge qo. = 6.34 and a Slater function with
No, = 720 and 64, = 0.22 A. For the hydrogen atoms, the
situation is less complicated. Because a hydrogen atom only has
one electron shell, the MBIS partitioning leads to a model
density with only one Slater function. This same model is used
for the force field. We represent a hydrogen atom by a point
charge of gy = 1.00 (equal to the nuclear charge) and a Slater
function with Ny, = 0.57 and oy, = 0.19 A.

The total force-field interaction energy for the molecular
dimer is written as a sum of 4 terms, each one with a clear
physical interpretation: electrostatics, exchange-repulsion, dis-
persion, and induction. The intermolecular energy can thus be
expressed as

Einter = Betst + Eexehrep + Eaisp + Eind et (4)

This corresponds to the decomposition of the total interaction
energy used in SAPT. Every term will be discussed separately in
the following subsections. The last three terms, the exchange-
repulsion, dispersion, and induction component, all feature a
separate linear parameter. These three parameters are called
interaction parameters because they are all used to scale a
specific interaction contribution to the total energy. The
meaning of the exchange-repulsion interaction parameter will
be discussed in section 2.2, the meaning of the dispersion
interacton parameter in section 2.3, and the meaning of the
induction interaction parameter in section 2.4. Note that the

DOL: 10.1021/acs jctc.6b00969
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electrostatic contribution, discussed in section 2.1, is con-
structed without any interaction parameter.

We thus obtain a force field with two different types of
parameters. On the one hand there are atomic parameters
(such as the valence population N, and valence width o,)
obtained from the MBIS partitioning of the monomer density.
These parameters are derived from monomer properties and
not fitted to dimer interaction energies. On the other hand,
there are three interaction parameters which are fitted to
reference data for dimer interaction energies. These three
interaction parameters are the only fitting parameters present in
the model.

2.1. Electrostatics. The frozen-density electrostatic inter-
action energy between two molecules is given by the Coulomb
integral

NN A N
Nutoms Nitom: qA ch . atoms 7, (r)
* = Zz: — Ryl Az:l A Ir — R,
2
~ Nitoms . / A0 (r) N /d /d A ("1) 7, (x,)
- Be Ir — Ryl Iy — )l

(©)
where N2, is the number of atoms in molecule 1 and N2, is
the number of atoms in molecule 2. The first term describes
repulsion between effective core charges, the second and third
terms describe attraction between effective core charges and
valences electrons, and finally the fourth term describes
repulsion between valence electrons. The Coulomb integral
can be evaluated analytically for our force-field model of the
density from eq 2 to give

Nioms Naoms
Egy = Eeﬁ
A=1 B=1 6)
T PR N\
Ely = RCT - ;T[l — g(03,y) Rap)]
Nyl
- R—'[l = (04,4 Ryp)]
‘AB
N, N,
+ %[1 _f(D-A,vf OB,y RAB)
Ryp
= f(0y,4) G4 Rap)] (7)
r r
o,r) =1+ — |exp| ——
8 7) ( 20) P( a) ®)
ot
flo,0,1r) = ——"—=|1
(PPt

The expression for the Coulomb interaction of s-type Slater
densities has been presented before.’’ For convenience we
provide a derivation of the above formula in the Supporting
Information. By using the net atomic charges of atoms A and B,
4 = dac — Ny and g5 = g5 — Np,, we can rewrite the
electrostatic interaction energy between those atoms as

AB 9495

=25 4 g4
elst RAB

penetration

(10)

The first term is the well-known electrostatic interaction
between point charges. The second term decays exponentially
as the atoms are separated and describes the penetration effect
of the electrostatic interaction energy:

q, Ny Nivg
AB Ac b VIB,c
Epenelxation = g("s,v’ Ryp) + g(”A,v’ Ryp)
Ryp Ryp
_ N, N,

[f("A,v: OB,y Ryp)
Ryp

+ f(op,, [ Ryp)]

(11)
We remark that existing implementations to evaluate long-
range electrostatics in periodic systems (such as the Ewald
summation,”®*” PPPM,* or FMM"') do not need to be
modified to calculate the first term in eq 10. The second term,
containing the penetration correction to the electrostatic
energy, clearly decays exponentially and can be evaluated
similarly to other short-ranged noncovalent terms. By
tabulating the values of this second term, our force field
remains compatible with existing force-field codes.

The importance of the penetration effect has been discussed
before.”” Distributed charges have already been employed
successfully in force fields. Most often Gaussian functions are
used,”® some force fields feature Slater densities,’”*' and one
force field even uses contracted Gaussian functions to
approximate a Slater function.” Distributed charges offer a
natural way to describe the penetration effect and can give
accurate results on condition that the model density is a good
approximation to the ab initio density. It has been shown that
this is the case for model densities resulting from MBIS
pal‘titioning.g’3

2.2. Exchange-Repulsion. The wave function of a dimer
has to be antisymmetric when two electrons are exchanged.
This antisymmetrized wave function leads to a higher energy
expectation value than if a simple product of the two monomer
wave functions would be used. The resulting repulsive energy is
only present when the electron densities of the two molecules
in the dimer overlap. This repulsnve energy dominates the so-
called exchange-repulsion energy.” The energy due to the
exchange-repulsion effect has no classical analogue and cannot
be expressed simply as a functional of the isolated molecular
densities. We therefore base our model on the observed
proportionality between exchange-repulsion energy and overlap

of electron densities:*>**~*%
Eexchrep ® UscherepSi2 (12)
= Vst 07,0 7,0 (13)

If we plug in our force-field model of the electron densities
from eq 2, we can rewrite this as a sum of atomic pairwise
interactions:

Nliome Nao
o N
Eexch—rep = Eexch—rep
A=1 B=1 (14)
AB _ AB
Exchrep = UscherepS (15)
N, N,
AB A, vIVB,y
= WU‘(GA,V: [ Ryp) + h(”B,w Op v Ryp)]
B

(16)
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h(c, o, 1) =
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(17)
A derivation of this expression is provided in the Supporting
Information.

Uexchrep I8 the first interaction parameter in our model. We use
the term interaction parameter for this proportionality constant
to avoid confusion with atomic or atom-pair parameters. Here,
the total exchange-repulsion interaction energy is proportional
t0 Ueychreps Which justifies the name interaction parameter. The
value of the interaction parameter Uey.ep Will be determined in
section 3 by a simple linear regression of the overlap of the
force-field densities with exchange-repulsion energies from
SAPT calculations for a large database of dimer configurations.
It will be shown that the interaction parameter Ugp.rep 18, tO
some extent, system independent. Using a universal value for all
dimers in the database leads to accurate results. Notice the
important difference with some earlier works®**’ where the
prefactor of the overlap is atom-type specific (ie., Eﬁxﬁ,mp =
Uffgh,,epSAB). Such an approach of course involves more
paramaters to be fitted to intermolecular reference data than
the approach presented here.

2.3. Dispersion. The correlated movement of electrons in
interacting molecules causes an attractive force. This effect is
called dispersion. The dispersion energy between two
molecules that are far apart can be written in second-order
perturbation theory using a power expansion in terms of the

intermolecular distance: Eyg, = . From

this expansion we only retain the two leading terms. For our
force field, we write the energy as a sum of atomic pairwise
contributions to the dispersion interaction. Finally we use a
damping function to control the behavior for small distances.
Our force-field model of the dispersion energy then has the
following form:

Nioms Nai
o Nage
Edlsp = Z Edlsp
A=1 B=1 (18)
cs UyCh
Bl = =f, (uap) =22 — £, () =2
TR Y Ry (19)
n xk
£l = 1= | 3022 fexp(—s0)
k=0 (20)

with Ug another interaction parameter that is used to linearly
scale all interatomic C3; coefficients and thus the total C*
dispersion interaction energy. The dispersion energy is damped
at short interatomic distances using the Tang—Toennies
damping function®® with as argument the interatomic distance
divided by the average of the Slater widths of the atoms
RAB

(oay+0m,) /2"

To determine the interatomic CSj coefficients, we use the
Tkatchenko—Scheffler method.”' In this method, the C§;
coefficients of atoms in a molecule are computed using free-
atom reference values that are modified based on the
partitioning of the molecular electron density into atomic
contributions. In the original paper, the Hirshfeld partitioning
scheme®” was used. To maintain consistency with the other
force-field terms, we will use the MBIS partitioning scheme. It

involved: xy =

165

has been shown that the combination of the Tkatchenko—
Scheffler method and MBIS partitioning leads to reliable C§
coefficients.*® For more information about the computation of
CSp coefficients we refer to the Supporting Information.
To compute the C}z coeficients, we use a recursion relation
proposed by Starkschall:**
s _ 3.6 () B
Cap = 7CAB\/ w2
2 (r) () (21)

The expectation values of powers of r, and ry are evaluated
using the free-atom densities.”* In the energy expression eq 19
the C§ coefficients are uniformly scaled with the interaction
parameter Uy, to account for the higher order contributions to
the dispersion energy and possible deficiencies in the
calculation of the C§y coefficients and damping function.

2.4. Induction. The electrostatic interaction given by eq $
assumes a frozen-density approach, where the molecular
densities are kept frozen when the two molecules approach
each other. In reality, the molecular densities will deform as
both molecules approach each other, an effect called polar-
ization. The resulting stabilization is called the induction
energy. The construction of polarizable force fields that succeed
in quantitatively reproducing this induction energy is not trivial
and is an issue that has received a lot of attention.”*® The
most common approach is to model each atom as an inducible
dipole, either using a Drude oscillator (charge-on-spring)
model'™*”7®* or as a Thole- or Gausian-damped point
dipole.*>**~% Each inducible dipole interacts with the atomic
point charges and all other dipoles. For a given geometry, the
energy of the inducible dipoles is minimized, in analogy to the
Born—Oppenheimer approximation. In such models, at least
two parameters per atom are needed: an atomic dipole
polarizability and a damping parameter. We have tested models
with inducible point dipoles, where realistic atomic polar-
izabilities are obtained with the Tkatchenko—Scheffler
method.”’ However, the resulting induction energies were too
small (in absolute value) when compared to SAPT reference
values, especially at short intermolecular distances. The same
conclusion is obtained for the induction term of the
AMOEBA®® force field. The results of those two induction
models are presented in section S of the Supporting
Information. This investigation reveals that another phenom-
enon plays a dominant role in the SAPT induction component.
As an alternative, some of the authors recently proposed a
polarizable force field where all parameters can be evaluated as
expectation values from a quantum-mechanical wave func-
tion.””*® This method is however not readily applicable to
classical molecular dynamics simulations, as it would require
evaluating the quantum-mechanical wave function at every time
step.

We therefore resort to an approximation with a simpler
analytical expression: the induction energy is modeled as a
pairwise-additive term with one interaction parameter, U,

1 2

Natoms Natoms
AB
Eind,ct = 2 Emd,c(
A=1 B=1 (22)
AB AB
Eind,ct = _Uind,c:s (23)

The expression for the overlap of 1s-type Slater densities S*F is
given in eq 16. The proposed proportionality of the
intermolecular induction energy is inspired by the exponentially
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decaying nature of charge transfer.”>***°~"* More specifically,
the proportionality between exchange-repulsion and the charge-
transfer interaction has been demonstrated in the context of
SAPT.”* We expect that this assumption will work fairly well for
dispersion-dominated complexes, where the induction energy is
dominated by contributions from charge-transfer effects
because classical polarization plays a minor role in such
complexes. The induction energy is in general attractive, so we
expect a positive value for Upg, The pairwise-additive
expression for the induction energy is a serious approximation,
and its applicability will be assessed in section 3. For complexes
where the proposed method is not viable we will discuss
possible causes of the observed deviations and extensions of the
model.

In summary, our force field for noncovalent interactions
contains three interaction parameters: Uexehrep  8iVeS the
proportionality between the exchange-repulsion energy and
monomer density overlap, Ug is a uniform scaling factor for the
C® coefficients used to compute the dispersion energy, and
finally U,y gives the proportionality between the induction
energy and monomer density overlap. Note that the total
interaction energy is a linear function of these three interaction
parameters.

3. PARAMETER CALIBRATION

In the previous section, analytical expressions have been
proposed for the four terms composing the total intermolecular
interaction energy: Ejr = Eay + Eexchrep + Eaisp + Eindev
representing electrostatic, exchange-repulsion, induction, and
dispersion energy, containing three interaction parameters in
total. These interaction parameters together with the MBIS
partitioned density of the molecules at hand form a complete
force field to describe the interaction between those two
molecules. High-level ab initio interaction energies obtained for
a large database of dimers will be used to determine the three
interaction parameters. At the same time, the degree of
reproduction of the high-level ab initio intermolecular
interaction energies by the force field serves as a first validation
that our force-field model is appropriate and that the
interaction parameters for the exchange-repulsion and dis-
persion component are to a large extent system independent
and their values can be considered universal.

We used the S66x87° database as a training set to determine
the values of the interaction parameters. This database covers
the most common types of noncovalent interactions in
biomolecules, keeping a balanced representation of electro-
static-dominated, dispersion-dominated. and mixed-influence
complexes. Based on a SAPT decomposition of the interaction
energies, all 66 complexes in the database are classified either as
hydrogen-bonded (23 complexes), dispersion-dominated (23
complexes), or “others” (20 complexes). In order to construct a
total of 66 dimers, various combinations of 14 monomers are
considered. The 14 selected monomers are acetic acid,
acetamide, benzene, cyclopentane, ethene, ethyne, neopentane,
n-pentane, methylamine, methanol, N-methylacetamide, pyr-
idine, uracil, and water. All these monomers are composed
exclusively of hydrogen, carbon, nitrogen, and oxygen atoms.
All complexes are relatively small (6 to 34 atoms), such that
CCSD(T)/CBS and SAPT calculations are feasible for the
entire data set. The S66x8 database not only contains
equilibrium geometries of the 66 dimers but also scans the
dissociation curve with displacements relative to the equili-
brium distance of 0.90, 0.95, 1.00, 1.05, 1.10, 1.25, 1.50, and
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2.00, resulting in 528 = 66 X 8 data points. We note that a
relative displacement of 1.00 corresponds approximately with
the equilibrium separation distance. Finally we note that the
monomer geometries remain fixed along the dissociation curve,
which means that there are no changes in the covalent energy
along the dissociation curve. This allows us to assess the
accuracy of the noncovalent force field.

3.1. SAPT Energies for the S66x8 Database. One of the
ultimate goals of the force field is the capability to accurately
reproduce dissociation curves obtained using the CCSD(T)/
CBS method. We proposed analytical expressions for four
contributions composing the total intermolecular interaction
energy: electrostatic, exchange, dispersion, and induction. A
decomposition of the CCSD(T)/CBS energy into these four
categories is not straightforward and not unambiguous. In the
context of force-field development it is however instructive to
also study methods that provide more chemical insight into the
interactions, by decomposing the energy into meaningful
contributions. It should be stressed that a decomposition of
the total interaction energy is not unique and is somewhat
arbitrary. Indeed, several decomposition schemes proposed in
the literature, such as Kitaura—Morokuma’® (based on the
Hartree—Fock approximation), constrained space orbital
variation,”” or density-based energy decomposition analysis,””
will all lead to different results. We will use SAPT' as a
benchmark, as it directly computes electrostatics, exchange-
repulsion, dispersion, and induction contributions separately.
SAPT is an ab initio method and gives total interaction energies
in reasonable agreement with CCSD(T)/CBS values.”®
Unfortunately, due to its double perturbative nature (the
intermolecular interaction and the residual monomer correla-
tion interactions), it is not always clear how to classify higher-
order terms, as they show a mixture of exchange, dispersion,
and induction. It is also clear that the perturbation expansion is
not converged in third order, the highest order currently
available in SAPT implementations. This is why we start by
studying different SAPT approximations and compare them to
CCSD(T)/CBS values. Our results are in line with conclusions
from a similar analysis by Li et al.”®

We used PSI4’° for all SAPT and coupled-cluster
calculations. For SAPT, the aug-cc-pVTZ basis set’” was used
with density fitting®”*' to avoid evaluation of four-center
integrals. Core orbitals were frozen and MP2 natural orbitals**
were used to speed up the evaluation of second-order T,
amplitudes and the triples contribution to the dispersion
energy. All exchange-type terms are scaled with the factor

(10)
, as recommended in the literature.*> The CCSD(T)/

“exch.
EOS(SY)
CBS energies were computed as the sum of the Hartree—Fock
energy in the aug-cc-pVQZ basis set,”” an MP2 correction was
extrapolated to the complete basis set limit using Helgaker’s
formula® applied to aug-cc-pVTZ and aug-cc-pVQZ basis
sets,”’ and finally a CCSD(T) correction was computed with
the aug-cc-pVDZ basis set.”” This procedure corresponds to the
one used originally for the S66 data set.”®

In Table 2 we compare several SAPT levels of theory with
CCSD(T)/CBS values. As reported before for the S66 data
set™ (only for the equilibrium separation distance),
SAPT2+(3) performs better than SAPT2+3. This is an
indication that the SAPT expansion is not converged, because
an exact treatment of third-order perturbations (SAPT2+3)
performs worse than an approximate treatment (SAPT2+(3)).
Convergence properties of SAPT have been discussed

DOL: 10.1021/acs jctc.6b00969
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Table 2. Rmsd of CCSD(T)/CBS and SAPT Interaction
Energies in kJ mol™" for the S66x8 Data Set

relative displacement SAPTO SAPT2+(3) SAPT2+3
0.90 10.4 2.6 4.6
0.95 82 18 32
1.00 6.6 14 2.4
105 54 L1 18
1.10 4.4 0.9 14
125 2.7 0.6 0.8
1.50 LS 0.4 0.4
2.00 0.7 0.2 0.2

extensively, see refs 19, 85, and 86 and references therein. We
note that although SAPT2+(3)6MP2/ amg-cc-p\/'I'Z37
sidered as the optimal SAPT level of theory,” it cannot be used
for the present application because it is no longer possible to
clearly separate induction from dispersion contributions. We
therefore use SAPT2+(3) in the remainder of this work, with
the caveat that it may show some deficiencies, especially at
short intermolecular distances.

3.2. Parameter Calibration by Comparing with SAPT
Energy Components. We will now investigate each term of
the force field separately and compare it with its SAPT
counterpart, in order to determine the introduced interaction
parameters. All the interaction parameters are fitted to the 23
dispersion-dominated complexes present in the S66x8 data set,
except if noted otherwise. Although this selection is only really
needed for the induction term, as will be explained below, other
parameters were treated consistently. The electron densities of
the isolated monomers in the S66x8 database were calculated
usm DFT with a B3LYP functional and aug-cc-pVTZ basis
set” using Gaussian.”” The molecular electron densuz was then
partitioned with the MBIS scheme using HORTON," with the
built-in ultrafine grid.

3.2.1. Electrostatics. No interaction parameters are included
in the electrostatic term Eg (eq S) of the force field. It simply
consists of the Coulomb interaction between the total charge
densities of the two monomers determined by the effective core
point charges and the Slater-type charge distributions
representing the valence electrons. Figure 1 shows a correlation
diagram of the force-field electrostatic energies and the
reference SAPT values for the 528 structures of the S66x8
data set. As expected, most of the electrostatic interaction
energies are negative (510 out of 528 structures). For practical
reasons, we only display those cases where the SAPT
electrostatic energy is below —1 kJ mol™.. It is clear that the

is con-
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Figure 1. Correlation plot of SAPT and force-field electrostatic
energies for the S66x8 database. Note the use of a logarithmic scale.
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force-field electrostatic model is able to capture the important
penetration effect accurately. In Figure 2 we provide a similar

SAPT electrostatics [kJ mol™]
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Figure 2. Correlation plot of SAPT and RESP fitted point charge
(HF/6-31G*) electrostatic energies for the S66x8 database. Note the
use of a logarithmic scale.

plot to investigate the performance of RESP® fitted point
charges (obtained using antechamber’) from a HE/6-31G*
density, a method often used in force fields. It is clear that the
agreement is unsatisfactory. We note that point charges
obtained with other methods (partitioning schemes such as
Hirshfeld,*” iterative-Hirshfeld,”" or ESP fits with other levels of
theory) result in similar deviations because of their intrinsic
incapability to model the penetration effect.”> Also the
electrostatic part of the AMOEBA force field,***>%*
calculated using point multipoles up to quadrupoles (/ = 2),
is significantly 1m_Proved when including an empirical
penetration model.”’

3.2.2. Exchange-Repulsion. The exchange-repulsion term of
our force field contains one interaction parameter, U, r,
determine this parameter by minimizing a cost function that
expresses the mean-square-deviation between force-field and
SAPT excha.nge»repulsion energy:

2 [ Strep(

dnl

- B ()]
(24)

The summation over n runs over all Ny data points that we
consider. Because our force-field exchange-repulsion energy

Egtnrep(n) = UsxahrepS(n) s a linear function of Uy, (with
S(n) the overlap of our molecular force-field densities),
minimizing the cost function ” effectively amounts to a linear
regression with solution

¥, S(mES ()
ST 3 S(n) S(n) (25)

We first determine the value of Uy for every dimer
separately, and Figure 3 justifies our approximation that the
value of the interaction parameter Uey.rep i indeed universal,
as it takes on about the same value for all dimers independent
of their classification (hydrogen-bonded, dispersion-dominated,
or other). A notable outlier is the neopentane dimer (index 36).
By fitting to all dispersion-dominated complexes from the
S66x8 database, we find U, 4, = 8.13 in atomic units. In Figure 4
we show that our model is capable of reproducing SAPT
exchange-repulsion energies, justifying the assumed functional
expression that is proportional to the overlap of monomer
electron densities. It turns out that for hydrogen-bonded
complexes the model slightly underestimates the exchange-

DOL: 10.1021/acs jctc.6b00969
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Figure 4. Correlation plot of SAPT and force-field exchange-repulsion
energies for the S66x8 database. Note the use of a logarithmic scale.

repulsion energy. Fortunately, this error is (at least partly)
compensated by an underestimation of the electrostatic
attraction energy for the same complexes (see Figure 1). Our
model seems to be better suited to reproduce the sum of
exchange-repulsion and electrostatic energies, rather than both
individual SAPT components. This can probably be related to
the somewhat arbitrary classification of some terms, one of the
limitations of the energy-decomposition methods mentioned
earlier.

3.2.3. Dispersion. Our expression for the dispersion energy
contains one interaction parameter Ugg to scale the contribution
of the term decaying as r~*. To avoid interference from possible
deficiencies of our Tang—Toennies damping function, we
choose to fit Ug to relatively large intermolecular separations
(relative displacements 1.50, 1.60, 1.70, 1.80, 1.90, 2.00, 2.2,
and 2.50, some of which are not included in the original S66x8
database). The fitting is first performed for each dimer
separately, and the resulting values of Ug are reported in
Figure 5. We note a rather large spread on the values of the
interaction parameter. Only within the class of dispersion-
dominated complexes it is reasonable to attribute a universal
value to Ug and we find Uy, = 0.57. If we compare the SAPT
dispersion energies with our model energies (for Ug = 0.57) we
find a good agreement for the dispersion-dominated complexes
in the S66x8 data set as shown in Figure 6. Surprisingly the
model also performs acceptably well for the hydrogen-bonded
and other complexes. This is due to a fortuitous error
cancellation between the underestimated value for Ug and
the overestimated damping for those complexes at short
intermolecular separation. The value Ug = 0.57 can thus also be
considered to be universally applicable.
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Figure 6. Correlation plot of SAPT and force-field dispersion energies
for the S66x8 database. Note the use of a logarithmic scale.

3.2.4. Induction. Our current induction model has a simple
pairwise-additive functional form, again involving only one
interaction parameter Uj,q that provides a linear relationship
between the induction energy and monomer density properties.
Figure 7 reveals that fitting Uj,q. for every dimer separately

|- Hydrogen-bonded M Dispersion-dominated HEE 0ther|
4
3]
3‘ ‘
S
3 2
© ‘
1 ‘
0f
10 20 30 40 50 60
Dimer index

Figure 7. Values of U,y specific for each dimer.

results in a large spread of values. It is notable, but perhaps not
surprising, that U, is systematically higher for hydrogen-
bonded than for dispersion-dominated complexes. It also
becomes clear that only within the group of dispersion-
dominated complexes does it make sense to define a universal
value for Uj,qy. Nevertheless we tested the approach with a
universal value for U, for the entire data set on the one hand
and the different subsets on the other hand, and report the

DOI: 10.1021/acs.jctc.6b00969
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results in Figure 8. Figure 8c confirms that by setting Ujg =
0.87 we obtain a quantitatively accurate induction model for the
dispersion-dominated complexes. From Figures 8b and 8d we
learn that a similar approach is not viable for hydrogen-bonded
and other complexes, although at the same time it seems that
the correlation between SAPT induction and overlap is rather
good for each separate complex (i.e., the curves connecting data
points belonging to the same complex are relatively straight.)

We investigate this further on a complex-specific basis. In
Figure 9a we compare our model induction with the SAPT
counterpart for the water dimer (index 01 of the S66x8 data set,
containing one hydrogen bond) where the parameter Uy, =
242 is obtained by fitting only to the 8 points on the
dissociation curve of the water dimer. To make sure that the
model still holds for other configurations on the water-dimer
potential energy surface, we validate it for the geometries of the
water dimer in the S66a8 data set.”* This data set contains
angular-displaced nonequilibrium geometries for the complexes
present in the S66x8 data set. Similar plots are shown in Figures
9b, 9¢c, and 9d for the water—peptide dimer (index 04,
containing one hydrogen bond), the acetamide dimer (index
21, containing two hydrogen bonds), and the benzene—
methanol dimer (index S5, containing an OH-7z bond)
respectively. In general the absolute value of the SAPT
induction energy is underestimated at long intermolecular
distances (small absolute values of SAPT induction energies)
while the absolute value is overestimated at short intermo-
lecular distances (large absolute values of SAPT induction
energies). This is because at long range the SAPT induction

1 P
energy decays as a power of —, while our model shows a much
r
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faster exponential decay. This could be solved by the inclusion
of, for instance, inducible dipoles which are not present in our
pairwise-additive force field. In general the MEDFF induction
energies for the complexes shown in Figure 9 are in reasonable
agreement with SAPT induction energies, and especially the
transferability to angular-displaced geometries (very challenging
for directional hydrogen bonds) is encouraging. We thus
conclude that our induction model cannot describe all dimers
in the S66x8 data set with just one universal value for Uj,qq;
only for the subset of dispersion-dominated dimers is this a
viable approach. Other dimers such as hydrogen-bonded
complexes can still be described relatively well using our
induction model, provided one uses a value for Uj,g
specifically fitted to the dimer at hand. Plots similar to Figure
9 are included in the Supporting Information for all complexes
of the S66x8 data set.

3.3. Refining Parameters by Calibrating to CCSD(T)/
CBS Energies. By comparison of SAPT2+(3) interaction
energies with CCSD(T)/CBS reference values, it became clear
in section 3.1 that the perturbation expansion is not fully
converged in SAPT2+(3), especially at shorter intermolecular
distances. It is also important to note that the total force-field
energy is composed of several terms that cancel each other to a
large extent. The exchange-repulsion term is always positive,
while induction, dispersion, and electrostatic are usually
negative contributions. The typical behavior of all these terms
is illustrated in Figure 10 for the dissociation of two dimers
selected from the S66x8 database. An important consequence is
that, in order to get reasonably accurate total energies, all the
components need to be very accurate. Otherwise small relative
errors on one component will result in large relative errors on

DOI: 10.1021/acs.jctc.6b00969
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Figure 10. Dissociation curves showing components of the SAPT energy for the water dimer (left, hydrogen-bonded) and 7—x benzene dimer

(right, dispersion-dominated).

the total energy. This is why we prefer to further refine the
interaction parameters together by fitting to total interaction
energies from CCSD(T)/CBS calculations. A conventional
minimization of a quadratic cost function often leads to an ill-
conditioned fitting procedure in a high-dimensional parameter
space, with an imminent danger of overfitting. Even when the
number of parameters is rather modest, so-called sloppy modes
can lead to parameter sets that are unphysical.”>?®
Furthermore, all information deduced from the SAPT
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decomposition would be lost by using a conventional quadratic
cost function. Although the total SAPT energy may not be very
accurate, the interaction parameters of our force field fitted to
individual SAPT components certainly are an excellent first
guess for further refinement of the parameters to reproduce
CCSD(T)/CBS energies. This is why we will use ridge
regression in the next subsection to refine the interaction
parameters.

DOI: 10.1021/acs.jctc.6b00969
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We note that only the difference of the interaction
parameters Uechrep — Uindet 1S important, as both Ueyehrep and
—Ujpg,t are prefactors of the same functional form (the overlap
of electron densities). We however choose to treat these
parameters separately in the remainder, as knowing the
contribution of exchange-repulsion and induction can be useful
for the physical interpretation of the interactions in the systems
at hand.

In the previous sections, we have shown that our force field is
particularly suited for the dispersion-dominated complexes. We
will refer to this force field as MEDFF (monomer electron
density based force field) and will obtain universal values of the
interaction parameters for MEDFF from fitting to the
dispersion-dominated complexes from the S66x8 data set. It
is clear that especially the induction term needs improvement
to also describe hydrogen-bonded and other complexes. To
demonstrate that the functional form of our force field is
appropriate for those complexes, we show results for a few
selected cases where the interaction parameters are determined
specifically for each case.

3.3.1. Ridge Regression or Tikhonov Regularization. A
refinement of the interaction parameters can be performed by
applying Tikhonov regularization, sometimes also termed ridge
regression, to the conventional quadratic cost function, similar
to Bayesian statistics.”’ ™"’ In this work we will use the
following cost function:

Do LN ERUI B 1 S (G- UMY
P T ) T
n=1 d Proa=1 a (26)
The cost function »* has dimension [energy®] (note that the
parameter o, has dimension [energy™'] as all terms in the
second summation are dimensionless). The sum over n runs
over all Ny data points in the database, while the sum over a
runs over all N, interaction parameters, thus N, = 3 in the case
of MEDFF. The vector U contains all interaction parameters,
and the force-field energy Ejz[U] of dimer n depends on these
interaction parameters. The second term, which regularizes the
cost function, is called the prior and its influence is controlled
by the parameter o,. Our prior term in the cost function
penalizes large relative deviations of the interaction parameters
from their values computed by fitting to individual SAPT
energy components, denoted by US*"™.
The parameter 6,, cannot be computed a priori, instead its
optimal value has to be determined as part of the fitting
procedure. This can be achieved by first computing the
estimated prediction error (EPE) as a function of 6, The EPE
can be estimated from the training data set by cross validation
(cv):
1/2

EPESY — % (E5[UD)] — E)’
n=1 Ny (27)
Here each of the Ny points in the database are in turn left out of
the fitting procedure and the point that is left out contributes to
EPE®Y. We denote the database without point n as D,. The
notation U(D,) is used to indicate that the parameters U are
fitted to points in the database D,, in this case the database that
contains all data points except for point n. The optimal values
of the parameters U depend on the value of o, in the cost
function, and in this way also EPE®Y depends on O We
computed EPEY for several values of 0, In Figure 11 we only
consider dispersion-dominated complexes of the S66x8 data-
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Figure 11. EPE initially decreases as o, increases (the prior
contribution in the cost function diminishes). However, the EPE

remains nearly constant as soon as 6, > 0.1 mol kJ™".

base and use the force field for all energy contributions. We see
that small values of o, result in a high EPE because all
interaction parameters are constrained to their SAPT values,
which results in large differences with CCSD(T)/CBS energies.
As soon as oy, is larger than 0.1 mol kJ™!, the EPE does not
decrease appreciably. Therefore, we consider the parameters
that are found by minimizing the cost function with 6, = 0.1
mol kJ™' to offer an optimal combination of being physical
(close to parameters from fitting to separate SAPT
components) and at the same time leading to good
correspondence between CCSD(T)/CBS and force-field
energies. The fact that the EPE does not increase again
indicates that we are not overfitting the parameters.

The values of the interaction parameters are given in Table 3
for different contributions of the prior to the cost function. If

Table 3. Optimal Values of the MEDFF Interaction
Parameters (All in Atomic Units) for Different Prior
Contributions (o‘l,r in mol kJ ') to the Cost Function

6, [mol kJ™'] 0.0 0.1 ©
Uexchrep 8.13 843 827
Ungat 0.87 0.86 0.86
Ug 0.57 0.57 048

Gy = 0.0 mol k]!, the prior dominates the cost function and we
obtain the values from fitting to the SAPT components
separately. On the other hand, if 6, = oo, the prior does not
contribute to the cost function and we obtain parameters from
an unrestrained fit to CCSD(T)/CBS reference energies. If we
choose ¢, = 0.1 mol k]! for MEDFF, we obtain parameters
that show small relative deviations from parameters fitted to
SAPT components and at the same time result in energies close
to CCSD(T)/CBS reference values. In the remainder of this
paper we will work with the parameters obtained by minimizing
the cost function with 6,, = 0.1 mol kJ™".

We note that the refinement of the parameters mainly
influences the interaction energies at rather small intermolec-
ular separations. The resulting differences are in general smaller
than the remaining errors with respect to the reference ab initio
interaction energies.

3.3.2. Results. With the refinement of the interaction
parameters according to the cost function (eq 26), our force
field MEDFF is completely constructed. The final values of the
interaction parameters are tabulated in Table 3 in the column
with o, = 0.1 mol k™. In a first internal validation we check
whether MEDFF succeeds in reproducing the reference data
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that were used in the fitting procedure. We present the rmsd
with respect to CCSD(T)/CBS interaction energies for our
force field MEDFF in Table 4. We compare with the recently

Table 4. Rmsd of CCSD(T)/CBS and Force-Field
Interaction Energies in kJ mol ™' for the Dispersion-
Dominated Complexes in the S66x8 Database”

relative displacement MEDFF QMDFF
0.90 3.7 62
0.95 22 53
1.00 15 4.7
1.05 11 4.2
L10 0.9 3.8
125 0.6 2.7
1.50 04 1S
2.00 0.2 0.5

“The definition of relative displacements is discussed elsewhere.”®
CCSD(T)/CBS and force-field energies are always compared for the
same geometry.

developed QMDEFF,"® where we note that QMDFF was fitted
to B3LYP-D3/def2-QZVP reference data for the S22 data set, a
subset of the S66 data set. MEDFF performs very well and can
be considered chemically accurate (rmsd < 1 kecal mol™"). We
show the dissociation curves for a few selected dimers obtained
with our force field MEDFF in Figure 12, and again compare
with QMDEFF. Dissociation curves for dispersion-dominated
complexes are presented in the Supporting Information. These
results reveal that the MEDFF force field performs remarkably
well for all dispersion-dominated complexes. The neopentane
dimer (index 36) is a notable exception, where also QMDFF
fails to reproduce the dissociation curve correctly. A detailed
analysis reveals that the main source of error is in the exchange-
repulsion contribution, which is severely underestimated. This

can also be seen in Figure 3, where it is clear that the value of
the interaction parameter Ug, e, fitted only to the neopentane
dimer (index 36) is significantly above average.

We now turn our attention to some dimers that are not
dominated by dispersion. Just as in section 3.2 we will show the
results for the water dimer (containing one hydrogen bond),
the water—peptide dimer (containing one hydrogen bond), the
acetamide dimer (containing two hydrogen bonds), and the
benzene—methanol dimer (containing an OH—7 bond) where
we determine the parameters specifically for those complexes
using the regularization procedure described at the beginning of
this section. Again we use the 8 geometries of each complex in
the S66x8 data set as training data for the parameters for that
specific complex. The geometries of the same complex in S66a8
are used afterward as a validation. All results for the 4
complexes mentioned are summarized in Figure 13. For the
water dimer the results are not entirely satisfying. A detailed
analysis reveals that this is due to errors in the electrostatic
term, most likely because the MBIS model gives isotropic
atomic densities while atomic multipoles are indispensable for
this specific case. For the other cases shown here the agreement
is acceptable and the transferability of the model to the angular-
displaced geometries of the S66a8 data set is remarkable. The
results for all complexes are provided in the Supporting
Information.

In Table 5 we summarize the results for the force field where
parameters are obtained specifically for each complex, in
contrast to our universal approach presented earlier. The errors
with respect to CCSD(T)/CBS are well below 1 kcal mol™
thereby demonstrating that our proposed energy expression can
be used to reproduce high-level ab initio data. Of course one
has to keep in mind that, to use the force field in this way for
complexes not present in the S66x8 data set, a limited number
of new ab initio calculations need to be performed.
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Figure 12. Dissociation curves of the 7—z pyridine dimer and the benzene—cyclopentane complex (both dispersion-dominated complexes).
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Figure 13. Correlation plots of CCSD(T) and force-field interactions energies. The parameters Ueschrepr Usey and Uypg have a different value for
each complex, obtained by fitting to the 8 geometries of that complex in the S66x8 data set. The rmsd is computed for all geometries of that complex

in S66x8 and S66a8.

Table 5. Rmsd of CCSD(T)/CBS and Force-Field
Interaction Energies in kJ mol™" for All Complexes in the
$66x8 Database”

relative hydrogen- dispersion-
displacement bonded dominated others  all
0.90 1.89 0.72 134 1.40
0.95 0.46 0.39 0.88 0.60
1.00 1.50 0.58 113 113
1.0S 2.39 0.69 1.32 1.64
L10 2.94 0.73 1.38 1.94
12§ 3.31 0.68 120 2.10
1.50 226 0.51 0.72 142
2.00 0.70 0.24 0.26 0.46
All 2.15 0.59 1.09 145

“The force-field interaction energies are obtained using parameters
determined specifically for each separate complex.

4. EXTERNAL VALIDATION

4.1. External Validation on the hsg Data Set. The next
step in the validation of the new force field assesses to which
extent MEDFF reproduces interaction energies of noncovalent
complexes not included in the S66x8 data set. For this external
validation we select the hsg data set.'”” The hsg data set

173

consists of 21 interacting fragment pairs, extracted from an
HIV-II protease crystal structure with a bound ligand
(indinavir). The molecules included in this data set are,
among others, 2-formamidoacetamide, N-methylacetamide,
benzene, toluene, ethane, propane, butane, pyridine, methanol,
and acetic acid. We only retain the 13 dimers that are
dominated by dispersion in this study. The values of the
interaction parameters of our force field are not reoptimized,
but instead taken from the fitting for the S66x8 data set
discussed earlier. This means that the computationally most
expensive step to construct a force field for these complexes is a
DFT calculation for the monomers. We note that a similar
computational effort is required for force fields where charges
are obtained from an ab initio density (for example from ESP
fitting or partitioning).

We compare the performance of our force field with some
other force fields (quantum mechanically derived force field"®
(QMDEE), the generalized amber force field"*" (GAFE), and
the Merck molecular force field'*> (MMFF)) in Figure 14. It is
encouraging to see that our force field, MEDFF, performs well
for dispersion-dominated complexes, even though the mole-
cules present in this data set were not used to fit the interaction
parameters. Also the good performance of QMDEFF for these

DOL: 10.1021/acs jctc.6b00969
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Figure 14. Performance of several force fields in reproducing CCSD(T)/CBS interaction energies for the dispersion-dominated complexes of the

hsg data set.

complexes should be noted. Here we consider a complex to be

dispersion

SAPT
electrostatics

dispersion-dominated if > 1.7, a definition corre-

sponding to the classification used for the S66 data set.””

4.2. Second Virial Coefficients. To further validate our
force field, we used it to compute second virial coefficients for
some small alkanes and alkenes. Existing force fields can
successfully predict this S[uantity, but such force fields are based
on experimental data,'”® on first-principles calculations on
alkane and alkene dimers,”® or on both.'”* Here, most force-
field parameters for these systems will be derived solely from
monomer computations on alkanes and alkenes. The three
interaction parameters retain the values that were determined
earlier without fitting to calculations for the dimers considered
here, making this a proper validation of our method. The
second virial coefficient describes the nonideality of a gas in a
first-order approximation. They form an interesting test case for
our force field because experimental results are widely available
and they only depend on the interaction between two
molecules. The second virial coefficient B, can be computed
as follows:'”

By =27 [ (1~ (e[l dr

In this formula r is the distance between the centers of mass of
the two molecules and f = ﬁ The brackets (...) indicate an
y

(28)

average over all possible configurations and orientations of the
molecules. This average is weighted with a Boltzmann factor of
the intramolecular energies of the configurations. To sample the
molecular configurations with these weights, we performed MD
simulations of an isolated molecule in the NVT ensemble for 5
ns with a time step of 0.5 fs. Where necessary, the dihedral
force constants are rescaled in order to correctly reproduce the
energy barriers obtained from a dihedral scan using the same ab
initio level of theory. For instance in butane this is crucial to
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correctly sample gauche and trans states. The resulting
intramolecular parameters are provided in the Supporting
Information. For noncovalent interactions, MEDFF is used.
Note that we neglect noncovalent interactions between 1-2
and 1-3 neighbors. To compute the second virial coefficient,
two random configurations were selected from the MD run and
one of the monomers was randomly rotated. This procedure
enables the computation of B, by numerical integration over r
with 1.5 A < r < 40 A in steps of 0.02 A. At each value of r, the
orientational average was obtained by calculating the
interaction energy for 100 different randomly generated
orientations. The whole procedure was repeated 1000 times
with different randomly selected configurations, in order to
properly compute the average over all possible configurations.

As mentioned, our force field is expected to work well for
molecules where polarization plays a minor role. Thus, for a
series of alkanes and alkenes we expect good performance. We
limit the simulations to methane, ethane, propane, butane,
ethene, and propene, as for longer chains a proper intra-
molecular force field is strictly necessary to correctly sample
molecular configurations. In general the agreement with
experiment is rather good, as shown in Figure 15. The second
virial coefficient is however slightly underestimated for the
larger molecules propene, propane, and butane. We stress again
that no dimer calculations for these molecules have to be
performed to construct our force field. All necessary parameters
come from monomer calculations with addition of a few
interaction parameters obtained by fitting to reference data
from the S66x8 database (accidentally ethene is present in the
S66 database). This is in sharp contrast to most ab initio force
fields where the parameters of a certain molecule are fitted to
reproduce interaction energies for dimers containing that
specific molecule.

4.3. Liquid Properties. As a final validation, we applied the
force field to compute properties of liquids. Because our force

DOL: 10.1021/acs jctc.6b00969
J. Chem. Theory Comput. 2017, 13, 161179



Publications in International Peer-Reviewed Journals

139

Journal of Chemical Theory and Computation

o,

£
poess ADAD ‘,7’,,'171!

e

v

=500

A methane
v ethane
< propane
> butane
= ethene
* propene

B, [cm?® /mol]

—1000|

e mV A4D>

—150

200 500 600

0 400
TIK]

Figure 15. Comparison of second virial coefficients from our force
field (symbols) with experiment (solid line). Experimental data for
alkanes from ref 106, for propene from refs 107 and 108, and for
ethene from ref 109.

field is derived entirely based on ab initio computations in the
gas phase, condensed-phase simulations are a stringent test to
validate the assumptions made in the construction of the force
field.

4.3.1. Computational Details. We performed molecular
dynamics simulations in the NPT-ensemble with our in-house
code YAFE."® We used a Nosé—Hoover chain thermo-
stat''!'* with a time constant of 100 fs and chain len¥th 3,
in combination with a Martyna—Tobias—Klein barostat''>'"*
with time constant 1000 fs. To treat the lon§-range electrostatic
terms correctly, the Ewald summation®®” was used, while
other nonbonded interactions were cut off at 12 A using a
third-order polynomial to ensure smoothness of the potential
and forces. The penetration contribution to the electrostatic
interaction (the second term in eq 10) is also cut off at 12 A.
This is justified by the exponential decay of this term, which is
clear from eq 11. All simulations were carried out with 100
molecules in a cubic box and a time step of 0.5 fs. Every MD
run lasted for 1 ns, of which the last 800 ps is used to collect
data. The same force field as for the computation of virial
coefficients, with an intramolecular force field obtained using
QuickFF, was used.

The following quantities were computed based on the NPT
w
with M the mass of the system and V the volume. The enthalpy
of vaporization AH,,, is approximated as

simulation runs. The density p follows trivially from p =

ap
AH,, ~ (EE) + kT — (Ej%)

pot pot

(29)

as

where Ef is obtained from a 100 ps NVT simulation of a
single molecule.

4.3.2. Results. In line with calculations of the second virial
coefficients, we performed MD simulations of methane, ethane,
propane, butane, ethene, and propene. We study liquid
properties just below the boiling point of these molecules at
a pressure of 1 atm. The experimental data for methane, ethane,
propane, and butane are taken from ref 114, for ethene from ref
115, and for propene from ref 116. Results for the density and
enthalpy of vaporization are shown in Table 6. In general the
agreement with experiment is not very good, and we cannot
claim that our force field predicts liquid properties that are
quantitatively correct. The densities are systematically over-
estimated with errors ranging from +11% for ethane up to
+20% for ethene. The enthalpies of vaporization are also
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Table 6. Comparison of Simulated and Experimental Liquid

Density p and Enthalpy of Vaporization AH,,,

plgl™] AH,,, [KJ mol™]
molecule T [K] expt simulation expt simulation
methane 111.6 422.8 502.5 82 92
ethane 184.5 544.6 6182 14.7 16.4
propane 2311 S81.2 684.1 18.8 22.8
butane 272.6 601.1 713.8 224 283
ethene 169.2 568.0 673.1 13.5 16.1
propene 2254 609.1 674.0 18.5 18.8

overestimated for all molecules we studied, with errors ranging
from +12% for ethane up to +23% for butane.

4.3.3. Discussion. In the condensed phase, many-body
effects will have a much larger impact than in the gas phase.
With our pairwise-additive force field, it is impossible to
properly describe many-body effects such as induction or
Axilrod—Teller—Muto dispersion. Recently, it was shown how
pairwise-additive force fields can be extended with explicit
three-body terms for dispersion and exchange.''” In the same
paper, it was shown that neglect of these terms in ab initio
derived force fields can have a large impact on predicting
quantities such as density and heat of vaporization. Similar
conclusions have been presented for liquid argon,] "% where the
two-body force field overestimates densities with an error of
12%, while the inclusion of three-body corrections leads to
good agreement with experimental results. Indeed, the necessity
of many-body terms in general has been discussed before." >

In force fields based on experimental data, all these effects are
included implicitly in the parameters. We illustrate this for the
case of butane with the optimized potential for liquid
simulations all atom (OPLS-AA) force field.">' The parameters
of the intermolecular potential are determined to correctly
reproduce experimental liquid densities, heats of vaporization,
and radial distribution functions. For butane at the boiling
point, this results in an error for the density of only —0.5% and
only +1.4% for the heat of vaporization."”' These errors are
considerably smaller than errors obtained with MEDFF,
+19.0% and +24.8% for liquid density and heat of vaporization,
respectively. In Figure 16, however, we show that the OPLS-AA
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° @-e MEDFF
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-1s 00 300 400 500 600
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Figure 16. Second virial coefficient of butane. Experimental data from
ref 106; OPLS-AA results from ref 122.

force field fails to correctly reproduce the second virial
coeficient of butane.'”” As its name suggests, OPLS-AA is
not well suited to compute gas-phase properties. The fact that
MEDFF performs better at reproducing the second virial
coefficient than the empirical OPLS-AA force field indicates
indeed that the empirical OPLS-AA force field implicitly
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contains many-body effects (of critical importance in the
condensed phase) in its parameters. Similar conclusions are
obtained for the TraPPE force field for n-alkanes.®

We elaborate on this point by comparing our force field
MEDFF with a two-body force field derived from SAPT.""” For
methane under similar conditions, the predicted relative errors
on density and heat of vaporization there are +14% and +26%
respectively. By including explicit three-body terms, the errors
are reduced to +8% and +13% respectively. Omission of
repulsive three-body terms seems to result in an overestimation
of liquid densities and of enthalpies of vaporization. This
observation provides further evidence that the errors in our
current force field are to some extent due to its pairwise-
additive character, and that these errors can be made
significantly smaller by including explicit three-body terms in
the force field. Another approach to include many-body
dispersion effects is to map the valence-electron response
onto a set of atom-centered quantum harmonic oscillators
interacting through a dipole potential.lz‘x_lZS In this work, such
effects are not taken into account yet, but this will be
investigated in future extensions of the proposed method.

To obtain better results while maintaining the pairwise-
additivity of our force field, we studied the following approach.
Instead of deriving the MBIS parameters from the electron
density in the gas phase, we derive them from the electron
density from an ab initio calculation in the condensed phase.
This offers an interesting way to implicitly include some many-
body effects missing in the force field. We tested this approach
for the case of methane. The resulting density and enthalpy of
vaporization are indeed in closer agreement with experiment,
compared to values obtained using MBIS parameters from gas-
phase methane. The error is however still considerable, possibly
because the interaction parameters have been derived using gas-
phase interaction energies. In other words, not all many-body
effects will be included using the suggested procedure. Another
explanation is the limited accuracy of the two-body potential:
after all MEDFF gives very good, but not perfect agreement
with the second virial coefficient of methane. More details
concerning this remark are given in section 6 of the Supporting
Information.

5. SUMMARY AND CONCLUSIONS

We present a procedure to derive pairwise-additive noncovalent
force fields based on monomer electron densities. Our
approach differs from existing methods because we avoid ill-
conditioned fitting of parameters, we employ physically
motivated energy terms, and we are able to use CCSD(T)/
CBS data as a reference, because a limited number of data
points is sufficient to fit the three interaction parameters.
Similar approaches based on universal parameters for non-
covalent interactions have been presented before, but they
usually involve more parameters. Furthermore, our model is
based on a distributed model of monomer electron densities,
which allows inclusion of the electrostatic penetration effect in
an elegant and simple manner. By comparison with a SAPT
decomposition of interaction energies for the S66x8 data set,
we show that all terms of our force field correctly reproduce the
reference data. For the exchange-repulsion and dispersion
contribution, the associated interaction parameter values are
shown to be universal, i.e,, largely independent of which specific
dimer is considered. For the induction term, the same holds
only for the dispersion-dominated dimers. For complexes not

dominated by dispersion (for example, hydrogen-bonded
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dimers) it is necessary to determine the induction parameter
on a case-specific basis, so it takes on a different value for each
complex studied. Next, the parameters for this pairwise-additive
force field were refined by combining information from a SAPT
energy decomposition with CCSD(T)/CBS interaction en-
ergies. The resulting force field is capable of accurately
describing the dissociation curves that were used to fit the
parameters.

As external validation, we first tested our force field on the
hsg data set, consisting of dimers extracted from an HIV-II
protease crystal structure with a bound ligand (indinavir).
Again, our force field performs well for the dispersion-
dominated complexes. Furthermore, experimental second virial
coefficients for small alkanes and alkenes were successfully
predicted. This is a remarkable success as the interaction
parameters are not fitted specifically for these molecules and at
no point is experimental input needed. Future extensions are
needed to describe condensed-phase properties and hydrogen-
bonded complexes. These extensions will cover many-body
dispersion and exchange-repulsion terms, as well as a proper
nonadditive polarization model to describe induction inter-
actions.
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ABSTRACT: The search for nanoporous materials that are
highly performing for gas storage and separation is one of the
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contemporary challenges in material design. The computational g
tools to aid these experimental efforts are widely available, and Small uncertainty GCMC g3
(hypothetical) frameworks. Clearly the computational results ) %%
depend on the interactions between the adsorbed species and Eé
the adsorbent, which are commonly described using force fields. I
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In this paper, an extensive comparison and in-depth
investigation of several force fields from literature is reported
for the case of methane adsorption in the Zr-based Metal—Organic Frameworks UiO-66, UiO-67, DUT-52, NU-1000, and MOF-
808. Significant quantitative differences in the computed uptake are observed when comparing different force fields, but most
qualitative features are common which suggests some predictive power of the simulations when it comes to these properties.
More insight into the host—guest interactions is obtained by benchmarking the force fields with an extensive number of ab initio
computed single molecule interaction energies. This analysis at the molecular level reveals that especially ab initio derived force
fields perform well in reproducing the ab initio interaction energies. Finally, the high sensitivity of uptake predictions on the

underlying potential energy surface is explored.

1. INTRODUCTION

For the past two decades, metal—organic frameworks (MOFs)
have received considerable attention in scientific literature. This
is in part due to the seemingly unlimited number of possible
combinations of metal nodes coordinated by organic ligands,
with each combination resulting in the unique charateristics of
that MOF. The mixing and matching of these building blocks
lead to a wide range of chemical environments, topologies, and
pore sizes, with practical applications including heterogeneous
catalysisl'2 and gas storage or separation.’ From the onset, MOFs
were mostly used and studied for their gas adsorption
properties."® Also from a computational side, MOFs attracted
extensive attention, as evidenced by many high-throughput
studies that aim to identify the most promising candidate
materials for a given application.”*

Many studies on the computational prediction of adsorption
isotherms are available; however, the correct prediction of
isotherms is particularly challenging. To compute the adsorption
isotherm of a guest molecule in a rigid framework, one can use
Grand-Canonical Monte Carlo (GCMC) simulations which are
able to unveil the influence of the underlying potential energy
surface (PES) on the uptake of the guest molecules. Typically,
millions of energy evaluations are required in GCMC
simulations, making them intractable with ab initio methods.
Given the current limitations on computing power, only force-
field simulations are feasible. There is an abundance of force
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fields in literature that can be used for adsorption simulations
(note that we only consider the noncovalent part of the force
fields in this study, as covalent terms are not relevant in rigid-
framework simulations). An important distinction is the
difference between so-called generic force fields on the one
hand and ab initio derived force fields on the other hand. In brief,
generic force fields are typically fitted to reproduce certain
experimental results such as crystal structures, sublimation
energies, or fluid properties and are then applied to other systems
and/or properties of interest. Parameters of generic force fields
are available for many chemical environments, which makes
them (in principle) widely applicable.” In contrast, ab initio
derived force fields are typically more tailored toward one specific
application. Previous classification gives only a brief distinction
between the two major classes of force fields (generic versus ab
initio derived). In reality many force fields were developed which
have much more subtle nuances. A more complete description of
force fields used in this work is given in section 2.1. For an in-
depth review, we refer to the work by Coudert et al.'’
Hereafter, we particularly highlight some computational
studies on gas adsorption which are relevant for this paper, in
which methane adsorption in Zr-based MOFs is taken as a case
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study. Vasanth Kumar et al. studied H, and CH,, adsorption in
Ui0-66, UiO-67, and UiO-68, showing that linker—guest
interactions are the main driving force for adsorption.'" Their
study was performed using GCMC simulations with a
combination of different generic force fields (Dreiding, UFF,
and TraPPE). In contrast to the current work, the obtained
results were not validated using experimental adsorption data or
ab initio computed adsorption energies. Snurr et al."> simulated
the effect of missing linker defects on water and CO, adsorption
in UiO-66, using also a combination of different generic force
fields (Dreiding, UFF, TraPPE, and TIP4P) and with additional
account of framework atomic charges which were derived from
ab initio calculations using the REPEAT method. It was shown
that defect sites render the material more hydrophilic and that
the location of the defects has an appreciable impact on uptake.
Diiren et al."> presented an adsorption study of methane in
CuBTC in which direct information from the true potential
energy surface (calculated with the DFT/ CC'* ab initio method)
was used. For this MOF with coordinatively unsaturated sites,
the presented approach provided quantitative agreement with
experiment over a wide range of temperatures and pressures.
However, it was observed that using other ab initio methods as a
reference may provide deviating results, which gives an indication
of the sensitiviy of the adsorption isotherm on the underlying
potential energy surface. Finally, Schmidt et al.'* compared a
generic force field with an ab initio derived force field in a
screening study involving 424 MOFs. Significant differences in
CO, and CH, gas adsorption isotherms were observed; however,
both types of force fields predict a similar ranking (with respect
to uptake at a certain pressure and temperature) of the
frameworks. The authors also found that the generic force field
may benefit from a compensation of errors. Consequently, the
physical interpretation of results obtained with generic force
fields should be done with caution. Obviously, computational
studies of gas adsorption in MOFs have covered a much wider
array of frameworks and guest molecules than the few examples
mentioned before.

In this work, we study methane adsorption in Zr-based MOFs,
which proves an ideal case study for a comparison and evaluation
of force fields to predict adsorption isotherms. At first sight it
might be regarded as a rather easy problem from a computational
point of view for two reasons. First, for the study at hand, the
methane guest molecule does not feature a dipole or quadrupole
moment, rendering electrostatic interactions with the framework
unimportant (as shown in section S3), and polarization effects
can be assumed negligible. Second, the frameworks that will be
studied here do not feature coordinatively unsaturated sites
(note that such sites can be present in defective UiO-66
structures, but those cases are not considered in this work). Such
open metal sites can have a dramatic impact on adsorption
properties and often require additional force-field terms not
included in generic force fields.'®"” Generic force fields perform
better in defect-free materials with fully saturated metal centers.
This is convincingly demonstrated in ref 18, where adsorption
isotherms have been computed with generic force fields for CO,
and CH, in dehydroxylated UiO-66. An excellent agreement
with experiment is even obtained if Dreiding, UFF, and TraPPE
parameters are selectively used for the CH,-MOF and CO,-
MOF interactions. In another recent study, it was concluded that
generic force fields are suitable for the qualitative prediction of
methane adsorption in MOFs in the low-loading regime.'* In the
same paper, it is demonstrated that these force fields are capable
of providing detailed molecular-level information, although in

some systems such conclusions should be approached with
caution.

In this paper, we study methane adsorption in Zr-based MOFs
using five different force fields. Three of them are so-called
generic force fields while we also included two force fields based
on an ab initio description of the potential energy surface.
Adsorption isotherms are calculated using GCMC simulations.
Insight at the atomic level is gained from single molecule
adsorption energies, obtained from density functional theory
(DFT) calculations on the periodic lattice. The main goal of this
paper is to critically assess which factors contribute to the overall
reproduction of the adsorption isotherms, both quantitatively
and qualitatively. The paper is organized as follows. section 2.1
provides an elaborate description of the five used force fields. In
section 2.2, one reads computational details. The main results of
the GCMC simulations and the comparison with ab initio
adsorption energies are presented in sections 3.1 and 3.2,
respectively. The conclusions are formulated in section 4.

2. METHODS

2.1. Description of the Force Fields. Many different force
fields are available in literature, which can be distinguished by
their functional form, parametrization method, and design
philosophy. This section discusses these features of the five
force fields that will be used in this work.

The first two force fields are so-called generic force fields,
based on generic, nonsystem-specific parameters. The first
variant will be further designated UFF/TraPPE. The potential
energy is a pairwise additive sum of Lennard-Jones potentials:

12 6
O O;
i ;
E=Y4f| 2| -2
T T

()
where the sum runs over all pairs of atoms where atom i is part of
the framework and atom j is part of the guest molecule. The
parameters o;; and €;; are determined using Lorentz—Berthelot
mixing rules respectively:

o +9
0= ——
2 (1)
€ = [€€ @)

The atomic parameters ¢; and €; of the MOF frameworks are
taken from the Universal Force Field (UFF)*" and are in this case
uniquely determined by the atomic number of atom i. The MOFs
we will study (UiO-66, UiO-67, DUT-52, MOF-808, and NU-
1000) consist of Zr, O, C, and H atoms, leading to 8 parameters.
The UFF parameters have been developed by making use of a
combination of ab initio calculations, literature values, and
empirical rules. Methane is described using the transferable
potential for phase equilibria (TraPPE),* where a united-atom
model with only one site is used for methane. Because methane is
a neutral molecule, this site has zero charge which means that no
electrostatic interactions are taken into account. The o, and €; of
methane are parametrized to reproduce the experimental critical
properties and coexistence densities. The second force field,
designated as Dreiding-UFF/TraPPE, is very similar and shares
the same functional form and number of parameters. The only
difference with the UFF/TraPPE force field is that the
framework 2parameters 0, and ¢; are obtained from the Dreiding
force field.” Again, parameters are only based on the atomic
number of the atom and take modified values that were based on
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experimental crystal structures and sublimation enthalpies.
Unfortunately, no Dreiding parameters are available for the Zr
atom and therefore the ones available from UFF are taken. Both
the Dreiding-UFF/TraPPE and the UFF/TraPPE force fields
he\vle8 been used before to model methane adsorption in UiO-
66.

The third force field, MM3-MBIS, uses generic parameters for
the van der Waals contribution combined with system-specific
charges to model electrostatic contributions:

0.

E= ) le)1.84 x 10%7 /% — 225 2| [+ =
o)] Ty Tij

i),

(3)

The van der Waals contribution is modeled using the
Buckingham potential. The parameters o; and €; are again
determined from atomic values using following mixing rules:

G =0+ (4)

eij = €x€/ (5)

Note that o;; is defined as the sum of the atomic radij, rather than
as the average of atomic radii (which is the case for the UFF and
Dreiding force fields, see eq 1). The definition of 6;; as the sum of
the atomic radii is in line with the convention used by the authors
of the MM3 force field.”® The atomic parameters in turn are
parametrized to reproduce experimental results such as
molecular geometry, crystal unit cell parameters, and heat of
sublimation.”*™>* For some elements of the periodic table,
parameters are obtained by interpolation. Note that for MM3,
the values of ¢, and €; are not uniquely determined by the atomic
number of atom i, for instance a sp> hybridized C atom has
different parameters than a sp* hybridized C atom. In the original
MM3 work, electrostatic interactions are described using bond
dipoles, but for simplicity, we will employ point charges instead.
These atomic partial charges are obtained using the minimal basis
iterative stockholder (MBIS) partitioning scheme.”® It should be
mentioned that for the nonpolar methane molecule electrostatic
interactions have a modest impact, as shown in section S3.

The fourth force field is a purely ab initio based force field
introduced by Schmidt et al. and is called SAPTFFE.*”** The
potential energy of this force field is decomposed into terms that
correspond to the physically distinct intermolecular interaction
energies from SAPT:

Utot = Eexen + Eetee + Epol + Egisp + Esie 6)
where Eq, iy Eeles Epob Edgig and Egpye correspond to the exchange-

repulsion energy, electrostatic energy, polarization energy,
dispersion energy, and higher-order contributions to polar-
ization/exchange, respectively. For a methane molecule, the
polarizability is taken to be zero and point-charge electrostatic
interactions are not included."® Taking these simplifications into
account, the above expression can be written as

Ut = Z [Aijlec + A;XCh + Ai;'nd + A;?MJEXP(_ij'i,)

(i)

c)
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The dispersion interactions are damped using the Tang-

" m

Toennies damping function f (x) =1 —e™" Zm:ﬂm and
combination rules are as follows:
(8 +B)—0
B, = (B + B)——
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type| — typey| 4 type,
AP = [IAPIAT (10)

where APP* is always positive for exchange, always negative for
electrostatics and induction, and positive for hf if and only if
both A™ and Afhf are positive. This functional expression is more
complicated than the Lennard-Jones or Buckingham potentials
used in the previously discussed generic force fields, but there is
also an important difference with respect to the way parameters
are determined. The SAPTFF parameters are determined based
on monomer properties and dimer interactions, all computed
using ab initio calculations. To generate the necessary reference
data, cluster models of the frameworks under study are used.
Different atom types are introduced of which 11 are necessary to
describe the systems investigated in this paper. For each atom
type, 9 parameters are introduced which leads to a total of 99
parameters as reported in section S6. SAPTFF has been used
before in a screenin]g study, which included methane adsorption
in Zr-based MOFs."”

The fifth and final force field considered in this work is the
monomer electron density based force field (MEDFF), which
was proposed by the present authors.” It is also based on ab
initio data and shares some common features with SAPTFF,
although much less parameters need to be fitted to dimer
interaction energies. The functional form is as follows:

,, SN o
E= Z Ed + (Unchorep = Un)S” —fé(%,',)r—6 - Usfy (%,)7
s 5

()]
(11)

The first term, Ej, represents electrostatic interactions including
the penetration effect. The second term, (Uechorep = Uina)S"s
describes exchange-repulsion and short-range induction inter-
actions based on the overlap of the monomer electron densities.

c c o
The final terms, f, (xij)? and Ugfy (xi)) o are dispersion terms

that are damped at short-range using the Tang-Toennies
damping function. Contrary to most other force fields, no
atom types are defined in MEDFF. Instead the atomic
parameters are obtained directly from an ab initio comzputed
electron density through the MBIS partitioning scheme.”® For
instance, S’ is the overlap of the model electron densities, which
can be accurately computed from the MBIS parameters of the
atoms involved, as MBIS provides an analytically simple
expression for electron density. Next to these atomic parameters,
MEDFF also features three so-called interaction parameters:
Uexeh—repr Unna and Ugg. The values for these parameters can not
be obtained from the MBIS partitioning but are fitted to
reproduce ab initio interaction energies (both SAPT and
CCSD(T) reference data are used in the fitting procedure). In
this work, we use the interaction parameters as determined in the
original MEDFF paper™ for a data set of dispersion-dominated
complexes. This data set contains dimers of small molecules, such
as benzene, ethene, and neopentane. As dispersion interactions
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are the driving force for methane adsorption, we expect these
parameter values to result in a proper description of the systems
at hand.

2.2. Computational Details. Monte Carlo Simulations.
Monte Carlo simulations are an important tool for the
computational study of adsorption. In this work, adsorption
isotherms are calculated using GCMC with the RASPA software
package.*>*" Each run consists of 50000 equilibration cycles and
at least 100000 production cycles, where a cycle consists of
max(20, N) move attempts (with N the current number of
adsorbed molecules). The error bars, computed using block
averaging, indicate that increasing the number of cycles (to
obtain better sampling of the visited parts of phase space) is
unlikely to change the results by more than 1%. The applied
chemical potential is computed from the fugacity, which is
converted from the input pressure using the Peng—Robinson
equation of state. Experimental values for the critical temper-
ature, critical pressure, and acentric factor (which are input
parameters of the Peng—Robinson equation) of methane are
used.*” Translation, rotation, reinsertion, deletion, and insertion
moves are all attempted with a probability of 20%. For the all-
atom force fields (MM3-MBIS, SAPTFF, and MEDFF) methane
is considered as a rigid molecule with a geometry optimized at the
B3LYP****/aug-cc-pVTZ™ level-of-theory. For the frameworks
Ui0-66, UiO-67, and DUT-52, a 2 X 2 X 2 supercell of the
conventional unit cell is employed. For NU-1000, a 1 X 1 X 2
supercell is used, while for MOF-808, the conventional unit cell is
employed. During all RASPA simulations, the framework
geometries are taken from experiment, except for the defective
UiO-66 frameworks where the geometries are DFT optimized. In
any case, the framework geometry is considered to be rigid
during the simulations. The impact of this approximation is
limited for the MOFs studied in this work, as we show in section
S1. The vdW energy of each atom of the guest molecule and the
electrostatic potential in the framework (and derivatives of these
quantities) are tabulated on a cubic grid with a spacing of about
0.15 A. During simulations, a tricubic interpolation scheme is
used to obtain the host—guest energy using these grids.”® Henry
coefficients are also calculated with RASPA using 50000 Widom
insertions.

The surface area (calculated with RASPA) is obtained
geometrically based on the overlap of a helium probe with the
framework atoms. Atoms are considered to overlap when they
are closer than the minimum of the corresponding Lennard-
Jones interaction, where the necessary radii are obtained from the
Dreiding and UFF force fields. The available pore volume is
calculated by RASPA as the amount of argon that is adsorbed at
87 K and a pressure of 0.5p, using UFF parameters for the
framework atoms and the parameters from Maitland et al. for
argonjz—/ The uptake (in moles) is converted to a volume by
multiplying by the molar volume of bulk argon under the same
conditions.

Force-Field Settings. All Monte Carlo simulations in this work
are performed using force fields to evaluate the required energies,
and therefore we now briefly discuss some settings related to the
force-field energy evaluations. An important consideration for
force fields in periodic systems is the truncation of the
nonbonded interactions. Because of the slow decay of point-
charge electrostatics (present only in MM3-MBIS and MEDFF),
we employ the Ewald summation,®®* which allows one to
exactly compute the electrostatic interaction of a periodic system
under tinfoil boundary conditions. Similar techniques exist to
exactly compute the contribution of dispersion terms decaying as

" (where typically n = 6,8,10, ...) but this is not implemented in
RASPA. We therefore truncate the van der Waals interactions ata
radius of 14 A but employ tail-corrections to approximate the
contributions beyond this cutoff. The influence of this setting is
studied in more detail in the section S2. Note that this is the
recommended treatment of long-range van der Waals
interactions in the TraPPE model.

The MM3-MBIS and MEDFF force fields require MBIS
parameters of both the frameworks and the methane guest
molecule. For the MOF frameworks, the MBIS parameters are
computed from the partitioning of the PBE* electron density
computed with GPAW.*"** These calculations are performed
using a real-space uniform grid with spacing of about 0.20 A, with
I"point-only sampling of the Brillouin zone, employing the
supplied default PAW data set and standard convergence settings
for the electronic self-consistent loop. The MBIS parameters for
methane are obtained from the B3LYP****/ aug-cc-pVTZ35
electron density computed using Gaussian 09.**

Ab Initio Adsorption Energies. To gain more fundamental
insight into the adsorption mechanisms that govern the GCMC
simulations, we also compared force-field and ab initio computed
single molecule adsorption energies. Adsorption energies of
methane in UiO-66 were calculated with the PBE* functional
with modified D3 dispersion corrections with Becke-Johnson
damping (D3MBJ),** including the three-body contribution.*®
The three-body contribution consists of an Axilrod—Teller—
Muto (ATM) term, and therefore, this level-of-theory will be
referred to as PBE-D3MBJ-ATM. Periodic DFT calculations are
performed using VASP.**~* The conventional unit cell of UiO-
66 (a cubsic cell with sides 20.75 A containing 4 inorganic bricks)
is used, which allows accurate sampling of the Brillouin-zone with
the I" point only. GW PAW potentials are used, the plane-wave
basis set kinetic cutoff energy is set to 800 eV, and the electronic
self-consistent loop is considered converged as soon as the
change in energy drops below 107 eV. D3MB]J corrections
together with the three-body term are calculated using the dftd3
program and are added to the PBE energies.

The Henry coefficient K; of methane in UiO-66 is calculated
using the same level-of-theory as follows. First, a cubic grid with
spacing 0.262 A (80 grid points in each direction, $12000 grid
points in total) is constructed. For each grid point, the interaction
energy is computed using Dreiding-UFF/TraPPE and if it is
more repulsive than 1000 kJ mol™ then this point is not
considered for the ab initio calculations as it will not contribute to
the Henry coefficient. This allows one to discard 327780 grid
points. Of the remaining 184220 grid points, only 2401 points
are unique because of the symmetry of the framework. For each
of these grid points, several random rotations are considered and
the number of rotations for grid point i is indicated as Ng. At least
S random points are included in the final set, but additional
samples are generated “on the fly” to ensure proper convergence.
The Henry coeflicient is finally simply calculated by numerical
integration over the cubic grid:

1 1
Ky=>—= — 2 ep[ BB (x, Q)]
H /JNZNQ/:1 /

i=1

(12)

3. RESULTS AND DISCUSSION

3.1. Adsorption Isotherms of Methane in Zr-Based
MOFs. Comparison with Experiment for Three Isoreticular
MOFs. First of all, we study the adsorption of methane in three
isoreticular, defect-free zirconium-based MOFs for which
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Ui0-66 DUT-52  UiO-67

Figure 1. Depiction of the fcu topology which is shared by UiO-66, DUT-52, and UiO-67. Also the inorganic brick is common between these materials,
which differ only in the organic linker. Zirconium atoms are shown in cyan, oxygen atoms in red, carbon atoms in gray, and hydrogen atoms in white.
Reprinted from ref 51. Copyright 2016 American Chemical Society.
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Figure 2. Comparison of experimental and simulated gravimetric adsorption isotherms of methane in a series of isoreticular MOFs. Experimental data
for (a), (c), (d), (), and (f) from Cavka et al,*> experimental data for (b) from Walton et al.**

experimental data is available: Ui0-66," Ui0-67,* and DUT-
52,°° which are illustrated in Figure 1.

25313

All these materials are composed of Zrg(u3-O),(u;—OH),
bricks connected by ditopic organic ligands to form a network
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Figure 3. Node connectivity, linker and topology for UiO-66, NU-1000, and MOF-808. Reproduced with permission from ref 59. Copyright 2017 Royal

Society of Chemistry.

with fcu topology. The three MOFs differ only in the organic
linker, which is benzene-1,4-dicarboxylate (BDC) in UiO-66,
2,6-naphthalenedicarboxylate (NDC) in the case of DUT-S2,
and biphenyl-4,4'-dicarboxylate (BPDC) in UiO-67. The
influence of the linker on methane adsorption was studied
experimentally by Cavka et al.* It was found that the maximum
CH, gravimetric loading (i.e., uptake per mass of the framework)
is ordered as UiO-66 < DUT-52 < UiO-67, which is the same
ordering as for the surface areas and pore volumes of these
materials.

We simulated the methane uptake for pressures between 0.1
and 80 bar (the experimental range) using the force fields
described in the previous section. All simulations are performed
with a rigid framework, where the geometry is obtained from
single-crystal X-ray diffraction by Lillerud et al.>* for UiO-66 and
Ui0-67 and by Senkovska et al.’® for DUT-52. The
experimentally measured excess uptake is converted to an
absolute amount of adsorbed gas as done in the original work
reporting the experimental results. The resulting absolute
adsorption isotherms are shown in Figure 2 together with the
experimental curves. Hereafter, we discuss these isotherms and
their agreement with the experiment both at low and higher
pressures.

‘We start with a discussion of methane adsorption in UiO-66 at
relatively high pressures (from 30 to 80 bar), which is reported in
Figure 2a. As reported in earlier work, the Dreiding-UFF/
TraPPE model offers a good agreement with experiment while
the UFF/TraPPE model leads to an overestimation of adsorbed
molecules.'"® The MM3-MBIS uptake is substantially lower,
while both ab initio force fields (MEDFF) and (SAPTFF)

predict uptakes substantially higher than the experiment. Perhaps
surprisingly, the ab initio force fields are outperformed by a
generic force field such as Dreiding-UFF/TraPPE, even though
the latter is in no way fitted specifically for the system studied
here. It has however been shown before that DFT-derived force
fields are not necessarily superior to a generic force field for
describing noble gas adsorption in MOFs.*> A possible
explanation for the apparent poor performance of MEDFF and
SAPTFF lies in the description of the guest—guest interactions,
which play an important role at higher pressures and thus higher
loadings. Calculation of the vapor—liquid coexistence curve of
bulk methane shows that both SAPTFF and MEDFF over-
estimate the liquid-phase density, whereas TraPPE offers a very
good agreement with the experiment (see section $9). To
investigate the influence of the guest—guest interactions on
adsorption isotherms at higher pressures, we also performed
simulations where the host—guest interactions are described
using MEDFF, while the guest—guest interactions are described
using TraPPE. The only difference between Dreiding-UFF/
TraPPE and MEDFFF/TraPPE is thus in the description of the
host—guest interactions. As seen in Figure 2a, the uptake
predicted by MEDFF/TraPPE is indeed lower than the uptake
predicted by MEDFF; however, changing the guest—guest
interactions does not fully resolve the discrepancy with respect to
the experiment.

The results presented at higher pressures already show the
high sensitivity of the predicted isotherms of the used force field.
‘We now focus on the low loading regime, where uptake is almost
exclusively determined by host—guest interactions. In Figure 2b,
the methane adsorption in UiO-66 is plotted for pressures lower
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than 1 bar. Experimental data are taken from Walton et al.**
because Cavka et al.*> only report one data point below 1 bar.
Note that both experimental sources agree reasonably well for
common pressures. Dreiding-UFF/TraPPE reproduces fairly
well isotherms at higher pressures but, as all the other force fields,
predicts a too large uptake at low pressures. A possible
explanation is that the Dreiding-UFF/TraPPE model does not
offer a fundamentally proper description of the host—guest
interactions, as evidenced by the overestimation at low pressure.
At higher pressures, however, this is compensated by deficiencies
in the description of guest—guest interactions. In other words,
the Dreiding-UFF/TraPPE model might, in this case, benefit
from a compensation of errors. Also UFF/TraPPE and SAPTFF
largely overestimate the experimental values at low pressure. The
MM3-MBIS and MEDFF isotherms are in slightly better
agreement with the experiment for pressures below 1 bar but
still overestimate the experimental values. The systematic
overestimation of all force fields suggests it could be worthwhile
to investigate error bars on the experimental data points. Indeed,
an ab initio calculation of the Henry constant of methane in UiO-
66 is higher than the experimental value (as discussed later in
section 3.2 and Table 3). Several pitfalls are present when
comparing experimental and computional adsorption,m but this
discussion will not be pursued in this paper.

To investigate whether similar features hold for the other
isoreticular Zr-based MOFs, a similar analysis is performed for
DUT-52 and UiO-67 for which also experimental data are
available. The results are shown in Figure 2 (panels c and e) for
higher pressures. All force fields now predict too high uptakes in
this pressure regime. Despite the similarity of these MOFs with
UiO-66, the Dreiding-UFF/TraPPE model also considerably
overestimates methane uptake at pressures above 30 bar
compared to the experiment. A possible explanation might be
the incomplete activation of the samples used to measure
adsorption or the presence of defects in these samples. A
procedure that has been suggested in literature to empirically
remedy this problem is the rescaling of the entire adsorption
isotherm. The rescaling factor can be determined as the ratio of
the theoretical and experimental surface area® or as the ratio of
the theoretical and experimental pore volume.”” We have
investigated both of these methods in section S11. The analysis
reveals that the suggested rescaling procedure does not
systematically improve the correspondence with simulated
results. It has been noted before that a simple rescaling is rather
artificial, as the rescaling factor can depend on the loading.*®

Thus, far our assessment reveals that there is no systematic
trend in the prediction of the adsorption trends among the three
isoreticular MOFs. The only observed feature is that the absolute
CH, uptake at higher pressures is predicted to be the highest for
the SAPTFF, followed by MEDFF, UFF/TraPPE, Dreiding-
UFF/TraPPE, and MM3-MBIS for all materials. This is not true
at low pressures, where in general UFF/TraPPE is the highest,
followed by SAPTFF, Dreiding-UFF/TraPPE, MEDFF, and
MM3-MBIS. There is however an exception to this rule, as for
UiO-66 MEDFF predicts a lower uptake than MM3-MBIS.

Qualitative Comparison of Zr-Based MOFs. An alternative
way to assess the various force fields is to compare absolute CH,
uptake for a series of materials on a qualitative basis. Therefore,
we have extended our study with two other materials belonging
to the Zr-based family (i.e., sharing the same inorganic brick) but
with distinct other features, namely NU-1000 and MOF-808. For
these latter two materials, no experimental values are available for
CH, adsorption. The topology and linkers of NU-1000 (csq

topology and tetratopic linker) and MOF-808 (spn topology and
tritopic linker) are shown in Figure 3 and contrasted with the
UiO-66 framework. In Table 1, we report geometric properties of

Table 1. Geometric Properties of the Five Zr-Based MOFs
Considered in the Qualitative Comparison

UiO- DUT- MOF- UiO- NU-
66

52 808 67 1000
density (g cm™) 1238 0955 0.840 0.725 0.499
pore volume (cm®g™") 040 0.62 0.85 0.87 1.62
surface area (m* g™') 1113 2040 2042 2949 3217
small pore diameter (A) 7.3 8.6 4.8 10.1 9.8
large pore diameter (A) 8.8 9.3 184 13.0 29.1

these Zr-based MOFs: the density, surface area, pore volume,
and pore diameters. The following order is obtained when the
MOFs are ranked according to pore volume per framework mass:

Ui0-66 < DUT-52 < MOF-808 < UiO-67 < NU-1000

This order is reversed when considering the framework density,
which is to be expected as all frameworks are chemically rather
similar. When the surface area is considered, the order is basically
the same as the order for the pore volume:

Ui0-66 < DUT-52 ~ MOF-808 < UiO-67 < NU-1000

We conclude that the surface area and pore volume show the
same order for the five MOFs we consider. The adsorption
isotherms of the five Zr-based MOFs are compared to each other
and shown in Figure 4, for each force field separately. First we
study the absolute methane uptake at a relatively high pressure of
30 bar. At these pressures, both host—guest and guest—guest
interactions are important to compute the adsorption. We focus
on qualitative features predicted by the force fields and therefore
determine the ranking of the MOFs at the given pressure. If we
order the MOFs according to their high-pressure uptake,
Dreiding-UFF/TraPPE and MM3-MBIS predict:

Ui0-66 < MOF-808 < DUT-52 < UiO-67 < NU-1000

while for UFF/TraPPE, SAPTFF, and MEDFF, a slightly
different order is obtained:

MOF-808 < UiO-66 < DUT-52 < UiO-67 < NU-1000

If we exclude MOF-808 from the list, all force fields predict the
same order, and this order also corresponds to the ranking with
respect to the pore volume and surface area. Note that MOF-808
shows a considerable slope and is far from saturation even at 80
bar, which explains why it appears to be an outlier. At even higher
pressures, the uptakes are strictly ordered according to the pore
volume as shown in section S10. Such high pressures (above 100
bar) are however not relevant for many applications. The ranking
at relatively high pressures is a qualitative feature on which all
force fields agree, although it should be mentioned that even a
very simple geometric calculation (surface area or pore volume)
can suffice to predict this qualitative feature.

Influence of Defects in UiO-66. The importance of missing
linker defects in UiO-66 has been studied both experimentally
and computationally.'**>®" Recently, Lillerud et al. demon-
strated that missing cluster defects are zpreclominant and have a
large impact on nitrogen adsorption.”” Computations confirm
that reo structures (with missing cluster defects) profoundly
affect CO, adsorption.*®

To assess the influence of defects on methane adsorption
computationally, we considered four defect structures of UiO-66.

DOI: 10.1021/acs.jpcc.7b08971
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Figure 4. Comparison of methane adsorption in different Zr-based MOFs. The dashed vertical line indicates P = 30 bar.

All adsorption simulations are performed using rigid frameworks,
with geometries optimized using DFT.** Defect structures of
UiO-66 can be created by removing BDC linkers from the
pristine material, and this can be done in many ways depending
on the number and position of removed BDC linkers.

The first defect structure (“1 missing linker”) has one missing
linker in the conventional 4-brick unit cell and this leaves two
bricks 11-fold coordinated while the two other bricks remain 12-
fold coordinated. This structure is classified as (11,11,12,12),
according to the nomenclature recently introduced in
literature.”* The second structure (“2 missing linkers”) has two
missing linkers in the conventional 4-brick unit cell making all
four bricks 11-fold coordinated and is classified as the
(11,11,11,11), structure. The third structure (“3 missing
linkers”) has three missing linkers in the conventional 4-brick
unit cell, leaving two bricks 9-fold coordinated and two bricks 12-
fold coordinated (9,9,,12,12),,. Next to these linker defect
structures, we also consider a “1 missing cluster” defect. Here,
one of the four Zr-bricks of the unit cell is removed together with
all connected linkers, which is also referred to as the reo phase.
All defects are terminated using a formate group, which ensures
that no coordinatively unsaturated metal sites are introduced. A
schematic representation of the defects structures considered
here is shown in Figure S12.

In Figure S5, we plot the gravimetric methane adsorption
isotherms of these defect structures. This allows one to show that
all force fields share the same qualitative features. More
specifically, in all cases, the introduction of linker defects has a
small influence on methane adsorption, with deviations with

respect to the pristine material being lower than 10%. In general,
all force fields predict a slightly lower methane uptake at lower
pressures compared to the pristine material. The introduction of
a missing cluster defect has a bigger impact and leads to a
considerably lower gravimetric uptake at low pressures and
considerably higher gravimetric uptake at higher pressures, again
relative to the pristine UiO-66 structure. Although there are
important differences between the force fields (in absolute
amount of methane adsorbed and in the pressure at which the “1
missing cluster” isotherm crosses the “pristine” isotherm), in this
case all computations lead to qualitatively similar conclusions.

3.2. Single Molecule Adsorption Energies in UiO-66 at
the ab Initio and Force-Field Level. In the previous section,
we have shown that distinct force fields can predict very
dissimilar isotherms. We now try to obtain more fundamental
insight at the atomic level by studying the interaction of a single
methane molecule with the framework making use of ab initio
calculations. It is expected that such analysis yields insight into
the adsorption features at low pressures, because in the low-
pressure regime, the concentration of guest molecules is so low
that host—guest interactions completely determine the uptake. In
this section, we focus on methane in pristine UiO-66.

We computed the adsorption energy E,, of a methane
molecule in UiO-66 using periodic DFT at the PBE level-of-
theory with D3MBJ-ATM dispersion corrections. The adsorp-
tion energy E, 4 is defined as the energy of the host+guest system
minus the energy of the separate host and guest systems:

E.ge = Enost+guest — Ehost — Eguest

25316 DOI 10.1021/acs jpcc.7b08971
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Figure S. Adsorption isotherms of methane in defective UiO-66 structures.

To validate the used level-of-theory, we performed a series of
CCSD(T)/CBS calculations for a set of methane-terephthalic
acid dimers, which is a good model for the interaction between
the guest molecule and the framework BDC linkers. The set of 80
dimer configurations is extracted from a GCMC simulation
employing MEDFF. Counterpoise-corrected PBE-D3MB]J-
ATM/aug-cc-pVTZ interaction energies show an RMSD of
0.39 kJ mol™" with respect to the CCSD(T)/CBS reference. This
RMSD is much smaller than errors in the force-field interaction
energies, which justifies the use of PBE-D3MBJ-ATM as the
reference level-of-theory for the periodic DFT calculations. More
details on the dimer calculations are provided in section S4.1.

An important point to discuss is the choice of configurations of
the methane molecule in the periodic UiO-66 framework, as it is
necessary to sample all energetically favorable sites. An efficient
method to generate such configurations, is to extract snapshots
from a GCMC simulation. It has been shown that generic force
fields might not sample all relevant portions of the potential
energy surface (PES).° We therefore extracted 100 config-
urations from snapshots of GCMC simulations (at 298 K and 1
bar) using all five force fields considered in this work, leading to a
total set of S00 configurations. For the united-atom models, only
the position of the carbon atom of methane can be extracted from
the GCMC simulations: the orientation of the hydrogen atoms is
in these cases determined randomly.

In Figure 6, we show scatter plots of the adsorption energies
for the five force fields. It is important to stress that none of the
considered force fields are fitted specifically to reproduce the ab
initio data presented here, not even the ab initio derived force
fields SAPTFF and MEDFF. In each case, the adsorption

25317

energies obtained with the target force field are compared with
the PBE-D3MBJ-ATM data. Each plot shows the 100
configurations sampled from a Dreiding-UFF/TraPPE GCMC
simulation as blue dots as well as the 100 configurations sampled
from a SAPTFF GCMC simulation as red dots. The RMSD for
all five force fields is also indicated in the plots and varies from
1.31 kJ mol™" for MEDFF to 3.24 kJ mol ™" for UFF/TraPPE for
the configurations sampled from the Dreiding-UFF/TraPPE
GCMC simulation (blue dots). When considering the
configurations sampled from the SAPTFF GCMC simulation
(red dots), the deviations with respect to the ab initio data are
notably larger, which indicates that SAPTFF indeed samples
different regions of the PES. The RMSD values are the lowest for
the two ab initio force fields. In the case of UFF/TraPPE,
Dreiding-UFF/TraPPE, and SAPTFF, a large fraction of points is
found below the diagonal, meaning that the configurations are
too much stabilized compared to the ab initio adsorption data,
and this will lead to an overestimation of the adsorption isotherm
at low pressure. In Figure 2b, it is indeed indicated that these
three force fields predict the highest methane uptake in UiO-66
at low pressures. Similar figures for all other force fields and a
table summarizing all errors are provided in section S5.

We visualize the potential energy surface of methane in UiO-
66 by plotting the isosurface at E,4, = —8 kJ mol™" for Dreiding-
UFF/TraPPE (left) and SAPTFF (right) in Figure 7. Regions
enclosed by this isosurface show adsorption energies that are
more favorable than —8 kJ mol™". For SAPTFF, the adsorption
energy at a point r is calculated as a rotational average:

DOI: 10.1021/acs.jpcc.7b08971
J. Phys. Chem. C 2017, 121, 25309-25322



156

Paper Il

The Journal of Physical Chemistry C

T - .
g o 0 :
2 . g
— .
g = s
—-10| ]
% . ; E P .‘-.
T =2y £ Y
=] S ﬁ ® RMSD=2.72 kI mol™ 5 > o RMSD=324K mol”'
3 20| o RMSD=5.10 K mol”’ —20| © RMSD=4.65 kI mol”’
A =20 -10 -20 -10
PBE-D3MBJ-ATM [kJ mol ']
'—I',_‘ -
E R
2 E
= =2
2 = —10
m & s .
= = :
('IW % . . RMSD=1.97 kJ mol™"
= -20 o RMSD =322 kJ mol”’ “ =20 . RMSD=Z:ZlkJnml'l
= 220 -0 20 -0
PBE-D3MBJ-ATM [kJ mol_]] PBE-D3MBJ-ATM [k] molhl]
T: 1]
[=}
=]
=
w10 %
E ot [
g ’ © RMSD=131k mol™'
= -20 . RMSD:I:GZldmol"
=20 -10

PBE-D3MBJ-ATM [kJ mol™ ]
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Figure 7. Isosurface (E,4, = —8 kJ mol™") of methane in UiO-66 for Dreiding-UFF/TraPPE (left) and SAPTFF (right).

11 <
E,4(r) = ——log| N Z ¢ PPaln®)

4 j=1 (13)
where N = 100 random rotations are considered and f = ﬁ

W

with T = 298 K. Because TraPPE describes methane as a single
site, this rotational averaging is not necessary for Dreiding-UFF/
TraPPE. Clearly, SAPTFF predicts a larger portion of the
tetrahedral pores to be favorable adsorption sites. This can be
quantified by considering the volume fraction of adsorption sites

25318

that are more stabilized than E,4 = —8 kJ mol™" as shown in
Table 2. The difference in potential energy surface, as quantified
in Table 2, explains for example why MEDFF/TraPPE predicts a
higher uptake than Dreiding-UFF/TraPPE at pressures higher
than 30 bar, as observed in Figure 2a. Indeed, because these two
force fields share a common description of the guest—guest
interactions, the difference in the number of attractive adsorption
sites completely explains the different uptake at higher pressures.

Henry Coefficients. At low pressures, only host—guest
interactions determine the uptake as the guest—guest inter-

DOI: 10.1021/acs jpcc.7b0897 1
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Table 2. Volume Fraction of Adsorption Sites More Stable

than E 4, = —8 kJ mol™" in Ui0-66
force field volume fraction
Dreiding-UFF/TraPPE 10.9%
UFF/TraPPE 11.8%
MM3-MBIS 11.5%
SAPTFF 14.3%
MEDFF 12.9%

actions are unimportant at low loadings. This means there is a
close correlation between single molecule adsorption energies
and uptake at low pressure, which will be investigated hereafter
by means of the Henry coefficient. At sufficiently low pressures,
the uptake is proportional to the pressure, and the proportion-
ality factor is called the Henry coefficient Ky The value of Ky for
methane computed with the five force fields is given in Table 3 as
well as the value estimated from low-pressure experimental
data®* and the ab initio computed value.

there is still a significant discrepancy. Next to possible
deficiencies of the ab initio method, there are also experimental
uncertainties on the reported values. These originate from
imperfections or shortcomings in the experimental set up, such as
slow adsorption kinetics, incomplete sample activation, external
surfaces of the crystal sample, and the presence of defects.'” A
more extensive discussion on experimental uncertainties is not
within the scope of the current work.

The large variations in the Henry coefficients predicted by the
five force fields merit special attention, in view of the relatively
small errors noticed in the force-field single molecule adsorption
energies (Figure 8), which are below of 1 kcal mol™ (smaller
than the threshold for chemical accuracy). We therefore propose
to perform a sensitivity analysis of the Henry coefficient (or
uptake at low pressures). We investigate the influence on the
Henry coefficient by slightly varying the parameters of the
Dreiding-UFF/TraPPE force field. The applied procedure for
the sensitivity analysis is outlined in section S8. We illustrate the
outcome of this analysis in Figure 9, where we correlate the

Table 3. Henry Coefficient Kj; (mol g™" bar™') of Methane in
Ui0-66 at T = 298 K

Dreiding-UFF/TraPPE 1.78
UFF/TraPPE 236
MM3-MBIS 121
SAPTFF 1.87
MEDFF 1.08
experiment 0.60
PBE-D3MBJ-ATM 091

The results can be linked to the comparison of ab initio and
force-field single molecule adsorption energies, which are
summarized in Figure 8 by showing the RMSD (left) for each
force field for the data set of 500 configurations of methane in
UiO-66. The RMSD values for the ab initio derived force fields
MEDFF and SAPTFF are the smallest followed by MM3-MBIS,
while the generic force fields Dreiding-UFF/TraPPE and UFF/
TraPPE perform significantly worse. When considering
adsorption, it is also important to study the mean deviation
(MD): a systematic overbinding will lead to a much higher
predicted uptake and Henry coefficient than a systematic
underbinding, while both scenarios can give rise to the same
RMSD value. The MD is shown on the right-hand side of Figure
8, and from this we conclude that MEDFF and MM3-MBIS offer
the smallest MD for the periodic data set, which is in line with the
observations about the Henry coefficients.

Although the ab initio computed Henry coefficient is closer to
the experimental value than any of the force fields we studied,

101 .
g 50 ]
E% - 0
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—100]
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Figure 9. Correlation plot to investigate sensitivity of the Dreiding-
UFF/TraPPE force-field parameters.

change in the adsorption energies with the relative change on the
Henry constant (in both cases with the original Dreiding-UFF/
TraPPE model as a reference)‘ By changing the Dreiding-UFF /
TraPPE parameters in such a way that adsorption energies
change with an RMSD of kJ mol™’, the Henry coefficient (and
thus the uptake predicted at low pressures) changes by as much
as 40%. For slightly larger deviations on the RMSD (but still less
than 2 kJ mol ™), this number can rise above 80%. This extreme
sensitivity is not completely unexpected, as the uptake at low
pressures is proportional to the Boltzmann factor ¢ ¥, In other
words, small changes in the potential energy surface are
exponentially amplified in the corresponding predicted uptake.
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Figure 8. Errors of force-field single molecule adsorption energies with respect to ab initio reference data for a data set of S00 configurations of methane

in the UiO-66 framework.
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4. CONCLUSIONS AND OUTLOOK

Within this paper, we studied the adsorption of methane in a
series of Zr-based MOFs with the aim to critically assess the
sensitivity of a diverse set of force fields to produce isotherms and
single molecule adsorption energies. The selected materials
include UiO-66, UiO-67, DUT-52, NU-1000, and MOF-808 and
show distinctly different properties in pore volume and surface
area, which is reflected in the uptake of methane. As generally
known in literature, isotherms are very sensitive to the applied
force field. However, to further unravel the physical origin of the
observed correspondence between experimental and theoretical
isotherms, we performed a systematic investigation of single
methane adsorption energies using five different force fields and
compared them with adsorption energies produced with periodic
density functional theory data. To this end, S00 different
configurations of methane adsorbed in the UiO-66 material were
taken from the GCMC calculations. We find that some generic
force fields such as UFF/TraPPE give an acceptable agreement
with the experiment in the UiO-66 framework for pressure
between 30 and 80 bar. However, these force fields fail to
reproduce accurately single molecule adsorption energies (errors
larger than 4 kJ mol ™" are found), and the good correspondence
between theory and experiment for the isotherm at these higher
pressures should be ascribed to a fortuitous cancellation of errors.
The two ab initio derived force fields, SAPTFF and MEDFF,
yield a remarkable accuracy of the individual adsorption energies
with deviations of less than 2 kJ mol™ on an overall adsorption
energy (RMS value) of 15 kJ mol ™ for methane in UiO-66. Still,
such accuracy does not guarantee a quantitative reproduction of
adsorption isotherms, since the uptake at low pressures is
proportional to the Boltzmann factor e 5, and thus the errors
are exponentially amplified in the corresponding predicted
uptake. The required accuracy for single molecule adsorption
energies in order to quantitatively reproduce the isotherms in the
low pressure limit is very hard to achieve with current available
force fields and even ab initio methods. Apart from these
quantitative differences between various methods, we find that all
five force fields yield overall similar trends for the reproduction of
isotherms of methane in the five different materials, which is
rewarding since this validates the common usage of force field
based GCMC calculations for the study of adsorption isotherms
in the field of nanoporous materials. Yet when constructing force
fields for computational simulation of adsorption data, it is
advisible to start from ab initio derived force fields as they
succeed in reproducing single molecule adsorption energies with
high accuracy, which underlines the proper inclusion of host—
guest interactions in these models. For higher pressures, a
specifically designed force field such as TraPPE may be useful to
describe guest—guest interactions, as it was specifically designed
for the description of phase equilibria. In order to generalize the
conclusions found here, it might be useful to extend the current
study to polar adsorbates and frameworks with coordinatively
unsaturated sites, which introduce specific host—guest inter-
actions.
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ABSTRACT: We present a new algorithm that allows for an Force field
efficient evaluation of the Henry coefficient of a guest
molecule inside a porous material, which permits to use ab
initio energy calculations. The Widom insertion method,
which is currently used to compute these Henry coefficients,
typically requires millions of energy evaluations. Our new
methodology reduces this number by more than 1 order of
magnitude, enabling the use of an ab initio potential energy
surface. The methodology we propose is reminiscent of the
well-known importance sampling technique which is
frequently used in Monte Carlo integrations. First, a
conventional Widom insertion simulation is performed using a force field. In the second step, the Widom results are used
to select a limited number of configurations and only for these configurations the ab initio evaluation of the energy is required.
Finally, by appropriately reweighting the latter energies, an accurate estimation of the ab initio Henry coefficient is possible at a
moderate computational cost. We apply our methodology to the adsorption of CO, in Mg-MOEF-74, a prototypical case where
interactions of a polar guest molecule with unsaturated metal sites dominate the adsorption mechanism. In this case generic
force fields such as UFF or Dreiding are inappropriate and the use of ab initio methods is indispensable. In a second case study,
we compute Henry coefficients of methane in UiO-66 using different levels of theory. We pay particular attention to the
influence of the dispersion corrections and the role of many-body effects. For the final example, we qualitatively investigate
adsorption features for a series of functionalized UiO-66 frameworks. Overall the cases we present show that accurate
computations of Henry coefficients is extremely challenging, as different levels of theory provide strongly varying results. At the
same time ab initio calculations have added value compared to force fields, as they provide a physically more sound description

| FF Widom insertions |

Importance sampling

| Ab initio Henry coefficient |

Ab initio

of the adsorption mechanism and in some cases clearly improve correspondence with experiment.

1. INTRODUCTION

The separation and storage of gases are important industrial
processes in modern-day society. Example applications include
capture of the greenhouse gas CO,, storage of methane or
hydrogen gas for cleaner energy sources, and separation of
toxic gases such as CO or ammonia to reduce environmental
pollution. Porous materials (activated carbons, silicas, or
zeolites) are often used in this respect, but recently much
attention has been devoted to a new class of materials built
from inorganic metal nodes and organic linkers: metal—organic
frameworks (MOFs)." Because of their tunable structure and
modifiable functionality, MOFs are very promising materials
for the gas storage and separation applications mentioned
earlier.” This paper deals with the computational analysis and
prediction of the gas adsortion properties of MOFs, although
the presented methodology is applicable to any porous
medium.

There are many studies in which the adsorption of small
guest molecules in MOFs has been simulated, often in a high-
throughput fashion where calculations are performed for all
structures in a database. Chung et al. constructed the CoRE
MOF database and performed Grand-Canonical Monte Carlo

7 ACS Publications  © 2018 American Chemical Society
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(GCMC) simulations of methane adsorption for all of the
more than 4700 structures.” Li et al. considered the same
database and calculated the Henry coefficient (which
completely characterizes adsorption at low pressures) for
CO,, H,0, and N, in order to perform an initial screening for
MOFs with a high selectivity. In a study by Banerjee et al., the
Henry coefficient of noble gases Xe and Kr in 125000 MOF
structures has been computed.” All of these high-throughput
studies have in common that a generic force field (such as
UFF° or Dreiding’) is used in order to keep the computational
effort under control.

It has been demonstrated that generic force fields provide
results in agreement with experimental adsorption isotherms
for many MOFs.”'% At the same time there are some specific
cases in which these classical force fields fail to properly
describe the adsorption mechanism."" Grajciar et al. performed
a systematic investigation of different guest molecules
adsorbing on Cu** and Fe** clusters, which are models of

coordinatively unsaturated metal sites (CUS)."* The generic
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UFF potential performed surprisingly well in the description of
interactions with organic linkers. The adsorption at CUS was
however underestimated by more than 10 kJ mol™, and in
such cases the use of ab initio methods is required. In the same
study it was noted that the accuracy of often-used levels of
theory, such as dispersion-corrected density functional theory
(DFT), depends on the specific combination of adsorbate and
adsorbent. This has been linked to the inaccuracy of DFT for
the electronic structure of (open-shell) metal cations.''

In the context of CUS, the MOF-74 structure is an often
studied example. For instance, Valenzano et al. investigated the
adsorption of CO, N,, and CO, in Mg-MOF-74 both
computationally and experimentally."® Adsorption enthalpies
are calculated by adding thermal corrections and zero-point
energies to the electronic energy of the adsorbed complex
extracted from periodic, dispersion-corrected B3LYP calcu-
lations. The experimental adsorption enthalpy of CO, is —47
kJ mol ™, in reasonable agreement with the calculated value of
—38 kJ mol™". Similarly, Kundu et al. studied CO and N, in the
same MOF making use of ab initio calculations.'* Even in this
case study, in which only one structure is considered,
performing ab initio GCMC simulations is computationally
not feasible due to current hardware limitations. Those authors
therefore propose a model in which the Gibbs free energy of a
single adsorption site is computed using ab initio methods and
combine this with the empirical Bragg-Williams/Langmuir
model in order to compute an adsorption isotherm, which was
in close agreement with experiment. Similarly Alonso et al.
employed a combination of periodic DFT calculations with the
dual-site Langmuir model in order to investigate the effect of
SO, poisoning on the adsorption of CO, in Mg-MOF-74.">

Such an approach however is only appropriate on condition
that there are a few clearly identifiable adsorption sites.
Additionally, Lee et al. showed that, even if this is the case, the
correlation between heats of adsorption and the Henry
coefficient is not perfect.'® This demonstrates the necessity
for a complete ab initio evaluation of the Henry coefficient,
and hereafter we give a short discussion on models aiming to
do so. Peirs et al. reported ab initio computed Henry constants,
separation constants and heats of adsorption for N, and O, in
faujasite.'” By using a cluster model for the cage and exploiting
symmetry, the necessary integrals were computed on a cubic
grid at the HF/6-31G* level of theory. Chen et al. also
computed adsorption energies on a cubic grid, using methane
in CuBTC as a case study.'® To keep the computational cost
under control, no rotational averaging was performed, or in
other words, methane was approximated as a spherical
molecule. By combining the grid (containing guest-framework
interactions) with an empirical model for guest—guest
interactions, an isotherm was constructed in better agreement
with experiment than corresponding results obtained from
classical force fields. Lee et al. recently proposed a biased
Widom insertion method and applied it to compute the Henry
coefficient for CO,, N,, CH,, and C,H, in Zn-MOF-74 and
Mg-MOF-74."° This methodology relies on partitioning the
framework into three regions, representing strongest, inter-
mediate, and weakest adsorption domains based on the CO,/
MOF binding energies. Insertions are still random, as in the
conventional Widom insertion scheme, but biased into the
strongly adsorbing regions to quickly achieve good statistics on
the required integrals.

Clearly, many methodologies have been developed and
applied successfully in the context of gas adsorption in porous

6360

materials, specifically MOFs. Most often classical force fields
are used because the large number of GCMC or Widom
insertion simulations are computationally too expensive to rely
on an ab initio potential energy surface (PES). Yet in many
cases it would be very interesting, and sometimes indispen-
sable, to study adsorption properties using an approach based
on ab initio principles to enhance the accuracy of energy
predictions.'” Next to increased accuracy, an ab initio
approach offers the additional advantage that it is more
generally applicable and is able describe a wide range of
chemical environments. Contrary to many force fields, there is
no need for a time-consuming calibration specific to the
specific combination of adsorbate and adsorbent. It should also
be noted that empirical force fields can sometimes provide
results in agreement with experiment, but without correctly
capturing the underlying physical interactions.”® This is
another point where an appropriate ab initio level of theory
provides added value.

In this work, we present a novel methodology to compute
Henry coefficients, based on the concept of importance
sampling that is generally applicable. We show that the
number of required energy evaluations to compute the Henry
coefficient is more than 1 order of magnitude smaller than
using conventional Widom insertion. This drastic reduction
makes the use of an ab initio PES realistic. First we present the
theoretical development of our methodology. Its efficiency will
then be demonstrated on some selected test cases.

2. METHODOLOGY

2.1. Theoretical Development. The adsorption of guest
molecules in a porous material is described by an adsorption
isotherm, which relates the number of adsorbed guest
molecules to the external pressure (or the chemical potential,
which is tightly coupled to the external pressure) at a certain
temperature. Such an adsorption isotherm can be computed
using for example GCMC simulations. At sufficiently low
pressures, however, the number of adsorbed guest molecules is
proportional to the external pressure P and the adsorption
isotherm is described by

p = KyP (1)

with p, the volumetric density of adsorbed guest molecules.
This is essentially Henry’s law, and therefore Ky, is called the
Henry coefficient. The Henry coefficient Ky at a certain
temperature completely characterizes the adsorption in the
low-pressure regime and is related to the excess chemical
potential y*>'
Ky = fexp (=pp) )
where f = ﬁ The excess chemical potential of the guest
y
molecule, which is considered to be rigid, in the porous

material can be computed using the Widom insertion
method.”

=L J ds(exp(=pAU) oq
[ ds ®)

In this formula (:+-);,, denotes a canonical ensemble average
over configurations of the porous material, the integration /ds
runs over all configurations of the guest molecule and AU =
Uostrguest — Unost — Uguest i the adsorption energy. In this work
we will employ the often-used rigid framework approximation,
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which means that the average over host configurations is
reduced to a single configuration. The Henry coeflicient can
then be calculated using the Widom insertion method as
follows:

/ dsexp (—fAU)
= /}7
J s @

In practice, the integral is approximated by generating a
random unbiased set of N configurations {s;}, calculating the
corresponding set of adsorption energies {AU;} and averaging
the integrand:

Ky

. 1 <
Ry=p= Y exp (-pAU)
Y Z:, s)

The hat symbol on Ky indicates that this represents a Monte
Carlo estimation of the true value. The presented Widom
insertion method requires a high number of configurations that
need to be sampled in order to obtain an accurate estimation
of Ky: typically N should be of the order of millions. For
pairwise-additive force fields this incurs an acceptable
computational cost. For ab initio calculations on the other
hand, this is prohibitive (except perhaps for some very small
systems). Below we present a novel approach that renders the
ab initio estimation of Henry coefficients computationally
feasible.

In order to gain more insight into why a large number of
configurations is required in the Widom insertion method, we
study the sampling variance of the Monte Carlo estimator,
which is related to the error bar on the computed integral:

R 1 < o
VAR[Ky] = ———— exp(—pAU) — K,

[Ky] N(N-1) ; (Pexp(=pAL) 1) ©
The term between brackets will fluctuate over many orders of
magnitude because of the presence of the Boltzmann factor,
which results in a large variance. Another way to look at this
problem is as follows: most of the randomly generated
configurations will not be favorable (ie., AU, is a positive
number that is much larger than ksT) and will make a
negligible contribution to K. On the other hand, the most
favorable adsorption sites (i.e., AU, is a negative number) that
contribute the most to the integral, will only be sampled ever
so often. This is a problem that is often encountered in random
sampling and a well-known solution is to use importance
sampling. To this end we introduce a biasing potential energy
surface U, of which the adsorption energies are represented by
AU. The expression for the Henry coefficient can now be
rewritten as

K, = ﬂ/ dsexp (—fAU)
J s &)

—ﬂf dsexp (—B[AU — AU])exp (—pAT)
/s ®

_f dsexp (—=BlAU — AU)exp (—=pAD)
[ dsexp (-pAD)
/ dsexp (—pAU)
J s ©®

=(exp(—p[AU — Aﬁ]))ef//mf(}_l (10)

where Ky is the Henry coefficient for the PES U. This
approach is only useful if the biasing potential U is
computationally cheap (in practice a force field) and the
original potential U is computationally expensive (in practice
an ab initio method). In this case, the Henry coefficient Ky can
be accurately computed using the Widom insertion method by
using a large value for the number of samples N. Ab initio
calculations are only required to evaluate the expectation value
29 = (exp (= B[AU — AU])). 7. This expectation value is
estimated by generating a set of n configurations {s,} where
the probability to include a configuration is given by p, ~ exp
(= BAT,):

15 =1 % ew (-piay, - aG,) .
a=1

A crucial difference with eq S is that, on condition that the
biasing potential U and the original potential U are sufficiently
similar, the integrand of ¥ will always be close to unity and
therefore show a much smaller variance. The advantage is that
here ab initio computation are performed only for a limited
number of configurations which are truly important. In other
words, the number of evaluations of the ab initio PES U is
much smaller than in the Widom insertion method.

The method we present can be interpreted and summarized
as follows. We start by computing the Henry coefficient Kjy
with a force-field potential U using the Widom insertion
method. As explained, this requires a large number of energy
evaluations which is however feasible for the computationally
cheap force field. Next, we select a fraction of configurations
from this simulation where the probability to include
configuration @ is proportional to exp(— pU,). In other
words, the biasing potential selects favorable adsorption sites
(which contribute most to the Henry coefficient) and ensures
that the computationally expensive ab initio calculations are
only performed for this limited set of configurations that are
most important. By computing the average of exp(— [AU, —
AU,)) for these biased configurations, we can finally estimate
the ab initio value of the Henry coefficient using eq 10.

To conclude, we note that the method outlined above can
also be used to compute other quantities of interest. For
example the average adsorption energy (related to the

adsorption enthalpy as AH, 4 = E 4 — %) can be calculated
as follows:

fdsAUe_/}AU
Eg = N
fdse/ v (12)

/ dsAUeil}[AU*Ame*/}AO
/’ dse—P1aU-AT1,—pAT

(13)
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/ dsAUe18U-A01,—pA0
[ a0

/ dsef/lmquUJEf/lAU

J a0 (14)
_ (AUexp(=fIAU — AQ))),-sm0
 (exp(—pIAU — AT]))sa0 (15)

Again the expectation values will converge quickly with
increasing number of samples on condition that U and U are
sufficiently similar. Note that our procedure to calculate the ab
initio value of the Henry coefficient also provides all necessary
ingredients to compute the average adsorption energy as
expressed in eq 15.

2.2. Validation of the Methodology on CH, Adsorp-
tion in Ui0-66. We validated our approach by comparing
with the numerical evaluation of the integral in eq 4 on a
regular grid, considering CH, adsorption in UiO-66 as a test
case. Details about this regular grid, that samples translations
of the center-of-mass as well as rotations of the guest molecule,
are provided in the Supporting Information. This numerical
integration requires a lot of computational power and is
therefore not a recommended approach: we use it here for one
particular case in order to obtain a reference value for the
Henry coefficient, which allows to validate the derivation and
implementation of our importance sampling method.

Next to ab initio energies, force-field energies for all
configurations considered in the regular grid were computed,
thus constructing a database of ab initio and corresponding
force-field adsorption energies to which we applied our
methodology as outlined above. The ab initio level of theory
is PBE+D3(BJ)*>** and the necessary periodic single-point
DFT calculations are performed using VASP>*™>* version 5.4
using the projector augmented wave (PAW) method,”*° with
the supplied PAW—PBE potentials. Different force fields are
considered for the biasing potential U: MEDFE,*"** MM3,*
Dreiding7/TraPPE,M'35 and UFF®/TraPPE. Note that only
host—guest force-field terms are required, as the frameworks
and guest molecules are considered rigid and furthermore only
one guest molecule is considered so guest—guest interactions
are absent. All force-field calculations are performed using the
in-house code YAFF.>® The results are shown in Figure 1,

3.0, PBE + D3(BJ)@MEDFF 3 PBE + D3(BJ)) @MM3
T T
225 225
T J10% T 10%
= |¥ = R g
220 220
< <

! 10 107 15 10 107

n n

3 PBE + D3(BJ) @Dreiding 3 PBE + D3(BJ) @UFF
T T
225 £25
Lo | ] 10% i, [T Trow I
£20 £20) 1 I
S <

1 1

10%

Figure 1. Comparison of our method with a grid-based approach for
the Henry coefficient Ky; of CH, in UiO-66 at room temperature.
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where the estimated Henry coefficient at room temperature as
a function of the number of samples (1 in eq 11) is plotted in
color. We use the notation PBE+D3(BJ) @MEDFF to indicate
for instance that the Henry coefficient is calculated for the PBE
+D3(BJ) level of theory, using our importance sampling
approach with MEDFF as the biasing potential. For each
sample size n, the simulation was repeated 1000 times: the dots
indicate the average of these 1000 simulations and the error
bar indicates the standard deviation. Irrespective of which force
field is used as the biasing potential, the average values are
always very close to the reference value from the grid-based
calculation (shown as a full black line). Concerning the error
bars, however, there are striking differences between the force
fields. If MEDFF is used as the biasing potential, the error bar
is only a few percent even if only about 1000 ab initio
calculations are considered. For MM3, slightly larger sample
sizes are required to reach similar accuracy, while for UFF and
Dreiding the error is still about 10% even if 10000 ab initio
calculations are included. The reason for this has been
mentioned in the theoretical derivation: it is required that
the original potential U and the biasing potential U are
sufficiently similar. Indeed, in our previous work we have
shown that MEDFF adsorption energies for this system are in
good agreement with ab initio values, while this is not the case
for generic force fields such as Dreiding or UFE.*

The number of ab initio calculations that need to be
considered to reach convergence, will obviously depend on the
system of interest. It is not possible to estimate this number a
priori, as it depends for instance strongly on the biasing force
field. It could however be suspected that the symmetry of the
adsorbent will play an important role. For the UiO-66 structure
considered here, there are 24 symmetry operators. For a more
complicated structure where this symmetry is completely
absent, a significantly larger computational effort may be
required.

The previous findings would suggest that pure force-field
predictions of the Henry coefficient using MEDFF would also
give good agreement with the PBE+D3(B]) value, as both PES
agree rather well. However, this is contradicted by the
numerical values for the Henry coefficients taken up in
Table 1, which show that on the contrary the UFF Henry

Table 1. Henry Coefficient and Average Adsorption Energy
of CH, in UiO-66 at Room Temperature: Comparison of
Ab Initio and Force-Field Results

level of theory Ky [mol kg™']  AH,q, [KJ mol™']
PBE+D3(B]) (grid) 223 ~199
PBE+D3(B]J) (importance sampling) 222 -199
MEDFF (Widom) 1.17 —18.0
MM3 (Widom) 118 —18.4
Dreiding (Widom) 172 ~194
UEF (Widom) 224 ~199

coefficient is very close to the ab initio PBE+D3(B]) result.
This apparent paradox is resolved by comparing ab initio and
force-field adsorption energies. The RMSD between PBE
+D3(BJ) and MEDFF is 2.7 kJ mol™), considering all
configurations of the regular grid for which the PBE+D3(BJ)
adsorption energy is negative. The RMSD between PBE
+D3(BJ) and UFF on the other hand is 14.5 kJ mol™,
indicating a much worse correlation for this force field with the
ab initio reference. Scatter plots (shown in the Supporting
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Information) also reveal that UFF sometimes provides
adsorption energies much more attractive than the reference
value, while in many other cases it is severely more repulsive.
The reason for the apparent good agreement (concerning the
Henry coefficient) is due to a fortuitous cancellation of errors
(sometimes overbinding, sometimes underbinding) when
averaging is done as in eqs 4 or 12. As indicated in our earlier
study on the prediction of adsorption isotherms, this is another
case where apparent good results of generic force fields must
be treated with caution.”’

An interesting question is whether a limited number of ab
initio calculations, which are needed anyway to apply the
importance sampling method, could be used to reparametrize
the force field that was used as the biasing potential. This
reparametrized force field could then be used to calculate the
Henry coefficient and should provide a result close to the ab
initio value. We have investigated this approach and report the
results in the Supporting Information. In short, we find that it
can give acceptable approximations to the ab initio result
(although less precise than the importance sampling method),
provided the original force field is fairly accurate and features a
lot of force-field parameters that are optimized. If this is not
the case or one is interested in a very precise ab initio value,
our importance sampling methodology is usually preferred
because it can be fully automated and systematically converges
to the correct value.

From the results presented in this section we conclude, by
comparing with a grid-based approach, that our method
provides correct results for the ab initio prediction of Henry
coefficients. In principle any force field can be used as the
biasing potential, but we showed that MEDFF leads to a faster
convergence because it predicts adsorption energies that
correlate well with ab initio values. Therefore, in the remainder
of this work we will always employ MEDFF as the biasing
potential. These conclusions were drawn for the PBE+D3(BJ)
level of theory, but in the Supporting Information we show
that they are valid for other ab initio methods as well.

3. RESULTS AND DISCUSSION

We now apply the developed procedure to two relevant test
cases. First we discuss CO, adsorption in Mg-MOF-74, where
we show that in general DFT dispersion corrected calculations
improve the agreement with experiment compared to generic
force fields. The second case is the adsorption of CO,, CH,,
and N, in UiO-66 and its functionalized variants. There we
mainly focus on the comparison of different DFT levels of
theory, discussing among others the influence of many-body
dispersion correction schemes.

3.1. Adsorption of CO, on Mg-MOF-74. The adsorption
of CO, in MOF-74 frameworks is considered very challenging
from a computational point of view. It is a prototypical case
where the main adsorption mechanism is due to interactions
between coordinatively unsaturated sites of the framework and
a polar guest molecule. This typically results in generic force
fields underestimating adsorption at low pressure by a few
orders of magnitude, because such force fields cannot describe
the interactions with open metal sites.'*

Here we consider the MOF-74 variant with magnesium as
metal element, which is referred to as Mg-MOF-74, Mg-CPO-
27, or Mg,(dobdc). The Mg** metal nodes are linked by 2,5-
dioxido-1,4-benzenedicarboxylate (dobdc*") ligands (as shown
in Figure 2), with each magnesium atom S-fold coordinated by
oxygen atoms. Variants containing transition metals (Mn, Fe,
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Figure 2. Graphical representation of the primitive unit cell of Mg-
MOF-74, viewed along the (1,1,1) direction. Insets show the dobdc*~
ligand and the unsaturated MgOjs polyhedron. Color codes: Mg
(orange), O (red), C (brown), and H (white).

Co, Ni, and Cu) exhibit multiple magnetic conﬁgurations.37
Additionally, DFT provides a poor description of interactions
concerning localized d electrons, which means corrections such
as the Hubbard U model are required.’® To avoid these
additional computational complications, we do not consider
frameworks containing transition metals.

We constructed a database of 50 X 10° randomly generated
configurations of CO, in Mg-MOF-74 (geometry from a full
optimization of the empty framework, see the Supporting
Information) and computed the corresponding MEDFF
adsorption energies. Next, in order to test the convergence
of the conventional Widom method, 100 different subsets were
chosen randomly, each subset containing N samples. For each
subset the Henry coefficient and adsorption enthalpy were
estimated using eqs 5 and 12. By repeating this procedure for
different values of N, we can plot the convergence of the
Widom insertion method as a function of the number of
considered samples as shown in Figure 3 on the left (in these
violin plots the thickness indicates the probability to find the
corresponding value, while bars indicate minimal, mean, and
maximal value encountered). To obtain a Henry coefficient
that is within a range of 10% of the converged result, more
than 10° Widom insertions are required. Concerning the
adsorption enthalpy, the same number of Widom insertions is
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Figure 3. Convergence of the Henry coefficient and adsorption
enthalpy of CO, in Mg-MOF-74 as a function of the number of
samples. Left: MEDFF using conventional Widom insertion, right:
PBE+D3(B]J) using our importance sampling method. Dotted lines
indicate deviations with respect to the converged value.

DOI: 10.1021/acs.jctc.8b00892
J. Chem. Theory Comput. 2018, 14, 6359—-6369



168

Paper IV

Journal of Chemical Theory and Computation

sufficient to obtain a result with less than 1 kJ mol™
uncertainty (with respect to the “correct” result for the given
PES). We also applied our importance sampling methodology
to this example with MEDFF as the biasing potential. As
mentioned earlier, a generic force field is probably a poor
option to choose as the biasing potential for this application.
We assume that MEDFF will be a better choice, as it will
provide a better correspondence with the ab initio PES because
it has been shown to be very robust and particularly suitable
for the prediction of interaction energies.””*" This assumption
is confirmed by the obervation that MEDFF predicts Henry
coefficients and adsorption enthalpies closer to ab initio results
for CO, in Mg-MOF-74, which will be discussed further on in
this section. Then, 20 000 configurations were selected, with
probability to include configuration a proportional to exp(—
BU,) where U, is the MEDFF adsorption energy. For each of
the selected 20000 configurations the ab initio adsorption
energy was calculated using various levels of theory. The
electronic energy is calculated using VASP, while Grimme’s
dispersion corrections are calculated using the dftd3*” program
(see the Supporting Information for more details). Again, 100
different subsets of n samples were chosen and for each subset
the Henry coefficient and adsorption enthalpy were estimated,
now using eqs 10 and 15. The results obtained using this
importance sampling scheme are shown in Figure 3 on the
right for the PBE+D3(B]J) ab initio method. Clearly the results
converge much faster than for the conventional Widom
simulation: about 10000 samples are sufficient to obtain an
accuracy of 10% on the Henry coefficient and 1 k] mol™ on
the adsorption enthalpy (again with respect to the fully
converged value for the given PES). This demonstrates again
that the importance sampling method reduces the required
number of calculations by about a factor 100, making it
computationally feasible for ab initio methods. Note that we
compared the convergence behavior with two different
methods (Widom insertions vs importance sampling) but
also with two different PES (MEDFF vs PBE+D3(BJ)).
Although the shape of the PES can also influence the
convergence, we suspect that this has a minor effect
considering that MEDFF and PBE+D3(BJ) adsorption
energies correlate well. This means that the main difference
in convergence is indeed due to the choice of the sampling
methodology.

We now turn our attention to a comparison of the
adsorption properties from force-field and ab initio simulations
as well as from experiments for CO, in Mg-MOF-74. An
overview of results is provided in Table 2, where experimental
enthalpies of adsorption are obtained as AH = —Q, with Q
the isosteric heat of adsorption. Ab initio results are obtained
using the importance sampling method with MEDFF as
biasing potential while force-field results are obtained using
Widom insertion. Each simulation was performed on two
different framework geometries: the DFT optimized structure
of the empty framework and the DFT optimized structure of
the framework loaded with 6 CO, molecules per unit cell, with
each CO, located at a primary adsorption site. The presence of
the CO, molecules induces subtle changes in the framework
geometry as visualized in Figure 4, where a cutout of the open-
metal site in the empty framework is shown, overlaid with the
same atoms from the loaded framework shown in gray. A
notable difference is the increase of the distance between the
Mg atom and the apical oxygen (this is the oxygen opposite of
the open side of the metal atom), which is 2.035 A for the
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Table 2. Henry Coeflicients in mol kg™* bar™' and

Enthalpies of Adsorption in kJ mol™" of CO, in Mg-MOF-74
at 298 K

geometry empty geometry loaded

level of theory Ky AH, 4 Ky AH, 4,
PBE+D2 34 —34.2 124 —38.1
PBE+D3(BJ) 48 —34.1 168 —382
PBE+D3M(BJ]) 112 =375 434 —414
vdW-DF2 130 —37.8 522 —42.1
MEDFF 62 —37.8 488 —44.8
MM3 28 -31.9 71 =351
Dreiding 27 -30.6 45 =325
UFF 31 -31.2 47 -32.8
experimental source Ky AH 4
Britt et al.* -39
Mason et al.*! 384 —42
Yu et al.”’ 414 -42
Queen et al.” 407 —44

Figure 4. Cutout of the open-metal site in the empty framework (Mg,
orange; O, red; C, brown). The same atoms in the framework loaded
with CO, are shown in gray. The arrow indicates the distance
between the metal atom and the oxygen atom opposite of the open
side of the metal atom.

empty framework and 2.062 A in the loaded framework. The
cell parameters change ever so slightly, with the volume going
from 1351.5 A% in the empty framework to 1350.6 A% for the
loaded framework. In previous work it was found that the
difference in binding energy changes by about 2.5 kJ mol™
when allowing the framework to relax in the presence of CO,,
which we deem significant.*’

The computed Henry coeflicients and enthalpies of
adsorption for both geometries are compared in Table 2
(upper). Despite the seemingly small differences in atomic
positions, the impact on adsorption properties is considerable:
the Henry coefficients are a factor 3 to 4 larger in the geometry
of the loaded framework and adsorption enthalpies are about 4
kJ mol™" lower, so the effect is slightly larger than in previous
work.** The values obtained for the loaded framework tend to
be in better agreement with experiment as discussed below.
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The previous observations imply that the rigid framework
approach is not valid for this material, despite its application in
earlier studies."*'”*" An extension of the approach followed
here using a hybrid MC/MD approach (where the MD part
allows changes in framework geometry due to the presence of
guest molecules) might be interesting for future computational
studies but is out of the scope of this work.

Finally we discuss the comparison with experiment: several
experimental results are compiled in Table 2 (lower). As noted
before in the literature, generic force fields (UFF, Dreiding,
MM3) underestimate the experimental Henry coefficient by
more than 1 order of magnitude and the absolute value of the
adsorption enthalpy by about 10 kJ mol™), irrespective of
which framework geometry is considered. MEDFF fares
slightly better, and for the loaded framework geometry it is
very close to experimental values. All ab initio methods predict
higher Henry coefficients than the generic force fields and are
thus “closer” to experiment: again, for the loaded framework
geometry the agreement with experiment is acceptable. The
spread on the results from different levels of theory is also
remarkable. For instance, PBE+D3M(BJ)* only differs from
PBE+D3(BJ)* in the data set that was used to fit the damping
parameters of the dispersion correction scheme. Yet, the
former Henry coeflicient is more than twice the value of the
latter while the adsorption enthalpies differ by about 3 kJ
mol™!. On the other hand, the results obtained with another
functional vdW-DF2*7* are relatively close to those from
PBE+D3M(BJ). The PBE+D2*” and PBE+D3(B]J) predictions
of the adsorption enthalpy of CO, in Mg-MOF-74 are
systematically underestimated with respect to vdW-DF2. This
finding has been confirmed by a recent work"® where the
performance of several van der Waals corrected functionals was
compared.

It has been suggested in the literature that computed
isotherms (and Henry coefficients) should be rescaled to
account for the limited availability of adsorption sites in
experimental samples, compared to ideal crystal structures used
in computations.'**® Based on experimental adsorption
isotherms, a scaling factor of 0.765 is suggested for the case
of Mg-MOE-74.*’ By rescaling the Henry coefficient predicted
by vdW-DF2 and MEDFF for the loaded framework, the
agreement with experiment improves. In all other cases
howevers, the agreement is worse. Note that results in Table
2 are not rescaled.

We conclude that the Henry coefficient and enthalpy of
adsorption are rather sensitive quantities, both to the PES and
to the framework geometry. This makes a consistent
quantitative agreement with experiment very challenging.

3.2. Influence of (Many-Body) Dispersion Corrections
on CH, Adsorption in UiO-66. We used our methodology to
study the adsorption of CH, in the pristine UiO-66>> MOF
using various ab initio methods, always with MEDFF as the
biasing potential. The force-field value is determined using N =
10 000 000 Widom insertions and the ab initio value using n =
5000 importance sampled configurations. All results reported
in this section are calculated using the PBE functional. The
electronic part of the adsorption energy is calculated using
VASP, Grimme’s dispersion corrections using the dftd3 and
many-body dispersion corrections using the Pymbd** program.
Using pure PBE energies, nearly no CH, adsorption is
predicted because of the lack of (long-range) dispersion
interactions in GGA functionals. Many dispersion correction
schemes (which add an energy contribution on top of the PBE
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energy) are available in the literature, and we now present a
comparison of such schemes paying special attention to the
impact of many-body effects.

The most widely used dispersion schemes are variants of
DFT-D as originally proposed by Grimme,"” which add an r¢
interaction term between all pairs of atoms, appropriately
damped at short-range. The method has been refined by
adjustinzg the damping (for instance Becke-Johnson damping
D3(BJ)™) or by simply reparametrizing on a larger data set
(D3M(BJ)*?). Additionally, three-body interactions have been
added using the expression derived by Axilrod—Teller—Muto
(ATM).>® The Henry coefficient and adsorption enthalpy of
CH, in UiO-66 is reported in Table 3 for three variants of the

Table 3. Henry Coefficients [ mol kg™' bar™'] and
Enthalpies of Adsorption [ k] mol™] of CH, in UiO-66 at
298 K Using Various Levels of Theory

without ATM with ATM
level of theory Ky AH, 4 Ky AH 4
PBE+D3 3.7 -21.6 18 -19.5
PBE+D3(BJ) 22 -19.9 1.1 —17.8
PBE+D3M(BJ) 17 -19.1 0.8 -17.1

D3 dispersion scheme. For the first column only two-body
dispersion corrections are included, while for the second
column the three-body ATM term is taken into account. The
difference in adsorption enthalpy between PBE+D3 and PBE
+D3M(BJ) is 2.5 kJ mol™", which can be considered significant
considering that this means a deviation of more than 10%. The
inclusion of the three-body term consistently leads to more
repulsive adsorption energies, and the absolute value of the
adsorption enthalpy decreases by about 2 kJ mol™. As a result,
the Henry coefficient decreases by about 50% which can be
rationalized by considering that exp(— 2.0 kJ mol™) ~ 0.45
at room temperature. The experimental value for Ky is 0.6

mol kg_lbar_l,’% so the inclusion of three-body dispersion
interactions improves the agreement. We conclude that, even
for a small guest molecule such as CH,, three-body dispersion
interactions have a non-negligible impact on adsorption.

The many-body dispersion (MBD) method was developed
by Tkatchenko et al®’ and also adds a van der Waals
contribution to the underlying electronic structure calculation.
Here, many-body effects up to infinite order are treated using
the coupled fluctuating dipole model, which can be much
better motivated from a physical point of view than the three-
body corrections employed in DFT+D*™ schemes. The
adsorption energies resulting from the MBD calculations were
partitioned into contributions from second up to sixth order,
which allowed to calculate the Henry coefficient and
adsorption enthalpy including up to Nth order many-body
effects for N = 2, .., 6. The resulting graph shown in Figure 5
reveals that, by adding three-body interactions, the Henry
coefficient as well as the absolute value of the adsorption
enthalpy decreases, indicating that three-body interactions are
generally repulsive. By additionally including four-body
interactions, the Henry coefficient increases again which
means that this has a generally more attractive effect, in line
with derivations from perturbation theory. Finally we note that
omitting higher than two-body dispersion effects leads in this
case to an overestimation of the Henry coefficient by a factor 2
with respect to the value obtained from the full inclusion of
many-body effects up to infinite order. On the other hand, the

DOI: 10.1021/acs.jctc.8b00892
J. Chem. Theory Comput. 2018, 14, 6359—-6369



170

Paper IV

Journal of Chemical Theory and Computation

3 —16
= - .
S20 5
o - P
% % ; = o0 —body]
El =
541 <

)! - n

['2 3 4 5 6 2(‘2 3 4 5 6

N —body N —body

Figure S. Henry coefficient (left) and adsorption enthalpy (right) of
CH, in UiO-66 computed with PBE with MBD corrections, as a
function of the order of included many-body effects (dotted lines are
only present to guide the eye).

value quickly converges as soon as three-body and certainly
four-body interactions are treated. Again we note that the
Henry coefficient computed with many-body dispersion
interactions is closer to the experimental value of Ky = 0.6
mol kg™' bar™! than the Henry coefficient computed with only
two-body dispersion interactions.

3.3. Linker Functionalizations in UiO-66. In the
previous section we demonstrated that adsorption properties
are rather sensitive to the underlying PES that is used in the
simulation. In many cases, especially high-throughput studies,
one is more concerned with trends in properties rather than
the absolute value of these properties. We therefore now turn
our attention to a comparison of the Henry coeflicients of
CO, CH, and N, in a series of functionalized UiO-66
frameworks. The pristine UiO-66 MOF features benzene
dicarboxylate (bdc) organic linkers. By functionalizing the
benzene rings with amino (—NH,), nitro (—NO,), methoxy
(—2,5-OMe,), and naphthyl (—1,4-Naph) groups (as shown in
Figure 6), we obtain four additional frameworks.

3.3.1. Location of Functional Groups. We considered
functionalized versions of the UiO-66 by adding a functional
group on each organic linker. Because these functional groups
can be added on multiple locations of the linker, it is possible
to construct many different functionalized frameworks with the
same chemical formula. For each functional group, we
constructed five different frameworks by placing the function-
alization on a random position for each linker. This allows us
to investigate whether the precise placement of functional
groups has an important effect on the adsorption properties of
the framework. We calculated the Henry coefficient of CO, in
all frameworks with randomly placed functional groups using
the MM3 force field as shown in Figure 7 (similar plots for
other force fields and for CH, as the guest molecule are
included in the Supporting Information). For each of the
functional groups, there are five dots in this figure with each
dot representing the Henry coefficient in one randomly
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Figure 7. Henry coefficients for CO, at 298 K in different versions of
the functionalized UiO-66 materials, computed with the MM3 force
field.

constructed version of that specific functionalized framework.
These results show that the precise placement of the functional
groups certainly influences the adsorption properties, as there
is a certain spread on the Henry coeflicients for the different
versions of each functionalized framework. At the same time, it
should be realized that the spread is in general smaller than
differences between different functional groups. In other
words, if one is mostly interested in a comparison of different
functionalized groups it suffices to study one specific
placement for each group, as we have done here. Finally
note that, when we compare results from various levels of
theory, the same framework is considered, which enables a
consistent comparison of different PES. A proper comparison
with experiment is however more difficult, as it is often
uncertain whether the simulated functionalized frameworks
faithfully represent the ones used in experiment. Although
Cmarik et al>® performed adsorption experiments on
functionalized UiO-66 frameworks, these results will not be
discussed here for this reason.

3.3.2. Results. As mentioned before, we focus on qualitative
features in this section, and a comparison of force-field and ab
initio results already reveals insights in this respect. We
calculated the Henry coefficient of CO,, CH,, and N, at room
temperature in all frameworks at the PBE+D3(BJ) and PBE
+MBD level of theory using our importance sampling method
with MEDFF as the reference potential (N = 10000 000
Widom insertions and n = 5000 importance samples for CH,
and N,, N = 50000000 Widom insertions and n = 20 000
importance samples for CO,). Additionally, the UFF values (a
popular choice of PES for high-throughput studies) are
calculated using Widom insertion and shown together with
the ab initio results in Figure 8. The PBE+D3(B]) and PBE
+MBD results share a similar pattern, with the PBE+MBD
Henry coefficients being generally lower. Following the
discussion in the previous section, this can be attributed to
the lack of (generally repulsive) many-body dispersion effects

Figure 6. From left to right: bdc linker of pristine UiO-66, —NH,, —=NO,, —2,5-OMe,, and —1,4-Naph functionalized.
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Figure 9. Selectivities of equimolar mixtures at room temperature in functionalized versions of the UiO-66 MOF.

in PBE+D3(BJ). For CO, and CH,, the UFF results are in
good agreement with the PBE+D3(B]J) results for UiO-66,
Ui0-66-NH,, and UiO-66-NO,. For Ui0-66—2,5-(OMe), and
Ui0-66—1,4-Naph, however, UFF predicts a steep increase in
the adsorption which is not observed in the ab initio results.
This indicates that some caution is warranted when using such
a generic force field, even if only a qualitative comparison of
some similar frameworks is made. MEDFF on the other hand
is generally quite close to the ab initio values, especially if the
PBE+MBD level of theory is considered as reference. Also
trends predicted by MEDFF are in better agreement with the
ab initio results.

‘We finally turn our attention to the selectivities of equimolar
mixtures of CO,/CH,, CO,/N,, and CH,/N,, which in the
low-pressure regime are simply provided as the ratios of the
respective Henry coefficients. If a certain PES is systematically
more attractive than another for all guest molecules, such
deviations would compensate when looking at selectivities,
which makes this an interesting property to look for qualitative
differences between PES. Figure 9 reveals for instance that
UiO-66-NH, and UiO-66-NO, show a higher CO,/CH,
selectivity than UiO-66—2,5-(OMe), and UiO-66—1,4-Naph,
according to both PBE+D3(BJ) and PBE+MBD. The generic
UFF predicts exactly the opposite. Again this a clear example
where one should be very careful when dealing with force-field
results, even when simply extracting qualitative adsorption
properties. For these cases, MEDFF provides patterns that are
more similar to the ab initio curves, although some small
inconsistencies are still present. This suggests that it might be
worth considering ab initio based force fields (such as
MEDFF) in favor of generic force fields (such as UFF) in
high-throughput screening applications, despite the additional
computational cost of the former PES.
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4. CONCLUSIONS

In this work, a novel methodology to compute the Henry
coefficient of small guest molecules in porous materials was
developed, which allows to use ab initio evaluations of the PES.
It comprises two stages: the first stage is a conventional
Widom insertion simulation (using a computationally cheap
force field PES), in the second stage ab initio adsorption
energies are calculated only for configurations selected from
the first stage using importance sampling. This approach
enables an efficient evaluation of ab initio Henry coefficients,
provided that force-field and ab initio adsorption energies
correlate fairly well. It was demonstrated that MEDFF fulfills
this condition in all investigated cases. MEDEFF is a recently
derived force field which is very robust because only a limited
number of parameters are fitted to interaction energies from
highly accurate CCSD(T)/CBS calculations. This robustness
renders the current method applicable to a wide range of
systems.

The adsorption of CO, in Mg-MOF-74 was investigated as a
prototypical case where generic force fields fail to properly
describe interactions between a polar guest molecule and open
metal sites. Indeed, ab initio Henry coefficients were generally
closer to experimental values than force-field results, but the
detailed geometric features of the framework were shown to be
important, thus hindering a fair comparison between experi-
ment and simulation. Also the influence of the choice of level
of theory was remarkably high, confirming the sensitivity of the
Henry coefficient. More specifically it turned out that many-
body dispersion effects have a significant impact, as shown for
adsorption of CH, in the UiO-66 framework. Finally,
qualitative features of adsorption in functionalizationed UiO-
66 materials are discussed and here it is observed that generic
force fields may predict dissimilar rankings compared to more
advanced methods.

DOI: 10.1021/acs.jctc.8b00892
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In conclusion, we estimate that our methodology will help to
investigate adsorption in porous materials whenever force
fields are either not available or are not sufficiently accurate.
Furthermore, it can also be a useful tool for benchmarking
force fields to higher-level methods enabling a more judicious
selection of a certain potential for the system at hand.
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Computational Details

This appendix provides the computational details concerning unpublished
results included in this thesis.

B.1 Path-integral Molecular Dynamics

PIMD simulations of liquid methane where performed using the i-PI'7% 77

framework for the path-integral sampling, interfaced to YAFF to evaluate
the PES as explained in Appendix C. The Bussi-Zykova-Parrinello barostat
(only allowing isotropic cell fluctuations) with a time constant of 1000 fs is
used to control the pressure. The barostat particles are coupled to a Langevin
thermostat with time constant 100fs while the atoms are thermostatted
using a local centroid PILE thermostat with time constant 100fs. A time
step of 0.25 fs is used and each simulation lasts at least 2 ns, considering the
first 0.5 ns as equilibration and the remainder to collect results.
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Software Development

In the context of this Ph.D. a substantial amount of time was devoted to soft-
ware development. Below, an overview of the different simulation packages
to which contributions were made is provided.

Yaff

Yaff is a pythonic force-field code developed at the Center for Molecular
Modeling. Its primary intention was to facilitate the implementation of
newly developed methods, and therefore it is very flexible and thoroughly
tested. Many features were implemented during this Ph.D., for example the
addition of the pair potentials used by MEDFF. Yaff is distributed as open
source software under the conditions of the GPL license version 3 and is
available at http://www.github.com/molmod/yaff/.

LAMMPS

LAMMPS is a classical molecular dynamics code, and an acronym for Large-
scale Atomic/Molecular Massively Parallel Simulator. LAMMPS is an open-
source code, distributed freely under the terms of the GNU Public License
(GPL) and is available at http://www.github.com/lammps/lammps/. Some
bugfixes were contributed, which were discovered by comparison with Yaff,
which could be considered as a reference implementation thanks to its ex-
tensive unit tests.
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Another contribution relates to the coupling of LAMMPS and Yaff. As
stated before, the main design principles of Yaff were extensibility and code-
readability. This unfortunately results in code that executes rather slowly
when compared to a highly-optimized (parallel) package such as LAMMPS.
In most classical molecular dynamics simulations, the computational bot-
tleneck is the evaluation of noncovalent interactions. Therefore the best
properties of both Yaff and LAMMPS were combined: Yaff is used as the
main driver (taking care of the sampling and optionally evaluation of covalent
interactions), while the computationally most intensive parts are outsourced
to LAMMPS. This allowed the simulation of larger systems on longer time
scales, which would not have been possible using only Yaff.t% 63226

i-Pl

i-Pl is a Python interface for path integral molecular dynamics simulations.
i-Pl itself only propagates (path integral) dynamics of the nuclei and relies on
an external code for the evaluation of energies, forces and virial tensor. An in-
terface that allows using Yaff as the external code was implemented, allowing
path integral simulation employing in-house developed force fields.??’ i-Pl is
available at http://www.github.com/i-pi/i-pi/.

QuickFF

QuickFF is a software package developed at the Center for Molecular Mod-
eling, designed to derive accurate force fields for isolated and complex
molecular systems in a quick and easy manner.’”>® An important con-
tribution to this package was made by extending it to handle periodic
systems. This was achieved by a coupling with Yaff to evaluate force
field energies while constructing them. QuickFF is distributed as open
source software under the conditions of the GPL at license version 3 at
http://www.github.com/molmod/QuickFF/.

HORTON

HORTON is a Helpful Open-source Research TOol for N-fermion systems.
HORTON is not intended to be a replacement for existing quantum chem-
istry software, but a helpful supplement to it. The ambition is to provide a
research tool that is computationally-efficient enough to be helpful, without
compromising code-readability and user-friendliness. Contributions in the
context of this Ph.D.include the implementation of the Poisson solver.”?
HORTON is distributed under the conditions of the GPL License version 3
(GPLv3) at http://theochem.github.io/horton/.
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