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Chapter 1

General Introduction

Catalysis is a chemical concept of the past, presence and future. Catalysis is a cyclic
process that affects reaction kinetics and thus increases the reaction rate. In its most
general sense, a catalytic cycle can be described as a series of reaction steps, in which
reactants are converted to products by the help of the catalyst that is not consumed
during the reaction. The first application of catalysis dates back to the ancient times,
when mankind began to produce alcohol by fermentation. The first modern industrial
catalytic process was developed in 19th century, in which the production of sulfuric acid
using Pt catalyst was patented [1]. Nowadays approximately 90 % of all chemicals are
produced by the help of a catalyst. Since their introduction in the 1960s, zeolites took
an unquestionable place in the family of industrially important catalysts [2]. They found
application in many areas, such as petrochemical and chemical industry as well as en-
vironmental protection [3, 4]. As we are facing current environmental crisis, there is a
powerful incentive to understand the fundamental aspects of the zeolite chemistry that
can aid in the rational design of the future catalyst for the production of green fuels
and chemicals from alternative feedstocks such as biomass or methanol. Computational
chemistry is one of the tools that contributes to a better understanding of the complex
processes on the atomic scale and simultaneously help in the pursuit of a molecular based
design of the zeolite catalyst [5]. This PhD thesis uses modern computational methods to
study water-zeolite interactions with the aim to better understand the influence of water
on the catalyst stability as well as on the catalytic activity. A special attention is put on
the modelling of water-induced zeolite degradation on the atomic scale. We believe that
the obtained knowledge will help to establish new concepts to systematically control and
improve hydrothermal stability of the zeolite catalyst for future applications. Within this
content, this introduction deals with the most important concepts of zeolite chemistry
and summarizes the existing knowledge from both experimental and computational point
of view.

1.1 Zeolites as Solid Catalysts

Zeolites are crystalline aluminosilicate materials with a well-defined porous framework.
The enormous industrial success of these materials can be assigned to their shape selec-
tivity, stability and catalytic activity which is assisted by confinement in zeolite pores.
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The elementary building units of zeolites are TO4 tetrahedra, where each T-site can be
occupied either by silicon or aluminium atoms. Neighbouring tetrahedra are linked at
their corners via shared oxygen atoms, producing three-dimensional (3D) porous struc-
ture (Fig. 1.1). Due to that, zeolites act as molecular sieves, which allow small molecules
to pass straight through their channels but trap larger ones. The chemical structure and
the Si/Al ratio of zeolites varies greatly. There are high silica zeolites such as ZSM-5
(Zeolite Socony Mobil-5) with Si/Al ratio 12.5 − 140 and a complicated porous topology,
as well as highly symmetrical zeolites with high Al concentration (and low Si/Al ratio)
such as zeolite Y [6]. The inclusion of aluminium into the zeolite structure causes an
increase of a local negative charge, which has to be compensated by a cation to ensure
overall neutrality of the framework. When the compensating cation is a proton, the zeo-
lite behaves as a Brønsted acid with the ability to catalyse a large number of reactions.
For that reason zeolites are widely used as catalysts in processes such as fluid catalytic
cracking [7], hydrocracking [8], dewaxing [9], oligomerization of olefins [10], alkylation
[11], aromatization [12] and methanol-to-olefins (MTO) conversion [13].

Figure 1.1: The main construction units, also called primary building units, of the zeolite
framework are SiO4 and AlO4 tetrahedra. The tetrahedra can be connected to each other via
their shared oxygen atoms in different ways, therefore, many zeolite topologies are possible.
Topologies are usually abbreviated by three capital letters such as FAU (Faujasite) or MFI
(Mobil Five). The primary building blocks form secondary building units, such as four-, five-
or six-membered rings (4MR, 5MR or 6MR), which are then further connected to each other
creating a 3D network of pores and cages of nanometer dimensions.

The dwindling availability of fossil resources, together with increasing atmospheric
levels of CO2, provides opportunities for further expansion of zeolite applications in in-
dustrial catalysis. One of the most pressing priorities is the development of processes
for the production of chemicals and fuels from alternative resources like biomass. This
requires the establishment of new and efficient reaction routes that are able to compete
with traditional approaches, and in that respect the zeolite-based catalysis is a feasible
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option [14, 15]. One of the most emerging methods to upgrade biomass compounds into
valuable products is catalytic fast pyrolysis. Using this method, lignocellulosic biomass
is converted to desirable products, such as olefins or aromatics, at temperatures between
673 and 823 K [16]. During the reaction, pyrolysis vapours come into contact with the
zeolite catalyst and are catalytically cracked, deoxygenated and converted. The process is
accompanied by the formation of CO, CO2, H2O but also polymerization products (coke),
which cause catalyst deactivation. Another process that drew much attention over the
past decades is the conversion of methanol (or alternatively ethanol) to hydrocarbons
(MTH). This process has its application in the production of hydrocarbon products from
various resources such as natural gas, biomass or coal [17, 18]. During MTH process
methanol is converted into olefins (MTO) or gasoline (MTG), depending on reaction con-
ditions and catalysts [13, 19, 20]. Two types of the catalyst are mostly used, namely,
ZSM-5 and SAPO-34 (Silicoaluminophosphate-34) that has the same topology as zeolite
chabazite [21].

1.1.1 Zeolite Chabazite

Figure 1.2: (a) The structure of highly symmetrical zeolite chabazite consists of 4MRs (red),
6MRs (green) and 8MRs (blue). All T-sites are equal and are surrounded by four different oxygen
atoms (O1-O4). The secondary building units are made of double 6MR hexagonal prisms, that
are stacked in such a way that large cages with an approximate diameter 6.7 x 10.0 Å are formed.
(b) The visualisation of rhombohedral unit cell that contains a single hexagonal prism.

Chabazite is a naturally abundant zeolite with many different applications. Its high-
silica (zeolite SSZ-13) and silicoaluminophosphate (SAPO-34) forms have gained a lot of
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attention due to possible utilization in MTO process [22] and selective catalytic reduction
(SCR) of NOx [23, 24]. The chabazite framework is made up of double six-membered
rings (6MRs) connected by four-membered rings (4MRs) forming together a secondary
building unit, a hexagonal prism (Fig. 2.3). The framework contains large cages with
approximate diameter of 6.7 x 10.0 Å which are accessible through eight-membered ring
(8MR) windows with diameter 3.7 x 3.7 Å [25, 26]. The chabazite structure can be
described either in a hexagonal lattice, containing 36 tetrahedral framework sites (T-
sites) and 72 oxygen atoms, or in a rhombohedral cell, which contains 12 T-atoms per
unit cell and 24 oxygen atoms [27]. Within the unit cell all T-sites are symmetrically
equal and surrounded by four geometrically different oxygen atoms (O1-O4). Following
the convention, oxygen on O1 belongs to two 4MRs and one 8MR; O2 belongs to one
4MR, one 6MR, and one 8MR; O3 belongs to two 4MRs and one 6MR; and finally, O4
is located between one 4MR and two 8MRs. Due to their rather simple topology the
rhombohedral chabazite model have been in the past widely used for density functional
theory (DFT) benchmark studies [28, 29].

1.1.2 Zeolite ZSM-5

Zeolite ZSM-5 having the MFI (Mobil Five) topology, is an aluminosilicate zeolite belong-
ing to the pentasil family that contains no supercages. The secondary building unit, the
pentasil unit, consists of eight five-membered rings (5MRs). The pentasil units assemble
into chains and sheets creating 3D network of ten-membered ring (10MR) openings that
form two types of channels perpendicular to each other - straight and sinusoidal channels
(Fig. 1.3). The dimensions of the straight (5.3 x 5.6 Å) and sinusoidal (5.1 x 5.5 Å)
channels are optimal for the accommodation of small organic molecules and thus ensure
an optimal shape selectivity in many catalytic processes [30]. The crystallographic unit
cell of ZSM-5 consists of 96 T-sites (where T can be either Si or Al atom), 192 O-sites,
and a number of charge compensating cations with their combined positive charge equal
to the number of Al-sites. The empty framework shows a reversible phase transition at
about 340 K. The exact transition temperature is determined by Si/Al ratio as well as by
the presence of charge-compensating cations [31]. HZSM-5 exhibits monoclinic symmetry
below and orthorhombic symmetry above this transition temperature. The orthorhombic
HZSM-5 contains 12 crystallographically distinguishable T-site positions [32]. Due to the
large number of framework T-sites and relatively high Si/Al ratio the exact determination
of the preferred Al distribution is a formidable challenge. Nevertheless, some advances
have been made. The presence of Al-O-Al linkages is a priori forbidden by Löwenstein’s
rule [33]. According Dempsey’s rule the energetically most stable is such Al distribu-
tion, that maximizes Al separation. However, the validity of this assumption has been
a subject of discussion [34–36]. The distribution of different types of Al species such as
isolated Al sites or Al pairs (i.e. Al-O-Si-O-Si-O-Al) can be experimentally quantified
by probing ion exchange capacity of divalent cations such as Co2+, via diffuse reflectance
ultraviolet-visible (DR UV-Vis) spectroscopy [37, 38]. The exact location of Al can be
resolved namely by Al magic angle spinning nuclear magnetic (27Al MQ/MAS NMR) spec-
troscopy combined with DFT calculations [39, 40] or using extended X-ray absorption fine
structure (EXAFS) analysis [41].
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Figure 1.3: Zeolite ZSM-5 has a complicated MFI topology with two types of channels - straight
and sinusoidal channels. The direction of sinusoidal channels is illustrated by black arrows in a).
Sinusoidal channels are oriented along the a lattice vector, while straight channels are oriented
along b lattice vector. The channels cross at intersection that has a diameter of 9 Å.
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It has been shown that Al distribution in the zeolite frameworks is not random, neither is
determined by the thermodynamic stability of Al sites itself, but depends on the conditions
of the zeolite synthesis [37, 41–44], i.e. on the crystallization kinetics, making a direct
comparison between different samples difficult. Similar conclusions has been recently
drawn in the work of Louwen et al. for the zeolite Y [36]. Consequently, the catalytic
activity as well as the zeolite hydrothermal stability is influenced by Al distribution over
T-sites [6, 40, 45, 46] which motivates to come up with synthesis methods that allow the
catalyst preparation with controlled Al distribution [42, 47]. Rational design of the zeolite
catalyst requires our fundamental knowledge about zeolite chemistry on the atomic scale
which is the main focus of this PhD thesis.

1.2 Role of Water during the Zeolite Lifetime

1.2.1 Post-Synthetic Zeolite Modification

Differences between fossil feedstocks and biomass/methanol alternatives (which are more
oxygen abundant) impose new demands on properties of the active catalysts. During
all stages of its lifetime, the catalyst is exposed to the presence of water. It has been
shown that at elevated temperatures, the water has the ability to hydrolytically remove
aluminium atoms from the zeolite framework forming a defect site and so-called extra-
framework aluminium species (EFALs, Fig. 1.4). Water-induced dealumination is often
harnessed to tailor the catalytic properties and stability during the post-synthetic mod-
ification of the catalyst. One of the major drawbacks of zeolites are diffusion and mass
transport limitations due to the restricted access of active sites within the framework.
The problem can be avoided using zeolite dealumination induced by steaming to create
hierarchically structured zeolites with two types of pores - micro- and mesopores [48–50].
While the introduction of mesopores ensures an optimal accessibility and transport of re-
actants and products, the micropores are needed to retain the shape-selective properties
of zeolites [51]. After steaming are pores filled with debris generated by a partial amor-
phization of the zeolite network. Therefore, the steaming treatment is often followed by
mild acid leaching that removes the extra-framework material from micro- and mesopores
and thus improves the diffusion properties of the catalysts [51, 52].

The extent of dealumination during steaming depends on the temperature and vapor
pressure. Usually, the steaming is performed in a controlled manner, at temperatures
higher than 673 K. While so-called severe steaming is often referred to as a treatment that
causes a collapse of the crystal structure and irreversible catalyst deactivation (therefore
the name "severe"), mild steaming produces catalysts of higher activity due to mesopores
formation. However, there is ambiguity in the literature about the exact conditions under
which the treatment is performed. Lago et al. applied mild and severe steaming treatment
on the zeolite HZSM-5 at temperature 811 K and the pressure below and above 40 kPa,
respectively [53]. In the study of Aramburo et al., the mild and severe steam treatment
was performed at 773 K and 973 K [54]. In another work Alumari et al. employed
different steaming conditions, under which the zeolite was treated by mild steaming under
the temperatures in the range of 673 up to 873 K. For severe steaming a higher steam
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flow rates were employed [55]. Agostini et al. studied the dealumination reaction at
873 K with in-situ X-ray powder diffraction (XRPD) and X-ray absorption spectroscopy
(XAS). Contrary, to the general opinion, they observed that the dealumination is not a
high-temperature process, but rather water-pressure dependent process. Steaming up to
873 K resulted only in less than 10% dealumination due to the absence of water molecules
in the zeolite under such high temperatures. The extensive zeolite dealumination was
observed during a cooling period to 500-450 K, when the water starts to repopulate the
framework [56]. The authors suggest that the extent of dealumination is rate-determined
by adsorption of water and not by kinetics or thermodynamics of the reaction itself.

Due to changes in the amount and the distribution of active sites the steaming pre-
treatment affects the catalytic activity of the catalyst as well. Almutairi et al. studied the
influence of steaming pre-treatment on methanol and propane conversion reactions in the
zeolite HZSM-5. They found that at mild conditions, EFAL was inserted back into the
framework at the defect site, while the severe steaming resulted in a substantial decrease
of acid sites. The latter caused an increased conversion rate of methanol and a lower
coke formation rate. As a result, severely steamed zeolites show an optimum performance
for methanol conversion [55]. Meng et al. applied steam pre-treatment on the HZSM-5
catalyst for the conversion of ethanol dehydration to produce bioethylene. The results
revealed that the mesopore formation caused by the steam treatment improved catalyst
stability and selectivity. The analyses of coke depositions over the spent catalysts implies
that the steamed zeolite contained less coke than the parent HZSM-5 did [57].

Figure 1.4: At elevated temperatures water has an ability to attack the zeolite framework and
selectively hydrolyse Al-O bonds, which leads to the dealumination of the framework and the
loss of the catalytic activity. The result of dealumination is the formation of a defect site and
EFAL species.

1.2.2 The Catalytic Reaction

While the effect of water in pre-treatment can be beneficial, the effect of water on catalytic
reactions is often more controversial. Corma et al. studied the steam catalytic cracking of
naphtha over ZSM-5 at 923 K and found that the catalyst suffered intensive deactivation
due to dealumination. On the other hand, a co-feeding with steam significantly decreased
formation of H2 and CH4, as well as the formation of potential coke precursors [58]. Yang
et al. studied the effect of steam on the catalytic fast pyrolysis of cellulose [59]. The steam
caused an irreversible catalyst deactivation due to dealumination, resulting in lower yields
of aromatics and coke precursors, and higher yields of CO, methane and other unidenti-
fied products. The catalyst deactivation was also observed during the upgrading of the
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pyrolysis oil in HZSM-5 zeolite. As the main cause of deactivation was dealumination
due to the high water content in the reaction medium [60]. During methanol conversion
the role of water is both positive and negative and depends on the reaction conditions. It
has been shown that a co-feeding with water improves selectivity towards olefins and sup-
presses the deactivation of the catalyst due to coking [61]. De Wispelaere et al. studied
the MTO procces using molecular simulations combined with in-situ microspectroscopy.
They found that during the reaction water competes with methanol in the adsorption on
the Brønsted acid site (BAS) as well as forms protonated water clusters with the BAS
proton which results in the attenuation of all reaction steps including the reactions leading
to hydrocarbon pool mechanism and subsequent catalyst deactivation [62].

Another issue arises when zeolites are exposed to hot liquid water, as they are during
biomass conversion in aqueous solution. Dramatic structural collapse even at tempera-
tures as low as 473 K has been observed [63]. Contrary to the steam treatment, it has
been reported that the hot liquid water attack occurs preferentially via hydrolysis of Si-
O-Si bridges [64, 65]. Zhang et al. studied the stability of different zeolite samples with
varying Si/Al ratio, density of silanol defects, and density of BAS upon exposure to liquid
water at 473 K. They observed that zeolite ZSM-5 as well as zeolite Y can be stable
or unstable depending on the synthesis procedure and post-synthesis treatment. It was
observed that samples dealuminated via steaming with a high density of defects suffer
severe degradation [66].

1.2.3 The Catalyst Regeneration

An essential part of the catalytic cycle is a catalyst regeneration, especially for zeolites
that suffer massive deactivation during biomass and MTH conversion due to coking [67].
The process of coke formation is reversible and the zeolite activity can be restored in a
regeneration step during which is the catalyst exposed to air at high temperatures (923-
973 K) leading to the complete oxidation of any coke. Iliopoulou et al. investigated
the performance of a commercial Co-ZSM-5 catalyst during catalytic biomass pyrolysis
in a pilot-scale fluidized bed reactor [68]. In another study, Vitolo et al. studied the
behavior of HZSM-5 zeolite during the conversion of pyrolysis oil through multiple up-
grading/regenerating cycles [69]. Catalyst deactivation was observed in both studies.
Vitolo concluded that the primary cause of the catalyst deactivation is the loss of acid
sites, which were gradually removed during the regeneration cycles due to the presence of
water [69]. An irreversible catalyst deactivation due to dealumination during regeneration
cycles after MTO conversion was also reported [70, 71]. Considering the rapid catalyst
deactivation by coking, preserving the catalyst stability after many regeneration steps
without a significant irreversible deactivation is of the highest importance.

1.3 Molecular Insights into Water-Zeolite Interactions

Above mentioned examples clearly demonstrate the important role of water during the
catalytic cycle. Fig. 1.5 shows in a schematic way the main phenomena via which the
water alters the zeolite stability and catalytic activity and that are the topic of this PhD
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thesis. The adsorption of water on BAS makes the catalytic site inaccessible for other
reactants and thus attenuates a catalytic activity. Morever, the water can assist in the
BAS proton transfer via formation of protonated clusters which alters the zeolite acidity
as well as to attack the framework and cause the irreversible catalyst deactivation due
to dealumination. In what follows we aim to provide a brief summary of the current
knowledge about these phenomena on the molecular level.

Figure 1.5: The schematic representation of envisaged water-zeolite interactions. Water can
either occupy the BAS proton (left) and thus reduce the effective number of acid sites, form
large protonated clusters with the BAS proton (middle) or attack the zeolite framework and
cause zeolite dealumination (right).

1.3.1 Origins of the Zeolite Acidity in the Presence of Water

Adsorption properties of water can be probed by means of classical Molecular Dynamics
(MD) or Monte Carlo simulations. Water adsorption in hydrophobic silicalite have been
studied by a variety of authors using several models for water [72–75]. However, the
studies concerning water adsorption in MFI-models containing hydrophilic sites are scarce.
Adsorption of water on Na-ZSM-5 zeolite was studied by Ahunbay [76]. Using Monte Carlo
approach the author estimated the heat of adsorption of the first adsorbed water molecule
to ≈ 80 kJ/mol, while at higher water loading the value converges to ≈ 60 kJ/mol. The
effect of extraframework cations and framework defects has been investigated by Özgür
Yazaydin and Thompson. Computed heats of adsorption varied between 20 and 55 kJ/mol
with respect to the defect concentration [77]. The adsorption capacities of zeolite vary with
respect to the Si/Al ratio, defects concentration and their distribution as well as the nature
of charge compensating cations. Therefore, a direct comparison of computed adsorption
energies with experimental data is delicate. Zhang et al. studied adsorption of water in
six different zeolite types. Although the adsorption energy of the first water molecule has
not been obtained, measurements at higher water loadings lead to estimation of heats of
adsorption to stable values of 43 - 46 kJ/mol [78]. In another study significantly stronger
adsorption energy was reported (77.2 ± 1.0 kJ/mol) [79]. These examples show that to
accurately describe the adsorption properties of water in zeolites remains a challenge both
experimentally and computationally.
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Although the studies mentioned above provide an insight into the strength of the
water-zeolite interactions on average, an information about the structure of water-zeolite
complexes and their stability on the individual level is ample. The chemical transfor-
mations of BAS protons (e.g. a proton hopping) can be tracked using spectroscopic
techniques such as Fourier-transform infrared (FTIR) spectroscopy. For example, Bor-
diga et al. have used transmission FTIR spectroscopy to probe interactions between
chabazite-type zeolites and water molecules. In agreement with previous experimental
studies [80, 81], the authors have observed the formation of several protonated species
with a stability that depends upon the acidity of the zeolite as well as the water load-
ing [82]. Wang et al. studied the stability of hydronium ion in zeolite HZSM-5 using
high-resolution solid-state NMR and FTIR spectroscopy and showed that the mobility of
BAS is enhanced under high water concentrations due to the formation of hydronium-ion
water clusters [83]. In a recent work Joshi et al. used reactive molecular dynamics (RMD)
to probe dynamics of water inside zeolite HZSM-5 and observed a depletion of acid sites
due to frequent proton exchange between water molecules and the zeolite framework [84].
Similar results were obtained from ab-initio MD simulations of Vener et al., who exam-
ined the structure and BAS proton dynamics of protonated chabazite under various water
loadings. The authors observed the formation of protonated water clusters of various size
depending on the water loading [85]. Jungsuttiwong et al. studied adsorption of water
dimers on HZSM-5 and H-Faujasite zeolites using an embedded cluster model. They iden-
tified two different forms of the H5O+

2 dimer. In zeolite faujasite the water dimer has the
configuration of ion-pair complex H3O+–H2O, with proton associated to only one water
molecule, while in zeolite HZSM-5 the authors observed a configuration with the proton
shared between both water molecules. Differences between the structural characteristics
of the dimeric cluster were attributed to the differences in topology and pore size [86]. All
the aforementioned studies provide the first steps towards microscopic understanding of
the non-destructive interactions between water molecules and catalytic sites. Neverthe-
less, the relation between the size and lifetime of these protonated clusters with respect
to the reaction conditions is not known and, therefore, it will be the topic of this PhD
thesis.

1.3.2 Mechanistic Insights into Zeolite Dealumination

The molecular-scale knowledge about the reaction mechanism of water-induced zeolite
dealmination is even more limited. The most common experimental techniques such as
27Al NMR or FTIR spectroscopy rely on the bulk characterization of the material, and
the analysis on the single atom level remains a difficult task. The situation is even more
complicated because the dealumination process is influenced by the zeolite structure as
well as by the aluminium distribution. Nonetheless, some careful conclusions have been
drawn. Ong et al. extensively studied the dealumination of ZSM-5 with a high Si/Al
ratio. Using Co2+ ion exchange they found that two Al atoms in close vicinity show the
extraordinary hydrothermal stability compared to isolated Al atoms [87]. Karwacki et al.
used the combination of focused ion beam (FIB) and scanning electron microscopy (SEM)
to characterize steam-induced mesopore formation within zeolite ZSM-5 crystals. The
observed non-uniform distribution of mesopores along various sections in steam-treated
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zeolite ZSM-5 led to the conclusion that sinusoidal pores are more susceptible towards
the dealumination than straight pores [88]. Holzinger et al. investigated Al distribution
using 27Al MQ/MAS NMR spectroscopy before and after steaming of zeolite HZSM-5 and
found out that Al sites in channels intersection are the most prone towards dealumination
[89]. The only technique that can spatially resolve a distribution of individual atoms is
the atomic probe tomography (APT). Perea et al. successfully applied APT on ZSM-5
crystals with the aim to investigate the aluminium distribution before and after steaming.
It was found that the steaming causes Al redistribution inside the zeolite crystal and leads
to further clustering of Al atoms [90].

Figure 1.6: Schematic of the proposed reaction mechanism for dealumination [91]. The reaction
is initiated by the adsorption of water on the Al atom in the anti-position to the BAS proton (B),
followed by subsequent water dissociation by way of proton transfer accompanied by Al-O(H)
bond-breaking (PT-BB). The final product P1 is the stable intermediate with one Al-O(H) bond
broken and three framework Al-O bonds.

In the last few years computational simulations have proven to be an essential tool
to understand the interactions between water and zeolite on the atomic level. In the
past years, the breakdown of the framework in the presence of water has been extensively
studied with electronic structure methods. Using semiempirical method CATIVIC Lisboa
and co-workers studied the formation of EFAL species in the zeolite HZSM-5 [92]. Several
reaction intermediates were found to be stable, namely penta-coordinated species with
one to four bonds to the framework and hexa-coordinated species with two bonds to the
framework. However, activation and reaction energies were not reported and the feasibility
of the proposed pathways still needs to be confirmed [92]. Malola et al. reported the
first DFT study of the dealumination process [93]. Each step of the proposed five-step
reaction mechanism is initiated by the adsorption of a single water molecule on the BAS.
Formation of various intermediates required very high activation energies (>190 kJ/mol).
The final reaction product is a free Al(OH)3H2O EFAL compound and a defect (silanol
nest) in the zeolite framework (Fig. 1.4) [93]. A more plausible mechanism for the first
step of the process was recently proposed by Silaghi et al. [91]. In this mechanism, the
initial interaction between water and the zeolite framework is a coordination of the water
molecule to the Al atom in the anti-position to the BAS proton (B, Fig. 1.6). This is
followed by water dissociation via proton-transfer (PT, Fig. 1.6) onto one of the adjacent
framework oxygen atoms leading to a formation of a new reaction intermediate (I1, Fig.
1.6). The reaction product has already an Al-O(H) bond broken, but is very unstable.
In the last step of the reaction, the system rearranges so that the new framework proton
forms a hydrogen bond with the silanol group, resulting into a more thermodynamically
favorable product (P1, Fig. 1.6).
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Figure 1.7: Schematic representation of the four-step dealumination process as proposed by
Silaghi et al. [91]. During the first three reaction steps the Al-O(H) bond-breaking (BB) occurs
via water adsorption, water dissociation and subsequent proton transfer (PT) to the framework
oxygen atom (i.e. PT-BB). In the final step, the Al-O(H) bond-breaking is induced without a
proton transfer (BB), and a free EFAL species is formed.

The formation of free EFAL is then expected to occur via three more steps (Fig.
1.7).The second and third steps are very similar to the first, involving water adsorption,
water dissociation via proton transfer to framework oxygen atom, and subsequent Al-O(H)
bond-breaking (PT-BB). The final step is different, in which Al-O(H) bond-breaking (BB)
is not preceded by dissociation of the water molecule. The authors suggest that once the
first Al-O(H) bond is broken the Al atom gains flexibility, and Al-O(H) bond dissociation
with equatorial (instead of axial) substitution of Si-OH becomes feasible as well [94].
The proposed mechanism was found to be rather universal, as it was computationally
confirmed in different zeolite framework topologies (CHA, MOR, FAU, and MFI) always
with low activation energies (76 - 125 kJ/mol) [94].

1.4 Scope and Outline of the PhD Thesis

This PhD thesis presents a detailed study on the nature of water-zeolite interactions and
subsequent water-induced zeolite degradation in zeolite HZSM-5. The aim was to provide
more profound fundamental understanding to these processes on the atomic scale. To
make this possible, we use computational techniques at quantum and classical level of
theory, namely density functional theory (DFT) and reactive molecular dynamics (RMD)
simulations. While DFT approach allows to model the hydrolysis of zeolite bonds with a
high-accuracy, with RMD simulations the dynamics of water in the zeolite framework can
be probed in-situ. Contrary to conventional MD simulations, RMD simulations model the
formation and bond-breaking on the fly making it possible to study chemical transforma-
tions such as a proton jump. As a result, we were able to follow the formation of various
water-zeolite complexes under realistic conditions and to explore free energy profiles of
first Al-O(H) bond-breaking in zeolite-based materials.

In Chapter 2, we set up fundamental parameters for an accurate modelling of water-
zeolite interactions using DFT by benchmarking the water adsorption in zeolite chabazite.
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We show that the PBE functional is able to correctly describe the structure of water-zeolite
adsorption complexes as well as to quantify their binding strength.

In Chapter 3 we extend this work and focus on the characterization of water-zeolite
complexes in zeolite HZSM-5. We explore the adsorption of one and two water molecules
around the active site, the Brønsted Acid site (BAS), which consists of an Al and Si atom,
linked together by an O atom with an acidic proton. We identify various stable adsorption
modes and show that the Al site accessibility can be predicted by the coordination number
of water molecules in the metastable adsorption modes.

In Chapter 4, we model the first Al-O bond breaking of zeolite dealumination in the
zeolite HZSM-5 induced by the attack of two water molecules. The results are compared
to a single water molecule model and reproduced for three different active site locations.
We show that water-water interactions strongly alter the reaction mechanism and the
landscape of dealumination reaction. We propose four mechanisms for the first Al-O(H)
bond-breaking reaction with each of them initiated from a different active water adsorption
modes, as proposed in Chapter 3. Our results suggest that the stability of an Al site is
at least partly determined by the reorganization of water molecules from the unreactive
mode to the reactive starting structure and that the Al accessibility and water loading
are key factors that determine Al site susceptibility to dealumination.

In Chapter 5, we use RMD calculations to track the stability and lifetime of adsorp-
tion modes, as determined in Chapter 3. In agreement with static DFT results presented
in Chapter 3, we identify the formation of protonated water clusters as the most favourable
state. Based on these results we predict that once the water is present in the catalytic
system, it will compete with reactants for the BAS proton, which will affect the catalytic
performance. As the least favourable we identify the adsorption of water on the Al atom
that acts as Lewis acid site (LAS). This further supports our hypothesis put forward
in Chapter 4 that water adsorption and reorganization affects dealumination rates. Be-
sides, we derive the adsorption energies of water molecules to the active site and observe
spontaneous Al-O(H) bond breaking due to water coordination to the Al atom.

Overall, in this PhD thesis we provide the atomistic insight into the role of water on
the catalyst stability and activity by modelling water-zeolite interactions. In Chapter
6 we summarize the main findings and conclusions from the preceding chapters and end
with concluding remarks and future perspectives on the potential of computer simulations
in the field of zeolite science and technology.





Chapter 2

Density Functional Theory of Water-Zeolite
Interactions:
On the Accuracy of Functionals

Abstract

Density functional theory (DFT) is one of the most popular methods for the study of
chemical reactions in porous materials such as zeolites. Among the biggest challenges for
DFT is still a correct description of non-local dispersion interactions. In this work, we
benchmark the performance of commonly used dispersion-inclusive as well as conventional
DFT approaches to reproduce the structure and energetic properties of water adsorbed in
the purely siliceous and H-form of the zeolite chabazite. The results show that the selected
DFT functionals predict rather similar structures of water-zeolite adsorption complexes
and the inclusion of dispersion interactions at any level does not significantly change the
predicted structure. The computed adsorption energies are compared to results obtained
from Møller-Plesset second-order (MP2) perturbation theory and the random phase ap-
proximation method combined with the exact exchange (EXX/cRPA). The most accu-
rate results are found for the dispersion-corrected revPBE-D3 functional, while the pure
revPBE functional significantly underestimates the adsorption energies. The uncorrected
PBE functional provides the results that are very close to adsorption energies predicted
by correlated wavefunction methods, while the addition of dispersion interactions in a
form of simple C6R

−6 correction on PBE level leads to the strongly overestimated adsorp-
tion energies. The performance of non-local van der Waals (vdW) functionals varies a lot
with respect to the choice of GGA functional and has to be carefully tested. Overall, the
addition of dispersion-interactions at any level of theory induces a stabilization of water
molecule in the zeolite.
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2.1 Introduction

Despite the foundations of density functional theory (DFT) having been laid more than
50 years ago, it is still at the center of modern computational chemistry. The enormous
success of DFT, in the field of solid-state chemistry, can be attributed to its high ac-
curacy and relatively low computational cost. One of the main limitations of DFT is
that it struggles to correctly describe non-local interactions, due to the local character of
exchange-correlation functional and self-interaction error. Within quantum chemistry, van
der Waals (vdW) forces can be properly modeled by correlated post-Hartree Fock meth-
ods including coupled-cluster methods, Møller-Plesset second-order (MP2) perturbation
theory or the random phase approximation (RPA) approach that use the information from
the both occupied and virtual orbitals and thus allow to account for the non-local dynamic
correlation energy. Coupled-cluster methods such as CCSD(T) scale with O(n7), while
MP2 and RPA scale with O(n5), where n represents the number of basis functions. The
high computational cost together with a large memory consumption limits the usage of
these methods - even the most efficient implementations such as resolution of the identity
(RI)-MP2 or RI-RPA (O(n4)) allow to study only small cluster models or periodic systems
with fixed geometry [95]. To achieve a desired accuracy for larger systems, many alterna-
tive and computationally less expensive methodologies that properly describe long-range
interactions have been developed. A multiscale DFT:MP2 scheme has been developed by
Tuma and Sauer [96, 97], in which the reaction site, described at the MP2 level using
atomic basis sets, is embedded in the periodic system treated on the plane-wave DFT
level. Combined DFT:MP2 approach allows a full geometry optimization of the system
and to study processes that involve bond rearrangement and it has been regularly applied
mainly in the field of zeolite chemistry [98–100].

Apart from the development of highly accurate or multiscale modeling methods, a lot
of effort has been invested into the development of dispersion inclusive DFT schemes that
can be categorized by a "stairway to heaven" [101]. Each step of the stairway represents a
different class of dispersion inclusive functionals - the higher the step, the more sophisti-
cated methods are used to describe dispersion interactions and as a rule, more computer
time is needed. The ground level approach is to specifically fit the exchange-correlation
functional to reproduce weak interactions as is done for Minnesota functionals such as
M06-2X developed by Zhao and Truhlar [102]. The disadvantage of these functionals is
that most are highly parametrized and based on meta-generalized gradient approximation
(mGGA), thus they are still computationally very expensive. The functionals themselves
do not describe long-range interactions. A simple, but effective and computationally
cheap strategy represent semi-empirical DFT-D methods such as DFT-D1 and DFT-D2,
in which the DFT energy is corrected a-posteriori with an empirical long-range C6R

−6

potential. C6 parameters are fitted to reproduce a wide range of properties such as atom-
ization energies or proton affinities [103, 104]. The next rug of the ladder occupy formally
identical methods to DFT-D such as DFT-D3 of Grimme or the approach by Tkachenko
and Schaffler (DFT-TS), in which are the inter-atomic coefficients dependent on the ef-
fective volume of the atom [101, 105, 106]. These methods are, therefore, able to better
capture variations in vdW interactions between atoms with respect to the local chemi-
cal environment than the DFT-D1(or -D2) method. An alternative strategy is taken in
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non-local vdW inclusive functionals that are describing the dispersion interaction within
the energy functional. VdW-DF type functionals divide the correlation energy into short-
and long-range contributions and later combine them with the exchange-energy obtained
from the GGA-type functional. It has been shown that the performance of vdW-DF func-
tionals is very sensitive to the choice of the exchange, therefore, many different flavours
of this type of the functional exist and their performance has to be carefully tested [107].
Among vdW-DF functionals, a new methodology for a density functional optimization has
been used by Jacobsen et al. who combined machine learning methods with a Bayesian-
motivated fitting procedure and developed a new vdW-inclusive Bayesian error estimation
functional (BEEF) [108]. The BEEF-vdW functional has been fitted to represent a large
reference dataset, including gas-phase reactions or chemisorption on solid surfaces and
therefore, it is particularly useful for solid surface chemistry and catalysis.

All of the strategies mentioned above have been extensively used in the past years
to provide realistic description of the system interactions with vdW bonding. Given the
significant differences between them, it is important to perform test calculations with the
aim to predict their accuracy on a similar system. In the case of porous nanomaterials
such as zeolites, the catalytic performance of which is at least partially dictated by a
confinement effect, the accurate description of weak interactions between host molecules
and zeolite framework is crucial to obtain correct results. Zeolites are very effective cat-
alysts for conversion of crude oil [7], therefore, a lot of attention has been given to test
the performance of various DFT functionals to describe zeolite-hydrocarbons interactions
[28, 29, 109]. Less focus has been put on the zeolite interactions with polar molecules
such as water that can (contrary to hydrocarbons) very easily form hydrogen bonds with
zeolite walls and the catalytic site. Fischer benchmarked the performance of nine GGA
functionals with and without dispersion corrections to reproduce the structure of water
in various zeolite frameworks. The author found that PBE and PW91 functionals with-
out dispersion corrections give the smallest overall deviation between the experiment and
computational results [110]. Chiu et al. tested the accuracy of PBE-D and vdW-DF2
computed adsorption energies of water in silicalite and on the Brønsted acid site (BAS)
proton in HZSM-5 zeolite against experimentally measured adsorption enthalpies. The au-
thors found good agreement between experimental data and predicted values [111]. Water
can not only catalyze the chemical reactions, but it can also hydrolyze framework bonds
and cause an irreversible catalyst deactivation [49, 91, 94, 112]. Therefore, besides its
relevance for accurate modelling of catalytic conversion processes, the correct description
of water adsorption is crucial for accurate modeling of the catalyst degradation.

The initial step of the water-induced zeolite degradation is the adsorption on the Al
atom that acts as a Lewis acid site (LAS). Up to now, the accuracy of various DFT
approaches to describe water adsorption on both the BAS proton and LAS is unknown.
The goal of this Chapter is to fill the gap and systematically test the performance of var-
ious vdW approaches to describe the water adsorption in zeolite SSZ-13, a microporous
aluminosilicate possessing the chabazite framework structure. We do so by considering a
representative variety of vdW-inclusive methods and comparing their performance against
high level RPA method combined with the exact exchange (EXX/cRPA) and MP2 results.
This chapter is organized as follows: in Section 2.2 we briefly describe vdW inclusive ap-
proaches that were used in this work and in Section 2.3 we introduce the zeolite model
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together with computational details. In Subsection 2.4.1 of Section 2.4 we compare the
structure and stability of an empty zeolite SSZ-13 as predicted by different vdW ap-
proaches. In Subsections 2.4.2 we report the structure of water-zeolite complexes with
respect to various DFT functionals. RPA and MP2 adsorption energies are reported in
Subsection 2.4.3, while DFT adsorption energies are given in Subsection 2.4.4. Finally,
in Section 2.5 we evaluate the performance of DFT functionals and discuss the effect of
vdW corrections on the stability and energetics of water-zeolite complexes.

2.2 Theoretical Background

In the following section we briefly summarize theoretical foundations of various vdW
methods that have been is used in this work. For more detailed description is the reader
referred to the given references.

2.2.1 Random Phase Approximation with the Exact Exchange

The RPA method is based on the adiabatic-connection fluctuation-dissipation (ACFD)
formula that provides the evaluation of correlation energy of a system in terms of an
electric density at position r and time t to a preturbation at position r′ at time t′ on
a top of an independent particle formalism via an adiabatic scheme. For more detailed
explanation is the reader referred to the review of Stoöhr et al. [113] that summarizes
the theoretical background as well as common implementations of the RPA approach or
to the work of Ren et al [114]. Alternatively, a very accurate method that combines RPA
correlation energy with the exact exchange obtained from Hartree-Fock calculations is
EXX/cRPA approach. In this method, the total energy of the system is given as:

E
EXX/cRP A
tot = EHF

tot + ERP A
c (2.1)

where EHF
tot is Hartree-Fock energy andERP A

c is the RPA correlation energy. The EXX/cRPA
energy can be alternatively written as:

E
EXX/cRP A
tot = (EDF T

tot − EDF T
xc ) + EHF

x + ERP A
c (2.2)

where EDF T
tot and EDF T

xc are the total and exchange-correlation DFT energy, respectively,
and EHF

x is the exact exchange. The calculation of the EEXX/cRP A
tot energy is thus per-

formed by first obtaining the wavefunction with a given DFT method (such as PBE)
and then the ground state single-particle wavefunctions and orbital occupation numbers
are used as the input to compute the exact Hartree-Fock exchange energy and the RPA
correlation energy [115].

2.2.2 Møller-Plesset Second-order Perturbation Theory

One of the most common post-Hartree-Fock methods is MP2 perturbation theory [116].
It improves the Hartree-Fock energy by adding a small contribution that accounts for the
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correlation energy. Total Hamiltonian Ĥ of the system can be then written as the sum of
Hartree-Fock Hamiltonian ĤHF and a perturbation V̂ .

Ĥ = ĤHF + λV̂ (2.3)

where λ is a dimensionless parameter that controls the size of the perturbation. The Taylor
expansion of eigenvalues (E0) and eigenfunctions (Ψ0) of ĤHF to n-th order yields:

E = E(0) + λE(1) + λ2E(2) + ...+ λnE(n) (2.4)

where

E(n) =
dnE

dλn
(2.5)

and
Ψ = Ψ0 + λΨ(1) + λ2Ψ(2) + ...+ λnΨ(n) (2.6)

where

Ψ(n) =
dnΨ
dλn

(2.7)

Substituting these expansions into the time-independent Schrödinger equation gives:

(ĤHF + λV̂ )
(

n
∑

i=0

λiΨ(i)
)

=
(

n
∑

i=0

λiE(i)
)(

n
∑

i=0

λiΨ(i)
)

(2.8)

Truncating the factors of λ up to the second order and integrating over all space yields
the expression for the Hartee-Fock energy given as the sum of the zero-th and the first
order energies:

EHF = E(0) + E(1) (2.9)

The first term yields Hartree-Fock energy which can be computed as:

E(0) = 〈Ψ0|Ĥ
HF |Ψ0〉 =

N
∑

i=1

(i|ĥ|i) +
1
2

N
∑

i=1

N
∑

j=1

(

(ii|jj) − (ij|ji)
)

(2.10)

where ĥ is the single electron Hamiltonian operator, the second term describes the classical
Coulomb interaction between two charge distributions i and j:

(ii|jj) =
∫ ∫

ψi(~r1)ψi(~r1)
1
~r12
ψj(~r2)ψj(~r2) (2.11)

and the last term is the exchange integral:

(ij|ji) =
∫ ∫

ψi(~r1)ψj(~r1)
1
~r12
ψj(~r2)ψi(~r2) (2.12)

where ψi and ψj are molecular orbitals of the ground-state wavefunction. The first-order
Møller-Plesset energy is zero:

E(1) = 〈Ψ0|V̂ |Ψ0〉 (2.13)
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thus MP2 correlation energy is given as:

EMP 2
c = E(2) = 〈Ψ0|V̂ |Ψ(1)〉 (2.14)

It can be shown that the correlation energy can be written as:

E(2) = −
occ,vir
∑

ij,ab

(ia|jb)[2(ia|jb) − (ib|ja)]
ǫi + ǫj − ǫa − ǫb

(2.15)

where i, j and a, b refer to occupied and virtual orbitals, respectively and ǫx (x ∈ {a, b, i, j})
is the corresponding orbital energy. The Coulomb integral in eq. 2.15 can be written as
follows

(ia|jb) =
∫ ∫

ψi(~r1)ψa(~r1)
1
~r12
ψj(~r2)ψb(~r2) (2.16)

where ψx (x ∈ {a, b, i, j}) are molecular orbitals obtained from Hartree-Fock calculations
[95].

2.2.3 Pairwise-Additive van der Waals Models

In DFT-D methodology, the dispersion term that accounts for missing long-range inter-
actions is added to the energy computed by a conventional DFT functional. The total
energy of the system is thus given as:

EDF T −D = EDF T + Edisp (2.17)

Edisp is a dispersion energy correction that is calculated as:

Edisp = −s6

∑

i,j

fdmp(Rij, i, j)C
ij
6 /R

6
ij (2.18)

where the dispersion coefficients Cij
6 depend on the pairs of elements i and j that are at

the interatomic distance Rij and s6 is a global scaling parameter. A damping function
fdmp(Rij) is introduced to improve the description of the dispersion at short inter-atomic
distances and is given by:

fdmp(Rij) =
1

1 + e−α(Rij/R0−1) (2.19)

where R0 corresponds to the sum of atomic van der Waals radii of atoms i and j and
α parameters determines the steepness of the damping function. Despite being very
effective and simple, this approach has several shortcomings. The most widely used DFT-
D methods are so called Grimme dispersion corrections labeled as DFT-D1(D2) in which
are the coefficients Cij

6 constant and they do not take into account either the influence of
chemical environment, or the chemical state of the atom for different systems [103, 104].
To some extent this is improved in D3 form of correction, in which Cij

6 parameters depend
on the atom coordination [105].
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2.2.4 Non-local Density Functionals

In vdW-DF scheme the electron density is at first calculated using the GGA functional
and then in the next step it is used to evaluate the non-local correlation energy Enl

c . The
exchange-correlation energy of the system is computed according to:

Exc[ρ] = EGGA
x [ρ] + ELDA

c [ρ] + Enl
c [ρ] (2.20)

where the exchange part of the energy (Ex) is given by GGA functional and then com-
bined with the short-range part of the correlation energy (Ec) obtained via local density
approximation (LDA) and with the non-local part of the correlation (Enl

c ). In the original
formulation of the vdW-DF functional [117], the exchange part of a revised version of the
PBE functional (revPBE) [118] from Zhang and Yang was used [119]. Later, a second
version (vdW-DF2) of the vdW functional was proposed, in which the revPBE functional
is replaced by a revised version of the PW86 functional [120]. Enl

c is given as:

Enl
c =

1
2

∫ ∫

ρ(~r1)φ(~r1, ~r2)ρ(~r2)d~r1d~r2 (2.21)

in which φ corresponds to the non-local kernel that approximates RPA and is evaluated
numerically. The choice of exchange is rather arbitrary, therefore, many other forms of this
functional exist such as optB88-vdW [107]. A step further has been taken in BEEF-vdW
functional. The correlation energy in this empirically fitted functional is derived from
the PBE correlation energy, purely local LDA approximation, and non-local vdW-DF2
contributions. The semilocal GGA exchange has been expanded in Legendre polynomials
and then Bayesian fit together with cost function were used to minimize errors for a large
set of data. The resulting exchange-correlation energy is given by:

Exc[ρ] =
Mx−1
∑

m=0

amE
GGA
x,m [ρ] + αELDA

c + (1 − α)EP BE
c [ρ] + Enl

c [ρ] (2.22)

where Mx is the number of Legendre polynomials, in this case equal to 30, am are expan-
sion coefficients and α is the correlation coefficient [108].

2.3 Methods

2.3.1 Zeolite Model

In this study we have investigated the adsorption of water in the purely siliceous and H-
form of chabazite. The rhombohedral unit cell of chabazite consists of 12 symmetrically
equivalent tetrahedral sites (T-sites) occupied by either Si or Al atoms, each surrounded by
four symmetrically different oxygen atoms labeled as O1 to O4. The T-sites are arranged
in such a way that a pseudo-hexagonal prism containing two double six-membered ring
(6MR) structures is formed connected by eight-membered ring (8MR) windows. O1 site is
located in the four-membered ring (4MR) on the side of the hexagonal prism, O2 belongs
to one 4MR, one 6MR, and one 8MR; O3 belongs to two 4MRs and one 6MR; and finally,
O4 is located between two hexagonal prisms (Fig. 2.1). The introduction of Al induces a
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surplus electron on the framework which is compensated for by a proton on a neighboring
oxygen atom forming bridging (Si-O(H)-Al) Brønsted acid site (BAS). As an example the
structure of H-chabazite protonated on the O1 position is shown in Fig. 2.1.

Figure 2.1: The framework structure of zeolite SSZ-13 with a chabazite topology. The unit
cell contains 36 atoms of which 12 are crystallographically equal T-sites occupied either by Si
or Al atom surrounded by four different oxygen atoms (O1-O4). Oxygen atoms are displayed in
red, silica atoms in yellow, the aluminum atom in pink and hydrogen in white colour.

To reduce computational costs, a primitive rhombohedral, instead of the crystallo-
graphic hexagonal cell has been used. Initially, the unit cell of chabazite was subjected to
a full relaxation, separately for pure silica and H-form of chabazite model using the PBE
functional and TZV2P basis set. In all further calculations only atomic positions were
optimized and the unit cell parameters were kept fixed. The relaxed unit cell parameters
for pure silica and H-model were a = b = c = 9.309 Å, α = β = γ = 93.92◦ and a = 9.388
Å, b = 9.364 Å, c = 9.342 Å, α = 93.56◦, β = 94.01◦, γ = 94.41◦, respectively.

A single water molecule can be adsorbed on two different locations around the active
site, namely on the BAS proton or to the Al atom (LAS) as illustrated in Fig. 2.2. In this
work we have systematically explored the adsorption of a water molecule on both sites,
with all possible BAS proton locations, giving rise to eight different structures for H-form
of chabazite and one for its purely siliceous form.

Figure 2.2: A schematic representation of water-zeolite complexes formed upon water adsorp-
tion on the BAS proton (left) or LAS (the Al atom, right).
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2.3.2 Computational Details

All structure optimizations were performed with the Gaussian and plane waves method
[121] implemented in version 6.1 of CP2K software [122], with Goedecker-Teter-Hutter
(GTH) pseudopotentials [123]. The target accuracy of the self-consistent field (SCF) cycle
was set to 10−7 and the plane wave cutoff to 900 Ry, while the relative cutoff 50 Ry was
used for the mapping of Gaussians on multigrid levels. All calculations were performed in
a Γ-point implementation. We considered structures to be converged when the maximum
geometry change between the current and the last optimizer iteration was smaller than
3.0 * 10−4 bohr, the root-mean-square geometry change between the current and the last
optimizer iteration was smaller than 1.5 * 10−4 bohr, the maximum force component of
the current configuration was smaller than 4.5 * 10−5 hartree/bohr and when the root
mean square force of the current configuration was smaller than 4.5 * 10−5 hartree/bohr.
In the case of PBE-D functionals, the dispersion interaction was evaluated between the
pair of atoms closer than 18.5 Å. The results of all convergence tests can be found in
Appendix (Fig. C.1.1 - C.1.3).

To evaluate the performance of standard GGA functionals to correctly describe water-
zeolite and water-water interactions, we modeled the adsorption of a single water molecule
in the H-form of chabazite and then compared computed adsorption energies to EXX/cPRA
results. Additionally, we extended our approach for computing adsorption energies using
the MP2 method. In total, following functionals with various vdW schemes were testes:
PBE [118], PBE-D2 [104], PBE-D3 [104], revPBE [119], revPBE-D3 [105], vdW-DF [117],
vdW-DF2 [120], optB88-vdW [107] and BEEF-vdW [108]. For GGA calculations, TZV2P
MOLOPT basis set was used, while for MP2 and RPA methods we used the RI scheme
implemented within CP2K using valence-only correlation consistent type Gaussian basis
sets, namely cc-TZVP for Al and Si atoms and cc-QZVP for H and O atoms, with aux-
illary RI functions of the same quality [115]. We note that this basis set is currently the
largest basis set available within the standard CP2K package. The EXX/cRPA energy
for a given system is obtained by first converging the SCF procedure with the PBE func-
tional [118] and then the optimized ground-state wavefunction is inserted into a separate
EXX/cRPA run that involves the computation of EHF

x and ERP A
c . EXX/cRPA and MP2

calculations were performed on the top of geometries optimized using PBE-D3 functional.
To explore the dependence of adsorption energies on the input structures, we recomputed
the adsorption energies of a single water molecule on both the BAS proton and the Al
atom in H-chabazite using structures optimized by all tested functionals. To minimize
the computational cost, we considered only models with O1 protonation site and evalu-
ated adsorption energies on the EXX/cRPA level that scales better with the system size
than the MP2 method. The Coulomb integrals in Hartree-Fock exchange were described
using the truncated Coulomb operator with the truncation radius equal to 4.5 Å (approxi-
mately one-half of the simulation cell). Subsequently, all GGA calculations were subjected
to the basis-set-superposition-error (BSSE) correction using counterpoise correction. The
adsorption energies of MP2 and EXX/cRPA calculations were extrapolated to complete
basis set limit (CBS) with the cubic interpolation formula [124–126]:

EX = EX→∞ + AX−3 (2.23)
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where X is the cardinal number of the basis set and EX→∞ is the energy in CBS limit.
X-values 3.0 and 3.7 for cc-TZVP and combined cc-TZVP/cc-QZVP basis sets were used.
The value 3.7 has been chosen based on the ratio between number of H and O atoms
treated on cc-QZVP level and Si and Al atoms treated on cc-TZVP level. The reliability
of this formula has been previously confirmed for both RPA and MP2 methodologies [127]
as well as correlation consistent Gaussian basis sets [115].

2.4 Results

2.4.1 The Structure and Stability of H-chabazite

First, we examined relaxed structures of the H-form of chabazite after performing geom-
etry optimization using different functionals. The H-form is characterized by the bond
between the Al atom and the bridging O(H) atom that is elongated compared to the other
surrounding oxygen atoms. The results are compiled in Table 2.1. All functionals predict
the Al-O(H) bond length between 1.88 and 1.94 Å. The inclusion of dispersion interactions
has a negligible effect on the geometry around the active site and all vdW-schemes induce
only a small elongation of the Al-O(H) bond by maximum 0.02 Å compared to equivalent
vdW-exclusive approaches (PBE, revPBE). The structures are visually identical for all
functionals and protonation sites, except the BEEF-vdW structure protonated on the O2
position that is different and the BAS proton points towards the zeolite cage (Fig. 2.3).
Because both vdW-DF2 and BEEF-vdW functionals use the same non-local correlation
term, we attribute the differences in geometry to the parameterizaton of the BEEF-vdW
functional.

Table 2.1: Geometry of the relaxed H-chabazite structures calculated at different levels of
theory. The distances between the protonated oxygen atom (O(H)) and the Al atom together
with an average length of the three remaining Al-O bonds are given. The labels O1 to O4
correspond to the label of the protonated oxygen. The bond lengths are given in Å units.

Al-O(H) Al-O

O1 O2 O3 O4

PBE 1.91 1.90 1.93 1.89 1.71

revPBE 1.92 1.90 1.93 1.89 1.71

PBE-D2 1.91 1.90 1.93 1.89 1.71

PBE-D3 1.91 1.90 1.92 1.89 1.71

revPBE-D3 1.92 1.90 1.93 1.89 1.70

vdW-DF 1.92 1.90 1.94 1.89 1.70

vdW-DF2 1.92 1.90 1.94 1.90 1.70

optB88-vdW 1.91 1.90 1.92 1.89 1.70

BEEF-vdW 1.93 1.91 1.93 1.88 1.70

The DFT energies are rather consistent and the choice of the exchange-correlation
functional affects the relative stability of four possible acid sites within the chemical
accuracy (< 5 kJ/mol), with the single exception of BEEF-vdW. Both PBE and revPBE
functionals predict the stability of protonation sites in the decreasing order from O1 (the
most stable) → O2 → O4 → O3. The inclusion of vdW corrections at both PBE-D
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Figure 2.3: Relaxed structures of H-form of chabazite protonated on the O2 oxygen atom using
following functionals: PBE [118], PBE-D2 [104], PBE-D3 [104], revPBE [119], revPBE-D3 [105],
vdW-DF [117], vdW-DF2 [120], optB88-vdW [107] and BEEF-vdW [108]. The structures are
identical except the final BEEF-vdW geometry that predicts a different orientation of BAS
proton than the others.

Table 2.2: Relative stabilization energies (in kJ/mol) of four different possible protonation
sites (O1-O4) in H-chabazite computed using different functionals. Mean absolute error (MAE)
is given with respect to EXX/cRPA results.

Al-O(H) MAE

O1 O2 O3 O4

PBE 0.0 2.9 10.1 9.0 1.8

revPBE 0.0 2.7 10.3 8.7 2.0

PBE-D2 0.0 2.9 7.6 10.4 1.5

PBE-D3 0.0 2.9 8.2 9.8 1.5

revPBE-D3 0.0 2.7 9.0 9.3 1.5

vdW-DF 0.0 4.0 9.1 11.2 0.7

vdW-DF2 0.0 4.9 9.6 12.1 0.5

optB88-vdW 0.0 3.5 8.1 11.0 1.0

BEEF-vdW 0.0 16.0 9.8 11.3 2.9

MP2 0.0 6.7 9.4 12.5 0.5

EXX/cRPA 0.0 6.0 8.9 11.9 -

and vdW-DF levels changes relative stabilities for both PBE and revPBE functionals
within margin of 2.5 kJ/mol and makes the protonation on O3 site favorable over O4 site.
In agreement with EXX/cRPA and MP2 method, vdW-inclusive approaches predict the
protonation on O1 position as the most favorable, followed by O2 → O3 and O4 position
with a maximum energy difference between the most and least stable protonation site
of 12.1 kJ/mol (VdW-DF2, Table 2.2). The exception is the BEEF-vdW functional that
predicts O2 position to be the least stable (instead of O4 position) with its stability about
16.0 kJ/mol less than protonation on O1 site. The relaxed BEEF-vdW geometry of O2
is qualitatively very different than the others (Fig. 2.3), hence it is expected that the
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energy of the system will differ too. We note, that both MP2 and EXX/cRPA predict
quantitatively the same results with maximum difference in relative stabilities of pronation
sites below 1 kJ/mol. In agreement with the previous work of Göltl et al. [28] we conclude
that the effect on dispersion corrections on the stability of the BAS proton is rather small,
but eventually it changes the ordering of protonation sites. In total, the best agreement
with EXX/cRPA predictions is achieved for vdW-DF2 results with mean absolute error
(MAE) of 0.5 kJ/mol.

Figure 2.4: Relaxed structures of the water molecule adsorbed in a purely siliceous chabazite
using different functionals. Water interacts with the framework only via weak dispersion forces,
thus no preferred configuration exists.

2.4.2 Structure of Water-Zeolite Complexes

A water molecule in the siliceous form of chabazite can interact with the framework
only weakly via dispersion interactions that create a flat potential energy surface with
many degenerate configurations. Fig. 2.4 shows that each functional predicts a different
structure of the adsorbate. In purely siliceous chabazite the water is located in the
middle of the cage with the closest Si-O(H2) distances in the range between 3.31 to 3.71
Å, depending on the functional used. The exception is the relaxed structure optimized
using the revPBE functional that maximizes water-zeolite distances with a minimum Si-
O(H2) distance of 4.41 Å and thus predicts a more hydrophobic character of the zeolite
walls compared to the other functionals. The addition of vdW interactions at the -D level
contracts the minimum Si-O(H2) distance by up to 0.71 Å (revPBE-D3), with PBE-D2
making the framework the most hydrophilic with the minimum Si-O(H2) distance 3.32 Å.
The Si-O(H2) distances are summarized in Table 2.3.

In an acidic zeolite, water can be adsorbed either on the BAS proton or on the Al
atom (LAS). First, we examined the water adsorption on the BAS proton where a strong
hydrogen bond is formed between the acid site and water oxygen atom (H· · ·O(H2)).
The hydrogen bond is the shortest for O3 model followed by other protonation sites in
the order depending on the choice of DFT method (Table 2.4). The visual inspection
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Table 2.3: The closest Si-O(H2) distance between the water oxygen atom and the zeolite walls.
Different possible adsorptions were considered, namely: the water adsorption in a purely siliceous
chabazite or on the BAS proton and the LAS (the Al atom) in its H-form. The distances are
given in Å units.

Si+H2O BAS+H2O LAS+H2O

O1 O2 O3 O4 O1 O2 O3 O4

PBE 3.64 3.69 3.50 3.48 3.52 3.32 3.14 3.60 3.24

revPBE 4.41 3.70 3.55 3.56 3.59 3.37 3.98 3.63 3.60

PBE-D2 3.32 3.71 3.45 3.46 3.51 3.33 3.16 3.64 3.22

PBE-D3 3.49 3.68 3.48 3.46 3.53 3.32 3.15 3.78 3.22

revPBE-D3 3.69 3.68 3.56 3.56 3.60 3.37 3.69 3.68 4.03

vdW-DF 3.71 3.76 3.60 3.63 3.65 3.41 3.62 3.68 3.83

vdW-DF2 3.49 3.61 3.57 3.59 3.73 3.37 3.44 3.64 3.76

optB88-vdW 3.42 3.74 3.67 3.65 3.66 3.31 3.16 3.75 3.15

BEEF-vdW 3.67 3.71 3.49 3.50 3.55 3.30 3.48 3.65 3.24

Table 2.4: Relaxed geometries of the water molecule adsorbed on the BAS proton in the
H-form of chabazite for all four protonation sites (O1-O4). To characterize the geometries
two characteristic distances were used, namely: the H· · ·O(H2) hydrogen bond length and the
distance between the BAS proton and the protonation site (H-Of ). The distances are given in
Å units.

O1 O2 O3 O4

H· · ·O(H2) H-Of H· · ·O(H2) H-Of H· · ·O(H2) H-Of H· · ·O(H2) H-Of

PBE 1.46 1.06 1.46 1.07 1.32 1.13 1.45 1.07

revPBE 1.51 1.04 1.50 1.05 1.45 1.07 1.51 1.05

PBE-D2 1.46 1.06 1.45 1.08 1.27 1.16 1.45 1.07

PBE-D3 1.47 1.05 1.46 1.07 1.29 1.15 1.46 1.07

revPBE-D3 1.51 1.04 1.55 1.04 1.45 1.07 1.53 1.05

vdW-DF 1.50 1.04 1.50 1.06 1.38 1.10 1.49 1.06

vdW-DF2 1.59 1.02 1.66 1.01 1.57 1.03 1.61 1.03

optB88-vdW 1.54 1.02 1.62 1.02 1.55 1.03 1.67 1.01

BEEF-vdW 1.60 1.02 1.64 1.02 1.56 1.03 1.61 1.03

of the structures reveals that the revPBE functional predicts a very different structure
of the water-zeolite complex with O2 protonation site than other methods (Fig. 2.5).
The addition of dispersion schemes on both PBE-D or vdW-DF level leads to similar
structures as predicted by other functionals as shown in Fig. 2.5. We find the shortest
distances between the water and the BAS proton (H· · ·O(H2) = 1.32 - 1.46 Å) using the
PBE functional, which generally favors the formation of ion-pair complexes compared
to other functionals. The addition of PBE-D corrections induces further contraction of
the H· · ·O(H2) distance up to 0.05 Å depending on the protonation site, while when
combined with the revPBE functional the effect is opposite. In total, the introduction
of vdW corrections at any level does not induce a change in he H· · ·O(H2) bond length
greater than 0.17 Å. The shortest Si-O(H2) distances fall within the range 3.45 - 3.76 Å
and the addition of the vdW correction does not induce a change greater than 0.04 Å
(Table 2.3).
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Figure 2.5: The visual representation of relaxed water-zeolite complexes after the water adsorp-
tion on the BAS proton for all four protonation sites (O1-O4). All methods predict structurally
similar geometries except the revPBE functional for adsorption on O2 site.

Table 2.5: Relaxed geometries of the water molecule adsorbed on the LAS (the Al atom) in
the H-form of chabazite for all four protonation sites (O1-O4). Al-O(H2) and Al-O(H) distances
were used to characterize the structure of water-LAS complexes. The distances are given in Å.

O1 O2 O3 O4

Al-O(H2) Al-O(H) Al-O(H2) Al-O(H) Al-O(H2) Al-O(H) Al-O(H2) Al-O(H)

PBE 2.05 2.16 2.22 2.05 2.12 2.12 2.26 1.79

revPBE 2.09 2.19 3.95 1.91 2.15 2.17 3.73 1.72

PBE-D2 2.06 2.15 2.21 2.05 2.11 2.11 2.28 1.79

PBE-D3 2.05 2.16 2.23 2.05 2.10 2.11 2.28 1.79

RevPBE-D3 2.09 2.19 3.54 1.91 2.14 2.15 4.01 1.72

VdW-DF 2.12 2.20 3.42 1.91 2.18 2.17 3.74 1.72

VdW-DF2 2.11 2.18 3.14 1.92 2.17 2.15 3.74 1.72

opt88B-vdW 2.06 2.15 2.27 2.03 2.10 2.11 2.97 1.74

BEEF-vdW 2.07 2.18 3.03 1.92 2.17 2.14 2.56 1.76

The adsorption of water on the Al atom in the anti-position to the BAS proton (i.e. on
the LAS) can cause a partial dislodgment of the Al from the framework [91, 112]. Thus,
the adsorption complex can be characterized by Al-O(H2) and Al-O(H) distances that
are summarized in Table 2.5. Overall, the Al-O(H2) bond distance decreases depending
on the protonation site in the order O4 → O2 → O3 → O1 for all methods, except the
BEEF-vdW predictions that swap the order of O4 and O2 sites. At the same time, the
Al-O(H) bond is elongated in the same order for all DFT approaches, i.e. from the least
to the most elongated as O4 → O2 → O3 → O1. For the water-zeolite complexes with the
BAS proton on either O1 or O3 position, all methods predict a formation of a donative
covalent Al-O(H2) bond of 2.05 - 2.18 Å, while the Al-O(H) bond is elongated up to
2.11 - 2.20 Å. The addition of dispersion corrections at any level has only a negligible
effect on the structure of water-zeolite complexes for these two protonation sites. The
adsorption complexes are quite different when the Al atom is not well accessible to the
water, i.e. the water molecule is only weakly physisorbed on the LAS, as is the case for
the complexes with O2 and O4 acid site locations. Under these conditions repulsive short
range vdW interactions between water and the framework become important. For the O2
protonation site, only PBE, PBE-D and optB88-vdW functionals predict the formation
of a stable water-LAS complex with the Al-O(H2) distance between 2.21 - 2.27 Å, while
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Figure 2.6: The visual representation of relaxed water-zeolite complexes after the water
molecule adsorption on the LAS (the Al atom) for all four protonation sites (O1-O4). All
methods predict structurally similar geometries except the revPBE functional for adsorption on
the O4 protonation site.

for the O4 protonation site is the complex stable according PBE, PBE-D and BEEF-vdW
approach with the Al-O(H2) distance of 2.26 - 2.56 Å. The addition of pairwise dispersion
corrections (-D) has a negligible influence on the geometry if combined with the PBE
functional. Overall, PBE-based methods predict the shortest Al-O(H2) distances for all
protonation sites. The methods with revPBE exchange (revPBE, revPBE-D3 and vdW-
DF) consistently predict the longest Al-O(H2) distance for all four possible protonated
zeolite structures. For the adsorption on the O4 position and revPBE optimization, no
stable minimum could be found and this geometry has been excluded from the further
analysis (Fig. 2.6). The underbinding character of the revPBE functional on water has
been previously observed also by Gillan et al. in water and ice structures [128]. The
shortest Si-O(H2) distances predicted by all methods are in the range between 3.14 and
3.98 Å (Table 2.3), reflecting higher variability between the relaxed structures compared
to the water adsorption on the BAS proton. The cause of the variability is the weak water
adsorption on the LAS for O2 and O4 protonation sites.

In total, we find that all DFT approaches predict quantitatively similar results if both
the BAS proton or LAS are well accessible and a strong, either hydrogen or donative
covalent, bond is formed between water and zeolite structure. The PBE functional pre-
dicts the shortest binding distances that are unaffected by the addition of PBE-D type
dispersion corrections. RevPBE based approaches predict the longest binding distances
and are the most repulsive. Additionally, the revPBE optimization leads to structures
that can be very different from all other methods and strongly disfavors the adsorption
of water on the Al atom for certain locations of the BAS proton (O2 and O4) that are
not well accessible. The addition of vdW dispersion corrections affects the geometry of
water-zeolite revPBE complexes and leads to qualitatively different structures from when
they are omitted. The binding distances of relaxed structures predicted by BEEF-vdW
and optB88-vdW functionals lie between these two extremes, however, resemble more
PBE-based structures.
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Table 2.6: EXX/cRPA adsorption energies (in kJ/mol) for water adsorption on the BAS
proton and LAS (the Al atom) in H-chabazite with O1 protonation site. The input structures
were optimized using selected GGA functionals with and without dispersion corrections and
differences between optimized structures were quantified using RMSD that is given with respect
to the PBE-D3 geometry.

EAds RMSD [Å]

BAS+H2O LAS+H2O BAS+H2O LAS+H2O

PBE -71.98 -48.91 0.019 0.026

revPBE -73.13 -48.47 0.053 0.068

PBE-D2 -71.40 -48.64 0.026 0.028

PBE-D3 -72.06 -48.73 0.000 0.000

revPBE-D3 -73.42 -48.86 0.068 0.038

VdW-DF -73.88 -46.40 0.072 0.065

VdW-DF2 -74.00 -47.58 0.040 0.056

optB88-vdW -72.79 -48.55 0.025 0.043

BEEF-vdW -72.84 -49.87 0.147 0.062

Average -72.83 ± 0.88 -48.45 ± 0.97 0.050 ± 0.043 0.040 ± 0.021

2.4.3 Water Adsorption Energy: Post-Hartree Fock Approach

Although post-Hartree Fock methods such as EXX/cRPA or MP2 provide the most ac-
curate data, they can be applied only on the top of geometries optimized on the DFT
level due to their high computational cost. The effect of input structures optimized using
selected DFT methods on water adsorption energies was explored for the EXX/cRPA
method. We have considered only the adsorption of a water molecule on the BAS proton
and the Al atom in H-chabazite with O1 protonation site. Our data are summarized
in Table 2.6. The EXX/cRPA adsorption energies for the water adsorption on the BAS
proton oscillate around value of -72.83 ± 0.88 kJ/mol. The similar variability is found for
water adsorption on the LAS with computed adsorption energy of -48.45 ± 0.97 kJ/mol.
In Table 2.6 we show root-mean-square deviation (RMSD) of atomic positions that were
computed with respect to the PBE-D3 geometries. The average RMSD of atomic posi-
tions for water adsorbed on the BAS proton and LAS is 0.050 ± 0.043 Å and 0.040 ±
0.021, respectively. The smallest RMSD are observed between PBE, PBE-D2 adn PBE-
D3 geometries with RSMD between 0.019 - 0.028 Å. Overall, RMSD is always small (<
0.15 Å) proving our earlier hypothesis that vdW forces do not affect the geometries of
strongly bound water-zeolite complexes much. Contrary, this might not be true for weakly
adsorbed water in siliceous chabazite or sterically hindered adsorption on the active site.
Keeping in mind that the latter two situations hinder the stability of water-zeolite adsor-
bates, it can be safely assumed that the obtained results are rather independent from the
functional choice and we have further limited the computation of adsorption energies to
PBE-D3 structures only.

The adsorption energies from EXX/cRPA and MP2 calculations for both siliceous
and H-form of chabazite are collected in Table 2.7. We found that MP2 is overbinding
compared to EXX/cRPA at about 6.02 kJ/mol on average. The effect is stronger for
water adsorption on the BAS proton, for which MP2 predicts about ≈ 8 kJ/mol stronger
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Table 2.7: The DFT, MP2 and EXX/cRPA adsorption energies (in kJ/mol) of water adsorbed
on the siliceous form of chabazite, or on the BAS proton and LAS (the Al atom) of the H-form
computed for all four protonation sites (O1-O4).

Si+H2O BAS+H2O LAS+H2O

O1 O2 O3 O4 aver. O1 O2 O3 O4 aver.

PBE -11.04 -78.62 -56.21 -76.19 -74.15 -71.29 -44.53 -19.79 -35.52 -15.88 -28.93

revPBE -2.84 -56.35 -55.06 -49.15 -53.74 -53.85 -21.24 -7.92 -17.29 -49.39 -15.49

PBE-D2 -29.27 -99.61 -81.23 -99.35 -94.10 -93.57 -64.83 -45.54 -53.34 -35.40 -49.78

PBE-D3 -28.49 -97.45 -75.83 -94.40 -91.57 -89.81 -61.34 -38.80 -50.09 -33.00 -45.81

revPBE-D3 -16.27 -75.39 -53.54 -67.44 -70.68 -66.76 -37.97 -22.82 -31.23 -23.72 -28.94

vdW-DF -31.60 -82.47 -60.33 -70.35 -76.76 -72.48 -45.01 -37.05 -37.90 -35.74 -38.93

vdW-DF2 -29.57 -85.81 -59.99 -75.20 -79.10 -75.02 -46.55 -34.85 -37.67 -34.11 -38.30

optB88-vdW -35.66 -97.63 -75.30 -92.41 -91.14 -89.12 -63.72 -43.61 -53.34 -39.67 -50.08

BEEF-vdW -20.87 -75.98 -61.42 -66.20 -72.13 -68.94 -40.23 -37.39 -34.47 -17.70 -32.45

MP2 -22.26 -79.11 -57.80 -76.89 -74.69 -72.13 -53.27 -29.93 -42.53 -27.60 -38.33

EXX/cRPA -15.67 -72.10 -50.39 -66.88 -67.62 -64.25 -48.72 -25.56 -39.09 -23.87 -34.31

adsorption, while for water adsorption on the LAS the difference is only ≈ 4 kJ/mol.
Average EXX/cRPA adsorption energies are -15.67, -64.25 and -34.31 kJ/mol for the
adsorption in the siliceous chabazite and on the BAS proton and LAS in the H-chabazite,
respectively. The average MP2 adsorption energies are -22.26 (siliceous chabazite), -72.13
(BAS) and -38.33 kJ/mol (LAS). EXX/cRPA predicts that the adsorption of water on
the BAS proton is about 29.94 kJ/mol more exothermic than on the LAS, which is the
lowest energy difference out of all methods. The MP2 energy difference is 33.79 kJ/mol,
which is still less than any of DFT predictions. The results are summarized in Table 2.7
and in Table C.1.4 of Appendix where the original (non-CBS adsorption energies) are
tabulated.

Both methods predict as the most favorable the adsorption of water on both the BAS
proton and LAS in a zeolite with a protonation site on the O1 position. With MP2 the
water adsorption on the BAS proton on the O4 site is slightly less exothermic than on O3
site, which is opposite according to EXX/cRPA. Otherwise, we found an identical order
of adsorption strengths with respect to the protonation site by both methods.

2.4.4 Water Adsorption Energies: DFT Approach

Together with geometrical data of the adsorption complexes we have analyzed binding
strengths predicted at the different levels of DFT. The data are summarized in Fig. 2.7
and Table 2.7. First, the water adsorption in purely siliceous chabazite was studied. The
binding energy varies a lot, depending on the chosen DFT approach. At the revPBE level
there is almost no interaction between the zeolite and water (Eads = -2.84 kJ/mol) as
is reflected in the nearest Si-O(H2) distance too (Table 2.3). Moderate binding energy
is predicted by the PBE functional (Eads = -11.04 kJ/mol). After the addition of vdW
corrections the adsorption becomes more exothermic with Eads between -16.27 to -35.66
kJ/mol, depending on the method used. This is to be expected as the water in the
siliceous form of chabazite is located in the middle of the zeolite cage with the nearest
framework atoms at a distance ≈ 3.5 Å from the zeolite walls and GGA functionals do not
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Figure 2.7: The comparsion of DFT computed adsorption energies with EXX/cRPA results.
In total nine different functionals were considered. Each data set consists of nine different
structures, namely: a water adsorbed in siliceous form of the chabazite and a water adsorbed
on the BAS proton or LAS (the Al atom) in the H-chabazite with the protonation site on one
of O1-O4 positions (see Subsection 2.3.1).

take long-range (attractive) vdW interactions into account. Out of vdW-inclusive method
the optB88-vdW functional predicts a very strong adsorption with Eads of -35.66 kJ/mol,
while revPBE-D3 predicts the weakest binding (Eads = -16.27 kJ/mol). Interestingly, the
PBE-D and vdW-DF approaches predict a similar adsorption with binding energy of ≈
-30 kJ/mol.

The binding energy of water on the BAS proton varies between -49.15 up to -99.61
kJ/mol depending on both the protonation site and DFT method. All methods predict as
the most favorable the adsorption on O1 protonation which differs from our findings from
Subsection 2.4.2 where the shortest H· · ·O(H2) distance is observed for the O3 protonation
site. The least favorable is the adsorption on O2 site that is on average about ≈ 20 kJ/mol
weaker than on O1 site. In comparison to other methods, the revPBE functional predicts
a very different structure of the adsorption complex with the O2 protonation site and
thus the order of binding energies is different, namely O1 → O2 → O4 → O3 with O1
being the most favorable adsorption site. RevPBE is the most underbinding with Eads

between -49.15 and -56.35 kJ/mol for all four protonation sites. The dispersion corrected
methods make the adsorption always more exothermic with an average increment in the
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adsorption energy by -18.09 (revPBE-D3) up to -23.45 kJ/mol (vdW-DF). We note that
the adsorption energies of water on the O2 position using the revPBE functional have
been omitted from this analysis due to the significant structural differences between the
geometries. The average adsorption energies increase in order revPBE → revPBE-D3 →
BEEF-vdW → PBE → vdW-DF → vdW-DF2 → optB88-vdW → PBE-D3 and PBE-D2
with the latest one being the most binding. The average adsorption energies as well as
individual adsorption energies are summarized in Fig. 2.7 and Table 2.7.

The adsorption of water on the LAS is always less exothermic than the adsorption
on the BAS proton, with on average about 33.55 (vdW-DF) to 44.00 kJ/mol (PBE-D3),
depending on the functional. We find the weakest adsorption for revPBE functional
with Ēads = -15.49 kJ/mol, followed by PBE ≈ revPBE-D3 → BEEF-vdW → vdW-
DF ≈ vdW-DF2 → PBE-D3 → PBE-D2 and the optB88-vdW functional. The binding
strength increases with respect to the method choice in similar order as for adsorption
on the BAS proton with the only difference that the optB88-vdW functional predicts
stronger adsorption on the LAS than PBE-D methods. Surprisingly, the PBE functional
predicts one of the lowest binding energies (Ēads = -15.49 kJ/mol), while it predicts the
shortest Al-O(H2) distances. The addition of dispersion corrections shifts the binding
energies to more exothermic values by 15.19 kJ/mol (revPBE-D3) up to 24.50 kJ/mol
(vdW-DF). The change in the energy after the addition of dispersion corrections is the
same for the water adsorption in each of three possible situations, i.e. on the siliceous
form of the chabazite, on the BAS proton or LAS (the Al atom) of its H-form, for each
functional. This indicates that the main contribution of vdW interaction arise from the
non-specific interactions between water and zeolite walls rather than from the interaction
between water and the adsorption site.

2.5 Discussion

EXX/cRPA and MP2 are the only methods that are able to correctly describe long-range
interactions. Therefore, the performance of the various computationally efficient DFT
schemes has been judged by MAE, which represent the average absolute deviation from
the reference EXX/cRPA data. To obtain a full picture on the performance of each
method, we computed MAE for each of the different adsorption sites (siliceous chabazite,
the BAS proton and LAS in H-form of chabazite) separately as well. The DFT adsorp-
tion energies were obtained in two ways: after full geometry optimization using a given
DFT method (MAEGO) or were computed on the top of PBE-D3 geometries that were
used also for EXX/cRPA calculations ((MAESP E)), i.e. via single-point energy (SPE)
calculations. The comparison of data on both levels allows the recognition of structural
variations between functionals - the bigger the difference between SPE calculations and
geometry optimized results, the bigger the difference in the performance of functionals
with respect to reference PBE-D3 structures. The data are summarized in Fig. 2.8 - 2.10.
In what follows, we discuss the results with respect to EXX/cRPA energies, although,
the adsorption energies were evaluated with respect to MP2 method as well. We found,
that in this case the choice of reference is rather arbitrary and has a minimal effect on
conclusions. The comparison of the DFT data with MP2 method is given in Fig. 2.10.
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Figure 2.8: MAEs of water adsorption in siliceous chabazite computed at different levels of
theory with respect to EXX/cRPA calculations. The light green columns correspond to SPE
calculations on top of PBE-D3 geometries (MAESP E), while dark green columns correspond to
MAE obtained after full geometry optimization with a given method (MAEGO).

Figure 2.9: MAEs of water adsorption on the BAS proton (left, violet) and LAS (right, blue)
in the H-form of chabazite computed at different levels of theory with respect to EXX/cRPA
calculations. MAEs have been obtained as an average over four possible protonation sites (O1-
O4). The light colored columns correspond to SPE calculations on top of PBE-D3 geometries
(MAESP E), while dark colored columns correspond to MAE obtained after full geometry opti-
mization with a given method (MAEGO).

For the adsorption of water in siliceous chabazite we found only small differences be-
tween SPE and geometry optimized adsorption energies supporting our earlier conclusion
that the potential energy landscape in siliceous form of chabazite is very shallow and mul-
tiple energetically close minima exist. Surprisingly, the major deviation is observed only
for the revPBE functional that provides very different structures than other DFT methods
as discussed in Subsection 2.4.2. The interaction between water and zeolite framework
is driven by vdW-forces only and the best qualitative agreement with EXX/cRPA is
achieved by a combination of the revPBE functional with the D3 scheme with a devi-
ation ≈ 1 kJ/mol, followed by PBE that underbinds and BEEF-vdW that overbinds
water adsorption about ≈ 5 kJ/mol. The biggest discrepancy is found for revPBE and



Density Functional Theory of Water-Zeolite Interactions:

On the Accuracy of Functionals 35

optB88-vdW functional with MAE up to 20 kJ/mol. In this particular case revPBE is
very underbinding and optB88-vdW very overbinding compared to EXX/cRPA.

The performance of DFT methods to describe a strong water adsorption on the BAS
proton and thus formation of the short hydrogen bond between the BAS proton and
water oxygen is rather similar to the results for siliceous chabazite. The best match
with EXX/cRPA results is achieved with revPBE-D3 functional (MAESP E= 1.87 kJ/mol)
followed by overbinding BEEF-vdW with MAESP E of 5.09 kJ/mol. Contrary to the
adsorption in siliceous chabazite, PBE overestimates the adsorption energies about 7.14
kJ/mol (MAESP E). This can be due to overestimation of an electrostatic attraction in
weakly H-bonded complexes that has been previously reported for the PBE functional
[85, 129]. The addition of attractive Grimme dispersion corrections produces results that
further enhance the overbinding character of the PBE functional. With a MAE of ≈
30 kJ/mol have the PBE-D approaches the worst performance. Very low differences
between MAESP E and MAEGO for PBE, PBE-D2 and PBE-D3 methods indicate that
the addition of vdW correction has a little effect on the geometries and affects only
the absolute energies. A moderate agreement is achieved between EXX/cRPA results
and non-local vdW-DF(2) methods that overestimate the adsorption by ≈ 10 kJ/mol,
while the optB88-vdW approach is too overbinding with MAESP E of 24.73 kJ/mol. This
demonstrates a great sensitivity of the non-local vdW approach with respect to the choice
of GGA exchange functional that has been previously reported [107]. The comparison of
MAE for water adsorption on the BAS proton and LAS suggests that most of the DFT
methods describe the two phenomena with the inconsistent accuracy. The functional that
reproduces well the water adsorption on the BAS proton, does not necessarily provide good
results for the adsorption on LAS, where a formation of a covalent bond between the Al
atom and water oxygen is dominant over vdW interactions. The results show that the
vdW-DF2 approach has the best performance with MAESP E of 3.27 kJ/mol, followed by
vdW-DF and PBE with MAESP E ≈ 5 kJ/mol as shown in Fig. 2.9. Acceptable results can
be achieved using revPBE-D3 functional, however, a discrepancy between MAESP E (11.83
kJ/mol) and MAEGO (5.37 kJ/mol) indicates that the revPBE-D3 structures are rather
different from PBE-D3 and vdW-DF structures. Similarly to the adsorption on the BAS
proton, PBE-D2, PBE-D3 and optB88-vdW functionals have rather poor performance
with MAESP E between 11.50 - 15.19 kJ/mol. RevPBE gives the worst description of the
covalent Al-O bond with MAESP E of 28.59 kJ/mol. The striking difference between the
performance of revPBE and PBE functionals is not surprising, the revPBE functional
has been derived to improve the atomization energies and not necessarily chemisorption
energetics [119].

Overall, the PBE functional without any dispersion corrections shows a very stable
performance with deviation of ≈ 6 kJ/mol from the EXX/cRPA results for any type
of adsorption. The introduction of dispersion correction has only a very little effect on
the geometries of water-zeolite complexes, which indicates that PBE captures well both
the energetics and structure. This conclusion is further supported by results of Fischer
who benchmarked various DFT functionals against experimental crystal structures of
six zeolite framework and observed that the PBE functional has the best performance
compared to other pure and dispersion-corrected functionals [110]. The combination of
PBE functional with Grimme-type dispersion corrections provides results that strongly
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Figure 2.10: Comparison of the performance of various DFT methods to reproduce the
EXX/cRPA (left) adsorption energies of water in siliceous and H-form of chabazite. The quality
of each method has been evaluated in terms of MAE [kJ/mol]. For comparison also the data
with respect to MP2 results as a reference were plotted (right).

overbind the water adsorption at any site with an average deviation > 15 kJ/mol as shown
in Fig. 2.10. This demonstrates that the addition of dispersion schemes that approximates
vdW-interactions is not necessary beneficial. Contrary, the revPBE functional predicts
water adsorption energies that are too endothermic to be reasonable for a water adsorption
in zeolites and that greatly deviates from EXX/cRPA results with MAEtot

SP E (MAEtot
GO)

of 17.48 and 16.46 kJ/mol, respectively. The revPBE geometries differs the most from
all other geometries including revPBE-based vdW-inclusive methods. The addition of
dispersion interactions at any level improves its performance and out of all DFT methods,
revPBE-D3 functional shows the best performance in terms of average deviation from the
EXX/cRPA results with MAEtot

SP E and MAEtot
GO of 6.21 and 3.57 kJ/mol, respectively.

The performance of non-local vdW schemes varies a lot, which we attribute to the choice
of GGA exchange functional rather than to the differences in a correlation energy. VdW-
DF(2) schemes and highly parametrized BEEF-vdW functional predict the adsorption
energies with MAEtot

SP E between ≈ 5 - 9 kJ/mol, while optB88-vdW approach strongly
overestimates adsorption energies about more than 20 kJ/mol.

2.6 Conclusions

The adsorption of water in the purely siliceous and H-form of chabazite has been investi-
gated using nine DFT functionals with and without dispersion corrections. We found that
all methods predict structurally similar results if the water is strongly bound to a well
accessible BAS proton or LAS. However, the performance of functionals diverges for weak
adsorption in siliceous zeolite or on a sterically hindered active site. The PBE functional
predicts the shortest binding distances that are unaffected by the addition of Grimme
type dispersion corrections. The revPBE functional is the most repulsive and predicts
the weakest adsorption. The performance of the functionals has been benchmarked against
accurate EXX/cRPA and MP2 adsorption energies. We find that MP2 overestimates the
adsorption energies at about 6 kJ/mol compared to EXX/cRPA. The computationally
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less demanding revPBE-D3 approach provides quantitatively similar results with a devi-
ation within 6 kJ/mol and describes especially well a weak water adsorption in siliceous
chabazite. The PBE functional without any dispersion correction predicts similar adsorp-
tion energies, however, compared to the revPBE-D3 approach, its performance is more
consistent with respect to different adsorption sites (the BAS proton, LAS (the Al atom)
or a zeolite wall of siliceous chabazite). Our results clearly demonstrate that the addition
of dispersion corrections does not necessarily improve the performance of DFT functionals
and should not be used without prior testing.





Chapter 3

Water Adsorption in Zeolite HZSM-5 as the
First Step Towards Catalyst Degradation

Abstract

The structure and bonding of one or two water molecules in zeolite ZSM-5 models with
different active site location have been investigated using density functional theory cal-
culations with the PBE and PBE-D2 functional. Compared to PBE results, PBE-D2 is
strongly overbinding, although no qualitative differences in the structure of adsorption
modes were observed. These findings are in line with results from Chapter 2, and fur-
ther confirm the reliability of the PBE functional to describe water-zeolite interactions.
A single water molecule can interact with the active site either by its coordination to
the Brønsted acid site proton or to the Al atom, with the first one always more stable.
Once multiple water molecules are present in the system, the formation of a protonated
water cluster is energetically the most favourable structure. Another three different water-
zeolite adsorption complexes (so-called adsorption modes) were identified that can serve
as starting points for the dealumination reaction. We show that the stability of adsorption
modes is at least partially determined by the active site location and its accessibility. In
a subsequent analysis, a linear relationship between the water-framework distance (quan-
tified as a coordination number) and the adsorption energy was established. The highest
coordination number and the weakest adsorption are found for the Al site located in the
straight channel (T11 site), which is known to be more hydrothermally stable than ac-
tive sites in the sinusoidal channel (T10 site) and in the channel intersection (T3 site).
The observed differences in binding energies of water at the different active site locations
suggest that the accessibility of the Al site is one of the factors that determines regioselec-
tivity of the dealumination reaction. The simultaneous coordination of at least two water
molecules can induce a spontaneous Al-O(H) bond-breaking and immediately initiate a
partial Al dislodgment from the framework. As a result, a new and very stable reaction
product is formed with the Al atom bound to three unprotonated oxygen atoms and a
water molecule. Based on this we suggest a new dealumination mechanism where a spon-
taneous Al-O(H) bond-breaking is followed by the adsorption and subsequent dissociation
of another three water molecules.
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3.1 Introduction

Every chemical reaction with a solid material starts with the reactant adsorption. The
first step towards a realistic modelling of zeolite dealumination requires knowledge about
possible reaction intermediates from which the reaction itself can be initiated. Until
now the structure of water-zeolite complexes in the context of the dealumination has
been explored in a greater detail only by Silaghi et al. who studied the adsorption of
a single water molecule on the active site [127]. The authors found that water can be
adsorbed either on the Brønsted acid site (BAS) proton or on the Al atom (Lewis acid site,
LAS), with only the latter leading towards dealumination [91]. Nonetheless, the water
adsorption on the BAS proton is always preferred [127]. In Chapter 2 we have explored
the formation of these two adsorption modes in the zeolite SSZ-13 and observed the same
trends. The amount of water molecules that are trapped inside the zeolite varies with
respect to system conditions such as temperature or external pressure, but also with Si/Al
ratio, defect concentration or the framework type [78]. Therefore, a single water molecule
model is unrealistic under a large window of conditions and each Al site is occupied by
multiple water molecules as has been reported in several experimental studies [130, 131].
The inclusion of additional water molecules into the model increases the complexity of
interactions. In liquid state, water forms large hydrogen bonded networks, especially
in the presence of ions [132, 133]. Within the zeolite pores, a formation of protonated
water clusters has been observed [84], although their stability compared to the water
adsorption on LAS has not yet been studied. It has been shown both theoretically and
experimentally that adsorbed water molecules are heterogeneously distributed among Al
sites [85, 130], especially at water loadings as low as two water molecules per Al site [83].
The structure-reactivity relationship between the Al and BAS proton location and catalyst
activity has been well established for many zeolite-catalysed reactions such as alkane
activation [134, 135] or MTH reaction [136]. It is believed that a reactant confinement
by the zeolite framework is the cause of this regioselective behavior [137]. However,
the relationship between the catalyst structure and reactivity of small molecules such as
water is unknown. Nevertheless, based on the work by Karwacki et al., who observed
non-uniform distribution of the mesopores upon the zeolite steaming [88] we do expect a
structure-activity effect despite the reduced effect of confinement. The results of Karwacki
et al. were recently confirmed by Holzinger et al. [89].

In this chapter we focus on the density functional theory (DFT) study of water-zeolite
complexes in the zeolite HZSM-5 to elucidate factors that determine the binding strength
of water as a function of Al site location and link these to zeolite dealumination. First,
in Subsection 3.3.1 the structure and stability of various Al and BAS proton locations
in zeolite HZSM-5 are discussed. In Subsection 3.3.2 we study the adsorption of a single
water molecule to the zeolite framework and in Subsection 3.3.3 we increase the complexity
of the model by adding a second water molecule into the system. At the same time, we
explore the influence of weak interactions on the structure and binding strength of water-
zeolite complexes using the dispersion-corrected PBE-D2 functional. In Subsection 3.3.4
we show that water confinement at the active site is one of the main factors determining
water binding strength and it can be predicted from the coordination number of water
molecules in the metastable adsorption modes. Finally, in Subsection 3.3.5 the effect of
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adsorption mode stability on dealumination is discussed. Based on our results we suggest
a second possible dealumination mechanism in addition to the one previously proposed
in the literature [91].

3.2 Methods

3.2.1 Zeolite Model

As a model system, the zeolite HZSM-5 structure (Fig. 3.1) with the primitive orthorhom-
bic unit cell with 12 distinguishable framework T-sites (where T is either Si or an Al atom)
was chosen. Three different periodic zeolite models were considered: a single Si atom at
the intersection of the sinusoidal and the straight channel (T3, Fig. 3.1), in the sinusoidal
channel (T10, Fig. 3.1), or in the straight channel (T11, Fig. 3.1) was replaced by an Al
atom [32]. These sites were chosen to be consistent with those used by Silaghi et al. [91].
The substitution of Si by Al introduces an excess of the negative charge, which we com-
pensate with an added proton. There are four oxygen atoms bonded to the asymmetric
Al atom, and each of these can serve as a proton acceptor. Water adsorption energies
were computed for all 12 combinations of protonation site and Al position. We label 12
different molecular models (Fig. 3.1) TnOm, with n ∈ 3, 10, 11, and m ∈ 1-4, e.g. T3O4.

3.2.2 Computational Details

All simulations were performed using the CP2K software [122]. The Gaussian and plane
waves method [121] was employed with TZVP basis set, Goedecker-Teter-Hutter (GTH)
pseudopotentials [123, 138] and the PBE functional [118]. The choice of functional is
based on the results from Chapter 2, where we show that the PBE adsorption energies
are very close to those obtained from more accurate methods, namely EXX/cRPA and
MP2. To further explore the effect of dispersion corrections, all adsorption energies and
structures were recomputed using the PBE-D2 functional [118].

As the first step in the creation of the model system the unit cell size of the pure Si
structure (silicalite) was optimized. The initial stage of the optimization involved ab-initio
molecular dynamics simulations (AIMD) in the isothermal-isobaric ensemble (NPT). The
time step for the integration of the equations of motion was 2 fs and the system was
equilibrated for 3 ps at temperature 400 K and 1 bar. Subsequently, a simulation of 10
ps in canonical ensemble (NVT) was performed, using the equilibrated cell parameters
(20.360 x 20.156 x 13.586 Å). The structures of five distinct "snapshots" with the lowest
potential energy were collected from the NVT simulation and optimized. From the result-
ing five geometries, the one with the lowest energy was used as the initial structure for all
subsequent calculations. Due to very low Al concentration (Si/Al = 95) we assume, that
the introduction of Al induces only a negligible change in the unit cell parameters. There-
fore, after the Al substitution, the unit cell parameters of the relaxed structure were kept
fixed to their original values. The adsorption energy Eads for each Al and BAS proton
positions (TnOm label) is reported with respect to the energy of the water-free zeolite
with the most stable BAS proton position for a given Al site (T3O2, T10O1 and T11O4),
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Figure 3.1: Framework structure of zeolite HZSM-5 possesses the MFI topology. The or-
thorhombic unit contains 12 geometrically distinguished positions (T-sites) that can be occupied
by an Al atom, which provides in total 48 different possibilities for the position of Brønsted acid
site (BAS) proton. In our model was the Al atom (visualized by a pink ball) placed in the
sinusoidal channel (T10), in the straight channel (T11) or at their intersection (T3).

with a correction for water adsorption from a physisorbed state as proposed by Nielsen
et al. [139] which shifts the adsorption enthalpy of a single water molecule in HZSM-5
about -42 kJ/mol [140]. The geometries were considered as stable when their Eads < 100
kJ/mol, otherwise, they were excluded from the further analysis and the corresponding
values are reported only in Table C.2.1 of Appendix. To characterize confinement of water
coordinated at the BAS we define a coordination number CN between framework atoms
and an adsorped water molecule:

CN =
∑

CAB

CAB (3.1)

where CAB is the coordination between two groups A and B given as:

CAB =
NA
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1
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1 − ( rij

dAB
)12

]

(3.2)

where NA and NB are the numbers of atoms of species A and B (A,B ∈ Al, Si,
Of , Ow, H), rij is the distance between the pairs of atoms i and j and dAB is a scale
parameter, chosen to reproduce the weak bonding between the given pair of atoms [141].
The following values were used: dOH = 1.2 Å, dOSi = 1.7 Å, dOAl = 2.2 Å and dOO = 2.3
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Å, dSiH = 2.2 Å and dAlH = 2.3 Å. We note that the same reference distance dOH and
the definition of CN was used by Nielsen et al. in their study on modeling dealumination
using metadynamics simulations [142] and the coordination number of water molecule is
defined as a coordination number between the oxygen atom of the water molecule and all
other atoms.

3.3 Results and Discussion

In what follows, the structure of protonated zeolite ZSM-5 and the preferred location of
adsorbed water molecules in the vicinity to the active site is discussed. The effect of the
site-specificity is explored by considering three different Al locations. We first explore
the stability of different Al and BAS proton locations and then the adsorption of one
and two water molecules to the zeolite framework is evaluated. Then, we determine the
main factors that affect the binding strength of water to the active site and we conclude
with general discussion on the structure of adsorption modes in the context of zeolite
dealumination.

3.3.1 Structure and Stability of Zeolite ZSM-5

The zeolite ZSM-5 has a complicated 3D topology with two types of channels (straight and
sinusoidal) and 12 crystallographically distinct T-site locations that can be occupied either
by silicon or aluminium atom. Three different Al positions in the framework (T3, T10 and
T11) with all possible combinations of BAS proton positions (O1-O4) were considered.
Both the most stable and the least stable BAS proton locations are found when the
Al atom occupies T3 position (inters.) with the relative energy difference 28.22 kJ/mol
(T3O2 vs. T3O4 site). The stability of the BAS proton on T3O2 can be rationalized by
the presence of a very strong hydrogen bond of 1.65 Å with the neighboring framework
oxygen located in 5MR. The smallest energy variation between BAS proton positions is
found for T11 site with the maximum energy difference of 10.32 kJ/mol. The results are
compiled in Fig. 3.2. The addition of dispersion corrections affects the relative stability
of TnOm sites about 5 kJ/mol per site as well as the interval of relative stabilities (28.22
kJ/mol vs. 23.05 kJ/mol). For each T-site, both methods predict the same BAS proton
position as the most stable, i.e. T3O2, T10O1 and T11O1 together with T11O4. The
results are in a good agreement with conclusions drawn in Chapter 2 that the inclusion of
vdW-approximations into the model has only minor influence on the Al and BAS proton
sitting.

Previously, it has been shown that the stability of TnOm sites cannot be correlated to
Al-O(H) and O-H distances, neither to Si-O(H)-Al angles [91]. However, the correlation
between the Brønsted O-H distance and a proton confinement has been found by Jones
and Iglesia [143]. Inspired by this work we tested the relative stability of TnOm sites with
respect to total CN as well with respect only to framework oxygen atoms (CNBAS−O). Our
results (Fig. 3.3) show that there is no relation between these quantities and support the
previous findings that no simple structural descriptor exists that can accurately predict
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Figure 3.2: The relative stabilities of 12 different TnOm sites (shown in Fig. 3.1) computed
using PBE and PBE-D2 functional.

Figure 3.3: Relative stability of TnOm sites as a function of BAS proton confinement from
the zeolite framework (left) and from the framework oxygen atoms (right). No correlation has
been found.

the stabilities of TnOm sites which are determined by multiple factors such as the presence
of intrazeolite hydrogen bonds and a local strain.

3.3.2 Adsorption of a Single Water Molecule

In agreement with the observations of Silaghi et al. [91], the adsorption of one water
molecule in a protonated zeolite ZSM-5 (HZSM-5) is a competition between a coordination
to the BAS proton (A, Fig. 3.4), and a coordination to the Al atom in the anti-position
to the BAS proton (B, Fig. 3.4). Mode B plays a role in the dealumination mechanism
proposed by Silaghi et al. (Fig. 1.6) [91]. A third coordination mode with the water
molecule to the Al atom in the syn-position to the BAS proton (C, Fig. 3.4) is not
energetically stable for most of the TnOm models and will not be discussed in more detail.
Complexes A and B are both stabilized by one or two additional hydrogen bonds between
the water molecule and the zeolite framework. In general, mode A is thermodynamically
preferred over B with adsorption energies -24 ± 9 kJ/mol and 3 ± 21 kJ/mol, respectively
as can be seen from Fig. 3.5. After coordination to the Al atom (B and C), the water
molecule acts as a Lewis base by donating a free electron pair to the Al atom, establishing
a fifth Al-O bond. The newly formed bond is of the same length (2.05 ± 0.03 Å) as
the Al-O(H) bond and leads to an elongation of that bond up to 2.06 ± 0.09 Å. The
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Figure 3.4: The first water molecule can coordinate either to the BAS proton (A) or to the Al
atom in the anti-position to the BAS proton (B), which results in the Al-O(H) bond elongation.
Also, the adsorption on the Al atom in syn-position is possible (C), but in general not favored.

destabilization of the Al-O(H) bond explains the weaker adsorption on the Al atom in
mode B. The results agree closely with those obtained by Silaghi et al. [91] and with
experimentally measured adsorption energies [144], provided that the adsorption energies
for each of the 12 TnOm models are expressed with respect to the energy of the equivalent
empty framework (the same m-value instead of the most stable one), and a physisorbed
water [139] is used as a reference structure. The adsorption energies of both modes for each
of TnOm sites are shown in Fig. 3.5 where they are also compared to PBE-D2 adsorption
energies. Our results show that the functionals differ mainly in the water adsorption in
mode B, for which PBE-D2 predicts different order of adsorption energies with respect to
BAS proton position for each of Al sites. However, both methods predict the same trend
that the adsorption of water in mode B is energetically less favorable than the adsorption
in mode A. Overall, PBE-D2 is strongly overbinding and predicted adsorption energies
are about ≈ 18 and ≈ 33 kJ/mol more exothermic compared to PBE results for the
adsorption in mode A and B, respectively (Table 3.1). Tabulated adsorption energies can
be found in Tables C.2.1 and C.2.2 of Appendix.

Table 3.1: Adsorption energies and average Al-O(H) bond lengths of the stable adsorption
modes for the adsorption of one and two water molecules to zeolite HZSM-5 active site. The
structural results are given for the PBE functional only.

Ads. mode Eads [kJ/mol] Al-O(H) Å

PBE PBE-D2

A -24 ± 9 -42 ± 10 1.89 ± 0.02

B 3 ± 21 -30 ± 19 2.06 ± 0.09

A’ -10 ± 30 -68 ± 31 2.03 ± 0.06

B’ -33 ± 25 -73 ± 22 2.47 ± 0.39

C’ 21 ± 26 -25 ± 22 1.93 ± 0.03

D’ -73 ± 4 -102 ± 4 -



46 Chapter 3

Figure 3.5: Adsorption energies of two relevant adsorption modes for various TnOm sites
according a single water molecule model. Water can be either adsorbed on the BAS proton
(A, a blue circle) or on the Al atom in the anti-position to the BAS proton (B, a green circle)
as shown in Fig. 3.1. To investigate the influence of dispersion corrections on the adsorption
energies, the adsorption energies were recalculated using both PBE and PBE-D2 functional.
The functionals differ mainly in predictions for mode B, however, the same trends are observed,
namely that the adsorption of water in mode B is energetically less favorable than the adsorption
in mode A.

3.3.3 Adsorption of Two Water Molecules

The adsorption of two water molecules is more complex. We distinguish four important
stable configurations that can be divided into two groups, based on their activity. Three
of the stable configurations (A’, B’, C’, Fig. 3.6) are active adsorption intermediates
that can serve as starting geometries for the dealumination pathway as will be further
discussed in Chapter 4. In contrast, the most stable configuration, an asymmetric Zundel
ion H5O+

2 (D’, Fig. 3.6), does not act as a direct precursor for the initial Al-O(H) bond
breaking reaction, and is considered as a non-active adsorption mode in the context of
zeolite dealumination. The adsorption energies of all stable structures computed using
both PBE and PBE-D2 functionals are shown in Fig. 3.7 and are tabulated in Table
C.2.3 and C.2.4 of Appendix.

Active adsorption intermediate A’ coordinates H2O(1) to the Al atom in the anti-
position to the BAS proton and H2O(2) to the BAS proton (A’, Fig. 3.6). The adsorption
energy of stable geometries varies between -10 ± 30 kJ/mol. Interestingly, the adsorption
energies are smaller than the sum of adsorption energies for single water modes A and B
(except for the adsorption on T3O2), therefore, there must be a destabilizing competition
between the adsorption of water on the BAS proton (A) and on the Al atom (B). Indeed,
the coordination of H2O(1) on the Al atom results in a weakening of the hydrogen bond
between the BAS proton and H2O(2), which is on average elongated by 0.1 Å compared
to mode A. The Al-O(H) bond is 0.1 Å less elongated when compared with equivalent
structures in mode B. The competition between water molecules to bind to the active site
indicates that sufficient amounts of water needs to be present in the system before the
mode A’ is formed. It is, therefore, reasonable to expect that different amounts of water
will be adsorbed on the active site at varying pressures and temperatures. Because the
adsorption modes act as starting geometries of the Al-O(H) bond-breaking, this suggests
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Figure 3.6: The visualization of four different adsorption modes via which the initial interaction
of two water molecules with the zeolite occurs: two water molecules coordinate simultaneously
to the BAS proton and to the Al atom in the anti-position to the BAS proton (A’); to the Al
atom in the anti-position to the BAS proton with only one water molecule coordinated on the
Al atom (B’); to the Al atom in the syn-position to the BAS proton and the BAS proton (C’);
to the BAS proton to form an asymmetric Zundel ion, which is the most stable configuration.
The stability of each of the adsorption modes was tested for all positions of the BAS proton
around T3, T10 and T11 site.

that reaction conditions impact the dealumination mechanism, which is further discussed
in the next chapter.

The most stable of all active adsorption modes is B’, which coordinates both water
molecules to the Al atom in the anti-position to the BAS proton, while only H2O(1)

is directly coordinated (B’, Fig. 3.6). The H2O(2) molecule does not have any direct
interaction with the Al atom, but it is stabilized by a strong hydrogen bond with H2O(1)

(1.61 ± 0.05 Å). The Al-O(H) bond in B’ is always elongated but falls into two separated
ranges; a significant Al-O(H) bond elongation (2.06-2.45 Å), and a broken Al-O(H) bond
(2.77-3.12 Å). The adsorption energies of the most stable structures are -33 ± 25 kJ/mol
with average Al-O(H) bond length of 2.47 ± 0.39 Å. Compared to the corresponding single
water mode B, H2O(2) in B’ induces not only further elongation of the Al-O(H) bond, but
shortening of the Al-O(1)H2 distance by up to 0.15 Å (T10O4 and T3O4) as well. This
can be explained by increased electron donation from the combined water molecules to
the Al atom, further promoting the breaking of the Al-O(H) bond.

Very similar to adsorption mode B’ is adsorption mode C’, which coordinates H2O(1)

to the Al atom in the syn-position (non-anti) to the BAS proton and H2O(2) to the
BAS proton (C’, Fig. 3.6), with average adsorption energies of 21 ± 26 kJ/mol. It is
worth noting that, in contrast to mode B’, the stability of mode C’ strongly depends on
the framework model (TnOm). For some combinations (e.g. T11O1 or T11O4), steric
constraints preclude formation of a stable structure. When the anti-position to the BAS
proton is not accessible, C’ represents a stable alternative to B’ and vice-versa. With
only one water molecule present, an adsorption on the Al atom in the syn-position (C)
is generally not stable. H2O(2) adsorbed on the BAS proton makes the adsorption in
syn-position possible. The distinctive feature of mode C’ is that there is no significant
elongation of the Al-O(H) bond as shown in Table 3.1.
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Figure 3.7: The adsorption energies of two water molecules for various TnOm sites computed
using PBE and PBE-D2 functional. Four adsorption modes are possible: the adsorption of
two water molecules on the BAS proton and on the Al atom in the anti-position to the BAS
proton (A’, a blue circle); on the Al atom in the anti-position to the BAS proton with only
one water molecule coordinated on the Al atom (B’, a green diamond); on the Al atom in the
syn-position to the BAS proton and on the BAS proton (C’, a red triangle); and a formation of
Zundel ion (D’, an yellow square). The stability of each of the adsorption modes was tested for
all positions of the BAS proton around T3, T10 and T11 site. To visually capture differences
in accessibility between Al sites, colored rectangles centered on the median Eads with the area
indicating standard deviation are shown.

The asymmetric Zundel ion (D’) is the most stable of all modes explored, with adsorp-
tion energies -73 ± 4 kJ/mol. The formation of such Zundel ions has been demonstrated
in other works, computationally [85] as well as experimentally, especially using FTIR spec-
troscopy [82]. Recent calorimetric measurements predict that the adsorption of two water
molecules and subsequent formation of a protonated cluster is very exothermic process
with estimated adsorption energy of -150 kJ/mol [144], which is in an excellent agreement
with our results, provided that the adosprtion energies are expressed with respect to the
gas phase state of water. The H3O+-H2O complex is bound to the zeolite framework with
two to four hydrogen bonds with one internal H2O(1)-H bond of 1.04 ± 0.01 Å and another
one of H2O(2)-H of 1.53 ± 0.04 Å. This is different from the findings of Jungsuttiwong
et al. [86], who identified an asymmetric Zundel ion as the stable equilibrium structure
of a water dimer in HZSM-5. However, similar results were found by Vener et al. who
observed the same structure of water clusters adsorbed in zeolite chabazite [85]. While
mode D’ is the lowest energy structure, we find that dealumination cannot be initialized
from this state directly as will be discussed in Chapter 4.

Preliminary conclusions can now be drawn regarding the hydrothermal stability of
Al sites. The active adsorption modes at T3 and T10 sites are distributed around a
median adsorption energy of -14 ± 34 kJ/mol and -13 ± 22 kJ/mol, respectively. The
stable adsorbed species at T11 site have a median adsorption energy of 11 ± 29 kJ/mol.
The subtle difference can be explained by differences in the local framework structure,
which result in more steric hindrance at T11 site. If the reaction intermediates are indeed
precursors for dealumination, then the lower stability suggests superior hydrothermal
resistance of Al located in the straight channel when the adsorption of two water molecules
is preferred. These findings are in line with experimental observation of Karwacki et al.
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Figure 3.8: The adsorption energy of water adsorbed on the BAS proton (mode A) as a
function of hydrogen bond length between the BAS proton and the water oxygen atom.

Figure 3.9: The adsorption energy of water adsorbed on the Al atom (mode B) as a function
of the Al-O(H) distance (left) and Al-Ow distance (right).

[88] and Holzinger et al. [89], who independently assigned the highest hydrothermal
stability to Al atoms located in the straight channel.

Finally, the structures of water-zeolite complexes were re-optimized using the PBE-
D2 functional. In agreement with a single water molecule model we find that when the
dispersion correction is included, the adsorption enthalpies of two water molecules are
more negative up to 58 kJ/mol as observed for adsorption mode A’. In Chapter 2 we have
shown that the PBE-D2 functional largely overestimates the adsorption energies of a single
water molecule about ≈ 20 kJ/mol with respect to high-level EXX/cRPA calculations. It
seems that for two water molecule model, the accumulation of errors occurs. All PBE-D2
adsorption energies are very exothermic with average adsorption energy between -109 and
-25 kJ/mol in dependence on the adsorption modes. Both functionals predict the same
trends, namely that the formation of Zundel ion (D’) is the most stable configuration as
well as they preserve the differences in adsorption energies between different Al sites as
can be seen from Fig 3.7. The visual inspection of the structures shows that the structure
of the water-zeolite complexes is not affected.

3.3.4 Factors that Determine the Water Stability

With the aim to elucidate the main factors that determine the stability of water-zeolite
complexes we subjected the optimized geometries to extensive analysis. First, we have
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Figure 3.10: The Al-O(H) distance as a function Al-O(H2) distance for water adsorbed on the
Al atom (mode B) of zeolite HZSM-5. The graph shows that there is no relation between these
two quantities.

analyzed the adsorption of a single water molecule on the active site. The characteristic
feature of the water adsorption on the BAS proton (A, Fig. 3.4) is the formation of a
strong hydrogen bond between the BAS proton and water oxygen atom. However, as can
be seen from our results in Fig. 3.8 no correlation between the hydrogen bond length
and the adsorption energy exists. Similar results are found for the water adsorption on
the Al atom (B, Fig. 3.4). The distinctive feature of mode B is the elongation of the
Al-O(H) bond and formation of a new bond between water and the Al atom. As shown
in Fig. 3.9 there is no correlation between these two bond lengths and the adsorption
energy. Fig. 3.10 shows that the elongation of Al-O(H) bond is independent of the Al-
Ow distance as well. It appears that the formation of a donative covalent bond between
water and the active site and its strength are not the determining factors of the stability
of the water in a zeolite. In the next step, we examine the adsorption energy of water
molecules as a function of the confinement expressed in terms of CN. We identify a linear
correlation between these two quantities for both one and two water molecules model,
which suggests that the cause for regioselective adsorption of small adsorbates (such as
water) are differences in weak interactions between the adsorbate and zeolite framework.
To further verify applicability of this relationship we computed CN for the structures
from Chapter 2 for water adsorption in zeolite SSZ-13 and expressed the adsorption
energies with respect to the physisorbed reference in the same manner as discussed in
Section 3.2.2 for HZSM-5 model. The data (shown in Fig 3.10) follow the same trend
as we identified for water adsorption energies in HZSM-5. Thus, the proposed structure-
stability relationship is an universal concept and we identify the accessibility and spatial
constraints of the adsorption site as the main factor that dictates the adsorbate stability
in zeolitic frameworks. In Table 3.2 we analysed the average CN for each Al site with
respect to water loading. For the single water molecule model, we find the lowest CN
for Al site located in the intersection (T3, CN = 3.47), while CN of 3.74 and 3.76 are
found for Al located in the straight (T11) and sinusoidal channel (T10), respectively. The
average CN of two adsorbed water molecules is very similar for T3 and T10 site (CN ≈
7.05) and is significantly higher for water adsorbed on the Al site in the straight channel,
i.e. on T11 site (CN = 7.34). This further supports the conclusion drawn in Subsection
3.3.3 that T11 site is the least accessible for multiple water molecules.
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Figure 3.11: The adsorption energy as a function of CN for both a single and two water
molecules model. For the single molecule model the adsorption energies of water in zeolite
chabazite (computed in Chapter 2) were added, however, they were not included in the correla-
tion.

Table 3.2: Average CN for a single and two water molecules model with respect to different Al
site locations.

Al site 1 H2O 2 H2O

T3 (inters.) 3.47 ± 0.63 7.09 ± 0.84

T10 (sinus.) 3.76 ± 0.73 7.04 ± 0.63

T11 (str.) 3.74 ± 0.74 7.34 ± 0.54

3.3.5 Some Reflections on the Al-O Bond-breaking Reaction

By exploring the adsorption of one or two water molecules on the zeolite HZSM-5 we
identify five different water-zeolite adsorption complexes (A, B, A’, B’, C’) that can po-
tentially serve as initial step for the dealumination reaction. All adsorption complexes
might follow the route outlined in Chapter 1 (water dissociation and subsequent proton-
transfer (PT) Al-O(H) bond-breaking (BB), Fig. 1.4), while the adsorption mode B’
suggests an alternative pathway, where the Al-O(H) bond-breaking is induced solely by a
water coordination on the Al atom resulting in a formation of a new reaction product P2
bonded to three framework oxygen atoms and the water molecule. The four steps to a
formation of a free extra-framework aluminum (EFAL) species need to follow, namely (1:
BB) → (2: PT-BB) → (3: PT-BB) → (4: PT-BB) instead of (1: PT-BB) → (2: PT-BB)
→ (3: PT-BB) → (4: BB). The newly proposed mechanism would initiate an alternative
route to the EFAL product, as depicted in Fig. 3.12, which may have consequences on
the shape of the reaction profile of the whole dealumination reaction. In the previously
proposed mechanism from the literature [91] the first three reaction steps are the most
energetically demanding, while the last step of the reaction only requires the adsorption of
water molecule followed by a spontaneous Al-O(H) bond-breaking. In the newly proposed
mechanism, the order of these steps is reversed, and therefore, the viability of this novel
mechanism (shown in Fig. 3.12) becomes an important topic for future investigations.
Preliminary insight on the viability of the new reaction route can be gained from recent
experimental studies, in which the existence of product P2 was confirmed using NMR
spectroscopy techniques [145, 146]. Nevertheless, both mechanisms have in common that
they require three consecutive PT-BB steps to form free EFAL species. In the follow-



52 Chapter 3

Figure 3.12: Schematic representation of the four-step dealumination process starting either
from adsorption modes A,B,A’-C’ (top) or from the adsorption mode B’ (bottom) that induces
a spontaneous Al-O(H) bond-breaking. In both cases, in total three proton transfer reactions
followed by Al-O(H) bond-breaking (PT-BB) and one only Al-O(H) bond-breaking reaction
(BB) are required for the formation of the Al(OH)3H2O EFAL product.

ing chapter, we discuss the possible reaction mechanisms of a single dealumination step
(PT-BB) in more detail.

3.4 Conclusions

In this chapter, we have presented the structure and energetics of different water-zeolite
adsorption complexes formed after the adsorption of one or two water molecules on the
zeolite HZSM-5 using DFT simulations. Comparison between PBE and PBE-D2 func-
tionals yield qualitatively similar trends, although the addition of Grimme type dispersion
produces results that are about 50 kJ/mol more exothermic than pure PBE for the two
water molecule model. Irrespective of the active site location, we identify the formation
of protonated water cluster as the most stable structure. The stability of the remaining
adsorption complexes depends on the Al and the BAS proton location and is determined
by the accessibility of the given adsorption site. As a structural descriptor for active site
accessibility we propose a coordination number, which linearly scales with the adsorption
energies for both models - one and two water molecules. We find the highest coordination
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number for the Al site in the straight channel (T11 site), which suggests it has superior
hydrothermal stability compared to the other Al locations. Our results show that at
higher water pressures, the simultaneous coordination of at least two water molecules can
induce the spontaneous Al-O(H) bond breaking and initiate the dealumination reaction
by following a different mechanism than has been previously suggested [91, 93]. The newly
proposed mechanism starts by formation of a reaction product with the Al atom bound
to three unprotonated oxygen atoms and a water molecule. This would then be followed
by water adsorption and dissociation of at least additional three water molecules.





Chapter 4

The Effect of Microsolvation on the Zeolite
Dealumination

Abstract

Understanding water-induced zeolite dealumination is crucial for control of the hydrother-
mal stability of zeolite-based catalyst materials. Here we explore the dealumination pro-
cess, focusing on the first Al-O(H) bond-breaking step in a density functional theory
(DFT) model of a HZSM-5 crystal in the presence of one and two water molecules per
active site. In our approach, three different active site locations were considered. Starting
from the metastable adsorption modes identified in Chapter 3, we explore four possible
reaction mechanisms consisting of two different types of reactions. In the first three pro-
posed mechanisms, Al-O(H) bond-breaking is induced by adsorption and dissociation of
an incoming water molecule. The fourth mechanism is different and leads to a different
reaction product, suggesting an alternative follow-up mechanism. In this energetically
very favorable case, the breaking of the Al-O(H) bond is induced by non-dissociative ad-
sorption of two water molecules. We, therefore, assume that the proposed mechanism is a
viable first dealumination step. This implies that all Al-O(H) bond-breaking mechanisms
are initiated from metastable water adsorption modes, and water reorganization from the
most stable mode needs to occur prior to hydrolysis of the Al-O(H) bond. We suggest
that the feasibility of this rearrangement (Al accessibility) is one of the determining fac-
tors for the relative occurrence of dealumination at different sites. We further establish
a correlation between the Al site susceptibility toward dealumination and reaction condi-
tions which can be further used during post-synthetic treatment of the zeolite to control
Al distribution and thus the hydrothermal stability of the catalyst.
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4.1 Introduction

Control over the water-induced zeolite dealumination cannot be achieved without a fun-
damental understanding of the underlying reactions. Within quantum modelling, there
are in general two approaches for a search of an unknown reaction pathway. The first one
is based on the optimization methods, where a reaction coordinate does not have to be
necessarily known. Examples of such methods are linear transit method or nudged elastic
band (NEB) approach [147, 148]. NEB is a robust and computationally cheap method
for studying reaction pathways and has been often used in conjunction with density func-
tional theory (DFT) to study mechanisms of zeolite-catalysed reactions as well as the
catalyst degradation [91, 93, 94, 139, 149–151]. The notable is the work of Silaghi et al.
who proposed universal dealumination pathway of which feasibility has been validated on
multiple zeolite topologies. The reaction starts with water adsorption on the Al atom in
anti-position to the BAS proton. In the next step, the water dissociates and its proton is
transferred to the zeolite framework causing the Al-O(H) bond-breaking. The remaining
reaction steps are similar and the complete dealumination pathway is described by a series
of hydration steps with always only a single water molecule present. The product of the
reaction is a free extra-framework aluminum (EFAL) [91]. The main drawback of this
model is that water-water interactions are completely neglected and despite being com-
putationally effective, NEB is a static optimization method and a temperature-dependent
behaviour can be assessed only via an additional analysis within a harmonic approxima-
tion. Alternatively, free energy methods such as umbrella sampling or metadynamics that
allow to sufficiently sample the potential energy surface between reactants and products
can be used. The bottleneck of these techniques is that they are computationally very
expensive (especially on the quantum level of theory) and, therefore, is their application
still very limited. The pioneering work in the context of zeolite dealumination has been
done by Nielsen et. al who applied an umbrella sampling method to study the dealumina-
tion reaction in zeolite SSZ-13 under realistic reaction conditions. The authors observed
the cooperative behavior of multiple water molecules that decreases free energy barriers
of the Al-O(H) hydrolysis steps [142].

The application of free energy methods on less symmetric zeolite topologies such as
MFI is even more challenging. The unit cell of MFI zeolite consists of ≈ 300 atoms with
12 different crystallographically different T-sites (occupied by either Si or Al atom). It
has been shown that the location of the active site has an influence on the degree of dealu-
mination [54]. However, a consideration of various active site location adds an additional
degree of the complexity, making utilization of free energy methods almost impossible.
Therefore, in our work, we follow the approach of Silaghi et al. [91] and focus on the
study of the initial stage of dealumination using computationally cheaper NEB method
with the aim to elucidate the effect of micro-solvation on the zeolite dealumination. In
Chapter 3 we identified various water-zeolite adsorption complexes (Fig. 4.1) that are
now used as starting points for the modelling of the reaction for both one and two water
molecule models. As proposed in Chapter 3, the Al-O(H) bond-breaking reaction can
follow one of the two reaction routes that are abbreviated as PT-BB or BB. In PT-BB
(proton transfer bond-breaking) route the Al-O(H) bond-breaking occurs consecutively
upon water adsorption and dissociation, while in BB (bond-breaking) route it is induced
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Figure 4.1: Four adsorption modes are possible for the adsorption of two water molecules on
the active site: two water molecules coordinate simultaneously to the BAS proton and to the
Al atom in the anti-position to the BAS proton (A’); to the Al atom in the anti-position to the
BAS proton with only one water molecule coordinated on the Al atom (B’); to the Al atom in
the syn-position to the BAS proton and on the BAS proton (C’); to the BAS proton to form
an asymmetric Zundel ion, which is the most stable configuration. More details on the stability
and structure of each of the adsorption mode can be found in Chapter 3.

by non-dissociative water adsorption. In Subsections 4.3.1 - 4.3.4 we model both types of
reaction mechanisms and study four different routes towards breaking of the first Al-O(H)
bond, including the mechanism of Silaghi et al. [91]. In Subsection 4.3.5 a mechanism
for water rearrangement among the different adsorption modes is proposed and in Sub-
section 4.3.6 we explore the effect of water rearrangement on the relative energetics of
the Al-O(H) bond-breaking reactions. Finally, in Subection 4.3.7 we introduce realistic
reaction conditions into our model which is followed by a discussion on the importance of
dispersion corrections in Subsection 4.3.8.

4.2 Methods

4.2.1 Zeolite Model

As a model system, the same structure of zeolite HSZM-5 as in Chapter 3 was used. We
consider three different Al locations, namely:

• T3 site located at the intersection of the sinusoidal and straight channel

• T10 site located in the sinusoidal channel

• T11 site located in the straight channel

In the next step, the charge compensating BAS proton was placed on one of four
neighboring oxygen atoms (O1-O4). The combinations of Al location and the BAS proton
are labeled as TnOm, where n ∈ 3, 10, 11, and m ∈ 1-4, e.g. T3O4. The adsorption
modes from Chapter 3 are used as starting points of dealumination reaction. We note,
that while the formation of the asymmetric Zundel ion (D’) is the lowest energy structure,
our extensive search for possible reaction pathways showed that dealumination cannot be
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initialized from this state directly. These findings have been later confirmed by Louwen et
al. who studied water-induced zeolite dealumination in the presence of rare earth ions [36].
The structure of adsorption modes for two water molecule model is briefly summarized in
Fig. 4.1. For more details on the zeolite model is the reader referred to Chapter 3.

4.2.2 Computational Details

All simulations were performed using CP2K software [122] and the Gaussian and plane
waves method [121] with TZVP basis set, GTH pseudopotentials [138] and the PBE func-
tional [118]. The choice of the functional is based on the results from Chapter 2, where
we demonstrate the reliability of the PBE functional to describe a non-dissociative water
adsorption to the zeolite framework. The accuracy of the PBE functional to reproduce
reaction profiles for dealumination reaction has been validated by Malola et al. [93], who
tested the performance of the PBE functional against hybrid B3LYP functional. The au-
thors found only small differences in the obtained reaction profiles [93]. To further verify
the performance of the PBE functional and explore the effect of dispersion corrections,
three reaction pathways were recomputed using the PBE-D2 functional [103] as is dis-
cussed in a greater detail in Subsection 4.3.8. Briefly, the results show that the inclusion
of dispersion correction does not significantly alter the shape of reaction profiles, only the
binding strength of water to the active site. The adsorption energy Eads for each Al and
BAS proton positions (TnOm label) is reported with respect to the energy of the water-
free zeolite with the most stable BAS proton position for a given Al site (T3O2, T10O1
and T11O4) with a correction for water adsorption from a physisorbed state (see below)
[139]. Reaction pathways were explored using NEB method with 10 or 20 images [147].
Transition states were localized using a transition state search via the dimer method [152]
and confirmed using vibrational analysis. In some situations, the imaginary frequency was
very low (less than 200 cm−1), which can be attributed to the very flat potential energy
landscape of zeolites. In those cases, the validity of the transition state was supported
by the match between the imaginary vibration and the reaction coordinate. Activation
energies Ea are defined as the energy difference between the highest transition state and
the reactant structure of zeolite with adsorbed water molecules (E‡

max - Ereactant). For
all calculations the target accuracy for the SCF convergence was set to 10−7, except the
vibrational analysis, where the value of 10−8 was used instead. The convergence criteria
for the optimization of stationary points were set to the default CP2K values except the
maximum geometry change between the current and the last optimizer iteration that was
set to 0.00013 Å and the criterion for the root mean square geometry change between the
current and the last optimizer iteration that was set to 0.00026 Å. The Gibbs free energy
profiles were calculated for temperatures between 300 and 1000 K with a step of 25 K
and at pressure 1 atm using a full vibrational analysis within a harmonic approximation.
The vibrational analysis was applied on all reaction intermediates, including transition
states. To minimize the effect of spurious imaginary frequencies on free energy profiles, we
followed the methodology from the literature [153, 154], where low frequency vibrational
modes are replaced by a wavenumber of a fixed value. In this case the cutoff value of 100
cm−1 was used. For the analysis of vibrational frequencies the software TAMkin was used
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[155]. As a thermodynamic reference for water, the corrected physisorbed water state
proposed by Nielsen et al. [139] has been considered:

GH2O(T ) = HH2O,ideal + dHads − T (SH2O,ideal(T ) − C)) (4.1)

where GH2O denotes the Gibbs free energy of the water molecule at given conditions,
HH2O,ideal is enthalpy of a water molecule modelled as an ideal gas, dHads corresponds
to the experimental asymptotic limit of adsorption enthalpy of water in HZSM-5 (-42
kJ/mol) [140] and C is the gas-phase entropy constant (114 J mol−1 K−1) [139]. Finally,
we use computed free energies to compare the preferences of reaction pathways and the
reactivity of Al sites under realistic conditions. We assume that the prefactors in Eyring
equation are for all reactions comparable and different adsorption modes at each Al site
are equilibrated. For each of the Al sites we calculate the temperature dependent Gibbs
free energy of the highest transition state as:

G‡,max
Tn,M+xH2O(T, p) = G‡,max

Tn,M+xH2O(T ) − x

(

GH2O(T ) + ln
pH2O

p0

)

−GTn
(T ) (4.2)

where Tn stands for the Al site, G(Tn) is the entropy corrected DFT energy, G‡,max(T )
is the highest energy along the reaction pathway of mechanismM , x is the number of water
molecules in the system and the water pressure pH2O is included as a pressure correction
with respect to the reference pressure p0 at 1 atm. To explore the effect of dispersion
interactions, we modelled the reaction profiles for both PBE and PBE-D2 functional [104]
using the assumption that the introduction of -D2 correction affects only the adsorption
energies but does not affect the shape of the reaction profiles. In the case of PBE-D2, van
der Waals interactions are included by correcting all PBE energies of the initial stable
adsorbates by the -D2 correction. The free energies of the reaction intermediates and
transition states of the Al-O(H) bond-breaking were shifted for each reaction separately,
by the size of -D2 correction of the corresponding initial stable adsorbate. The transition
states in water reorganization were corrected by the average -D2 correction of the initial
and final adsorption mode.

4.3 Results and Discussion

4.3.1 Mechanism I: H2O(2) as Spectator

Mechanism I is the mechanism proposed by Silaghi et al. [91], which starts by the ad-
sorption of the water molecule on the Al atom in anti-position to the BAS proton. The
Al-O(H) bond-breaking is initiated by a water dissociation and subsequent proton attach-
ment to the zeolite framework which results into the formation of the intermediate I1.
Finally, the newly attached proton is rotated and a reaction product I2 with one Al-O(H)
bond broken is formed (Fig. 4.2). Overall the reaction mechanism follows the PT-BB
(proton-transfer followed by Al-O(H) bond-breaking) route outlined in the Chapter 3,
Fig. 3.12. Since the reaction requires a water molecule coordinated to the Al atom in
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Figure 4.2: Mechanism I for a single water molecule model. The Al-O(H) bond-breaking
is initiated after the adsorption of the water molecule on the Al atom and subsequent proton
transfer on the zeolite framework (PT-BB). Profiles are presented for three selected models with
different Al positions: T3O4 (intersection), T10O1 (sinusoidal ch.) and T11O4 (straight ch.). R
represents the empty zeolite, and its energy is corrected about the energy of a single physisorbed
water molecule. PT and BB (below arrows in the schemes) refer to proton transfer and Al-O(H)
bond-breaking steps, respectively.

the anti-position to the BAS proton, only adsorption modes B, A’ and B’ can be consid-
ered as possible starting configurations (Fig. 4.1). For modelling the reaction, out of 12
TnOm possible models we selected for each n-value (Al site) the model with the most
energetically favorable adsorption of a single water molecule in mode B (T3O4, T10O1
and T11O4, see Fig. 3.5 in Chapter 3).

Reactant B - 1 H2O:

As a first step, we calculate the energetics of Mechanism I in the presence of a single water
molecule. The corresponding reaction profiles are shown in Fig. 4.2. We find that the
reaction in the T3O4 model (intersection) has an activation energy of Ea = 86 kJ/mol,
while the same reaction in the T10O1 (sinusoidal) and T11O4 (straight) models has a
significantly higher energy barrier (≈ 103 kJ/mol). This qualitatively agrees with the
results obtained by Silaghi et al. [91] and suggests that the T3O4 site is most likely to
break the first Al-O(H) bond. Compared to the work of Silaghi et al., a barrier about
17 kJ/mol lower is found for T10O1 site, which we expect is caused by differences in
the BAS proton positions, the functional (PBE vs. PBE-D2) and software used (CP2K
vs. VASP). In the next step, we analysed the structures of all stationary points and
imaginary frequencies of the transition states with the aim to classify them. The schematic
representation of distinctive bond lengths is shown in Fig. 4.3 and their evolution is
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tabulated in Appendix (Tables C.3.2 - C.3.4). For a single water molecule model a linear
relationship between the water proton and framework oxygen atom distance (r1) and
imaginary frequency of TS1 has been found as shown in Fig. 4.4. TS1 structurally
resembles I1 and we identify it as a late transition state.

Figure 4.3: The schematic representation of the distances (r1-r3) that were used to characterize
the stationary points of Mechanism I in both a single and two water molecules model. The
distances are tabulated in Tables C.3.2 - C.3.4 of Appendix.

Figure 4.4: For a single water molecule model a linear relationship between r1 distance (Fig.
4.3) and imaginary frequency of TS1 has been found. For a two-water molecules model, no
correlation between any of r1-r3 parameters has been found.

Reactant A’ - 2 H2O:

Adsorption mode A’ displays an elongated Al-O(H) bond, but the elongation is less than
in mode B (2.03 ± 0.6 vs. 2.06 ± 0.09 Å; Table 3.1 in Chapter 3). As a result, a higher
activation energy for the Al-O(H) bond-breaking process may be expected. Indeed, we
observe an increase in activation energy about 18 and 24 kJ/mol for the T3O4 and the
T11O4 models, respectively. For the T10O1 model no significant barrier change was
observed upon introduction of H2O(2) (Ea = 102 kJ/mol, Table 4.3). Compared to a
single water molecule model, the coordination of H2O(2) to the BAS proton reduces the
stability ∆E of reaction product P1 by prohibiting formation of a hydrogen bond between
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Figure 4.5: Reaction profiles of Mechanism I for two water molecules model. Two starting
configurations were considered - the adsorption of water molecules in mode A’ (left) or B’
(right). The adsorption of second water molecule to the BAS proton (A’) prevents formation of
a hydrogen bond between Si-OH group and the framework oxygen that stabilizes the product
P1 in a single water model. Instead, the additional hydrogen bond is formed between Si-OH and
water (P1, left). R represents the empty zeolite, and its energy is corrected for two physisorbed
water molecules. PT and BB (below arrows in the schemes) refer to proton transfer and Al-O(H)
bond-breaking steps.

the newly formed silanol entity and the framework (Fig. 4.5, left) about = 9 - 13 kJ/mol
for all Al sites.

Nonetheless, H2O(2) actively participates in the reaction and assists in the rotation of
the proton. A new reaction intermediate derived from a single water molecule model (I1,
Fig. 4.2) is found, in which the coordinated water molecule H2O(2) moves away from the
original BAS proton and forms a hydrogen bond with the newly protonated oxygen atom
(I1 + H2O(2), Fig. 4.6). For the T10O1 model the new reaction intermediate is even more
stable (about 28 kJ/mol) than the original reaction product P1 with ∆E = 67 kJ/mol.
As a result, the last step of the reaction, a proton rotation, is not necessary anymore. The
formation of the very stable intermediate I1 + H2O(2) was not observed for the T11O4
model, because in this case the BAS proton points towards a neighboring channel and the
newly protonated oxygen atom is not accessible to it. H2O(2) cannot actively participate
in the reaction and, therefore, the increase in activation barrier with respect to the single
water molecule is large (∆Ea = 24 kJ/mol). We conclude that the coordination of a
second water to the BAS proton alters the reaction profile and slows down the reaction
thermodynamically (T3O4, T10O1, T11O4) or kinetically (T3O4, T11O4).

Reactant B’ - 2 H2O:

The adsorption mode B’ results further activates the Al-O(H) bond compared to the
adsorption of a single water in mode B, and thus lower activation energies for the bond-
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Figure 4.6: Snapshots from the first Al-O(H) bond-breaking on T3O4 site in the presence
of two water molecules according Mechanism I. The reaction starts from the adsorption mode
A’. After a dissociation of the water adsorbed on the Al atom (H2O(1)), the additional water
molecule H2O(2) moves away from the BAS proton and forms a hydrogen bond with the newly
protonated oxygen atom. A very stable intermediate I1 + H2O(2) is formed and the last reaction
step from single water molecule model (Fig. 4.2), a proton rotation, is not necessary anymore.

breaking may be expected. However, we find that the activation energy increases about
16-24 kJ/mol for all modelled reaction pathways (Table 4.3). Due to the coordination of
H2O(2), H2O(1) is more electron rich, which makes water dissociation more energetically
demanding. To quantify the electron enrichment of H2O(1) Hirschfeld charges were recom-
puted on a simple system of two water molecules in the configuration identical to their
configuration in adsorption mode B’. We did this for all TnOm sites, where adsorption
mode B’ is stable. We observe the change of the total charge on H2O(1) by -0.05 ± 0.03
a.u. compared to a single water molecule. Computed Hirschfeld charges are tabulated in
Table 4.1. The consequences on the evolution of energy barriers after electron enrichment
of H2O(1), were further explored by computing proton affinities (PA) of OH- residue in
a single water molecule and a water dimer in three different configurations of mode B’
(T3O4, T10O1, T11O4) as starting points. The results are summarized in Table 4.2.
PA for a single water molecule is 1471 kJ/mol, while for two water molecules it is 1558
± 1 kJ/mol, indicating that the proton is bound more strongly to the water molecule
when being a part of B’. Therefore, the higher energy barrier for its dissociation might be
expected.

Table 4.1: Computed total Hirschfeld charges of a single water molecule and H2O(1) of two
water molecule adsorption mode B’.

Al site
Charge [a.u.]

Al site
Charge [a.u.]

Al site
Charge [a.u.]

B B’ B B’ B B’

T3O1 -0.039 - T10O1 0.067 -0.067 T11O1 0.057 -0.077

T3O2 0.074 -0.069 T10O2 -0.040 - T11O2 -0.027 -0.027

T3O3 -0.110 - T10O3 -0.051 - T11O3 -0.048 -0.010

T3O4 0.079 -0.104 T10O4 0.052 -0.048 T11O4 0.053 -0.068
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Table 4.2: Computed PAs of OH- residue in a single water molecule (adsorption mode B) and
in a water dimer (adsorption mode B’).

Al site
PA [kJ/mol]

B B’

T3O4
1471

1558

T10O1 1558

T11O4 1560

Overall, the H2O(2) molecule does not actively participate in the reaction; structurally
are reaction products P1 largely unaffected by H2O(2), but they are less stable by 16
- 20 kJ/mol compared to the single water model (Table 4.3). Therefore, the reaction
is thermodynamically less favorable, which we relate to the extraordinary stability of
adsorption mode B’.

Finally, we analysed the structures of all stationary points in the similar fashion as
for a single water molecule model with their characteristic distances r1-r3 (Fig. 4.3). We
conclude that the presence of second water molecule alters the potential energy surface
and introduces the additional degree of flexibility due to which it is not anymore possible
to identify a simple reaction coordinate such as the distance between framework oxygen
and water hydrogen atom (r1) as a descriptor of the transition state TS1. No correlation
between any of measured r1-r3 distances and imaginary frequency of transition states
has been found (Fig. 4.4). For both models we identify TS1 as a late transition state,
structurally resembling the stable intermediate I1 as can be seen from the tabulated r1-r3
distances (Tables C.3.2, C.3.3 and C.3.4 of Appendix).

Summary Mechanism I

Our results show that when compared to the single molecule model, the presence of
additional water molecules alters the relative reaction probability of Al sites towards the
first Al-O(H) bond-breaking. The reaction barriers are summarized in Table 4.3. In
the presence of a single water molecule (mode A), the first Al-O(H) bond is less likely
to break in the T10O1 and T11O4 model (Ea = 103 kJ/mol) than in the T3O4 model
(Ea = 86 kJ/mol). Contrary, in two water molecules approach is the difference between
T3O4 and T10O1 removed (Ea = 102 kJ/mol), but the reaction in the T11O4 model
becomes the least likely with Ea = 120 kJ/mol. In general, the introduction of a second
water molecule increases barriers with up to 24 kJ/mol (A’, T11O4) and impairs the
thermodynamic stability of the product P1 up to 20 kJ/mol (B’, T10O1). This confirms
the necessity to include multiple water molecules, when modelling the reaction kinetics
at conditions corresponding to higher water loadings. All energies and structural data of
Mechanism I for both water models are summarized in Table 4.3 and Tables C.3.1 - C.3.4
of Appendix.
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Table 4.3: Adsorption energies Eads, relative stabilities of the reaction intermediate I1, acti-
vation energies Ea and reaction energies ∆E (in kJ/mol) for the first Al-O(H) bond-breaking
reaction according the Mechanism I. The literature values of single water model [91] are listed
in parentheses.

Al location
Adsorption

mode
Eads [kJ/mol] ∆ I1 ∆E Ea

T3O4 (inters.)
B 3 75 43 (26) 86 (86)

A’ -14 57 52 104

B’ -18 - 63 102

T10O1 (sinus.)
B -14 79 54 (83) 103 (120)

A’ -20 39 67 102

B’ -36 - 74 126

T11O4 (str.)
B -18 86 53 (79) 103 (101)

A’ -33 - 62 127

B’ -34 - 69 120

4.3.2 Mechanism II: Water-Mediated Proton Transfer

It stands to reason that an alternative to the direct proton transfer reaction in Mechanism
I is a proton transfer along a chain of water molecules (Fig. 4.7). We label this Mechanism
II, which can only have dually coordinated mode B’ as its starting structure.

Figure 4.7: Mechanism II: A concerted proton transfer - Al-O(H) bond-breaking mechanism
(PT-BB), in which the proton transfer occurs along a chain of the two water molecules, H2O(1)

and H2O(2). Profiles are presented for three selected models with different Al positions: T3O4
(intersection), T10O1 (sinusoidal) and T11O4 (straight). R represents the empty zeolite, and
its energy is corrected for two physisorbed water molecules.
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Reactant B’ - 2 H2O:

While Mechanism I can be seen as a step-wise process, we find that Mechanism II is a
concerted process. In Mechanism I, the reaction product P1 is only stable once the system
has reorganized after water dissociation to allow hydrogen bond formation between the
new proton site and the silanol group. In Mechanism II, the flexibility of the water chain
allows the proton to be deposited directly in the optimal position. In the reaction product,
the remaining water molecule H2O(2) can either coordinate to the Al atom in P1 (T3O4),
to the newly formed BAS proton of P1 (T10O1), or to the hydroxyl group of P1 (T11O4).
The exact structure and stability of the product depends on the Al site position and the
local zeolite framework. The activation energies for all three models range from 78 to
87 kJ/mol (Fig. 4.7), i.e., they are lower than the activation energies in Mechanism I.
The narrow range of the activation energies, as well as the reaction energies (∆E = 52-60
kJ/mol), suggests that contrary to Mechanism I no particularly reactive Al site can be
identified. All energies and structural data of Mechanism II are summarized in Tables
C.3.5 and C.3.6 of Appendix. All stationary points along the reaction pathway were
characterized using three distinctive distances illustrated in Fig. 4.8. As for Mechanism
I, we find a linear correlation between the newly formed BAS proton and framework
oxygen atom distance (r1) and imaginary frequency of the TS1 as shown in Fig. 4.9.
Contrary to the correlation for Mechanism I from Fig. 4.4 is the slope of the linear fit
reversed. We identify TS1 as a late transition state that structurally resembles P1 as can
be seen from Table C.3.6 of Appendix.

Figure 4.8: The schematic representation of distances (r1-r3) that were used to characterize
the stationary points of Mechanism II. The definition of distances r1 and r3 is identical to the
one from Fig. 4.3.

Table 4.4: Adsorption energies Eads, activation energies Ea and reaction energies ∆E (in
kJ/mol) for the first Al-O(H) bond-breaking reaction according the Mechanism II.

Mechanism II - Reactant B’ (2 H2O)

Al location Eads [kJ/mol] ∆E Ea

T3O4 -11 52 80

T10O1 -30 60 78

T11O4 -21 53 87
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Figure 4.9: A linear relationship between r1 distance (Fig. 4.8) and imaginary frequency of
the TS1 of Mechanism II has been found. TS1 is a late transition state.

Summary Mechanism II

The low activation energies clearly demonstrate that the active participation of multiple
water molecules can significantly accelerate the reaction and reduce the differences in
reaction probabilities compared to the Mechanism I. The combined results suggest that
the reactivity of an Al site might be determined by other factors, such as the accessibility
of the Al atom dictated by local steric constraints, or the stability of the Al atom in the
zeolite framework itself.

4.3.3 Mechanism III: Water Insertion

Both Mechanisms I and II require coordination of at least one water molecule to the Al
atom in the anti-position to the BAS proton. As shown in Fig. 3.5 of Chapter 3, the
stability of a given adsorption mode depends on the local framework, and due to the
steric constraints, the anti-position to the BAS is not always accessible to water (e.g.
T3O2, Fig. 3.5). In this situation an alternative mechanism is more viable: Mechanism
III, starting solely from the adsorption mode C (1 H2O) or C’ (2 H2O). Mechanism III
is a consecutive reaction pathway that belongs to the PT-BB family but follows a more
complex route.

Reactant C - 1 H2O:

The reaction starts by adsorption of a water molecule in mode A followed by rearrange-
ment into mode C (Fig. 4.10, left). The water molecule (coordinated to the Al atom) is
then incorporated into the zeolite framework forming a vicinal di-silanol structure, while
a proton is transferred to the neighboring framework oxygen (I2, Fig. 4.10, left). In the
next step, the Al-O(H) bond is subsequently broken, while an O-Si bond in the vicinal
di-silanol structure also breaks and the product P1 is formed. The existence of a vicinal
di-silanol defect was proposed before [156, 157] together with a corresponding dealumina-
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Figure 4.10: Reaction profiles of Mechanism III in a single (left) and two water molecules
model (right). The Al-O(H) bond-breaking follows proton transfer reaction (PT-BB) route that
occurs via formation of a vicinal di-silanol intermediate (I2, I2 + H2O(2), I2’ + H2O(2)). Profiles
are presented for three selected models with different Al positions: T3O1 (intersection), T10O2
(sinusoidal) and T11O2 (straight). R represents the empty zeolite, and its energy is corrected
for a physisorbed water molecule.

tion pathway [93]. The authors of the latter work used a single water model and reported
relatively high activation energies (>190 kJ/mol). We find much lower barriers (Ea =
114 - 157 kJ/mol, Fig. 4.10) due to significant differences from the reported mechanism.
In Mechanism III is the original protonated oxygen atom (BAS) incorporated into the
vicinal di-silanol structure, while in ref. [93] a non-protonated framework oxygen is incor-
porated into the vicinal di-silanol structure, bypassing C as an intermediate. When the
water molecule is coordinated to the Al atom in the syn-position to the BAS proton, it
is equally close to two framework oxygen atoms. The water proton moves towards one of
framework oxygen atoms, while the water oxygen moves towards the other. Neither atom
transfers across a large distance, and so water dissociation requires less energy. More-
over, the coordination of water to the Al atom in C polarizes the water molecule, thus
facilitating proton transfer [131].

In the next step, we analysed the structures of all reaction intermediates and transition
states using distances schematically shown in Fig. 4.11. The distances are also tabulated
in Tables C.3.8 - C.3.11 of Appendix. The first step of Mechanism III is the rearrangement
of water and its coordination to the Al atom, where the Al-O(H2) distance (r2, Fig. 4.11)
is expected to be the reaction coordinate. However, no linear relationship between the
distance r2 and imaginary frequency of TS3 has been found as shown in Fig. 4.12 (left).
We expect that the potential energy surface (PES) of water adsorption is very shallow
with multiple local minima, due to which the localization of the exact TS3 is difficult and
no simple reaction coordinate can be found. The next step is the water dissociation for
which we identified a linear relationship between distance r1 (Fig 4.11) and imaginary
frequency of TS4 (Fig. 4.12, middle). TS4 is a late transition state with r1 distance being
close to the I2 values (Table C.3.8 and C.3.9). The last step of the reaction is the breaking
of vicinal di-silanol, where we find a correlation between the distance r3 and imaginary
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frequency of TS5 (Fig. 4.12, right). Again, we identify TS5 as a late transition state
(Table C.3.10).

Figure 4.11: The schematic representation of distances (r1-r4) that were used to characterize
the stationary points of Mechanism III for a single water molecule model.

Figure 4.12: The analysis of imaginary frequencies of transition states of Mechanism III in
a single water molecule model. No correlation between any of r1-r4 distances (Fig. 4.11)
and imaginary frequency of TS3 has been found (left). For the next reaction step (the water
dissociation) we identified a linear relationship between the distance r1 (Fig. 4.11) and imaginary
frequency of TS4 (middle). The last step of the reaction (the breaking of vicinal di-silanol) can
be described via distance r3 (Fig. 4.11). A linear correlation between the distance r3 and
imaginary frequency of TS5 is found (right).

Reactant C’ - 2 H2O:

The simultaneous adsorption of the H2O(1) in the syn-position to the BAS proton and
H2O(2) on the BAS proton allows to start the reaction according Mechanism III directly
from adsorption mode C’. In the next step, the H2O(1) molecule (coordinated to the Al
atom) is initially incorporated into the zeolite framework, forming a vicinal di-silanol
structure, while a proton is transferred to a neighboring framework oxygen (I2 + H2O(2),
Fig. 4.10, right). This mechanism involves an additional step, where H2O(2) moves to the
Al atom, instigating an elongation of the Al-O(H) bond to the newly protonated oxygen
and changing the coordination of the Al atom from penta-coordinated to trigonal bipyra-
midal (I2’+ H2O(2)). Finally, the Al-O(H) bond is broken, the O-Si bond in the vicinal
di-silanol structure also breaks and the product P1 is formed. As discussed, Mechanism
III requires three steps; (a) H2O(1) dissociation followed by O(1) insertion, (b) H2O(2)
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transfer and (c) Al-O(H) and O-Si bond-breaking. The activation energies (Ea = 73 - 87
kJ/mol) are competitive with the barriers computed for Mechanism II and the reaction
is also thermodynamically favorable with reaction enthalpies between -2 and 35 kJ/mol
(Table 4.5). The energy barriers of the first step of the reaction (C’ → I2 + H2O(2))
are rather insensitive towards the location of the Al site, as are the absolute stabilities
of the first reaction intermediate (I2 + H2O(2)) and reaction product P1 + H2O(2) (Fig.
4.10, right). The pathways diverge once the Al atom changes its coordination to trigonal
bipyramidal (I2’ + H2O(2)). The vicinal di-silanol structure (I2 + H2O(2), I2’ + H2O(2))
introduces strain, and intermediate I2’ has a rather distorted trigonal bipyramidal geome-
try, with a small H2O-Al-O(H) angle of 155◦ for the T3O1 Al site and 161◦ for the T10O2
and T11O2 Al site that causes steric repulsion (Fig. 4.13). The amount of distortion is
determined by the flexibility of the framework, and this affects the stabilities of TS4’ +
H2O(2), I2’ and TS5’ + H2O(2). As a result, these structures are affected very strongly by
the position of Al site. Once the vicinal di-silanol bonds are broken, the H2O-Al-O(H)
angle increases to 175◦ for T3O1 and T11O2 and 168◦ for T10O2 site; the strain is re-
leased and the structures are stabilized, as can be seen from the comparable stabilities of
the P1 + H2O(2) structures (Fig. 4.10, right).

Figure 4.13: Intermediate I2’ + H2O(2) of Mechanism III, which proceeds via formation of a
vicinal di-silanol structure. The Al atom has a distorted trigonal bipyramidal geometry with
strained H2O-Al-O(H) angles ranging from 155 to 161◦. The structure is shown for T3O1 site.

The structures of the reaction intermediates were analyzed in the similar fashion as for
a single water model using bond lengths depicted in Fig. 4.14. Alike for two water model
of Mechanism I, we were not able to find any correlation between imaginary frequencies
of transition states TS4, TS4’ and TS5 and distances r1-r4 (Fig. 4.15). We attribute
this to the presence of the additional water molecule, that alters the reaction profile and
its presence does not allow the identification of simple reaction coordinate anymore. Low
frequencies of the imaginary modes (< 300 cm−1) suggest that the potential enegy surface
(PES) is very shallow with multiple local minima present.

Summary Mechanism III

Analysis of the effect of the second water molecule on Mechanism III reveals that the
geometries of the intermediates do not change much, and both pathways are qualitatively
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Figure 4.14: The schematic representation of distances (r1-r4) that were used to characterize
the stationary points of Mechanism III for two water molecules model.

Figure 4.15: The analysis of imaginary frequencies of transition states of Mechanism III and
two water molecules model. No correlation between imaginary frequencies of transition states
and any of r1-r4 distances has been found (Fig. 4.14).

similar. However, the additional water molecule lowers the activation energy by more
than 40 kJ/mol for all Al sites. In the final step, the coordination of H2O(2) to the Al
atom weakens the Al-O(H) bond, making it easier to break. This makes Mechanism III
competitive with Mechanism II and demonstrates that the presence of multiple water
molecules affects the mechanism of dealumination. All energies and structural data of
Mechanism III are summarized for both a single and two water molecules models in Table
4.5 and Tables C.3.7-C.3.11 of Appendix.

Table 4.5: The adsorption energies Eads, the reaction energies ∆E, the activation energies Ea

(in kJ/mol) for the first Al-O(H) bond-breaking according the Mechanism III. Single and two
water molecules models are compared.

Al location
Adsorption

mode
Eads [kJ/mol] ∆E Ea

T3O1 (inters.)
C -17 53 128

C’ -18 35 87

T10O2 (sinus.)
C -29 57 114

C´ -9 24 73

T11O2 (str.)
C -32 82 157

C’ 27 -2 77
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4.3.4 Mechanism IV: Spontaneous Al-O(H) Bond-Breaking

Our exhaustive testing of the stable adsorption modes of two water molecules in Chapter
3 shows that mode B’ results in an elongation of the Al-O(H) bond up to 2.77-3.12 Å. This
is about 1 Å longer than the Al-O(H) bond length of an unperturbed zeolite structure.
We find that in this mode the Al-O(H) bond-breaking reaction can easily occur, via the
straightforward a single step process we have labeled as Mechanism IV (Fig. 4.16).

Figure 4.16: Mechanism IV: The simultaneous adsorption of both water molecules to the
Al atom in the anti-position to the BAS proton (B’) activates the Al-O(H) bond, resulting in
straightforward bond-breaking (BB). Profiles are presented for three selected models with differ-
ent Al positions: T3O4 (intersection), T10O4 (sinusoidal) and T11O4 (straight). R represents
the empty zeolite, and its energy is corrected for two physisorbed water molecules.

Reactant B’ - 2 H2O:

The energy barriers for the single reaction step of Mechanism IV are very low (Ea = 0 -
29 kJ/mol) and can be overcome at room temperature. In T3O4 and T10O4 models the
Al-O(H) bond-breaking occurs immediately, requiring almost no energy (Ea < 1 kJ/mol)
and the reactions are exothermic with ∆E = -14 and -16 kJ/mol, respectively. The
highest activation energy of 29 kJ/mol is required for T11O4 model and the reaction
is endothermic with ∆E = 12 kJ/mol. Mechanism IV does not involve dissociation of
either of the two water molecules, and therefore its product P2 differs from the products
of Mechanisms I-III (P1). The Al atom in product P2 is bonded to three framework
oxygen atoms and a water molecule and has a distorted tetrahedral geometry (Fig. 4.16).
Experimental evidence of such a distorted tetrahedral species has been reported [87, 89,
145, 146, 158]. The thermodynamic stability of P2 is higher than that of the most stable
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forms of P1 by 73, 67 and 53 kJ/mol in the T3, T10 and T11 models, respectively.
The stability of P2 depends on the Al and the BAS proton position. We identified this
state only in the T3O2, T3O4, T10O4 and T11O4 models. The analysis of the structural
parameters shown in Fig. 4.17 revealed that contrary to all other transition states, TS6 of
Mechanism IV is an early transition state with parameters r1-r3 (schematically shown in
Fig. 4.17) close to the initial configuration as shown in Table C.3.6 of Appendix. Besides
we find a linear correlation between water-water distance (r2) and imaginary frequency
of the transition state TS6 (Fig. 4.18).

Figure 4.17: The schematic representation of distances (r1-r3) that were used to characterize
the stationary points of Mechanism IV for two water molecules model.

Figure 4.18: A linear relationship between r2 distance (Fig. 4.18) and imaginary frequency of
TS6 of Mechanism IV has been found.

Summary Mechanism IV

We found that the formation of P2 is much easier than the formation of P1 via any of
the proposed mechanisms, and that P2 is thermodynamically more stable than P1. This
effect is strongest in the sinusoidal pore (T10 model) and at intersection (T3 model),
while the Al atom in the straight pore (T11 model) is least likely to break a bond to a
framework oxygen atom. The results are summarized in Table C.3.12. However, to form
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a free EFAL species, the novel reaction product P2 initiates a different dealumination
mechanism for which there are two possibilities. Either dealumination will continue via
Al-O bond-breaking (instead of Al-O(H)) as outlined in Fig. 3.12 of Chapter 3 or a proton
migration from neighboring tetrahedra occur as proposed by Louwen et al. [36]. Tuma
and Sauer studied proton jump reactions in protonated zeolite SSZ-13 and found barriers
of 68 - 81 kJ/mol and 22 - 30 kJ/mol in dry and hydrated zeolite, respectively. If we
assume that similar activation energies are needed for a proton jump, then this reaction
route seems as an attractive option. The viability of these routers should be further
investigated in the future. Alternatively, the P2 product may be a reactant in Mechanism
I and II, effectively lowering the reaction barriers.

Table 4.6: Adsorption energies Eads, activation energies Ea and reaction energies ∆E (in
kJ/mol) for the first Al-O(H) bond-breaking reaction according the Mechanism IV.

Mechanism II - Reactant B’ (2 H2O)

Al location Eads [kJ/mol] ∆E Ea

T3O4 -18 1 -14

T10O1 -35 0 -16

T11O4 -39 29 12

Comparing the Four Mechanisms:

All activation energies (Ea = E‡
max - Ereactant) are thus far reported and compared with

respect to the corresponding reactant, which is one of the active adsorption modes (reac-
tant A’, B’ or C’). For the sake of comparison, we now assume that the reactant states
are equally easy to form, through facile rearrangement of the water in the system. The
reliability of this comparison will be addressed in the Subsection 4.3.5. Using this as-
sumption, we find the highest activation energies for Mechanism I, in which the second
water molecule only contributes to the reaction indirectly (I: 102 - 120 kJ/mol, Table
4.7). Mechanisms II and III, in which the second water molecule actively participates,
yield much lower barriers (II: 78 - 87 kJ/mol, III: = 73 - 87 kJ/mol, Table 4.7). The
latter two mechanisms have activation energies in the same range and neither of them
stands out as the more likely pathway. Mechanism IV yields a different type of product
than the other mechanisms (P2), but it is kinetically and thermodynamically the most
favorable. The reaction occurs spontaneously in the T3O4 and T10O4 Al models, while
the modest barrier of 29 kJ/mol (with respect to the B’: B+H2O(2) intermediate) must be
overcome in the T11O4 model. Because this mechanism has significantly lower barriers,
it can be expected to be the most likely first step of the dealumination process. How-
ever, this conclusion assumes that a formation of EFAL species from product P2 is not
more energy consuming than the formation of EFAL from the product P1. Irrespective
of this assumption, we find that the sinusoidal channel (T10 model) is the most reactive
for each of the Mechanisms I-IV, with the lowest activation energies (I: Ea = 102 kJ/mol,
II: Ea = 78 kJ/mol, III: Ea = 73, IV: Ea = 0 kJ/mol). Mechanism IV predicts that the
straight channel (T11 model) is the least reactive with Ea = 29 kJ/mol. If Mechanism
IV is not a viable route towards EFAL formation, then our results suggest that the Al
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atom located in the intersection is the most stable (II: Ea = 80 kJ/mol). In contrast, a
single water molecule model predicts T3 site (intersection) as the most reactive Al site
(Ea = 86 kJ/mol), while T10 and T11 sites are much stable (Ea = 103 kJ/mol). This
indicates, that the Al site reactivity can be altered by varying water pressure during a
steaming period of the post-synthetic zeolite treatment to tune Al distribution. Although
the four mechanisms are very different, a common feature is the coordination of a water
molecule to the Al atom (either in syn- or anti-position to the BAS proton). This is
in agreement with previous reports [91, 159], which state that the coordination of the
water to the Al atom is crucial for the framework bond-breaking reaction. We have thus
far assumed that the reactant modes are equally accessible for all three sites, but that
assumption does require further scrutiny. The following sections, therefore, address the
effect of the accessibility of the reactant modes on the relative stabilities of the different
HZSM-5 active sites.

Table 4.7: Summarized activation energies Ea (in kJ/mol) for all proposed reaction pathways
of the first Al-O(H) bond-breaking in zeolite HZSM-5, with respect to the starting (active)
adsorption mode.

Ea = E‡
max

- Ereactant

Mechanism
I II III IV

Al location

T3 (inters.) 102 80 87 1

T10 (sinus.) 102 78 73 0

T11 (str.) 120 87 77 29

4.3.5 Water Rearrangement to the Active Adsorption Modes

Figure 4.19: Reorganization of water molecules from the most stable mode D’ into one of
the active adsorption modes (B’, A’ or C’). The reaction scheme shows the energetically most
favorable mechanism.

Because dealumination cannot be initiated from the most stable mode D’ (Zundel ion)
directly, it must be preceded by water rearrangement into one of the active adsorption
modes (A’ - C’). In this subsection we address the energy cost of the water reorganization
required for the formation of an active adsorption mode, and how this affects the relative
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Figure 4.20: The energy profiles for the reorganization of water molecules from the most stable
and unreactive Zundel ion D’ into the reactive adsorption mode C’ for the three selected models
T3O4 (intersection), T10O4 (sinusoidal) and T11O4 (straight). R represents the empty zeolite,
and its energy is corrected for two physisorbed water molecules.

probabilities of the mechanisms discussed in the previous subsection. Starting from the
most stable configuration, Zundel ion D’, we find that energetically, the most favorable
is the rearrangement to B’ via C’ and A’ (Fig. 4.19). First, the D’ dimer dissociates,
while the excess proton transfers to the syn- framework oxygen, forming C’. The second
step involves a transfer of the proton to the anti-position via H2O(2), forming adsorption
mode A’. Finally, H2O(2) desorbs from the BAS proton and moves towards H2O(1) to form
B’. This process sometimes involves a metastable intermediate in which H2O(2) is weakly
physisorbed to zeolite framework. Example energy profiles for the reorganization process
for the three selected models (Mechanism IV, T3O4, T10O4 and T11O4) are depicted in
Fig. 4.20. The second step, the rearrangement from C’ to A’, is the rate-determining, and
includes the movement of the BAS proton between framework oxygen atoms via H2O(2),
which causes the transformation of the syn- position to the anti-position to the BAS.
Out of these selected models, the lowest activation energy with respect to reactant D’
of 80 kJ/mol is obtained for T3O4, which is expected; the Al atom in the intersection
is presumably the most accessible, making the reorientation of water molecules easy.
The proposed reaction scheme is more favorable than the direct reorganization from D’
to A’, because the latter involves water transfer across larger distances. Similarly, the
direct conversion from D’ to B’ is not likely to be energetically favorable as it is easier
to decompose a Zundel ion H5O+

2 into H3O+ and H2O than into two H2O and H+. The
T11O4 model is an exception to this rearrangement mechanism. In mode A’ the two
water molecules are adsorbed in different channels, and therefore, there is no feasible
mechanism for reorganization from D’ to A’. Consequently, mode B’ can be formed only
by the direct decomposition of D’. This reorganization has an activation energy of 112
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kJ/mol with respect to mode D’. We modelled water reorganization for all of studied
reaction pathways. Their corresponding energy profiles for each site are summarized in
Fig. 4.20 and tabulated in Table C.3.14 of Appendix.

4.3.6 Overall Reactivity

As discussed in Subsection 4.3.5, all Al-O(H) bond-breaking reactions must be preceded by
the water rearrangement, presumably from the most stable adsorption mode D’ to one of
the active adsorption modes (A’, B’, C’; Fig. 4.19). Including this process in our analysis
of the relative Al-O(H) bond-breaking probabilities should provide a more exact picture,
within the constraints of our model. In this section we discuss the activation energies for
the full reaction pathways (including water reorganization and Al-O(H) bond-breaking)
with respect to mode D’ as the reactant (ED′

a = E‡
max - ED′). The results are compiled

in Table 4.8. Water rearrangement is not the rate-determining process for Mechanisms
I-III, while for Mechanism IV it is. Mechanism IV remains the easiest overall pathway for
hydrolysis of the Al-O(H) bond, regardless of Al location. Mechanism II is now preferred
over Mechanism III (about 0 - 37 kJ/mol), while Mechanism I is the least probable
pathway. For all three Al sites (T3O4, T10O1 and T11O4), Mechanism II presents the
most favorable pathway of type PT-BB, with activation energies of 134 kJ/mol, 121
kJ/mol and 139 kJ/mol, respectively; the T10 model is still the most reactive, while the
T3 and T11 models exhibit similar reactivity (Mechanism II, Table 4.8). If we assume
that Mechanism IV is a viable pathway towards a free EFAL species, then the water
rearrangement has a considerable effect on the results. It is no longer the Al atom in the
sinusoidal channel that is the most reactive, but now it is the Al atom at the intersection
(T3: ED′

a = 80 kJ/mol). The straight channel remains the least reactive Al location (T11:
ED′

a = 112 kJ/mol). Strikingly, within the constraints of our model, the rearrangement of
water to a reactive conformation may be a determining factor in the stability of Al sites
against dealumination.

Table 4.8: Summarized effective barriers ED′

a (in kJ/mol) for all proposed reaction pathways
of the first Al-O(H) bond-breaking expressed with respect to the most stable adsorption mode
- a Zundel ion (D’).

ED
′

a
= E‡

max
- ED′

Mechanism
I II III IV

Al location

T3 (inters.) 148 134 134 80

T10 (sinus.) 156 121 137 90

T11 (str.) 159 139 176 112

4.3.7 Free Energy Profiles

Thus far all reported energies are pure potential energies at 0 K. In this section we discuss
the effect of realistic conditions on the reaction profiles. At first, we illustrate the effect of
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corrections for zero-point energy (ZPE), pressure and entropy on new reaction mechanisms
for two water model at single temperature of 450 K, the temperature that corresponds
to mild steaming conditions [56]. In the next step, the preference of different reaction
pathways more generally, for a wide range of reaction conditions, is addressed.

Reaction Temperature 450 K

The analysis of free energy profiles at 450 K reveals that ZPE and finite temperature
corrections affect mainly the adsorption energies, due to the loss of translational and
rotational degrees of freedom upon adsorption, which results in a reduction of all barriers.
Nonetheless, Mechanism IV is still the preferred mechanism for all the models (T3: =
G‡

D′ 66 kJ/mol, T10: G‡
D′ = 71 kJ/mol, T11: G‡

D′ = 86 kJ/mol). Mechanism II remains
the second most probable pathway (T3: G‡

D′ = 117 kJ/mol, T10:G‡
D′ = 106 kJ/mol, T11:

G‡
D′ = 103 kJ/mol), while the Mechanism III is still a feasible alternative, particularly

for T3 and T10 Al site (G‡
D′ = 125 and 116 kJ/mol). The obtained free energy profiles

at 450 K, including water rearrangement as well as Al-O(H) bond-breaking are shown in
Fig. 4.21.

While a water reorganization is still not rate-determining for Mechanism I-III, the
differences between the activation energies for Al-O(H) bond-breaking and for water re-
organization are smaller at 450 K than at 0 K (Fig. 4.21). In the example of Mechanism
II (the most favorable of the three PT-BB reactions), the difference between the two
activation energies is reduced from 54 to 50 kJ/mol in the T3O4 model, from 13 to 12
kJ/mol in the T10O1 model, and from 27 to 17 kJ/mol in the T11O4 model. Extrap-
olation of our results to temperatures of severe steaming [90] suggests that under those
conditions the water reorganization will have similar energy requirements as the Al-O(H)
bond-breaking reaction. This agrees with the findings of Agostini et al. who showed that
at high temperatures the free energy cost of the water adsorption might become critical
[56] and advocates the hypothesis put forward in Chapter 3 that the accessibility of the
active site is one of the main factors determining the reactivity of the Al site. It has to
be emphasized, that the energy profiles presented here are based on static calculations
within harmonic approximation that might not accurately describe the entropic contribu-
tion to the free energy of highly mobile species, particularly Zundel ion (D’). As a result,
the free energy difference between initial state D’ and active adsorption modes A’- C’ is
underestimated, which further supports our conclusion, that the water reorganization af-
fects the kinetics of the dealumination. The accurate evaluation of free energy differences
between adsorption states requires performing a set of molecular dynamics simulations
with enhanced sampling in a similar fashion as was done by Nielsen et al. [139], which
should be in future further explored.

Impact of Dealumination Conditions

To explore how the preference of different reaction pathways and susceptibility of Al sites
towards the first Al-O(H) bond-breaking depend on reaction conditions, we modeled the
reaction activities at temperatures 300 to 1000 K and partial water pressures between e−10

and e10 atm. In Fig. 4.22 we show T, pH2O phase diagrams of the preferred dealumination
mechanism with water reorganization included. Irrespective of Al location are the phase
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Figure 4.21: Free energy profiles of the first Al-O(H) bond-breaking at 450 K for all possible
reaction mechanisms (I-IV) for the T3 (top), T10 (middle) and T11 (bottom) Al site. Prior
the reaction itself a water reorganization from the most stable and unreactive structure (D’)
into one of the active adsorption modes (A’-C’) occurs. The rate-determining step (RDS) of
each pathway is highlighted. R represents the empty zeolite, and its energy is corrected for two
physisorbed water molecules.
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Figure 4.22: Phase diagrams of preferred dealumination mechanisms at various temperatures
and water pressures for different Al sites including all mechanisms (top) or excluding Mecha-
nism IV (bottom). Blue regions represent Mechanism I for a single water model, green regions
correspond to Mechanism II, yellow regions to Mechanism III for a single water model and red
regions correspond to Mechanism IV. For T11 site (top right) we identify a region of high T and
pH2O, where Mechanism II and Mechanism IV occurs with the same probability. At these con-
ditions is the energy cost of water reorganization for both reactions higher than for the Al-O(H)
bond-breaking itself.

diagrams dominated by Mechanism IV with two water molecules adsorbed in position B’.
For all three Al sites we find a region at high T and low pH2O, where a dealumination
mechanism starting from a single adsorbed water molecule is preferred. The area of this
region is the largest for T11 site that is the least accessible, which makes an adsorption
of multiple water molecules more difficult. For T11 site at conditions corresponding to
a high T and pH2O, we identify a region, where Mechanism II and Mechanism IV occurs
simultaneously, with the same barriers. At these conditions the rate-determining step of
both reactions is water reorganization from D’ to B’. However, the subsequent Al-O(H)
bond-breaking of Mechanism IV requires less energy, therefore, we assume that under
these conditions Mechanism IV will be prevalent as well. Additionally, we are interested
in the next most likely mechanisms, besides Mechanism IV (Fig. 4.22, bottom). We see
that for all three Al sites a mechanism starting from a single water molecule model is
prevalent at pH2O < 1 atm across all T , while the two water molecules model is preferred
when pH2O > 1 atm.
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Figure 4.23: Activity diagram of G‡,max

kBT for three different Al sites: T3 (intersection), T10
(sinusoidal) and T11 (straight). The lowest reaction rates correspond to blue regions and highest
rates correspond to red regions. The diagrams are shown for the situation where all reaction
mechanisms are considered (top) as well as when Mechanism IV is excluded (bottom). The
diagrams show that the relative susceptibility of Al site towards the first Al-O(H) bond-breaking
depends on the reaction conditions.

In the next step, we estimated the condition dependent reaction rates. Since we are
mainly interested in trends, we omit the inclusion of pre-exponential factor in the reaction
rate and explore only temperature dependence of G‡,max

kBT
factor as shown in Fig. 4.23. For

conditions typically found in gas phase reactions, where pH2O << 1 atm, leads an increase
in temperature to a decrease of dealumination rate. We attribute this behavior to the
loss of water molecules close to the Al site under these conditions. The reaction rate
can be increased by increasing pH2O, which is consistent with experimental observation,
where steaming, i.e. the increase in pH2O at high T, is used to dealuminate zeolites.
Additionally, we find that in the region dominated by a single water model corresponding
to high T and low pH2O the initial Al-O(H) bond-breaking is the easiest for Al site in the
straight channel (T11), followed by Al site located in the sinusoidal channel (T10) and
intersection (T3). A different behavior is observed for regions of pH2O > 1 atm and all T.
If we assume that Mechanism IV is a viable pathway towards the free EFAL species, then
the Al site in the straight channel (T11) shows the highest stability, while Al located in
the sinusoidal channel (T10) is the most reactive towards the Al-O(H) bond-breaking with
the rate-determine step being the water reorganization. This agrees with our observations
from Chapter 3, that the Al site in the straight channel is the least accessible for water
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Table 4.9: To validate the reliability of the PBE functional to correctly describe the reac-
tion profiles, three reaction pathways for T3O4 site (inters.) and both a single and two wa-
ter molecules models were recalculated using the PBE-D2 functional. All geometries were re-
optimized, including transition states. The results show that both functionals captures equally
well the trends, as both predict the smallest activation energy (Ea) for Mechanism II and the
highest for Mechanism I in two water molecules model. The trends and relative differences are
reproduced also for reaction energies ∆E. All data are given in kJ/mol.

Functional Mechanism Eads ∆I1 ∆E Ea

PBE
I - 1 H2O 3 75 43 86

I - 2 H2O (B’) -18 - 63 102

II -11 - 52 80

PBE-D2
I - 1 H2O -30 88 55 98

I - 2 H2O (B’) -63 - 69 111

II -53 - 58 88

Difference
PBE-D2 - PBE

I - 1 H2O -33 13 12 12

I - 2 H2O (B’) -45 - 9 6

II -42 - 8 6

adsorption. If we exclude Mechanism IV from the analysis, we observe the same trends
except for the regions of high T and pH2O, where Al in the straight channel (T11) is the
least stable towards the initial Al-O(H) bond-breaking followed by the intersection (T3)
and sinusoidal channel (T10). Based on the analysis of reaction rates we can conclude that
the susceptibility of Al sites towards dealumination depends on the reaction conditions.
This observation explains the discrepancy between the findings of Karwacki et al. [88],
who assigned Al located in the sinusoidal as the most susceptible towards dealumination,
while Holzinger et al. [89] found Al located in the intersection as the least stable. Based
on the analysis of phase diagrams and activities we can further support the hypothesis
that Al distribution can be systematically altered by applying the steaming under various
reaction conditions during the post-synthetic treatment of zeolite.

4.3.8 Influence of Dispersion Corrections

To explore the effect of dispersion corrections on reaction mechanisms, while keeping
the computational cost feasible, we recomputed three reaction pathways with PBE-D2
apprach. We limited the study to three pathways due to the significant computational
cost of the transition state searches and vibrational analyses involved. We selected the
pathways as representative of all-important situations - the Al-O(H) bond-breaking via
the Mechanism I using both a single and two water molecule model starting from B and
B’, respectively, and the Al-O(H) bond-breaking via Mechanism II where both water
molecules actively participate in the reaction. Our results are summarized in Table 4.9.
The results show that there is a good agreement between PBE and PBE-D2 approach
and the same trends are captured when comparing different reaction mechanisms even
with multiple water molecules present. This is in agreement with findings of Fjermestad
et al. who showed that the dispersion corrections do not significantly alter the reaction
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Figure 4.24: PBE-D2 phase diagrams for the preferred dealumination mechanisms at various
temperatures and water pressures for different Al sites including all mechanisms (top) or exclud-
ing Mechanism IV (bottom). Blue regions represent Mechanism I for a single water model, green
regions correspond to Mechanism II, yellow regions to Mechanism III for a single water model,
orange regions to Mechanism III for two water molecules model and red regions correspond to
Mechanism IV. In analogy to the Fig. 4.22, for T11 site (top right) we identify a region of high
T and pH2O, where Mechanism II and Mechanism IV occurs with the same probability.

profile; they only affect the adsorption energies [160]. Overall, PBE-D2 predicts much
stronger water adsorption and compared to PBE, the reactions are both kinetically and
thermodynamically unfavoured. The introduction of dispersion corrections induces the
shift in adsorption energies about -33 to -45 kJ/mol. Thermodynamic stability of product
P1 as well as corresponding barriers are well reproduced with a total difference of 6 - 13
kJ/mol compared to PBE results. The inclusion of -D2 corrections changes the relative
difference between various reaction pathways about 7 kJ/mol at most.

Therefore, in the next step we assumed that the inclusion of dispersion corrections does
not significantly affect the shape of the reaction profiles, only the adsorption energies. We
combined PBE-D2 adsorption energies (computed in Chapter 3), with reaction profiles
obtained via PBE functional and then we computed free energy profiles at wide range of
reaction conditions in a similar fashion as in Subsection 4.3.7. The results are shown in
Fig. 4.24. We find, that the inclusion of the dispersion corrections is the decisive factor
when comparing the prevalence of a single versus two water molecule model, however, it
does not affect the relative Al site stabilities with respect to dealumination. Compared
to the phase diagrams in Fig. 4.22, is two water molecules model preferred for a larger
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Figure 4.25: PBE-D2 activity diagram of G‡,max

kBT for the three different Al sites: T3 (inter-
section), T10 (sinusoidal) and T11 (straight). The lowest rates correspond to blue regions and
highest rates correspond to red regions. The diagrams are shown for the situation where all reac-
tion mechanisms are considered (top) as well as when Mechanism IV is excluded (bottom). The
diagrams show that the relative susceptibility of Al site towards the first Al-O(H) bond-breaking
depends on the reaction conditions. Compared to PBE phase diagram of activities (Fig. 4.23),
PBE-D2 predicts the higher stability of the initial adsorbates and thus all stationary points,
which results in the higher reaction rates on the absolute scale.

windows of reaction conditions, including the region of low T and pH2O, under which
is a single water model favored if the dispersion corrections are omitted (Fig. 4.24).
Interestingly, for the Al site in the channels intersection (T3), we find that with -D2
corrections, Mechanism III becomes the most favorable for low T and high pH2O, proving
that multiple dealumination pathways are feasible. When comparing the activities (Fig.
4.23 and Fig. 4.25), the inclusion of dispersion corrections leads to higher reaction rates
due to the systematic lowering of the free energies of all states. However, the dispersion
corrections do not qualitatively affect the reactivities of Al sites and we observe the same
trends across all reaction conditions for both PBE and PBE-D2 functional.

4.4 Conclusions

Our study of the initial stage of the water-induced dealumination in zeolite HZSM-5
model containing two water molecules explores the role of water-water interactions on the
reaction profiles. We identify four different mechanisms for the Al-O(H) bond-breaking
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reaction, each initiated from a different active adsorption mode. Mechanism I is identical
to a previously reported mechanism, found using a single-water model [91]. Mechanism II
is very similar, but it allows proton transfer across multiple water molecules, and hence ef-
fectively lowers the reaction barriers. In Mechanism III, the water molecule is temporarily
incorporated into the zeolite framework prior to Al-O(H) bond-breaking. Mechanism IV
is thermodynamically and kinetically preferred and involves a spontaneous Al-O(H) bond-
breaking due to coordination of the water molecules at the Al atom in the anti-position
to the BAS proton. This yields a different product, suggesting an alternative follow-up
dealumination route than proposed in previous works. By including two explicit water
molecules into our system we show that micro-solvation alters the dealumination reaction
mechanism as well as its energetics. Within HZSM-5 zeolite model, we establish a direct
link between a reaction conditions and susceptibility of Al site towards dealumination. At
reaction conditions at which a single water molecule model is prevalent we find that the
Al located in the intersection (T3) is the least reactive towards the first Al-O(H) bond-
breaking. If we assume that the novel Mechanism IV provides the most viable route to free
Al species, then at conditions at which two water molecules model is favored, the Al site
in the straight channel (T11) shows the highest stability, with the rate-determining step
being the water reorganization. At temperatures and pressures relevant for zeolite steam-
ing, we find that the regioselectivity of Al sites during dealumination is not determined
by the stability of the Al-O(H) bond, but rather by the accessibility and the solvation of
the active Al site and temperature. We suggest that pressure controlled dealumination
can be used during the post-synthetic zeolite treatment to manufacture hydrothermally
stable and reactive catalysts. Finally, we analyze the inclusion of van der Waals potentials
into our model in order to validate our approach. Our results show, that the inclusion of
dispersion interactions at PBE-D level does not significantly influence the reaction pro-
files, only the water adsorption. Nevertheless, both models provide qualitatively similar
free energy profiles.





Chapter 5

Probing Water Behavior in Zeolite HZSM-5
Using Reactive Molecular Dynamics

Abstract

A set of reactive molecular mechanics (RMM) simulations has been performed to obtain
a thorough understanding of the structure and stability of water adsorbed in the zeolite
HZSM-5. The reliability of reactive force-field (ReaxFF) parameters to accurately de-
scribe water-zeolite interactions has been tested against density functional theory (DFT)
calculations. We found that ReaxFF is sufficiently reliable for the simulation of water
adsorption in zeolites and obtained adsorption energies are within mean error (ME) of
12.1 kJ/mol. The reactive molecular dynamics (RMD) simulations of zeolite HZSM-5
reveal various adsorption states of water that depend upon both water loading and tem-
perature. At low temperatures and high-water concentrations is the gradual depletion
of the zeolite acidity observed. The remaining Brønsted acid sites are fully occupied by
water molecules and inaccessible for other molecules. Moreover, under these conditions
the formation of large protonated water clusters that can effectively decrease pore volume
of the zeolite was observed. At higher temperatures, the stability of protonated clusters
decreases progressively with their size and the acidic proton returns to the zeolite frame-
work. Simultaneously, a new adsorption state appears, which is an adsorption of water
on the Al atom of the zeolite framework. In agreement with previous theoretical and
experimental results we find, that the adsorption of the water molecule on the frame-
work Al atom induces a spontaneous Al-O(H) bond breaking. Subsequently, Al exhibits
distorted geometry and the zeolite loses its acidic function. Once the water molecule is
desorbed from the Al atom, the framework Al-O(H) bond is formed again. The analysis
of free energy profiles reveals that the water adsorption on the Al atom is an energeti-
cally demanding process and should be taken into account during the modelling of the
dealumination reaction in zeolite-based materials.
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5.1 Introduction

Zeolites are often referred to as sponge-like materials due to their excellent adsorption
properties [4, 161]. It is widely accepted that once in contact with water vapors, the
zeolite framework quickly adsorbs water molecules. Yet, water has an important role in
many chemical processes during the catalyst lifetime. Depending on reaction conditions,
the water can enhance a catalytic activity by suppressing undesired side reactions, e.g. the
coking process during the methanol-to-hydrocarbons (MTH) reaction [55, 61, 62], act as a
proton carrier and thus assist in catalytic reactions [162] or attack the zeolite framework
and cause an irreversible catalyst deactivation [63, 70, 87, 163]. The water plays an
important role during the zeolite synthesis too. For example, Heard et al. showed that
the extent of water present in the zeolite during the synthesis can alter Al distribution
[145]. Moreover, in Chapter 4 we showed that the Al distribution can be controlled to high
degree by fine-tuning the steaming conditions during the post-synthetic zeolite treatment.
The complicated behaviour of water in confined materials such as zeolites has been the
motivation for many experimental and theoretical studies [82, 85, 144, 164, 165]. In that
respect, molecular dynamics (MD) simulations are an excellent tool to study location and
behavior of water in zeolites. Diffusion and adsorption of water in two different zeolites,
namely silicalite-1 with the MFI topology and a dealuminated zeolite Y with the FAU
topology, was studied by Flyes et al. [166]. In this study, classical MD simulations with
a simple force-field (Compass) were used to simulate the presence of water in zeolites at
temperatures in the range from 100 to 600 K. The authors suggest that water exists in
the gas phase at room temperature in silicalite-1 whereas liquid-like water is observed
in dealuminated zeolite Y which contains hydrophilic defects. This phenomenon was
attributed to the differences in the pore size of the studied zeolite frameworks (5.5 vs.
7.3 Å). Water molecules are more sterically hindered in the silicalite-1 which has smaller
pores than zeolite Y and its walls are more disruptive towards hydrogen bond formation
due to its hydrophobic character [166]. In another study, Ari et al. used MD to study
a diffusion of water molecules in silicalite-1 and Na-ZSM-5. The authors observed that
water prefers to diffuse along the straight channels than the sinusoidal ones and the
channel preference was independent of temperature and Al concentration [167]. Recently,
the modified reactive force-field (ReaxFF) was used by Joshi et al. [84] to study the
reactivity between water molecules and the Brønsted acid site (BAS) proton of zeolite
HZSM-5. Effects of temperature and water loadings on the protonation of water inside
HZSM-5 zeolite were tested. The authors observed that the position of the acidic proton
inside the zeolite framework depends on both water loading and temperature. At lower
water loadings the formation of hydronium ion is not favoured and the zeolite preserves
its acidic protons. On the other hand, the probability of proton transfer to the aqueous
phase increases with increasing water loading because hydronium ions have an ability
to stabilize themselves by formation of larger protonated clusters with other molecules.
At high temperatures become protonated water clusters less stable and acidic protons
tend to move back to the zeolite framework [84]. The existence of protonated clusters
of different sizes has been further confirmed using ab-initio simulations [168]. However,
there is an ongoing debate on the stability of such clusters with respect to their size and
system conditions [83, 85, 144].
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Apart the formation of protonated water clusters, water can be adsorbed directly
on the framework Al atom which acts as a weak Lewis acid [169]. Even though the
coordination of water to the Al atom is a requirement for the dealumination reaction
[91, 112], knowledge on the stability of this adsorption state with respect to various
reaction conditions is limited. Bolis et al. used combined microcalorimetric approach
to describe water interactions with unsaturated (cus) Al-sites which act as strong Lewis
acid sites (LAS). The authors suggest that, at room temperature and low water pressures
the adsorption is dominated by formation of water-LAS complex followed by a much
weaker adsorption on the BAS proton. The adsorption of water on the saturated Al atom
has not been considered in this model [131]. Some insight has been gained from static
density functional theory (DFT) calculations, in which the adsorption of one or two water
molecules around an active site has been studied. In Chapter 3 we have shown that the
water adsorption on the Al atom is significantly less favourable than the adsorption on the
BAS proton. In the only dynamics study, Fischer performed ab-initio MD simulations on
silicoaluminophosphate zeotype ECR-40 and observed a coordination of water molecules
to Al atoms in the vicinity of the Al-O-Al linkages [170]. However, the acidity of these
materials can be very different from their aluminosilicate equivalents and up to now the
details about the water adsorption on the Al atom in high-silica zeolite materials are
unknown.

In this chapter, we aim to provide a comprehensive and complete picture on the struc-
ture and stability of various adsorption states of water in zeolite HZSM-5 with respect
to catalytically relevant system conditions. We do so by extending the previous work
by Joshi et al. and performing reactive molecular dynamics (RMD) simulations with
ReaxFF force-field in a large window of temperatures and water loadings. This chapter
is organized as follows: in Subsection 5.3.1 we examine a reliability of the ReaxFF ap-
proach to accurately describe a water adsorption on the zeolite active site, in Subsection
5.3.2 we explore the effect of system conditions on the unit cell parameters of the zeolite
HZSM-5 and then in Subsections 5.3.3 and 5.3.4 the structure and stability of various
adsorption states of water confined in the zeolite framework are studied. The results are
then further used in Subsection 5.3.5 to obtain adsorption energies and entropies of the
selected adsorption states. Finally, in Subsection 5.3.6 we discuss the influence of water
on the catalyst acidity and stability.

5.2 Methods

5.2.1 Zeolite Model

The performance of ReaxFF force-field has been tested against DFT structures from
Chapter 3. Briefly, we considered three zeolite HZSM-5 models with a Si/Al ratio of 95 in
which a single Si atom was replaced by an Al atom either on the T3 site (i.e., the zeolite
channels intersection), the T10 site (i.e., in the sinusoidal channel) or the T11 site (i.e.,
in the straight channel). For each Al position, all four possible BAS proton positions on
oxygen (O1-O4) atoms were modeled. In these models, one or two water molecules have
been adsorbed in the vicinity of the active site and a stability of various water-zeolite
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Figure 5.1: The schematic representation of adsorption complexes between one or two water
molecules and the active site within the zeolite framework. A single water molecule can be
adsorbed on the BAS proton (A) or on the Al atom in the anti-position to the BAS proton (B).
For two-water molecule model four stable configurations are possible, namely: the adsorption
of two water molecules on the BAS proton and on the Al atom in the anti-position to the BAS
proton (A’); on the Al atom in the anti-position to the BAS proton with only one water molecule
directly coordinated to the Al atom (B’); on the Al atom in the syn-position to the BAS proton
and on the BAS proton (C’); and a formation of Zundel ion (D’).

adsorption complexes was examined. For a single water molecule model the adsorption of
water on the BAS proton (A) or on the Al atom in the anti-position to the BAS proton
(B) is possible. For two-water molecules model we distinguish four stable configurations,
namely: the adsorption of two water molecules on the BAS proton and on the Al atom
in the anti-position to the BAS proton (A’); on the Al atom in the anti-position to the
BAS proton with only one water molecule directly coordinated to the Al atom (B’); on
the Al atom in the syn-position to the BAS proton and on the BAS proton (C’); and a
formation of Zundel ion (D’). All possible adsorption modes are schematically summarized
in Fig.5.1. For more detailed description we refer the reader to Chapter 3.

To study the water dynamics inside the zeolite framework with RMD simulations two
model systems are considered in this work: an all-silica model and a protonated zeolite
HZSM-5 structure with a Si/Al ratio of 23. The corresponding Si/Al ratio was created by
substituting four Si atoms on T3 site (i.e., at the intersection of the sinusoidal and straight
channels) with Al atoms. Compensating Brønsted acid protons were added at arbitrary
oxygen positions next to the Al atom. In order to create a larger simulation box, the unit
cell was doubled in the z-direction. In the next step, water molecules were introduced
in zeolite channels and various loadings of one, two, five and ten water molecules per Al
were built. The target water loadings per unit cell (u.c.) were abbreviated as 4, 8, 20 and
40 H2O/u.c..

5.2.2 Computational Details

All simulations were performed using LAMMPS software (http://lammps.sandia.gov)
[171] and its implementation for MD and reactive force-fields [172]. The use of a reactive
force-field that allows bond formation and breaking is necessary due to frequent proton
transfers between water molecules and the zeolite framework. The ReaxFF parametriza-
tion of van Duin et al. [173] together with the charge equilibration method (QEq)
[174, 175] has been used. The validity of the force-field parametrization to reliably repro-
duce adsorption and diffusion of water molecules in zeolites has been previously confirmed
by Joshi et al. [84]. The authors have shown that ReaxFF barriers for water-assisted pro-
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ton transfer around active site in the zeolite HZSM-5 are in quantitative agreement with
DFT calculations [84]. To further validate the force-field for description of various water
adsorption states in zeolitic systems, we benchmark ReaxFF predictions for the adsorption
energy against DFT calculations for the adsorption of both one and two water molecules
in the zeolite HZSM-5 which were computed in Chapter 3 [112]. In total, 68 different
structures were tested.

The RMD simulations were initially performed in the isothermal-isobaric (NpT ) en-
semble in order to relax structures into equilibrium volumes at given conditions. The sim-
ulations were performed at temperatures of 298, 450, 723 and 873 K and an atmospheric
pressure 1 atm controlled by Nosé-Hoover thermostat chains of length three [176–179]. In
all simulations was the initial temperature set to 1 K and then it was step-wise increased
until the desired temperatures were reached. The heating times were 30.0, 45.0, 72.5 and
87.5 ps, respectively, depending on the final temperature. A timestep of 0.1 fs was used
and barostat and thermostat time-constant was set to 10 fs. For the zeolite HZSM-5
models we find this step necessary, because otherwise artificial acidic proton jumps were
observed. For the silicalite-1 systems, the heating step was omitted due to the lack of
mobile protons in the system. Once the systems have been brought to desired simulation
conditions, the simulations were restarted and evolved for another 50 ps with the timestep
of 0.25 fs. As a production run for both silicalite-1 and HZSM-5, MD simulations in the
canonical (NVT ) ensemble at 298, 450, 723 and 873 K, respectively, were performed. The
temperature was controlled using Nosé-Hoover chain with time-constant of 250 fs. The
systems evolved with a timestep of 0.25 fs for a total time of 1 and 10 ns for silicalite-1
and HZSM-5, respectively. Longer simulation times for HZSM-5 models were chosen to
ensure sufficient sampling of all adsorption states. The trajectory was stored every 25 fs.

5.2.3 The Analysis of the Trajectories

To identify the attachment of the BAS proton to the zeolite framework, a distance cutoff
between framework oxygen atoms and H atoms of 1.75 Å was used. The same cutoff value
was used to determine whether the H atom is bound to the oxygen of a water molecule,
the size of protonated clusters and to recognize the adsorption of a water molecule on the
BAS proton. The adsorption of water to the Al atom is characterized by Al-O(H2) bond
formation, for which the threshold distance of 2.60 Å was used. We note, that contrary
to the adsorption modes reported in Chapter 3, here we do not distinguish between the
adsorption of water on the Al atom in the anti-position and the syn-position to the
BAS proton. For the analysis, we have used the Python library FlexMD [180], which is
distributed within ADF package [181, 182], with additional scripts that were written for
the purpose of this work.

The presence of the BAS proton is determined by looping over all framework oxygen
atoms that are adjacent to the Al atoms. A proton is identified as the BAS proton if it
is within the given cutoff value (1.75 Å) of a framework oxygen. It is also possible that
water molecules interact with framework oxygen atoms via formation of a hydrogen bond
within this cutoff distance. For this we correct during the data post-processing.

Identification of the water adsorption on the Al atom works in the same way, with
the Al-Ow cutoff distance of 2.65 Å. Finally, we analyse the presence of protonated water
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complexes of any size within the zeolite framework. The script works as a Search Tree.
At first, a presence of all hydronium-like ions in the system is determined based on iden-
tifying oxygen atoms with at least three neighboring hydrogen atoms within the given
cutoff distance (1.75 Å). Then, water molecules belonging to a given cluster are identi-
fied by recursively searching for all oxygen neighbours of identified hydrogen atoms and,
inversely, all hydrogen atoms for identified oxygen atoms. The process is repeated until
no new neighbors are found. To classify the oxygen and hydrogen atoms as neighbours
corresponding to the same cluster, the oxygen-hydrogen cutoff distance of (1.75 Å) is
always used. In this way, clusters with different protonation states and size are identified.

Free energies of adsorption states were computed using direct counting. We assume
that only a single water molecule can occupy the BAS proton or the Al atom per acid
site. Thus, the free energy difference (∆Fi) of water adsorption to the active site in state
i is given as:

∆Fi = −RTln[Ni/(Nmax)] (5.1)

where R is the gas constant, T is the system temperature, Ni is the number of occurrences
when a water is in adsorption state i (the BAS proton or the Al atom) and Nmax is the
maximum possible amount of such events. The adsorption of water on the BAS proton
requires the presence of the BAS proton, therefore, Nmax correspond to the actual number
of BAS protons attached to the framework for the given simulation.

In a similar manner, the free energy of formation of a protonated cluster was deter-
mined. As an arbitrary reference a physisorbed state of water Nphys was defined as:

Nphys = Ntot −Ncluster −NAl (5.2)

where Ntot is a total number of water molecules in the system, Ncluster is a number of
molecules that are part of any protonated cluster H2∗j+1O+

j where j ∈ {1, 2, ...} and NAl

is a number of the molecules adsorbed on the Al atom. We note, that protonated clusters
can be both mobile or attached to the framework (i.e., adsorbed on the BAS proton).
The Helmholtz free energy of a cluster formation is thus given as a ratio between number
of molecules in the cluster of size j and in the physisorbed state:

∆Fj = −RTln[Nclusterj
/Nphys] (5.3)

The fit of free-energy ∆Fj with respect to temperature yields the potential energy of
adsorption (∆Ej) and entropy (∆Sj) following the equation:

∆Fj = ∆Ej − T∆Sj (5.4)

5.3 Results and Discussion

5.3.1 Force-Field Validation

In this chapter, we have used the reactive force-field developed by Joshi et al. which the
authors specifically refitted to accurately describe water-BAS proton interactions [84].
However, the accuracy of the force-field to reproduce water adsorption on the Al atom
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Figure 5.2: The comparison of adsorption energies for an adsorption of one and two water
molecules as predicted by ReaxFF and DFT calculations from Chapter 3. The schematic repre-
sentation of the adsorption modes is shown in Fig. 5.1. Each adsorption mode was tested for var-
ious combinations of the Al atom (Tn) and the BAS proton (Om) position where n ∈ {3, 10, 10}
and m ∈ {1 − 4}. The linear curve represents a hypothetical situation where DFT adsorption
energies are exactly the same as ReaxFF adsorption energies and is given as a guide for the eye
only.

has not been previously tested. To further validate the force-field for description of all
possible water adsorption states in zeolitic systems, we have compared ReaxFF adsorption
energies with our previous DFT results from Chapter 3. The mean error (ME) and mean
absolute error (MAE) have been used to evaluate the performance of the force-field over
three Al sites (T3, T10, T11). While ME gives an information about the force-field
quality of sampling different states on average, MAE provides a more detailed insight into
differences on an individual level. Since we are only interested in learning the average
population of water in different adsorption states, and not the individual distribution
of water over the possible Al and protonation sites, a correct description of the average
(thus ME) is our main requirement on the force-field. The results of the benchmark are
summarized in Fig. 5.2 and 5.3.

For an adsorption of a single water molecule, ReaxFF predicts the average adsorption
energy -59.2 and -31.9 kJ/mol for an adsorption on the BAS proton (A) and on the Al
atom (B), respectively. Compared to the DFT results is the adsorption less exothermic
(ME = 9.9 and 16.0 kJ/mol). Both ReaxFF and DFT consistently predict that the
adsorption of a single water molecule in adsorption state B is less favourable than in state
A by about 27.3 kJ/mol and 33.4 kJ/mol, respectively. Larger discrepancies between
ReaxFF and DFT results are observed on an individual level, with MAE of 20.6 and 26.4
kJ/mol for A and B states (Fig. 5.3). To further test whether the water adsorption is well
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Figure 5.3: The average adsorption energies and corresponding standard deviations σ (left) for
an adsorption of a single and two water molecules as predicted by ReaxFF and DFT calculations.
A single water molecule can be adsorbed either on the BAS proton (A) or on the Al atom in
the anti-position to the BAS proton (B). For two water molecules, four adsorption modes are
possible: the adsorption of two water molecules on the BAS proton and on the Al atom in the
anti-position to the BAS proton (A’); on the Al atom in the anti-position to the BAS proton
with only one water molecule coordinated on the Al atom (B’); on the Al atom in the syn-
position to the BAS proton and on the BAS proton (C’); and a formation of Zundel ion (D’).
The performance of the ReaxFF has been quantified in terms of the ME and MAE (right).

described with ReaxFF, the characteristic bond distances of both adsorption states were
analyzed. The average DFT hydrogen bond distance between water oxygen and the BAS
proton in A is 1.45 Å, while for ReaxFF structures it is 1.87 Å. ReaxFF protons are more
acidic with average BAS proton-framework oxygen (Of ) distance of 1.31 Å compared to
DFT value of 1.07 Å. Excellent agreement is achieved for the geometries of state B, with
an average Al-Ow distance of 2.10 Å predicted by both methods. Overall, we can conclude
that ReaxFF is able to sufficiently capture structural features of both adsorption states.

For the simultaneous adsorption of two water molecules on the BAS proton and on the
Al atom (A’) ReaxFF adsorption energies are less exothermic than DFT results (ME ≈
22.9 kJ/mol). Excellent agreement between ReaxFF and DFT results is observed for the
adsorption of two water molecules on the Al atom in the anti-position to the BAS proton
(B’) and on the Al atom in the syn-position to the BAS proton and the BAS proton (C’).
With ME of -2.9 and -2.6 kJ/mol, respectively, ReaxFF parametrization predicts slightly
more exothermic adsorption than DFT. ReaxFF fails to correctly describe individual
geometries as can be seen from MAE values that are 39.9 and 25.8 kJ/mol for adsorption
state B’ and C’. The largest ME is observed for the formation of protonated Zundel
ion (D’), where ReaxFF systematically underestimates adsorption energy (ME = 29.1
kJ/mol). Insight into quality of the force-field sampling can be gained also by comparing
standard deviations (σ) for each set of configurations (adsorption modes) computed by
both DFT and ReaxFF method (Fig. 5.3). Each of the adsorption modes is characterized
by a set of conformations which stabilities vary greatly with respect to the active site
and the BAS proton position as is reflected in large standard deviations for both ReaxFF
and DFT. The standard deviation is in general larger for ReaxFF data, but the ReaxFF
predicted average adsorption energies always fall within σDF T .
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Figure 5.4: The unit cell volume evolution for zeolite HZSM-5 with Si/Al ratio 23 with respect
to various water loadings and temperatures. Simulation box size change was only allowed to
be isotropic, so the unit cell change is uniform in all directions. The lines are a guide for the
eye only. For comparison the cell volume evolution for silicalite-1 (s) at temperature 298 K was
added. Note, that the unit cell volumes are given, not the supercell volumes.

The results show that ReaxFF performs reasonably well with respect to the DFT re-
sults with the overall ME and MAE for all adsorption modes of 12.1 kJ/mol and 28.5
kJ/mol, respectively. Because our main requirement is the correct sampling of the ad-
sorption states, ME is more important. In that respect, ReaxFF performs well and we
can conclude that it provides a reliable description of the adsorption states. Moreover,
the current parametrization is able to describe both the protonation of a water molecule
by an acidic proton as well as the water adsorption on the Al atom.

5.3.2 Unit Cell Evolution

Prior to the production run, the unit cell relaxation of all water-loaded zeolite models in
the NpT ensemble was performed. The equilibrated unit cell parameters are summarized
in Fig. 5.4. For comparison, we performed NpT simulations of the silicalite-1 at temper-
ature 298 K. The introduction of four Al atoms in the framework has the largest effect on
the unit cell change and expands the unit cell about 0.8 %. Typical Al-O(H) bonds are
longer than Si-O bonds, which causes the expansion of the unit cell. The trend of increas-
ing unit cell size with respect to the Si/Al ratio (sometimes referred to as Breck-Flanigen
relation [183]) is well reported in the literature, especially for zeolite Y [48, 184]. However,
the experimental evidence for a correlation between the Si/Al ratio and changes in unit
cell dimensions of zeolite HZSM-5 is less clear [49, 185]. With increasing temperature the
thermal expansion of the unit cell that is independent of the water loading was observed
as well (Fig. 5.4) which agrees well with experimental data [186]. The evolution of unit
cell volume with respect to water loading shows parabolic behaviour. Initially, the unit
cell shrinks upon the introduction of a few water molecules, while at high water loading
(40 H2O/u.c.) it marginally increases (by up to 10 Å3). The effect is observed for both
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Figure 5.5: Intramolecular radial distribution functions of water in silicalite-1 at 298 K and
various water loadings.

silicalite-1 and HZSM-5 models, therefore, it cannot be attributed to the presence of the
acid site. The initial contraction of the zeolite can be explained by formation of weak
hydrogen bonds between zeolite walls and water molecules. This hypothesis can be un-
derpinned by the work of Nguyen et al., who showed that at low water loadings, water is
preferentially located near the zeolite walls rather than in the middle of the zeolite pores
[187]. Once the water loading increases, the interactions with zeolite walls become less
favourable and water-water interactions are prevalent due to which water molecules tend
to form a hydrogen-bonded water clusters. Contrary, zeolite walls prevent the formation
of too large water clusters and a strain is induced, which expands the unit cell. This can
be seen from the radial distribution function between water-oxygen atoms g(r)Ow−Ow

in
silicalite-1 obtained from the subsequent 1 ns simulation in the canonical (NVT ) ensemble
shown in Fig. 5.5. With the increasing water loading a minimum between the first (2.95
Å) and the second solvation shell, that is typical for bulk water [188], disappears. This
indicates severe steric constraints imposed on water molecules that are confined by zeolite
framework.

5.3.3 Structure of Water Confined in the Zeolite Pores

The formation and structural changes of various adsorption states with respect to sim-
ulation conditions were monitored by changes in radial distribution functions g(r) that
are shown in Fig. 5.6 - 5.9. Insights into the location of acidic protons inside the zeolite
framework can be assessed from g(r)H−Of

between hydrogen atoms and framework oxy-
gen atoms (Fig. 5.6). A distinctive peak at 1.0 - 1.1 Å - which appears in all simulations -
corresponds to the attachment of the BAS proton to the zeolite framework. Another two
peaks around 1.7 and 2.0 Å are present at 298 and 450 K, while they are absent at higher
temperatures. We assign these peaks to the formation of a bridging protonated cluster
(presumably hydronium ion H3O+) attached to the framework or a weakly attached pro-
tonated cluster, respectively, as shown in Fig. 5.8. This agrees with H-Of distances from
benchmark calculations on ReaxFF performance from Subsection 5.3.1 (the data are not
shown). In g(r)H−Of

(Fig. 5.6), two broad peaks around 3.0 and 3.8 Å are identified that
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Figure 5.6: Computed radial distribution functions g(r)H−Of
between hydrogen and framework

oxygens surrounding the Al atoms.

Figure 5.7: Computed radial distribution functions g(r)H−Ow between all hydrogens (including
the BAS proton) and water oxygens.
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Figure 5.8: Hydronium ion (H3O+) can be formed upon interaction of water with BAS protons.
The complex can be both mobile or strongly attached to the zeolite framework via formation of
hydrogen bonds.

belong to hydrogen atoms of protonated water clusters that are weakly hydrogen-bonded
to the zeolite framework (the peak at 3.0 Å) or mobile (the peak at 3.8 Å). The inten-
sity of peaks increases (compared to the BAS proton peak) as more water molecules are
added to the system. At higher water loading larger protonated water clusters assist with
a proton hopping and thus the acidic proton becomes more mobile. At a constant water
loading, the intensity of the peaks decrease with respect to the BAS proton peak at 1.0
Å) with temperature - the cluster becomes less stable and the protons return back to the
zeolite framework more frequently.

Fig. 5.7 shows g(r)H−Ow
of all hydrogens with respect to water oxygens. The first peak

(at 1.0 Å) is intramolecular H-O bond. As for g(r)H−Of
, the peak around 1.7 Å is present

at lower temperatures (298 and 450 K) and for all water loadings. The peak corresponds
to the BAS proton which is part of the hydronium ion (H3O+) or of a larger protonated
water cluster. As can be seen from the g(r)H−Ow

the stability of water clusters decreases
at high temperatures and the BAS proton returns to the framework (Fig. 5.7). The peak
presence correlates with another peak at 3.0 Å which belongs to the first solvation shell of
the hydronium ion and indicates that larger protonated clusters are formed for all water
loadings. Simultaneously, a two peaks at 2.0 and 3.3 Å appear that we assign to the first
and second solvation shell of the unprotonated water molecules and which can also be
seen in g(r)H−Ow

of silicalite-1 (Fig. 5.5).
Fig. 5.9 shows the g(r)Al−Ow

between Al atoms and water oxygens. At 1.9 Å a very-
well defined peak appears at high temperatures (723 and 873 K). The short Al-Ow distance
clearly indicates the adsorption of water on the Al atom and subsequent formation of a
donative covalent bond of the length comparable to a typical framework Al-O(H) distance.
Another sharp peak around 3.0 Å is present for the systems at 298 K which correlates
with an appearance of the peak at 1.7 Å for H-Of distances. We assign this peak to the
adsorption of water on the BAS proton. At high water loadings (20 and 40 H2O/u.c.) a
new peak around 3.7 Å appears, which we identify as a weak attachment of protonated
clusters to the acid site.

To sum up, by analysing g(r), we were able to identify the main adsorption states
of water within the zeolite framework. At low water loadings and low temperatures, the
BAS proton remains attached to the zeolite framework, while at higher water loadings a
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Figure 5.9: Computed radial distribution functions g(r)Al−Ow
between Al atoms and water

oxygens.

formation of protonated water clusters - both hydrogen bonded to the zeolite framework or
mobile - is observed. The stability of these clusters decreases with increasing temperature.
Besides, we observe that water can be adsorbed on the BAS proton via formation of a
hydrogen bond. At high temperatures, a new adsorption state appears in which a water
molecule is adsorbed on the Al atom.

5.3.4 Proton Transfer and Water Bonding

Using the structural characteristics obtained from the analysis of g(r) in Section 5.3.3, we
are able to recognize a formation of different water-zeolite adsorption complexes and thus
track their occurrence with respect to varying simulation conditions. Fig. 5.10 (top left)
shows how the framework deprotonation probability depends on both water loading and
temperature. At the low water loadings (4 and 8 H2O/u.c), the deprotonation probability
is rather insensitive towards varying temperature with maximum around 23 %, i.e. the
majority of BAS protons (> 77 %) remain attached to the framework. The situation is
different for higher water loadings (20 and 40 H2O/u.c), where the deprotonation proba-
bility varies between 22 and 85 % depending on the temperature. The observed variation
in deprotonation probabilities can be explained with respect to the size of proton carry-
ing clusters. At high water loadings, the formation of larger clusters is to be expected.
However, the stability of large clusters at high temperatures is penalized by the entropy ef-
fects, which is visible from the differences in the deprotonation probability with respect to



100 Chapter 5

Figure 5.10: Probability for framework deprotonation (top left), water adsorption on the BAS
proton (top right), a formation of the protonated water cluster (bottom left) or water adsorption
on the Al atom (bottom right). Note that the protonated water clusters can be both attached
to the framework (thus behaves as water adsorbed on the BAS proton) or mobile.

the system temperature. Under all temperatures, the deprotonation probability increases
with increasing water loading. At 298 K and water loading of 40 H2O/u.c., the depletion
of acid sites reaches 85 %. The obtained results on the proton transfer probability are
in a good agreement with the work of Joshi et al. [84]. However, the authors observed
much less deprotonation at similar reaction conditions (298 and 450 K). We attribute the
observed discrepancies to differences in methodology on a recognition of the presence of
the BAS proton. Joshi et al. used bond-order cutoff between oxygen and hydrogen atoms
of 0.3 (≈ 1.90 Å) to recognize the presence of the BAS proton, while in our work we
used the cutoff distance 1.75 Å that was derived from the analysis of g(r) at 298 K (Fig.
5.6). The validity of our results is further supported by experimental results of Wang et
al. as well as of Vjunov et al. who both observed that at high water loadings and room
temperature, the framework is completely deprotonated [4, 130].

The graph of probability of the water adsorption on the BAS proton correlates with
the deprotonation probability (Fig. 5.10). The stability of the BAS proton-water com-
plexes (i.e. protonated clusters) decreases with increasing temperature and a likelihood
for the BAS proton to be occupied by a water molecule is higher at higher water con-
centrations, because under these conditions, more water molecules that can participate
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Table 5.1: Relative probability for water adsorption on the BAS proton with respect to the
amount of BAS protons available. The results are given in %.

Water loading [# H2O/u.c.]

Temperature [K] 4 8 20 40

298 2.7 7.2 55.9 94.5

450 1.0 2.5 9.9 31.7

723 0.4 1.0 3.3 10.4

873 0.4 0.8 2.4 8.2

in the adsorption, are available. In the next step, we computed relative adsorption prob-
abilities given as a ratio of water molecules adsorbed on BAS protons to the amount of
BAS protons present. Our results are summarized in Table 5.1. At 298 K the occupation
of BAS protons by water molecules rises from 2.7 up to 94.5 % depending on the water
loading. With increasing temperature, the adsorption becomes unfavourable and it drops
below 5 % at 873 K.

Once the acidic proton is transferred to the water, the newly formed hydronium ion
(H3O+) can react with other water molecules and form larger protonated clusters. The
probability of water to be a part of a pronated cluster is shown in Fig. 5.10 and Fig.
5.11 depicts the relative occurrence of protonated clusters with respect to their size. The
probability of water to be part of some protonated cluster increases progressively with
water loading because water molecules solvate the hydronium ions and thus increase their
survival rate. Fig. 5.10 shows that at a temperature of 298 K the probability of water
to be part of the protonated cluster is lower at water loading of 40 H2O/u.c than at
20 H2O/u.c (42 vs. 62 %). This indicates that an equilibrium situation exits, in which
the acidic protons are fully saturated by surrounding water molecules and an addition
of more water molecules does not further stabilize the system. This is reflected also in
deprotonation probability that reaches almost 95 % for the system with 40 H2O/u.c at
298 K (Table 5.1). Under these conditions, there are no more acidic protons that can be
taken from the zeolite framework by water, therefore, the protonated cluster formation
probability drops. The stability of protonated clusters is very sensitive to the temperature
and it dramatically drops at moderate temperatures (450 K) to 4 - 24 % depending on the
water loading. At 873 K the clusters are almost absent and the probability for the water
to be part of some protonated cluster varies between 2 to 7 % (Fig. 5.10). This has several
consequences on the location of the BAS proton and it supports our earlier hypothesis
that at low temperatures the zeolite loses its acid sites, while at high temperatures its
acidity is restored to a great extent. The size of protonated clusters depends on both water
concentration and temperature. At low water loadings (4 and 8 H2O/u.c), the protonated
clusters consist mostly of hydronium ions (H3O+) and protonated dimers (H5O+

2 ), with
a small fraction of protonated trimers (H7O+

3 ) and tetramers (H9O+
4 ) that are present

only at 298 K. With increasing water concentration, the presence of hydronium ions
(H3O+) diminishes and it is replaced by larger protonated clusters. At 298 K and high
water concentration (40 H2O/u.c) a formation of protonated trimers (13 %), tetramers
(37 %) and pentamers (29 %) completely dominates the cluster population. Moreover,
very large protonated water clusters made of more than five adjacent water molecules and
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Figure 5.11: The structural composition of protonated water clusters as a function of water
loading and temperature.

a proton are present that make up more than 15 % of all clusters (298 K, 40 H2O/u.c).
This indicates that water can form very large protonated networks within the zeolite
pores, that can enhance the proton transfer across the large distances. Due to their large
dimensions that exceeds the pore dimensions, the shape of clusters is not spherical, but it
is rather dictated by the pore topology as can be seen from Fig. 5.12. The considerable
size of protonated clusters significantly restricts the available pore volume and it might
hinder the diffusion of other molecules through the zeolite. The occurrence of such large
protonated water clusters has been confirmed experimentally by Eckstein et al. [144].
With increasing temperature, the large protonated clusters become less stable and they
are not formed at temperatures 723 and 873 K.

In contrast to protonated clusters, the water adsorption on the Al atom is not observed
at all at the low temperature (298 K) but it starts to occur with increasing temperature.
The water adsorption on the Al atom is energetically demanding process, while the water
adsorption on the BAS proton or the framework deprotonation are rather spontaneous
processes. Within 10 ns simulations, the adsorption probability on the Al atom never
exceeds 4 % (873 K, 40 H2O/u.c.). This further supports our previous finding from
DFT calculations in Chapter 4, where we showed that prior hydrolysis of Al-O(H) bonds
during the water-induced zeolite dealumination, a water reorganization from a very stable
(protonated water clusters) to a reactive adsorption state has to happen. Previously, it
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Figure 5.12: The formation of large protonated complexes can be observed at high water load-
ings. The dimensions of such large water clusters exceed the pore diameter and as a consequence
clusters have an elliptical shape.

Figure 5.13: The reversible Al-O(H) bond-breaking upon the adsorption of water on the Al
atom.

has been both experimentally and theoretically reported that the adsorption of water on
the Al atom induces a spontaneous elongation of the framework Al-O(H) bond which can
eventually break completely [145]. Therefore, we have monitored the evolution of Al-O(H)
distances during RMD simulations. Several times during the simulations, a spontaneous
Al-O(H) bond breaking upon a water adsorption on the Al atom has been observed as
shown in Fig. 5.13. The process is fully reversible, and once the water molecule desorbs,
the framework Al-O(H) bond is formed again.

5.3.5 Free Energies of the Adsorption States

As introduced aforesaid, relative free energy differences between the given adsorption
states are obtained by direct counting from the population analysis. The free energy
profile of water adsorption on the BAS proton suggests that the occupation of the BAS
proton by water is energetically easy process irrespective of reaction conditions as shown
in Fig. 5.14. At the room temperature and high water loading (40 H2O/u.c.) it occurs
spontaneously with ∆FBAS = 0.14 kJ/mol. The derived internal energy ∆EBAS varies
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Figure 5.14: Free energy differences ∆Fi for different water adsorption states i. An empty
adsorption site (if present) is used as a reference for water adsorption on the BAS proton and
the Al atom, while water in a physisorbed state is used to compute the free energy differences of
protonated clusters. The lines correspond to the linearly fitted function that describes ∆Fi as
a function of the temperature that was later used to compute ∆Ei and ∆Si. The linear curves
for the water adsorption on the Al atom are not shown as they produce unrealistic estimates of
the internal energy and the entropy.
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Table 5.2: Computed internal energy ∆Ei and entropy ∆Si for a water adsorption to the ad-
sorption state i. An empty adsorption site (if present) is used as a reference for water adsorption
on the BAS proton and the Al atom, while water in a physisorbed state is used to compute the
free energy difference of a protonated cluster. The data for the water adsorption on the Al atom
(shown in red color) are not reliable due to insufficient sampling of this adsorption state.

Adsorption state ∆Ei [kJ/mol] ∆Si [kJ/mol]

Water loading [# H2O/u.c.] 4 8 20 40 4 8 20 40

BAS -7.863 -8.406 -11.582 -9.674 -0.056 -0.050 -0.044 -0.032

the Al atom 82.232 171.426 -31.894 6.584 0.038 0.160 -0.079 -0.019

H3O+ -1.907 -0.691 1.893 15.608 -0.038 -0.035 -0.032 -0.017

H5O+

2
-18.627 -11.240 -8.361 0.802 -0.076 -0.057 -0.044 -0.028

H7O+

3
-30.425 -23.327 -19.038 -7.088 -0.125 -0.095 -0.069 -0.040

H9O+

4
-32.171 -39.162 -23.882 -15.997 -0.136 -0.147 -0.093 -0.060

between -7.9 and -11.6 kJ/mol, depending on the water loading (Table 5.2). In this
adsorption state, the water-zeolite complex is stabilized by formation of the hydrogen
bond between the BAS proton and water oxygen, that makes the process exothermic.
The entropy change is always negative upon adsorption on the BAS proton (∆SBAS =
-0.056 to -0.032 kJ/mol K), because the water molecules lose a part of their translational
and rotational freedom. Contrary, free energy of the hydronium ion is rather independent
of the temperature, which indicates very low entropy loses of a single water molecule
upon protonation as it can freely diffuse through zeolite channels. The internal energy
and entropy changes are small with respect to the physisorbed water except for high
water loading (40 H2O/u.c. Table 5.2). At low water loadings (4 H2O/u.c), the internal
energy is negative (∆EH3O+ = -1.9 kJ/mol), but it becomes positive for water loadings
higher than 4 H2O/u.c (∆EH3O+ = 15.6 kJ/mol, 40 H2O/u.c). At high water loadings,
water naturally forms clusters, therefore, the hydronium ion is an unstable structure with
respect to the reference state. Contrary, the entropy difference becomes less negative
(∆SH3O+ = -0.017 kJ/mol K, 40 H2O/u.c) because water molecules are more packed in
the reference (physisorbed) state at higher water loadings. With growing cluster size, the
free energy cost for formation of the protonated cluster varies between 0.0 - 102.1 kJ/mol
depending on both system conditions and cluster size (Fig. 5.14). The analysis shows that
the internal energy change increases towards more negative values (i.e. is more favorable)
with increasing cluster size - the hydronium ion is stabilized by solvation at the cost of
the entropy loss. The increment of stabilization by adding water molecule decreases with
cluster size, however, it does not reach plateau even for clusters made of seven water
molecules for the system with 40 H2O/u.c (Table 5.2). This indicates that at high water
loadings, very large protonated clusters can exist, whose stability will be dictated by an
interplay between the entropy loss and internal energy gain, i.e. determined by the system
temperature.

Contrary, free energy profiles of water adsorption on the Al atom are very inconsistent
and the estimated internal energies vary between -31.9 to 171.4 kJ/mol with respect to
the varying water loadings. Eq. 1.2 is valid only when both configurations (i.e. water in
physisorbed state and water adsorbed on the Al atom) occur with sufficient frequency in
the ensemble to obtain reliable statistics. Apparently, this is not the case, which makes it
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impossible to adequately estimate internal energy and entropy with unbiased sampling.
However, considering extreme length of our simulations (10 ns), this supports our earlier
hypothesis that the adsorption of water on the Al atom is energetically very unfavorable
process with a high adsorption cost and this step should be considered when modeling
the dealumination reaction.

5.3.6 The Impact of Water on the Catalysts Properties

Our results demonstrate that the presence of water largely influences the reaction envi-
ronment for catalytic conversion depending on both temperature and water loading and
a rather general picture about the catalytic reactions in the presence of water can be
drawn. At high-water loadings and low reaction temperatures protons are mobile and
preferentially attached to water phase. As a result, the water alters zeolite acidity and
also the feedstock reactivity as has been already proposed for methanol conversion [62].
The remaining BAS protons are fully occupied by water molecules and inaccessible for
reactants. Under these conditions, the catalytic reaction can be seen rather as a reac-
tion in solution where the zeolite framework provides a steric confinement rather than
strictly heterogeneously catalysed system. The formation of large protonated clusters
causes compartmentalization of the available pore volume into domains of different po-
larity as proposed by Eeckstein et al. [144]. The protonated clusters are able to catalyze
various chemical reactions as has been shown for olefins hydrogenation [189, 190]. At mild
reaction conditions, a fraction of BAS protons is mobile and remaining BAS protons are
partially occupied by water molecules. A competition for BAS protons between the water
molecules and reactants is expected. The deprotonation probability is low (< 20 %) at
high temperatures and the positions of BAS protons are determined by Al distribution.
BAS protons are empty and available for the catalysis.

BAS proton hopping has severe consequences on the catalyst stability as well. Recent
experimental literature suggests, that while at high temperature the zeolite undergoes
dealumination, at low temperature and high-water loading the zeolite desilication, that is
sensitive to the concentration of defects, occurs [66]. It has been previously shown that the
water adsorption on the Al atom is mandatory step for the hydrolysis of Al-O framework
bond [91, 112]. The process can be both reversible and irreversible depending on reaction
conditions. At low temperatures and high water loading, a frequent deprotonation of the
zeolite framework leaves behind negatively charged AlO−

4 moiety, and the adsorption of
the water on the Al atom is very unfavorable. As a consequence, the zeolite dealumi-
nation cannot be initiated and alternative reaction has to take place. At high reaction
temperatures, water can overcome the high adsorption barrier and the dealumination can
be initialized. Finally, the adsorption of water on the Al atom can cause partial dislodg-
ment of the Al atom from the framework and formation of non-acidic silanol (Si-OH) is
observed. This will cause a further depletion of the acid sites within the framework.
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5.4 Conclusions

Rective molecular dynamics (RMD) simulations have been employed to study a bonding
of water in the zeolite HZSM-5 with a Si/Al ratio of 23 under large window of simulation
conditions. The validity of ReaxFF parameters has been verified by comparing adsorption
energies of wide set of water-zeolite adsorbates to the reference DFT data. ReaxFF was
found to be able to properly sample different adsorption states and a reasonable agreement
between ReaxFF and DFT was found. RMD simulations show that the zeolite acidity
and subsequent BAS proton mobility progressively depends on the water loading. A
complete depletion of acidic protons has been observed at water loading 40 H2O/u.c and
298 K. The process is accompanied by the formation of large protonated clusters that
further enhance diffusion of the acid sites across the zeolite. As a side effect, the large
protonated clusters effectively decrease the pore volume of the catalyst and create large
polar domains within (mostly) hydrophobic zeolite framework. At high temperature, the
stability of the clusters decreases and the acidity of the zeolite is restored. We have found
that, at elevated temperatures, the adsorption of water on the Al atom occurs, which is
the initial step of dealumination reaction. The absence of this adsorption state at low
temperature indicates that the process is energetically very demanding step. Under low
reaction temperatures a large portion of acidic protons is attached to aqueous phase,
which leaves behind negatively charged AlO−

4 moiety, further prohibiting the adsorption
of the water on the Al atom. In agreement with previous literature [145] we confirm that
the adsorption of water on the Al atom can cause a partial dislodgement of the Al from
the framework and a loss of the acidic function. This process is fully reversible and the
framework integrity is restored once the water molecules desorbs from the Al atom.





Chapter 6.A

Summary, Outlook and Conclusions

6.A.1 Summary

The central theme of this PhD thesis is the chemistry of water molecules within zeolite
frameworks as studied with molecular simulations. This is a very important research topic
as the presence of water cannot be omitted in the entire lifetime of zeolite-based catalyst
materials. Water plays a dual role - it has the ability to optimize catalytic reactions
by suppressing undesired side reactions (e.g., zeolite coking), while at the same time it
can cause an irreversible catalyst deactivation due to dealumination and/or desilication.
Ultimately, we would like to reach such control over the catalyst that we can selectively
use only the beneficial properties of water. This requires a detailed understanding of the
intricate zeolite-water interactions starting from the atomistic level. In this context, we
have used quantum and classical molecular simulations with a focus on the study of the
water-induced catalyst deactivation due dealumination and taking zeolite HZSM-5 as the
showcase system. In what follows, the main findings of each chapter of this PhD thesis
are summarized. These findings are also visualized in Fig.6.A.1.

In Chapter 2 we have developed a realistic zeolite model that accurately describes the
water-zeolite interactions. We analyzed the structural differences in geometries of water-
zeolite adsorption complexes obtained by a large set of DFT functionals. We find that both
dispersion-corrected and dispersion-uncorrected functionals predict qualitatively similar
results, and all of them predict the adsorption of water on the Brønsted acid site (BAS)
proton and on the Al atom as stable adsorption states. In the next step, we have bench-
marked the performance of DFT functionals to reproduce very accurate MP2 and RPA
adsorption energies of water on the active site. A very good agreement with high-level
data is found for the dispersion-uncorrected PBE functional. The addition of pair-wise
Grimme’s dispersion correction on the PBE level leads to the strongly overestimated ad-
sorption energies, while the combination of the revPBE functional with a pairwise -D3
dispersion correction significantly improves its performance and provides results that are
very close to the adsorption energies predicted by post-Hartree-Fock methods. The per-
formance on non-local vdW functionals varies a lot with respect to the choice of GGA
functional and has to be carefully tested. The work performed shows that up to now
there is nor the universal, neither the best van der Waals scheme for DFT methods and
each method has to be carefully tested. Overall, the PBE functional without any disper-
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Figure 6.A.1: Summarizing figure of the main observations, as concluded from the different
Chapters of this PhD thesis. The figure starts with Chapter 2 (top left) and continues clockwise.
In Chapter 2, we set up an accurate DFT model of the zeolite-water complexes. Chapter
3 deals with the structure and energetics of the stable zeolite-water adsorbates in presence of
multiple water molecules. In Chapter 4 we model the initial stage of water-induced zeolite
dealumination under large windows of reaction conditions. Finally, in Chapter 5 the dynamics
of water confined within the zeolite framework and its impact on the catalyst properties were
studied.

sion corrections yields both structurally and energetically consistent data, therefore, we
recommend it to use for the modelling of water-zeolite complexes.

Before any chemical reaction happens, water molecules must be adsorbed within the
zeolite framework. In Chapter 3 we provide a detailed DFT study on the structure
and energetics of different water-zeolite adsorption complexes in a zeolite HZSM-5 model
with one and two water molecules. Our results show that the water is preferentially
adsorbed on the BAS proton, while the adsorption on the Al atom is a significantly
less favourable process. The simultaneous adsorption of two water molecules on the Al
atom can initialize a spontaneous Al-O(H) bond breaking and partially dislodge Al atoms
from the zeolite framework. In a newly formed water-adsorption complex is the Al atom
bonded to three framework oxygen atoms and a water molecule. At the same time, non-
acidic silanol moiety (Si-O(H)) is formed and the catalytic activity of the active site is
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lost. Moreover, the formation of distorted tetrahedral Al suggests a new dealumination
pathway. In next steps of the reaction, additional three water molecules need to be
adsorbed and hydrolyzed, each of them leading to a single Al-O bond breaking. Although,
the initial step is energetically very favourable, the viability of this reaction pathway
has to be confirmed in the future. In the presence of multiple water molecules another
adsorption structures are possible, such as a formation of very stable Zundel ion (H5O+

2 )
in which the BAS proton is detached from the zeolite framework. We identify that the
stability of the adsorption complexes is partially given by a confinement from the zeolite
framework. We show that the extent of local steric constraints can be quantified in terms
of coordination number. This is the first step towards better understanding to the origins
of experimentally observed Al regioselectivity during the zeolite dealumination.

Chapter 4 deals with the DFT modelling of the zeolite dealumination reaction,
namely with the first Al-O(H) bond breaking in the zeolite HZSM-5. To study the ef-
fect of the local zeolite topology on the dealumination, three different Al locations are
considered. The possible reaction routes start from the adsorption modes identified in
Chapter 3. Overall, we identify four reaction mechanisms for zeolite dealumination that
consist of two different types of reactions. In the first three proposed mechanisms, a wa-
ter dissociation of an incoming water molecule precedes the Al-O(H) bond breaking. The
fourth mechanism is a spontaneous Al-O(H) bond-breaking induced by non-dissociated
water adsorption, as proposed in Chapter 3. The comparison with a single water molecule
model reveals the importance of water-water interactions. The additional water molecule
has the ability to catalyse the zeolite dealumination reaction and thus to effectively de-
crease the reaction barrier, i.e. by a proton transfer. Therefore, the accurate modelling
of the zeolite degradation requires the presence of a realistic amount of water molecules.
In the next step, we extend our model about water reorganization that has to occur prior
the hydrolysis of Al-O(H) bonds. The starting point for all reaction pathways is thus
the formation of a very stable Zundel ion. Our results indicate that at high reaction
temperatures the feasibility of this rearrangement is one of the determining factors for
the relative occurrence of dealumination at different sites. We have further established a
correlation between the Al site susceptibility toward dealumination and a large window
of reaction conditions. Based on the modelling results, we suggest that the pressure and
temperature controlled dealumination can be used during a post-synthetic zeolite treat-
ment to tune the Al distribution and to synthesize hydrothermally stable and reactive
zeolite-based catalysts. The validity of this hypothesis yet must be confirmed by a.o.
experimental data, including both spectroscopic and catalytic data, although many re-
search publications confirm that temperature and pressure are important parameters in
e.g. zeolite dealumination processes.

While, the previous chapters provide very accurate (quantum level) data, in Chapter
5 we take a different approach and apply reactive molecular dynamics (RMD) simulations
in order to obtain information about the spatial and time-resolved behaviour of water in
zeolite HZSM-5 with a Si/Al ratio of 23. RMD simulations show that water can alter the
zeolite acidity by subtracting the BAS proton from the framework lattice. Dependent on
the system conditions (i.e., reaction temperature and water pressure), mobile protonated
water clusters of more than five water molecules can be formed. Such large protonated
clusters enhance diffusion of the acid sites across the zeolite, decrease the available pore



112 Chapter 6.A

volume of the catalyst material and create polar islands within the hydrophobic zeolite
framework. At high temperatures (> 450 K), the stability of protonated clusters is en-
tropically unfavorable and the acidity of the zeolite is restored to a large extent. Besides,
under these conditions, the adsorption of water on the Al atoms occurs. Such water-Lewis
acid site interaction is completely absent under the lower system temperatures. We further
confirm our results from Chapter 3 and observe the dynamics of a partial Al dislodge-
ment from the zeolite framework upon adsorption of water on the Al atom. The process
is fully reversible and once the water is desorbed, the integrity of the zeolite framework is
restored. Our analysis provides a rather complete picture on the structure and stability
of water in the zeolite HZSM-5 under catalytically relevant reaction conditions and can
help in an optimization of the catalytic systems in the presence of water.

6.A.2 Outlook

In the coming decades, society has to deal with many social and environmental challenges
of which we ourselves are at least in part the cause. Our success crucially depends on
how quickly and efficiently we can come up with more sustainable solutions, which pre-
serve our standard of life, while at the same time being not environmentally harmful. In
that respect, the development of new materials and chemicals that are sustainable and
follow the principles of green chemistry, in which circularity (e.g., carbon-to-carbon and
nitrogen-to-nitrogen concepts) is a key-aspect, is of the highest importance. A lot of ef-
fort is currently invested into the efficient and more sustainable production of valuable
commodity chemicals (e.g., benzene-toluene-xylene, BTX) of many of our goods as well
as into the discovery of new functional materials, including coatings. This largely growing
field includes the design of new biomass-derived materials (e.g., green coatings) or new
materials for CO2 capture and storage (i.e., carbon capture and storage, CCS), electro-
chemistry to not only convert water into H2, but also to make more complex organics
(i.e., electrochemical synthesis of organic molecules), as well as into the energy storage,
as reviewed in some recent articles [191–194]. Simultaneously, many efforts are put into
optimization of well known materials, such as zeolites, for new applications [14, 15, 195].

The rational design and optimization of new materials is not possible without the
detailed knowledge of chemical processes on all scales, down from the atomic structure
all the way up to macroscopic level. State-of-the-art operando and in-situ measurements
generate time-dependent dynamic data of functional nanomaterials, such as solid cata-
lysts, batteries and fuel cells, that are relevant for the realistic and even real conditions,
thus providing us with the most detailed view on the chemistry of these hierarchically
structured materials. On the other hand, the routine utilization of such measurements
to systematically study existing as well as new materials is not yet possible, mainly due
to the large pool of options one would have to explore and limited material, time and
human resources. Here, miniaturization as well as high-throughput approaches could be
helpful, but still it is unclear how far we can push these developments in the decades
to come. Hence, we will not be able to move towards the rational design of materials
without the help of in-silico methods, that have proved to be indispensable in the search
for fundamental understanding during the past decades, e.g. in the field of zeolite chem-
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Figure 6.A.2: Summarizing outlook figure that shows some of the main challenges in modelling
zeolite dealumination. Efforts should be put into the development of an accurate zeolite model
that fits the experimental Al distribution (top left) and the number of defect sites (top right).
Important is also the development of modelling techniques that address zeolite dealumination as
a multiscale problem (bottom left) such as direct multiscale methods (bottom right), in which
the region of interest is treated at high level of theory, while the rest of the system is described
with computationally less expensive method.

istry [196]. Thanks to the rapid development of increasing computational power we have
already reached the accuracy required to reproduce experimental data, such as the the-
oretical calculation of UV/VIS, FT-IR or NMR spectra of relatively complex molecular
structures. On one hand, we are continuously increasing the precision of our theoreti-
cal models, while on the other we build complex models mimicking the behaviour of the
materials under operando conditions on different time and various length scales [162].
However, the ultimate strength of computer simulations is in their predictive nature.

In this PhD thesis we show, how the systematic computational research performed on
top of advanced experimental studies allows to make predictions about the influence of
water on the catalyst stability and catalytic activity. Based on our modeling results, we
suggest that pressure-controlled dealumination can be used as a post-synthetic treatment
to precisely tune the Al distribution and to synthesize hydrothermally more stable and
reactive zeolite-based catalysts. However, the validity of this hypothesis yet must be
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confirmed by a.o. experimental spectroscopic and catalytic data, thereby reinforcing the
concept that combining theory and experiment is a powerful approach, which has to go
hand-in-hand to solve intricate problems in the functional materials science era.

Still, there is a lot of room for new advances in modelling of chemical reactions. In
what follows, we identify core challenges of the modelling zeolite dealumination which
should be addressed in the coming years. These concepts are schematically visualized
in Fig. 6.A.2. One of the most pressing tasks is to create a zeolite model, that reflects
a realistic Al distribution, acidity and heterogeneities that the zeolite frameworks actu-
ally possess. The various amounts of Al atoms in zeolites correspond to an ensemble
of possible positions in the framework crystallographic sites (T-sites). Yet, it has been
shown that Al locations, as well as Si/Al ratio can dramatically change the catalysts
functionality and performance in catalytic reactions, as well as the zeolite susceptibility
towards zeolite dealumination [6, 40, 45, 46, 88, 89]. The 3D distribution of individual
Al atoms in the zeolite framework depends on the experimental conditions of the zeolite
synthesis [6], thus, thermodynamics does not determine the structure of the zeolites and
the calculation of the relative stability of Al atoms in the individual framework T-sites
cannot be employed for the prediction of Al distribution. The rational design of the zeolite
model with the realistic Al distribution requires a detailed understanding of the zeolite
synthesis. The first step is an inclusion of the other parameters, such as the presence of
the Structure Directing Agents (SDAs), into zeolite models. The pioneering study in this
field was done by Sastre et al., who involved the SDA molecule, into their model for the
calculation of energies of Al atoms in zeolite ITQ-7. By employing classical force field
simulations, the authors demonstrated that the role of the SDA molecule is crucial for
determining the Al distribution in the ITQ-7 zeolite [197]. An alternative approach has
been recently taken by Louwen et al., who used simulated annealing to create a periodic
structure model of zeolite Y with realistic Si/Al ratio that reproduces the experimental
NMR data [36]. Nevertheless, only a limited amount of configurations have been consid-
ered and large-scale screening of Al configurations on a quantum level is currently not
possible. A very promising methodology to partially resolve Al distribution is a direct
coupling of DFT methods with experimental measurements, such as with extended X-ray
absorption fine structure (EXAFS) and 27Al magic-angle spinning (MAS) nuclear mag-
netic resonance (NMR) spectroscopy that if combined with DFT modelling are able to
provide the information about relative occupancy of crystallographic sites (i.e., T-sites)
[41]. The major challenge of this approach remains the upscaling of the procedure in a
way that it allows routine characterization of the samples. Moreover, while the model
zeolite system is always considered as a defect-free, almost every zeolite material contains
various types of defects. Very little knowledge on the detailed structure of zeolite defects
is available [157], although it has been shown that the number of defect sites affects the
zeolite susceptibility towards the water attack [198].

In the past years a lot of efforts, including this work, have been put into the study of
the single Al atom removal from the zeolite framework. However experimentally, zeolite
dealumination is exploited with the aim to create a.o. mesopores, which dimensions largely
exceed the size of an individual silanol nest formed upon the first Al removal [88, 199]. If
we assume that the Löwenstein rule is valid and no Al-O-Al sequences are present in the
zeolite, then in the next step of the reaction, an internal reorganization within the zeolite
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structure and Si migration needs to occur. This mechanism is sometimes referred to as
the mechanism of Marcilly [200]. Up to now, the propagation of zeolite degradation is not
well understood, especially on the atomic scale. First insight in these phenomena could
be obtained from a step-by-step approach, as presented in Chapter 4, in which the zeolite
desilication (a precursor for Si migration) starts from the defective zeolite structure and
is described as a series of consecutive step with always one water molecule present. The
computed barriers could be then used in microkinetic modelling or kinetic Monte Carlo
simulations (KMC), which provides information about reaction rates. Such multi-scale
model would give a complex picture about the dynamics of mesopores formation and allow
a better control over mesopore formation.

During zeolite dealumination, extra-framework aluminium (EFAL) species are formed.
The EFALs can act as Lewis acid sites and thus influence the catalytic reactions [201]
as well as its acidic protons [202]. Recently, Chen et al. showed that EFAL hydroxyl
groups posses reactive protons that can react with hydrocarbon probe molecules such
as alkane [203]. This open questions on the structure of stable EFAL species as it has
not been previously believed that EFAL can posses Brønsted acidity. Moreover, it has
been suggested that the clustering of EFALs and the confinement effects, imposed by
the zeolite framework can be a source of Al susceptibility towards zeolite dealumination
[94]. The EFAL diffusion and stability can be studied using ab-initio MD simulations
in the same manner as was done by Benco et al. who studied the mobility of EFAL in
the zeolite Gmelinite [204]. However, the time-scale resolution of such simulations might
be insufficient due to the large size of EFAL species, therefore, the utilization of RMD
simulations as we present in Chapter 5 can be a better approach. RMD simulations
would not provide only the information about EFAL diffusion but also about the proton
exchange between the zeolite framework and the EFAL species. The clustering of the
EFAL can be studied using free-energy sampling techniques such as metadynamics in a
similar manner as has been used by Nielsen et al. for the study of the first Al removal
from the framework [142].

The ultimate challenge for computational chemistry is to take a step further and to
develop new and up to now unknown functional materials ab-initio, i.e. from the scratch.
In that respect, the utilization of high-throughput benchmark methods will play a key role
in the rational design of such functional materials, including zeolites. This can be achieved
either via the development of new concepts that would be able capture the essence of
desired material properties in terms that are simple enough to be computationally feasible,
while keeping the accuracy or by the use of algorithms, such as machine learning or neural
networks. We have illustrated this first approach in Chapter 3 where we have identified
the relationship between the adsorption energy of water on the active site and the water
coordination number. Moreover, Silaghi et al. have established Brønsted-Evans-Polanyi
(BEP) for the initiation of an Al-O(H) bond breaking [91]. Such relationships allow to
quickly investigate a larger number of configurations within the zeolite framework and
are the first step towards the high-throughput screening of the materials. Alternatively,
machine learning methods can be of great help in discovery and synthesis of new materials,
as has been recently showed by Jensen et al., who used artificial intelligence to engineer
germanium-containing zeolites [205].
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At the same time, with a constant growth of the computational power, the continu-
ous growth in the accuracy of current models can be expected. With much more precise
computer simulations in our hands, we can more accurately predict important physico-
chemical properties, such as adsorption, diffusion or chemical reactivity, which optimiza-
tion is crucial for the in-silico design of functional nanomaterials. Pairing experiments,
preferentially performed under operando conditions, with advanced theory on real(istic)
models will become routine and will provide more fundamental insights into the structure
as well as function of materials.

Still, there is a lot of room for improvement and surely many developments are ex-
pected to take place in the upcoming decades. One of the main challenges of the compu-
tational chemistry as a field is to couple the knowledge from one (i.e., time and length)
scale to the other (e.g., micro-, meso- and macroscale) and translate it into the terms of
macroscopic behaviour, including for example chemical reactivity and stability. Zeolite
dealumination is an important example of that. From an atomic point of view, we have
already the information about the mechanism of the hydrolysis of the zeolite framework
bonds, but as we zoom out, the confinement effect, the presence of defects exceeding the
unit cell lengths and many other phenomena, including the presence and diffusion of the
newly formed EFAL species, start to affect the overall reaction landscape. Moreover, the
structure of a catalyst material does not only depend on the reaction conditions alone,
but surely it evolves with time due to its adaptive nature and physicochemical processes,
such as the catalyst aging [206, 207].

Finally, a special effort must be put on the improvement of the direct multiscale meth-
ods, such as QM/MM (quantum mechanics/molecular mechanics) or MM/CG (molecular
mechanics/coarse grained), that combine the accuracy of high-level methods with the effi-
ciency at which the calculations can be performed. Within the multiscale methods, we are
still not able to sufficiently model the presence of an explicit solvent molecules that would
be able to freely diffuse over the whole system, which is the bottleneck for the realistic
modelling of the dynamics of chemical reactions taking place in many functional materials
such as zeolites. In that respect, a development of adaptive multiscale methods [208] that
make use of machine learned potentials trained to the specific quantum chemistry method
can be a feasible option. With the help of adaptive QM/MM methods we could achieve
higher accuracy in comparison with RMD simulations, because only the most important
part of the system - Brønsted acid site with a few vicinal water molecules - would be
treated quantum mechanically. Also, in comparison to pure QM calculations, this ap-
proach allows to work with a larger system and, therefore, to study possible interactions
with the environment. Eventually, this could give us better insight on how to deal with
the problem of zeolite degradation. To the best of our knowledge, no such theoretical
calculations have been yet done for a zeolite. Clearly, materials scientists as well as life
scientists, together with software developers, should inspire each other. By doing so, they
will help in developing new frameworks of thinking to theoretically model very complex
systems in the most accurate and efficient manner.
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6.A.3 Conclusions

In this PhD thesis, we have used molecular simulations to study the role of water molecules
on the stability and acidity of the zeolite HZSM-5. First, we have focused on the building
of accurate zeolite models on the level of the quantum calculations. Then, we have
studied the influence of reaction conditions on the zeolite degradation due water-induced
dealumination and based on these results we have proposed a methodology to control the
Al distribution within zeolite frameworks. The presented results could be an inspiration
source for new experimental studies and can lead to major advances in the rational design
of the Al distribution over zeolite structures. Finally, we have explored the binding
and dynamics of water molecules in the zeolite framework and demonstrates how water
molecules can aim to control the catalytic activity of a catalyst material. Overall, the
aim of this PhD thesis was to show how the systematic computational research can be
performed next to advanced experimental studies, thereby contributing to the rational
design of the better or new catalysts for the sustainable production of transportation
fuels, chemicals and materials.
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Nederlandse Samenvatting

Katalyse is één van de belangrijkste scheikundige concepten die we kennen. In een ide-
ale wereld is een katalysator onsterfelijk. Een katalysator versnelt de chemische reac-
tie door te binden aan substraten, terwijl het zelf niet gebruikt wordt noch degradeert.
Tegenwoordig wordt ongeveer 90% van alle chemicaliën geproduceerd met behulp van een
katalysator. Zeolieten zijn één van de belangrijkste klassen katalysatoren. Deze poreuze
aluminosilicaat materialen worden toepast in tal van gebieden, zoals de petrochemische
en chemische industrie als ook in milieubescherming [3, 4]. Omdat we een grote milieu-
crisis zien aankomen is er een grote drijfveer om de fundamentele aspecten van zeoli-
etchemie beter te begrijpen, die kunnen helpen in het rationele ontwerp van toekomstige
katalysatoren voor de productie van groene brandstoffen en chemicaliën uit alternatieve
grondstoffen, zoals biomassa en huishoudelijk afval.

Het centrale thema van deze PhD-thesis is de chemie tussen de zeolietstructuur HZSM-
5 en watermoleculen, die bestudeerd wordt door moleculaire simulaties te gebruiken. De
aanwezigheid van water kan niet worden onderschat tijdens de gehele levensduur van een
zeoliet katalysator. Water heeft de mogelijkheid om de katalytische reacties te optimalis-
eren door ongewenste zijreacties te onderdrukken (zoals zeoliet "coking") en om onomkeer-
bare de-activatie van de katalysator te veroorzaken door de-aluminatie en/of desilicatie.
Uiteindelijk willen we graag een zodanige controle over de katalysator bereiken, dat we
selectief louter de voordelen van water kunnen gebruiken. Dit vereist een gedetailleerd
begrip van de zeoliet-water interacties, beginnend vanaf het atomaire niveau. In deze
context gebruiken we meerschalige computersimulaties met een focus op de studie van
water-geïnduceerde katalysator de-activatie door de-aluminatie. Voor wat volgt zijn de be-
langrijkste vindingen van ieder hoofdstuk van deze PhD thesis samengevat en inzichtelijk
gemaakt in in Figuur 6.B.1.

In Hoofdstuk 2 bouwen we een realistisch zeolietmodel dat de water-zeoliet inter-
acties accuraat beschrijft. We analyseerden de structurele verschillen in geometrieën
van water-zeoliet adsorptiecomplexen, die verkregen waren met een grote set van DFT-
functionalen. Wij concluderen dat zowel dispersie gecorrigeerde als dispersie ongecor-
rigeerde functionalen kwalitatief gelijke resultaten voorspellen, en zij allemaal de adsorp-
tie van water op de Brønsted zure plaats (BAS) en op het Al atoom als stabiele ad-
sorptietoestanden voorspellen. In de volgende stap benchmarkten we de prestatie van de
DFT-functionalen om de zeer accurate MP2 en RPA adsorptie-energieën van water op de
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Figure 6.B.1: Samenvattend figuur van de hoofdconclusies uit de verschillende hoofdstukken
van deze thesis. De figuur begint bij Hoofdstuk 2 (linksboven) en gaat dan met de klok mee.
In Hoofdstuk 2 zetten we een accuraat DFT-model op van de zeoliet-water complexen. Hoof-
stuk 3 gaat over de structuur en energieën van de stabiele zeoliet-water adsorbaten in de aan-
wezigheid van meerdere watermoleculen. In Hoofdstuk 4 modelleren we de beginfase van water-
geïnduceerde zeoliet de-aluminatie in een breed gebied van reactieomstandigheden. Als laatste
wordt in Hoofdstuk 5 de dynamica van water opgesloten in de zeolietstructuur en zijn impact
op de katalysator eigenschappen bestudeerd.

actieve plaats te reproduceren. Een zeer goede overeenkomst met de data werd gevon-
den voor de dispersie-ongecorrigeerde PBE functionaal. De toevoeging van paarsgewijze
dispersiecorrectie volgens Grimme op PBE-niveau leidt tot sterk overschatte adsorptie-
energieën, terwijl de combinatie van de gereviseerde PBE (revPBE) functionaal met een
paarsgewijze -D3 dispersiecorrectie de prestatie in belangrijke mate verbetert en voorziet
in resultaten die zeer dicht liggen bij de adsorptie-energieën zoals voorspeld door post-
Hartree-Fock methodes. De prestatie van niet-lokale van der Waals functionalen wisselt
veel, afhankelijk van de keuze van de GGA functionaal en moet zorgvuldig getest worden.
Dit werk toont, dat er tot op heden geen universele noch beste van der Waals schema
voor DFT-methodes is en dat iedere methode zorgvuldig getest moet worden. In het al-
gemeen biedt de PBE-functionaal zonder enige dispersiecorrectie consistente data, zowel
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wat betreft structuur als wat betreft energie, en daarom bevelen we deze aan voor het
modelleren van water-zeoliet complexen.

Voordat een chemische reactie plaatsvindt, moeten watermoleculen adsorberen in de
zeolietstructuur. In Hoofdstuk 3 doen we een gedetailleerde DFT-studie naar de struc-
tuur en energetica van verschillende water-zeoliet adsorptiecomplexen in een HZSM-5 ze-
olietmodel met één en twee watermoleculen. Onze resultaten tonen dat water bij voorkeur
geadsorbeerd is op de BAS, terwijl de adsorptie op het Al-atoom een aanzienlijk minder
gunstig proces is. De gelijktijdige adsorptie van twee watermoleculen op het Al atoom
kan een spontane verbreking van de Al-O(H) binding beginnen en Al gedeeltelijk van de
zeolietstructuur losmaken. In een nieuwgevormd water-adsorptiecomplex is het Al atoom
gebonden aan drie zuurstofatomen van de zeolietstructuur en aan één (zuurstofatoom
van een) watermolecuul. Op hetzelfde moment wordt een niet-zure silanolgroep deels
(Si-O(H)) gevormd en de katalytische activiteit van de actieve plaats is verloren. Verder
suggereert de vorming van een vervormde tetraëdrische Al een nieuw de-aluminatiepad.
In de volgende stappen moeten drie extra watermoleculen adsorberen en hydrolyseren,
waarbij ieder van hen leidt tot een breking van een enkele Al-O binding. Hoewel de
eerste stap energetisch zeer gunstig is, moet de geldigheid van dit reactiepad bevestigd
worden in de toekomst. In de aanwezigheid van meerdere watermoleculen zijn andere
adsorptiestructuren mogelijk, zoals de vorming van het zeer stabiele Zundelion (H5O+

2 ),
waarin het zure proton van de zeolietstructuur gescheiden wordt. Wij identificeren dat
de stabiliteit van het adsorptiecomplex deels gegeven wordt door de opsluiting door van
der Waals interacties tussen water en de zeolietstructuur. Wij tonen aan dat de omvang
van lokale ruimtelijke beperkingen kan worden gekwantificeerd in termen van het coördi-
natiegetal. Dit is een eerste stap naar een beter begrip van de oorsprong van experimenteel
waargenomen Al regioselectiviteit tijdens zeoliet de-aluminatie.

Hoofdstuk 4 aat over het modelleren van de de-aluminatiereactie met DFT, en wel
over de eerste Al-O(H) bindingsbreking in zeoliet H-ZSM5. Om het effect van de plaat-
selijke zeoliettopologie op de-aluminatie te bestuderen, worden drie verschillende Al lo-
caties beschouwd. De mogelijke reactiepaden starten van de adsorptiemanieren zoals
geïdentificeerd in Hoofstuk 3. Totaal identificeren wij vier reactiemechanismes voor de-
aluminatie, die bestaan uit twee verschillende typen reacties. In de drie eerst voorgestelde
mechanismes gaat dissociatie van een inkomend watermolecuul de Al-O(H) bindingsbrek-
ing vooraf. Het vierde mechanisme is de spontane Al-O(H) bindingsbreking, ingeleid
door niet-dissociatieve water adsorptie zoals voorgesteld in Hoofdstuk 3. De vergelijk-
ing met een enkel water molecuulmodel onthult het belang van water-water interacties.
Het extra watermolecuul heeft een mogelijkheid de de-aluminatiereactie te katalyseren en
daarom effectief de reactiebarrière te verlagen, dat wil zeggen door een protonoverdracht.
Daarom vereist accurate modellering van zeolietdegradatie om rekening te houden met de
aanwezige watermoleculen. In de volgende stap breiden wij ons model uit naar water reor-
ganisatie, die plaats moet vinden vóór de hydrolyse van Al-O(H) bindingen. Het startpunt
van al onze reactiepaden is dus de vorming van een zeer stabiel Zundelion. Onze resultaten
tonen aan dat bij hoge reactietemperaturen de haalbaarheid van deze herschikking één van
de bepalende factoren is voor het relatieve voorkomen van de-aluminatie op verschillende
plaatsen. Wij stellen verder de correlatie vast tussen de Al-plaats vatbaarheid voor de-
aluminatie en een groot gebied van reactieomstandigheden. Gebaseerd op de resultaten
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van het modelleren, stellen wij voor dat druk- en temperatuurgecontroleerde de-aluminatie
gebruikt kan worden als een post-synthetische behandeling om de Al-verdeling precies af
te stellen en om hydrothermisch stabiele en zeer reactieve zeoliet-gebaseerde katalysatoren
te synthetiseren. De geldigheid van deze hypothese moet nog verder bevestigd worden
door onder andere experimentele spectroscopische en katalytische data.

Terwijl de voorgaande hoofstukken zeer accurate (kwantum-level) data geven, kiezen
we in Hoofstuk 5 een andere benadering en passen reactieve moleculaire dynamica
(RMD) toe om informatie te verkrijgen over het ruimte- en tijdsopgeloste gedrag van
water in zeoliet H-ZSM5 met een Si/Al ratio van 23. RMD simulaties tonen aan dat
water de zuurtegraad van het zeoliet kan veranderen door een BAS (zuur proton) van
het geraamte af te halen. Afhankelijk van de systeemomstandigheden (te weten temper-
atuur en waterdruk), kunnen mobiele geprotoneerde waterclusters van meer dan zeven
watermoleculen worden gevormd. Zulke grote clusters verhogen de diffusie van de zure
plaatsen door de zeolietstructuur, laten het beschikbare porievolume afnemen en schep-
pen polaire eilanden binnenin het hydrofobe zeoliet geraamte. Bij hoge temperaturen is
de stabiliteit van clusters entropisch ongunstig en de zuurheid van de zeoliet keert groten-
deels terug. Onder deze omstandigheden vindt daarnaast de adsorptie van water op het
Al atoom plaats. Zodanige water-Lewis zure plaats interactie is volledig afwezig bij lagere
systeemtemperaturen. Wij bevestigen onze resultaten van Hoofdstuk 4 en zien de dynam-
ica van gedeeltelijke Al-verplaatsing van het zeoliet geraamte na adsorptie van water op
het Al atoom. Het proces is volledig omkeerbaar en als het water is gedesorbeerd is de
zeolietstructuur opnieuw ongekreukt herkregen. Onze analyse geeft een compleet beeld
van de structuur en stabiliteit van water in zeoliet HZSM-5 onder katalytisch relevante
reactieomstandigheden en kan helpen in een optimalisatie van de katalytische systemen
in aanwezigheid van water.
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List of Abbreviations

10MR Ten-membered ring
3D Three-dimensional
4MR Four-membered ring
5MR Five-membered ring
6MR Six-membered ring
8MR Eight-membered ring

ACFD Adiabatic-connection fluctuation-dissipation
APT Atom probe tomography

BAS Brønsted aid site
BB Bond-breaking
BEEF Bayesian error estimation functional
BEP Brønsted-Evans-Polanyi
BSSE Basis-set-superposition-error
BTX Benzene-toluene-xylene

CBS Complete basis set
CCSD(T) Coupled cluster single-double and perturbative triple
CHA Chabazite
CN Coordination number

DFT Density functional theory
DFT-D Dispersion-corrected density functional theory
DR UV-Vis Diffuse reflactance ultraviolet-visible

EFAL Extra-framework aluminum
EXAFS Extended X-ray absorption fine structure
EXX/cRPA Exact exchange with correlation from random phase approximation

FAU Faujasite
FTIR Fourier-transform infrared

GGA Generalized gradient approximation
GTH Goedecker-Teter-Hutter

HZSM-5 Protonated form of zeolite ZSM-5
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KMC Kinetic Monte Carlo

LAS Lewis aid site
LDA Local density approximation

MAE Mean absolute error
MAS Magic-angle spinning
MD Molecular dynamics
ME Mean error
MFI Mobile five
mGGA meta-generalized gradient approximation
MM/CG Molecular mechanics/coarse grained
MOR Mordenite
MP2 Møller-Plesset
MQ/MAS NMR Multi-quantum magic-angle spinning nuclear magnetic resonance
MTG Methanol to gasoline
MTH Methanol to hydrocarbons
MTO Methanol to olefins

NEB Nudged elastic band
NMR Nuclear magnetic resonance
NPT Isothermal-isobaric ensemble
NVT Canonical ensemble

PA Proton affinity
PBE Perdew-Burke-Ernzerhof
PES Potential energy surface
PT Proton transfer

QM/MM Quantum mechanics/molecular mechanics

RDS Rate-determining step
RI Resolution identity
RMD Reactive molecular dynamics
RMM Reactive molecular mechanics
RMSD Root-mean-square deviation
RPA Random phase approximation

SAPO-34 Silicoaluminophosphate-34
SCF Self-consistent field
SCR Selective catalytic reduction
SDA Structure directing agent
SPE Single-point energy

TS Tkachenko-Schaffler (dispersion correction)

vdW Van der Waals
vdW-DF Van der Waals density functional

XAS X-ray adsorption spectroscopy
XRPD X-ray powder diffraction
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ZPE Zero-point energy
ZSM-5 Zeolite Socony Mobil-5
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Figure C.1.1: The convergence criteria that determine the accuracy of the self-consistent field
(SCF) cycle during a wave-function optimization. As the reference structure the H-form of
chabazite framework with water adsorbed on the BAS proton on the O1 position was used.
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Figure C.1.2: The convergence of the Gaussian basis set. As the reference structure the H-
form of chabazite framework with water adsorbed on the BAS proton on the O1 position was
used. Note that the adsorption energies were obtained prior the optimization of the unit cell.

Table C.1.1: Tabulated adsorption energy of water adsorbed on the BAS proton and LAS (the
Al atom) of the chabazite framework with the O1 protonation site for different Gaussian basis
sets. The energies were computed using PBE functional.

BAS LAS

Eads [kJ/mol] Eads [kJ/mol]

basis set without BSSE with BSSE BSSE without BSSE with BSSE BSSE

SZV -127.18 -115.27 11.90 -91.10 -71.32 19.79

DZVP -83.22 -80.07 3.15 -53.68 -49.34 4.34

cc-TZ -81.64 -76.56 5.08 -49.84 -44.56 5.08

TZVP -80.12 -77.73 2.39 -46.59 -43.54 3.04

TZV2P -78.59 -76.97 1.62 -46.06 -43.65 2.40

cc-QZ -77.82 -76.03 1.79 -46.12 -43.58 2.54

Table C.1.2: BSSE uncorrected DFT adsorption energies (in kJ/mol) of the water molecule
adsorbed on the siliceous form of chabazite, or on the BAS proton and LAS (the Al atom) of
the H-form computed for all four protonation sites (O1-O4).

Si+H2O BAS+H2O LAS+H2O

O1 O2 O3 O4 O1 O2 O3 O4

PBE -12.51 -80.33 -57.97 -78.29 -75.78 -46.94 -22.43 -37.84 -17.98

revPBE -3.75 -58.05 -56.69 -51.02 -55.29 -23.61 -9.35 -19.56 -55.95

PBE-D2 -31.07 -101.31 -83.04 -101.57 -95.76 -67.19 -48.23 -55.49 -37.48

PBE-D3 -30.12 -99.14 -77.61 -96.58 -93.19 -63.74 -41.44 -52.32 -35.08

revPBE-D3 -17.59 -77.08 -55.14 -69.32 -72.25 -40.34 -24.30 -33.49 -24.65

optB86b -37.22 -99.21 -76.91 -94.27 -92.64 -65.98 -45.98 -55.47 -41.44

vdW-DF -32.98 -84.04 -83.64 -72.04 -78.24 -47.27 -38.57 -40.13 -36.53

vdW-DF2 -31.11 -87.49 -61.59 -76.93 -80.66 -48.78 -36.48 -39.86 -35.64

BEEF -22.19 -77.62 -63.10 -68.08 -73.67 -42.80 -39.25 -36.89 -19.60
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Figure C.1.3: The convergence criteria that determine the accuracy of the geometry optimizer.
As the reference structure chabazite framework with water adsorbed on BAS proton on O1
position was used.

Table C.1.3: The BSSE of DFT adsorption energies (in kJ/mol) of the water molecule adsorbed
on the siliceous form of chabazite, or on the BAS proton and LAS (the Al atom) of the H-form
computed for all four protonation sites (O1-O4).

Si+H2O BAS+H2O LAS+H2O

O1 O2 O3 O4 O1 O2 O3 O4

PBE 1.47 1.70 1.76 2.11 1.62 2.41 2.64 2.32 2.10

revPBE 0.91 1.70 1.64 1.87 1.54 2.37 1.43 2.27 6.57

PBE-D2 1.80 1.70 1.81 2.22 1.66 2.36 2.68 2.15 2.08

PBE-D3 1.63 1.69 1.78 2.18 1.62 2.40 2.63 2.23 2.09

revPBE-D3 1.31 1.69 1.61 1.88 1.57 2.37 1.48 2.26 0.93

optB86b 1.56 1.59 1.61 1.86 1.50 2.27 2.37 2.13 1.78

vdW-DF 1.38 1.57 23.32 1.69 1.49 2.26 1.52 2.22 0.79

vdW-DF2 1.54 1.68 1.60 1.73 1.57 2.22 1.63 2.19 1.53

BEEF 1.31 1.64 1.67 1.88 1.54 2.57 1.86 2.43 1.90
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Table C.1.4: EXX/cRPA and MP2 adsorption energies (in kJ/mol) of the water molecule
adsorbed on the siliceous form of chabazite, or on the BAS proton and LAS (the Al atom) of
the H-form computed for all four protonation sites (O1-O4). The results were extrapolated to
the CBS limit.

Si+H2O BAS+H2O LAS+H2O

O1 O2 O3 O4 O1 O2 O3 O4

RPA cc-TZ -36.69 -93.07 -69.56 -83.11 -84.32 -66.08 -47.74 -55.34 -41.26

RPA cc-TZ/cc-QZ -26.87 -83.28 -60.60 -75.53 -76.52 -57.98 -37.39 -47.75 -33.14

RPA CBS -15.67 -72.10 -50.39 -66.88 -67.62 -48.72 -25.56 -39.09 -23.87

MP2 cc-TZ -33.76 -95.39 -72.11 -88.37 -87.65 -66.87 -46.81 -55.01 -41.20

MP2 cc-TZ/cc-QZ -28.39 -87.79 -65.43 -83.01 -81.60 -60.52 -38.93 -49.18 -34.85

MP2 CBS -22.26 -79.11 -57.80 -76.89 -74.69 -53.27 -29.93 -42.53 -27.60
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Table C.2.1: Tabulated adsorption energies and Al-O(H) bond lengths of two relevant single
water molecule adsorption modes (A, B) for various TnOm sites using the PBE functional.

ads. mode A ads. mode B

Al site Eads [kJ/mol] Al-O(H) [Å] Al site Eads [kJ/mol] Al-O(H) [Å]

T3O1 -16 1.89 T3O1 31 2.05

T3O2 -19 1.91 T3O2 3 2.3

T3O3 -22 1.87 T3O3 112 1.97

T3O4 -26 1.9 T3O4 3 2.13

T10O1 -14 1.89 T10O1 -14 2.14

T10O2 -29 1.88 T10O2 31 2.02

T10O3 -28 1.87 T10O3 28 2.05

T10O4 -1 1.92 T10O4 -12 2.21

T11O1 -21 1.9 T11O1 27 2.04

T11O2 -32 1.87 T11O2 38 2.06

T11O3 -27 1.88 T11O3 -2 2.05

T11O4 -31 1.89 T11O4 -18 2.13

Table C.2.2: Tabulated adsorption energies of two relevant single water molecule adsorption
modes (A, B) for various TnOm sites using the PBE-D2 functional.

ads. mode A ads. mode B

Al site Eads [kJ/mol] Al site Eads [kJ/mol]

T3O1 -44 T3O1 -37

T3O2 -52 T3O2 -24

T3O3 -40 T3O3 73

T3O4 -39 T3O4 -30

T10O1 -37 T10O1 -39

T10O2 -37 T10O2 -1

T10O3 -47 T10O3 -4

T10O4 -14 T10O4 -41

T11O1 -36 T11O1 3

T11O2 -50 T11O2 0

T11O3 -44 T11O3 -35

T11O4 -48 T11O4 -48
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Table C.2.3: Tabulated adsorption energies and Al-O(H) bond lengths of two water molecule
adsorption modes (A’, B’, C’, D’) for various TnOm sites. The stability of mode D’ is indepen-
dent from the BAS proton position, therefore it is listed only once for each of Al sites. The data
are shown for the most stable structures and PBE functional.

ads. mode A’ ads. mode B’

Al site Eads [kJ/mol] Al-O(H) [Å] Al site Eads [kJ/mol] Al-O(H) [Å]

T3O1 9 1.99 T3O1 - -

T3O2 -27 2.11 T3O2 -25 2.82

T3O3 78 1.93 T3O3 - -

T3O4 -14 2.05 T3O4 -33 2.83

T10O1 -20 2.04 T10O1 -36 2.28

T10O2 -5 1.97 T10O2 - -

T10O3 -6 1.99 T10O3 - -

T10O4 -18 2.16 T10O4 -52 2.98

T11O1 32 2.02 T11O1 1 2.06

T11O2 11 2.00 T11O2 28 2.07

T11O3 -17 2.01 T11O3 - -

T11O4 -33 2.04 T11O4 -39 2.27

ads. mode C’ ads. mode D’

Al site Eads [kJ/mol] Al-O(H) [Å] Al site Eads [kJ/mol] Al-O(H) [Å]

T3O1 -18 1.88

T3 -65 1.81
T3O2 - -

T3O3 -7 1.91

T3O4 43 -

T10O1 21 1.97

T10 -74 1.81
T10O2 -9 1.93

T10O3 -15 1.91

T10O4 -13 1.91

T11O1 34 1.94

T11 -73 1.82
T11O2 - -

T11O3 42 1.99

T11O4 48 1.93
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Table C.2.4: Tabulated PBE-D2 adsorption energies of two water molecule adsorption modes
(A’, B’, C’, D’) for various TnOm sites. The stability of mode D’ is independent from the BAS
proton position, therefore it is listed only once for each of Al sites.

ads. mode A’ ads. mode B’

Al site Eads [kJ/mol] Al site Eads [kJ/mol]

T3O1 -78 T3O1 -

T3O2 -73 T3O2 -73

T3O3 23 T3O3 -

T3O4 -68 T3O4 -71

T10O1 -68 T10O1 -79

T10O2 -58 T10O2 40

T10O3 -60 T10O3 -

T10O4 -67 T10O4 -82

T11O1 -13 T11O1 -39

T11O2 -40 T11O2 -29

T11O3 -68 T11O3 87

T11O4 -80 T11O4 -86

ads. mode C’ ads. mode D’

T3O1 -65

T3 -102
T3O2 -

T3O3 -57

T3O4 -19

T10O1 -23

T10 -109
T10O2 -50

T10O3 -50

T10O4 -27

T11O1 -

T11 -101
T11O2 -9

T11O3 -4

T11O4 -



Appendix C.3

Appendix to Chapter 4

Table C.3.1: Stabilities (in kJ/mol) of all reaction intermediates along the reaction path for
the first Al-O(H) bond breaking according Mechanism I. The data are shown for both a single
and two water molecule models.

Mechanism I - Reactant B (1 H2O)

B TS1 I1 TS2 P1

T3O4 3 89 78 82 46

T10O1 -15 88 64 71 39

T11O4 -18 74 68 85 35

Mechanism I - Reactant A’ (2 H2O)

A’: A + H2O(2) TS1 + H2O(2) I1 + H2O(2) TS2 + H2O(2) P1 + H2O(2)

T3O4 -14 90 42 67 38

T10O1 -20 82 19 66 47

T11O4 -33 95 - - 30

Mechanism I - Reactant B’ (2 H2O)

B’: B + H2O(2) TS1 + H2O(2) I1 + H2O(2) TS2 + H2O(2) P1 + H2O(2)

T3O4 -18 83 - - 45

T10O1 -36 90 - - 38

T11O4 -34 87 - - 35
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Table C.3.2: The evolution of the characteristic distance r1 (Fig. 4.3) of all stationary points
along the reaction pathway of Mechanism I for both a single and two water model. All distances
are given in Å.

Mechanism I - Reactant B (1 H2O)

B TS1 I1 TS2 P1

T3O4 2.58 1.12 0.99 0.98 1.05

T10O1 2.77 0.99 1.02 1.01 1.03

T11O4 2.58 1.01 1 0.98 1.05

Mechanism I - Reactant A’ (2 H2O)

A’: A + H2O(2) TS1 + H2O(2) I1 + H2O(2) TS2 + H2O(2) P1 + H2O(2)

T3O4 2.6 0.99 1.05 0.99 1.07

T10O1 2.61 0.99 1.08 1.05 1.05

T11O4 2.61 0.99 1.05 - -

Mechanism I - Reactant B’ (2 H2O)

B’: B + H2O(2) TS1 + H2O(2) I1 + H2O(2) TS2 + H2O(2) P1 + H2O(2)

T3O4 2.74 0.99 - - 1.05

T10O1 2.71 1.08 - - 1.03

T11O4 2.77 0.98 - - 1.04

Table C.3.3: The evolution of the characteristic distance r2 (Fig. 4.3) of all stationary points
along the reaction pathway of Mechanism I for both a single and two water model. All distances
are given in Å.

Mechanism I - Reactant B (1 H2O)

B TS1 I1 TS2 P1

T3O4 0.99 1.41 2.02 2.94 3.75

T10O1 0.97 2.19 3.69 3.71 3.77

T11O4 0.98 1.73 1.94 2.77 3.73

Mechanism I - Reactant A’ (2 H2O)

A’: A + H2O(2) TS1 + H2O(2) I1 + H2O(2) TS2 + H2O(2) P1 + H2O(2)

T3O4 0.99 2.34 3.28 3.7 3.65

T10O1 0.97 2.23 3.52 3.72 4.41

T11O4 0.97 2.46 3.69 - -

Mechanism I - Reactant B’ (2 H2O)

B’: B + H2O(2) TS1 + H2O(2) I1 + H2O(2) TS2 + H2O(2) P1 + H2O(2)

T3O4 0.98 2.38 - - 3.81

T10O1 1.01 1.52 - - 3.78

T11O4 1.02 2.77 - - 3.78
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Table C.3.4: The evolution of the characteristic distance r3 (Fig. 4.3) of all stationary points
along the reaction pathway of Mechanism I for both a single and two water model. All distances
are given in Å.

Mechanism I - Reactant B (1 H2O)

B TS1 I1 TS2 P1

T3O4 2.13 2.65 3.06 3.18 3.75

T10O1 2.14 3.13 3.7 3.52 3.13

T11O4 2.13 2.7 3.08 3.24 3.11

Mechanism I - Reactant A’ (2 H2O)

A’: A + H2O(2) TS1 + H2O(2) I1 + H2O(2) TS2 + H2O(2) P1 + H2O(2)

T3O4 2.05 3.3 3.2 3.42 3.38

T10O1 2.04 2.87 3.29 3.41 3.41

T11O4 2.04 3.46 3.69 - -

Mechanism I - Reactant B’ (2 H2O)

B’: B + H2O(2) TS1 + H2O(2) I1 + H2O(2) TS2 + H2O(2) P1 + H2O(2)

T3O4 2.27 3.13 - - 3.27

T10O1 2.28 3.01 - - 3.19

T11O4 2.24 3.29 - - 3.14

Table C.3.5: Stabilities (in kJ/mol) of all reaction intermediates along the reaction path for
the first Al-O(H) bond breaking according Mechanism II for two water molecules model.

Mechanism II - Reactant B’ (2 H2O)

B’: B + H2O(2) TS1 + H2O(2) P1 + H2O(2)

T3O4 -11 69 41

T10O1 -30 48 30

T11O4 -21 66 32



152 Appendix C.3

Table C.3.6: The evolution of the three characteristic distances r1-r3 from Fig. 4.8 of all
stationary points along the reaction pathway of Mechanism II.

r1 [Å]

B’: B + H2O(2) TS1 + H2O(2) P1 + H2O(2)

T3O4 2.02 0.98 1.04

T10O1 2.03 1.05 1.1

T11O4 2.06 0.99 1.04

r2 [Å]

B’: B + H2O(2) TS1 + H2O(2) P1 + H2O(2)

T3O4 1.03 2.02 2.00

T10O1 0.98 3.86 4.47

T11O4 1.01 2.84 2.79

r3 [Å]

B’: B + H2O(2) TS1 + H2O(2) P1 + H2O(2)

T3O4 2.50 3.57 3.13

T10O1 2.20 3.34 3.42

T11O4 2.13 3.20 3.09

Table C.3.7: Stabilities of all reaction intermediates (in kJ/mol) along the reaction path for
the first Al-O(H) bond breaking according Mechanism III. The data are shown for both a single
and two water molecule models.

Mechanism III - Reactant C (1 H2O)

A TS3 C TS4 I2 TS5 P1

T3O1 -17 44 34 90 35 111 36

T10O2 -29 34 15 84 31 63 27

T11O2 -32 66 56 125 43 99 50

Mechanism III - Reactant C’ (2 H2O)
C’: C

+ H2O(21)

TS4
+ H2O(21)

I2
+ H2O(21)

TS4’
+ H2O(21)

I2’
+ H2O(21)

TS5’
+ H2O(21)

P1
+ H2O(21)

T3O1 -18 63 16 69 41 70 17

T10O2 -9 64 5 46 15 29 15

T11O2 27 104 20 58 23 35 25
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Table C.3.8: The evolution of the characteristic distance r1 (Fig. 4.11 and 4.14) of all station-
ary points along the reaction pathway of Mechanism III for both a single and two water models.
All distances are given in Å.

Mechanism III - Reactant C (1 H2O)

A TS3 C TS4 I2 TS5 P1

T3O1 4.48 2.25 2.44 1.01 1.00 1.00 0.99

T10O2 4.15 2.56 2.43 1.01 1.00 0.98 0.98

T11O2 4.13 3.68 2.76 1.23 0.99 0.98 0.98

Mechanism III - Reactant C’ (2 H2O)
C’: C

+ H2O(21)

TS4
+ H2O(21)

I2
+ H2O(21)

TS4’
+ H2O(21)

I2’
+ H2O(21)

TS5’
+ H2O(21)

P1
+ H2O(21)

T3O1 2.27 0.99 1.01 0.98 0.98 0.99 1.00

T10O2 2.49 1.11 1.00 0.98 0.98 0.98 0.98

T11O2 2.73 1.23 0.99 0.98 0.98 0.98 0.98

Table C.3.9: The evolution of the characteristic distance r2 (Fig. 4.11) and r2’ (Fig. 4.14)
of all stationary points along the reaction pathway of Mechanism III for both a single and two
water models. All distances are given in Å.

Mechanism III - Reactant C (1 H2O)

A TS3 C TS4 I2 TS5 P1

T3O1 3.79 2.4 2.01 1.84 1.86 1.94 1.93

T10O2 3.39 2.41 2.14 1.84 1.85 1.87 1.90

T11O2 3.41 2.85 2.00 1.9 1.86 1.85 1.92

Mechanism III - Reactant C’ (2 H2O)
C’: C

+ H2O(21)

TS4
+ H2O(21)

I2
+ H2O(21)

TS4’
+ H2O(21)

I2’
+ H2O(21)

TS5’
+ H2O(21)

P1
+ H2O(21)

T3O1 3.09 3.72 3.96 2.52 2.04 2.07 2.04

T10O2 3.28 3.35 4.09 2.93 2.09 2.19 2.11

T11O2 3.46 3.87 4.06 2.83 2.06 2.09 2.12
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Table C.3.10: The evolution of the characteristic distance r3 (Fig. 4.11 and 4.14) of all
stationary points along the reaction pathway of Mechanism III for both a single and two water
models. All distances are given in Å.

Mechanism III - Reactant C (1 H2O)

A TS3 C TS4 I2 TS5 P1

T3O1 1.89 1.99 2.12 2.02 1.95 1.79 1.73

T10O2 1.88 1.89 1.97 2.02 1.95 1.76 1.73

T11O2 1.87 1.94 2.06 2.05 1.96 1.78 1.73

Mechanism III - Reactant C’ (2 H2O)
C’: C

+ H2O(21)

TS4
+ H2O(21)

I2
+ H2O(21)

TS4’
+ H2O(21)

I2’
+ H2O(21)

TS5’
+ H2O(21)

P1
+ H2O(21)

T3O1 1.88 1.98 1.91 1.88 1.90 1.79 1.76

T10O2 1.93 1.95 1.92 1.85 1.86 1.76 1.76

T11O2 2.05 1.97 1.91 1.86 1.86 1.78 1.75

Table C.3.11: The evolution of the characteristic distance r4 (Fig. 4.11 and 4.14) of all
stationary points along the reaction pathway of Mechanism III for both a single and two water
models. All distances are given in Å.

Mechanism III - Reactant C (1 H2O)

A TS3 C TS4 I2 TS5 P1

T3O1 1.75 1.76 1.79 2.09 2.02 2.24 3.36

T10O2 1.74 1.75 1.76 2.1 2.08 3.25 3.40

T11O2 1.74 1.75 1.82 2.06 2.09 3.37 3.34

Mechanism III - Reactant C’ (2 H2O)
C’: C

+ H2O(21)

TS4
+ H2O(21)

I2
+ H2O(21)

TS4’
+ H2O(21)

I2’
+ H2O(21)

TS5’
+ H2O(21)

P1
+ H2O(21)

T3O1 1.77 2.12 2.02 2.71 3.49 3.57 3.45

T10O2 1.76 2.05 2.12 2.86 3.59 3.61 3.61

T11O2 1.83 2.09 2.15 2.90 3.58 3.58 3.61

Table C.3.12: Stabilities (in kJ/mol) of all reaction intermediates along the reaction path for
the first Al-O(H) bond breaking according Mechanism IV for two water molecules model.

Mechanism II - Reactant B’ (2 H2O)

B’: B + H2O(2) TS6 + H2O(2) P2 + H2O(2)

T3O4 -18 -17 -32

T10O1 -35 -35 -52

T11O4 -39 -10 -27
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Table C.3.13: The evolution of the three characteristic distances r1-r3 from Fig. 4.17 of all
stationary points along the reaction pathway of Mechanism IV.

r1 [Å]

B’: B + H2O(2) TS1 + H2O(2) P1 + H2O(2)

T3O4 1.97 1.96 1.90

T10O1 1.96 1.95 1.89

T11O4 1.95 1.95 1.91

r2 [Å]

B’: B + H2O(2) TS1 + H2O(2) P1 + H2O(2)

T3O4 2.64 2.6 2.55

T10O1 2.64 2.64 2.61

T11O4 2.62 2.69 2.58

r3 [Å]

B’: B + H2O(2) TS1 + H2O(2) P1 + H2O(2)

T3O4 2.27 2.38 2.83

T10O1 2.45 2.45 2.98

T11O4 2.27 2.75 3.04

Table C.3.14: Stabilities (in kJ/mol) of all reaction intermediates required for water reorgani-
zation from the most stable adsorption mode D’ into one of the active adsorption modes (A’, B’
or C’) for each of the reaction Mechanisms I-IV. The text in parentheses next to the adsorption
modes denotes the position of the BAS proton, e.g C1’ (O4) means that the proton is bonded
to oxygen labeled as O4 according scheme in Fig. 3.1 and water is adsorbed in C1’ mode, while
the number 1 means that it is the most stable structure of type C’. The data are shown for all
three Al sites.

T3 site (intersection)

Mechanism D1’ TS D1’ to D2’ D2’ TS D2’ to C1’ C1’(O1)

III

-65 -26 -54 1 -18

TS C1’ to A1’ A1’(O4)

I from A’

15 -14

TS A1’ to interm. interm TS interm. to B2’ B2’(O4)

I from B’

15 12

15 -18

IV

II
TS interm. to B3’ B3’(O4)

15 -11

T10 site (sinusoidal channel)

Mechanism D1’ TS D1’ to C1’ C1’(O3) TS C1’(O3) to C1’(O2) C1’(O2)

III

-74

-12 -15 -5 -9
TS C1’ to A1’ A1’(O4) TS A1’ to interm. interm. TS interm. to B1’ B1’(O4)

IV 16 -18 4 3 3 -35

I from A’
TS D1’ to C2’ C2’(O3) TS C2’ to A1’ A1’(O1)

2 -13 34 -20

TS A1’ to B1’ B1’(O1)

I from B’ 7 -36

II TS A1’ to B1’ B1’(O1)

10 -30

T11 site (straight channel)

Mechanism D1’ TS D1’ to D3’ D3’ TS D3’ to C3’ C3’(O2) TS C3’ to C1’ C1’(O2) TS C1’ to C2 C2’(O2)

III

-73

-47 -62 47 42 58 23 47 27

I from B’
not possible

TS D1’ to D2’ D2’ TS D2’ to interm. interm. TS interm. to B1’ B1’(O4)

I from B’

-58 -65 39 23 29 -39
IV TS B1’ to B2’ B2’(O4)

II -20 21
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In what follows we report free energy profiles at 450 K. Notice, that free energies
of some transition states are correctly reported to be lower than the starting and final
state. This is because the harmonic approximation is too crude approximation for the
free energies of very small barriers - such as the ones experienced during the water reorga-
nization. However, this phenomenon has never influenced the activation energies of water
reorganization, therefore we consider obtained free energy profiles sufficient/reliable.

Table C.3.15: Free energies (in kJ/mol) at 450 K of all reaction intermediates along the reaction
path for the first Al-O(H) bond breaking according Mechanism I for two water molecules model.

Mechanism I - Reactant A’ (2 H2O)

A’: A + H2O(2) TS1 + H2O(2) I1 + H2O(2) TS2 + H2O(2) P1 + H2O(2)

T3O4 35 125 74 91 84

T10O1 30 115 57 89 81

T11O4 5 112 - - 61

Mechanism I - Reactant B’ (2 H2O)

B’: B + H2O(2) TS1 + H2O(2) I1 + H2O(2) TS2 + H2O(2) P1 + H2O(2)

T3O4 36 120 - - 86

T10O1 12 118 - - 81

T11O4 10 99 - - 65

Table C.3.16: Free energies (in kJ/mol) at 450K of all reaction intermediates along the reaction
path for the first Al-O(H) bond breaking according Mechanism II for two water molecules model.

Mechanism II - Reactant B’ (2 H2O)

B’: B + H2O(2) TS1 + H2O(2) P1 + H2O(2)

T3O4 43 102 92

T10O1 21 85 69

T11O4 26 85 64

Table C.3.17: Free energies (in kJ/mol) at 450 K of all reaction intermediates along the reaction
path for the first Al-O(H) bond breaking according Mechanism III for two water molecules model.

Mechanism III - Reactant C’ (2 H2O)
C’: C

+ H2O(21)

TS4
+ H2O(21)

I2
+ H2O(21)

TS4’
+ H2O(21)

I2’
+ H2O(21)

TS5’
+ H2O(21)

P1
+ H2O(21)

T3O1 27 98 68 108 98 110 77

T10O2 38 95 49 82 65 64 58

T11O2 77 126 61 89 74 65 66
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Table C.3.18: Free energies (in kJ/mol) at 450 K of all reaction intermediates along the reaction
path for the first Al-O(H) bond breaking according Mechanism IV for two water molecules model.

Mechanism IV - Reactant B’ (2 H2O)

B’: B + H2O(2) TS6 + H2O(2) P2 + H2O(2)

T3O4 36 25 13

T10O1 1 -2 -5

T11O4 8 7 10

Table C.3.19: Free energies (in kJ/mol) at 450K of all reaction intermediates required for
water reorganization from the most stable adsorption mode D’ into one of the active adsorption
modes (A’, B’ or C’) for each of the reaction Mechanisms I-IV. The text in parentheses next
to the adsorption modes denotes the position of the BAS proton, e.g C1’ (O4) means that the
proton is bonded to oxygen labeled as O4 according scheme in Fig. 3.1 and water is adsorbed
in C1’ mode, while the number 1 means that it is the most stable structure of type C’. The data
are shown for all three Al sites.

T3 site (intersection)

Mechanism D1’ TS D1’ to D2’ D2’ TS D2’ to C1’ C1’(O1)

III

-15 -10 0 26 27

TS C1’ to A1’ A1’(O4)

I from A’

49 35

TS A1’ to interm. interm TS interm. to B2’ B2’(O4)

I from B’

48 52

36 36

IV

II
TS interm. to B3’ B3’(O4)

48 43

T10 site (sinusoidal channel)

Mechanism D1’ TS D1’ to C1’ C1’(O3) TS C1’(O3) to C1’(O2) C1’(O2)

III

-21

15 11 24 28
TS C1’ to A1’ A1’(O4) TS A1’ to interm. interm. TS interm. to B1’ B1’(O4)

IV 47 32 42 49 35 1

I from A’
TS D1’ to C2’ C2’(O3) TS C2’ to A1’ A1’(O1)

23 26 74 30

TS A1’ to B1’ B1’(O1)

I from B’ 36 12

II TS A1’ to B1’ B1’(O1)

41 21

T11 site (straight channel)

Mechanism D1’ TS D1’ to D3’ D3’ TS D3’ to C3’ C3’(O2) TS C3’ to C1’ C1’(O2) TS C1’ to C2 C2’(O2)

III

-18

-16 88 93 94 72 79 77

I from B’
not possible

TS D1’ to D2’ D2’ TS D2’ to interm. interm. TS interm. to B1’ B1’(O4)

I from B’

-15 66 68 67 8
IV TS B1’ to B2’ B2’(O4)

II 9 26
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