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1. Introduction

Theoretical modeling has nowadays taken an indispensable role in many fields of science and
engineering, thanks to the availability of systematically stronger computing power and the steady
development of new ingenious theoretical methods and numerical implementations. Within the
field of catalysis, modeling has also taken a prominent role. A lot of experimental papers are
combined with computational modeling to explore issues such as the nature of the active site, the
determination of reaction rates at the single reaction level,.... These are typically questions which are
very hard to assess purely from experimental point of view. Theory can thus be used to explain and
rationalize experimentally observed features. However the field has evolved substantially and
theory has now come to the point where it can even be used in a predictive manner. Nice examples
are high-throughput screening studies, where a large database of hypothetical materials is screened
for desirable properties. Seminal studies of this kind were published by the group of Snurr,
Smit,....[1-4] Such efforts may lead to the design of dedicated experiments on a set of promising
materials. Ideally theory could answer important questions related to activity, selectivity, and
stability of the catalyst. However one must be realistic, despite the enormous progress made during
the last decades, computational catalyst design still needs to overcome many hurdles in order to be
used as an all-in toolbox. Many issues are related to the typical length and time scales encountered
in a catalytic process. The overall function of a catalyst is the interplay between many multi-scale
phenomena both in space and time. This was nicely illustrated by Weckhuysen in his review on
spatial heterogeneities in catalytic solids.[5] In this book chapter we give our view on the question
whether we dispose anno 2016 of a theoretical tool box for a better catalytic understanding.

To answer these questions, one must also define its expectations. Until recently the catalytic
community was satisfied if theory succeeded in suggesting some plausible reaction schemes and
could reproduce qualitatively experimental findings. However with the rapid evolution of the field,
the expectations have currently taken a whole other dimension. Nowadays, methods are developed
and explored to reach chemical and kinetic accuracy for reaction enthalpies and rate constants.[6-8]
In some cases this has proven to be achievable, but at the expense of a serious computational cost,
which hampers its applicability as mainstream methodologies. Furthermore such reliable
predictions from theory also request the availability of very accurate experimental data. For example
to predict reaction rates with kinetic accuracy — i.e. within a factor 10 from the experiment — one
needs to dispose of experimental data that provide the chemical kinetics for a single reaction within
an often very complex reaction network. Thus the development of such accurate methods imposes
also challenges for the experimentalists to generate data which are comparable with the produced
theoretical data.
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Next the catalyst should be studied at work, thus at operating conditions.[9] This imposes a huge
challenge for theory as this requires models that account for realistic process conditions involving
actual reaction temperatures, pressures, loading of the guest species, and other degrees of freedom.
One can imagine that in these circumstances the catalytic process becomes very complex and one
cannot resort anymore to the textbook concept of a single transition state and a restricted number
of configurations on the potential energy surface. Very recently new methods are being explored
within the field of computational catalysis, such as enhanced molecular dynamics methods which
allow sampling the free energy surface at operating conditions.[10-23] However this field is in full
exploration and new methodologies are being developed to apply advanced molecular dynamics
techniques in the field of catalysis.

In this book chapter we will focus on heterogeneous catalysis and in particular catalytic reactions
taking place in the pores of a nanoporous material. Due to the heterogeneous character of the
chemical process the complexity of the reaction also increases. Such applications are a good value
indicator to assess the available toolbox of techniques and algorithms. We will concentrate on
catalytic reactions taking place in two types of nanoporous materials: zeolites and metal-organic
frameworks (MOFs). Zeolites are crystalline framework structured alumino-silicates with pores and
cages of molecular dimensions (< 2 nm). Their characteristic pore dimensions , high surface area,
porosity, diversity... make them very tractable in a wide scope of applications [24] making zeolites
the workhorses of today’s chemical industry. MOFs are hybrid nanoporous materials build from
inorganic moieties connected with organic linkers (Figure 1). These last materials have a more recent
history and their probable catalytic potential is still under exploration. This class of new materials
knows a still increasing interest from the community due to its building block concept resulting to a
tunable composition and structural diversity combined with a high porosity. These properties lead to
a broad variety of applications varying from adsorption and gas storage, separation, optics and
sensing to catalysis. [25-27] Catalysis will probably not evolve to the most promising property of
MOFs, the other properties also need an appropriate description of the metal sites with emphasis on
its accessibility.

The computational toolbox which is available nowadays — with its strengths and limitations — can
certainly not be used as a black box. Even though a lot of programs are currently available for a
large community, computational catalysis requires the knowledge of an advanced user, who masters
the strengths and the weaknesses of current computational methods. The whole modeling
procedure consists of various steps which each merits special attention to reach the final objective
of an optimal tool to describe heterogeneous catalysis in all its complexity.

A good modeling trajectory should fulfill many criteria and should cover many features. First, it is
essential to model the catalyst’s active site by fully taking into account the effects of the molecular
environment. Next, the adsorption of the reactants at the active site and the reaction itself should
be studied. The latter encompasses the determination of the transition state(s), calculation of the
reaction rate constant and identification of the various factors governing the reaction rate.

In this contribution focus lies on the adequacy of contemporary state-of-the-art techniques present
in the current tool box to achieve the highest reliability, reproducibility and accuracy in the
description of catalytic reactions in the pores of a nanoporous material. We realize that this is a
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Figure 1: Schematic of the versatility of nanoporous materials. By combining different building
blocks a wide variety of zeotype materials and metal-organic frameworks can be synthesized.

rapidly varying and steadily progressing issue, but for any reader such an overview remains an
instructive exercise, reporting the good performing features, the issues that are subject to
improvement and some critical notes of present modeling tools. Some similar exercise has been
presented by Joachim Sauer and Hans-Joachim Freund [9] discussing the hierarchy of model studies
on catalytic reactions with increasing complexity.

We will focus on some particular items that took our attention starting from our own expertise in
modeling heterogeneous catalysis. It encompasses the models to describe the catalytic site including
all ingredients which could have a significant effect on the reaction. This contribution also tries to
discuss carefully the advantages/disadvantages of static approaches versus dynamic models.
Modeling of a reaction always starts from a reactive complex, but the construction of such a
complex requires a lot of attention as it determines for a large part the initial stages of the reaction
path on the free energy surface. A special section is devoted on the determination of chemical
kinetics of the catalytic reaction and thus identification of the transition state (TS) or transition state
region which constitutes one of the major objectives of a modeling tool box. Finally, computational
spectroscopy has reached such a level of accuracy that it assists in interpreting in-situ spectroscopic
measurements which are indispensable for characterization of reaction intermediates.
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2. Modeling the catalytic active site

2.1 Taking into account topology

An important issue when modeling catalytic processes in nanoporous materials is to select an
appropriate model to simulate the extended molecular environment of the material itself. We first
illustrate this point for zeolites. Zeolites are bulky materials with a large amount of atoms and thus
computationally accurate methods need to be used to account for a representative fraction of the
material within a reasonable computational time. The first attempts over the years to model the
active site in a zeolite framework are based on small clusters containing a limited number of
tetrahedral atoms (illustrated by a 1T and 5T cluster in Figure 2a,b). The main advantage of such
small clusters is their limited number of atoms, which allowed usage of very accurate electronic
structure methods for the calculation of the energy of the system. Although they have shown their
practical use in times where computational resources were rather limited by giving some valuable
gualitative insight, they are no longer of any use in current models as the topology is completely
neglected. In a next generation more extended clusters are considered. A finite cluster is cut from
the periodic structure of the material which needs to be sufficiently large to account properly for the
topology. Figure 2c shows 3D-views of a finite cluster model (46T) corresponding to the MFI
topology. Typically, such clusters are terminated by hydrogen atoms which are fixed in space to
prevent the unphysical collapse of the cluster during geometry optimization. This of course leads to
the drawback that the flexibility of the nanoporous material is not fully exploited. Another
shortcoming is that extended clusters containing many atoms become computationally hardly
manageable with very accurate quantum chemical methods. To prevent this computational
bottleneck, multilayer approaches such as ONIOM and other QM/MM methods were introduced. [8,
21, 28-33] The ONIOM method was used in the work of Maihom et al. [28] to model reactions in H-
ZSM-5. These authors considered an 128T cluster, in which only 12 T atoms were treated at the DFT
level for reasons of computational efficiency. The rest of the cluster was modeled using the universal
force field (UFF) and during the geometry optimization only a small portion of the cluster was
relaxed. To mimic the electrostatic effect of the remainder of the infinite zeolite lattice, the clusters
were further embedded in a set of point charges to reproduce the zeolite Madelung potential.

In addition the accuracy of all these QM/MM schemes largely depends on the cluster size, QM
method — for Density Functional Theory (DFT) more specifically the exchange-correlation functional
— and the basis set, as pointed out by Bell and co-workers [31]. Therefore, use of cluster models
requires a thorough benchmark for each system and for each property of interest. In any case
cluster models give a rather limited view of the material, since flexibility is not accounted for.

A still valid and interesting advantage of cluster models is that numerical algorithms to search for
transition states are better developed than in solid state codes which are typically used for periodic
representations of the crystal lattice. A procedure which is often used to remedy this issue is to
localise a transition state in a cluster model and transfer it afterwards to a periodic model. As such
good initial guesses for transition states in periodic models are obtained, which may help to localise
the transition state in the periodic model.

Alternatively, the nanoporous material can be best represented by a periodic model. In such periodic
representation of a nanoporous material, one or more unit cells of the framework are included in
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the model. Figure 2d displays a periodic model of the well-known MFI material. Use of periodic
models to mimic the periodic structure of the material is by definition the most appropriate way to
simulate the active site, as all ingredients characterizing the active site such as its location in the
pores of the nanoporous material, the shape of the pores and channels, flexibility of the frame, etc.
are taken into account in a natural way. Periodic calculations of framework materials are typically
conducted with codes that find their origin in solid-state applications.

Both in cluster and periodic based models, Density Functional theory (DFT) is the method of choice
to treat the systems of interest thanks to their favorable balance between accuracy and
computational efficiency. For periodic based calculations one still uses in many cases the so called
gradient corrected functionals as they have proven their merits for true solid state systems. Use of
hybrid functionals or more advanced functionals (metahybrid functionals,...) is currently
implemented in most of the periodic codes (VASP, CRYSTAL, ...) but still very demanding in geometry
optimizations of the periodic cell and thus not systematically applied.

As long-range electron-electron interactions are not involved in commonly applied local density
functionals they have to be inserted separately. In most of the cases Grimme D3 dispersion
corrections were used.[34]

It is not the intention to give a full overview of all electronic structure methods currently available,
as this would entail a review on its own. However we refer to some dedicated reviews and other
interesting references on the topic. [23, 35]

Figure 2: Illustration of various models to account for the zeolite topology: a 1T cluster (a), a 5T
cluster (b), a 46T cluster for H-ZSM-5 (c) and the periodic structure of H-ZSM-5 (d) with indication of
the acid site. Adapted from ref. [23] with permission from The Royal Society of Chemistry.

2.2 Determining the nature of the active site

One of the challenges in modelling catalysis in nanoporous materials consists in determining the
nature of the active site. Catalysis in zeolites takes place in the surroundings of an active site such as
a Brgnsted acidic center originating from a charge compensating proton at an aluminium
substitutional defect in the zeolite framework or at an extra-framework Lewis acid site. Metal-
exchanged zeolites received considerable attention in catalysis. Some examples are the Cu-S5Z-13
material which has been studied for processes such as the ammonia-assisted Selective Catalytic
Reduction (NH;-SCR) of NO, or Ti substituted zeolites which proved to be effective and versatile
partial oxidation catalysts. [36] These are only a limited number of examples from the wealth of
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literature available on the topic. For more detailed discussions we refer to one of our recent
reviews. [35] There we pointed out that for these metal exchanged zeolites, it is very complex to
elucidate the true nature of the active site and we demonstrated the added value of modelling to
resolve these issues. Within this book chapter we will focus on examples taken from Brgnsted acidic
zeolite catalysis. Figure 3 shows a schematic representation of a zeolite model in which a Brgnsted
acidic site is incorporated and a Lewis acidic site is present.

Brgnsted
acid site

Figure 3: Brgnsted acid site (BAS) in H-ZSM-5 with an Al substitution and the charge compensating
proton (left) ; Lewis acidic site by the presence of charge compensating Ca cation. After modification
with Ca, ZSM-5 can contain CaOCaOH" species at the Al substitution. Figure adapted from ref. [37]
with permission from Wiley.

Modelling of the active site is not that trivial as could be expected at first sight. There are also some
challenging issues that have to be taken into account. In most modelling studies on Brgnsted acidic
zeolites, one acid site is taken into consideration in the molecular model. A first question concerns
however the position of this acid site. Aluminium siting in zeolite materials is a fairly complex
problem in itself; for example, for H-ZSM-5, the distribution of aluminium has been shown to
depend mainly on the method and conditions that are applied for the synthesis of the catalyst.[38-
40] As a result, the selection of a single active site remains somewhat ambiguous. In many cases
more pragmatic choices are made. A reasonable selection consists in retaining only those aluminium
substitutions that give rise to acid sites which are accessible to the reactant and thus for which
enough space is available to host the various transition states. In case of the H-ZSM-5 material, one
often positions the acidic site at the T12 position, located at the intersection of the straight and
sinusoidal channels as this position ensures enough place for the reactions to take place.
Furthermore once the aluminium is placed in the framework, one could select the bridging hydroxyl
groups with highest acid strength or with lowest deprotonation energy. This approach has
frequently been used in literature. [7, 41, 42]

Another factor that complicates the accurate description of the active site is the presence of high
loadings of protic molecules in the surroundings of a Brgnsted acid site. It has been found that
sufficient amounts of water or methanol molecules are able to deprotonate a zeolite’s Brgnsted acid
site at operating conditions with the formation of protonated water or methanol clusters as
depicted in Figure 4.[11-14, 43-51] These protonated clusters might in their turn initiate reaction;
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however such clusters exhibit a distinct intrinsic reactivity (vide infra). Such effects can be studied
with advanced molecular dynamics techniques as described further in this chapter.

Figure 4: Protonated methanol (left) and water (right) cluster occupying a Brgnsted acid site of H-
SAPO-34 at 330 °C and around ambient pressure.

Determining the nature of the active site within MOFs has proven a true challenge as in many
materials catalytic active sites are created by intentional creation of defects. These defects do
increase the accessibility of the active sites, which in most cases represent Lewis acid centers formed
by the metals of the MOF. From a molecular modeling point of view, we must also need to explore
the advantage and the usefulness of the active site in the course of the reaction under study. We
illustrate this concept for some Lewis catalyzed reactions in MOFs and more in particular for the
UiO-66 type of material consisting of Zrs04(OH), inorganic building blocks and terephthalate linkers.
This Zr(IV)- based MOF received considerable attention [52-54], as the UiO-66 material possesses a
high thermal and chemical stability. Windows with a diameter of about 6 A guarantee the
accessibility to the cages. For Lewis catalyzed reactions it was demonstrated that terephthalate
defects are responsible for the catalytic activity in UiO-66 [27, 55]. Moreover catalytic performance
could in many cases be improved by functionalization of the linkers. It is a challenge for the theory
whether the current techniques in the current tool box succeed in reproducing the catalytic activity
as measured in diverse experiments.

Most of the experimental investigations on catalytic performance of MOFs are concentrated on
oxidation reactions [27] and other reactions like the citronellal cyclization [56] where the catalytic
activity is concentrated around the metal which acts as a Lewis acid site.

Defect sites can be created by linker deficiencies increasing the Lewis acid strength and making the
metal center more accessible for potential reactant molecules. Determining the structure of the
defect site or active site has proven a true challenge both for experimentalists as theoreticians, as
the type of a deficiency in UiO-66 can be very broad varying from a missing linker to a missing Zr
brick [57]. Removal of a benzenedicarboxylate (BDC) requires a charge balancing species. By means
of single crystal X-ray diffraction (SXRD), the presence of two hydroxyl group terminations and/or
coordinating water molecules has been observed.[58, 59] Trickett et al. postulated the presence of
an extra hydroxide anion per defect site, bringing the total amount of defect coordinating water
units on 3. Recently a variety of theoretical studies appeared which are based both on static and
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molecular dynamics first principle calculations both on clusters and on periodic models to unravel
the nature of the active site and the coordination of water to the defect sites. [60, 61]

Catalytic reactions on UiO-66 type of materials have been very successfully modeled using extended
cluster models. We illustrate in Figure 5 an extended cluster for UiO-66 and UiO-66-NH, where only
four linkers are explicitly retained in the cluster to surround the active site. The remaining seven
linkers were replaced by formic groups. Note that the extended cluster is constructed from a unit
cell with one terephthalate defect, resulting to two active Zr-sites with coordination number 7.
These Zr-sites operate as Lewis acid sites and are encircled with green circles. Analogously, UiO-66-
NH, was constructed by replacing a hydrogen atom by an amino group on each phenyl ring. These
amine groups act as Brgnsted base sites and indicated with pink circles in Figure 5b. These cluster
models have shown their usefulness [56] but in a sense they are also limited. The cases we studied
so far showed that such extended models are in many cases sufficient to describe the different
reaction steps mechanistically as all directly involved ingredients to go ahead with the reaction are
present, but subtle factors generated by the environment represented by the linkers not involved in
the cluster, framework flexibility or presence of assisting water molecules are not taken into
account. If such factors are drastically affecting the mechanism or reaction rates, one can anticipate
that such extended cluster models will not be able to reproduce these effects. We foresee that with
the near future due to improvements of theoretical models and steady increase in computational
power, more catalysis work within MOFs using periodic models and state of the art quantum

mechanical models will be performed.

Figure 5: Cluster model with a Lewis acid site (encircled by green circles) and a Brgnsted base site
(encircled by pink circles) in UiO-66 and UiO-66-NH, with one linker defect. Taken with permission
from ref. [56]

Indeed as in zeolites the most appropriate model to describe a MOF is the periodic model. Unit cells
of the periodic MOF structures may be of respectable size and at the limit of actual feasibility. To
illustrate, Figure 6 shows the unit cell of a UiO-66 containing four inorganic Zr-bricks
<Zrs040H,(RCOO0).,> and 24 BDC (terephthalate) linkers. RCOO™ is a shorthand notation for half a
BDC” linker. The coordination of each Zr-brick is twelve-fold. UiO-66 can only be catalytically active
if linker defects are present. In Figure 6 we visualize the unit cell of a two-linker defect generating Zr-



27/06/2016

bricks with coordination number CN;=12, CN,=10, CN5=12 and CN,=10. The conventional unit cell
with two linker defects counts 456 atoms — 2 x 18 atoms = 420 atoms among which 24 Zr-atoms.
This already gives an indication of the required computational cost. A geometry optimization with
the periodic code VASP [62-65] for such an extended system with addition of frequency calculations
demands a huge computation time but is presently in principle feasible. To reduce the
computational time a periodic unit cell consisting of only two Zr-bricks can be considered, which has
been applied with success [56] but has of course its limitation as only a particular class of defect
structures can be incorporated in this reduced periodic cell and periodic images are manifestly closer
to each other which generate unphysical perturbations. This is best visualized in Figure 6. In
literature most of the modeling activities on MOFs go to the description of their structural and
thermal properties. Only a few papers deal with modeling of a chemical reaction with the MOF as
catalyst. Catalytic reactions in MOFs are not so abundant in literature and not so widely used as in
zeolite catalysis. Another reason of this lack on theoretical work lies probably on the limitations of
the cluster model and the too large unit cell for an adequate modeling of the active site. However,
we demonstrate that the active site of a MOF can nowadays best be modeled by its periodic 3D
structure. Linker deficiencies lead to Zr-bricks with different coordination numbers. Current
modeling techniques are now able to handle them correctly in the right environment.

Figure 6: Conventional unit cell of UiO-66 with two linker defects : <Zr¢Og(OH),(RCO0)4p>,
<Zrs040H,(RCO0),,>, . For computational feasibility a unit cell with only two Zr-bricks is frequently
used, as indicated in blue.

Summarizing, modeling a chemical reaction in the pores of a zeolite has been performed by several
groups using the most advanced methods. The current tool box delivers all required techniques to
model the catalytic site in a correct way. We don’t find the same activity in literature to model
catalytic reactions in MOFs. We think that there is no reason anymore to show any reluctance to
handle MOFs in a first principles periodic model taking into consideration all features appropriate to
MOFs, like the flexibility of the frame which is more pronounced than in zeolitic structures. However
it will probably take several years in order to apply such advanced models on these challenging
systems in a mainstream way.
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3. General characteristics of a heterogeneous catalyzed reaction

Prior to reaction on a heterogeneous catalyst, at least one of the reactants has to adsorb at the
active site. Thus, before being able to model a reaction — or to determine a reaction path along a
well-defined reaction coordinate — dedicated simulations are needed to elucidate the characteristics
of the adsorption complexes from which the reaction starts. These calculations also vyield
information on the surface coverage, which is important information when comparing theoretical
data with experimental kinetic measurements. Indeed, the reaction rate depends on the fractional
coverage of active sites by the reactants. A schematic illustration of the reaction profile for a typical
zeolite-catalyzed reaction is shown in Figure 7. In particular, Figure 7 displays the reaction profile for
propene methylation on an acidic zeolite which is an important reaction step in the Methanol-to-
Olefin (MTO) process. Experimentally, one measures the apparent activation energy (denoted as
AE‘Eapp in Figure 7). From Figure 7 it becomes clear that it is crucial to obtain proper adsorption data
of reactants from a computational perspective to enable the direct comparison of theoretical rate
constants with experimental data. As such, the experimentally measured apparent activation
energies and reaction rates should not be compared with the calculated intrinsic barriers and rates
but with apparent kinetic data.

@
Sl v
=

gt

Z'H AEa ds,MeOH
eOH (g)
alkene (g)
AE products (ads) ®
" .................
Z'H lAE«:s alkene
@MeOH (ads) \
adsorption alkene (g) Z-H reaction
eOH (ads)
alkene (ads)

Figure 7: Schematic reaction profile of propene methylation over an acidic zeolite catalyst with
indication of adsorption and reaction steps.

3.1 Determining critical points along the reaction pathway: Adsorption
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As described above, an accurate description of adsorption in nanoporous materials is mandatory
during the process of modeling heterogeneously catalyzed reactions. Various critical points along the
reaction profile need to be determined theoretically and this can be done using a variety of
theoretical models. As discussed in the previous section the modeler first needs to decide on the
way in which the catalyst itself will be described, i.e. cluster/periodic. Once this choice is made, a
next decision concerns whether the reaction profile will be modeled using static methods or

methods that allow sampling of larger portions of the potential energy surface (PES). Static methods

refer to techniques that only consider a limited number of points on the potential energy surface. In
case of the previous reaction profile regarding propene methylation over an acidic zeolite catalyst
(Figure 7), five states need to be described. The advantage of static approaches consists in its
simplicity as only a limited number of points are necessary and these can be described with a high
accuracy. However for some catalytic processes this approach clearly fails as one can simply not
identify one reactant state. Moreover the structure/appearance/stability of intermediates is also
sensitive to the operating conditions such as reaction temperature and pressure. In static methods
the stability of intermediates at finite temperature is based on properties of the potential energy
surface at 0 K. In order to clarify this item, we illustrate the advantage/disadvantage of static
methods to describe the adsorbed state of the reactants.

A good example concerns the adsorption of alkenes in zeolites, which is a very challenging case both
for theoreticians as for experimentalists due to the high reactivity of the intermediates even at low
temperatures. When an alkene adsorbs on a Brgnsted acid zeolite, various adsorbed species may be
distinguished as schematically indicated in Figure 8. [66-69] A first state corresponds to a free alkene
in the cages of the zeolite, which undergoes only a weak van der Waals (vdW) interaction with the
walls of the zeolite. This state is further referred to as the physisorbed state. A more bound state
corresponds to the m-complex, where a specific non-bonded interaction between the n-electrons of
the double bond and the Brgnsted acid site occurs. Finally the n-complex may be protonated leading
to the formation of a chemisorbed species. [66-69] The nature of the resulting intermediate is still
debated. It has been proposed to be stabilized as a covalently bonded alkoxide or as an ion pair
which is referred to as a free carbenium ion (Figure 8). [33, 66, 67, 70, 71]

a. b.
e PN
(2) N (ads)
i H
.-'O\Al/o". ."O\AI/O".
c d. e

Figure 8: lllustration of the different intermediates upon alkene (2-pentene) adsorption in the
presence of a Brgnsted acid site (BAS): (a) alkene in gas phase, (b) alkene physisorbed in the
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channels of the zeolite (c) alkene m-complex, (d) chemisorbed carbenium ion (e) chemisorbed
alkoxide.

Solely based on experiment it is practically excluded to gain insight into the nature of the adsorbed
complexes and intermediates, which can be very short-lived. Thus modeling may be an ideal
complement to get track of these adsorbed species. However in this case we are confronted with a
rather mobile molecule in the pores of the zeolite and it is very difficult to pinpoint one specific
minimum on the PES at 0 K. In reality the PES is very flat yielding a multitude of almost isoenergetic
minima. To deal with this complexity, one might sample the phase space with more advanced
methods such as molecular dynamics (MD) methods. An extra assett of these methods is that they
allow to take into account the flexibility of the material at realistic conditions of temperature or
pressure. Depending on the statistical ensemble chosen during the simulation, i.e. NVT or NPT
ensembles, one samples the system either under fixed conditions of cell volume and temperature or
pressure and temperature. A more detailed explanation on statistical mechanics can be found in the
reference work of Daan Frenkel and Berend Smit.[72] However it needs to be mentioned that
excessively long simulation times are necessary to obtain statistically relevant average ensembles.
Taken into account that these exercises are best done using high level quantum mechanical based
methods, it is easily understood that such approach can not be regarded yet as the method of choice
for daily applications. In case of pentene adsorption in H-ZSM-5, we determined probability
distributions of some critical distances in molecular dynamics simulations of m-complexes and
alkoxides in H-ZSM-5 obtained over a 60 ps run. The resulting probability distribution is shown in
Figure 9.
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Figure 9: Probability distributions of some critical distances in molecular dynamics simulations of m-
complexes and alkoxides in H-ZSM-5 obtained over a 60 ps run. Min[d(C;-H,),d(C,-H,)] stands for the
shortest C-H, distance in 1-pentene m-complex [average 2.07 Al; Min[d(C,-H,),d(Cs-H,)] stands for the
shortest distance in the 2-pentene n-complex [average : 2.04 A]; d(C,-0, ) is the C,-O, distance in 2-
pentoxide complex [average: 1.62 Al; and d(Cs-0, ) is the C5-O, distance in 3-pentoxide complex
[average: 1.62 A]. Reproduced from ref. [73] with permission of Elsevier.

The distribution of the 1-pentene m-complex is interesting as the distribution is rather asymmetric
towards longer interaction distances of the alkene bond and the Brgnsted acid site. This means that
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at finite temperature the complex will on average be positioned slightly further away from the acid
site than predicted from static calculations at 0 K. Furthermore various orientations of the alkene
with respect to the acid site and the zeolite walls are accessible. To determine adsorption enthalpies
from these simulations various methods can be applied. One can opt to select some frequently
sampled structures from the MD simulation and perform static energy refinements on these
complexes or one could deduce the adsorption enthalpies from the molecular dynamics simulations
themselves. Strictly spoken this last procedure might be preferred, but our experience learns that
excessively long simulation times are necessary to achieve converged values for the adsorption
enthalpies. Furthermore the overall computational cost of an MD simulation is determined by the
level of theory chosen to determine the energies and forces. At present ab-initio MD simulations
based on DFT are mostly performed with gradient-corrected exchange-correlation functionals
complemented with dispersion forces not involved in the DFT functionals. More advanced
functionals or other high level electronic structure methods can certainly enhance the accuracy of
the deduced adsorption enthalpies from MD simulations, but these calculations are very demanding
and a reduction of the total simulation time to partly compensate for the huge computational time is
not an optimal solution. More information on the level of theory is given in the next section of this
chapter.

Previous discussion shows that the study of a complex chemical transformation ideally combines the
advantages of static and dynamic approaches, as both methods have their merits and deliver
complementary information.

The advantages of static approaches relate to the fact that most advanced levels of theory are
available to describe the energies of the system. A good simulation of the adsorption of guest
molecules inside the pores of a nanoporous material requires an accurate description of non-
covalent interactions such as electrostatic, hydrogen bonding and van der Waals interactions
between the guest molecules and the host material. Density functional theory (DFT) methods are
the method of choice to treat large systems, as they offer a favourable balance between accuracy
and computational efficiency. However, a general drawback of commonly applied local density
functionals is that they cannot describe long-range electron-electron correlations that are
responsible for the dispersion forces. The latter are in many works colloquially named van der Waals
(vdW) forces. In most of the functionals the missing dispersion forces are added as correction terms,
while in some contemporary DFT functionals attempts have been made to incorporate dispersion
directly by inserting specific terms and by an appropriate parameterization of the functional
parameters. A short discussion of the frequently used DFT levels of theory in recent works is
presented in the next subsection.

Levels of theory (LOTs) in periodic codes:

Nowadays many codes are available, offering a plethora of theoretical techniques to study the
energies of a periodic system. We can illustrate this point based on our experience with VASP
calculations. The VASP package [62-65] is one of the major software codes available to perform
calculations on periodic structures of framework materials using a whole scope of different levels of
theory. [23, 35, 74, 75] As already mentioned gradient-corrected exchange-correlation functionals
are largely preferred in geometry optimizations such like PBE,[76] BLYP and revPBE [77] with D3
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corrections of Grimme [34] for the missing dispersion forces. While hybrid DFT functionals with exact
exchange like B3LYP are currently implemented in VASP, they are systematically not used in the
geometry optimization of the extended system but only at the final stage for energy refinements.
The only plausible reason is the high computational cost for a hybrid functional which does not
necessarily lead to better geometries of the complex consisting of a periodic nanoporous material
and some guest molecules in the pores. There exists a general consensus that the plane wave
kinetic energy cutoff may be not lower than 600 eV (for zeolites) and 500 eV (for MOFs) when
applying the projector augmented approximation (PAW). The criterion for energy convergence may
not be larger than 107 eV. Further, in literature there exists a lot of inconsistency whether or not
the unit cell should be relaxed during the geometry optimization. Relaxation energies can easily rise
up to 25 kl/mol per unit cell, suggesting a consistent use of the optimization procedure in the entire
cycle of calculations to avoid numerical inaccuracies which can rise to unphysical proportions when
subtracting binding energies from each other as is the case for the computation of adsorption
enthalpies.

While D3 is generally accepted to be a reliable correction scheme for dispersion, especially in
combination with PBE and revPBE, other contemporary dispersion models are available and easily
handled in the energy refinement procedures like BEEF-vdW,[78] PBE with the new many body
dispersion (MBD) scheme of Tkatchenko with conventional (MBD-vdW-H) and iterative Hirschfeld
partitioning (MBD-vdW-Hl). [79, 80]

DFT is no longer the only feasible many-particle methodology in periodic codes, very recently other
many-body perturbation methods like the random phase approximation (RPA) are implemented in
the VASP code. RPA contains dynamic electron correlations combining long-range dispersive and
short-range exchange effects by continuously changing from the Kohn-Sham Hamiltonian to the
exact many-body electron-electron interaction.[81] The exchange-correlation energy can thus be
extracted from the electronic response in an (in principle) exact way. Actually, the number of
effective applications of RPA on periodic nanoporous materials is rather limited. We refer to a
successful application on alkane adsorption in Na-exchanged chabazites.[82] In this work RPA
outperforms by far DFT-based methods even with the most advanced exchange-correlation
functionals. Highly accurate electronic-structure methods like RPA have not been applied so far on
MOFs, although calculations are under way to improve the understanding of energetic and
mechanical behavior of framework materials.

This brief overview shows that from a methodological point of view a plethora of methods are
available to study reactions in periodic static models. The only obstacle for usage of computationally
very expensive methods on a regular basis is the computer time and the large number of atoms one
is often confronted with for realistic models (easily adding up to 500 atoms per unit cell in MOFs).
Extended cluster models were quite often used in the past but lose their attractiveness in this matter
as higher levels of theory don’t compensate the lack of a correct description of the nanoporous
environment.

While static periodic calculations can be performed at the highest level of theory, this is by far not
the case in molecular dynamics (MD) simulations. This emphasizes the complementarity between
the two approaches. The focus of MD is different, and the information gathered after a MD run can
be captured as input for a static calculation at high LOT.
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To illustrate the complementary features obtained from static and molecular dynamics simulations,
a summarizing adsorption enthalpy diagram for various adsorbed complexes of pentene is given in
Figure 10. Adsorption enthalpies obtained from static calculations at 0 K are systematically larger
than dynamically averaged values, since only the optimized structure of the m-complex at 0 K is
taken into account. Thermal fluctuations on the relative distance of the complex with the Brgnsted
acid site give a better representation of the dynamical adsorption process and give adsorption
enthalpies which are on average 20-30 kJ/mol less stable compared to their static values. Static
periodic calculations have the advantage that they allow to use a large variation of DFT functionals
and dispersion models. Goltl et al. observed same features for the adsorption behavior of alkanes
and proposed to dynamically weight statically obtained adsorption enthalpies. [34] Based on our
observations this might indeed be a good practice for future adsorption studies.
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Figure 10: Adsorption enthalpy diagrams at 323 K for the several pentene intermediates with
reference to 1-pentene in gas phase and an empty H-ZSM-5 framework obtained from (a) static
calculations at the PBE-D3 level (b) MD simulations at the revPBE-D3 level. Reproduced from ref.
[73] with permission of Elsevier.

3.2 Identifying transition state regions for complex chemical transformations

To finally study the chemical conversion itself, one needs to identify transition state regions. To this
end, a reaction coordinate needs to be identified that leads the system smoothly from the reactant
to the product region. It corresponds to that specific generalized coordinate for which maximum
energy is reached during the transition from reactants to products. In its simplest form, the reaction
coordinate corresponds to a single bond length or bond angle. For more complex reactions,
however, the reaction coordinate is multidimensional and can only be approximated by a
combination of bond lengths and/or bond angles, or even by non-geometric parameters such as
bond orders or coordination numbers.

When studying chemical reactions with static methods, one needs to identify the transition state or
activated complex, which is a minimum in all directions except for one coordinate that leads the
system from the reactant to the product valley. To identify transition states, no single well-
determined recipe is available and it needs a very experienced user to localize these critical points
along the reaction path. Transition state optimization routines are still much better equipped in
molecular based programs such a Gaussian [83] than in periodic solid state codes. Therefore one
often opts to first localize critical points along the reaction path using extended cluster models and
then import these geometries in periodic codes. An example of a transition state that was first
localized in cluster based models and then transferred to periodic frameworks is shown in Figure 11.
Herein, the unit cell of Ui0-66 is displayed with one missing linker and a reactive complex with two
adsorbed species: benzaldehyde and propanal. The figure gives an indication of the complexity of

16



27/06/2016

the active site (encircled) and of the necessity to use the conventional unit cell of 4 Zr-bricks (orange
cell in Figure 6), or the reduced cell with only two Zr-bricks (blue cell in Figure 6) as applied in Figure
11.

The transition state TS1 is part of a reaction pathway corresponding to the aldol condensation
between benzaldehyde and propanal, which is taken as a model reaction for the condensation
reaction to form the jasminaldehyde condensation product from benzaldehyde and heptanal. [56]
Experimentally it was shown that under certain conditions, Zr-terephthalate MOFs (UiO-66) are
highly selective catalysts for this cross-aldol condensation. However it was very difficult to propose
the exact reaction mechanism. Therefore we performed Density Functional Theory (DFT)
calculations on an extended cluster to elaborate on a plausible reaction pathway that is
schematically shown in Figure 11. Once the whole aldol condensation reaction mechanism has been
unraveled in the cluster approach, further refinement can be accomplished with periodic models
accounting properly for the topology of the UiO-66 material. By way of illustration the free energy
profile obtained with periodic models is also displayed in Figure 12 allowing a comparative study
with the cluster results. Qualitatively the main features of the reaction scheme are preserved,
although quantitatively relatively large differences are found for the adsorption steps. For a more
mechanistic discussion of the reaction — which is not the objective of this book chapter - the
interested reader is referred to the original paper. [56]

1
<

Figure 11: Adsorption of benzaldehyde and propanal at the Lewis acid site (Zr-atom) as a reactive
complex before the aldol condensation. [56] As material we consider here UiO-66 with some linker
defects to create an active site on a Zr-brick.
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This is a typical example of a reaction where initial exploration of various transition states needs to
be done in a computationally efficient way (use of extended cluster models) since a lot of
intermediates and transition states are involved.
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Figure 12: Schematic representation of the cross aldol condensation. Comparison of the free energy
profiles between two models, cluster (red) and periodic (violet) UiO-66 for the jasminaldehyde
condensation, calculated at 373 K. Level of theory on the cluster: B3LYP/6-311++G(d,p)-
D3//B3LYP/6-31G(d)*. Level of theory on the periodic unit cell: B3LYP-D3(BJ)// PBE-D3(BJ). R
corresponds to the reactants in gas phase and the cluster, P corresponds to the final product and
water in gas phase and the cluster. Taken from ref. [56].

Summarizing, the periodic model, in which we account for the environment of surrounding linkers
and other Zr Lewis acid sites, gives a more accurate description of the system. Although, the
gualitative aspects of the mechanism are fairly well described by the extended cluster model.

A side note which is very relevant here concerns the validation of the correct transition states. This
should be done using a normal mode analysis. A correct transition state should be characterized by
all positive frequencies except for one coordinate which leads us along the reaction coordinate.
Performing a normal mode analysis within periodic codes is very challenging, one often is confronted
with small negative frequencies which are due to global modes of the system and the nature of the
PES which may be very flat. It may be very time consuming to remove all of these low lying spurious
frequencies, but in principle this elaborate work needs to be done to localize and identify the true
transition state. Moreover, when it is the aim to calculate free energies and kinetic data it is of
utmost importance that normal modes with low frequencies are properly described as they have a
significant contribution to the vibrational partition function (vide infra). In literature we observe that
some authors substitute these low lying frequencies artificially with some value varying between 12
and 30 cm™ to perform the thermochemical analysis.
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The previous example was a showcase example of a complex reaction due to many reaction steps
and the complexity of the molecular environment. However in this case it was possible to identify
proper transition states using static methods. In some cases it might be more difficult to use this
methodology and one needs to use more advanced techniques that sample rather transition state
regions instead of one single transition state. Hereafter we show some applications of these more
advanced techniques in zeolite catalysis to illustrate the workflow one needs to follow in such case.

We consider the methylation reactions of aromatic species in zeolites with various topologies. The
general reaction scheme is given in Figure 13.
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Figure 13: Schematic representation of the reaction mechanism of the zeolite-catalyzed methylation
of aromatic species. Adapted from ref [11] with permission from Wiley.

The methylation reaction of benzene with methanol can occur via two pathways, a direct path in
which the methyl group of the methanol is transferred in one step to the aromatic species or an
indirect route in which first a methoxide species is formed playing the role of a methylating agent in
the second step. It has been shown in literature that the two pathways might become competitive
at certain operating conditions.[10, 84, 85]

In a first example we show some modeling results of this methylation reaction in H-ZSM-5 but at
various loadings of methanol molecules. Indeed the standard way of studying this reaction accounts
for only one methanol molecule, however at realistic operating conditions, more methanol
molecules may be present in the pores of the zeolite and these may change the overall reactivity.
This example is a typical case where static methods fail in describing the situation whereby more
than one methanol molecule is in play. It is realistic to imagine that multiple geometries are present
in the description of reactant complexes and transition states with nearly equal energy and that the
concept of one single geometry fails as is standard in static approaches. It is a showcase example
where molecular dynamics studies can offer an enormous added value compared to static methods.

Figure 14 shows the free energy profile for the concerted methylation of benzene in H-ZSM-5 with 5
methanol molecules with selected conformations representing four phases along the reaction
pathway. It seems that prior to reaction methanol clusters can be present (phase | in Figure 14). The
methanol that transfers its methyl group to the aromatic molecule then first has to escape the
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cluster conformation (phase Il) to be able to undergo the actual methylation reaction (phases Ill and
IV). The identification of these 4 phases originates from the dynamical approach applied in this
study.[13]
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Figure 14: 2D (top left) and 1D (bottom left) free energy profile for the methylation of benzene in H-
ZSM-5 with 5 methanol molecules with selected conformations representing the four phases along
the reaction pathway (shown right). Methanol molecules that do not participate in the reaction are
not shown. Reproduced from ref. [13] with permission of the American Chemical Society.

It should be noted that, in order to study reactions with a dynamical approach, regular MD
simulations are mostly not able to sample transition state regions. Indeed, chemical transformations
are rare events as their probability of occurence is very low, although once it occurs the event may
be followed during a regular MD run of a few picoseconds. To enhance sampling of interesting
regions of the free energy surface a multitude of methods has been developed. [23] The example
shown above has been performed using the metadynamics (MTD) approach developed by Laio and
Parrinello.[86, 87] The concept of such metadynamics approach is illustrated in Figure 15. It relies
on the choice of a limited number of collective variables along which the free energy landscape is
filled up with Gaussian hills to accelerate sampling of events. Afterwards the sum of the Gaussians
defines a bias potential for the simulations which can be used to reconstruct the free energy surface.
To date the method is well developed and implemented in a series of computer packages such as
CP2K, CHARMM, .... The usage however of the method for applications in nanoporous materials is
rather limited. The practical execution requires special skills from the user, which are not available in
a toolbox. For reactions occurring in the pores of a zeolite the MTD methodology has been applied
for the first time by Moors et al. [13] and more recently by De Wispelaere et al.[10, 12, 75]
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Figure 15: Gaussian hills construct the bias potential during a metadynamics run (a). To describe
competing reaction paths, a high number of atoms should be included in the collective variables as
illustrated for a methylation pathway (b)

As described above, a dynamical approach is beneficial in cases where multiple guest molecules
make the reaction environment more complex. Another important example is when broad reactant
state and transition state regions can be expected. To illustrate this we again consider the
methylation of benzene by methanol, but this time in the large pore zeolite H-SSZ-24. Due to its
unidirectional 12-ring channel, this material gives a lot of configurational freedom to the guest
molecules at high temperature (623 K in this case).[11] With the metadynamics approach a plethora
of geometrically inequivalent and nearly isoenergetic transition states have been sampled as can be
seen in Figure 16. It is obvious that all these configurations have an impact on the calculated free
energy barriers and kinetic data for this reaction. Moreover, in this work the concerted and stepwise
methylation reaction (cfr. Figure 13) have been sampled in one single run in order to explicitly
account for the potential competition of both reaction mechanisms at elevated temperature. It was
indeed confirmed that both reaction pathways exhibit nearly identical free energy barriers under
these conditions.
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Figure 16: Snapshots of the concerted (a,b,c) and stepwise methylation (d,e,f) of benzene by 2
methanol molecules in H-S5Z-24 at 623 K, seen in the direction of the 1D channel (camera viewpoint
1) and in a cross section of the channel (camera viewpoint 2).

The success of MTD critically relies on a proper choice of the collective variables which enable us to
walk on a privileged minimum energy path on the free energy surface, but MTD has also its
limitations. MTD requires some prior knowledge of the reaction mechanism, but as a result of this
knowledge one introduces some bias in the multiple constraints imposed during an MTD run.
Another issue concerns the accuracy one may obtain using metadynamics methods. To our opinion
some dedicated benchmark studies are necessary to validate the method for well-studied reactions
in zeolite catalysis. Such studies are underway.

Among other advanced MD techniques without prior knowledge or specification of transition states
belongs transition path sampling which combines Monte Carlo moves on MD trajectories.[88, 89]
Hereby reaction paths or trajectories are generated between reactant and product valley (see Figure
17). By means of perturbations on an initial trajectory between R and P one creates new paths and
thus finally one disposes of an ensemble of transition paths. From the dynamics of each path in the
ensemble an ensemble averaged reaction rate coefficient can be determined.[89] This method has
shown to be very successful especially in the modeling of zeolite catalyzed reactions as
demonstrated by Bucko et al. [90]
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Figure 17: Schematic representation of the free energy landscape with two stable wells separated by
a transition state ridge (a). From the initial path (full orange line) a new reactive trajectory (green
dotted line) is shot from shooting point SP. The black dashed line represents a non-reactive
trajectory (a). Part (b) shows the same trajectories on contours of a potential energy surface.
Adapted from ref. [91] with permission from the Royal Society of Chemistry.

4. First principle chemical kinetics from static and dynamic calculations

The determination of rate constants of elementary chemical reactions taking place in nanoporous
materials from first principles has reached such a level of accuracy that molecular control over
production processes (yield, selectivity, etc.) by theory is achievable. A lot of theoretical papers
within zeolite and MOF catalysis primarily focus on various mechanistic aspects of the catalytic
reactions. Herein reaction barriers play an essential role.

Key property of chemical kinetics and the determination of the rate constant is the Gibbs free energy
barrier which differs in its computation in static and dynamic calculations. In the latter a large
number of states is sampled, and an averaging over all samples yields quantities which satisfy
statistical grounds provided phase space is sufficiently sampled during the dynamic simulation. This
methodology is the only correct procedure if sufficiently large simulation times are respected.
Currently the explosive expansion of computer capabilities enables the performance of such large
simulations on extended and complex systems, but it is clear that this procedure is not appropriate
as standard method of choice for any catalytic reaction taking place in the pores of a nanoporous
material. In most of the cases one falls back to the reproduction of the three stationary points,
which initial structures are inspired by the various reaction paths suggested in the MD simulations.

Static approach — Transition State Theory (TST): Within the static approach the reaction is
described by three stationary points : reactive complex , TS and the product complex. All stationary
points are determined at 0 K. For most catalytic reactions in the pores of a nanoporous material the
PES is very flat and multiple reactive complexes- differing with some few kJ/mol — are valuable
candidates as reactant in the static approach of the reaction. As outlined in previous sections
standard AIMD simulations can assist in extracting suitable initial structures for the geometry
optimization of the adsorbed complexes. Important issue is that a static optimization reflects the
situation at 0 K, with the consequence that the found equilibrium distances characterizing the
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reactant complex do not correspond with the real situation which takes place at finite temperatures.
This shortcoming can lead to over- or underestimation of reaction barriers, and thus a serious
shortcoming of the static approach. The further procedure in a static approach consists in evaluating
the partition functions from the frequencies belonging to the geometries of the three stationary
points. Note that the transition state or activated complex represents a saddle point on the
multidimensional potential energy surface, i.e. minimum in all degrees of freedom except in the
reaction coordinate for which a maximum is reached.

k,T ey T A's A
B B

The reaction rate constant is given by K(T) = TV g RT TV g Rg RT (1)

In this expression kg represents the Boltzmann constant, T stands for the temperature, h is Planck’s
constant and R is the universal gas constant.

_A'e
For a unimolecular reaction A*n = 0and the rate constant k(T) = BT e RT isexpressedins™.

For a bimolecular reaction A + B -> (AB)f (A*X = XAB¢ —X,—Xg)is Afn=—1land the rate

k.T . -A¢
Rl

constant k(T) = Ve RT isexpressed in units dm® mols™.

It is common to decompose the free energy of activation into the standard enthalpy of activation
and the standard entropy of activation, following

A*G = ATH —TA¥S (2)
with
ATH =AU, + AU, +RTA™
=AU +RTA™n
and thus
A*H =AU —RT (3)

for a bimolecular reaction as for a reaction of a gas with active site on a solid surface, and

t

A*S =RIn (—j + _%A*Utherm (4)
AXB

In case of a bimolecular reaction in which one of the reactants represents a fixed framework (e.g.

chemisorbed complex), that reactant does not contain translational nor rotational degrees of

freedom.

We refer to the appendix for some thermodynamic expressions elucidating the above discussion.

The static frequency calculations for the two stationary states (pre-reactive complex and TS for the

forward reaction) lead to the direct computation of :

- the electronic barrier AEq including zero point energies (ZPE) from the various vibrational modes :

AU, =AE,=E; —E; —E; +AE
with

N

N N T
AEO,vib = ZEhVi - Zzhvi — Zahvi
i=1 i=1 i=1
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t

- the partition functions [
AXB

]defining the entropy of activation.

- the small thermal corrections A*U which are also determined from the frequencies (see

therm
Appendix).
t

Partition functions are unit less quantities, and thus also [ jbut its evaluation requires the

AXB
value of the volume V by means of the translational partition functions. A further elucidation is
obtained by factorizing the expression of the partition functions into translational and other degrees
of freedom :

so ) loa . law ). rmmn) Vo
QAQB QAQB trans QAQB other My + Mg v QAQB other

The reaction rate constant can then be expressed in the form :

k.T m,m e Qf =
k(T)=-2 (2;; e kBTj h3[—J e fr,
h mA mB AYB Jother

which clearly illustrates the V-independence of k(T) but involving the correct dimension of

s'.dm?ors™. m>. By multiplying with the number of Avogrado N, the bimolecular rate constant
k(T) can be expressed in units s™ dm */mol as usual.

Dynamic approach :

Standard ab initio MD simulations are frequently used to explore the whole phase space and to
attain an almost complete sampling of the conformational space. This is of particular use in the
exploration of the plausible complexes of reactants adsorbed to the active site of the catalyst.

Most often sufficiently long NVT simulations are run and they deliver ensemble averages of the
internal energies obtained by averaging the sum of potential and kinetic energy. This procedure
allows us to determine the adsorption energy for the adsorbed complex of reactant molecules by
performing separate NVT runs on the complex, the empty nanoporous material (zeolite, MOF) and
the adsorbate in gas phase:

AUads = <Ecomplex> - <Enanoporous> - <Ereactants> (5)
The corresponding adsorption enthalpies are then given by
AHads = AUads —RT (6)

in which R is the universal gas constant (at 323 K: RT = 2.7 kJ/mol).

As mentioned earlier regular MD simulations cannot efficiently sample catalytic reactions for
potential energy surfaces where the basins are separated by relatively high potential ridges. In this
case advanced MD techniques are here required to enhance the occurrence of the rare event. They
all incorporate constraints to guide the complex systems during the simulation along the desired
reaction path. By these constraints the MD runs does not explore the complete potential energy
surface anymore but rather a region around the minimum-energy path.
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Constrained MD simulations give access to free energy profiles of chemical processes. By means of
Eg.(1) rate constants may eventually be extracted. However, this implies that the free energy of
activation should result from the simulations.

The MTD approach relies on the selection of a set of collective variables that describe the reaction
under study. This often leads to multidimensional free energy surfaces which are complex to
interpret and from which it is difficult to extract a free energy barrier. We illustrate the approach to
extract a free energy barrier based on a free energy surface for an MTD simulation with two
collective variables which yields a 2D free energy surface. First, the 2D free energy surface can be
projected onto a 1D profile according to:

1 w0 1
G(CV2-CVl)=——In {jw oy eXpL—; —G(CV2-CV1, cv1)} (7)

B B

Alternatively one can calculate the lowest free energy path (LFEP) on the calculated FES as described
by Ensing et al.[11, 92]

Based on the one-dimensional free energy profile it is now essential to calculate the free energy for
each state, i.e. for the reactants, transition state region and product state.

In Appendix B a brief summary of elementary concepts of statistical physics is given, which assists
the reader in understanding the correct post-analysis of a MTD run.

Suppose that at the end of a MTD simulation we are able to deduce a 1D free energy profile G4(s) as
function of a collective variable s. Free energy and partition function of a microstate q are related
with the expression:

G,(s)=—kgTInZ,(s) (8)

One could define a macrostate A for which s lies in the range [s;, s,]. This gives rise to the following
expressions:

Z, =_qu (s)ds (9)

51

V4
GA=—kBTInZA=—kBTIn?A—kBTInZ (10)

In this case Z,, must be interpreted as the contribution to the partition function from the macrostate
A. Similarly G4 can be interpreted as the free energy associated with the macrostate A which can be
computed up to a constant G, which is the total free energy.

A more rigorous approach consists of dividing the complete range for s into three regions:

- the reactant region R=]-0,5,],
- the transition state region TS =[s, s;] and
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- the product region P = [s;, +o0l.
This partition can easily be extended if the trajectory encounters more than 1 TS.

Now we can compute:

(% ds % =BGy (s) ds . _ . S0 _—BG,(s) ds
Z, = LOZq(s) ASA—S = Loe AsA—s ; G =—kTInZ, =—k,T InLﬁe ASA_s (11)
s ds S~ G, (s) ds . St pG,(s) ds
Zs = j Zq(s)AsA—S:LO e s = Gy =k TInZy ==k Tin [ e as- = (12)
e ds = _po(s) o OS . ~ B 0 _pGy(s) 4o OS
Z, _J'Sl Zq(s)AsA—S_L e ASA—S ; G =—kgTInZ, =—k;T In . e AsA—S (13)

. . . . . . . -G
To circumvent the dimensionality conflict here, we introduced As and defined Zq(s) AS=e p “'(S),

which is inspired by the equation G, =-k;T InZ (5) As .

Having introduced free energies to each region, we are now able to define free energies of

t
activation AG as:

J‘s1 o P69 4o

AG' =Grg —Gg =—kyTIN>——— (14)
I ° o PG s

and reaction free energies AG;, :
rwe_ﬂ Gls) g

AG, =G, —Gp =—kzTIn=: (15)

Sy —
J e BG,(s) ds

As drops out of the equation, so it does not influence the results.

The width of the TS region (sq, s1) is determined by the thermal fluctuation, which is given by the
standard deviation of the collective variable s. We have systematically taken a value of 0.04, which
represents the average of the thermal fluctuations measured at the local minima of the reactant
valley.

From this discussion it becomes clear that more complex models — for example by applying a
dynamical approach — also significantly increase the difficulty of data analysis. However, for some
specific cases a dynamical approach seems mandatory to better mimic true reaction conditions.

5. Complementary insights from computational Spectroscopy
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Apart from modeling the reaction itself, computational spectroscopy has evolved as an
indispensable characterization tool to identify intermediates during a reaction. In-situ experiments
deliver data which evolve in time, which vary with temperature and other operating conditions.[93]
Infrared (IR), NMR spectra and other optical spectroscopic techniques are continuously recorded
and give crucial information on the reaction intermediates which have been formed in function of
time, under condition that these experimental spectra are correctly interpreted. This indispensable
tool box is nowadays available due to the latest advances in the computation of the spectroscopic
signals. It is not surprising that the most successful reproduction of spectroscopic spectra under real
operating conditions come from molecular dynamics simulations.

Infrared (IR) spectroscopy is one of the leading characterization tools in zeolite and MOF chemistry
covering the whole frequency range from low collective modes around 10 cm™ to high frequency
modes of bond stretches of about 4000 cm™. Vibrational frequencies of the eigenmodes of the
system can be computed by construction of the Hessian matrix with the evaluation of the second
order derivatives of the total energy with respect to Cartesian displacements of the atoms in the
system. In a static periodic calculation such a frequency calculation with 400 or more atoms is not a
trivial task and needs some practical skills to construct an optimized unit cell of the catalyst (with
and without adsorbed reactant molecules) with all positive frequencies. Not all current
computational works apply the correct procedure in eliminating in an adequate way the appearing
imaginary frequencies. They prefer a pragmatic approach by replacing each imaginary frequency by
a low positive frequency (this value can vary from 12 to 30 cm™). [94, 95] It should be stressed that
this procedure generates large errors as low frequencies largely affect the vibrational partition
functions leading to unphysical predictions for adsorption entropies and free energies. A static
approach has further the disadvantage that all vibrations of the complex catalyst are treated within
the harmonic approximation. Experimental vibrational and IR spectra are largely affected by
anharmonicities and while they can also be incorporated in static approaches via non-trivial
interventions, [96] they are best taken into account in molecular dynamics simulations where
anharmonicities of the modes appear in a natural way. But MD on such complex systems are
confronted with a serious obstacle that long simulations are practically not feasible, at least when ab
initio MD (AIMD) simulations are concerned. A valid alternative could be the use of classical force
fields which are developed for the material under investigation.

From the data recorded during the MD simulations infrared spectra can be obtained via the Fourier

transformation of the dipole moment auto-correlation function <dﬁ(0), ,u(t)> leading to an

2

-[T dt e—iwt dﬁ(t)
0 dt

expression for the IR adsorption cross section [97] : a(w) ~ lim
T—>0

1
T

da(t) _ iqi V,(t) with g;

i=1

As the time derivative of the dipole moment can be approximated as :

the charge and v; the velocity of atom i, a simple velocity power spectrum (VPS) offers an adequate
theoretical tool to construct a potential IR spectrum. In a comparative study with experiment focus
lies into the position of the peaks rather than the intensities of the peaks.
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Figure 18. a) Experimental [98] and b) simulated IR spectrum [99] for different NO loadings adsorbed
to copper(ll) sites in zeolites . The modeled spectrum is based upon a linear combination of IR
spectra corresponding with sites differing in the position of the Al substitution and of the Cu" cation,
and the Si/Al ratio. Taken with permission from ref. [99]
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Figure 19: Comparison of the computed IR spectrum (bottom) with the measured (top) spectrum for
a desolvated, activated Cu-btc sample. Taken from ref. [100]
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Figure 20 : Comparison of the computed IR spectrum by means of VPS (green) of a defect free UiO-
66 material. The blue spectrum stands for the power spectrum of the change in dipole moment.
Experimental FTIR spectra of tagged UiO-66 materials activated at 373 K have been made available
by the group of Lillerud [54].

We report here the results of two recent calculations of IR spectra based on VPS as explained above.
First we display an IR spectrum of NO adsorbed to copper-exchanged SSZ-13, which is known as an
effective zeolitic material in the selective catalytic reduction of NO, using ammonia. [99] Goltl et al.
[99] used the theoretical model to unravel the complex multipeak infrared spectrum of NO. They
performed different ab initio MD (AIMD) simulations using VASP at a finite temperature and for four
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sites differing in the position of the Al-atoms and the extra-framework cation Cu®*. Each site leads to
a specific multi-peak IR-spectrum. In the experimental spectrum [98] shown in Figure 18 belonging
to Cu-SSZ-13 with a Si/Al ratio of 6 and Cu/Al of 0.03, three broad bands are clearly observed.
Various measurements have been done at different doses of NO, which is introduced stepwise into
the cell per time interval. Dependent on the dose different peaks arise or disappear. By a suitable
linear combination of the theoretically obtained VPS spectra an excellent agreement with
experiment is observed, as shown in Figure 18b. For further information we refer to ref. [99].

For a complex system with reactant molecules adsorbed at the active site of a zeolitic frame or MOF
framework AIMD simulations within a periodic unit cell are only feasible for a relatively short
simulation time (~ 50 ps). With the development of contemporary force fields simulations times of
some nanoseconds are not exceptional and these long runs have a beneficial influence on the
accuracy of reproduction of low-frequency collective modes. [101, 102] To illustrate the accuracy of
current force fields we present two applications on MOFs.

In Figure 19 the IR —spectrum of Cu-btc using the concept of the power spectrum method but with
the dipole moment time derivative autocorrelation function instead of the velocity.[100] Overall,
even the smaller features of the spectrum above 400 cm™ are well reproduced.

As second example to illustrate the good performance of IR spectra in MOFs nowadays feasible with
the current techniques is a VPS spectrum obtained after a NpT MD simulation on a defectless UiO-66
material using a force field constructed for this type of MOF following the concept of QuickFF. [103]
Experimental information is given by the group of Lillerud. [54] Most of the peaks in the
experimental IR spectra are well reproduced (see Figure 20). The peak around 3675 cm™ belongs to
the OH stretch while the CH stretching frequency around 3070 cm™ is not clearly observed in the
experimental spectrum : it is very broad with a weak intensity. The vibrational frequencies are scaled
by a factor of 0.9614 which is a standard procedure to get a better comparison with observed
values. The scaling accounts for both systematic errors with force constants and neglected
anharmonicities.

A second leading characterization tool in zeolite chemistry (less employed in MOFs) is magic angle
spinning (MAS) NMR. Silica zeolites and aluminophosphates (AIPOs) contain NMR-active elements
and this makes solid-state NMR as a powerful tool for structure determination . However, in the
jungle of peaks in the spectra molecular modeling is an indispensable tool to assist in unraveling the
various signals. In contrast to the theoretical reproduction of IR spectra, here first-principle
calculations are requisite and by preference with the help of periodic codes. We refer to a recent
review on Advances in theory within the field of zeolite chemistry [35] to get an overview of the
different periodic codes in which a NMR module has been implemented. Due to the overall
complexity of the theoretical procedure only static approaches are suited for computation of NMR
chemical shifts, limiting their direct usefulness and future in modus operandi measurements.

On the other hand optical spectroscopy has emerged as an ideal technique to study catalyst
materials at work, i.e. under operando conditions. [93] UV/Vis and/or fluorescence spectroscopy
can provide information about the single-molecule detection in zeolite-catalyzed reactions. [104] At
the same time the breakthrough of the time-dependent form of DFT, i.e. TD-DFT, has also enabled
the study of electronic excited states of relatively large systems (up to 400 atoms) , [105] making
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computation of excitation and emission spectra possible with an accuracy of 0.5-0.4 eV. It has
opened a lot of perspectives from the theoretical side to give insight in the interpretation of
experimental spectra as measured in UV/Vis and luminescence spectroscopy. The technique has
evolved in such extent that excited-state properties of large carbonaceous species can be computed
which can be active intermediates in zeolite-catalyzed reactions. They can assist UV/Vis experiments
combined with confocal fluorescence measurements in identifying hydrocarbon species and their
location during the reaction. To illustrate the power of this relatively new characterization technique
we present in Figure 21 an assignment scale constructed from MD-averaged TD-DFT computations
to assign bands in in-situ UV/Vis adsorption spectra to structurally different aromatic HP species.
Despite the success of the gas phase calculations further progress is more than welcome in the
theoretical description of the electronically excited state surfaces of real-life systems. To account for
the full zeolitic environment further model development is needed to construct the electronic
excited state surface using periodic codes, which are routinely used for the description of ground-
state properties.
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Figure 21: Assignment scale constructed from MD-averaged TD-DFT computations (a). Use of the
assignment scale to assign bands in in-situ UV/Vis absorption spectra to structurally different
aromatic HP species. (b). Adapted with permission from ref. [106]

6. Conclusions and perspectives

With the steady increase of new techniques to model molecular systems and chemical
transformations, the expectations are growing equally. The more complexity in the system under
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study, the more complexity needs to be taken into account in the model. But a model always
represents some idealized description of the reality. The more complexity we insert in the model,
the better we approach reality. But a phenomenon that exists in nature is governed by so many
degrees of freedom, that they can never be taken into account in a model and that a serious and
rational selection of external factors has to be done to keep the model as feasible.

Many obstacles have been overcome by molecular modeling, still many challenges are remaining .
One of the challenges is the description of phenomena occurring at longer length and time scales
and integrating information from various scales towards a unified understanding of the catalyst.

In this paper we concentrated on the techniques available to model heterogeneous catalysis under
reaction conditions, which is of the highest complexity.

Enhanced MD methods have made their entrance within zeolite catalysis and also within chemical
transformations in MOFs, but further progress in the methodology is still welcome as existing
methods are too biased preventing the exploration of a large part of the free energy surface and
neglecting the existence of some realistic pathways.

Appendix A

Chemical kinetics :

We report here some established thermodynamic expressions for the convenience of the reader.
The molecular partition function Q includes in principle all electronic, translational, rotational and
vibrational motions.

(i) Total internal energy :

U :RTZ(—aan)

oT

decomposed into: U =U, +U

therm
3N-6 1
with Uy = E; = ¢, + E,c (g0 represents the electronic ground-state energy and E,.. = Z Ehvk
k=1

the zero-point energy),
and with the internal thermal energy : Uiherm = Utrans Urotext Uvib -

These thermal contributions can easily be evaluated with the help of Eq.(x) : U, = g RT ;

trans

U = g RT (for a non-linear molecule) ; U =RT (for a linear molcule) ;

rot,ext rot,ext

N6y, 1
U, =R Z —- v
TR kT 1

(ii) Enthalpy : H=U+pV
(iii) Entropy:
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S= RInQ+RT(aInQJ
a

(iv) (Gibbs) free energy :
G=H-TS
=U,+ pV —RT InQ

Appendix B

Free energy and partition function in statistical physics :

The free energy of a system of N particles in thermodynamic equilibrium is related to its partition
function (in the classical limit):

G=-kTInZ (B1)

7 == JdxMdpVe ")

h3N N 1 (BZ)

Suppose we are interested in the probability distribution as function of a collective variable s, which
may be a bond length, an angle, a coordination number,... the partition function can be rewritten in
the following form:

Z={z,(s)ds (83)
with
Z,(s)= h3N Idx dp" 5(Q(x”,p”)—s)efﬂH(xN'pN) (B4)

with Zq (s)ds the contribution to the total partition function Z due to a microstate with a value of s

in the range [s,s+ds]. Furthermore, one can rewrite the equation above in terms of a probability
distribution P, (s):

V4
P,(s)= q(s) with the normalization IP s)ds=1
V4

However, if we would associate the free energy of such a microstate as:

G,(s)=—kgTInZ,(s) (B5)
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- as usual - we immediately notice a dimensionality problem, because Z, (s) has the dimension of
[s]*. One possible way to resolve this issue is by considering differences in free energies at two
different values of s:

-G ECS e [+

The ratio of the probability distributions in the argument of the logarithm defines whether it is more
probable to find the system in the range [s,,s,+ds] than to find it in the range [s;,5;+ds], or vice versa.

Fa(s)
Py (s1)

how this free energy difference should be interpreted.

The ratio also defines whether G, (s,)>G,(s,) or G,(s,)<G,(s,). This is also exactly

Alternatively, one could define a macrostate A for which s lies in the range [s;, s,]. This gives rise to
the following expressions:

Z,=|2,(s)ds
51
Z

P, :?A

V4
G, =—kgTInZ, =—kBTIn?A—kBTInZ

G,=—kgTInP, +G

In this case Z,, must be interpreted as the contribution to the partition function from the macrostate
A. Similarly G4 can be interpreted as the free energy associated with the macrostate A which can be
computed up to a constant G, which is the total free energy. Finally, if we can assume that the
partition function has a constant value of Z,(3) in that range [s;, s;], the equations reduce to:

Z,=2,(5)As
b, = Z,(5)As
z

Gy =—ksTInZ, (5)As

51+S,

with s = and As=s, -5,

Given this background, we can now define the free energy barrier AG* based on the one-dimensional
free energy profile G,(s). We define two states: R representative for the reactants, and TS

representative for the transition state region. The choice of these states can be done according to
the two approaches outlined above. In the first approach, we identify R with the microstate
corresponding to the minimum of Gq(s) in the reactant valley and TS with the microstate

corresponding to the maximum of G, (s). This gives rise to:
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AG* =G, (s75)— G, (s) (B7)

This method entails just taking the free energy difference between the maximum of the free energy
profile and the minimum, which yields a very rough estimate of the free energy barrier.
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