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SUMMARY

Zeolites and zeolite-like materials (zeotypes) are crystalline, inorganic frameworks built up from corner-
sharing tetrahedra. There are a number of zeolite minerals that are of considerable relevance in a geosci-
entific context and as natural resources. Economically, however, synthetic zeolites are of an even greater
importance, with large-scale applications in catalysis, separation, and ion exchange. For example, a
large fraction of currently used transport fuels is produced via the catalytic cracking of hydrocarbons,
which uses zeolite catalysts. Zeolites can also be found in many households, as they are utilised as
water-softening agents in laundry detergents. Beyond these established uses, there are ongoing efforts
to develop other applications, and the synthesis and characterisation of new zeolites and zeotypes is a
thriving field of research.

Complementing experiments, computational chemistry methods at different levels of theory are widely
employed to study structures and various properties of zeolites and related materials. This thesis com-
piles results from electronic structure calculations performed in the framework of density functional
theory (DFT), addressing three distinct, but interrelated research areas. The first part focusses on a
thorough validation of DFT approaches against experimental data for zeolites and zeotypes from dif-
ferent groups (all-silica zeolites, aluminophosphates [AlPOs] and silicoaluminophosphates [SAPOs],
aluminosilicate zeolites). Exchange-correlation functionals using the generalised gradient approxima-
tion (GGA) in conjunction with different dispersion correction schemes were used in the calculations,
which also considered different target quantities. With regard to crystal structures, the results unam-
biguously showed that the inclusion of a dispersion correction greatly improved the DFT-computed
unit cell parameters, whereas bond lengths and angles were less affected. Dispersion interactions were
found to be even more important when trying to reproduce the relative stability of all-silica zeolites with
respect to α-quartz. While it was evident that the use of a dispersion correction was pivotal, a wide-
ranging investigation comparing different formalisms revealed remarkable differences among some of
the approaches. On the basis of this study, recommendations for robust dispersion-corrected GGA func-
tionals that reproduce both structures and relative energies of all-silica zeolites with acceptable accuracy
were made. Moreover, it was observed that a reasonable prediction of pressure-dependent properties
of zeolite frameworks (bulk moduli, pressure-induced phase transitions) poses a particular challenge,
even for DFT approaches that perform well for other quantities.

Motivated by the significance of the "fluoride route" of zeolite synthesis, especially for the preparation
of new framework types and of large, defect-free zeolite crystals, the second part brings together re-
sults from a series of computational investigations addressing the local environment of fluoride anions
in neutral-framework zeolites and zeotypes, as well as their dynamic behaviour. While DFT structure
optimisations were employed to predict the lowest-energy locations of fluoride anions, their dynamics
were investigated with DFT-based ab initio molecular dynamics (AIMD) simulations. Studies of zeolites
and zeotypes having the AST framework type, which contains cube-like double four-membered rings
(d4r units), revealed pronounced variations in the equilibrium position of the fluoride anions: Depend-
ing on which elements occupy the corners of the d4r cage, fluoride is either located at a centre-of-cage
position or displaced towards one of the corners, forming localised T–F bonds (T = tetrahedrally coor-
dinated atom). These differences in the local environment also affect the extent of the dynamic motion
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of fluoride. The fluoride dynamics were at the core of investigations addressing all-silica zeolites with
trigonal-bipyramidal [Si[5by]O4/2F]- units, where experimental studies have provided evidence for a dy-
namic disorder of fluoride anions in some, but not all systems. The AIMD simulations reproduced the
experimentally observed occurrence/absence of dynamic disorder in the zeolites under study. Besides,
the analysis of the AIMD results helped to elucidate the microscopic origins of the dynamic behaviour.
Although the spatial arrangement of the Si atoms in the vicinity of the fluoride anion was identified
as the main determining factor, attractive longer-range interactions with the organic structure-directing
agents were found to suppress dynamic jumps in specific cases. A final case study addressed ITQ-13
silicogermanates, which have a rather peculiar structure that contains fluoride anions in d4r cages and
in [T[5by]O4/2F]- units (T = Si, Ge). As only incomplete information on the local environments can be
inferred from commonly used experimental techniques, the computations were pivotal to identify the
energetically preferred germanium distributions and their evolution as a function of Ge content.

The third part consists of a group of thematically more loosely connected studies, all of which are related
in one way or another to the interaction of AlPO and SAPO zeotypes with adsorbed H2O molecules.
Due to the potential application of these materials in adsorption-based thermal energy storage, initial
investigations aimed to elucidate the impact of framework type, of variations in the local structure, and
of defects on the affinity towards water, employing DFT optimisations of hydrated structures. While
only a modest impact of framework type or local heterogenieties was observed for near-saturation con-
ditions (AlPOs and SAPOs), the local environment of the framework protons in SAPOs affected the
interaction energy at low water loadings more significantly. These comparative investigations were
complemented by case studies of three individual systems: First, AlPO4-H3 was studied as an example
for a small-pore aluminophosphate in which the water adsorption sites have been determined experi-
mentally. In addition to predicting the stability of partially hydrated phases, all of which were found to
be less stable than fully hydrated AlPO4-H3, vibrational spectra were computed to develop correlations
between the local environment of the water molecules and their spectroscopic signature. Furthermore,
the dynamic behaviour of adsorbed water molecules was studied with AIMD simulations. The second
case study addressed ECR-40, an unusual SAPO that violates Löwenstein’s rule due to the presence of
Al–O–Al linkages. Combining DFT optimisations and AIMD simulations, it was found that protons
associated with these linkages are less acidic than those associated with Si–O–Al links. As a conse-
quence, the Al–O–Al linkages are less likely to be deprotonated upon hydration. A coordination of
water molecules to the Al atoms at opposite ends of these links occurred during AIMD simulations of
fully hydrated ECR-40, pointing to irreversible structural changes that are probably the cause for the
(experimentally observed) instability of hydrated ECR-40 towards recalcination. The third case study,
an AIMD investigation of AlPO-11, aimed primarily at an understanding of the local structure of the
calcined form. The simulations revealed remarkable differences between the time-averaged and instan-
taneous structures at room temperature, which were found to be due to a precession-like motion of
oxygen atoms belonging to certain Al–O–P linkages. These deviations could explain some chemically
implausible features in the published crystal structure of calcined AlPO-11. Further calculations on
partially hydrated AlPO-11 structures in which the H2O molecules were located in the vicinity of dif-
ferent Al atoms were used to predict the preferred water adsorption sites. The formation of octahedrally
coordinated Al sites upon hydration was found to suppress the precession-like motion of framework
oxygen atoms.
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Altogether, the investigations compiled in this thesis have contributed to the advancement of com-
putational zeolite science in different areas: Whereas the thorough validation of DFT methods against
experimental data presented in the first part will facilitate the choice of suitable approaches in future
studies, the main achievement of the studies compiled in the second and third part lies in their con-
tribution to the atomic-level understanding of complex zeolite-like materials, both in terms of local
structure and dynamic behaviour. The results fill a certain gap in the literature, as fluoride-containing
zeolites/zeotypes and hydrated AlPOs/SAPOs had been relatively rarely explored with DFT methods,
let alone AIMD simulations, prior to these studies. Although such fundamental insights are not directly
transferable to any particular application, it can be anticipated that they will ultimately have an impact
on more practically oriented research areas, e.g., in the development of targeted synthesis routes or of
zeotypes with improved hydration stability.
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CHAPTER 1

INTRODUCTION

1.1 Zeolites and zeotypes

1.1.1 Definition and overview of zeolites and zeotypes

As stated in the Atlas of Zeolite Framework Types (6th edition), "zeolites and zeolite-like materials do not
comprise an easily definable family of crystalline solids" (Baerlocher et al., 2007). The definition below
was proposed by Coombs et al. (1997), representing the Subcommittee on Zeolites of the International Min-
eralogical Association (IMA):

A zeolite mineral is a crystalline substance with a structure characterised by a framework of linked tetrahedra,
each consisting of four O atoms surrounding a cation. This framework contains open cavities in the form of chan-
nels and cages. These are usually occupied by H2O molecules and extra-framework cations that are commonly
exchangeable. The channels are large enough to allow the passage of guest species. In the hydrated phases, de-
hydration occurs at temperatures mostly below about 400 ◦C and is largely reversible. The framework may be
interrupted by (OH,F) groups; these occupy a tetrahedron apex that is not shared with adjacent tetrahedra.

Although this definition is explicitly restricted to zeolite minerals, synthetic zeolite-like compounds
also fulfill the main crystal-chemical criteria.

The term zeolite, derived from the Greek words zein (to boil) and lithos (stone), was coined by the
Swedish scientist Axel Fredrik Cronstedt (1756), who observed, upon heating, the evaporation of wa-
ter from a mineral specimen (probably largely composed of the zeolite stellerite; Colella and Gualtieri
(2007)). In the following centuries, numerous other zeolites were discovered, and the compilations by
Baur and Fischer (2000 to 2017) list more than 120 minerals with zeolite-like frameworks (it has to be
noted, however, that their list includes various minerals that do not conform to the narrower IMA defi-
nition given above). Typically, zeolites are either formed in cavities or veins through precipitation from
circulating waters (amygdaloidal zeolites) or as alteration products of volcanic rocks under diagenetic
or very low-grade metamorphic conditions (sedimentary zeolites). In 1948, Richard M. Barrer reported
the first successful zeolite syntheses, using a hydrothermal synthesis route to mimick geological con-
ditions (Barrer, 1948a,b). While one of these zeolites was a direct analogue of the mineral mordenite,
the other of these earliest synthetic zeolites had a structure that is not found in any naturally occurring
mineral. The field of zeolite synthesis started to burgeon in the 1950s, when the first applications in sep-
aration and catalysis commenced (Masters and Maschmeyer, 2011). At the time of writing, 248 unique
zeolite frameworks (plus several intergrowth families) have been recognised by the Structure Commis-
sion of the International Zeolite Association (IZA; Baerlocher and McCusker (2022)). Only about 60 of
these framework types occur in minerals (Baur and Fischer, 2000 to 2017).
The large majority of zeolite minerals and the most common synthetic zeolites have aluminosilicate
composition, with silicon and aluminium occupying the tetrahedral sites (T sites). The negative charge
of the framework is balanced through positively charged extra-framework species (metal cations or
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organic cations, as in the example of NaA shown in Figure 1.1) or through framework protons bonded
to oxygen atoms. The range of Si/Al ratios extends from 1 to infinity (these all-silica zeolites have a
pure-SiO2 composition and, hence, a neutral framework). Si/Al ratios below 1 would violate Löwen-
stein’s rule, which states that corner-sharing AlO4 tetrahedra are unstable (Loewenstein, 1954), and it
remains a matter of debate if and under what circumstances such violations might occur (Fletcher et al.,
2017; Heard et al., 2019). Since the late 1970s, various materials with zeolite-like structures, but other
compositions have been synthesised. This includes neutral-framework materials like silicogermanates,
aluminophosphates (AlPOs), and gallophosphates (GaPOs) as well as charged-framework materials
like silicoaluminophosphates (SAPOs), metal aluminophosphates (MeAPOs), and borosilicates. While
some authors employ the term zeolite to encompass all these compositions, others use zeotype to desig-
nate non-aluminosilicate materials having a zeolite-like structure. It is worth noting that there are even
a few zeotype minerals, such as the beryllophosphates pahasapaite and weinebeneite (Armbruster and
Gunter, 2001).

Figure 1.1: Crystal structure of representative LTA-type zeolites and zeotypes. Left: Dehydrated zeolite NaA
(Pluth and Smith, 1980). Middle: All-silica zeolite ITQ-29 (Corma et al., 2004). Right: Aluminophos-
phate AlPO-42 (DFT-optimised structure from Fischer (2017)). Colour scheme: yellow = Si, turquoise
= Al, purple = P, red = O, dark purple = Na. Fractionally occupied Na sites are partially coloured to re-
flect their occupancy. Unless otherwise noted, structure figures were prepared using VESTA (Momma
and Izumi, 2011).

1.1.2 Topological description of zeolites

From the point of view of topology, zeolite frameworks can be described as three-periodic nets of
four-connected vertices, with the T sites constituting the vertices (Smith, 2000). The edges connecting
the vertices are formed by the T–O–T linkages. The International Zeolite Association assigns a three-
letter Framework Type Code (FTC) to each topology that has been observed in natural or synthetic
zeolites or zeolite-like materials, and the structural information is collected in the IZA Database of Zeolite
Structures (Baerlocher and McCusker, 2022). Figure 1.1 shows three zeolites/zeotypes having the same
framework type (LTA = Linde Type A), but different composition. In a given structure, every non-
equivalent T site can be characterised using the coordination sequence, which lists the number of N-th
nearest neighbouring T sites up to N = 10, and the vertex symbol, which comprises the sizes of the
smallest rings associated with all 6 tetrahedral angles, where a ring is defined as a closed cycle of
linked TO4 tetrahedra that is not the sum of two smaller cycles (Blatov et al., 2007). Every framework
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type can be identified unambiguously through its specific combination of coordination sequences and
vertex symbols (Baerlocher et al., 2007). In addition to this "numerical" description of a framework
type, several ways to decompose zeolite frameworks into smaller building units have been suggested.
Somewhat trivially, the primary building units are the TO4 tetrahedra. The following larger building
units have been proposed:

• Secondary building units (SBUs) are entities consisting of up to 16 T atoms. By definition, SBUs
are constructed in a way that the whole framework can be built up by assembling a single type
of SBU. The definition is not unique, and many frameworks can be assembled using different
SBUs (Baerlocher and McCusker, 2022). For example, the LTA framework can be built up from
six different types of SBUs, including the SBUs 4, 6, and 8 that correspond to four-, six-, and
eight-membered rings (4MRs/6MRs/8MRs), as shown in Figure 1.2. Conversely, several complex
zeolite frameworks cannot be decomposed into a single type of SBU.

• Composite building units (CBUs) correspond to more intuitively defined building units that are
typically present in several zeolite frameworks. Prototypical examples for CBUs are double four-
membered rings (labelled d4r in the IZA Database of Zeolite Structures), sodalite (sod) cages, and
"alpha" (lta) cages. The LTA framework can be constructed by assembling these three types of
CBUs, as shown in Figure 1.2. The most comprehensive list of CBUs, termed polyhedral units in
that work, was compiled by Smith (2000). As the author pointed out himself, a key disadvantage
of polyhedral units/CBUs is the lack of mathematical rigour in their derivation.

Figure 1.2: Skeletal representation of the LTA framework, coordination sequence, vertex symbol, and decompo-
sition into different types of building units (SBUs, CBUs, natural tiles). CBU and natural tiling are
equivalent in this case. The face symbol of every CBU/tile is also given. Data were taken from the IZA
Database of Zeolite Structures (Baerlocher and McCusker, 2022).
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• The problem of arbitrariness is removed through the concept of natural tilings, which provides
an unambiguous, mathematically defined way to decompose any net into constituent tiles (Bla-
tov et al., 2007). Natural tilings for all zeolite frameworks known at the time were described by
Anurova et al. (2010), and tilings of all recognised frameworks are included in the IZA Database
of Zeolite Structures. For the relatively simple LTA framework, the natural tiling approach gives
equivalent results to the CBU approach, as is visible in Figure 1.2. However, this rigorous con-
cept provides much more exhaustive means for the systematic analysis and comparison of frame-
works, e.g., in terms of pore topology and connectivity (Blatova et al., 2019).

1.1.3 Beyond tetrahedral coordination in zeolites and zeotypes

As discussed in the previous sections, zeolites/zeotypes are tetrahedral frameworks; in other words, the
coordination number (CN) of the T atoms is usually 4. There are, however, scenarios where additional
ions or molecules may coordinate to some T sites, increasing the CN to 5 or 6. Examples for such addi-
tional bonding partners are hydroxyl groups, fluoride anions, water molecules, and certain functional
groups of organic structure-directing agents (OSDAs). In many cases, they are bonded to a single T site
and do not form new linkages to any other site. Such deviations from tetrahedral coordination merely
constitute local perturbations in a tetrahedrally connected framework. In other instances, however,
the coordinated species may "bridge" between adjacent T sites. Such bridging modes of the additional
bonding partners occur primarily in fluoride-containing alumino- and gallosphosphates (Caullet et al.,
2005; Loiseau and Férey, 2007).
As zeolites and zeotypes having T atoms with CNs larger than 4 play a role in some chapters of this
work, cases of particular relevance are presented below, limiting the description to key structural fea-
tures and representative examples. The notation recommended by the Subcommittee on the Nomenclature
of Inorganic Structure Types of the International Union of Crystallography (Lima-de Faria et al., 1990) is used
to designate different coordination environments. It employs superscripted symbols [4t], [5by], and [6o]
to represent tetrahedral, trigonal-bipyramidal, and octahedral coordination, respectively.

• If all-silica/high-silica zeolites are synthesised in hydroxide media, the charge of the cationic
OSDAs is typically balanced through negatively charged defects in the SiO2 framework (Koller
et al., 1995; Shantz et al., 2000; Brunklaus et al., 2016). For at least one system, MFI-type Silicalite-1,
crystallographic evidence for a direct coordination of hydroxyl anions to some Si atoms has been
presented, which leads to the formation of [Si[5by]O4/2OH]− entities (Schmidt et al., 2007).

• Framework-bound hydroxyl groups have also been found in some as-synthesised AlPOs, where
the OH groups typically bridge between two Al[5by] atoms. Examples include AlPO-21 (AWO
topology; Bennett et al. (1985)), AlPO-40 (AFR topology; Ramaswamy et al. (1999)), and AEN-
type IST-1 (Jordá et al., 2003).

• In all-silica/high-silica zeolites synthesised in the presence of fluoride anions, these anions bal-
ance the charge of the OSDA molecules (Camblor and Villaescusa, 1999; Caullet et al., 2005). They
are typically incorporated in small cages of the as-synthesised zeolites’ crystal structures. If d4r
cages are present in the structure, the fluoride anions are located at the centre of these cages, for ex-
ample in AST-type octadecasil (Caullet et al., 1991). In the absence of such building units, the fluo-
ride anions tend to form a bond to one Si atom, forming trigonal-bipyramidal [Si[5by]O4/2F]− units
(Figure 1.3). This bonding situation was first observed in the crystal structure of as-synthesised
nonasil (NON topology) by van de Goor et al. (1995). Subsequently, [Si[5by]O4/2F]− units were
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found in several other all-silica zeolites synthesised in the presence of fluoride, including MFI-
type Silicalite-1 (Aubert et al., 2002). The fluoride anions are dynamically disordered over two
symmetry-equivalent sites within the same cage in Silicalite-1, whereas only static disorder occurs
in nonasil. Solid-state nuclear magnetic resonance (NMR) spectroscopy investigations can pro-
vide complementary information with regard to their local environment and dynamic behaviour
(Koller et al., 1997, 1999).

• As the presence of germanium tends to stabilise the formation of d4r units, many germanates and
silicogermanates contain these building units (Sastre et al., 2005a). There has been some disagree-
ment regarding the precise location of fluoride anions incorporated in Ge-containing d4r cages:
While experimental crystal structure refinements indicate a centre-of-cage location, for example
for an AST-type germanate (Wang et al., 2003), evidence from NMR studies and atomistic calcu-
lations at different levels of theory points to a displacement from the cage centre, possibly going
as far as a formation of F–Ge bonds (Villaescusa et al., 2002; Wang et al., 2003; Sastre et al., 2005b;
Pulido et al., 2006b).

Figure 1.3: Typical environments of fluoride anions (light blue) in all-silica zeolites. Top left: Incorporation at
the centre of a d4r unit in octadecasil (Caullet et al., 1991). Bottom left: Dynamic disorder over two
positions in the same cage in Silicalite-1 (Aubert et al., 2002). Right: Static disorder over two positions
in different cages in nonasil (van de Goor et al., 1995). In Silicalite-1 and nonasil, the F positions are
50% occupied.

• A variety of binding modes of fluoride anions have been observed in fluoride-containing AlPOs
and GaPOs: First of all, the anions may be incorporated in d4r units, where they are either found
at the cage centre (e.g., in AST-type AlPO-16; Schott-Darie et al. (1994); and in GaPO4-LTA; Sim-
men et al. (1993)) or slightly displaced towards one of the faces (e.g., in rhombohedrally distorted
AlPO4-LTA; Schreyeck et al. (1998); and in the gallophosphate cloverite; Estermann et al. (1991)).
Second, they may be bound to a single T atom as terminal (non-bridging) species, as is the case
for some of the fluoride anions in GaPO4-ZON (Meden et al., 1997). Finally, fluoride anions can
bridge between adjacent T atoms. Often, two anions are bonded to the same two T atoms, re-
sulting in pairs of edge-sharing [Al[6o]/Ga[6o]O4/2F2/2]− octahedra (Figure 1.4). Such octahedral
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connectivities within otherwise tetrahedral frameworks are found, for example, in CHA- and GIS-
type fluoroaluminophosphates (Harding and Kariuki, 1994; Paillaud et al., 1996).

• In hydrated aluminophosphates, water molecules may bond to framework Al atoms, leading
to an expansion of the coordination environment to trigonal-bipyramidal or octahedral. Some
AlPO4 · n H2O minerals like variscite and metavariscite also contain such [Al[6o]O4/2(H2O)2] oc-
tahedra (Kniep and Mootz, 1973; Kniep et al., 1977). In synthetic aluminophosphates, the first
evidence for the presence of some octahedrally coordinated Al atoms was obtained in 27Al-NMR
experiments on as-synthesised and hydrated AlPO samples by Blackwell and Patton (1984). The
following year, the crystal structure of APC-type AlPO4-H3 was determined (Pluth and Smith,
1985, 1986): Here, two of the three non-equivalent H2O molecules are coordinated to one of the
two Al sites (Figure 1.4, the third water molecule occupies the channels of the structure). Sub-
sequent crystallographic and NMR investigations on various other hydrated AlPOs showed that
Al[5by] and Al[6o] atoms occur frequently, but that the fraction of non-tetrahedral Al sites can vary
considerably among different structures.

Figure 1.4: Left: Part of the crystal structure of CHA-type fluoroaluminophosphate including edge-sharing
[Al[6o]O4/2F2/2]− octahedra (Harding and Kariuki, 1994). Right: Channel segment of the structure
of AlPO4-H3 showing [Al[6o]O4/2(H2O)2] octahedra (Pluth and Smith, 1986). Octahedrally coordi-
nated atoms are shown in a darker shade of green.

• Whereas the OSDA molecules typically interact with the framework through non-directional van
der Waals interactions and, potentially, hydrogen bonds to framework oxygen atoms, a direct
coordination to framework Al atoms occurs in some AlPOs and AlPO derivatives. The term
"framework-bound OSDA-containing molecular sieves" was coined in relatively recent work of
Lee et al. (2015, 2016) on the MEI-type SAPO ECR-40, where alkanolammonium (or alkanolamine)
OSDAs are bonded to some Al atoms via hydroxyl oxygen atoms. The phenomenon itself, how-
ever, had been observed before in some other AlPO zeotypes, including monoclinic AlPO4-SOD,
where dimethylformamide molecules are bonded to framework Al atoms via their oxygen atom
(Vidal et al., 1998), and in IST-1, where methylamine molecules are coordinated via their nitro-
gen atom (Jordá et al., 2003). The recently reported STA-28 contains framework-bound 1,10-
phenantroline OSDAs whose two nitrogen atoms are coordinated to the same Al atom (Watts
et al., 2020). In all mentioned examples, those framework Al atoms that interact with the OSDAs
are octahedrally coordinated.
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1.2 Applications of zeolites

The most important applications of zeolites and related materials are connected to the presence of ac-
cessible cavities in the structures: Due to the ability of guest species to diffuse in and out of the pores,
the extra-framework content occupying the cavities can be modified through a change of external con-
ditions. Firstly, the charge-balancing species in zeolites having a negatively charged framework can
be exchanged against other cations (ion exchange). Secondly, the reactivity of molecules adsorbed in
the pores will be affected by the confinement, and the zeolite can act as solid acid catalyst for trans-
formations of adsorbed molecules (catalysis). Thirdly, the affinity of a zeolite towards different guest
molecules will vary, leading to the possibility to use zeolites in separations of gaseous or liquid mix-
tures (adsorption-based separation). The following subsections will provide a brief description of the
use of synthetic zeolites as ion exchangers, catalysts, and adsorbents, as all of these applications are of
tremendous industrial relevance (Wright, 2007). Other (potential) applications that are of lesser (or no)
economic importance at present include adsorption-based thermal energy storage, membrane-based
separations using zeolite membranes or zeolite-containing composites (Rangnekar et al., 2015), gas
sensing (Mintova et al., 2015), and uses as low-κ dielectrics (Hunt et al., 2010) and as host materials
in drug delivery (Mintova et al., 2015). Of these, only thermal energy storage will be described in some
detail in a dedicated subsection, as this application provides a key motivation for some studies included
in this thesis. Finally, a short overview of applications of natural zeolites is given.

1.2.1 Ion exchange

If the internal cavities in structures of aluminosilicate zeolites or charged-framework zeotypes are ac-
cessible, the charge-balancing extra-framework cations are (usually) exchangeable. In other words, if
a zeolite containing Qm+ cations is brought in contact with a solution containing Pn+ cations, a re-
placement of Qm+ by Pn+ cations can occur in the zeolite structure. In addition to external conditions
(temperature, concentration), the exchange behaviour (degree of preference for Qm+ or Pn+) also de-
pends on zeolite composition and structure. For example, zeolite A preferentially incorporates Na+

over other alkali cations, and most alkaline earth cations over Na+ (Wright, 2007). Historically, the abil-
ity to exchange cations was first reported for chabazite by Eichhorn in 1858. It was soon recognised that
ion exchange properties could be used in water softening (i.e., removal of Ca2+ and Mg2+ cations from
water, Figure 1.5), and the first commercial applications appeared in the early 20th century (Masters
and Maschmeyer, 2011).

Figure 1.5: Schematic visualisation of ion exchange using zeolite NaA: Upon contact with a Ca2+-containing aque-
ous solution, Na+ cations in the crystal structure are replaced by Ca2+ ions, resulting in a reduced
calcium content in the aqueous phase ("water softening").
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The large-scale use of zeolites as detergent additives (builders) responsible for the removal of Ca2+

cations during the washing process began in the 1970s, when the negative environmental impact of
phosphate builders became apparent (Townsend and Coker, 2001). Today, it is the largest application
of synthetic zeolites in terms of volume, and about 1,270 kilotons were estimated to be consumed in
detergent applications in 2008 (Kulprathipanja, 2010). Because a larger amount of framework Al atoms
means that more cations are needed to balance the charge, the ion exchange capacity can be maximised
through use of zeolites with a low Si/Al ratio. Common laundry detergents that are on the market to-
day contain sodium-exchanged zeolites with a Si/Al ratio of 1, either LTA-type zeolite NaA or GIS-type
"maximum aluminium P" (Townsend and Coker, 2001).
Besides the use in detergents, there are also some environmental applications that exploit the ion ex-
change capabilities of zeolites. Specifically, they can be used to remove ammonia, ammonium ions,
and heavy metal cations from wastewaters, and for the removal of certain radionuclides (137Cs+, 90Sr2+)
from radioactively contaminated waters (Townsend and Coker, 2001). Finally, it should be noted that
the possibility to exchange the extra-framework cations is also important with regard to other uses of
zeolites, as it provides a convenient means to "tune" their properties, e.g., allowing to incorporate cations
having a high affinity towards a given species for separation applications, or to introduce catalytically
active sites.

1.2.2 Catalysis

Many zeolites and zeotypes possess an intrinsic acidity, leading to the possibility to use them as solid-
state acid catalysts . In protonated zeolites, the framework protons pointing into the pores act as Brøn-
sted acid sites (Wright, 2007; Li and Pidko, 2019). The reactivity of these Brønsted acid sites depends
strongly on the local environment (pore shape and size, arrangement of T atoms) and on the composi-
tion (Si/Al ratio in zeolites, Si/(Al+P+Si) ratio in SAPOs, etc.). As a consequence, variation of zeolite
topology and/or composition can enable an optimisation of the catalytic properties for a given reaction.
Furthermore, extra-framework aluminium species as well as cations incorporated in the framework
(e.g., Ti4+, Sn4+) or on extra-framework sites (e.g., rare earth cations) can act as Lewis acid sites. Besides
exploiting the intrinsic acidity of zeolites, it is also possible to dope zeolites with catalytically active
metals (e.g., incorporating noble metals for hydrogenation reactions), leading to bifunctional catalysts
(Vermeiren and Gilson, 2009).
In addition to their acidity, the well-defined geometry of the zeolite pores and their apertures is another
advantage of zeolite catalysts, as it can promote shape-selective effects, such as reactant or product dif-
fusion selectivity or transition state selectivity (Wright, 2007). These effects can drastically influence
the product distribution and, in favourable cases, result in highly selective reactions. Other properties
rendering zeolites attractive for catalytic applications are their stability under harsh conditions (with
typical reaction temperatures between 400 and 800 ◦C), their non-corrosive and non-toxic nature, and
the relatively straightforward formulation into extrudates or spheres, which facilitates the handling in
various reactor setups (Vermeiren and Gilson, 2009).
The industrial use of zeolite catalysts began in the late 1950s and early 1960s, when researchers at Union
Carbide and Mobil developed hydrocracking and fluid catalytic cracking (FCC) processes using FAU-
type zeolite catalysts (Rabo and Schoonover, 2001; Masters and Maschmeyer, 2011). Today, both these
processes play a key role in oil refineries, where they are employed to convert heavy hydrocarbons
from the crude oil distillation residue into lighter, more valuable species (FCC: mostly gasoline, hydro-
cracking: mostly diesel). Roughly 50% of all currently operating refineries are fitted with an FCC unit,
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and developments in catalyst and reactor design have led to a continuous increase in the selectivity
towards the most desirable hydrocarbon fractions, which is not only economically attractive, but also
contributes to the efficient use of fossil feedstocks (Vogt and Weckhuysen, 2015). While FCC catalysts
(mostly high-silica zeolite Y) account for about 95% of synthetic zeolites produced for catalytic appli-
cations, there are various smaller-scale uses in the petrochemical and chemical industry, with a 2009
review listing 25 different types of commercial processes employing zeolite-based catalysts (Vermeiren
and Gilson, 2009). Although the production volume of zeolite catalysts is smaller than that of deter-
gents, with an estimated consumption of about 300 kilotons in 2008, catalysis is the economically most
important application, representing more than 50% of the market value (Rabo and Schoonover, 2001;
Kulprathipanja, 2010). Along with their important role in the traditional, fossil-fuel based economy,
zeolite catalysts are also under heavy investigation for the processing of renewable feedstocks, specif-
ically, the conversion of biomass to biofuels or platform molecules (Perego and Bosetti, 2011; Ennaert
et al., 2016). Given the constantly evolving demand, it can be expected that zeolites will continue to play
a leading role in industrial catalysis, and much of the fundamental research that led to the discovery
of many new zeolites and zeotypes in the past decades was driven by the search for improved zeolite
catalysts.

1.2.3 Adsorption-based separations

By virtue of their porosity, zeolites can take up (adsorb) and release (desorb) guest molecules from the
gas phase or liquid phase. If the affinity of a zeolite towards a species A is greater than that towards an-
other species B, the adsorbent will preferentially adsorb A over B, leading to the possibility to separate
an A/B mixture. In equilibrium adsorption processes, which form the basis for most adsorptive separa-
tions, the separation efficiency is related to the difference in interaction strength (Kulprathipanja, 2010).
For example, species A might fit better into the zeolite pores than B, or interact more strongly with
extra-framework cations, leading to a higher heat of adsorption and, hence, preferential adsorption.
Rate-selective separations rely on differences in diffusivity, rather than equilibrium adsorption, among
the adsorbed species. Finally, the well-defined pore size of zeolites will lead to the exclusion of species
that do not fit into the pores. This molecular sieving effect can afford extremely high (theoretically
infinite) selectivities, but it requires an appreciable difference in size among the constituents of the mix-
ture (Kulprathipanja, 2010). Like in catalysis, the framework type, which determines size, shape, and
connectivity of the pores, the chemical composition, and the presence and nature of extra-framework
species all have a significant effect on the separation properties, providing various possibilities for ad-
sorbent optimisation.
Molecular sieving by a zeolite was first reported by Weigel and Steinhoff (1924), who studied the ad-
sorption of water and organic vapours on chabazite. Although Barrer (1942) filed a patent on the use of
natural zeolites for hydrocarbon separation, the commercialisation of zeolite adsorbents became viable
only after the discovery of synthetic zeolites A and X by Milton and Breck at Union Carbide in the 1950s
(Breck et al., 1956). In industrial-scale adsorption processes, bulk gas separations, which involve a mix-
ture of two or more major components, are distinguished from purifications, in which impurities are
removed from a major phase (Sircar and Myers, 2003). In terms of process design, different means can
be used to regenerate the adsorbent: In temperature swing adsorption (TSA), regeneration is achieved
through an increase of the temperature, whereas a decrease of the pressure is used in pressure swing
adsorption (PSA). Zeolites with low Si/Al ratios are used in various TSA-based purifications, for ex-
ample in dehydration or desulfurisation processes using zeolites A or X (Sircar and Myers, 2003). PSA
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processes are more typically employed in bulk separations, for example, in the production of N2 and
O2 from air using Li-exchanged low-silica zeolite X (LiLSX, Figure 1.6; Yang (2003)) and in the removal
of CO2 from CH4 ("upgrading" of natural gas or biogas; Tagliabue et al. (2009)). With ever-increasing
atmospheric CO2 levels, the potential use of zeolites for the removal of CO2 from flue gases has received
much attention in fundamental research (Samanta et al., 2012).
Because neither TSA nor PSA are suitable for liquid-phase separations, these use a desorbent to dis-
place the adsorbed molecules from the zeolite (Kulprathipanja, 2010). Zeolites are widely used in
the petrochemical industry to separate hydrocarbon mixtures, e.g., in the separation of p-xylene from
other xylene isomers (Kulprathipanja, 2010) and in the "deep" desulfurisation of transportation fuels
(Hernández-Maldonado and Yang, 2004). Other potential applications arise in environmental remedi-
ation, where hydrophobic high-silica zeolites can be employed for the removal of organic molecules
(phenols and other aromatics, nitrosamines, pharmaceuticals, etc.) from water (Roostaei and Tezel,
2004; Rossner et al., 2009; Koubaissy et al., 2011; De Ridder et al., 2012).

Figure 1.6: Schematic visualisation of an adsorption-based separation process, N2/O2 separation using zeolite
LiLSX. Because N2 is preferentially adsorbed, O2 is enriched in the gas phase. Desorption of the N2-
enriched phase is achieved by decreasing the pressure (PSA). The whole process is run in a cyclic
fashion.

1.2.4 Zeolites in thermal energy storage

Adsorption-based heat transformations employ adsorption-desorption cycles of a working fluid onto
an adsorbent: When the pristine adsorbent is brought in contact with the working fluid, the exothermic
nature of the adsorption process causes the system to heat up (= releasing heat from the storage reser-
voir, bottom part of Figure 1.7). The initial state of the adsorbent can be restored by using an external
heat source to remove the adsorbed working fluid (= loading the heat storage reservoir, top part of
Figure 1.7). The heat can now be stored without any additional thermal insulation as long as an exposi-
tion to the working fluid or other adsorbable gases is avoided, rendering this a (theoretically) loss-free
means of heat storage (Henninger et al., 2012). Moreover, the storage vessel containing the adsorbent
could be transferred between a waste heat source and another place where the heat can be used, e.g.,
within a chemical plant. In addition to heat storage, adsorption-based heat pumps can be employed
in adsorption chillers, for example for solar-powered refrigerators or air conditioners. The potential
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of zeolite adsorbents in this area was recognised rather early, with first prototype applications being
realised in the late 1970s, after the oil crisis of 1973 (Meunier, 2013).
Water is the most commonly used working fluid, as it is widely available, environmentally benign, and
interacts rather strongly with many porous materials, but other working fluids like methanol and am-
monia are also under consideration. Both the adsorbent’s capacity and its affinity towards the working
fluid determine the performance: On the one hand, a high affinity (high heat of adsorption) allows a
high storage density. On the other hand, the removal of the working fluid will also require high temper-
atures, which may not be available. As a consequence, adsorbents of varying hydrophilicity could find
use in different heat transformation applications using water as a working fluid, and various materials
including silica-based materials, zeolites/zeotypes, metal-organic frameworks (MOFs), and composite
materials are being investigated (Aristov, 2013; de Lange et al., 2015). Presently commercialised ap-
plications largely rely on porous silicas and zeolites (de Lange et al., 2015). For example, dishwashers
fitted with a zeolite-containing compartment use the adsorption of water onto the zeolite, rather than
additional electric heating, during the drying phase, thereby reducing the energy consumption of a
washing cycle by about 20% (Hauer and Fischer, 2011). This technology, patented by BSH Hausgeräte
about 15 years ago (Fauth et al., 2008), is used in many household dishwashers that are currently on
the market, primarily in the upper price segment. Zeolite-based adsorption chillers are marketed, for
example, for mobile and stationary cooling applications like transport boxes and self-cooling beer kegs
(ZeoTech GmbH, 2022).

Figure 1.7: Principle of adsorption-based thermal energy storage using water as working fluid and AlPO-42 as
adsorbent: Using a high-temperature heat source, the working fluid is desorbed (top). To discharge
the storage reservoir, a low-temperature heat source is sufficient to evaporate the working fluid, which
is then adsorbed onto the AlPO-42 material, releasing the stored heat (bottom). Figure designed after
Henninger et al. (2012).
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Zeolites with low Si/Al ratios like zeolite A and X are highly hydrophilic, requiring temperatures above
200 ◦C for their regeneration (Henninger et al., 2012; Aristov, 2013). They cannot be used in solar heat-
ing or cooling, where typical regeneration temperatures range from 90 to 140 ◦C. Due to their inter-
mediate hydrophilicity, which results in S-shaped water adsorption isotherms (de Lange et al., 2015),
zeolites with higher Si/Al ratios, AlPOs, SAPOs, and MeAPOs are more attractive for such applica-
tions. Promising results have been reported, among other materials, for zeolite Y (Henninger et al., 2010;
Jänchen and Stach, 2014; Ristić et al., 2018), AEI-type AlPO-18 (Henninger et al., 2010), CHA-type AlPO-
tric and SAPO-34 (Henninger et al., 2010; Ristić et al., 2012; Freni et al., 2015), and LTA-type AlPO-42
(Krajnc et al., 2017). For some of these materials, a stability over hundreds of adsorption-desorption
cycles could be demonstrated. Apart from the intrinsic properties of the adsorbent, the possibility to
produce adsorbent-containing shaped bodies or coatings also plays an important role. To mention just
one example, an adsorbent heat exchanger coated with SAPO-34 was successfully prepared, and the
performance enhancement was demonstrated on the lab scale (Freni et al., 2015).

1.2.5 Applications of natural zeolites

Natural zeolites like clinoptilolite (HEU topology), mordenite (MOR), chabazite (CHA), and phillip-
site (PHI) occur in mineable deposits in volcaniclastic sediments in various places around the world,
including the Western US, Australia, Italy, and Cuba. While supply is, therefore, not an issue, their ap-
plicability in adsorption and catalysis is limited by rather low adsorption capacities and the inevitable
presence of chemical and mineralogical impurities (foreign cations, secondary minerals). Even though
the production of natural zeolites exceeded that of their synthetic counterparts by a ratio of about 5:3
in 2008 (natural zeolites: 3,000 kilotons, synthetic zeolites: 1,800 kilotons; Kulprathipanja (2010)), their
economic importance is smaller. Historically, zeolite-bearing tuffs have been used as dimension stones
in construction for more than 2,000 years, as they are lightweight materials that can easily be sawed into
blocks (Mumpton, 1999). Today, natural zeolites are widely employed as supplementary cementitious
materials ("pozzolans") in the production of cement (Tran et al., 2019b). Uses in ion exchange, which
mostly rely on clinoptilolite, encompass the removal of ammonium, heavy metals ions, or radionu-
clides from wastewaters (Townsend and Coker, 2001). Furthermore, natural zeolites also play a role in
agriculture, for example, as additives in animal nutrition, as soil amendments, and in the treatment of
animal waste (Mumpton, 1999).

1.3 Computational studies of zeolite structures and properties

Computational chemistry techniques play a major role in zeolite science, contributing, on the one hand,
to their fundamental characterisation and, on the other hand, to the prediction and understanding of
application-related properties (Van Speybroeck et al., 2015). This section covers the two most widely
used methods, force field calculations and density functional theory (DFT). Each subsection starts with a
concise description of the theoretical background before giving an overview of key fields of applications
dealing with zeolites and zeotypes. Other computational modelling methods that are used in zeolite
science in general, but not in studies contained in this thesis, are not included in this overview. For
example, geometric simulation methods, which have been employed to study zeolite flexibility (Wells
and Sartbaeva, 2015), are excluded. Combined quantum mechanics/molecular mechanics (QM/MM)
methods, which treat a small part of the structure with a high-level method and the remainder at a
more empirical level, and wave function theory (WFT) methods like Hartree-Fock or MP2 perturbation
theory, which are rarely used for periodic zeolite models, are also omitted.
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1.3.1 Computational studies of zeolites I: Force field methods

1.3.1.1 Using force fields to model molecules and solids

In a force field (FF) description, the energetic contribution of individual interactions between the con-
stituent atoms is calculated using simple analytical potentials. The total energy of a system is then com-
puted as the sum over all contributions, and the forces on the atoms can also be calculated, allowing the
optimisation of a given atomic arrangement. Organic molecules and other systems dominated by co-
valent bonds are typically described using a molecular mechanics (MM) approach (Allinger, 2010). In
the MM framework, appropriate atom types are assigned to the constituent atoms or, if a united-atom
model is used, to groups of atoms (for example, a –CH3 group may be treated as a single interaction
site). The bonds between the interaction sites are predefined, and bond stretching, angle bending, and
torsional terms (plus, possibly, other contributions) are described with harmonic potentials (for bond
stretching and angle bending, Figure 1.8), cosine Fourier series (for torsions), or more complicated func-
tional forms (e.g., Morse potentials). The most important "non-bonded" interactions are electrostatic
interactions, conveniently described by assigning point charges and applying Coulomb’s law, and van
der Waals (vdW) interactions, for which Lennard-Jones potentials or similar expressions are used to
represent long-range attraction and short-range Pauli repulsion (Figure 1.8). Usually, non-bonded in-
teractions are not considered between direct neighbours and atoms that are two and – in some FFs –
three bonds apart.
The whole set of atom types, potentials, and parameters used in the description of a system is commonly
referred to as "the force field". The derivation of the FF parameters can make use of a fitting to experi-
mental data or to results from electronic structure calculations (or to a combination of both). Whereas
system-specific FFs can provide a very accurate description for those species included in the parameter-
isation, "generic" FFs are more broadly applicable, but less accurate. In zeolite science, the DREIDING
force field (Mayo et al., 1990) and the Consistent Valence Force Field (CVFF) (Dauber-Osguthorpe et al.,
1988; Hill et al., 2000) are among the most widely used generic FFs. The TraPPE-zeo FF has been specif-
ically designed to model the adsorption of small molecules in zeolites (Bai et al., 2013).

For dominantly ionic materials, force fields based on the Born model of ionic solids are more com-
monly used. These use a point-charge description of the atomic sites, most typically employing formal
charges. Two-body terms are included to represent Pauli repulsion and vdW interactions, often using
Buckingham-type potentials (Catlow, 1997). The atomic polarisability can be included via a core-shell
model, where the sum of core and shell charges equals the formal charge. While the "core" represents
the position of the nucleus, the "shell" can be somewhat displaced from this site to model a polarisation
of the electron cloud. Core and shell are coupled by a harmonic spring to prevent unrealistically large
displacements of the shell. In addition, these ionic potentials can be supplemented by further terms
similar to those used in molecular mechanics FFs (Catlow, 1997) A core-shell FF that is widely used
in studies of zeolites is based on Si and O potentials developed by Sanders et al. (1984). It was later
expanded to include parameters for aluminosilicates (Jackson and Catlow, 1988; Schröder et al., 1992)
and aluminophosphates (Gale and Henson, 1994).
Besides the two groups of FFs outlined above, more sophisticated approaches include the incorpora-
tion of polarisation effects into molecular mechanics FFs (Cieplak et al., 2009), reactive FFs (Senftle et al.,
2016), and FFs trained on reference data via machine learning (Li et al., 2017). As these approaches play
no role in this work, they are not further discussed here.
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Figure 1.8: Typical potentials used in molecular mechanics force fields. Left: Harmonic potential used to represent
bond stretching, example: Si–O bond. Right: Lennard-Jones potential used to represent short-range
repulsion and long-range attraction between non-bonded species, example: CH4· · ·CH4 interactions.
CH4 is modelled as a single interaction site (united atom model).

1.3.1.2 Applications of force field methods in zeolite science

Zeolite structures and thermochemistry: A portfolio of FF-based methods has been employed to
study various aspects of zeolites, and review articles published over the past 20 years give an excel-
lent overview of the state-of-the-art of computational zeolite research at different points in time (Fuchs
and Cheetham, 2001; Smit and Maesen, 2008; Van Speybroeck et al., 2015; Abdelrasoul et al., 2017).
The following account can only cover key fields of application and mention selected examples. With
regard to zeolite structures, structure optimisations (= energy minimisations) have been employed
in conjunction with diffraction experiments to probe the plausibility of structure models (Villaescusa
et al., 1999; Greenaway et al., 2015), or to optimise the location of the OSDA molecules prior to a Riet-
veld refinement (Paillaud et al., 2007). Other applications include investigations of the energetically
preferred Al/Ge positions in aluminosilicates and silicogermanates (Sastre et al., 2002, 2005a; Muraoka
et al., 2016), preferred locations of framework protons (Schröder et al., 1992; Sastre et al., 2002), extra-
framework cations (Higgins et al., 1997; Grey et al., 1999), and other extra-framework species (Lewis
et al., 2002), as well as studies of defect-containing zeolite models (Bushuev and Sastre, 2009). The FF-
based studies of fluoride anions in all-silica zeolites and silicogermanates by George and Catlow (1997),
Sastre and Gale (2005), and Pulido et al. (2006a) are of particular relevance to this work, as they partly
motivated the DFT-based investigations of these systems included in this thesis. They will be discussed
in more detail in Chapter 4.
In addition to the optimisation of structural parameters, FF-based energy minimisations also allow for a
comparison of the total energies of different phases with identical composition, enabling a prediction of
their relative stability. Early FF development work already showed an inverse correlation between the
framework density and the enthalpy of transition for all-silica zeolites and AlPOs (i.e., lower-density
frameworks tend to be less stable, so their enthalpies of transition with respect to the dense phases α-
quartz or α-berlinite are larger; Kramer et al. (1991); de Vos Burchart et al. (1992b,a); Henson et al. (1994,
1996)), a trend that was later established in calorimetric experiments (Piccione et al., 2000; Navrotsky
et al., 2009). Besides studies of the thermodynamic stability of known frameworks, FF-based calcula-
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tions have also been widely used to predict the feasibility of "hypothetical zeolites", computer-generated
zeolite-like frameworks (Foster et al., 2004; Zwijnenburg and Bell, 2008; Deem et al., 2009; Li et al., 2015).
The literature contains several examples of zeolites that were first proposed as hypothetical phases and
later synthesised (Li et al., 2015; Turrina et al., 2017).

Molecular Dynamics (MD) simulations: MD simulations model the evolution of a system as a function
of time. Starting from an initial configuration, the forces on the constituent atoms are calculated using
the FF representation of interatomic interactions. By solving Newton’s equation of motion, the veloc-
ities and positions of the atoms can be calculated for the next time step (typical timesteps in atomistic
MD simulations are on the order of femtoseconds: 1 fs = 10−15 s). Then, the force calculation is repeated
to proceed to the next time step, and so forth (Frenkel and Smit, 2002). For each step (or every N-th
step), atomic configurations (± velocities) and total energy are stored in the trajectory. After an equi-
libration phase, the production part of the trajectory can be used to calculate thermodynamic and/or
transport properties. MD simulations can be carried out in different thermodynamic ensembles. For
zeolites, the most relevant ensembles are the canonical ensemble (NVT, number of atoms, volume,
temperature are constant) and the isothermal-isobaric ensemble (NpT, number of atoms, pressure,
temperature are constant) ensembles. They require the use of a thermostat and (for NpT ensemble)
barostat to control temperature and pressure, respectively (Berendsen, 2007). For typical zeolites, FF-
based MD simulations covering several nanoseconds are routinely possible. In addition to simulating
equilibrium conditions, nonequilibrium MD simulations can also be used, e.g., to model the flux be-
tween different parts of the system.
As the diffusion properties of guest molecules play an important role for applications in catalysis and
separation, a large number of FF-based MD studies investigating the diffusion of various guest mole-
cules have been published (Smit and Maesen, 2008; Krishna, 2012). Fields of application include the dif-
fusion of small molecules like CO2, H2, or CH4 (Selassie et al., 2008; Krishna and van Baten, 2010; Kim
et al., 2013), of C8 aromatics, important with regard to both the isomerisation and the separation of xy-
lene isomers (Zhai et al., 2012; Toda et al., 2015), and of drug molecules, where the diffusion behaviour
controls the efficacy of zeolites as hosts in drug delivery applications (Fatouros et al., 2011; Spanakis
et al., 2014). In addition to the prediction of diffusion coefficients and derived quantities like diffusion
selectivities, the simulations can also give insights into the underlying mechanisms. It has been pointed
out that both the choice of the zeolite structure model (e.g., experimental vs. FF-optimised) and the
inclusion/omission of framework flexibility can have a significant impact on the computed diffusion
coefficients (Zimmermann et al., 2011; Boulfelfel et al., 2015).

Monte Carlo (MC) simulations: In MC simulations, a statistical algorithm is used to generate an en-
semble of configurations, where the probability of finding a particular configuration is given by the
Boltzmann distribution (Allen and Tildesley, 2017; Smit and Maesen, 2008). Starting from a given
configuration, for example, a zeolite pore containing a single guest molecule, a new configuration is
generated through a trial move, for example, a displacement of this molecule. The FF energy difference
between the new and old configuration is calculated. If the new configuration is energetically favoured,
it is always accepted. If it is less favourable, it is only accepted with a certain probability, with the ac-
ceptance probability depending on both energy difference and external thermodynamic conditions. By
choosing an appropriate set of trial moves and acceptance criteria, different thermodynamic ensembles
can be modelled, and quantities of interest can be obtained by averaging over the ensemble of configu-
rations (after equilibration).
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Although MC simulations have been employed in different fields of zeolite science, e.g., to generate
different Al distributions in aluminosilicates (Muraoka et al., 2016), they are most frequently used in
adsorption simulations. These are performed in the grand-canonical (GC) ensemble, where chemical
potential µ, volume, and temperature are constant. The number of guest molecules varies during the
simulation, allowing to compute the equilibrium number of guest molecules for a given pressure (re-
lated to µ) and temperature. Because the basic GCMC insertion algorithm tries to insert the entire guest
molecule, the acceptance probability will become very small for bulky molecules or at high loadings
due to overlap with the framework or other guest molecules. In these cases, use of more advanced
schemes like configurational-bias MC can significantly enhance the efficiency of simulations (Smit and
Maesen, 2008). A particular advantage of MC simulations is the straightforward treatment of mixture
adsorption.
GCMC simulations do not only give access to macroscopically accessible quantities like adsorption
isotherms, heats of adsorption, Henry constants, and adsorption selectivities (for mixtures), but they
also allow for atomic-level insights into the adsorption process through an analysis of the preferred
adsorption sites/regions (Figure 1.9). As in the case of diffusion studies, the majority of GCMC studies
of adsorption have dealt with relatively small guest molecules like CO2, N2, or small hydrocarbons.
Examples range from in-depth studies of one or a few zeolites (Talu and Myers, 2001; Goj et al., 2002;
Granato et al., 2007) to large-scale screening studies covering several 10,000 of systems (Lin et al., 2012;
Kim et al., 2012, 2013). The adsorption of larger molecules, including linear and branched hydrocarbons
(Dubbeldam et al., 2004; Luna-Triguero et al., 2017), aromatics (Lucena et al., 2008; Narasimhan et al.,
2010), and emerging contaminants like pharmaceuticals (Fischer, 2020) has also been addressed. In the
context of this thesis, GCMC studies of water adsorption in AlPOs and SAPOs, discussed in more depth
in Chapter 5, are of particular interest (Pillai and Jasra, 2010; Henninger et al., 2011b; Fasano et al., 2019).

Figure 1.9: GCMC simulations results for CO2 adsorption in AEL-type AlPO-18. Top: Pore topology and CO2
adsorption isotherms (closed symbols = simulation, open symbols = experiment). Bottom: Interaction
energy maps derived from GCMC simulations at different CO2 loadings. Figure modified after Fischer
(2017) and Fischer (2018).
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Another issue that has received continued attention is the prediction of suitable OSDAs to synthesise a
particular structure type. While simple, FF-based energy minimisations already allow for a calculation
of the "stabilisation energy" of a given OSDA in different structures, or different OSDAs in one struc-
ture, MC simulations permit a more comprehensive sampling of different OSDA configurations in the
zeolite pores (Cundy and Cox, 2003). Temperature effects can be accounted for by performing MD sim-
ulations for OSDA-containing zeolite models (Pophale et al., 2013). Using computational approaches to
combine pre-defined organic fragments, it is even possible to design the OSDAs de novo (Lewis et al.,
1996; Pophale et al., 2013). Starting with the synthesis of DAF-5, a CHA-type cobalt aluminophosphate
(Lewis et al., 1997), there are now several examples in the literature where a computational prediction
of the OSDA enabled the synthesis of known or new frameworks (Schmidt et al., 2014, 2015; Daeyaert
and Deem, 2020). FF-based simulations have also been used to study the role of the OSDAs during the
initial stages of zeolite synthesis, i.e., the formation of zeolite precursors in the synthesis gel (Verstraelen
et al., 2009).
GCMC simulations most typically employ rigid zeolite models. However, the accuracy of this approx-
imation has come under some scrutiny, and recent work has shown that the inclusion of framework
flexibility can be important in some cases, especially when there is a tight fit between zeolite pores and
guest molecules, as is the case for some aromatics in MFI-type zeolites (Caro-Ortiz et al., 2020).

The need for FF validation: The empirical nature of FF-based methods implies a need to verify the
suitability of the chosen potential parameters against experimental data and/or higher-level calcula-
tions. A comprehensive benchmarking of different FFs in predicting the structural, mechanical, and
dynamical properties of all-silica zeolites was reported by Combariza et al. (2013). In adsorption and
diffusion simulations, the validation procedure is often of an ad hoc nature, considering only experi-
mental data (adsorption isotherms, diffusion coefficients) for the system(s) of interest. However, there
have been numerous attempts to develop transferable FFs for adsorption simulations by making use of
experimental data obtained for different zeolites and/or including information from DFT calculations
(García-Sánchez et al., 2009; Fang et al., 2012; Fischer and Bell, 2012; Fang et al., 2013; Bai et al., 2013;
Vujic and Lyubartsev, 2016). For example, GCMC simulations of CO2 adsorption in various all-silica
zeolites and AlPOs represented the framework atoms using a combination of DFT-derived charges and
Lennard-Jones parameters that were fitted to reproduce experimental data (Fischer and Bell, 2012; Fi-
scher, 2017, 2018). Exemplary results for AlPO-18 are shown in Figure 1.9.

1.3.2 Computational studies of zeolites II: Density functional theory

1.3.2.1 Theoretical background and general considerations

The foundations of density functional theory (DFT) were laid by Hohenberg and Kohn (1964), who
proved that the ground state properties of a many-electron system are unique functionals of the elec-
tron density. This implies that, rather than having to compute the wave function that gives the lowest
total energy, as in wave function theory (WFT) methods, it is sufficient to determine the lowest-energy
electron density to calculate ground state properties. As the electron density depends only on three
spatial coordinates, whereas the wave function of an N-electron system depends on 3N spatial coordi-
nates, this results in a more favourable scaling behaviour upon increasing number of electrons, making
DFT well suited for many-electron systems (large molecules, crystals) where high-quality WFT meth-
ods become prohibitively expensive (Sholl and Steckel, 2009). Kohn and Sham (1965) showed that the
electron density of a system of interacting electrons can be generated using a set of one-electron wave
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functions, the Kohn-Sham (KS) orbitals ψ. The Kohn-Sham equations, which need to be solved to find
these orbitals, have the following form (Sholl and Steckel, 2009):[︃

h2

2me
∇2 + Ve−n(r⃗) + Ve−e(r⃗) + VXC(r⃗)

]︃
ψi(r⃗) = ϵiψi(r⃗) (1.1)

Here, h is Planck’s constant, me is the electron mass, r⃗ indicates a dependence on spatial coordinates,
i is the orbital index, and ϵi is the energy eigenvalue of orbital ψi. The first term in brackets corre-
sponds to the kinetic energy of the electron, the second term gives the Coulomb attraction between the
electron and all nuclei, and the third term (Hartree potential) represents Coulomb repulsion between a
single electron and the total electron density (including spurious "self-interaction", which needs to be
corrected); hence, it depends on the electron density. The final term VXC represents the contributions of
exchange and correlation.
The density dependence of the electron-electron and XC contributions in equation 1.1 implies that a
practical implementation of DFT requires an iterative procedure: First, a trial electron density is de-
fined. The one-electron wave functions are then determined by solving the KS equations, and the
electron density is recalculated from these KS orbitals. The trial electron density is then updated by
mixing the new and old densities, and the procedure is repeated until convergence is reached and the
electron density does not change anymore. Although DFT was already in use in the solid state physics
community in the 1970s, its appeal broadened in the 1990s, when methodological advances (exchange-
correlation functionals) and increased computing power permitted the study of more complex systems
(Perdew and Ruzsinszky, 2010). Today, DFT is by far the most widely used electronic structure method.
Its tremendous impact can be illustrated by the fact that two key papers in the field, by Lee, Yang, and
Parr (1988) and by Perdew, Burke, and Ernzerhof (1996), have been cited almost 100,000 times and more
than 150,000 times, respectively (according to Google Scholar, August 2022).

Exchange-correlation functionals: Although the expression given in equation 1.1 is formally exact,
the exact XC functional is unknown, and a suitable approximation needs to be made. The simplest
such approximation is the local density approximation (LDA), where VXC(r⃗) depends on the elec-
tron density at ρ(r⃗). LDA works reasonably well for metals, but gives poor results for molecules and
ionic crystals (Haas et al., 2009; Perdew and Ruzsinszky, 2010). The XC functional can be improved by
introducing a dependence on both the electron density and its gradient ∇ρ(r⃗), which leads to the gener-
alised gradient approximation (GGA). A large number of GGA-type functionals have been proposed,
among them the widely used PBE functional (as for many other functionals, this abbreviation derives
from the authors of the original publication, Perdew, Burke, and Ernzerhof (1996)). More sophisticated
(and computationally more expensive) XC functionals make use of the kinetic energy density (meta-
GGA functionals), incorporate a fraction of exact Hartree-Fock exchange (hybrid functionals) or both
Hartree-Fock exchange and perturbation theory correlation (double-hybrid functionals). Due to con-
tinuous developments, a vast number of XC functionals exist, with a recent benchmarking study on
molecules comparing a total of 200 functionals (Mardirossian and Head-Gordon, 2017), and a work on
periodic solids considering 38 functionals (Tran et al., 2016). The results from these and other studies
clearly show that there is no "one size fits all" functional that performs well for every system and every
quantity of interest. Therefore, an informed choice of the XC functional needs to be made prior to any
DFT calculation.
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Basis sets: In addition to the choice of XC functional, the size of the basis set (i.e., the number of
basis functions in which the KS orbitals are expanded) also affects the outcome of a calculation, and it
should always be ensured that the basis set is large enough to give sufficiently converged results. Two
different types of basis sets are important in this context: The linear combination of atomic orbitals
(LCAO) approach uses atom-centered basis functions like Slater-type orbitals (STOs), Gaussian-type
orbitals (GTOs), or numerical orbitals. Such basis sets are typically used in quantum chemistry codes
developed for molecular calculations, but there are also several DFT codes that permit calculations on
periodic systems within an LCAO approach, notably CRYSTAL (Dovesi et al., 2020) and DMol3 (Delley,
2000). An alternative to the use of atom-centered basis functions is the use of a plane wave (PW) basis
set, as it follows from Bloch’s theorem that the electronic wave function in a periodic potential can be
formulated as a sum of plane waves (Payne et al., 1992):

ψi,k⃗(r⃗) = ∑
G⃗

ci,k⃗+G⃗ exp
[︂
i
(︂

k⃗ + G⃗
)︂
· r⃗
]︂

(1.2)

In this equation, k⃗ are the vectors in the first Brillouin zone at which the wave functions are calculated.
While a fine sampling (many k⃗ points) is required for metals, it is usually sufficient to sample only a
few k⃗ points for semiconductors or insulators, especially for systems with relatively large unit cells (=
small first Brillouin zones). The vectors G⃗ are reciprocal lattice vectors defined by G⃗ · L⃗ = 2πm, where
L⃗ is a vector of the direct lattice and m is an integer. In principle, it would be necessary to expand the
wave function in an infinite PW basis set (i.e., include an infinite number of vectors G⃗). As the coef-
ficients ci,k⃗+G⃗ are larger for PWs with small kinetic energies Ekin = h2

2me

⃓⃓⃓
G⃗
⃓⃓⃓
, the PW expansion can be

truncated at some cutoff energy value Ecut. By considering only reciprocal lattice vectors G⃗ for which
h2

2me

⃓⃓⃓
G⃗
⃓⃓⃓
< Ecut, one arrives at a finite PW basis set. Both Ecut and the mesh of k⃗ points need to be chosen

appropriately to give converged results.

Pseudopotentials: The tightly bound, lower-lying electrons (core electrons) oscillate on short length
scales in real space. This complicates the use of a PW basis set, as a very high cutoff energy, i.e., a very
large number of PWs, would be required to capture these oscillations (Sholl and Steckel, 2009). In order
to reduce the computational cost, the core electrons can be described using a pseudopotential (PPT)
representation. This approximation assumes that the core electrons are not affected by the chemical
environment, and that it is hence sufficiently accurate to employ an environment-independent "frozen-
core" representation, the pseudopotential, treating only the valence electrons explicitly with the PW
basis. Different formalisms can be used to derive PPTs: Whereas ultrasoft PPTs are designed to give
relatively accurate results at low cutoff energies, norm-conserving pseudopotentials are simpler in their
derivation, but "harder", i.e., they require a larger Ecut value (Garrity et al., 2014). At present, there are
several openly accessible PPT libraries that can be used in conjunction with plane wave DFT codes like
CASTEP (Clark et al., 2005), QuantumEspresso (Giannozzi et al., 2020), and CP2K (Kühne et al., 2020).
CASTEP also contains a built-in function to generate PPTs "on the fly". In a more sophisticated develop-
ment, the projector augmented wave (PAW) approach represents the core electrons with auxiliary wave
functions that can be conveniently represented in a PW expansion. PAWs can be used, for example, in
the VASP (Kresse and Furthmüller, 1996a,b; Kresse and Joubert, 1999) and QuantumEspresso codes. It
has been shown that appropriately chosen state-of-the-art PPTs and PAWs can deliver excellent agree-
ment with benchmark all-electron calculations (Garrity et al., 2014; Prandini et al., 2018).
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Dispersion interactions in DFT: The semilocal nature of commonly used XC functionals (i.e., their
dominant or exclusive dependence on local quantities such as electron density and gradient) entails a
poor description of long-range electron correlation effects. This causes large errors for systems where
dispersion (vdW) interactions play a significant role (Dobson and Dinte, 1996; Grimme et al., 2016).
This issue had already been widely recognised in the 1990s (Dobson and Dinte, 1996; Kohn et al., 1998),
and key steps to improve upon this shortcoming were made in the early 2000s: First, Grimme (2004)
proposed the first of the pairwise "Grimme-type" DFT-D dispersion correction schemes, in which an
empirical term is added to the DFT energy a posteriori. For a pair of atoms A and B, the magnitude of
this term depends on element-specific dispersion coefficients CA

6 and CB
6 and on the distance r−6

AB, be-
cause dispersion interactions decay as r−6. A short-range damping term is introduced to avoid artificial
short-range interactions. Second, Dion et al. (2004) presented their van der Waals density functional
(vdW-DF), which provides a "seamless" description of both short-range and long-range interactions.
The vdW-DF XC functional includes a nonlocal correlation contribution, calculated using a parame-
terised nonlocal kernel that depends on the electron density and its gradient. In addition to subse-
quent advances regarding the setup and parameterisation of the DFT-D and vdW-DF approaches (e.g.,
DFT-D2: Grimme (2006); DFT-D3: Grimme et al. (2010); vdW-DF2: Lee et al. (2010)), numerous other
flavours of dispersion-corrected DFT have been developed, which differ not only in the underlying
physical description of dispersion interactions, but also in the computational overhead. One example
is the TS correction scheme proposed by Tkatchenko and Scheffler (2009), which uses a pairwise de-
scription similar to the DFT-D methods, but introduces a scaling that depends on the effective atomic
volume. Another, conceptually distinct approach is the use of dispersion-corrected atom-centered po-
tentials, which are calibrated against reference data from high-level WFT calculations (von Lilienfeld
et al., 2004). Comprehensive reviews on dispersion-corrected DFT methods are available (Grimme et al.,
2016; Hermann et al., 2017), and numerous benchmarking studies have assessed the performance of dif-
ferent approaches, e.g., for the description of molecular dimers (Mardirossian and Head-Gordon, 2017;
Claudot et al., 2018) and for periodic systems (Tawfik et al., 2018; Tran et al., 2019a).

1.3.2.2 Applications of DFT calculations in zeolite science

Since the first reports of DFT studies on zeolites appeared in the early 1990s, tremendous methodolog-
ical developments, together with increased computing power and a more and more facile use of DFT
codes, have been pivotal to the widespread application of electronic structure calculations in zeolite sci-
ence. Today, DFT calculations are almost routinely employed in some areas, often in close conjunction
with experiments. The review by Van Speybroeck et al. (2015) provides a broad overview of different
fields of zeolite-related uses of DFT methods (along with FF-based calculations). In the following, only
those applications that are of direct or indirect relevance to the present work are summarised, mention-
ing representative examples without being exhaustive. The most noteworthy omission are computa-
tional studies related to the catalytic activity of zeolites. As electronic structure calculations – unlike FF
methods using conventional (non-reactive) force fields – can model the bond breaking and formation
during chemical reactions and give insights into reaction intermediates, this has been a particularly
fruitful field for DFT methods (Li and Pidko, 2019; Chizallet, 2020). Moreover, the overview will con-
centrate on DFT calculations on periodic zeolite models, even though calculations employing either
isolated cluster models or QM/MM schemes continue to be heavily used.
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Zeolite structures and thermochemistry: Like FF-based methods, DFT calculations have been widely
employed to study various aspects of the local structure of zeolites. For example, the energetically
preferred Al distributions have been predicted computationally for MFI-type ZSM-5 (Ghorbanpour
et al., 2014; Knott et al., 2018), CHA-type zeolites (Torres et al., 2008; Fletcher et al., 2017), and clinop-
tilolite (Uzunova and Mikosch, 2013). The distribution of Ge atoms has been investigated for BEC-
and UTL-type silicogermanates (Kamakoti and Barckholtz, 2007; Odoh et al., 2014), and some authors
have also studied zeolites containing other heteroatoms, such as titanium (Petkov et al., 2012). Starting
from early work comparing different proton positions in CHA-type SSZ-13 and SAPO-34 (Shah et al.,
1996; Jeanvoine et al., 1998a), many studies have used DFT to predict the energetically preferred pro-
ton and/or cation positions in various zeolites. Just two representative examples are mentioned here:
First, the author of this thesis compared the stability of ten different cations at cation sites associated
with six-membered rings (SII site) and eight-membered rings (SIII’ site) in SAPO-34 (Figure 1.10; Fi-
scher and Bell (2014)). As one would expect from the ionic radii, smaller cations are more stable at
the 6MR site, whereas larger cations (dion > 1.2 Å) preferably locate at the 8MR sites. Second, Jones
and Iglesia (2015) compared the energetics of different proton locations in Si-rich models of the BEA,
CHA, FAU, FER, MFI, and MOR frameworks, resulting in a total of 120 models for which the depro-
tonation energy was computed. The ability to study different possible arrangements comprehensively
at the DFT level, even for (relatively) complex structures, can lead to insights into relationships be-
tween local environment and properties that are not accessible with any experimental method. Some
authors have employed DFT calculations to study the structure of as-synthesised zeolites, investigat-
ing the local geometry of [SiO4/2F]− units in fluoride-containing all-silica zeolites (Attfield et al., 2001;
Zicovich-Wilson et al., 2010a) and the location of OSDA molecules in the zeolite pores (Zicovich-Wilson
et al., 2010a; Pulido et al., 2015), or to produce realistic models of local heterogeneities, such as "silicon
islands" in SAPOs (Zokaie et al., 2012a) or defect sites produced through dealumination/desilication of
aluminosilicates/SAPOs (Fjermestad et al., 2013).

Figure 1.10: Left: Schematic visualisation of important cation sites in CHA-type structures. Right: DFT energy
difference between SII and SIII’ sites for ten different cations in SAPO-34, plotted against the ionic
radius (Shannon, 1976). Negative values indicate that the SII location is favoured. Linear trends with
different slope are found for alkali (blue) and alkaline earth cations (orange). Figure modified after
Fischer and Bell (2014).
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Early DFT-based studies of the relative energies of all-silica zeolites showed that different XC func-
tionals can reproduce the inverse correlation between framework density and enthalpy of transition,
but that calculations without dispersion correction are not able to make reasonably accurate quantita-
tive predictions (Civalleri et al., 1998; Astala et al., 2004; Zwijnenburg et al., 2007; Pedone et al., 2008).
Noteable improvements were reported in two papers that appeared in 2015, which can be seen as di-
rect precursors to the investigations described in Chapter 3 of this thesis: First, Román-Román and
Zicovich-Wilson (2015) showed that dispersion-corrected DFT calculations with the PBE0-D function-
als deliver a near-quantitative prediction of the enthalpy of transition across a set of 14 all-silica ze-
olites, despite a pronounced tendency to overestimate the unit cell volume by about 10%. Second, a
study of different silica polymorphs including FAU- and FER-type zeolites by Hay et al. (2015) reported
good agreement with experimental enthalpies of transition for both the PBE-D2 and PBE-TS functionals.
Since these functionals overestimate Si–O bond lengths while simultaneously underestimating Si–O–Si
angles, error compensation results in a fairly accurate prediction of the unit cell volumes (within 2% of
experimental values).
The computation of the elastic constants of a system requires a series of calculations on structures with
deformed unit cells (the number of required deformations depends on the symmetry). An early DFT-
based prediction of the elastic constants of a few zeolites was reported in 2004 by Astala et al. (2004).
A more recent large-scale investigation covered a total of 121 all-silica zeolites (Coudert, 2013). Intrigu-
ingly, some frameworks were found to exhibit unusual non-linear compressibility. The incorporation
of pressure as an external variable into DFT calculations is straightforward, providing a convenient
pathway to predict the structural evolution under pressure. This possibility has been exploited, for ex-
ample, to study pressure-induced phase transitions and other phenomena such as "superhydration" in
natrolite (NAT topology) exchanged with different cations (Kremleva et al., 2013, 2014).

Calculation of vibrational and NMR spectra: Whereas diffraction methods are employed to determine
the long-range structure, vibrational spectroscopy and solid-state NMR spectroscopy can help to char-
acterise the local environment. To interpret such spectra, the observed features (infrared-/Raman-active
frequencies, NMR chemical shifts) need to be assigned to particular local environments. This assign-
ment can, in many cases, be facilitated by combining the experiments with a DFT-based prediction of
vibrational frequencies or chemical shifts. Consequently, a large number of combined experimental and
DFT studies, as well as DFT-only investigations, have focussed on the spectroscopic properties of zeo-
lites. Even the very early studies of protonated SSZ-13 and SAPO-34 included a prediction of the O–H
stretching frequencies ν(O–H) of different sites, permitting a comparison to experimental infrared (IR)
spectra (Shah et al., 1996; Jeanvoine et al., 1998a). Subsequent calculations of the ν(O–H) values were
often motivated by a proposed correlation with the respective acid strength of the protons (Bordiga
et al., 2015). However, comparative DFT studies of different zeolites showed that such a correlation
does not exist (Otero Arean et al., 2014; Jones and Iglesia, 2015). DFT calculations also revealed that
neither the shift in ν(O–H) upon adsorption of basic guest molecules nor the corresponding enthalpy
of adsorption are completely reliable indicators of the acidity, as these quantities also depend on other
interactions with the framework atoms, rather than being exclusively determined by the proton acidity
(Otero Arean et al., 2014; Boronat and Corma, 2019). In addition to numerous studies of zeolites contain-
ing adsorbed guest molecules, reviewed by Bordiga et al. (2015), DFT-based predictions of vibrational
spectra have also focussed on framework vibrations (Zicovich-Wilson et al., 2007; Wang et al., 2019), on
the spectroscopic signature of cations (Mikuła et al., 2015), and on vibrational modes associated with
encapsulated OSDA cations and fluoride anions (Zicovich-Wilson et al., 2007).
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As the chemical shifts are often very sensitive to changes in the local environment, solid state NMR
experiments have greatly contributed to the understanding of the local structure in zeolites and zeo-
types (Brouwer et al., 2010). Although the assignment of resonances representing distinct coordination
environments (e.g., tetrahedral vs. octahedral Al atoms) is straightforward, it is more difficult to antici-
pate the impact of rather intricate changes in the local environment (e.g., Al on different T sites) on the
resulting chemical shifts. In such cases, a DFT-based prediction of the chemical shifts can be key to an
unambiguous assignment. The theoretical framework of these calculations as well as numerous appli-
cation examples (including zeolites) have been reviewed by Bonhomme et al. (2012) and by Ashbrook
and McKay (2016), and only a few illustrative examples will be given in the following. In an investiga-
tion of as-synthesised and calcined AlPO-14 (AFN zopology), a combination of DFT calculations and
27Al–31P magic angle spinning (MAS) NMR experiments was employed to further refine structures ob-
tained from diffraction data (Ashbrook et al., 2008). Moreover, it was shown that a DFT optimisation of
the structure is required to obtain reasonable agreement between computed and experimental chemical
shifts. This issue was further explored in subsequent work covering several AlPOs, where a DFT-D op-
timisation prior to the NMR calculation was recommended as an approach that provides simultaneous
agreement with experimental crystal structure data and chemical shifts (Sneddon et al., 2014). As shown
for ZSM-5, among other systems, the combination of NMR experiments and DFT calculations permits
conclusions regarding the preferred Al sites in aluminosilicate zeolites (Dib et al., 2018). However, such
a procedure may fail if different local environments result in non-distinguishable NMR resonances, as
observed for various arrangements of Si and Ge in a BEC-type silicogermanate (Whittleton et al., 2018).
In fluoride-containing silicogermanates with d4r units, the 19F-NMR chemical shift stemming from the
encapsulated fluoride anions varies depending on the number and arrangement of Ge atoms on the
corners of the cage. Although a tentative assignment was already proposed on the basis of experimen-
tal data alone (Blasco et al., 2002), systematic DFT studies were pivotal to fully explain the observations
(Sastre et al., 2005b; Pulido et al., 2006b). A combination of NMR experiments and DFT calculations
has also been employed to explore the nature of the interactions between the tetramethylammonium
OSDAs and the purely siliceous framework of octadecasil (Dib et al., 2017).

Host-guest interactions: DFT-based investigations of the interaction of various guest molecules with
zeolites have been motivated by different reasons: On the one hand, in-situ spectroscopic studies of
zeolites containing adsorbed probe molecules such as CO, NH3, or pyridine are an important character-
isation technique, and many researchers have complemented the experiments with DFT computations
(Bordiga et al., 2015). On the other hand, the (potential or actual) use of zeolites in adsorption-based
separations constitutes a vast field of application for DFT methods: For example, calculations can be
used to predict trends in affinity among different zeolites. Studies addressing the impact of cation
exchange in typical adsorbents like zeolite Y have considered guest molecules of varying complexity,
ranging from small molecules like CO2 and H2O (Pirngruber et al., 2010; Hessou et al., 2018) to rela-
tively bulky organic species like dibenzyl disulfide (Hessou et al., 2019). By studying different guest
molecules within a consistent theoretical framework, qualitative predictions of the trends in selectiv-
ity can be made. For example, the author of this thesis investigated the affinity of cation-exchanged
SAPO-34 towards five small hydrocarbons (ethane, ethene, ethyne, propane, propene), proposing Mg-
and Sr-SAPO-34 as promising adsorbents for a selective adsorption of alkenes over alkanes, and Ag-
SAPO-34 as best suited for ethyne/ethene separations (Fischer and Bell, 2014). A similar approach was
employed by Shang et al. (2014) to study the potential of CHA-type aluminosilicates for CO2/CH4 and
CO2/N2 separations.
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In addition to predicting interaction energies, DFT calculations can also give detailed insights into the
nature of the host-guest interactions. In many cases, adsorption is dominated by dispersion interac-
tions, which, as noted above, are not well represented by standard XC functionals. The severity of this
problem was studied in detail by Göltl, Hafner, and co-workers, who published a series of publica-
tions in which different "flavours" of dispersion-corrected DFT were used to predict the interaction of
small hydrocarbons with CHA-type zeolites (Göltl and Hafner, 2011; Göltl et al., 2012; Göltl and Hafner,
2013). Altogether, these works convincingly showed that an inclusion of a dispersion correction is ab-
solutely necessary to arrive at reasonable interaction energies and that the results exhibit significant
scatter depending on the dispersion correction scheme employed. Recent benchmarking work cov-
ering various small guest molecules showed that accurate adsorption energies can be obtained in the
framework of the random phase approximation (RPA) with singles correction scheme (Klimeš and Tew,
2019) and with hybrid MP2:DFT calculations (Rehak et al., 2020). DFT-D approaches exhibit a tendency
to overestimate the interaction strength for many guest molecules, as shown for small hydrocarbons
in protonated chabazite (H-CHA) in Table 1.1. Due to their computational expense, calculations at the
RPA or MP2 level of theory are not (at present) routinely applicable for zeolites with large unit cells.

Table 1.1: Adsorption energies of methane, ethane, and propane adsorbed in H-CHA (all values in
kJ mol−1). In addition to values computed with different DFT approaches, results obtained
with the random phase approximation (RPA), MP2 perturbation theory (WFT), and a hybrid
MP2:DFT scheme are included for comparison. Experimental reference adsorption energies
were computed from measured adsorption enthalpies (Rehak et al., 2020).

Method CH4 C2H6 C3H8 References

Experiment −27.2 −33.5 −43.8 (Rehak et al., 2020)

PBE −10.3 −12.8 −10.6 (Göltl and Hafner, 2013)

PBE-D2 −35.6 −46.8 −58.7 (Grimme, 2006; Rehak et al., 2020)

PBE-D3 −34.5 −48.4 −61.9 (Grimme et al., 2010; Rehak et al., 2020)

PBE-TS −39.2 −56.6 −73.0 (Tkatchenko and Scheffler, 2009; Rehak et al., 2020)

PBE-MBD/FI −30.0 −41.7 −53.6 (Gould et al., 2016; Rehak et al., 2020)

vdW-DF −41.8 −59.1 −81.0 (Dion et al., 2004; Göltl and Hafner, 2013)

RPA −26.4 −38.2 −48.8 (Klimeš et al., 2015; Klimeš and Tew, 2019)

MP2 −25.6 −37.0 −47.6 (Klimeš and Tew, 2019)

MP2:DFT −25.3 −36.2 −46.7 (Piccini et al., 2015)

The water molecule is a particularly interesting guest molecule for various reasons: First, it plays a role
in zeolite synthesis and in numerous applications. Second, it can act as both hydrogen bond donor and
acceptor. Third, the affinity of zeolites and zeotypes towards water covers a wide range, from highly
hydrophilic aluminosilicates to hydrophobic all-silica zeolites. As a consequence, periodic DFT calcu-
lations have been widely used to study the interaction between zeolites and adsorbed water molecules,
starting from early work published in the second half of the 1990s (Nusterer et al., 1996; Jeanvoine et al.,
1998b). Topics of study include the structure and hydrogen bonding of physisorbed water molecules
in aluminosilicate zeolites (Larin et al., 2003; Vener et al., 2009; Fois and Tabacchi, 2019) and the organ-
isation of water molecules in AlPOs (Poulet et al., 2002, 2005; Pillai and Jasra, 2010; Varlec et al., 2016).
Where FF-based methods would require an elaborate parameterisation to include the coordination of
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water molecules to framework atoms (e.g., to Al atoms in AlPOs), such changes in the coordination envi-
ronment can be studied directly with DFT calculations. Furthermore, the possibility to predict chemical
reaction pathways has been exploited to analyse the role of water during zeolite dealumination (Silaghi
et al., 2016; Stanciakova et al., 2019).

DFT-based molecular dynamics: A DFT structure optimisation delivers the (local) energy minimum
at 0 K. Temperature effects can be included through a calculation of the vibrational modes in the frame-
work of the harmonic approximation. An alternative approach that also accounts for anharmonic ef-
fects is available through DFT-based molecular dynamics simulations (also termed ab initio molecular
dynamics – AIMD). They proceed in a largely analogous fashion to the FF-based MD simulations de-
scribed in the previous subsection, the key difference being the calculation of total energy and forces
using DFT, rather than a force field. This renders them computationally very demanding, and typical
AIMD simulations of zeolites can only cover simulation times on the order of picoseconds.
Early applications of AIMD simulations on zeolites investigated the adsorption of H2O molecules in
protonated zeolites, addressing the ability of individual molecules or small (H2O)n clusters to depro-
tonate the framework (Jeanvoine et al., 1998a). Due to the high mobility of the hydrogen atoms, a
purely static treatment can give only limited insights in this regard. A comprehensive assessment
was reported for the case of CHA-type H-SSZ-13, which showed that the protonated water tetramer
(H3O)+(H2O)3 is the smallest stable protonated cluster (Vener et al., 2009). Other works investigated
the role of framework-H2O and H2O-H2O interactions on the collective behaviour of water molecules
in one-dimensional zeolite channels of different size (Fois et al., 2001a,b, 2002), and on the structure and
hydrogen bonding of water nanodroplets in zeolite pores of varying hydrophobicity (Coudert et al.,
2009). A recent AIMD study contributed to the controversy regarding the stability of Al–O–Al link-
ages ("non-Löwenstein linkages"): Comparing AIMD simulations for anhydrous and hydrated models,
Heard et al. (2019) showed that a configuration containing an Al–O–Al linkage is energetically preferred
over configurations with no such linkages in the anhydrous form, but that hydration inverts the ener-
getic order, leading to a preference for structures obeying Löwenstein’s rule. The ubiquituous presence
of water during zeolite formation might explain the observed absence of Al–O–Al linkages.
Sometimes, the DFT optimisation of a zeolite structure that starts from experimental data will deliver
only a local minimum, rather than the global minimum structure. In such cases, an AIMD-based anneal-
ing can be employed to move out of the local minimum, as shown for all-silica zeolites and hydrated
aluminosilicate zeolites (Hoffman et al., 2019; Abatal et al., 2020). AIMD calculations can also give in-
sights into the instantaneous structure, which may deviate from the time-averaged crystal structure.
Prominent examples are zeolites and zeotypes with linear or near-linear T–O–T linkages. The presence
of such linkages is typically interpreted as a result of (static or dynamic) disorder of oxygen atoms
around a higher-symmetry site. The highly dynamic behaviour of oxygen atoms associated with such
linkages was indeed corroborated in AIMD simulations for AFI-type AlPO-5 (Cortie et al., 2017) and
for the high-temperature phase of all-silica ferrierite (FER topology; Trudu et al. (2019)). Besides frame-
work dynamics, the dynamic behaviour of cations has been studied with this method, for example to
explain the impact of cation displacements on the diffusion of guest molecules through the 8MR win-
dows of zeolite Na-RHO (Coudert and Kohen, 2017), and to investigate the role of the extra-framework
content on the pressure-dependent behaviour of yugawaralite (YUG topology; Fois et al. (2005)) and
gismondine (GIS topology; Betti et al. (2007)). A "potential of mean force" approach based on AIMD
simulations has been proposed as a general framework to compute adsorption free energies, explicitly
including different adsorption sites/configurations and temperature effects (Li et al., 2018).
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CHAPTER 2

OVERVIEW AND CO-AUTHOR CONTRIBUTION INFORMATION

As demonstrated in the Introduction, computational method are employed to investigate a diverse ar-
ray of research topics in zeolite science. This thesis summarises the author’s efforts in three distinct
areas: Chapter 3 compiles the results of "benchmarking" studies, in which DFT results obtained with
different XC functionals and/or dispersion corrections were thoroughly validated against experimental
structure data and, in some cases, other quantities. Chapter 4 deals with fluoride-containing all-silica
zeolites and other neutral-framework zeotypes, with particular emphasis on the dynamics of the flu-
oride anions encapsulated in small cages. Finally, Chapter 5 compiles investigations that are broadly
related to the adsorption of water in AlPOs and SAPOs. Although the questions addressed in these
three chapters are essentially independent of each other, there are nevertheless various interconnections
among them. For example, the benchmarking investigations were pivotal to choose suitable approaches
for the work summarised in the two following chapters.
Every chapter starts with a thorough review of prior work before outlining the key questions that moti-
vated the studies compiled in the respective chapter. A short summary of the content is then provided
for each article. Key findings are illustrated in separate figures, and references to additional figures and
tables in the respective articles (which constitute the Appendix of this thesis) are made where useful.
Each chapter ends with a Conclusions section that summarises the key findings, and an Outlook pro-
viding perspectives for possible future work. The main part of this thesis ends with Chapter 6 , entitled
Final Remarks, which aims to put the main results in a broader context.

The following sections give a brief overview of the content of each chapter and list the individual
research articles. Furthermore, co-author contribution statements are included for all articles having
more than one author.

2.1 Chapter 3: Benchmarking DFT Calculations against Zeolite Structure Data (and
Other Quantities)

This chapter compiles a total of five research articles that deal with the benchmarking of DFT calcula-
tions against experimental data for zeolites. Article A1 focusses on the reproduction of crystal structure
data, performing DFT optimisations with nine different approaches (six XC functionals without disper-
sion correction and three dispersion-corrected variants) for six hydrated natural zeolites. Article A2
also puts most emphasis on crystal structures, but looks at neutral-framework zeotypes (ten all-silica
zeolites, four AlPOs) as well as α-quartz and α-berlinite. It reports calculations with three pure-GGA
and two dispersion-corrected GGA functionals. Article A3 combines a benchmarking against structure
data, which encompasses the same set of structures as Article A2, with a comparison of DFT-calculated
relative energies against experimental enthalpies of transition for 16 all-silica zeolites and α-cristobalite.
Here, two dispersion-corrected variants of the PBEsol functional are used. Article A4 represents the
most comprehensive benchmarking study on neutral-framework zeotypes, as it compares the perfor-
mance of a total of 14 dispersion-corrected DFT methods, along with two pure-GGA functionals. Using
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the same set of reference structures as Article A2, an analysis of the optimisation results for all struc-
tures is augmented by an evaluation of computed relative energies and bulk moduli for those systems
where experimental data are available. Finally, Article A5, which deals with fluoroaluminophosphates
having the CHA topology, goes beyond a pure benchmarking study. In the first part of the article, it
is assessed how well different approaches (two pure-GGA, four dispersion-corrected XC functionals)
reproduce the structural parameters of four fluoroaluminophosphates containing different OSDAs, and
the pressure-dependent behaviour of one of them. In the second part, it is predicted how the structural
evolution under pressure varies as a function of the OSDA.

List of articles:

A1 M. Fischer (2015): Structure and Bonding of Water Molecules in Zeolite Hosts: Benchmarking Plane-
Wave DFT against Crystal Structure Data, Z. Kristallogr. 230, 325–336.

A2 M. Fischer, F. O. Evers, F. Formalik, A. Olejniczak (2016): Benchmarking DFT-GGA Calculations for
the Structure Optimisation of Neutral-Framework Zeotypes, Theor. Chem. Acc. 135, 257.

A3 M. Fischer, R. J. Angel (2017): Accurate Structures and Energetics of Neutral-Framework Zeotypes from
Dispersion-Corrected DFT Calculations, J. Chem. Phys. 146, 174111.

A4 M. Fischer, W. J. Kim, M. Badawi, S. Lebègue (2019): Benchmarking the Performance of Approximate
van der Waals Methods for the Structural and Energetic Properties of SiO2 and AlPO4 Frameworks, J.
Chem. Phys. 150, 094102.

A5 M. Fischer (2019): Template Effects on the Pressure-Dependent Behavior of Chabazite-Type Fluoroalu-
minophosphates: A Computational Approach, Phys. Chem. Minerals 46, 385–401.

Co-author contributions:

• The calculations on which Article A2 is based were performed by Felix O. Evers in the context of
a research project. Since Felix O. Evers’ analysis remained rather preliminary, it was later redone
and improved by MF, Filip Formalik, and Adam Olejniczak. The article was written by MF, with
comments from Filip Formalik and Adam Olejniczak.

• The calculations reported in Article A3 as well as the largest part of the analysis were done by MF.
Ross J. Angel provided a code to compute the "Simple Rigid Body" correction of bond lengths, and
assisted in the analysis of the effect of temperature. The article was written by MF, with input from
Ross J. Angel.

• The results reported in Article A4 were obtained in a large series of calculations that were set
up by Won June Kim, the joint first author. The analysis and comparison to experimental data
was largely done by MF. Both Michael Badawi and Sébastien Lebègue were constantly involved
by providing thoughts and advice on both calculation setup and analysis. The larger part of the
article was drafted by MF, with the exception of the Computational Methods section (section II),
which was written by Won June Kim. All authors contributed to the finalisation of the article.
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2.2 Chapter 4: Structure and Dynamics of Fluoride-Containing Zeolites and
Zeotypes

This chapter encompasses five research articles that address the local environment and dynamic be-
haviour of fluoride anions in different zeolites and zeotypes. All of these works use a more or less
identical methodology, combining DFT optimisations and DFT-based AIMD simulations. Article B1
focusses on silicogermanates with the AST topology, where fluoride is encapsulated in d4r cages. After
determining the energetically most favourable arrangements of Si and Ge at the corners of the cage for
different Si/Ge ratios, AIMD simulations are employed to investigate the influence of the local envi-
ronment on the dynamic behaviour of fluoride. In Article B2, the investigation on AST-type system is
expanded to include AlPO4 and GaPO4 compositions, and to study the influence of the OSDA on the
equilibrium position and dynamic behaviour of fluoride. Fluoride anions that are bonded to Si atoms in
trigonal-bipyramidal [SiO4/2F]− units are at the core of the investigations reported in Article B3 and B4.
In the former article, the influence of the OSDA on the dynamic disorder of fluoride anions in MFI-type
Silicalite-1 is studied using AIMD simulations. Article B4 covers a total of five all-silica zeolites with
different topologies, all of which contain [SiO4/2F]− units. While the first part of the study looks at the
energetic ordering of different fluoride positions in the respective structures, the second part investi-
gates qualitative differences in the dynamic behaviour of fluoride. Finally, Article B5 concentrates on
a single zeolite topology, investigating the preferred Ge distributions in ITQ-13 silicogermanates (ITH
topology), which contain fluoride anions in two different cages. Besides a prediction of the energetic
ordering of different configurations at a given Ge content, the influence of the local environment on the
19F chemical shifts, on the fluoride dynamics, and on the likely defluorination behaviour is evaluated
for selected systems.

List of articles:

B1 M. Fischer (2019): Local Environment and Dynamic Behavior of Fluoride Anions in Silicogermanate
Zeolites: A Computational Study of the AST Framework, J. Phys. Chem. C 123, 1852–1865.

B2 M. Fischer, L. Freymann (2021): Local Distortions in a Prototypical Zeolite Framework Containing Dou-
ble Four-Ring Cages: The Role of Framework Composition and Organic Guests, ChemPhysChem 22,
40–54.

B3 M. Fischer (2020): Influence of Organic Structure-Directing Agents on Fluoride Dynamics in As-Synthe-
sized Silicalite-1, J. Phys. Chem. C 124, 5690–5701.

B4 M. Fischer (2021): Fluoride Anions in All-Silica Zeolites: Studying Preferred Fluoride Sites and Dynamic
Disorder with Density Functional Theory Calculations, J. Phys. Chem. C 125, 8825–8839.

B5 M. Fischer, C. Bornes, L. Mafra, J. Rocha (2022): Elucidating the Germanium Distribution in ITQ-13
Zeolites by Density Functional Theory, Chem. Eur. J. 28, e202104298.
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Co-author contributions:

• The calculations on which Article B2 is based were partially run by Linus Freymann (student
assistant), who also did a large part of the initial analysis of the AIMD trajectories. The article was
written by MF, with comments from Linus Freymann.

• The calculations of the 19F-NMR chemical shifts reported in Article B5 were carried out by Car-
los Bornes. Carlos Bornes and his supervisors Luís Mafra and João Rocha all contributed to the
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2.3 Chapter 5: Interaction of (Silico)Aluminophosphates with Adsorbed Water
Molecules

This chapter brings together five articles that deal with the adsorption of water in AlPOs and SAPOs.
The first two articles use an analogous approach, employing DFT optimisations to study the interaction
with water at different levels of hydration. While Article C1 looks at models of CHA-type SAPO-34 that
contain different silicon environments (isolated Si atoms, Si islands) or defects, Article C2 compares a
total of six different frameworks in AlPO and SAPO form. In Article C3, DFT calculations are used
to study the structure and vibrational spectra of fully hydrated APC-type AlPO4-H3, which contains
[AlO4/2(H2O)2] octahedra, as well as its calcined counterpart. Moreover, AIMD simulations deliver
insights into the dynamic behaviour of the adsorbed water molecules. Article C4 focusses on ECR-40,
an unusual MEI-type SAPO that contains corner-sharing AlO4 tetrahedra, thus violating Löwenstein’s
rule. After predicting the preferred locations and acidities of the framework protons with DFT cal-
culations, AIMD simulations for different levels of hydration are employed to investigate the proton
mobility, as well as hydration-induced structural changes. Article C5 is rather loosely connected to the
other studies, as it primarily deals with the structure and dynamics of calcined AlPO-11, especially the
differences between the instantaneous and time-averaged structure. The preferred water adsorption
sites are also predicted, forming a thematic link to the remaining articles in this chapter.
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lar Dynamics Simulations, ChemPhysChem 22, 2063–2077.
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CHAPTER 3

BENCHMARKING DFT CALCULATIONS AGAINST ZEOLITE STRUCTURE

DATA (AND OTHER QUANTITIES)

3.1 Broader context and previous work

3.1.1 Pitfalls in zeolite crystal structure determination

Since the structure determination of the zeolite mineral analcime (ANA topology) by Taylor (1930), sev-
eral 1,000s of zeolite crystal structures have been determined from X-ray, neutron, or electron diffrac-
tion data (Baur and Fischer, 2000 to 2017). Although very accurate structure determinations have been
reported for some zeolite minerals and a few synthetic zeolites that can be produced as sizeable crys-
tals, such as zeolite A (Fischer et al., 2012), typical zeolite syntheses deliver very small crystals that
are not amenable to conventional single-crystal X-ray diffraction (sc-XRD). Structure refinements based
on powder X-ray diffraction (PXRD) experiments usually require a reasonable starting model and are
therefore unable to determine the structure from scratch. State-of-the-art three-dimensional electron
diffraction allows to perform single-crystal diffraction experiments on very small crystals (Huang et al.,
2021), however, this method is not (yet) as routinely applicable as conventional XRD experiments.
Besides frequent limitations in terms of crystal size and quality, several other issues can complicate the
crystal structure determination of zeolites and zeotypes:

• Si and Al are often disordered on the T sites, and the essentially identical scattering factors of Si4+

and Al3+ make it difficult to determine accurate occupancies from XRD data (Armbruster and
Gunter, 2001).

• Static or dynamics disorder of framework oxygen atoms around higher-symmetry sites can result
in "apparently straight" T–O–T angles, which may result in a shortening of the T–O distances to
chemically implausible values (Trudu et al., 2019).

• In cation-exchanged zeolites, there are often several fractionally occupied cation positions that
may lie in close proximity. The correlation between thermal displacement parameters and site
occupancy factors complicates the refinement of accurate occupancies.

• For zeolites synthesised in the presence of organic cations, the localisation of OSDA molecules in
the pores is often hampered by static or dynamic disorder.

• Hydrated zeolites pose a particular challenge, as the water molecules in the pores may be heavily
disordered, especially in the absence of strong interactions with extra-framework cations. The po-
sitions of hydrogen atoms of water molecules can only be determined in favourable cases, usually
by using neutron diffraction (although determinations from XRD data have also been reported;
Pluth and Smith (1986)).

In the view of these pitfalls, it is not surprising that many published zeolite structures suffer from
crystal-chemical "problems", such as unrealistic T–O bond distances (Dawson et al., 2017; Baur and
Fischer, 2019). In such cases, computational structure optimisations can help to remove problematic
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features in the crystal structure. For example, systematic investigations by Ashbrook’s group on alu-
minophosphates showed that a DFT relaxation of the structure results in much better agreement of the
calculated NMR parameters with experiment than a computation of these parameters using the experi-
mental crystal structure (Ashbrook et al., 2008; Sneddon et al., 2014). As NMR shifts are sensitive to the
local environment, this provides clear evidence that the optimisations cause adjustments towards more
plausible local geometries.
A specific issue highlighted above is the experimental determination of the hydrogen positions of ad-
sorbed water molecules. Larin et al. (2003) used periodic Hartree-Fock calculations to optimise the
hydrogen positions of the water molecules in three hydrated zeolites prior to an analysis of cation-
water interactions and hydrogen bonds. Subsequent work by the same group of authors employed
both Hartree-Fock and DFT calculations to analyse the distortions of the adsorbed H2O molecules in
the same set of zeolites (Larin et al., 2005).

3.1.2 Benchmarking DFT calculations for periodic solids

Due to the dependence of the outcome of a DFT calculation on the XC functional and – if included –
the dispersion correction scheme, the "benchmarking" of DFT calculations has become a research field
of its own. Studies on molecules and molecular complexes typically use reference data from high-level
WFT calculations (Remya and Suresh, 2013; Mardirossian and Head-Gordon, 2017; Claudot et al., 2018).
Because such high-level reference data are hardly available for periodic solids, benchmarking efforts on
these systems typically rely on experimental data, such as crystal structures, cohesive energies, and/or
bulk moduli. For example, Haas et al. (2009) studied the performance of the LDA, 5 GGA functionals,
and one meta-GGA functional in reproducing lattice parameters and bulk moduli of simple cubic solids,
as well as graphite and two noble gas crystals. The same group later expanded this work by considering
about 35 GGA, meta-GGA, and hybrid XC functionals, as well as about 25 dispersion-corrected variants
(Tran et al., 2016). This work showed that the inclusion of a dispersion correction is not only pivotal
for the description of weakly bonded systems (rare gas crystals, layered systems), but that it may also
improve the performance of GGA-type functionals for strongly bonded solids (metals, ionic solids), as
the overestimation of unit cell dimensions that is typical for GGA can be alleviated. Demichelis et al.
(2010a) investigated the performance of 12 different XC functionals (LDA, GGA, hybrids) to reproduce
the structures and relative stabilities of Al2SiO5, Al(OOH), and Al(OH)3 polymorphs. While GGA-type
functionals performed rather well for Al2SiO5 structures, only hybrid functionals could reproduce the
structural parameters of layered aluminium hydroxides satisfactorily. A subsequent study by Tunega
et al. (2012) showed that dispersion-corrected DFT approaches can afford an accurate prediction of the
interlayer distance of sheet silicates, with typical errors in the lattice parameter c (normal to the sheets)
falling below 1%. Due to the importance of intermolecular interactions in molecular crystals, it is not
surprising that the inclusion of a dispersion correction is pivotal to arrive at reasonably accurate lattice
parameters for these systems (Reilly and Tkatchenko, 2013; Binns et al., 2014; Carter and Rohl, 2014).
Although most emphasis in the benchmarking studies summarised above was on structural parameters,
the performance of DFT for other properties has also been investigated. This includes computational
predictions of vibrational spectra (Demichelis et al., 2010b; De la Pierre et al., 2011), dielectric tensors
(De la Pierre et al., 2011), band gaps (Tran and Blaha, 2017), or elastic constants (Råsander and Moram,
2015). Taking together results from these different benchmarking studies, it is clear that the choice of a
suitable approach will strongly depend on the quantity in question.
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3.1.3 Previous benchmarking works on zeolites: Structures and relative energies

A number of authors also assessed the performance of different XC functionals and, in the more recent
studies, dispersion corrections in the calculation of equilibrium structures and/or relative energies of
zeolites. With regard to neutral-framework zeolites, the earliest comparison was presented by Cival-
leri et al. (1998), who used the LDA, two GGA functionals (BLYP and PW91), and the hybrid B3LYP
functional to predict the relative stability of all-silica zeolites and β-quartz with respect to α-quartz. Al-
though similar trends were found for all functionals, quantitative differences were far from negligible,
with individual values varying, in some instances, by a factor of 2. These authors also noted a signifi-
cant dependence on the basis set size for these LCAO calculations (CRYSTAL code). In a similar vein,
Astala et al. (2004) compared the performance of the LDA and the GGA-type PW91 functional to repro-
duce structural parameters and relative stabilities of five all-silica zeolites, α-quartz, and α-cristobalite,
using plane-wave DFT calculations with VASP. At variance with the work of Civalleri et al. (1998), these
authors observed that the PW91 functional failed to reproduce the inverse correlation between frame-
work density and relative energy that is known from experiment (Navrotsky et al., 2009). Moreover,
it exhibited a systematic tendency to overestimate the lattice parameters, whereas LDA delivered pa-
rameters in reasonable agreement with experiment. The overestimation of the unit cell dimensions by
the GGA-type PW91 and PBE functionals was also reported by Göltl and Hafner (2012) in a study of
all-silica CHA. Observing much better agreement with experiment for the hybrid PBE0, HSE03, and
HSE06 functionals, they also noted that the use of GGA functionals resulted in Si–O bond lengths that
were somewhat longer than experimental (and hybrid DFT) values.
The importance of including dispersion interactions to arrive at accurate relative energies of all-silica
zeolites was pointed out more recently by Román-Román and Zicovich-Wilson (2015). Using CRYSTAL,
these authors compared the performance of the hybrid B3LYP functional and the dispersion-corrected
hybrids B3LYP-D2, B3LYP-D*, and PBE0-D2 in reproducing experimental enthalpies of transition of 14
all-silica zeolites (the reference point being α-quartz; it is usually assumed that enthalpies of transition
can be approximated using DFT energy differences, i.e., relative energies). PBE0-D2 delivered fairly
good agreement with experiment, B3LYP without dispersion correction underestimated the range of
relative energies, and B3LYP-D2/D* resulted in a too large energy difference between zeolites and α-
quartz (Figure 3.1). These findings were interpreted as clear evidence that dispersion interactions play
a key role in stabilising α-quartz over the less dense zeolite phases, and hence need to be accounted
for in DFT calculations aiming at quantitative accuracy. A downside that was mentioned, although not
emphasised in the work of Román-Román and Zicovich-Wilson (2015) was the severe overestimation of
the molar volumes (i.e., underestimation of the densities) by all tested approaches, with typical errors in
the range of 10%. Hay et al. (2015) placed more emphasis on the reproduction of structural properties,
employing the LDA and PBE functionals as well as different dispersion-corrected functionals (pair-
wise dispersion correction schemes: PBE-D2, PBE-TS; nonlocal vdW-DF approaches: vdW-DF2, rVV10)
to optimise the structures of α-quartz, α-cristobalite, coesite, and two all-silica zeolites (faujasite and
ferrierite), using a combination of CASTEP and QuantumEspresso. They found a good performance
of dispersion-corrected DFT methods for relative energies, but, unlike Román-Román and Zicovich-
Wilson (2015), also observed a relatively accurate reproduction of the lattice parameters. For example,
the PBE-D2 and PBE-TS functionals delivered to unit cell volumes that agreed to within 2% with ex-
perimental values. Hay et al. (2015) noted that the dispersion-corrected GGA functionals (PBE-D2/TS)
tend to overestimate Si–O bond distances, but that the simultaneous underestimation of Si–O–Si angles
results in an error compensation in the lattice parameters.
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Figure 3.1: Plot of relative energies ∆EDFT computed with different XC functionals by Román-Román and
Zicovich-Wilson (2015) against experimental enthalpies of transition ∆Htrans (both per SiO2 formula
unit). The D* label represents a pairwise dispersion correction proposed by Jurečka et al. (2007).

Due to the frequent occurrence of disorder on T sites and/or cation positions, crystal structures of
cation-exchanged zeolites are often less well suited for DFT benchmarking investigations, and few au-
thors appear to have compared the performance of different XC functionals for these systems. One
notable exception is the work of Kremleva et al. (2013), who considered the PBE and PBE-D2 function-
als in their study of cation-exchanged natrolites (which have a fully ordered distribution of Si and Al).
On the one hand, they observed an improved agreement with experimental lattice parameters when
employing the D2 dispersion correction, agreeing with the previously mentioned studies on all-silica
zeolites. On the other hand, unlike PBE, the use of the PBE-D2 functional resulted in qualitatively
wrong trends when predicting the pressure-dependent behaviour of hydrated natrolite. The challenge
of describing the interaction with adsorbed water molecules was also highlighted by Labat et al. (2010),
who benchmarked different DFT approaches against high-level WFT calculations (MP2 perturbation
theory) in an investigation of H2O molecules interacting with small fragments taken from the structure
of Silicalite-1. Of the different functionals tested, the GGA-type B97-D and the parameterised hybrid
meta-GGA functional M05-2X delivered the best agreement in terms of equilibrium distances and in-
teraction energies.

3.2 Key questions addressed in this chapter

The summary given in the previous section clarifies that significant knowledge gaps existed in the DFT
literature on zeolites prior to the start of the investigations reported in Articles A1 to A5:

1. The performance of different XC functionals in reproducing crystal structures of cation-exchanged
zeolites had remained largely unexplored.

2. Studies comparing different DFT approaches for all-silica zeolites either included only a few zeo-
lite structures or focussed predominantly on relative energies, whereas detailed structural studies
considering a larger set of frameworks were missing.
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3. AlPOs or other neutral-framework zeotypes were hardly considered in benchmarking investiga-
tions, despite a wealth of experimental structure data.

4. Comparative investigations on OSDA-containing zeolite or zeotype structures were also missing.

While Article A1 deals with the first point, Articles A2, A3, and A4 address the second and third point.
Finally, the issue of OSDA-containing zeotypes is touched upon in Article A5. Figure 3.2 gives an
overview of the zeolites and zeotypes studied, the XC functionals and dispersion correction schemes
used, the DFT codes used in the calculations, and the quantities considered in the benchmarking (in
several instances, not all quantities were available for all zeolites). It should be noted that, although
many of the articles that are part of the subsequent chapters also contain a comparison of DFT-optimised
structures to experimental data, they do not include a systematic comparison of different XC functionals
and/or dispersion corrections.

Figure 3.2: Overview of the materials, DFT methods and codes, and quantities that were considered in the bench-
marking investigations reported in Articles A1 to A5. ASZs = all-silica zeolites.

3.3 Article A1: Structure and Bonding of Water Molecules in Zeolite Hosts:
Benchmarking Plane-Wave DFT against Crystal Structure Data

3.3.1 Outline

In this article, DFT optimisations were performed for six hydrated, cation-exchanged zeolites, using a
total of nine different DFT approaches, and the DFT-optimised structures were then compared against
experimental structure data. The main criteria for the selection of zeolites were the availability of struc-
ture data obtained from single-crystal neutron diffraction experiments (which permit a reliable local-
isation of the hydrogen/deuterium atoms) and no, or only very limited, disorder in the crystal struc-
ture. This led to the selection of the following natural zeolites: Bikitaite (Li-BIK; Ståhl et al. (1989)),
edingtonite (Ba-EDI; Belitsky et al. (1986)), gismondine (Ca-GIS; Artioli et al. (1986)), scolecite (Ca-NAT;
Kvick and Ståhl (1985)), natrolite (Na-NAT; Artioli et al. (1984)), and yugawaralite (Ca-YUG; Kvick et al.
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(1986)). As shown in Figure 3.2, the set of DFT approaches included one LDA and five GGA functionals
as well as three dispersion-corrected variants of the GGA-type PW91 and PBE functionals. The calcu-
lations used the CASTEP code (Clark et al., 2005) with ultrasoft pseudopotentials (generally, only the
most important aspects of the calculation settings are provided here, as detailed descriptions are sup-
plied in the individual articles and the associated material).
It is worth noting that, unlike in all following articles, the lattice parameters were not optimised in this
study. Previous works have shown that many XC functionals deliver systematic deviations in the unit
cell dimensions (e.g., GGA functionals like PBE tend to overestimate them). Therefore, it may often
be the preferred option to use experimentally determined lattice parameters, for example when trying
to improve the structural parameters determined from diffraction data, or in AIMD simulations in the
NVT ensemble. As this work placed particular emphasis on the positions of water molecules, where the
hydrogen positions are notoriously difficult to determine experimentally, the lattice parameters were
fixed to their experimental values, and the error analysis focussed on the changes in atomic coordinates
(and, as a result, interatomic distances and angles) that occur during the structure optimisation. The
error was quantified by computing the arithmetic mean of the moduli of the difference vectors between
experimental and DFT-optimised positions of all atoms, labelled average positional deviation dev.

3.3.2 Summary of results

An analysis of the deviations in atomic positions for all individual combinations of zeolites and XC
functionals delivered average positional deviations dev between 0.022 Å and 0.230 Å (A1, Table 1). The
PBE functional performed rather well, with no dev value exceeding 0.070 Å. Although some functionals
gave smaller errors than PBE for individual zeolites, none of them showed a better performance across
the board. This can be illustrated by dividing the dev values of other functionals by the dev values of
PBE (i.e., dev(PBE) ≡ 1), as shown in Figure 3.3. Among the dispersion-corrected functionals, PBE-
TS, which employs a volume-dependent scaling of the dispersion coefficients, resulted in significantly
smaller deviations than the other two variants, which use generic coefficients. A separate calculation
for different groups of atoms showed that the deviations are, generally, smallest for framework atoms,
followed by extra-framework cations and O and H atoms of H2O molecules. In other words, atoms that
participate in strong and directional bonds move only relatively slightly during the DFT optimisation,
whereas the structural relaxation has a larger impact on the position of atoms that interact with their
environment only through electrostatic interactions, dispersion, and (in some cases) hydrogen bonds.
Moreover, it seems plausible to expect that the positions of the water molecules in the experimental
crystal structures are associated with a larger uncertainty than those of framework atoms and cations.
Having established the good performance of the PBE and PBE-TS functionals in reproducing crystal
structure data, the zeolite structures optimised with these functionals were analysed in more detail,
with focus on the geometry of the water molecules, on hydrogen bond distances, and on cation-oxygen
distances. With regard to intramolecular Owater–H bonds, the optimisation of the structure resulted
in a narrower distribution of the bond lengths, and, overall, a slight expansion when compared to
experiment (Figure 3.3). An increase of approximately the same magnitude is obtained when correcting
the experimental results for thermal motion ("riding" correction; Busing and Levy (1964)). For hydrogen
bonds, a modest, but systematic tendency towards shorter H· · ·O distances was observed in the DFT-
optimised structures (A1, Figure 4), in agreement with earlier findings (Ireta et al., 2004). The cation-
oxygen distances mostly agreed with experiment to within a few 1/100 Å, with the exception of some
rather pronounced changes in the barium coordination environment in Ba-EDI (A1, Figure 6).
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Figure 3.3: Left: Normalised positional deviation obtained with different functionals for individual zeolites. For
a given functional X, the normalised (dimensionless) deviation was calculated as dev(X)/dev(PBE).
Right: Distribution of Owater–H bonds in experimental structures and DFT-optimised structures (PBE
functional). Figure modified after Article A1.

In summary, the benchmarking against high-quality crystal structures determined from neutron diffrac-
tion experiments, which are available only for a handful of hydrated zeolites, showed that DFT optimi-
sations using the PBE or PBE-TS functionals result in a fairly accurate reproduction of the experimental
crystal structures. This indicates their suitability for computational studies of water-containing zeolites,
e.g., to "improve" crystal structures in cases where the experimental data do not allow for a reliable re-
finement of all atomic positions, or in DFT or AIMD studies of hydrated zeolites and zeotypes. Building
on this result, the DFT calculations performed in the context of Chapter 5 all used dispersion-corrected
variants of the PBE functional (PBE-TS and PBE-D3).

3.4 Article A2: Benchmarking DFT-GGA Calculations for the Structure Optimisation of
Neutral-Framework Zeotypes

3.4.1 Outline

This investigation looked at the performance of five DFT approaches (three GGA functionals: PBE, WC,
PBEsol; two dispersion-corrected approaches: PBE-D2, PBE-TS) in reproducing structural parameters
(lattice parameters, T–O bond lengths, T–O–T angles) of neutral-framework zeotypes having SiO2 and
AlPO4 compositions. A comprehensive evaluation of the available experimental crystal structure data,
taken from the ZeoBase database compiled by Baur and Fischer (2010) (also published in book form;
Baur and Fischer (2000 to 2017)), led to the definition of several selection criteria: For example, the
crystal structure refinement should have been performed for a calcined sample of a pure SiO2/AlPO4

system, there should be no signs of structural disorder, all T–O bond lengths should fall in a reasonable
range, etc. On this basis, a total of eight all-silica zeolites and four AlPOs were identified (Figure 3.4).
α-quartz and α-berlinite were included in the benchmarking as non-porous tetrahedral frameworks,
and two additional all-silica zeolites (SOD and AST) were also optimised, but analysed separately due
to the much larger errors in lattice parameters.
The overall deviations between DFT-optimised and experimental structures were evaluated by making
use of the mean of signed errors (MSE) and the mean of absolute errors (MAE), as well as the root mean
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square of relative errors (RMSE), which were computed for the quantities of interest (lattice parame-
ters, T–O bonds, T–O–T angles). For comparison, an analogous analysis was performed on previously
published structures optimised by Coudert (2013) using the B3LYP-D2 functional (structure data were
kindly provided by Dr. F.-X. Coudert, Paris), and on structures optimised with two different force fields.
Finally, relative energies were compared to experimental enthalpies of transition for four all-silica zeo-
lites for which experimental data are available.

Figure 3.4: Crystal structure plots of SiO2 and AlPO4 systems used in the benchmarking against experimental
structure data. Figure reproduced from Article A2.

3.4.2 Summary of results

A comparison of the optimised unit cell parameters to experimental data showed that all function-
als exhibit a systematic tendency to overestimate the cell dimensions. An overview of the MSE and
MAE values is shown in Figure 3.5. As expected, PBE performed worst. While PBEsol and WC re-
duced the overestimation, the dispersion-corrected variants performed even better, with a root mean
square of relative errors of about 0.5% for PBE-TS. With regard to T–O bond lengths, all PBE-based ap-
proaches delivered somewhat too long Si–O and Al–O bonds, with typical errors on the order of 0.01 Å
(A2, Figure 4). The PBEsol and WC functionals reduced the deviations for these bonds, but showed
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a slight tendency to underestimate the P–O bond distances. Although the dispersion corrections had
essentially no influence on the bond distances, they delivered systematically smaller T–O–T angles (A2,
Table 4). This observation was attributed to an exaggerated attraction between the T atoms at oppo-
site ends of the T–O–T linkages, resulting in the conclusion that more elaborate dispersion correction
schemes might be needed to capture the balance between short-range and long-range interactions. This
tendency was also corroborated for the two outliers, SOD and AST: Both of these structures contain
relatively distorted 6MR windows. Whereas the functionals without dispersion correction delivered a
reduced distortion when compared to the experimental structures, the dispersion-corrected function-
als exaggerated the distortion (A2, Figure 8), presumably due to an overestimated attraction between
atoms lying at opposite sides of the 6MR windows.

Figure 3.5: MSE and MAE in lattice parameters obtained with different functionals. For each functional, the bars
from left to right represent: MSE (black, filled) and MAE (grey, filled) for SiO2 systems, MSE (black,
checkered) and MAE (grey, checkered) for AlPO4 systems. Figure reproduced from Article A2.

The overall errors in the structures of all-silica zeolites previously optimised with the B3LYP-D2 func-
tional were found to be significantly larger than for any of the functionals considered in the present
study. The systematic tendency of this functional to deliver too large molar volumes, already pointed
out by Román-Román and Zicovich-Wilson (2015), was attributed to a concurrent overestimation of
Si–O bonds and Si–O–Si angles. Among the two force fields, the SLC FF (Sanders et al., 1984) resulted
in an excellent prediction of structural parameters, essentially on par with PBE-TS, the best-performing
DFT approach. In contrast, the ClayFF (Cygan et al., 2004) was found to combine an underestimation
of Si–O bond lengths with an overestimation of Si–O–Si angles.
Since experimentally measured enthalpies of transition have been published for all-silica zeolites with
the CHA, FAU, FER, and IFR topologies, the relative energies for these four systems could be com-
pared to experiment. All functionals without dispersion correction showed a completely unsatisfactory
performance, failing even to reproduce the trend in relative stability. PBE-D2 and PBE-TS gave much
improved results, highlighting the importance of including dispersion corrections to predict reasonable
relative energies. Among the two, the PBE-D2 functional gave relatively good quantitative agreement
with experimental enthalpies of transition, whereas the PBE-TS functional overstabilised α-quartz over
the porous frameworks (A2, Table 7). The different behaviour of these two dispersion corrections in the
prediction of relative stabilities was one of the key questions addressed in the following paper.
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3.5 Article A3: Accurate Structures and Energetics of Neutral-Framework Zeotypes from
Dispersion-Corrected DFT Calculations

3.5.1 Outline

Motivated by the rather good agreement of the T–O bond distances observed for the PBEsol functional
(Perdew et al., 2008) in the preceding study, the first part of this study investigated the performance of
two dispersion-corrected variants of this functional, PBEsol-D2 (Csonka et al., 2008) and PBEsol-TS (Al-
Saidi et al., 2012), in reproducing the structural parameters of neutral-framework zeotypes, looking at
the same set of structures as in Article A2 (Figure 3.4). An aspect that was touched upon only briefly in
the previous article, namely the degree to which temperature-dependent changes of lattice parameters
and bond lengths might affect the agreement between DFT and experiment, was investigated in more
depth, making use of low-temperature structure data and a bond length correction based on isotropic
displacement parameters for some systems. The second part of this article looked at the relative stability
of SiO2 phases, performing calculations for α-quartz, α-cristobalite, and a total of 16 all-silica zeolites.
Some of these structures were already part of the set of reference structures used for the benchmarking
against experimental structure data, and the overlap between both sets is shown in Figure 3.6. The DFT
relative energies ∆EDFT were then compared to enthalpies of transition ∆Htrans obtained from solution
calorimetry experiments (Navrotsky et al., 2009).

Figure 3.6: Overview of reference sets used for the benchmarking against crystal structure data (left circle) and
against enthalpies of transition (right circle). Figure reproduced from Article A3.

3.5.2 Summary of results

The error analysis of the lattice parameters, summarised in Figure 3.7, showed that both PBEsol-D2
and PBEsol-TS outperformed the best functional identified in Article A2, PBE-TS, with MAE values of
0.036 Å and 0.032 Å, respectively. While still detectable, the systematic tendency to overestimate the unit
cell dimensions was also reduced. With regard to T–O bond distances, the dispersion-corrected variants
gave essentially identical results as the uncorrected PBEsol functional, delivering somewhat too long
Si–O and Al–O bonds and too short P–O bonds (A3, Table IV). The systematic underestimation of Si–O–
Si angles was found to be less pronounced than for PBE-D2 and PBE-TS, whereas no clear trend could
be identified for Al–O–P angles (A3, Table V). In contrast, the exaggerated distortion of 6MR windows
in SOD and AST, attributed to an overestimation of dispersion interactions by the pairwise dispersion
correction schemes in the preceding article, persisted when using the PBEsol-D2 and -TS approaches.
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Figure 3.7: MSE and MAE in lattice parameters obtained with different functionals. Unlike in Figure 3.5, values
computed for SiO2 and AlPO4 frameworks are not separated. Figure reproduced from Article A3.

When comparing DFT-optimised structures to experimental data, it has to be considered that the DFT
calculations do not include any temperature effects, thus delivering the 0 K equilibrium structure. In
contrast, most of the experimental reference structures were refined from room temperature (RT) data,
and one should therefore expect that a part of the deviations between DFT and experiment can be at-
tributed to this inherent difference. To elucidate the magnitude of this effect, the DFT-optimised cell
parameters were compared to experimental values determined from data measured at cryogenic tem-
peratures. Such data are available for four all-silica zeolites and two AlPOs, with measurement tem-
peratures ranging from 18 K to 133 K. A calculation of the overall errors for these systems showed that
the agreement with experiment became better when using low temperature data as reference, since the
frequent negative thermal expansion of these framework materials tends to bring DFT and experimen-
tal values closer together (A3, Table VI). With regard to the T–O bond lengths, it has been established
that the correlated motion of TO4 tetrahedra in tetrahedral frameworks leads to a shortening of the "ap-
parent" T–O distance (i.e., the experimentally measured distance) with respect to the true bond length
(Busing and Levy, 1964; Downs et al., 1992). This effect can be approximated via the "simple rigid body"
(SRB) correction proposed by Downs et al. (1992), which makes use of the isotropic displacement pa-
rameters to correct the bond distances. Although a meaningful SRB correction could only be performed
for a subset of six structures, it was found that the expansion of the bonds caused by this correction
reduces the differences between experimental and DFT-optimised values for Si–O and Al–O bond dis-
tances, while increasing the deviations for P–O bond lengths.
The relative energies ∆EDFT for all-silica zeolites and α-cristobalite were computed directly from the
DFT total energies, using the total energy of α-quartz as reference. These values were then compared
to experimental enthalpies of transition, as additional calculations for selected zeolites showed that the
inclusion of zero-point vibrations and temperature effects for T = 298 K would change the results by less
than 1 kJ mol−1 per SiO2 formula unit. As shown in Figure 3.8, both functionals nicely reproduced the
inverse correlation with the framework density. A direct plot against the experimental ∆Htrans values,
shown in the right panel of Figure 3.8, revealed excellent agreement for the PBEsol-D2 functional, with
an MAE value of 1.1 kJ mol−1 that is only marginally larger than the experimental uncertainty (typically
around 1 kJ mol−1; Navrotsky et al. (2009)). The PBEsol-TS functional exhibited a systematic tendency
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to overstabilise α-quartz, as observed for PBE-TS in Article A2, pointing to the dispersion correction
scheme as the dominant factor determining the accuracy for energetics.

Figure 3.8: Left: Correlation between framework density FD and relative energy ∆EDFT as obtained from calcula-
tions with PBEsol-D2 (open diamonds) and PBEsol-TS (grey diamonds). The dashed line corresponds
to the correlation between FD and ∆Htrans calculated on the basis of experimental data (Navrotsky
et al., 2009). Right: Plot of relative energy ∆EDFT against experimental enthalpy of transition ∆Htrans
for PBEsol-D2 (open diamonds) and PBEsol-TS (grey diamonds). Results from a previous computa-
tional study employing the PBE0-D2 functional (Román-Román and Zicovich-Wilson, 2015) are in-
cluded for comparison (crosses). Figure reproduced from Article A3.

3.6 Article A4: Benchmarking the Performance of Approximate van der Waals Methods for
the Structural and Energetic Properties of SiO2 and AlPO4 Frameworks

3.6.1 Outline

Whereas all other articles compiled in this part reported calculations using the CASTEP code, the bench-
marking study carried out in this work, done in collaboration with Won-June Kim, Michael Badawi
and Sébastien Lebègue (Université de Lorraine), employed the VASP code (Kresse and Furthmüller,
1996a,b; Kresse and Joubert, 1999). The key advantage of the VASP code that was exploited here is the
availability of a much larger range of dispersion-corrected DFT methods, including the Grimme-type
D3 correction (Grimme et al., 2010), advanced pairwise schemes based on the Tkatchenko-Scheffler
correction, e.g., the PBE-TS/HI (Bučko et al., 2013) and PBE-MBD/FI (Gould et al., 2016) approaches,
as well as several nonlocal dispersion correction methods, e.g., vdW-DF1 (Dion et al., 2004), vdW-DF2
(Lee et al., 2010), optPBE-vdW (Klimeš et al., 2010), and rev-vdW-DF2 (Hamada, 2014). Altogether,
seven pairwise DFT-D methods and seven vdW-DF functionals were considered, together with the un-
corrected PBE and PBEsol functionals (Figure 3.2). The benchmarking against experimental structure
data used essentially the same set of reference structures as in Article A2 and the first part of Article
A3, adding α-cristobalite and cristobalite-type AlPO4, but omitting SOD- and AST-type all-silica zeo-
lites, which had been discussed separately in the previous studies. In addition to an analysis of lattice
parameters, framework densities, T–O bonds, and T–O–T angles for the whole set of reference struc-
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tures, agreement with experimental bulk moduli and enthalpies of transition was evaluated for those
materials where such data were available. Experimental bulk moduli had been reported for five SiO2

and two AlPO4 systems (one of which was discarded during the analysis due to very large differences
between the experimental bulk modulus and all DFT-computed values), and enthalpies of transition
were considered for four all-silica zeolites and α-cristobalite, using α-quartz as reference.

3.6.2 Summary of results

The MAE and MSE values in lattice parameters are shown in Figure 3.9. MAEs in the range of 0.10 Å
were found for several of the dispersion-corrected approaches. Among the pairwise DFT-D approaches,
PBE-D3(BJ), PBE-TS, and PBE-MDB performed best, and a comparably good prediction of the lattice pa-
rameters was also provided by most of the nonlocal vdW-DF functionals, with vdW-DF1 and vdW-DF2
being notable exceptions. It is noteworthy that systematically larger MAEs were found when compar-
ing the VASP results to CASTEP calculations from Article A2; however, the origin of these discrepancies
could not be elucidated in the context of this study. As a consequence of the relatively accurate predic-
tion of lattice parameters, the framework densities were also reproduced to within 0.5 T atoms per
1000 Å

3
by the majority of functionals. The systematic overestimation of T–O distances and concurrent

underestimation of T–O–T angles were found to be essentially ubiquituous features, although the per-
fomance of individual functionals differed (A4, Figures 3 and 5). The very large overestimation of T–O
distances by the vdW-DF1 and vdW-DF2 functionals and the relatively small errors in T–O–T angles
provided by sophisticated DFT-D approaches like PBE-MBD stood out in this regard.
Concerning the bulk moduli, two DFT-D approaches using a Grimme-type correction, PBE-D2 and PBE-
D3(BJ), as well as the rev-vdW-DF2 functional gave the smallest errors, with MAEs on the order of 2.5
GPa (A4, Figures 6). Whereas the poor performance of vdW-DF1 and vdW-DF2, which also exhibited
large errors in structural parameters, was more or less expected, the significant systematic overestima-
tion of the bulk moduli by the PBE-TS functional was rather surprising (MAE = MSE = 5.0 GPa), espe-
cially when viewing these results in the context of the results of Article A5 (although A5 was published
a few months earlier than Article A4, it appears later in this chapter to emphasise the strong thematic
link between Articles A2, A3, and A4). A rather complex picture emerged when looking at the relative
stability of SiO2 frameworks, where - as in previous work - relative energies were compared to exper-
imental enthalpies of transition: Two of the advanced DFT-D schemes, PBE-TS/HI and PBE-MBD/FI,
systematically underestimated the energy differences between the SiO2 phases, whereas PBE-TS and
some vdW-DF approaches strongly overestimated them. Three pairwise correction schemes (PBE-D2,
-D3, -MBD) gave the most accurate results, with MAEs of about 1 kJ mol−1, closely followed by PBE-
D3(BJ), vdW-DF2, and rev-vdW-DF2. Figure 3.9 shows the correlation between framework density and
∆EDFT as obtained with five selected functionals. Assessing the performance across the board, PBE-
MBD and rev-vdW-DF2 were identified as reasonable choices if all quantities were considered to be
equally important. Moreover, PBE-D3 was identified as an inexpensive, widely applicable functional
delivering robust results for equilibrium structures and energetics, justifying its use in many of the DFT
and AIMD studies reported in Chapter 4 and Chapter 5.
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Figure 3.9: Left: MAE (blue) and MSE (red) in lattice parameters for all functionals considered in Article A4.
Right: Correlation between framework density FD and relative energy ∆EDFT for selected functionals.
The light brown line corresponds to the correlation between FD and ∆Htrans calculated on the basis of
experimental data (Navrotsky et al., 2009). Figure modified after Article A4.

3.7 Article A5: Template Effects on the Pressure-Dependent Behavior of Chabazite-Type
Fluoroaluminophosphates: A Computational Approach

3.7.1 Outline

In contrast to all other articles compiled in this chapter, which considered a set of zeolites and zeo-
types with different topologies, this article focussed on one particular material, CHA-type fluoroalu-
minophosphate. The key point addressed in this study was the dependence of the pressure-dependent
behaviour on the organic template occluded in the pores, comparing AlPO-CHA_X materials contain-
ing four different OSDAs or "templates" X, morpholinium (morph), pyridinium (pyr), 1,3-dimethyl-
imidazolium (DMI), and 1,2,3-trimethylimidazolium (TMI), shown in Figure 3.10. In the validation
part of this study, DFT-optimised structural parameters obtained with the PBE and PBEsol functionals
and their dispersion-corrected variants (D2 and TS dispersion correction schemes) were compared to ex-
perimental data. Furthermore, DFT-based predictions of the bulk modulus and the pressure-dependent
evolution of the lattice parameters of AlPO-CHA_morph were compared to results from the experimen-
tal in situ study by Leardini et al. (2012). In the second, predictive part of this article, PBE-TS calculations
were employed to study the compressional behaviour of AlPO-CHA_X systems in a pressure range up
to 5.0 GPa.
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Figure 3.10: Visualisation of the CHA-type fluoroaluminophosphates systems studied in Article A5. For clarity,
only a single cha cage is shown. Thin orange lines represent hydrogen bonds. The complete frame-
work topology is visualised in Figure 1 of A5 and the molecular structure of the OSDAs is emphasised
in Figure 2 of A5.

3.7.2 Summary of results

An optimisation of the AlPO-CHA_X systems using different functionals resulted in the well-known
overestimation of the unit cell volumes by PBE. Whereas PBEsol, PBE-D2 and -TS gave relatively ac-
curate volumes, with MAEs on the order of 4 to 6 Å

3
(corresponding to relative errors of less than

1%), dispersion-corrected variants of PBEsol delivered rather severely underestimated volumes (MAEs
around 15 Å

3
). In the view of the good performance of these functionals for guest-free neutral-frame-

work zeotypes, this result appears rather surprising. Furthermore, PBE-TS was identified as the only
functional giving the correct order of the unit cell volumes among the four AlPOs. Along with the unit
cell volumes, template-template distances and angles as well as template-framework distances were
also compared to experimental data. Here, PBE without dispersion correction delivered the best over-
all agreement with experimental values, although the excellent performance of PBE-TS for template-
framework distances was also noteworthy (A5, Table 3). PBE-TS also emerged as the functional giving
the best prediction of the bulk modulus K0 of AlPO-CHA_morph, with a computed value of 46 GPa,
compared to the experimental value of 54 ± 3 GPa (Leardini et al., 2012). All other functionals gave
lower bulk moduli, with K0 values between 37 and 41 GPa. Due to the good performance of PBE-TS
in terms of equilibrium volume and bulk modulus, this functional was used in all further calculations
performed in the context of this study.
In the in situ study of the compressional behaviour of AlPO-CHA_morph by Leardini et al. (2012), only
the evolution of the lattice parameters with pressure could be refined, as the data quality precluded
a complete structure refinement. The experimental results showed a phase transition at a pressure of
about 3.1 GPa, which was associated with a contraction along the pseudo-hexagonal a axes and a con-
current expansion along the c axis (the structures of CHA-type fluoroaluminophosphates are triclinic,
but they can be described using a pseudo-hexagonal metric). The DFT calculations reproduced this
qualitative behaviour, but the transition pressure was shifted upwards, with the transition happen-
ing between 4.0 and 4.5 GPa (A5, Figure 6). An analysis of the optimised structures showed that the
pressure-induced transition coincides with a reorientation of the morpholinium templates in the cha
cages as well as a change in their hydrogen bonding pattern, resulting in an expansion of the cage along
c (Figure 3.11). Calculations for the other three AlPO-CHA_X compounds, which have not been studied
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experimentally under pressure, provided no evidence for a phase transition in the pressure range up
to 5.0 GPa. The bulk moduli showed a remarkable variation, ranging from 19 GPa in AlPO-CHA_pyr
to 51 GPa in AlPO-CHA_TMI. Altogether, the qualitative and quantitative differences observed among
the AlPO-CHA_X systems provided clear evidence that the template molecules significantly affect the
compressional behaviour. Both the degree of "space filling" provided by the template molecules and
the different nature of template-framework interactions, specifically the presence/absence of hydrogen
bonds, were identified as important factors in this context.

Figure 3.11: Visualisation of the cha cage in DFT-optimised structures of AlPO-CHA_morph obtained for pres-
sures of 0.0, 4.0, and 4.5 GPa. The rearrangement of the OSDA molecules, including a change in the
hydrogen bonding pattern, and the concurrent expansion of the cage along the pseudohexagonal c
axis occurring between 4.0 and 4.5 GPa are clearly visible. The DFT-optimised unit cell volume Vuc
is also given.

3.8 Conclusions

The first conclusion that can be drawn from the body of results reported in Article A1 to A5 is that the in-
clusion of a dispersion correction is pivotal to arrive at reasonable structural parameters when aiming at
a full structure optimisation of zeolites or zeotypes, at least as long as a semilocal GGA-type exchange-
correlation functional is used (functionals from higher rungs of the "Jacob’s ladder" like meta-GGA and
hybrid functionals were not tested, as they are computationally more demanding). This finding is fully
in line with the results of previous benchmarking studies on zeolites (Hay et al., 2015) and other materi-
als (Tunega et al., 2012; Tran et al., 2016). It is also apparent that the inclusion of dispersion interactions
is required to compute reasonable relative energies of all-silica zeolites, agreeing with the results of
Román-Román and Zicovich-Wilson (2015). Beyond this, however, it became clear that the choice of an
appropriate dispersion-corrected functional will depend both on the quantities of interest and the sys-
tems of study: On the one hand, a functional that performs well for one quantity may fail for others. On
the other hand, the results also showed that the performance of a given functional can vary depending
on whether the zeolite/zeotype(s) studied are guest-free or contain extra-framework species. An ex-
ample for the former behaviour is the PBE-TS functional, which performs well for structural properties
of guest-free, hydrated, and OSDA-containing zeolites and zeotypes, but fails for relative energies. An
example falling in the latter category is the PBEsol-D2 functional, which gives accurate structural pa-
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rameters for guest-free all-silica zeolites and AlPOs, but fails for OSDA-containing fluoroaluminophos-
phates. Of course, one question that needs to be considered when choosing a suitable functional for
a task at hand is the magnitude of an "acceptable" error in a given quantity. For example, an error of
2% in a unit cell parameter will be unacceptable in many instances, whereas the typical experimental
uncertainty of enthalpies of transition is already on the order of 10%.
Focussing on neutral-framework types, which are particularly relevant for the following two chap-
ters, the PBE functional in conjunction with a Grimme-type correction (PBE-D2, PBE-D3) as well as
the PBEsol-D2 and rev-vdW-DF2 functionals showed a rather robust behaviour, delivering a reason-
able prediction of structural parameters and relative stabilities. On this basis, any of these functionals
might appear as suitable choice for future investigations of these compounds. Indeed, several of the
studies reported in the following chapter showed that PBE-D3 reproduces the unit cell parameters of
OSDA-containing all-silica zeolites very well, often with relative errors below 1%. It has to be conceded,
however, that error compensation, specifically an overestimation of T–O bond lengths and a concurrent
underestimation of T–O–T angles, which had already been identified by Hay et al. (2015), is partially
responsible for the rather accurate prediction of lattice parameters by these dispersion-corrected func-
tionals.
The results from Article A4 and A5 show that the inclusion of the pressure-dependent behaviour further
complicates the choice of the functional. It was particulary striking to observe that PBE-TS performed
badly for guest-free neutral-framework zeotypes, but good for OSDA-containing fluoroaluminophos-
phates. While the latter observation was sufficient to make a reasonable ad hoc choice for the study
of AlPO-CHA_X compounds, a transferability to other compounds cannot be taken for granted. Alto-
gether, it is clear that there is no generally applicable functional that could be used for any zeolite-related
task in a "black box fashion", but that the chosen DFT approach should be validated against available
experimental data whenever possible.
The surprisingly large differences between overall error values obtained when using the same func-
tional, but different codes, could not be explored in the context of this work. Although it can be hy-
pothesised that these differences are related to the choice of pseudopotentials (CASTEP) and projector
augmented waves (VASP), a validation against high-level all-electron calculations would be required to
quantify the effect of the different treatment of the core electrons. A PBE-TS study of CHA-type SAPO-
34 delivered differences of up to 0.9% among optimised unit cell parameters when using different sets
of built-in PPTs within CASTEP, indicating that the choice of PPTs does indeed have a non-negligible
influence (Chieh-Min Hsieh: Research project "Computational prediction of preferred silicon distribu-
tions in the silicoaluminophosphate SAPO-34", completed at the University of Bremen in September
2019).

3.9 Outlook

Even though the benchmarking investigations compiled in this chapter aimed at a reasonably com-
prehensive assessment of the performance of dispersion-corrected GGA functionals for calculations on
zeolites and zeotypes, it is also clear that various opportunities for future work remain:

• The study reported in Article A1 did not include an optimisation of the lattice parameters. Given
the importance of hydrated and dehydrated cation-exchanged zeolites in materials science and the
geosciences, it would be worthwhile to perform full structure optimisations on a suitably chosen
set of such compunds in order to benchmark the performance of different DFT approaches.
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• As mentioned in the preceding section, the errors introduced by the use of PPTs/PAWs to rep-
resent core electrons have remained unexplored. They could be evaluated by performing refer-
ence all-electron calculations, following in the footsteps of the DeltaCodesDFT project (Lejaeghere
et al., 2016), which concentrated on elemental structures. While the DeltaCodesDFT results pro-
vide an excellent starting point to estimate the importance of such errors, explicit reference calcu-
lations for zeolite/zeotype structures would be required to explore this in more depth.

• Clearly, it would be very useful to expand the choice of XC functionals beyond the GGA level of
theory. Specifically, the meta-GGA SCAN (Sun et al., 2015) functional showed a very promising
behaviour in calculations performed in the context of the study reported in Article A4. However,
some SCAN results were apparently affected by numerical issues that have also been reported
by other authors (Gould et al., 2018), which is why they were excluded from the analysis. As
an improved numerical stability has been found for the more recently developed r2SCAN func-
tional (Furness et al., 2020), this functional and its dispersion-corrected variants, as well as other
recently proposed meta-GGA or hybrid functionals, could be very interesting choices for future
investigations.

• Recent years have seen significant advances in the field of "low-cost quantum chemistry meth-
ods", which aim to deliver similar accuracy as DFT calculations at a fraction of the computational
cost (Brandenburg et al., 2014). For one such method, dubbed HF-3c, Cutini et al. (2019) ob-
tained relatively accurate unit cell volumes for a set of 14 all-silica zeolites. Although the HF-3c
method performed poorly for relative stabilities, very good results were obtained when comput-
ing B3LYP-D energies for structures optimised with the "low-cost" method. Such computationally
efficient methods could be especially interesting for zeolites with very large unit cells, or to screen
a large number of heteroatom or cation distributions in charged-framework zeolites and zeotypes.

• A further reduction in computational cost could be achieved through the use of analytical poten-
tials. Well-tested DFT methods that simultaneously reproduce structural parameters and relative
energies could provide input data for the development of more accurate force fields, or the im-
provement of existing ones. Very interesting opportunities in this regard can arise from the use of
machine learning approaches to "train" the interatomic potentials. Recent work by Erlebach et al.
(2022) used calculations employing the PBE-D3 functional on a variety of all-silica zeolite struc-
tures, including hypothetical zeolites and deformed structures, to train a set of neural-network
potentials, which were then used to evaluate the relative stability of a dataset containing more
than 300,000 hypothetical zeolites.

• The analysis carried out in the context of Article A3 pointed out the systematic shortcomings of
comparing the results of DFT optimisations, which deliver the equilibrium structure at 0 K, to
experimental structure data obtained at finite temperature. To this end, it would be very interest-
ing to obtain a larger set of reference structure data refined from low-temperature measurements.
From the side of the calculations, the effect of temperature could be accounted for by using AIMD
simulations in NpT ensemble, as demonstrated for the case of AlPO-11 in Article C5. However,
the computational expense of these calculations is orders of magnitude at higher than for struc-
ture optimisations, precluding their routine use for benchmarking purposes, at least when aiming
at the coverage of a range of structures and functionals. The use of AIMD simulations would also
enable the direct prediction of enthalpies of transition at finite temperature, obviating the need
for phonon calculations to compute thermodynamic properties.
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CHAPTER 4

STRUCTURE AND DYNAMICS OF FLUORIDE-CONTAINING ZEOLITES

AND ZEOTYPES

4.1 Broader context and previous work

4.1.1 The "fluoride route" of zeolite synthesis

The development of the "fluoride route" of zeolite synthesis, i.e. hydrothermal synthesis in the presence
of fluoride anions, began with a patent that was granted to Edith Flanigen and Robert Patton of Union
Carbide Corporation (Flanigen and Patton, 1978). In this patent, the authors disclosed that the addition
of inorganic fluorides like HF, KF, or NH4F to the reaction mixture resulted in sizeable single crystals
of Silicalite-1 with sizes of up to 200 µm (conventional syntheses in hydroxide media typically deliver
crystals with a size of a few µm). Subsequently, this allowed the preparation of a Silicalite-1 crystal
that was large enough for a structure determination using laboratory sc-XRD (Aubert et al., 2002). The
addition of fluoride to the reaction mixture is also beneficial to obtain all-silica zeolite crystals with very
few defects, because the positive charge of the OSDA cations is balanced through the F− anions, which
are incorporated in the crystal structure (Camblor and Villaescusa, 1999; Caullet et al., 2005; Schmidt
et al., 2007). In contrast, the OSDA charge is largely balanced through framework defects in all-silica
zeolites synthesised in hydroxide media (Koller et al., 1995; Shantz et al., 2000; Brunklaus et al., 2016).
Besides their beneficial impact on crystal size and defect content, fluoride anions can also play a struc-
ture-directing role. The systematic study of zeolite syntheses using a variety of OSDAs in fluoride-
containing media has led to the discovery of several new all-silica zeolites (Camblor and Villaescusa,
1999; Burton et al., 2005; Caullet et al., 2005; Zones et al., 2005, 2007; Burton, 2018). Examples include
octadecasil (AST topology; Caullet et al. (1991)), ITQ-3 (ITE; Camblor et al. (1997)), SSZ-23 (STT; Cam-
blor et al. (1998b)), ITQ-4 (IFR; Barrett et al. (1998)), SiO2-chabazite (CHA; Díaz-Cabañas et al. (1998)),
ITQ-7 (ISV; Villaescusa et al. (1999)), ITQ-12 (ITW; Yang et al. (2004), ITQ-13 (ITH; Corma et al. (2003)),
ITQ-29 (LTA; Corma et al. (2004)), SSZ-73 (SAS; Wragg et al. (2007)), and HPM-1 (STW; Rojas and Cam-
blor (2012)). Although some of these zeolites can also be synthesised in the absence of fluoride, many of
them have (so far) been prepared exclusively in fluoride media. Specifically, it has been observed that
the presence of fluoride anions tends to stabilise small rings, especially single 4MRs and d4r cages. The
T–O–T angles in 4MRs are usually relatively small, around 140◦, whereas the equilibrium Si–O–Si angle
is closer to 150◦(Sastre and Corma, 2010; Dawson et al., 2014). The incorporation of fluoride anions in
the proximity of 4MRs, either at the centre of d4r units or in the form of [Si[5by]O4/2F]− units, can relax
the associated strain, enhancing the stability of zeolite frameworks containing such rings over compet-
ing phases (Zicovich-Wilson et al., 2010a).
Another possibility to stabilise small rings in zeolite structures is the incorporation of germanium on the
T sites, as the equilibrium Ge–O–Ge angle is closer to 130◦(Dawson et al., 2014). The structure-directing
effects of Ge incorporation and fluoride addition can also be combined, and several silicogermanates
with very large pores have been synthesised in fluoride media, such as IM-12 (UTL topology, con-
tains 14MRs; Paillaud et al. (2004)), ITQ-33 (ITT, 18MRs; Corma et al. (2006)), ITQ-37 (-ITV, 30MRs;

49



Sun et al. (2009)), and ITQ-44 (IRR, 18MRs; Jiang et al. (2010)). While all four mentioned examples
contain d4r units, the structure of ITQ-44 also possesses double three-rings (d3r). This unusual, highly
strained building unit occurs only in silicogermanates synthesised via the fluoride route (Baerlocher
and McCusker, 2022).
In addition to all-silica zeolites and silicogermanates, the fluoride route has also been employed in the
synthesis of other neutral-framework zeotypes, such as pure-GeO2 frameworks like AST-type ASU-9
(Li and Yaghi, 1998), BEC-type FOS-5 (Conradsson et al., 2000) and UOZ-type IM-10 (Mathieu et al.,
2004), aluminophosphates like the CHA-type fluoroaluminophosphates included in the previous chap-
ter, AST-type AlPO-16 (Schott-Darie et al., 1994), and AlPO4-LTA (Sierra et al., 1994), as well as gal-
lophosphates including the extra-large pore cloverite, which contains 20MRs (-CLO topology; Ester-
mann et al. (1991)). Although the present chapter deals exclusively with neutral-framework zeolites
and zeotypes, it should be noted that the presence of fluoride anions can also have a beneficial effect
on the synthesis of charged-framework zeolites, such as high-silica alumino- and borosilicates (Burton
et al., 2005; Caullet et al., 2005; Burton, 2018). Moreover, an OSDA-free synthesis of CHA-type low-silica
zeolites also made use of a fluoride-containing reaction mixture (Liu et al., 2014).

4.1.2 Experimental characterisation of fluoride environments

4.1.2.1 Diffraction methods

Diffraction methods permit a localisation of fluoride anions in the crystal structures of as-synthesised
zeolites (provided that sample and data quality are sufficient). As already discussed in the Introduc-
tion, two different environments can be distinguished in all-silica zeolites: First, the fluoride anions
can be located at the centre of d4r cages. Second, they can be located in other small cages, where
they form trigonal-bipyramidal [Si[5by]O4/2F]− units. Figure 4.1 shows examples of [Si[5by]O4/2F]−-
containing cages from different zeolite structures. Both types of environments coexist in the structure
of ITQ-13 (Corma et al., 2003).
In structures containing [Si[5by]O4/2F]− units, the fluoride anions are frequently disordered, resulting in
two or more fractionally occupied fluoride positions. Different types of disorder can be distinguished,
which are visualised in Figure 4.1: Whereas disorder over two sites that are equivalent by symmetry,
but located in different cages, is found in nonasil (NON; van de Goor et al. (1995)), disorder over two
symmetry-equivalent sites in the same cage occurs in Silicalite-1 (Aubert et al., 2002). A rather peculiar
situation occurs in SSZ-23 (STT topology), where the fluoride anions are disordered over three non-
equivalent sites within the same cage (Camblor et al., 1998b). The occurrence of disorder complicates
an accurate determination of the F–Si distances: In a disordered structure, a Si atom in the vicinity of
a fluoride anion has an "average" environment that lies between tetrahedral and trigonal-bipyramidal
coordination, because the local coordination changes over time (in the case of dynamic disorder) or be-
cause images in different unit cells have different environments (in the case of static disorder). Diffrac-
tion methods can only probe this average environment, leading to F–Si distances in the range of 1.8 to
2.0 Å. In contrast, NMR methods deliver shorter distances around 1.75 Å (Wragg et al., 2008).
Silicogermanates, pure-GeO2 zeotypes, AlPOs, and GaPOs often show a preference of the fluoride an-
ions to locate in d4r cages, either at the centre of the cages or somewhat displaced towards one of the
faces (in some AlPOs and GaPOs). In ITQ-13 silicogermanates, they are found both in d4r cages and in
[4·56] cages (Vidal-Moya et al., 2003), but this appears to be the exception rather than the rule. In some
AlPOs and GaPOs, fluoride anions may also occur as terminal or bridging species, as in the CHA-type
fluoroaluminophosphates that were at the core of the investigation reported in Article A5.
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Figure 4.1: Environment of [Si[5by]O4/2F]− units in zeolites that show qualitatively different types of disorder. In
addition to the type of disorder, the occupancy of the F positions is also given in the figure. STT
contains three non-equivalent F positions with occupancies of 0.32, 0.26, and 0.17.

4.1.2.2 NMR and vibrational spectroscopy

Due to their sensitivity to the local environment, NMR methods are a very important tool to study
fluoride-containing zeolites and zeotypes. By combining observations from solid-state NMR experi-
ments with available information about the crystal structure, the characteristic 19F chemical shifts of
fluoride anions in different bonding situations can be distinguished. For example, all-silica zeolites
in which the fluoride anions are exclusively located in d4r cages show a single resonance at about
δ = −38 ppm (reference: CFCl3; Caullet et al. (2005)). In contrast, the two distinct fluoride environ-
ments in purely siliceous ITQ-13 give rise to two resonances at δ = −38 ppm and −66 ppm, respectively
(Vidal-Moya et al., 2003). In ITQ-13 silicogermanates, additional resonances emerge, which can be ex-
plained as being due to d4r cages having different local arrangements of Si and Ge at the corners of the
cage, as well as [4·56] units having a Ge atom in the basal 4MR plane.
The [Si[5by]O4/2F]− units are also visible in 29Si-NMR spectra, where the five-coordinated silicon atoms
give rise to a characteristic resonance at about −145 ppm (reference: Si(CH3)4; Koller et al. (1997)). In
contrast, the resonances corresponding to Si[4t] atoms are found in a chemical shift range of δ = −104 ppm
to −116 ppm. In addition to confirming the presence of trigonal-bipyramidal units and, through use
of specialised NMR techniques and advanced analysis methods, the possibility to determine F–Si dis-
tances (demonstrated, for example, for STF-type SSZ-35 by Fyfe et al. (2002)), 29Si-NMR experiments can
also provide insights into the nature of the fluoride disorder: If a sharp resonance at about −145 ppm is
observed, the local environment of the five-coordinated silicon atoms does not change on the timescale
of the NMR experiments. On the other hand, a broad resonance centered at about −125 ppm corre-
sponds to an "averaged" resonance that is due to dynamic exchange between four- and five-coordinated
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silicon atoms (Koller et al., 1997). This change in the coordination number over time is caused by a dy-
namic disorder of the fluoride anions, in other words, a "hopping" of fluoride between different Si
atoms. Koller et al. (1997) were the first to distinguish static and dynamic disorder of fluoride anions
by means of 29Si-NMR measurements, observing that fluoride anions are dynamically disordered in
Silicalite-1, but not in nonasil. This appears plausible when considering that the partially occupied flu-
oride sites in Silicalite-1 are in close proximity, whereas the sites in nonasil are located in different cages,
with no diffusion pathway between them (Figure 4.1). Koller et al. (1997) also showed that cooling of
Silicalite-1 to T = 140 K "freezes" the dynamic disorder. Subsequent work by Koller et al. (1999) deliv-
ered evidence for dynamic disorder of fluoride anions in the all-silica zeolites ITQ-4 and SSZ-23, and for
its absence in ITQ-3, ZSM-12 (MTW topology), and zeolite beta (*BEA). More recent work by Brace et al.
(2015) showed that the dynamic behaviour of fluoride anions in Silicalite-1 can be modulated through
use of different OSDAs: Whereas samples synthesised with tetrapropylammonium (TPA+) exhibit dy-
namic disorder at room temperature, the use of methyltributylammonium (MTBA+) produces samples
showing a sharp resonance at −146 ppm, indicating that there is no dynamic exchange between differ-
ent sites.
Although vibrational spectroscopy has been relatively scarcely used to gain insights into the interac-
tions of encapsulated fluoride anions with their environment, a characteristic mode that arises from the
vibration of fluoride anions confined to the interior of d4r cages could be identified. This mode, which
appears at a frequency of about 500 cm−1, was observed in the IR spectra of as-synthesised octadecasil,
ITQ-7 (Villaescusa et al., 2002), and ITQ-12 (Zicovich-Wilson et al., 2007).

4.1.3 Previous computational investigations of fluoride-containing zeolites

In the view of the important structure-directing role that flouride anions can play during zeolite syn-
thesis, it is not surprising that numerous researchers have employed computational chemistry methods
to study the interaction of fluoride with zeolite frameworks, or fragments thereof. In the field of FF-
based studies, an early contribution by George and Catlow (1997) looked at purely siliceous, fluoride-
containing d4r units. The authors concluded that the fluoride anions act as an "anionic template" in
the formation of these units, but that the framework structure is stable after fluoride removal. The
latter point was later proven experimentally, as many d4r-containing all-silica zeolites like octadecasil
(Villaescusa et al., 1998) can be calcined without destruction of the framework. Whereas George and
Catlow (1997) used a combination of FF parameters from previous studies, a dedicated set of param-
eters for fluoride-containing silicates and germanates was developed in later work by Sastre and Gale
(2005). This force field successfully reproduced the local environments of fluoride in all-silica zeolites
containing d4r cages or [Si[5by]O4/2F]− units. For ASU-9, an AST-type germanate, an off-centre location
of fluoride within the d4r cage was predicted, with a F–Ge bond distance of 2.16 Å. This FF was sub-
sequently used in a study of all-silica zeolites containing [Si[5by]O4/2F]− units by Pulido et al. (2006a).
These authors compared different possible fluoride locations in IFR-, ITH-, IWR-, STF-, and STT-type
zeolites, and evaluated the role of different interactions. They concluded that the equilibrium posi-
tion of fluoride is determined by an interplay of factors: Whereas electrostatic interactions with the
cationic OSDAs control which cages are occupied by fluoride anions, local interactions determine the
most favourable location for the formation of an [Si[5by]O4/2F]− trigonal bipyramid. Another FF-based
study that is worth mentioning in this context employed the CVFF parameters to investigate the inter-
action between fluoride anions incorporated in the [4·58] cages of EUO-1 and fluorobenzene moieties
of the OSDAs (Arranz et al., 2005).
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The incorporation of fluoride anions at the centre of d4r cages is not easily explained using classical
chemical bonding concepts. For this reason, several researchers have employed electronic structure cal-
culations to gain insights into the nature of the chemical bond. In an early DFT study using a cluster
model of the d4r unit, George and Catlow (1995) observed a transfer of electron density from the flu-
oride anion to the surrounding silicon atoms, resulting in a decrease in the ionic character of the Si–O
bonds. Bauzá et al. (2013) coined the term "tetrel bonding" for interactions of group IV atoms (tetrels),
which act as electron acceptors (Lewis acids), with anions or other electron donators. These authors
employed MP2 calculations to study the incorporation of fluoride into T8O12(OH)8 cages (with T = Si,
Ge, Sn) as showcase examples for such tetrel bonds. Observing a considerable stabilisation, with inter-
action energies in the range of −400 kJ mol−1 per fluoride anion (about −50 kJ mol−1 per T atom), they
concluded that tetrel bonds are comparable in strength to hydrogen bonds. In their DFT study, Goesten
et al. (2017) identified an interplay between hypervalent bonding and strain as being responsible for
the high stability of the centre-of-cage position of fluoride in d4r cages. Based on DFT calculations for
a larger cluster containing the complete environment of the [46 ·612] (ast) cage of octadecasil, Dib et al.
(2017) concluded that the tetrel bonding within the d4r cages promotes the formation of C–H· · ·O hy-
drogen bonds with the tetramethylammonium (TMA+) cations incorporated in the ast cages. These
hydrogen bonds restrict the motion of the TMA+ cations, explaining the high 14N quadrupolar cou-
pling parameters observed in NMR measurements (unhindered rotation should lead to quadrupolar
coupling parameters close to zero). DFT calculations on cluster models also helped the interpretation
of vibrational spectra of d4r-containing all-silica zeolites (Villaescusa et al., 2002).
In silicogermanates, cages with different distributions of Si and Ge at the corners give rise to distinct
resonances in 19F-NMR spectra (Vidal-Moya et al., 2003; Wang et al., 2003). While the experiments alone
can thus provide qualitative evidence for the presence of different cages, it is not clear which resonance
corresponds to which kind of cage. Sastre et al. (2005b) and Pulido et al. (2006b) used DFT calcula-
tions on fluoride-containing Si8-xGexO12(OH)8 cages to predict the 19F chemical shifts corresponding to
different arrangements of Si and Ge. These calculations permitted an assignment of previously mea-
sured NMR shifts to different types of local environments. In particular, it could be established that
the 19F-NMR shifts are primarily influenced by the surroundings of the Ge atom to which fluoride is
bonded, i.e., the number of Si and Ge atoms in the direct neighbourhood, but not so much by the total
number of Si and Ge atoms at the corners of the cage. An analogous approach based on periodic DFT
calculations was used more recently by Rigo et al. (2018) in an investigation of a series of STW-type
silicogermanates. These authors could distinguish four groups of d4r cages according to their 19F-NMR
shifts: (1) purely siliceous cages, (2) cages containing isolated Ge atoms, (3) cages containing at least
one Ge–O–Ge linkage, but no Ge atom participating in three Ge–O–Ge linkages (Ge(Ge)3), (4) cages
containing (at least) one Ge(Ge)3 atom (Figure 4.2). The DFT-based assignment agreed very well with
experimental observations.
Periodic DFT calculations were also employed to investigate the chemical bonding in d4r-containing
zeolites. In their study of ITQ-12, Zicovich-Wilson et al. (2007) optimised the structure of the as-
synthesised form, predicted the vibrational spectrum, and computed partial charges to analyse the
chemical bonding. They observed that the incorporation of fluoride in the d4r cages led to a more ionic
character of the Si–O bonds, thereby enhancing flexibility and facilitating the formation of the strained
d4r units. Interestingly, this interpretation is opposed to that put forward by George and Catlow (1995),
who proposed a more covalent/less ionic character of the Si–O bonds upon fluoride inclusion. How-
ever, the more recent interpretation was corroborated in a subsequent, combined experimental and
theoretical study (Rojas et al., 2012): In that work, it was shown that the OSDA that favoured ITQ-12
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most strongly over the competing TON-type phase (without d4r units) resulted in the highest partial
charges on the framework atoms, in other words, the most ionic Si–O bonds. The reaction pathway of
the removal of fluoride anions from d4r cages was also investigated by means of periodic DFT calcula-
tions (Zicovich-Wilson et al., 2010b).

Figure 4.2: Silicogermanate d4r units with different distributions of Si (yellow) and Ge (green) studied by Rigo
et al. (2018). The experimentally observed 19F chemical shifts, which were assigned to the four groups
of cages on the basis of DFT calculations, are given below each group. The schematic representation
of the d4r cages does not include the occluded fluoride anions.

Zeolites containing [Si[5by]O4/2F]− units were less frequently investigated with electronic structure cal-
culations than those with d4r units. Attfield et al. (2001) used DFT optimisations on fluoride-containing
models of sodalite and ferrierite to establish that the geometry of the [SiO4/2F]− units corresponds to
a relatively regular trigonal bipyramid: The Si[5by]–O bonds are elongated to about 1.7 Å (compared to
about 1.6 Å in SiO4 tetrahedra), and the F–Si[5by] bond has a length of about 1.75 Å (for reasons dis-
cussed above, this value is significantly shorter than typical values obtained from diffraction), with
the O–Si[5by]–O/O–Si[5by]–F angles also being close to their ideal values. A DFT-based comparison of
ITQ-12 (with d4r cages) and a competing TON-type phase (with [Si[5by]O4/2F]− units) showed that the
presence of fluoride in d4r units results in an extended negative polarisation of the framework, whereas
the negative polarisation induced by [Si[5by]O4/2F]− environments is of a more local character (Zicovich-
Wilson et al., 2010a). This qualitative difference affords stronger electrostatic interactions of ITQ-12 with
the 1,3,4-trimethylimidazolium OSDA, which, together with a better fit of the OSDA molecules into the
pores, is sufficient to overcome the energetic penalty associated with the lower framework density. Af-
ter the successful preparation of pure-silica MWW in fluoride media, Lu et al. (2019) employed DFT
calculations to predict the most stable fluoride locations, and to compute the associated 19F chemi-
cal shifts. The chemical shifts obtained for the two lowest-energy positions agreed rather well with
the experimentally observed resonances, pointing to the presence of fluoride in [4·52 ·62] cages and in
double six-ring (d6r) cages. Finally, Mineva et al. (2020) performed DFT-based MD simulations on as-
synthesised Silicalite-1 to study the presence of weak C–H· · ·O hydrogen bonds between the OSDA
and framework oxygen atoms. They found that the shortest of these bonds were formed to oxygen
atoms belonging to the fluoride-containing [4·52 ·62] cages, indicating stabilising interactions between
the positively charged OSDA and this negatively polarised part of the framework that could play an
important role during zeolite formation.
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4.2 Key questions addressed in this chapter

The investigations on zeolites and zeotypes containing fluoride in d4r cages aimed to address the fol-
lowing points:

1. There was notable disagreement between diffraction investigations, which typically located fluo-
ride at the centre of the d4r cages of (silico)germanates, and the prediction of a formation of F–Ge
bonds in FF-based calculations. DFT structure optimisations of d4r-containing silicogermanates
cages having different amounts of Ge atoms at the corners appeared as a promising route to re-
solve this issue.

2. The previous point can be extended to AlPO and GaPO zeotypes, where both centre-of-cage po-
sitions and off-centre locations of fluoride had been observed.

3. Earlier studies predicting preferred Ge distributions in d4r-containing zeolites typically used bare-
framework models, ignoring the presence of fluoride anions and OSDA cations in as-synthesised
samples. A more realistic assessment of the energetically preferred arrangements of Si and Ge at
the corners of the cage should include these species, as interactions with them might affect the
lowest-energy Ge locations.

4. The dynamic behaviour of fluoride anions encapsulated in d4r cages had not been studied so far.
Therefore, it remained unclear whether the fluoride anions only oscillate about their equilibrium
position, or whether they approach surrounding T sites to form short-lived bonds. Investigations
of the impact of the cage composition on the dynamic behaviour were also lacking.

Article B1 deals with the first, third, and fourth point, focussing on silicogermanates with the AST
topology. The study of AST-type systems was expanded to AlPO and GaPO systems in Article B2,
which, besides addressing the second and fourth point, also looks at the role of the OSDA in stabilising
the equilibrium location of fluoride.

With regard to all-silica zeolites containing trigonal-bipyramidal [Si[5by]O4/2F]− units, the following
points motivated the investigations:

5. Pulido et al. (2006a) showed that interactions with the OSDA determine in which cage the fluoride
anions reside, but it remained unclear how the local environment determines the specific location
within the cage. An improved understanding of the energetic ordering of different possible fluo-
ride sites could potentially result in the development of crystal-chemical "rules" that might allow
to forecast the most likely locations on the basis of the framework topology.

6. While the dynamic disorder of fluoride anions in some zeolites had been established on the basis
of experiments, it had not yet been assessed whether the dynamic behaviour could be reproduced
in DFT-based AIMD simulations. If successful, the calculations could help to understand the
impact of the local environment (geometry of the cage) and interactions with the OSDA on the
occurrence of dynamic disorder.

Article B3 primarily addresses point 6, reproducing the experimentally observed dynamic disorder of
Silicalite-1 and studying the influence of the OSDA. Both point 5 and 6 are included in Article B4,
which compares five different all-silica zeolites. Finally, the study reported in Article B5 addresses var-
ious points from the above lists, as ITQ-13 contains fluoride in both d4r cages and in [T[5by]O4/2F]− (T =
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Si, Ge) environments. Key aims of this study were to evaluate the energetically most favourable distri-
bution of Ge among the different building units (expanding upon point 3) and the dynamic behaviour
of fluoride in different environments (point 4 and point 6).

4.3 Article B1: Local Environment and Dynamic Behavior of Fluoride Anions in
Silicogermanate Zeolites: A Computational Study of the AST Framework

4.3.1 Outline

In the first place, this study aimed to predict the equilibrium positions of fluoride anions incorporated in
silicogermanate d4r cages for the whole range of compositions (from pure SiO2 to pure GeO2). Second,
the impact of fluoride on the relative stability of different arrangements of Si and Ge at fixed composi-
tion was evaluated. Finally, it was investigated how the local environment, i.e., the arrangement of Si
and Ge at the corners of the cage, affects the dynamic behaviour. To address these points, a combination
of DFT optimisations and DFT-based AIMD simulations (NVT ensemble, T = 298 K) were performed
with the CP2K code (Kühne et al., 2020), employing the PBE-D3 functional (Perdew et al., 1996; Grimme
et al., 2010). With regard to the choice of model system, the AST framework is ideally suited for various
reasons: To start with, it is a relatively simple framework, with only two non-equivalent T sites in the
aristotype, where the T1 sites form the corners of the d4r cages and the T2 sites connect these cages,
with T1 and T2 sites together forming the larger [46 ·612] (ast) cages, which host the OSDAs (Figure
4.3). Moreover, AST-type silicogermanates had been synthesised across the whole range of Si1−xGexO2

compositions (Wang et al., 2003; Tang, 2005), including the pure end members (Caullet et al., 1991; Li
and Yaghi, 1998). A crystal structure of SiO2-AST containing disordered TMA+ cations in the ast cages
had been refined from PXRD data by Yang (2006), providing a suitable starting point to generate fully
ordered models for the calculations.
The DFT optimisations considered all possible arrangements of Si and Ge at the corners of the d4r
cages, making the simplifying assumption that both cages in the unit cell have the same arrangement.
An additional occupation of the T2 site by Ge was considered for higher Ge contents. The equilibrium
structures were analysed in detail, and the relative energies were calculated for sets of configurations
having the same composition. AIMD simulations were then carried out for selected low-energy con-
figurations. The F–Si/Ge radial distribution functions (RDFs) and root mean square displacements
(RMSDs) of different atomic species were analysed using the VMD code (Humphrey et al., 1996).

4.3.2 Summary of results

The optimisation of the pure end members, SiO2-AST and GeO2-AST, showed that the fluoride anions
are located at the centre of the d4r cages. This centre-of-cage location agrees with the experimental crys-
tal structures (Caullet et al., 1991; Wang et al., 2003), but disagrees with the computational prediction of
a F–Ge bond made by Sastre and Gale (2005). Such F–Ge bonds did appear, however, in AST-type sys-
tems having a mixed occupancy of the corners by Si and Ge. Relatively short F–Ge bonds on the order
of 2.2 Å occurred in a system containing a single Ge atom (7Si, 1Ge) and in a (4Si, 4Ge) model where one
Ge atom is surrounded by three Ge–O–Ge linkages (Figure 4.3). Conversely, the fluoride anions were
found closer to the cage centre in models with a distributed arrangement of Ge (i.e., without Ge–O–Ge
linkages) and in Ge-rich systems (6 or more Ge atoms at the corners). When looking at the relative ener-
gies, a clear trend to maximise the number of Ge–O–Ge linkages along the corners of the d4r cage could
be established, corroborating the results from a previous DFT study of BEC-type silicogermanates by
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Kamakoti and Barckholtz (2007). Exactly the opposite trend, an avoidance of Ge–O–Ge links, was ob-
served in an FF-based study by Pulido et al. (2006b), which might point to inherent limitations of their
force field (Sastre and Gale (2003) used simple interpolation to obtain the parameters for oxygen atoms
in Si–O–Ge links). Interestingly, the preference for arrangements maximising the number of Ge–O–Ge
linkages was no longer visible when performing calculations for AST models without fluoride anions
and OSDA molecules. This indicates that computations on such bare-framework models may be of
limited use to predict energetically preferred local environments, as the local structure of a real sample
will be determined during the synthesis, when fluoride and OSDA are present.

Figure 4.3: Top left: Natural tiling representation of the AST framework, showing d4r cages (blue) and ast cages
(yellow). Bottom left: Structure of as-synthesised SiO2-AST, with fluoride anions occupying the d4r
cages, and TMA+ cations occupyng the ast cages. T1 tetrahedra are shown in yellow and T2 tetrahedra
are shown in purple. Right: d4r cages taken from DFT-optimised structures. Relevant F–T distances
are given in Å. The RMSDs of fluoride as obtained from the AIMD simulations are also given. Figure
modified after Article B1

An analysis of the RMSDs and RDFs obtained from the AIMD simulations showed that fluoride an-
ions incorporated in purely siliceous d4r cages possess a relatively large freedom of motion due to the
absence of any localised F–Si bond. This freedom of motion is increased further in GeO2-AST due to
the larger dimensions of the d4r cage. These AIMD results were complemented by a calculation of the
potential energy curves (B1, Figure 6), which delivered shallow, symmetric potential wells, without any
secondary local minima in the vicinity of the T atoms. A qualitatively different picture emerged for a
model containing a single Ge atom at one corner: Here, the movement of fluoride is drastically reduced
due to the presence of the localised F–Ge bond, and the potential well is asymmetric. Upon increasing
the Ge content, the fluoride anions tend to form short-lived contacts to different Ge atoms over the time
of the AIMD simulations (which amounted to 7.5 picoseconds for each individual trajectory), resulting
in an increase of the RMSDs. Even for high Ge contents, a distinct tendency of fluoride to locate closer
to the Ge atoms than to the corners occupied by Si atoms was detectable.
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4.4 Article B2: Local Distortions in a Prototypical Zeolite Framework Containing Double
Four-Ring Cages: The Role of Framework Composition and Organic Guests

4.4.1 Outline

The study reported in this article built directly on the investigation of AST-type silicogermanates de-
scribed above. The focus was, again, on AST-type systems, and the computational protocol was es-
sentially the same. The three new aspects addressed in this study were the following: First, SiO2-AST
and GeO2-AST were compared to the alumino- and gallophosphate analogues, AlPO4-AST and GaPO4-
AST. While the AlPO4 form is synthetically accessible (the framework type code AST derives from the
reference material AlPO-SixTeen; Bennett and Kirchner (1991)), GaPO4-AST is a hypothetical system.
However, several other d4r-containing gallophosphates are known (Estermann et al., 1991; Simmen
et al., 1993). Second, the role of the OSDA was investigated by comparing models containing two differ-
ent cations, TMA+ and quinuclidinium (QNU+). QNU+ cations were used in the synthesis of AlPO-16
(Bennett and Kirchner, 1991), whereas both TMA+ and QNU+ can act as OSDAs in the preparation of
SiO2-AST (octadecasil; Caullet et al. (1991)). Finally, three different temperatures were considered, per-
forming AIMD simulations in the NVT ensemble for 150, 298, and 573 K.
The analysis also proceeded in a largely analogous fashion to the preceding article. Most attention
was directed towards the impact of variations in framework composition and OSDA on the equilib-
rium position of fluoride anions inside the cage, and on their dynamic behaviour. Findings from DFT
optimisations and AIMD simulations were compared, revealing, in some instances, rather significant
discrepancies that were critically discussed.

4.4.2 Summary of results

The DFT structure optimisations predicted a centre-of-cage position of the fluoride anions for all eight
systems considered (four framework compositions, two OSDAs). The TMA+ cations were found to
form H· · ·O contacts in the range of 2.4 to 2.7 Å. As these distances are somewhat shorter than the sum
of the vdW radii of H and O of 2.7 Å (Alvarez, 2013), it is debatable whether these contacts should be
interpreted as weak C–H· · ·O hydrogen bonds (Mineva et al., 2020). The picture is more clear-cut for the
QNU+-containing systems, where H· · ·O distances of 1.7 to 2.0 Å indicate the presence of a N–H· · ·O
hydrogen bond (B2, Figure 3). The shortest hydrogen bond occurs in GeO2-AST_QNU, which also
shows an unusual "pyritohedron-like" distortion of the d4r cages. Such a distortion had been described
previously by Attfield et al. (2009) in a sc-XRD study of the germanate zeotype ASU-7.
The analysis of F–T RDFs and time-averaged structures obtained from the AIMD trajectories revealed
qualitative differences in the local structure depending on the framework composition (Figure 4.4): In
SiO2-AST, the fluoride anions were found to oscillate around their equilibrium position at the cage
centre, and the d4r cages showed no significant distortion from their ideal cube-like shape. In GeO2-
AST, the fluoride anions also oscillated around the cage centre, but the cages exhibited a pronounced
pyritohedron-like distortion, regardless of whether TMA+ or QNU+ cations were included as OSDA.
A displacement of the fluoride anions from the cage centre was observed for AlPO4-AST, where one
of the Al atoms assumes a trigonal-bipyramidal coordination with a F–Al bond length of about 1.9 Å.
A comparison of the RDFs and individual trajectories computed for different temperatures showed
that the fluoride anions largely remain bonded to the same Al atoms on the simulation timescale at
150 K, but that dynamic exchanges between different Al sites can occur at 298 K and, most prominently,
at 573 K. Finally, GaPO4-AST combines the two features observed in the GeO2 and AlPO4 systems,
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namely a pyritohedral distortion of the d4r cages and the displacement of the fluoride anions from the
cage centre, either towards a single Ga atom or towards one of the faces of the cage, with fluoride in a
"bridging" mode between two Ga atoms (B2, Figure 11).

Figure 4.4: Representative trajectories of individual fluoride anions computed for T = 298 K. Positions of the T
and O atoms are taken from the respective average structures. Thin blue lines are used to represent
F–T contacts below 2.3 Å for SiO2- and GeO2-AST, and below 2.0 Å for AlPO4- and GaPO4-AST. Figure
modified after Article B2.

When looking beyond the local structure of the individual d4r cages, a remarkable influence of the
OSDA became apparent: In the TMA+-containing systems, the local distortions in the form of pyritohe-
dral distortions and/or off-centre displacements of fluoride occurred essentially at random. Due to the
stronger interaction of the QNU+ cations with the framework, the ordered arrangement of these cations
induced an ordering of the framework distortions. This ordering, which was most pronounced at 150 K,
is illustrated in Figure 4.5. Although this effect may not occur in real samples, where the OSDA cations
are unlikely to be as well ordered as in the models used for the calculations, these findings point to the
theoretical possibility to trigger ordered framework distortions through a judicious choice of the OSDA.
In the view of the previous suggestion of weak hydrogen bonds in SiO2-AST_TMA by Dib et al. (2017),
the analysis of the AIMD trajectories also covered the H–O RDFs, with most emphasis on their evolu-
tion with temperature. A qualitatively different behaviour was found for the two cations considered: In
QNU+-containing systems, the first maximum in the H–O RDF decreased with increasing temperature,
an observation that can be interpreted as a weakening/breaking of the N–H· · ·O hydrogen bonds due
to increased thermal motion. In contrast, the left flank of the first maximum in the RDF shifted towards
lower distances at higher temperatures in TMA+-containing systems. The more frequent occurrence of
shorter H· · ·O contacts upon increasing thermal motion did not corroborate the existence of hydrogen
bonds proposed by Dib et al. (2017), but rather indicated that non-directional interactions dominate for
this OSDA.
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Figure 4.5: Representative average structures of GeO2-AST_TMA/_QNU and AlPO4-AST_TMA/_QNU ob-
tained from AIMD trajectories computed for T = 150 K. For clarity, different sections perpendicular
to c are visualised separately. Hydrogen atoms of the QNU+ N–H moieties are highlighted in orange.
Figure modified after Article B2.

4.5 Article B3: Influence of Organic Structure-Directing Agents on Fluoride Dynamics in
As-Synthesized Silicalite-1

4.5.1 Outline

Silicalite-1 was the first all-silica zeolite for which a dynamic disorder of fluoride anions was established
on the basis of 29Si-NMR experiments (Koller et al., 1997). While it is easily rationalised that the dy-
namic disorder disappears upon cooling to cryogenic temperatures, the strong variation of the dynamic
behaviour as a function of the choice of OSDA reported by Brace et al. (2015) was a more surprising find-
ing. These authors attributed the lack of dynamic disorder in a sample synthesised using MTBA+ to
shorter contacts between the fluoride anions and the positively polarised nitrogen atoms of the OSDA
molecules, resulting in stronger electrostatic interactions. In order to elucidate this behaviour, DFT-
based AIMD simulations were performed for Silicalite-1 models containing different OSDAs in this
work: On the one hand, four tetra-X-ammonium OSDAs with X = methyl, ethyl, propyl, butyl were
considered (TMA+, TEA+, TPA+, TBA+). On the other hand, four "asymmetric" OSDAs having one
shorter and three longer alkyl chains were included: X-tributylammonium where X = methyl, ethyl,
propyl (MTBA+, ETBA+, PTBA+), as well as methyl-tripropylammonium (MTPA+).
The AIMD simulations, which used a similar protocol as in the preceding articles (CP2K code; Kühne
et al. (2020); PBE-D3 functional; Perdew et al. (1996); Grimme et al. (2010)), were carried out in the
NVT ensemble for three different temperatures (298, 373, and 473 K). In the first place, it was evaluated
whether the dynamic disorder of the fluoride anions could be observed on the picosecond timescale
that is accessible with the simulations. In the following, OSDA-dependent variations of the dynamic
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behaviour were evaluated, and it was attempted to rationalise the observed influence of the OSDA on
the dynamic disorder.

4.5.2 Summary of results

As TPA+ is the prototypical OSDA employed in the synthesis of Silicalite-1, MFI_(TPA+,F−) was taken as
starting point for the analysis of fluoride dynamics. A plot of the RMSDs against temperature showed
a large increase of the F-RMSD across the range of temperatures studied (B3, Figure 2). This was ra-
tionalised by looking at the time evolution of the coordinates of individual fluoride anions: With in-
creasing temperature, "jumps" of fluoride anions between different silicon atoms become increasingly
likely (Figure 4.6). In addition to causing a significant increase in the F-RMSDs, these "dynamic events"
were also visible in the F–Si RDFs, where a non-zero g(r) value between the first and second maximum
indicated a dynamic exchange between different Si sites (B3, Figure 4).
Comparing the four models with OSDAs having chains of equal length, between 5 and 8 dynamic
events occurred in the 22.5 ps sampled by AIMD simulations for T = 373 K. Among the four systems, a
decreasing number of dynamic events with increasing chain length was apparent, which correlates with
a reduced freedom of motion of the increasingly bulky OSDAs occupying the channels. Contrary to the
hypothesis of Brace et al. (2015), the shortest F–N contacts were found for the models containing smaller
OSDAs, despite the larger number of dynamic events. The total number of dynamic events at 298 K was
too small to identify any trends. For 473 K, all systems showed a similar dynamic behaviour, indicating
that the increased thermal motion supersedes any OSDA-related variation at this temperature.

Figure 4.6: Left: Evolution of the y coordinate of one fluoride anion in MFI_(TPA+,F−) obtained from an AIMD
trajectory computed for T = 373 K. Dynamic events occur after about 3 and 5 ps. Right: Local envi-
ronment of MTBA+ cation in MFI_(MTBA+,F−), highlighting the relatively short distance between the
methyl group of MTBA+ (orange) and the fluoride anion (d(F–Cmethyl) = 4.85 Å). Figure modified after
Article B3.

Looking at the models with asymmetric OSDAs, a drastic reduction of the number of dynamic events
was observed for MFI_(MTBA+,F−) and MFI_(ETBA+,F−). This finding is in qualitative agreement with
the experimentally observed behaviour, as Brace et al. (2015) observed a complete freezing of the dy-
namic disorder at room temperature in the former system, and a pronounced reduction in comparison
to MFI_(TPA+,F−) in the latter case. An analysis of the RMSDs and N–F RDFs, together with a visualisa-
tion of the electrostatic potential of the OSDAs, allowed the identification of two crucial factors whose
interplay is responsible for the suppression of dynamic disorder: First, the presence of one short chain
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and three long chains results in a more heterogeneous electrostatic potential, with a positively polarised
short chain. This leads to enhanced electrostatic interactions with the fluoride anions, increasing the en-
ergetic penalty for their movement to another Si atom. Second, the three butyl chains reduce the overall
freedom of motion of the OSDA, keeping the positively polarised part confined to the channel intersec-
tions (Figure 4.6). Despite short F–N contacts, OSDAs without long chains like TMA+ do not suppress
the dynamic disorder, as their vigorous motion will, on average, weaken the electrostatic interaction.

4.6 Article B4: Fluoride Anions in All-Silica Zeolites: Studying Preferred Fluoride Sites
and Dynamic Disorder with Density Functional Theory Calculations

4.6.1 Outline

The NMR investigations by Koller et al. (1997, 1999) revealed qualitative differences in the occurrence
of dynamic disorder of fluoride anions in different all-silica zeolites containing [Si[5by]O4/2F]− units. It
was the central aim of this study to investigate these differences by comparing a set of different zeolites
on an equal theoretical footing, employing DFT-based AIMD calculations and analysing them along
the same lines as in the preceding article. In connection with this, the relative stabilities of different
possible fluoride sites within one cage were also predicted in order to test whether common features
determining the most stable position could be identified. This part of the study is similar in spirit to
the previous work of Pulido et al. (2006a), however, using a higher-level computational method (DFT
instead of FF calculations) and more realistic model systems, including the OSDA molecules contained
in the pores and the same amount of fluoride anions per unit cell as in the experimental samples.
A total of five all-silica zeolites were considered in the calculations. For all of them, the location of
fluoride had been determined using XRD methods, and experimental information about the dynamic
disorder was available for four of them. Specifically, nonasil (NON topology; van de Goor et al. (1995)),
Mu-26 (STF; Paillaud et al. (2007)), ITQ-4 (IFR; Bull et al. (2000)), SSZ-23 (STT; Camblor et al. (1998a)),
and SiO2-CHA (Villaescusa et al., 2003) were included. Whereas the fluoride anions in as-synthesised
NON- and STF-type zeolites do not exhibit dynamic disorder at room temperature (Koller et al., 1997;
Paillaud et al., 2007), they are dynamically disordered over two symmetry-equivalent sites in ITQ-4
(Koller et al., 1999; Bull et al., 2000), and over three non-equivalent sites in SSZ-23 (Camblor et al., 1998a;
Koller et al., 1999). The fluoride environments in these four zeolites are visualised in Figure 4.1. NMR
investigations on SiO2-CHA permitted no conclusions regarding the occurrence or absence of dynamic
disorder in this zeolite (Villaescusa et al., 2003). The computational approach was largely analogous to
that of the previous study on Silicalite-1, combining DFT optimisations and AIMD simulations (NVT
ensemble, T = 298, 373, 473 K). In addition to a detailed analysis of the DFT-optimised structures and
a calculation of RDFs, RMSDs, and average structures from the AIMD trajectories, the trajectories of
individual fluoride anions undergoing dynamic events were also visualised, allowing for an intuitive
understanding of the dynamic behaviour.

4.6.2 Summary of results

A comparison of the relative stability of different fluoride positions in the respective cages gave excel-
lent agreement with experiment for NON, IFR, and STT. It was particularly noteworthy that the three
positions over which fluoride is disordered in STT were very close in energy (with an energy difference
∆Erel of less than 3 kJ mol−1), whereas all other sites were distinctly higher in energy (Figure 4.7). For
STF, one position associated with a 4MR (coloured green in Figure 4.7) was predicted to be lower in
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energy than the experimentally observed site. No such assessment could be made for CHA, as the fluo-
ride anions are disordered over all twelve sites in the d6r cages in the experimental structure. Different
factors determining the lowest-energy siting of fluoride in a given cage could be identified: Besides a
general preference for sites associated with 4MRs, a tendency to maximise the distance between indi-
vidual [Si[5by]O4/2F]− units was observed in one case. Moreover, interactions with different parts of the
OSDA molecules were also found to play a role. Altogether, it was concluded that the energetically
favoured fluoride location(s) in a given structure are determined by a complex interplay of factors,
precluding the definition of simple crystal-chemical "rules" that would allow for a prediction without
additional information from experiment and/or calculations.

Figure 4.7: Visualisation of all fluoride positions considered in zeolites NON, STF, IFR, and STT. The fluoride
sites are coloured according to their relative energy with respect to the experimental position having
the lowest energy, which is set as zero point on the energy scale (light blue colour). Experimentally
observed sites are visualised using larger spheres than other sites. Figure modified after Article B4.

In the AIMD simulations, dynamic jumps of the fluoride anions occurred in both IFR and STT at all
temperatures considered, in agreement with experimental observations (Koller et al., 1999). Moreover,
an analysis of the trajectories showed that these dynamic events involve exactly those fluoride locations
that were found in the crystal structure refinements, even in the complex case of STT (Figure 4.8). For
NON, no dynamic events were observed up to 473 K. A somehow intermediate picture emerged for STF
and CHA: While no dynamic events occurred in the simulations for 298 K, a few dynamic jumps were
found at 373 K and 473 K. Although the absence of dynamic disorder in STF at room temperature agrees
with experiment, the relatively short timespan covered by the simulations puts some limitations on the
interpretation of these results, as it cannot be ruled out that significantly longer simulations might pre-
dict dynamic disorder even for 298 K. In any event, a distinction could be made between pronounced
dynamic disorder in IFR and STT, an intermediate behaviour of STF and CHA, with a likely onset of
dynamic disorder at elevated temperatures, and the absence of any dynamic disorder in NON.
Beyond the reproduction of experimental observations, it was also attempted to develop a microscopic
explanation for the qualitatively different dynamic behaviour of the fluoride anions in these zeolites. It
was found that "secondary" F· · · Si contacts play a very important role in this regard: In IFR and STT,
relatively short distances, typically below 2.7 Å, were found between the fluoride anion and at least one
Si atom in addition to the primary bonding partner (B4, Table 2). Such short distances were not encoun-
tered in NON and STF. The occurrence of dynamic disorder in the former systems was explained as
being due to these secondary interactions, which weaken the primary F–Si bond and enhance the prob-
ability of a dynamic motion towards another Si atom. In other words, the local environment, specifically
the F· · · Si distances, determine whether dynamic disorder occurs or not. The examples of CHA and
of the previously studied MFI-type systems showed that the cage geometry is not the only contribut-
ing factor: In the case of a relatively strong attractive interaction between fluoride anions and OSDA
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cations (which is present in CHA and MFI_(MTBA+,F−)), the dynamic disorder may be suppressed.
This explains why the fluoride anions in CHA show no dynamic disorder at room temperature, despite
a relatively short secondary F· · · Si contact. The findings discussed here on the basis of the interatomic
distances were corroborated by a detailed analysis of the F–Si and F–N RDFs (B4, Figures 9 and 10).

Figure 4.8: Representative trajectories of individual fluoride anions in NON, IFR, and STT, plotted into the aver-
age structure of the surrounding cages. While the fluoride anion in NON oscillates about its equilib-
rium position, those in IFR and STT undergo dynamic events that involve the experimentally observed
fluoride sites. Thin blue lines are used to represent F–Si contacts below 1.9 Å. In the IFR visualisation,
two Si atoms and one O atom are omitted from the cage visualisation to improve the visibility of the
fluoride trajectory. Figure modified after Article B4.

4.7 Article B5: Elucidating the Germanium Distribution in ITQ-13 Zeolites by Density
Functional Theory

4.7.1 Outline

The ITH-type zeolite ITQ-13 is a particularly interesting system for various reasons: First of all, it con-
tains fluoride in two different environments, namely in d4r cages and in [4·56] cages (Corma et al., 2003).
Second, it is available both in all-silica form (Corma et al., 2003) and as silicogermanate across a wide
range of Ge contents, down to Si/Ge ratios as low as 2.5 (Shamzhy et al., 2014). Finally, ITQ-13 also
shows promising performance in catalytic applications, e.g., as co-catalyst in the cracking of vacuum
gasoil when aiming at the production of propene-rich feeds (Castañeda et al., 2006).
In this article, ITQ-13 was studied using a similar methodological approach as employed in Article B1
for AST-type systems, but accounting for the significantly higher structural complexity of this zeolite.
Specifically, ITQ-13 models with different Ge distributions were constructed for six Si/Ge ratios ranging
from 55 to 6. On the basis of DFT structure optimisations, the energetically favoured Ge distributions
were determined, and the results were correlated to experimental observations. These calculations were
supplemented by NMR calculations for discrete building units. For ten selected models containing dif-
ferent amounts of Ge, AIMD simulations for room temperature and for a typical synthesis temperature
(408 K) were used to investigate the impact of the Ge distribution on the dynamic behaviour of the fluo-
ride anions. Since experimental investigations by Liu et al. (2011a,b) point to a selective defluorination
of ITQ-13 zeolites upon alkaline treatment, where fluoride anions are preferentially removed from the
[4·56] cages, DFT optimisations were carried out for partially defluorinated models in order to evalu-
ate whether the experimentally observed behaviour can be understood on the basis of the computed
relative stabilities.
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4.7.2 Summary of results

DFT optimisations of ITQ-13 models containing one Ge atom per unit cell in different positions revealed
a strong energetic preference for the two non-equivalent T sites at the corners of the d4r cages (T2 and
T5 sites according to Corma et al. (2003)) and for the T7 site forming the basal 4MR plane of the [4·56]

cages, in perfect agreement with experimental observations (Vidal-Moya et al., 2003). As a consequence,
only these three positions were considered in calculations for higher Ge contents, which considered
between 18 and 48 distinct configurations. The energetic preference to incorporate Ge at the T2, T5,
and T7 sites was not clear-cut in calculations for bare-framework models, corroborating the finding
from Article B1 that the inclusion of fluoride anions and OSDA cations has a significant impact on the
results. Calculations for models containing 2, 3, 4, 6, and 8 Ge atoms per unit cell showed a tendency
to distribute the Ge atoms relatively evenly among the available building units (two d4r and two [4·56]

cages per unit cell). The prediction of an even distribution of Ge agrees with the pronounced intensity
decrease of the 19F-NMR resonances stemming from fluoride in purely siliceous d4r and [4·56] cages
upon increasing Ge content (Vidal-Moya et al., 2003; Liu et al., 2011b). At the highest Ge content, a
model containing [4·56]2Ge,pair cages (two Ge atoms at adjacent corners) was found to be the lowest-
energy case. While it had been established by Vidal-Moya et al. (2003) that [4·56]1Ge cages give rise to a
distinct resonance in the 19F-NMR spectrum at −55 ppm, [4·56] cages with more than one Ge atom had
not yet been discussed, and there is no unassigned resonance in the experimental spectra, even for Ge-
rich samples. A DFT-based prediction of the 19F chemical shifts gave good agreement with experiment
for those building units where the corresponding isostropic shifts had already been assigned (d4r cages
with 0, 1, 2 Ge atoms and [4·56] cages with no or one Ge atom), with typical deviations on the order
of 3 to 4 ppm (B5, Table 2). The resonance stemming from fluoride in [4·56]2Ge,pair cage was predicted
to lie at about −16 ppm, between the two main peaks associated with fluoride in d4r cages where a Ge
atom occupies at least one corner (−8 and −20 ppm). As especially the peak at −8 ppm is very broad, it
cannot be ruled out that the contribution from [4·56]2Ge,pair cages was so far overlooked in the analysis
of experimental spectra.
AIMD simulations carried out for T = 298 K delivered no evidence for dynamic disorder of the fluoride
anions in [4·56] cages. Upon increasing the number of Ge atoms at the corners of the cage, the RMSD
of the fluoride anions also increased, an observation that was attributed to the higher flexibility of F–
Ge bonds compared to F–Si bonds and, for the specific case of [4·56]2Ge,pair cages, to oscillations of
the fluoride anions between the two Ge atoms. In simulations for 408 K, dynamic events occurred in
models containing purely siliceous [4·56] cages, analogously to the observations made for STF (which
contains the same cage) in Article B4, whereas only short-lived (< 1 ps) displacements towards one
of the Si atoms were observed in [4·56]1Ge cages (Figure 4.9). The trends in the freedom of motion of
fluoride anions in d4r cages were essentially identical to those observed in Article B1.
Calculations for partially defluorinated models of the all-silica zeolite ITQ-13, in which the fluoride
anions were removed either from the d4r cages or from the [4·56] cages, predicted a higher stability
of fluoride incorporated in the former type of cage, in line with the experimentally observed selective
removal from [4·56] cages (Liu et al., 2011a). Incorporation of Ge into the structure further stabilised
the fluoride anions, retaining the preference for d4r over [4·56] cages at equal Ge content. Altogether,
it was concluded that the high thermodynamic stability of fluoride anions in d4r cages is a key factor
in the selective defluorination behaviour of ITQ-13, although it cannot be ruled out that kinetic effects
also play a role.
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Figure 4.9: Representative trajectories of individual fluoride anions in [4 · 56] cages of ITQ-13 systems, obtained
from AIMD simulations performed for T = 408 K. Coordinates of atoms forming the cages were taken
from average structures. Thin lines are used to represent F–T contacts below 2.0 Å. Figure modified
after Article B5.

4.8 Conclusions

In Articles B1, B4, and B5, DFT optimisations were employed to compare zeolite models with different
local structures (different Ge distributions or fluoride positions) in order to identify the most stable con-
figurations. This led to the establishment of some relatively clear trends, such as a tendency to maximise
the number of Ge–O–Ge linkages in d4r-containing silicogermanates, and, for the case of [Si[5by]O4/2F]−

trigonal bipyramids, a preference of fluoride anions to bond to Si atoms that are part of 4MRs. How-
ever, it also became clear that such simple trends are not able to explain the full set of results: In several
zeolites, a large spread of the relative energies was observed for distinct fluoride positions associated
with 4MRs, despite essentially identical local environments (as is visible, for example, for NON in Fig-
ure 4.7). Similarly, ITQ-13 models containing exactly the same type of constituent building units in
different orientations with respect to each other had, in some cases, rather different total energies. This
clearly implies that there are a variety of factors beyond the local environment that determine the total
energy, whose individual contributions are far from trivial to discern. Hence, it appears advisable to
carry out a reasonably comprehensive computational screening of relevant models, rather than trying to
extrapolate trends from calculations for a limited set of configurations. As demonstrated for silicoger-
manate zeolites, there is convincing evidence that the inclusion of extra-framework species (fluoride
anions, OSDAs) is required to arrive at a realistic energetic ordering. This aspect should be taken into
account in future DFT studies of these systems.
There are also a few caveats associated with the interpretation of the DFT optimisations: First of all,
temperature effects are not included in the calculations, so the analysis of the relative stabilities refers
to 0 K. Although an inclusion of temperature using phonon calculations or AIMD simulations might
be warranted in special cases, it is not expected that this would affect the qualitative findings. The
second issue is potentially more significant, and definitely harder to resolve: Calculations on periodic
zeolite structures give only the relative thermodynamic stability of the end product of zeolite synthesis,
whereas the actual atomic arrangement will be determined during zeolite formation, where kinetics
will also play an important role. It is, however, clear that an atomistic simulation approach to zeolite
synthesis that covers both the formation of small building units as well as their assembly to periodic
zeolite structures would have to be extremely complex and computationally demanding. A third issue
became apparent in the comparison of DFT optimisations and AIMD simulations in Article B2, where
DFT optimisations delivered a qualitatively different local structure than AIMD simulations for some
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of the AST-type zeotypes. While AIMD simulations can sample several local minima, DFT optimisa-
tions will always converge to the nearest local minimum. The usefulness of AIMD simulations to find
low-energy zeolite structures has been highlighted recently by Hoffman et al. (2019) and by Abatal et al.
(2020).

All articles compiled in this chapter employed AIMD simulations to investigate the dynamic behaviour.
While most emphasis was placed on the fluoride anions, the dynamics of the zeolite framework and of
the OSDA molecules were also analysed where relevant. Although AIMD simulations had previously
been employed to study various aspects of zeolites and zeotypes, there were no prior works focussing
on fluoride dynamics. The studies of d4r-containing systems clearly demonstrated the important influ-
ence of the local environment on the freedom of motion of the encapsulated fluoride anions: In cases
where the fluoride anions are relatively strongly bonded to a T atom, their RMSDs are similar to those of
framework atoms. If such bonds are absent, the RMSDs are significantly increased, because the poten-
tial energy surface inside the cage is relatively shallow. In silicogermanates, the strongest F–Ge bonds
occur if there is only a single Ge atom at one corner of the d4r cage, whereas interactions with multiple
Ge atoms result in larger F–Ge distances and increased fluoride motion. A rather unexpected finding
was the ordering of local distortions induced by ordered, hydrogen-bonded OSDAs in GeO2-, AlPO4-
and GaPO4-AST. If realised in actual zeolite samples, such ordered distortions could affect the material
properties, e.g., dielectric properties. This could be relevant for applications, especially if the properties
can be "tuned" through a variation of composition or external conditions (temperature).
The calculations for zeolites containing [Si[5by]O4/2F]− units showed that the dynamic disorder of flu-
oride anions can be predicted rather reliably using AIMD simulations covering relatively short time-
scales on the order of 10 ps. However, it was also noted that the number of dynamic events at room
temperature was very small. As a consequence, the interpretation had to remain purely qualitative. An
increase of the simulation temperature, e.g., to 373 K, also increased the number of events, facilitating
the analysis of the structural changes associated with the dynamic behaviour. The local environment
of the fluoride anion, specifically the presence of relatively short contacts (typically below 2.7 Å) to
"secondary" Si atoms, was identified as key factor determining whether a dynamic motion between
different Si atoms is possible. Attractive interactions with the OSDA can also play a role, as they can
suppress dynamic behaviour in cases where the local environment should, in principle, enable a dy-
namic motion of fluoride between different Si atoms. The detailed investigation of MFI-type zeolites
containing different OSDAs showed that both the charge distribution of the OSDA and its size play a
role: While the former governs the strength of the electrostatic interactions, the latter affects the mobil-
ity of the OSDA. Small OSDAs, which have a larger freedom of motion, are less effective in suppressing
dynamic disorder than larger molecules that are more strongly confined.

4.9 Outlook

First of all, there are some methodological issues and developments that should be considered in future
work on comparable systems:

• All calculations reported in this chapter used the PBE-D3 functional. On the one hand, com-
parisons to experimental structure data gave satisfactory results, and the accurate prediction of
relative energies of all-silica zeolites presented in the previous chapter gives reason to be confi-
dent in the predictions for Ge-containing systems. On the other hand, it must be conceded that
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a comparison of relative energies to experimental enthalpies of transition was not attempted. Al-
though calorimetry data are available for a few silicogermanates (Li et al., 2003, 2004), the various
ways to distribute the Ge atoms in the structures would render a meaningful comparison very
challenging. A more promising benchmarking strategy might involve DFT and higher-level WFT
calculations on small clusters, such as d4r cages.

• The DFT results from this work could form the basis for force field development work, e.g., to de-
rive FFs that give a more accurate description of the relative stability of silicogermanates. Due to
the much lower computational cost, such FFs could be employed for large-scale studies compar-
ing a vast number of zeolite models with different Ge distributions, as even calculations covering
1,000s of structures should be feasible at a rather modest computational cost for typical zeolites.
Even though FF parameters for silicogermanates exist, the parameters developed by Sastre and
Gale (2003) predict an avoidance of Ge–O–Ge linkages, disagreeing with the DFT results. As
highlighted in the previous chapter, the use of machine learning techniques could render the FF
development much more efficient.

• In a similar vein, the data from DFT calculations and AIMD simulations could be employed
to develop a new FF for use in classical MD simulations of fluoride-containing zeolites or zeo-
types. This would enable an extension to much longer simulation times, well into the nanosecond
timescale. An additional challenge in this regard would be the development of a potential model
that covers the breaking and re-formation of F–Si bonds in the spirit of a "reactive" force field
(Senftle et al., 2016).

• The AIMD investigations that were carried out to study the dynamic disorder of fluoride anions in
[Si[5by]O4/2F]− units employed essentially a "brute force" technique, running unconstrained AIMD
simulations for given conditions and a certain, computationally feasible number of picoseconds.
In many instances, the extraction of more quantitative information would require impractically
long AIMD simulations, e.g., to achieve statistics that would be sufficient to compute free energy
barriers. Constrained AIMD simulations, which have been used, for example, to investigate the
diffusion of guest molecules through 8MR windows of zeolite Na-RHO (Coudert and Kohen,
2017), are better suited to study rare events that are too infrequently observed in unconstrained
AIMD simulations. They should hence constitute a more elegant and computationally efficient
approach to investigate the dynamics of fluoride anions in a more quantitative fashion.

• Even though the different bonding scenarios were discussed in several instances, no detailed at-
tempts were made to elucidate the nature of the chemical bonding, e.g., to quantify the importance
of covalent and ionic contributions. In principle, electronic structure methods provide many pos-
sibilities to analyse the chemical bonding, which could be exploited in future work.

Beyond these methodological aspects, extensions in several other directions could be envisaged:

• With the exception of the study of ITQ-13 silicogermanates, the investigations of d4r-containing
systems dealt with AST-type frameworks. Due to the absence of any accessible porosity, AST-type
materials are of little interest for most applications. It would therefore be interesting to expand the
work to other zeolite topologies. In the field of silicogermanates, the preferred Ge locations in zeo-
lites that can be disassembled using the assembly-disassembly-organisation-reassembly (ADOR)
mechanism are of particular interest, as the Ge distribution determines the disassembly behaviour
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(Shamzhy et al., 2014). While DFT calculations have already been employed to study some frame-
works that could be interesting starting points for the ADOR mechanism, they typically ignored
the presence of OSDA cations and fluoride anions (Odoh et al., 2014), an approximation that ap-
pears to be of questionable validity in the view of the present findings.

• Correspondingly, future studies of d4r-containing AlPOs might look at materials that are of inter-
est for applications in thermal energy storage, such as AlPO4-LTA (Krajnc et al., 2017). A better
understanding of the structure-directing role of fluoride might aid the development of new syn-
thesis routes and potentially even towards fluoride-free synthesis, which would be attractive in
the view of the hazard potential and corrosiveness of hydrofluoric acid.

• Whereas the calculations predicted localised F–T bonds for several d4r-containing zeotypes, diffrac-
tion methods are rarely able to establish the occurrence of such bonds: Taking the example of an
AlPO zeotype, one can anticipate a disorder of fluoride over four positions with an occupancy of
0.25. It will be difficult to distinguish this scenario from a fully occupied centre-of-cage position,
especially when only powder samples are available. In the view of these limitations of diffrac-
tion methods, one could employ advanced vibrational or NMR-spectroscopic methods to gather
experimental evidence for the presence of localised F–T bonds, potentially in conjunction with a
computational prediction of the IR/Raman bands or NMR shifts.

• The observation of ordered framework distortions in AST zeotypes induced by an ordering of
the hydrogen-bonded QNU+ molecules was one of the most surprising results reported in this
chapter. It would be interesting to investigate whether such ordered distortions could be stabilised
in real samples. Given that zeolites/zeotypes are typically synthesised at temperatures between
400 and 500 K, it can be anticipated that asymmetric, strongly hydrogen-bonded OSDAs would
be required to achieve an ordering at such temperatures. Further calculations could be employed
to predict which OSDAs might stabilise framework distortions, either in AST-type systems or in
other zeotypes of interest. Besides, it could also be insightful to predict the influence of these
distortions on dielectric and other properties.

• As already mentioned in the Conclusions, the actual Ge distribution in silicogermanates is deter-
mined during zeolite synthesis, when building units form and assemble. To this end, DFT-based
calculations could be employed to study the stability of such isolated building units, ideally ac-
counting for solvent effects and potentially also for the presence of OSDAs in the vicinity. Such
calculations could be complemented using in situ NMR experiments.

• In the view of the reliable prediction of the preferred location of [Si[5by]O4/2F]− units in different
zeolites, it appears straightforward to perform analogous calculations in a rather routine fash-
ion in cases where the fluoride locations cannot be determined unambiguously with diffraction
methods. As interactions with the organic cations can be expected play a non-negligible role in
determining the lowest-energy position, the OSDAs should be included in such calculations. The
determination of the most probable orientation of the OSDAs in the larger cavities may be the
largest challenge in many instances, because they are often heavily disordered.

• The AIMD simulations on zeolites containing fluoride anions and OSDA cations could form a
starting point for computational investigations of the phase selectivity in zeolite synthesis. In a pi-
oneering study, Zicovich-Wilson et al. (2010a) employed DFT calculations to investigate the com-
petition between TON- and ITW-type all-silica zeolites, showing that the better fit of the OSDA
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into the pores, together with the structure-directing effect of fluoride towards the formation of
d4r units, is responsible for the formation of the ITW-type phase, in spite of the higher thermo-
dynamic stability of the TON framework in the absence of OSDA and fluoride (which is related
to the higher framework density of TON). While these calculations employed vibrational calcu-
lations in the framework of the harmonic approximation to account for the effect of temperature,
AIMD simulations can be applied for conditions where the harmonic approximation is no longer
valid. Hence, AIMD studies of competing zeolite phases (i.e., different frameworks that form
in the presence of the same OSDA, e.g., ITW/TON or CHA/STT) could be used to predict the
synthesis outcome and the effect of temperature on the phase selectivity. They could also help
to identify key factors driving the phase selectivity. However, in many instances, the different
stoichiometries of the competing phases, specifically different OSDA:SiO2 ratios, complicate the
calculation of the relative stability, as additional calculations for auxiliary reference systems are
required.

• Finally, an aspect that has been touched upon in the last article is the removal of fluoride from
zeolite cages. While the optimisations performed in the context of that work gave insights into the
relative stability of different fluoride sites in ITQ-13, they did not elucidate the actual mechanism
of fluoride removal. Prior work by Zicovich-Wilson et al. (2010b) has shown that a temporary
breaking of Si–O bonds is required to remove fluoride from d4r cages, but only the interaction
with acid media was considered in that work. During calcination, either thermal motion alone or
interactions with reactive fragments formed during OSDA decomposition might be responsible
for such a bond breaking, and the role of these factors could be studied using AIMD simulations
for relevant temperatures. The role of alkaline media in promoting the selective removal from
[4·56] cages could also be addressed.
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CHAPTER 5

INTERACTION OF (SILICO)ALUMINOPHOSPHATES WITH ADSORBED

WATER MOLECULES

5.1 Broader context and previous work

5.1.1 Interaction of water with AlPOs and AlPO-based zeotypes

The interaction of water with AlPOs and heteratom-containing AlPO-based zeotypes (SAPOs, MeAPOs)
is relevant in various contexts: First of all, these materials are usually synthesised in aqueous media,
and the presence of water will play a role during crystallisation. Some AlPO zeotypes like VFI-type
AlPO4-H1 and APC-type AlPO4-H3 can even be synthesised in the absence of any organic species,
pointing to a structure-directing role of water (D’Yvoire, 1961; Duncan et al., 1990; Kunii et al., 2001).
Second, water adsorption is often used as a characterisation method. The seminal paper on AlPO zeo-
types by a research team from Union Carbide Corporation, which started off intense research activities
in this area, already reported pore volumes determined from H2O adsorption experiments (Wilson
et al., 1982). Third, as already mentioned in the Introduction, adsorption-based heat transformations
often use water as working fluid, and AlPOs have been widely studied as adsorbents for this purpose.
Even for other applications, such as catalysis or separation, the interaction with water plays an impor-
tant role, e.g., when using steaming to regenerate SAPO catalysts in methanol-to-olefin processes (Tian
et al., 2015). Finally, the hydration stability of different materials varies widely: Whereas some AlPO-
based adsorbents were found to be stable over several 10s of adsorption-desorption cycles without
appreciable loss of capacity (Ristić et al., 2012; Krajnc et al., 2017), the MEI-type SAPO ECR-40 becomes
amorphous upon calcination of the hydrated form (Lee et al., 2015).
In the following, an overview of experimental studies aimed at heat transformation applications of
AlPOs will be given, as this use motivated several of the investigations reported in this chapter. After-
wards, previous experimental and computational studies that addressed the interaction between AlPOs
and adsorbed water molecules will be summarised, with particular emphasis on investigations looking
at the coordination of H2O molecules to framework Al atoms.

5.1.2 AlPOs and related zeotypes in adsorption-based heat transformations

The basic principle of adsorption-based thermal energy storage is illustrated in Figure 1.7. As stated in
the Introduction, water has received most attention as working fluid, and studies of water adsorption
will be the sole focus here. AlPOs exhibit an intermediate affinity towards water, being less hydrophilic
than low-silica zeolites while still possessing considerable adsorption capacity (Ng and Mintova, 2008).
In addition to the pore size and pore volume, other factors such as the concentration of defect hydroxyl
groups affect the hydrophilicity. As SAPOs and most MeAPOs carry a framework charge, balanced
by framework protons or extra-framework cations, a higher affinity towards water in comparison to
neutral-framework AlPOs should be expected. This has indeed been observed in some studies, for ex-
ample, in a direct comparison of AFI-type AlPO-5 and SAPO-5 by Basina et al. (2018). On the other
hand, not all investigations showed a clear increase in hydrophilicity in heteroatom-containing systems
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(Kornatowski et al., 1999), highlighting that other factors like increased pore blocking may outweigh
the potential benefits of heteroatom substitution.
In a very early work evaluating the potential of AlPO-based adsorbents for adsorption refrigeration, Bo-
bonich et al. (2001) studied AlPO-5, AlPO-18 (AEI topology), and SAPO-34 (CHA topology), reporting
especially promising results for the latter two systems, with fast adsorption kinetics (complete uptake
within 2 hours) and high loading spreads exceeding 200 g(H2O) per kg of adsorbent. In this context, it is
important to note that the "loading spread" corresponds to the difference between the water uptakes at
adsorption and desorption conditions. As different authors have considered different conditions (tem-
perature, relative humidity), depending on the target application, loading spreads are not necessarily
comparable across studies, and only some representative values are mentioned here. Whereas the paper
by Bobonich et al. (2001), originally published in Russian, apparently received relatively little attention
(it accumulated only 9 citations until 2022 according to Google Scholar), subsequent work by Jänchen
et al. (2005) that considered the same three adsorbents plus AlPO-17 was apparently much more widely
read (>140 citations). The reported heats of water adsorption of the three AlPOs were in the range of
55 kJ mol−1, indicating mild hydrophilicity. For SAPO-34, a much higher value of about 90 kJ mol−1

was obtained for low water coverages (below 50 g(H2O) per kg(adsorbent)), which decreased to about
60 kJ mol−1 at higher loadings. This points to a stronger, specific interaction of the initially adsorbed
H2O molecules with the framework protons, whereas the subsequently adsorbed molecules interact
more weakly. Jänchen et al. (2005) highlighted the beneficial features of AlPO-based adsorbents for
heat transformation applications, specifically, their relatively low desorption temperatures, with near-
complete desorption achieved at about 100 ◦C, as well as medium energy densities and temperature
lifts (corresponding to the temperature increase upon water adsorption). At about the same time, re-
searchers at Mitsubishi Chemicals investigated AlPO-based materials with AFI and CHA topologies.
These results were summarised by Shimooka et al. (2007), who reported essentially perfectly S-shaped
water adsorption isotherms for AFI-type adsorbents. Such S-shaped isotherms are favourable for ap-
plications because a large change in loading, corresponding to a large heat effect, can be achieved upon
a modest change in pressure. Subsequently, Mitsubishi Chemicals commercialised three adsorbents
for use in adsorption chillers and desiccant wheels (de Lange et al., 2015): AQSOA-Z01, an AFI-type
FeAPO, AQSOA-Z02, a CHA-type SAPO, and AQSOA-5, an AFI-type AlPO.
In more recent academic research, CHA-type materials like SAPO-34 and a triclinic form of AlPO-34
dubbed AlPO-tric were investigated in a number of studies (Bauer et al., 2009; Henninger et al., 2010,
2011a; Ristić et al., 2012; Jänchen and Stach, 2014; Freni et al., 2015; Kohler et al., 2017; Brancato and
Frazzica, 2018; Mal et al., 2021). A peculiar feature of SAPO-34 is the dependence of the water adsorp-
tion properties on the sample preparation route: When synthesising SAPO-34 using morpholinium as
OSDA, the water adsorption capacity deteriorates quickly over repeated water adsorption-desorption
cycles, whereas use of other (in some cases unspecified) OSDAs produces samples that exhibit only neg-
ligible loss of capacity (Bauer et al., 2009; Henninger et al., 2010, 2011a). This observation appears to be
linked to the different distribution of silicon in the framework: While samples synthesised using mor-
pholinium primarily contain isolated Si atoms, samples prepared with tetraethylammonium as OSDA
contain a larger amount of "silicon islands", areas in which silicon atoms occupy several adjacent T sites
(Vomscheid et al., 1994), avoiding Si–O–P linkages (Flanigen et al., 1988; Sastre et al., 1996). Several
studies also addressed AEI-type AlPO-18 and SAPO-18 adsorbents, often together with CHA-type ma-
terials (Bauer et al., 2009; van Heyden et al., 2009; Henninger et al., 2010, 2011a; Ristić et al., 2012; Kohler
et al., 2017; Brancato and Frazzica, 2018). The CHA and AEI frameworks are rather similar, both having
medium-sized cages connected by 8MR windows (Figure 5.1). Typical loading spreads are on the order
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of 300 g(H2O) per kg(adsorbent), and heats of H2O adsorption of the AlPO forms are in the range of 55
kJ mol−1 (Ristić et al., 2012). Krajnc et al. (2017) showed that AlPO4-LTA (also labelled AlPO-42, Figure
5.1) exhibits an even superior performance, with a loading spread of 370 g(H2O) per kg(adsorbent),
essentially complete desorption at a low temperature of about 60 ◦C, and excellent stability over 40
adsorption-desorption cycles, outperforming not only AlPO-34, but also two hydrophilic, water-stable
metal-organic frameworks (MOF-801, MIL-160). Two recently prepared AlPOs of the ABC-6 family
(frameworks that can be constructed by stacking layers of 6MRs; Baerlocher and McCusker (2022)),
AlPO-78 and AlPO-91 (AVE and ANO topologies), were shown to possess promising H2O adsorption
properties, especially in terms of volumetric storage density (Yuhas et al., 2018, 2021).
As a last remark, it should be noted that a use of powdered adsorbents in heat exchangers results in
poor heat transfer efficiency. An improved performance can be achieved by coating the adsorbent ma-
terial onto the lamellae of the heat exchanger, as demonstrated, among other systems, for SAPO-34 on
aluminium substrates (Bauer et al., 2009; Freni et al., 2015).

Figure 5.1: Crystal structures of AlPO-18, AlPO-42, and AlPO-34 in their guest-free forms. Real samples may,
in some instances, exhibit lower symmetry than depicted here, as is the case for the triclinic form of
AlPO-34 dubbed AlPO-tric (Ristić et al., 2012). The visualisation of the main cage of each structure is
accompanied by the tile designator and face symbol.

5.1.3 Experimental investigations of host-guest interactions in hydrated AlPOs and SAPOs

With regard to applications in adsorption-based heat transformations, the macroscopically measurable
adsorption behaviour is most relevant. As water adsorption is also used as a basic characterisation
method of the pore volume, the literature contains a vast amount of H2O adsorption data, either report-
ing full isotherms or at least saturation uptakes. The review article by Ng and Mintova (2008) already
compiled water uptakes for more than 30 AlPOs, SAPOs, and MeAPOs, and a number of additional
AlPO-based materials have been characterised since then. However, such measurements give only
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very limited insights into the nature of the interactions, because they do not provide any information
on the atomic level. More detailed insights can be obtained using crystallographic and spectroscopic
methods, as described in the following.

5.1.3.1 Diffraction methods

The common lack of sizeable crystals and the frequent disorder of the H2O molecules complicate the
crystal structure determination of hydrated AlPOs. Prior to works on synthetic aluminophosphates,
the crystal structures of variscite and metavariscite, two AlPO4 · n H2O minerals, were fully determined
(i.e., including H atom positions) from sc-XRD data (Kniep and Mootz, 1973; Kniep et al., 1977), giving
direct evidence for the formation of [Al[6o]O4/2(H2O)2] octahedra through coordination of water mole-
cules to Al atoms as well as providing insights into the hydrogen bonding pattern. With regard to
synthetic aluminophosphates, several early sc-XRD studies also showed a coordination of water mole-
cules and/or hydroxyl groups to framework Al atoms, e.g., for as-synthesised AlPO-21 (AWO topol-
ogy) and AlPO-17 (ERI), which contain trigonal-bipyramidal [Al[5by]O4/2(OH)]− units (Bennett et al.,
1985; Pluth et al., 1986), and for as-synthesised AlPO4-H3, which contains [Al[6o]O4/2(H2O)2] octahe-
dra (Pluth and Smith, 1985, 1986). The structure of the latter system, visualised in Figure 5.2, contains
both Al-coordinated H2O molecules and non-coordinated water molecules residing in the channels. Al-
though a network of hydrogen bonds could be inferred from the interatomic distances, the position of
the H atoms of the non-coordinated H2O molecules could not be determined due to disorder.
With further advances in the analysis of powder data, the refinement of the H2O positions from PXRD
or powder neutron diffraction data became feasible, at least in favourable cases. An early attempt in
this direction was made by Khouzami et al. (1990), who used Rietveld refinement and Fourier difference
maps to localise the water molecules in the channels of AEL-type AlPO-11. As discussed in more detail
in Article C5, the obtained structure appears implausible, with one of the Owater atoms lying in close
proximity of a framework oxygen atom. A more coherent result was obtained by McCusker et al. (1991)
with synchrotron powder diffraction, who investigated hydrated VPI-5 (VFI topology), also using Riet-
veld refinement and Fourier difference maps. The refined structure, visualised in Figure 5.2, contains
[Al[6o]O4/2(H2O)2] octahedra as well as an ordered triple-helix arrangement of water molecules in the
18MR channels. Several more recent studies have looked at AlPOs that are of interest for heat trans-
formation applications, including AlPO-34 (Tuel et al., 2000; Varlec et al., 2016), AlPO-17 (Tuel et al.,
2005), and AlPO-18 (Poulet et al., 2005). All of these investigations showed a coordination of water
molecules to specific Al sites, as well as revealing the positions of non-coordinated molecules. In fully
hydrated AlPO-34, which contains 12 H2O molecules per unit cell, 2 of the 6 Al atoms in the unit cell are
octahedrally coordinated, and a third one assumes trigonal-bipyramidal coordination (Figure 5.2). This
system is also interesting as the dehydration does not occur in one step, but two intermediate phases
with 11 and 10 H2O molecules per unit cell appeared at slightly elevated temperatures in an in situ
investigation (Varlec et al., 2016). These intermediate phases contain only six-coordinated, but no five-
coordinated Al atoms, indicating a higher stability of the former environment. In hydrated AlPO-17,
one third of the Al atoms are octahedrally coordinated, with the others remaining in tetrahedral co-
ordination (Tuel et al., 2005). The investigation of AlPO-18 used only a partial Rietveld refinement to
determine the positions of framework atoms, and obtained the H2O positions from computational mod-
elling that was further informed by NMR experiments (Poulet et al., 2005). In the resulting structure, 6
out of 12 Al atoms in the unit cell are octahedrally coordinated.
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Figure 5.2: Crystal structures of AlPO4-H3 (Pluth and Smith, 1986), VPI-5 (McCusker et al., 1991), and AlPO-34
(Tuel et al., 2000) in their hydrated forms. Oxygen atoms of Al-coordinated H2O molecules are shown
in light blue, whereas those of non-coordinated molecules are shown in dark blue. [Al[6o]O4/2(H2O)2]
octahedra and [Al[5by]O4/2(H2O)] trigonal bipyramids are shown in different shades of green than
[Al[4t]O4/2] tetrahedra.

Taking together findings from these and other crystallographic studies of hydrated AlPOs, the follow-
ing points can be noted:

• In fully hydrated AlPOs, [Al[6o]O4/2(H2O)2] octahedra appear much more frequently than trigonal-
bipyramidal [Al[5by]O4/2(H2O)] units.

• The coordination of water molecules to framework Al typically results in a reduction of sym-
metry with respect to the guest-free (calcined) AlPO, because Al sites become inequivalent upon
hydration.

• Al–Owater bond distances usually fall in a range of 1.95 to 2.1 Å, being significantly larger than Al–
Oframework distances, where typical values are 1.85 Å for Al[6o] atoms and 1.75 Å for Al[4t] atoms.

• Hydrogen positions cannot be determined from PXRD data, and the uncertainty of the positions
of non-coordinated Owater atoms is usually fairly large. Hence, some caution must be exercised
when trying to analyse hydrogen bonding patterns.

Besides studies that aimed to elucidate the structure of hydrated AlPOs at ambient or near-ambient
conditions, other investigations have looked at their temperature- or pressure-dependent behaviour,
studying, for example, the freezing behaviour of water confined to the 18MR channels of VFI-type
AlPO-54 (Alabarse et al., 2012) and the pressure-induced amorphisation of the same material (Alabarse
et al., 2014). While one third of the Al atoms are octahedrally coordinated at ambient pressure, the
formation of additional [Al[6o]O4/2(H2O)2] octahedra upon pressure increase destabilises the structure,
resulting in a loss of long-range order that is complete at 5 GPa.

Due to the disordered distribution of silicon over the T sites in the large majority of SAPOs (the MEI-
type ECR-40, shown in Figure 5.3 is a noteworthy exception; Afeworki et al. (2004)), diffraction methods
cannot fully elucidate all aspects of the local structure. In favourable cases, however, a comparison of
the T–O bond distances to those in pure AlPO4 systems can show whether Si is incorporated only at P
sites or also at Al sites. For the case of ATO-type SAPO-31, the observation of somewhat expanded P–O
bond lengths, but unaffected Al–O distances confirmed that Si only substitutes for P atoms at isolated
sites (Baur et al., 1994).
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Figure 5.3: Left: Building unit of 17 T atoms that forms the basis of the ECR-40 structure. The distribution of Al,
P, and Si is fully ordered, with Si atoms located in the central 3MR. Right: Fragment of the ECR-40
structure showing the connection of the 17 T atom units via Al–O–Al linkages.

With regard to hydrated SAPOs, a seminal study was published by Smith et al. (1996b): These authors
investigated hydrated SAPO-34 using neutron diffraction experiments, observing a coexistence of H3O+

ions and H2O molecules that were hydrogen-bonded to framework protons. Whereas the protonated
species were found inside the 8MRs, the hydrogen-bonded water molecules resided above the 6MRs,
indicating a different acidity of protons associated with different rings. It had already been postulated in
an earlier IR spectroscopic study that the interaction with adsorbed water molecules causes a removal of
the framework protons, resulting in the formation of hydronium ions in the pores (Marchese et al., 1993).
However, the extent of this phenomenon and its dependence on the hydration level have remained the
matter of considerable debate (Bordiga et al., 2005). A more recent in situ diffraction study of SAPO-34
by Wragg et al. (2010) looked at the adsorption-induced deformation: While water adsorption caused
a considerable contraction of the framework (volume change of −2%), methanol adsorption resulted
in a slight expansion (volume change of +0.5%), indicating a weaker interaction of the latter species,
in agreement with earlier thermochemical and IR spectroscopic investigations. A slight contraction of
the unit cell also occurred upon steaming at 700 ◦C, which was attributed to a rearrangement of the Si
atoms to form silicon-rich aggregates, probably in extra-framework locations (Arstad et al., 2016). The
specific evidence for the presence of these aggregates was gathered from solid-state NMR, rather than
diffraction experiments.
As mentioned above, ECR-40 is an unusual SAPOs as it contains Si atoms in well-defined locations,
forming the 3MRs of the MEI-type framework (note that odd-membered rings do not normally occur
in AlPO zeotypes due to the avoidance of Al–O–Al and P–O–P links). Moreover, it contains Al atoms
on neighbouring T sites (Figure 5.3). In the as-synthesised form, hydroxyl oxygen atoms of the OSDA
molecules are bonded to these Al atoms, resulting in pairs of face-sharing [Al[6o]O6] octahedra (Lee
et al., 2015). Upon OSDA removal, the Al atoms assume tetrahedral coordination, but remain connected
via a common oxygen atom, in violation of Löwenstein’s rule. Hydration leads to a return of these Al
atoms to octahedral coordination, indicating a limited stability of these linkages. While crystallinity is
retained in the hydrated form, a recalcination of hydrated ECR-40 results in complete amorphisation.
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5.1.3.2 NMR spectroscopy

Shortly after the first paper reporting AlPO zeotypes by Wilson et al. (1982), Blackwell and Patton
(1984) published the first solid-state MAS-NMR study of four of these novel porous materials. They
reported 27Al as well as 31P chemical shifts for AlPO-5, AlPO-11, AlPO-17, and AlPO-31, both in the
as-synthesised and hydrated forms (a dehydrated sample of AlPO-17 was also studied). Whereas 31P
chemical shifts in the range of δ = −19 ppm to −30 ppm (reference: H3PO4) corroborated the tetrahedral
coordination of phosphorus, the observed 27Al chemical shifts indicated the presence of both tetrahe-
drally and octahedrally coordinated Al atoms, which give rise to resonances at about δ = 30 ppm to
45 ppm and at about δ = −15 ppm, respectively (reference: aqueous Al(NO33)3). Hence, this NMR
study already provided clear indications for the coordination of OSDAs (in as-synthesised samples) or
water molecules (in hydrated samples) to framework Al atoms, prior to any crystal structure determi-
nations of as-synthesised or hydrated AlPOs. For the case of as-synthesised AlPO-17, an additional
resonance at about δ = 15 ppm was observed, which was later attributed to five-coordinated Al atoms
on the basis of their occurrence in the crystal structure (Pluth et al., 1986). The relative intensity of the
signals depends on the amount of Al atoms in different coordination environments. For example, the
resonance at about −18 ppm in the 27Al-NMR spectrum of AlPO-5 grows at the expense of the reso-
nance at about 30 ppm when increasing the amount of adsorbed water, consistent with the formation
of [Al[6o]O4/2(H2O)2] octahedra upon hydration (Meinhold and Tapp, 1990).
Typically, the 27Al-NMR resonances are fairly broad, complicating a deconvolution into contributions
from non-equivalent Al atoms having the same coordination number. However, if the crystal structure
is known, a simulation of the spectrum can take the number of inequivalent T sites as starting point, and
attempt to model the observed spectrum as a sum of the corresponding number of individual peaks.
This was done for the case of calcined and hydrated AlPO-11 by Peeters et al. (1993): Three peaks with
intensity ratios of 2:2:1 could model the spectrum of the calcined form, in agreement with the multi-
plicity of the three Al sites in the crystal structure (8:8:4). The spectrum of the hydrated form could be
represented using 4 peaks corresponding to Al[4t] atoms and one peak corresponding to Al[6o] atoms,
all of them with equal intensity, indicating a reduction in symmetry with respect to the calcined form
as well as coordination of water to 20% of the Al sites. This example shows how an analysis of the 27Al-
NMR spectrum can provide information on the relative amount of Al atoms in different coordination
environments. This can be further illustrated for the three systems shown in Figure 5.2: For hydrated
VPI-5, Grobet et al. (1989) determined an Al[6o]:Al[4t] ratio of 1:2 from NMR experiments prior to the
crystal structure determination by McCusker et al. (1991). The 27Al-NMR spectrum of AlPO4-H3 con-
firmed the 1:1 ratio of Al[6o] sites to Al[4t] sites known from the crystal structure (Knops-Gerrits et al.,
2000). In the study of hydrated AlPO-34 by Tuel et al. (2000), the 27Al-NMR investigation indicated the
presence of Al[6o], Al[5by], and Al[4t] sites in the ratio of 2:1:3. This information was taken into account
to develop a starting model for the Rietveld refinement, the result of which is shown in Figure 5.2.
Even in the absence of a crystal structure model of the hydrated form, the use of sophisticated NMR
techniques can provide some information about the location of different types of Al coordination poly-
hedra: Combining two-dimensional 27Al → 31P correlation NMR spectroscopy and 1H → 31P cross-
polarisation MAS-NMR spectroscopy, Caldarelli et al. (1999) determined that the [Al[6o]O4/2(H2O)2]
octahedra in AlPO-41 (AFO topology) are located at the Al1 site, where the curvature of the 10MR
channels is maximal. Generally, most NMR investigations point to a formation of six-coordinated (or,
less frequently, five-coordinated Al atoms) at well defined sites in the structure, rather than randomly,
indicating that non-equivalent Al sites in the structure have a different propensity to expand their co-
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ordination number beyond four. It is also worth noting that different AlPO frameworks show a rather
large variation in the amount of octahedrally coordinated Al sites, from 20% in AlPO-11 and AlPO-41
to 50% in AlPO4-H3 and AlPO-18.
In the more recent NMR literature on hydrated AlPOs, there has been a certain shift from the funda-
mental characterisation of the local structure towards in situ studies aimed at an understanding of the
hydration or dehydration behaviour, motivated by potential applications in thermal energy storage. In
addition to the combined XRD and NMR investigation of AlPO-34 by Varlec et al. (2016), already sum-
marised in the previous subsection, Krajnc et al. (2017) employed in situ 27Al-NMR experiments to study
the hydration behaviour of AlPO4-LTA. While the hydration occurred over a period of several hours,
the peaks corresponding to Al[6o] and Al[4t] increased simultaneously, maintaining a constant intensity
ratio of 1:2. This was interpreted as evidence for a one-step hydration mechanism, in which unit cell
after unit cell is filled completely at once, rather than layer-by-layer (the relative amounts of different
types of Al atoms should vary over time in such a hypothetical multistep process). This recent exam-
ple clearly shows the value of in situ NMR methods in application-related investigations of hydrated
AlPOs. In addition to providing information on the local environment of the T sites, NMR techniques
can also give information about the dynamics of adsorbed water molecules. For example, Goldfarb
et al. (1992) used an analysis of the 2H-NMR lineshapes across a range of temperatures to deduce the
dynamic behaviour of D2O molecules adsorbed in AlPO-5 and VPI-5. They were able to distinguish
two types of D2O molecules, framework-bound species exhibiting only local, rotational motions about
an essentially fixed axis and "free" molecules undergoing fast and isotropic reorientations. In a similar
vein, Yang et al. (2005) used a combination of 27Al-NMR spectroscopy and incoherent inelastic neu-
tron scattering (IINS) to study hydrated AlPO-14 (AFN topology). Distinct, sharp librational bands in
the IINS spectra indicated the presence of two different types of water molecules, more tightly bound
species bonded to framework Al atoms and more loosely bound species occupying the channels, inter-
acting with each other through hydrogen bonds.

Since diffraction methods cannot elucidate the local structure of SAPOs, solid-state NMR spectroscopic
methods have been established as a valuable tool to distinguish different local environments. More
specifically, the localisation of Si at non-equivalent T sites gives rise to different 29Si chemical shifts. In
their study of SAPO-17, Zibrowius and Lohse (1992) observed two separate 29Si-NMR resonances at
δ = −93.1 ppm and −97.4 ppm in the spectrum of the calcined material, which were assigned to Si at the
T1 and T2 sites of the crystal structure. While the multiplicity ratio of the sites is 2:1, the intensity ratio
of the resonances was 1.4:1, indicating a certain preference for Si at the T2 site.
Generally, the signals of isolated Si atoms that substitute for phosphorus (i.e., Si(OAl)4 atoms) mostly fall
in a range from δ = −90 ppm to −95 ppm (Blackwell and Patton, 1988). The chemical shift progressively
moves to more negative values upon increasing number of Si atoms on the neighbouring T sites, and
resonances at about δ = −110 ppm are indicative for Si(OSi)4 environments that occur in Si-rich regions
in the framework (silicon islands) or in unreacted silica (Man et al., 1991). Based on this assignment,
Vomscheid et al. (1994) investigated the silicon environments across a series of SAPO-34 samples syn-
thesised with different amounts of Si and different OSDAs. In samples synthesised with morpholinium
as OSDA, Si(OSi)4 environments were found only for relatively high Si contents. In contrast, samples
synthesised with tetraethylammonium hydroxide (TEAOH) contained Si-rich regions (silicon islands
and domains with Si–Al–Si environments) even at low Si contents (Si/(Si+Al+P) ratio of about 0.1).
This difference also impacts the hydration stability, with samples containing a larger amount of silicon
islands being more stable towards hydration (Briend et al., 1995). Using in situ 1H- and 27Al-MAS-NMR

78



spectroscopy, Buchholz et al. (2003) investigated SAPO-34 and SAPO-37 (FAU topology) at different lev-
els of hydration. They could show that the hydration consists of two steps, the first being an adsorption
of water molecules at framework protons associated with Si–O–Al linkages, and the second being a
coordination of water to framework Al atoms, as discussed above in detail for AlPOs. At variance with
earlier interpretations, they concluded that the hydrolysis of SAPO-37 is primarily caused by a breaking
of Al–O–P, rather than Si–O–Al linkages.
Although the initial distribution of silicon in the framework is governed by the synthesis parameters, it
can be modified through a post-synthetic treatment. Buchholz et al. (2002) showed that a heat treatment
of different SAPOs (SAPO-11, -18, -31, and -34) causes a concurrent dehydroxylation and desilication
of the framework. The Si atoms migrate to vacant T sites in the framework, resulting in an increase of
the number of Si(OAl)n (n < 4) sites, whereas the vacancies appearing through desilication are "healed"
through a concurrent migration of phosphorus atoms. In other words, the treatment leads to the for-
mation of silicon islands or other Si-enriched areas, despite no apparent changes in the crystallinity as
observed with XRD methods. More recent work combining multinuclear MAS-NMR spectroscopy with
a portfolio of other characterisation methods showed that steaming at temperatures between 873 and
1023 K also triggers a redistribution of silicon to form Si islands, resulting in a reduction of the number
of catalytically active Brønsted acid sites while retaining the porosity (Minova et al., 2021).
Different types of such Brønsted acid sites in SAPOs can be distinguished using 1H-NMR experiments,
sometimes in conjunction with probe molecule adsorption and vibrational spectroscopy. Resonances at
δ = 3.8 ppm and 4.8 ppm, which are observed in different SAPOs, were assigned to protons pointing into
larger pores and to protons associated with 6MRs, which interact with other framework oxygen atoms
(Zibrowius et al., 1992; Buchholz et al., 2002). In some systems, such as SAPO-5, different types of Brøn-
sted acid sites are found, even though there is only one type of T site, indicating that the framework
protons are located at different oxygen atoms (Zibrowius et al., 1992). In the unusual SAPO ECR-40,
the two resonances at δ = 3.3 ppm and 4.3 ppm were attributed to protons associated with Si–O–Al and
Al–O–Al links, respectively (Afeworki et al., 2004).

5.1.3.3 Vibrational spectroscopy

IR and Raman spectroscopy experiments have been employed to study different aspects of the structure
and bonding in AlPOs, SAPOs, and related compounds, often in conjunction with NMR spectroscopy
and/or diffraction. Broadly, the following vibrations may be of interest:

• Bands in the frequency range up to about 1,500 cm−1 primarily correspond to framework vibra-
tions (such as Al–O and P–O stretching modes or tetrahedral bending modes). Librational modes
of water molecules in hydrated systems fall between 600 and 900 cm−1 (Frost et al., 2004).

• For the free water molecule, the Hwater–Owater–Hwater bending vibration gives rise to a band at
1,595 cm−1, and symmetric and asymmetric Owater–Hwater stretching modes are observed at 3,657
and 3,756 cm−1, respectively (Johnson, 2022). Because the formation of hydrogen bonds in the
adsorbed state results in a red-shift of the O–H stretching frequencies, vibrational spectroscopy
can provide information on the bonding of adsorbed water molecules.

• In SAPOs, Oframework–Hframework stretching vibrations are typically observed at about 3,600 cm−1,
whereas higher- and lower-frequency modes have been attributed to isolated and hydrogen-
bonded silanol groups, respectively (Bordiga et al., 2005). Because the interaction of the Brønsted
acid sites with probe molecules such as water, carbon monoxide, or methanol affects the vibra-
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tions of framework protons and probe molecules, in situ spectroscopy can be used for a detailed
characterisation of the acid sites (Bordiga et al., 2005; Martins et al., 2007).

• In as-synthesised zeotypes, vibrational spectroscopy can be used to characterise the host-guest
interactions between the framework and the occluded OSDA molecules, as well as guest-guest
interactions between neighbouring OSDA species (Marchese et al., 1999).

It has been shown that the position and intensity of the framework modes can be used as "finger-
print" to distinguish different hydrated phosphate minerals like variscite, metavariscite, and strengite
(FePO4 · 2 H2O; Frost et al. (2004)). Relatively little emphasis appears to have been placed on these
modes in spectroscopic investigations of synthetic aluminophosphate zeotypes, although they have
sometimes been used to follow the crystallisation, especially during the initial stages where the sam-
ples are X-ray amorphous (Tan et al., 2002; Ahn et al., 2017).
A detailed Raman spectroscopy study focusing on the Owater–Hwater stretching vibrations has been car-
ried out for hydrated aluminophosphates by Knops-Gerrits et al. (2000). Whereas series of relatively
sharp bands were observed for metavariscite and AlPO4-H3, the Raman spectra of VPI-5 and AlPO-8
(AET topology) showed only broad maxima. This observation is consistent with the relatively ordered
pattern of the hydrogen bonds in the former two systems that is evident from the crystal structures, as
opposed to a disordered arrangement of the water molecules in the large pores of VPI-5 and AlPO-8.

As the framework protons in SAPOs are responsible for their catalytic activity, a large number of IR
spectroscopic investigations have looked at the Oframework–Hframework stretching vibrations. A common
finding of many of these studies was the observation of two separate bands being about 30 cm−1 apart
(Zibrowius et al., 1992; Marchese et al., 1993; Chen et al., 1994). The higher-frequency band, typically at
about 3630 cm−1, was attributed to unperturbed framework protons, whereas the lower-frequency band
was assigned to protons participating in weak hydrogen bonds to other framework oxygen atoms, typ-
ically across 6MRs, thus mirroring the results from 1H-NMR spectroscopy mentioned above. For the
specific case of SAPO-34, neutron diffraction experiments confirmed the coexistence of two proton lo-
cations, one of which is associated with 6MRs, corroborating this interpretation of the vibrational spec-
trum (Smith et al., 1996a). In more recent work on SAPO-34 samples having Si/(Si+Al+P) ratios above
0.1, a third band at 3615 cm−1 was observed (Martins et al., 2007). In situ experiments using CO as
probe molecule indicated that the protons that give rise to this band have a higher acidity than the
other framework protons, resembling protons in aluminosilicate zeolites. It was hence concluded that
these framework protons are associated with silicon islands or aluminosilicate domains.
In an early study, Marchese et al. (1993) interpreted the changes in the IR spectrum upon exposition of
a dehydrated SAPO-34 sample to ambient air in a way that the adsorption of H2O molecules leads to
a stoichiometric formation of hydronium ions, in other words, a complete deprotonation of the frame-
work. The subsequent, combined neutron diffraction and IR spectroscopic study of the same material
by Smith et al. (1996b) indicated that hydronium ions form only in the vicinity of the framework pro-
tons associated with 8MRs, whereas the protons pointing across 6MRs form hydrogen bonds to water
molecules. However, more recent studies that considered different levels of hydration concluded that
a framework deprotonation due to the formation of H3O+ ions occurs only to a very minor extent
(Bordiga et al., 2005). They key piece of evidence was the presence of an ABC triplet of bands that is
characteristic for H2O molecules that are hydrogen-bonded to framework protons. As this band re-
mained prominent at all levels of hydration studied, it was concluded that hydronium ions form only
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to a minor extent. In contrast, hydronium ion formation was found to be much more significant in the
structurally analoguous CHA-type aluminosilicate SSZ-13, which was attributed to its higher acidity.

5.1.4 Computational studies

5.1.4.1 Force field calculations

Early applications of FF-based methods in the field of AlPOs, which used the Born model of ionic solids,
mainly concerned the optimisation of crystal structures and the calculation of their relative stability (de
Vos Burchart et al., 1992a; Henson et al., 1996). In addition to establishing that the inverse correlation be-
tween framework density and relative stability holds not only for all-silica zeolites, but also for AlPOs,
the calculations also predicted more stable structures having lower symmetry than observed experi-
mentally for several AlPO frameworks. Examples include AlPO-5, for which structures in space groups
P6 and P3c were proposed (experimental symmetry: P6cc; Bennett et al. (1983)), AlPO-8, where the cal-
culations pointed to P21 or Pmn21 symmetry (experiment: Cmc21; Poojary and Clearfield (1993)), and
AlPO-11, for which both de Vos Burchart et al. (1992a) and Henson et al. (1996) obtained lower-energy
structures in space group P2 (experimental symmetry: Ima2; Richardson et al. (1988)). For all three
AlPOs, subsequent diffraction investigations revealed pronounced diffuse scattering that is indicative
of local, instantaneous deviations from the average symmetry at room temperature (AlPO-5: Liu et al.
(2003); AlPO-8: Withers and Liu (2005); AlPO-11: Liu and Withers (2003)). As a consequence, cool-
ing might result in transitions to ordered lower-symmetry structures or to locally disordered phases.
The latter situation was observed in a recent low-temperature investigation of AlPO-5 (Cortie et al.,
2017). Altogether, the good correspondence between FF-based calculations and subsequent experimen-
tal studies demonstrates the capabilities of the computations, which are especially impressive when
considering the simplifications made when using a Born model to represent interatomic interactions.
In more recent work, Praprotnik et al. (2008) developed a molecular mechanics FF to model the struc-
ture and dynamics of a CHA-type fluoroaluminophosphate in its as-synthesised form. The structure
parameters, isotropic displacement parameters, and the IR spectrum computed with this force field
agreed well with experimental data. Even though water molecules were included in the simulations,
the FF-based MD simulations with these parameters would not be able to model a coordination of H2O
to framework Al atoms, as this would require a reactive FF that allows the formation of new bonds.
Despite this evident shortcoming of any conventional (non-reactive) FF in the description of hydrated
AlPOs, FF-based calculations have been used with considerable success to model the adsorption of
water in these materials. Pillai and Jasra (2010) carried out MC simulations at fixed water loadings to
predict the most likely water locations in AlPO-5 and AlPO-11. Aiming at more application-related
predictions, Henninger et al. (2011b) used GCMC simulations to compute water adsorption isobars in
AlPO-18, resulting in semi-quantitative agreement with experimental measurements. These authors
employed the simple point charge (SPC) model for water (Berendsen et al., 1987) together with the
augmented CVFF parameter set (Hill et al., 2000) to represent the framework atoms. In a very recent
"screening" study of a large number of synthesiseable and hypothetical AlPOs, Shi et al. (2022) also
employed an MC-based approach to model water adsorption, using the SPC water model, but frame-
work parameters developed by Ghysels et al. (2015). Validation simulations accurately reproduced
the experimental H2O saturation uptake of AlPO-18 and AlPO-78, as well as giving reasonable agree-
ment with full adsorption isotherms. The same set of framework parameters was used in a combined
experimental-simulation study of water adsorption in SAPO-34 (Fasano et al., 2019). These authors
slightly adjusted the charges on framework oxygen atoms in order to improve the agreement with ex-
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perimental adsorption isotherms. They also performed MD simulations to investigate the temperature
dependence of the self-diffusivity. Similar MD investigations have been reported for some AlPOs, ad-
dressing, for example, the influence of the water content on the diffusivity in the channels of AlPO-5
(Demontis et al., 2012). Looking beyond water adsorption, FF-based simulations have been frequently
used to study the adsorption or diffusion of other guest molecules in AlPOs. Examples include GCMC
investigations of CO2/N2, CO2/CH4, and CH4/N2 mixture adsorption in about 50 different AlPOs by
the author of this thesis (Fischer, 2017, 2018), a GCMC study of the separation of xylene isomers in
AlPO-11 (Lucena et al., 2008), and an MD study of iodine diffusion in AlPO-11 (Hu et al., 2010).

Compared to AlPOs, SAPOs have been less frequently studied using FF-based simulations, presum-
ably because some assumptions on the positions of Si atoms and charge-balancing species must be
made. The ability to predict preferred local environments by means of FF-based energy minimisations
was exploited by Sastre et al. (1996), who used a Born model to compute the total energies of different
Si substitution patterns in SAPO-5. They found that substitutions resulting in the formation of Si–O–P
linkages are unfavourable, in accordance with experiment. As a consequence, the smallest stable sili-
con island consists of 5 Si atoms (1 replacing Al, 4 replacing P), and the second smallest of 8 Si atoms (2
replacing Al, 6 replacing P). The same energetic trends as for SAPO-5 were found in subsequent work
for SAPO-34 (Sastre et al., 1997). These works also investigated the most likely proton positions in the
vicinity of the silion islands. A fairly comprehensive investigation of the preferred proton locations in
the vicinity of a 5-atom silicon island in SAPO-34 was carried out by Zokaie et al. (2012a), who validated
their FF-based calculations against DFT calculations for selected models. The most stable configuration
obtained in that work, which was used in Article C1, is shown in Figure 5.4. The same group of au-
thors also compared the total energies of SAPO-34 models having different distributions of isolated Si
atoms, with Si–Si distances varying from about 4.5 to above 16 Å (Zokaie et al., 2012b). They observed
a tendency towards the formation of next-nearest neighbour pairs, i.e., a separation of two Si sites by a
single Al atom. It is, however, worth noting that these calculations did not include any OSDA, which
can be expected to affect the distribution of the silicon atoms in the framework during SAPO synthesis.

Figure 5.4: Left: Fragment of an ordered model of SAPO-34 with isolated Si atoms. The framework protons are
bonded to the O1 atoms, corresponding to one of the two experimentally observed positions (Smith
et al., 1996b). Centre: Fragment of a SAPO-34 model containing a 5-atom silicon island. Model based
on the work of Zokaie et al. (2012a). Right: Fragment of a partially desilicated SAPO-34 model con-
taining a silicic acid molecule in the pore. Model based on the work of Fjermestad et al. (2013).
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5.1.4.2 DFT calculations

In an early application of electronic structure calculations to AlPO zeotypes, Prasad et al. (1992) em-
ployed semiempirical calculations to predict the most favourable water adsorption sites in AlPO-11,
predicting a coordination to the Al3 sites. More recently, different authors used DFT-based approaches
to study the structure and bonding of water molecules in the pores of AlPO frameworks. For example,
Poulet et al. (2002, 2005) supplemented their XRD and NMR investigations of AlPO-34 and AlPO-18
with static and dynamic DFT calculations. In the first of these works, they observed that DFT structure
optimisations of fully hydrated AlPO-34 converged to different local minima with different positions
of the water molecules. A more realistic picture was obtained in DFT-based AIMD simulations, which
can account for the thermal motion of the H2O molecules at room temperature. Therefore, a combi-
nation of AIMD simulations and diffraction was suggested to obtain an accurate picture of the local
structure of hydrated AlPOs. For the fully hydrated phase with 12 H2O molecules per unit cell, Poulet
et al. (2002) obtained an interaction energy of −53 kJ mol−1 per molecule, in excellent correspondence
with more recently measured adsorption enthalpies (Ristić et al., 2012). For a model containing only 6
Al-coordinated H2O molecules per unit cell, a much less negative interaction energy of −30 kJ mol−1

per H2O was computed, indicating that such a "half-hydrated" phase does not correspond to a thermo-
dynamically stable scenario. In recent studies of the same system, DFT optimisations also showed that
the fully hydrated phase was the most stable form. As these calculations refer to 0 K, the experimental
observation of partially hydrated AlPO-34 forms at elevated temperatures does not disagree with this
finding (Varlec et al., 2016; Krajnc et al., 2017). For AlPO-18, the use of AIMD simulations was crucial
to obtain a realistic structure model of the hydrated form, although it was noted by the authors that
some discrepancies between calculated and experimental XRD pattern remained (Poulet et al., 2005).
Later work by Ashbrook et al. (2008) and Sneddon et al. (2014) on different as-synthesised and calcined
AlPOs showed the usefulness of DFT-D optimisations to arrive at structure models that deliver agree-
ment with experimental NMR chemical shifts and XRD data at the same time.
While the investigations mentioned in the preceding paragraph used the DFT calculations primarily
to complement experimental work, other authors have focussed on the understanding of the bonding
and dynamics of adsorbed water molecules. Notably, an early AIMD study by Fois et al. (2002) ad-
dressed the triple-helix of water molecules in the channels of VPI-5. Their simulations showed that the
water molecules forming the helix undergo significant oscillations at room temperature, with hydro-
gen bonds between them breaking and re-forming at the picosecond timescale. As a consequence, the
helical arrangement that is apparent in the average structure is not necessarily recognisable in the in-
stantaneous configurations. They emphasised the importance of the Al-coordinated water molecules at
the pore walls as a driving factor for the formation of the helical chains in the channels. Al-coordinated
and non-coordinated water molecules were found to differ significantly in terms of their isotropic dis-
placement parameters and their contribution to the IR spectrum, a difference that was attributed to the
higher mobility of the latter species. No diffusion of the non-coordinated H2O molecule was observed
on the timescale of the simulations. A different approach to studying Al-coordinated water molecules
in AlPOs was taken by Herrera-Perez et al. (2007): These authors carried out DFT optimisations for
partially hydrated models of AlPO-11 with water molecules coordinated to non-equivalent Al atoms.
Assuming a formation of Al[6o] atoms upon hydration, they predicted the Al1 site as the most stable
water adsorption site. In addition to noting the difference to the earlier semiempirical study of Prasad
et al. (1992) metioned above, it is worth pointing out that these authors did not take the experimentally
observed symmetry lowering of AlPO-11 upon hydration into account (Khouzami et al., 1990). Another
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DFT study of hydrated AlPO-5 and AlPO-11 did not consider the coordination of water molecules to
framework Al atoms, despite ample experimental evidence (Pillai and Jasra, 2010).

With regard to SAPOs, it has already been mentioned that the FF-based calculations in the work of
Zokaie et al. (2012a) and Zokaie et al. (2012b) on silicon islands and Si distribution in SAPO-34 were
validated against DFT calculations for a subset of models. In subsequent work, the same group studied
the formation of silicon islands in this system, arriving a complete DFT free energy profile for this com-
plex process (Fjermestad et al., 2015a). As early as 1998, DFT calculations were used to assess the Brøn-
sted acidity of different possible proton positions, again focussing on SAPO-34, which is particularly
amenable to DFT calculations due to the small size of the (primitive) unit cell (Jeanvoine et al., 1998a).
More recently, Suzuki et al. (2011) used DFT calculations in conjunction with temperature-programmed
desorption of ammonia (analysed in situ using IR and mass spectroscopy) to distinguish Brønsted acid
sites associated with isolated Si atoms and with Si islands in SAPO-34. A comparison across a set of
topologically distinct aluminosilicates and their SAPO analogues was reported by Katada et al. (2011).
In comparison to the rather large number of DFT studies of preferred Al sites in aluminosilicate zeolites
(Ghorbanpour et al., 2014; Jones and Iglesia, 2015; Knott et al., 2018), analogous works on SAPOs are
comparatively rare. A few relatively recent works have looked at the energetically preferred locations
of the Si atoms and associated protons in SAPO-11 (Sierraalta et al., 2018; Grenev et al., 2021), and in
four different SAPOs (SAPO-5, -11, -34, -41; Sierraalta et al. (2020)). The impact of the Si/proton loca-
tions on the acidity and on the interaction with guest molecules was also investigated in these studies.
The interaction of SAPOs with water had already been the topic of early applications of DFT-based
AIMD simulations (Termath et al., 1998; Jeanvoine et al., 1998b). In these works, which contributed to
the ongoing discussion on the occurrence of framework deprotonation of SAPO-34 upon hydration, it
was observed that the interaction with a single H2O molecule is not sufficient to remove the proton,
but that a cluster of two or three H2O molecules will be protonated when interacting with the frame-
work. A more recent AIMD study investigated the adsorption of water and methanol in SAPO-34 in
order to elucidate the degree of proton mobility and adsorption-induced deformations (De Wispelaere
et al., 2015). Here, it was found that at least six H2O molecules per acid site are required for a signif-
icant degree of framework deprotonation. The detailed analysis of the AIMD trajectories showed that
framework deprotonation is a highly dynamical process, with fast transitions between protonated and
deprotonated states of the framework. Subsequently, AIMD simulations were combined with in situ
microspectroscopy to investigate the influence of water on methanol-to-olefin transformation reactions
in SAPO-34 (De Wispelaere et al., 2016).
In the past decade, the stability of SAPOs in the presence of steam has received particular attention in
DFT-based investigations, as the steaming treatment used in catalyst regeneration may result in irre-
versible structural changes that can affect the catalyst performance. Specifically, Fjermestad et al. (2013)
and Fjermestad et al. (2015b) investigated the desilication pathway of SAPO-34, and compared it to
the dealumination of SSZ-13, employing DFT-based predictions of the reaction path using the nudged
elastic band method. The coordination of water molecules to an Al atom neighbouring the Si site was
found to lower the activation energy towards desilication, highlighting that interactions between H2O
molecules and framework Al atoms play a crucial role in determining the hydrothermal stability of
SAPOs. Moreover, these authors also reported an atomistic model of partially desilicated SAPO-34
containing a silicic acid (Si(OH)4) molecule in the pores, which was used in the context of Article C1
(Figure 5.4). Similar investigations on aluminosilicate zeolites showed that a coordination of water
to framework Al atoms also happens during the initial stages of zeolite dealumination (Silaghi et al.,
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2016; Stanciakova et al., 2019). Kalantzopoulos et al. (2020) employed DFT calculations in a combined
experimental-computational study of SAPO-37, which is much more susceptible to hydrolysis than
SAPO-34 (Buchholz et al., 2003). They observed a high affinity towards water in the smaller cavities
of the FAU-type structure (d6r and sod cages). The accumulation of water molecules in these cavities
enhances the mechanical strain, which, together with the formation of hydronium ions upon interaction
with the Brønsted acid sites, promotes the destruction of the framework.

5.2 Key questions addressed in this chapter

The articles compiled in this chapter addressed a variety of questions pertaining, in one way or another,
to the affinity of AlPOs and SAPOs towards water, and to the local structure of hydrated AlPOs/SAPOs.
Although the thematic links between the individual articles are not as strong as in the other two chap-
ters, it is still useful to summarise the key questions that motivated the individual investigations:

1. Because a complete experimental elucidation of the local structure of SAPOs is challenging, the
impact of local heterogeneities on the affinity towards water is difficult to assess. To study this
aspect using a DFT-based approach, SAPO-34 models with isolated Si atoms were compared to
a model with a 5-atom silicon island in Article C1, looking at the interaction strength at low
and high water loadings. In order to investigate the role of defects, defect-containing models of
SAPO-34 were included in the same article, and AlPO-34 was used as a reference system without
any local heterogeneities.

2. Even though water uptakes at saturation conditions have been reported for many AlPO-based
zeotypes, more detailed experimental investigations comparing the adsorption properties of ma-
terials with different topologies remain limited to a few systems. Moreover, structural defects
can play a particularly important role in the early stages of adsorption, rendering it difficult to
draw conclusions regarding the impact of framework topology on the affinity towards water on
the basis of experimental data alone. In Article C2, six AlPOs with different topologies and dif-
ferent pore sizes were studied, using a DFT-based approach that is essentially analogous to that
used in the preceding article. In addition, SAPO models of these six frameworks were also in-
cluded, comparing different possible positions of silicon for those frameworks that have more
than one distinct T site, and always assuming substitution at isolated sites. Both Article C1 and
C2 also assess changes in the local structure upon adsorption, especially the coordination of water
molecules to framework Al atoms (AlPOs and SAPOs) and hydration-induced framework depro-
tonation (SAPOs only).

3. On the basis of experimental investigations and prior computational studies of AlPO-34 and
AlPO-18, it was concluded that the main hydration of these AlPOs occurs in a single step, with-
out any intermediate partially hydrated forms that contain only Al-coordinated H2O molecules.
Given the narrow channels of AlPO4-H3 and the fact that 2/3 of the water molecules in the struc-
ture are coordinated to Al atoms (Figure 5.2), it could be a good candidate for a structure where
a partially hydrated form might be stable. This AlPO is at the centre of the study reported in
Article C3, in which DFT adsorption enthalpies were compared for fully and partially hydrated
forms. Moreover, a detailed analysis of the DFT-calculated vibrational spectra was used to identify
"fingerprint" modes stemming from H2O molecules in different environments, and the dynamic
behaviour of adsorbed molecules was studied with AIMD simulations.
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4. The computational studies of the potential stability of "non-Löwenstein" Al–O–Al linkages by
Fletcher et al. (2017) and the subsequent work by Heard et al. (2019), which looked at the role of
water, exclusively investigated computer-generated models of aluminosilicate zeolites, without
considering the fact that the SAPO ECR-40 is a synthesiseable zeotype that contains such link-
ages. Article C4 addresses the stability of the Al–O–Al linkages in this system in the presence of
water molecules, employing AIMD simulations for guest-free, partially hydrated, and fully hy-
drated models. Besides, the acidity and mobility of protons associated with Al–O–Al and Si–O–Al
linkages were also evaluated.

5. Due to the implausibility of some bond lengths and angles in the published crystal structure of
AlPO-11 (Richardson et al., 1988) and the experimental evidence for dynamic, local deviations
from the average structure (Liu and Withers, 2003), this system appeared as a particular suitable
subject for a case study that employs AIMD simulations to investigate the local, instantaneous
structure. The computational investigation of this zeotype reported in Article C5 has a somewhat
different emphasis than the other articles included in this chapter, as it primarily deals with the
calcined form. However, partially hydrated AlPO-11 models in which the [Al[6o]O4/2(H2O)2] oc-
tahedra are located at different T sites were also considered in the context of this study, attempting
to improve understanding of the factors that determine which Al atoms assume octahedral coor-
dination upon hydration.

5.3 Article C1: Water Adsorption in SAPO-34: Elucidating the Role of Local
Heterogeneities and Defects using Dispersion-Corrected DFT Calculations

5.3.1 Outline

As outlined above, SAPO-34 is the silicoaluminophosphate zeotype that has been most widely inves-
tigated for adsorption-based heat transformation applications. In this context, some authors pointed
out the dependence of the cycling stability on the choice of OSDA during SAPO-34 synthesis, which
was attributed to differences in the silicon distribution (Bauer et al., 2009; Henninger et al., 2010, 2011a).
Moreover, the propensity of SAPO-34 towards desilication in the presence of water at higher temper-
atures had also been established experimentally (Buchholz et al., 2002). The investigation reported in
this article aimed to assess to what extent variations in the local structure and structural defects in-
fluence the affinity towards water. For this purpose, DFT calculations on periodic SAPO-34 models
were performed with the CASTEP code (Clark et al., 2005), employing the PBE-TS functional (Perdew
et al., 1996; Tkatchenko and Scheffler, 2009). Several defect-free SAPO-34 models were constructed,
which contained isolated Si atoms, a 5-atom silicon island, or an aluminosilicate domain (central Al
atom surrounded by four Si atoms). In addition, two defect-containing models were included. In the
partially desilicated model, only one of the three Si atoms in the unit cell was removed from the frame-
work, and retained in the pore in the form of a silicic acid molecule (Figure 5.4). In the fully desilicated
model, all Si atoms were removed, creating "hydroxyl nests" in which three hydroxyl groups and one
H2O molecule complete the coordination environment of the surrounding Al atoms (Fjermestad et al.,
2013). The DFT calculations were carried out for both low and high water contents, corresponding to
1 and 30 H2O molecules per unit cell, respectively. Whereas only adsorption of the water molecule at
accessible protons was considered for the low-loading case, the calculations for high loadings in each
SAPO-34 model included five different snapshots from fixed-loading GCMC simulations to improve
the statistics. AlPO-34 was also included for the high-loading scenario as a both silicon-free and defect-
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free reference system. In addition to computing and comparing interaction energies, the bonding of the
water molecules to the framework, and – at high loadings – to each other was also analysed on the basis
of the DFT-optimised structures.

5.3.2 Summary of results

An optimisation of guest-free SAPO-34 models with isolated Si atoms and framework protons bonded
to different oxygen atoms delivered the H@O1 case, shown in Figure 5.4, as the most favourable sce-
nario. The H@O3 case, where the proton forms a hydrogen bond across the 6MR, was predicted to
be second-lowest in energy. An estimation of the Oframework–Hframework stretching frequencies on the
basis of the DFT-optimised bond distances for these two proton positions resulted in two distinct bands
separated by approximately 30 cm−1, in agreement with experiment (Zibrowius et al., 1992; Marchese
et al., 1993; Chen et al., 1994). On the other hand, analogous estimations for the SAPO-34_Si_island and
SAPO-34_SiAl_domain models did not provide an explanation for the additional band at 3615 cm−1

that had been attributed to silicon islands or aluminosilicate domains by Martins et al. (2007). With re-
gard to the interaction with water at low loadings, the position of the protons in SAPO-34 with isolated
Si atoms had only a minimal influence on the interaction energy, with all values falling between −90
and −93 kJ mol−1 per H2O molecule (in the following, DFT interaction energies are always given per
water molecule). In the view of the number of approximations made, these results agree very well with
the experimentally measured heat of adsorption at low coverages of about 85 kJ mol−1 (Jänchen and
Stach, 2014). For the SAPO-34_Si_island and SAPO-34_SiAl_domain models, a certain increase of the
affinity towards water was observed, although a rather strong dependence on the local environment
of the framework proton at which the H2O molecule is adsorbed was apparent for the aluminosilicate
domain model (Figure 5.5). These differences became insignificant at high water loadings, where the
average interaction energies amounted to about −70 kJ mol−1 for all defect-free SAPO-34 models, again
agreeing rather well with experimental heats of adsorption (62 to 65 kJ mol−1).

Figure 5.5: Left: DFT interaction energies computed for low water loadings (blue columns) and high water load-
ings (orange columns) for SAPO-34 models and AlPO-34. In models containing local heterogeneities
or defects, an adsorption at different protons was considered for the low-loading case. Only the most
negative value is shown. Right: Lowest-energy configuration of a single H2O molecule adsorbed at a
framework proton in SAPO-34_SiAl_domain. Hydrogen bond distances are given in Å. Figure modi-
fied after Article C1.
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The DFT calculations for low water loadings delivered a distinctly weaker interaction for defect-con-
taining as compared to defect-free models, regardless of the environment of the proton at which water
is adsorbed. This weakening of the interaction was more pronounced in the fully desilicated model in
comparison to the partially desilicated model. In contrast, the impact at high water loadings was barely
statistically significant, with a modest reduction by about 3 to 4 kJ mol−1 in the fully desilicated model.
An analysis of the DFT-optimised structures showed a partial deprotonation of the framework at high
water loadings for the defect-free SAPO-34 models. No deprotonation occurred at low water loadings,
and hydroxyl groups in defect-containing models also remained unaffected. A coordination of water
molecules to framework Al atoms was observed in models with isolated Si atoms, but not in those with
a silicon island or an aluminosilicate domain (C1, Figure 7). Although this finding had to be interpreted
with caution due to the limited number of snapshots considered in the calculation, it might reflect the
higher hydration stability of SAPO-34 samples containing silicon islands or aluminosilicate domains,
in agreement with experiment (Briend et al., 1995).

5.4 Article C2: Interaction of Water with (Silico)Aluminophosphate Zeotypes: A
Comparative Investigation Using Dispersion-Corrected DFT

5.4.1 Outline

Whereas the study reported in Article C1 looked exclusively at CHA-type structures, concentrating
on the role of local heterogeneities and defects, this investigation addressed the influence of framework
topology on the affinity of AlPOs and SAPOs towards water. For this purpose, six different frameworks
were studied, all of which have been reported in AlPO and/or SAPO form: On the one hand, the CHA
(AlPO/SAPO-34), ERI (AlPO/SAPO-17), and AFX (SAPO-56) topologies were considered. These three
frameworks belong to the ABC-6 family, possessing elongated cages whose vertical dimension increases
in the order CHA→ERI→AFX (C2 Figure 1). On the other hand, three frameworks having more or less
isometric cages of different size were included: GIS (AlPO-GIS/SAPO-43), AEI (AlPO/SAPO-18), and
RHO (SAPO-RHO). Of these frameworks, CHA, GIS, and RHO have only one type of T site, so only
different proton positions were considered in initial optimisations of the guest-free SAPO models. For
the other frameworks, two (ERI/AFX) or three (AEI) Si positions as well as all relevant proton sites
were compared. Calculations for water-loaded models considered different Si positions, but only the
energetically most favourable proton location for each framework model.
The computational approach to compute the interaction strength with water was largely analogous to
that of Article C1, using DFT optimisations for models containing low and high amounts of water. Low
amounts of one H2O molecule per cell were considered only for the SAPO models, where an initial
adsorption at the framework protons can be expected. In contrast, no such preferential adsorption sites
are evident for AlPOs. For high water loadings, the amount of H2O molecules per unit cell correspond-
ing to near-saturation conditions was determined from preliminary GCMC simulations. Five distinct
snapshots from fixed-loading MC simulations were then DFT-optimised for each AlPO and each SAPO,
and the results were analysed both in terms of interaction energies and equilibrium structures.

5.4.2 Summary of results

For the AlPOs, the saturation uptakes determined from the preliminary MC simulations amounted to
between 29 and 58 H2O per unit cell, corresponding to between 290 to 370 g(H2O) per kg(adsorbent).
The computed interaction energies were very similar for all six frameworks, falling in a range from
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−64 to −66 kJ mol−1 (Table 5.1). Experimental observations also indicate that heats of H2O adsorption
of different AlPOs tend to be similar, in the range of 55 kJ mol−1 (Ristić et al., 2012). The systematic
difference was explained with the neglect of vibrational contributions in the DFT calculations. For
SAPOs, a large variation in the interaction energy from about −75 to −100 kJ mol−1 was observed for
low water loadings (Table 5.1). An analysis of the optimised structures showed that the interaction is
particularly strong when the H2O molecule is adsorbed near the centre of an 8MR (C2, Figure 3). This
variation is lost at high water loadings, where the interaction energies obtained for all SAPO models fall
in a range from −69 to −73 kJ mol−1, without any evident correlation to the size of the cages. Altogether,
the results indicate that there is limited scope for a "tuning" of the affinity towards water through using
AlPO or SAPO adsorbents with different topologies. As a consequence, the reachable energy density
will be largely determined by the amount of water that can be adsorbed. For SAPOs, a slight effect of
the number of Si atoms and charge-balancing protons was observed, which appears plausible as a more
highly charged framework should afford a stronger interaction with adsorbed water molecules.

Table 5.1: DFT interaction energies obtained for water interacting with AlPOs (high loadings only) and SAPOs
(low and high loadings). SAPO labels include the Si positions (where relevant) and the oxygen sites to
which the framework protons are bonded. It is also indicated whether the protons points into a 6MR or
into an 8MR.

AlPOs Near saturation SAPOs 1 H2O per cell Near saturation

Eint / kJ mol−1 Eint / kJ mol−1 Eint / kJ mol−1

AlPO-34 −65.3 SAPO-34_O1 (8MR) −93.4 −72.6

AlPO-17 −64.0 SAPO-17_Si1_O3 (6MR) −74.2 −69.7

SAPO-17_Si2_O5 (6MR) −78.1 −72.0

AlPO-AFX −66.0 SAPO-56_Si1_O5 (6MR) −88.7 −69.9

SAPO-56_Si2_O4 (8MR) −97.1 −69.2

AlPO-GIS −65.2 SAPO-43_O12 (8MR) −101.5 −71.1

AlPO-18 −66.0 SAPO-18_Si1_O12 (8MR) −97.5 −73.0

SAPO-18_Si2_O11 (8MR) −98.5 −72.5

SAPO-18_Si3_O31 (6MR) −89.2 −73.3

AlPO-RHO −64.8 SAPO-RHO_Si11 (8MR) −89.4 −70.7

When looking at the structural changes upon interaction with large amounts of water, significant differ-
ences were observed between those AlPO/SAPOs containing d6r units (CHA, ERI, AFX, AEI) and the
remaining frameworks. In the d6r-containing frameworks, the unit cells contracted only slightly, and
five-coordinated Al atoms were found relatively rarely in the DFT-optimised structures. In contrast, sig-
nificant structural distortions, together with a more frequent formation of Al[5by] or even Al[6o] atoms,
occurred in GIS and RHO (C2, Figure 2). These observations were taken as an indicator for a reduced
hydration stability of these frameworks, although it was pointed out that further investigations would
be required to substantiate this hypothesis. Whereas framework deprotonation of SAPOs did not occur
upon interaction with a single H2O molecule, the formation of H3O+ ions in the pores was frequently
observed at near-saturation conditions.
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5.5 Article C3: First-Principles Study of AlPO4-H3, a Hydrated Aluminophosphate
Zeotype Containing Two Different Types of Adsorbed Water Molecules

5.5.1 Outline

Unlike the previous article, this study concentrated on a single aluminophosphate, namely the APC-
type AlPO4-H3. This AlPO constitutes a particularly suitable model system due to the availability
of a nearly complete crystal structure of the hydrated form, where only the hydrogen atoms of the
non-coordinated water molecules could not be localised (Figure 5.2; Pluth and Smith (1986)). In addi-
tion, thermogravimetric experiments showed that the dehydration occurs in a single step (Lagno and
Demopoulos, 2005), and an experimental Raman spectrum in the Owater–Hwater stretching frequency
range had been reported (Knops-Gerrits et al., 2000), providing further possibilities to validate the com-
putational predictions beyond a comparison to structure data.
While considering only a single AlPO, this investigation had a broader focus in terms of calculated
quantities: In addition to analysing the interaction energy and equilibrium structures of both fully hy-
drated AlPO4-H3 and partially hydrated forms, phonon calculations were carried out to predict the
vibrational spectra, with the aim of identifying "fingerprint" modes that are indicative for water mole-
cules in different bonding situations. The isotropic displacement parameters were also obtained from
these calculations, and compared to values computed from DFT-based AIMD simulations. These AIMD
simulations were also used to compare the dynamic behaviour of Al-coordinated and non-coordinated
H2O molecules. Whereas the structure optimisations and calculations of the vibrational properties em-
ployed the CASTEP code (Clark et al., 2005), again using the PBE-TS functional (Perdew et al., 1996;
Tkatchenko and Scheffler, 2009), the AIMD simulations used the CP2K code (Kühne et al., 2020) and
the PBE-D3 functional (Perdew et al., 1996; Grimme et al., 2010).

5.5.2 Summary of results

In the first place, the DFT-optimised structural parameters of AlPO4-H3 and AlPO4-C, its dehydrated
form, were compared to experimental data (Pluth and Smith, 1986; Keller et al., 1990). Altogether, rea-
sonable agreement was found for unit cell parameters and intra-framework bond distances, with only a
slight tendency to overestimate the T–O bond distances that is in accordance with the results of bench-
marking studies summarised in Chapter 3. Larger differences were observed for the Oframework· · ·H2O
and H2O· · ·H2O hydrogen bond distances in AlPO4-H3, especially for the non-coordinated water mole-
cules. The DFT-computed Raman spectrum in the frequency range from 2900 cm−1 to 3700 cm−1 showed
excellent qualitative agreement with the experimental spectrum reported by Knops-Gerrits et al. (2000).
However, scaling by a factor of about 1.04 was required to achieve quantitative agreement in the peak
positions. Use of a scaling factor of this magnitude is not uncommon for PBE-based calculations (Alecu
et al., 2010). An analysis of the atomic displacement patterns associated with the individual modes con-
firmed an inverse correlation between hydrogen bond length and stretching frequency: For H atoms
participating in short, strong hydrogen bonds, the Owater–Hwater bond is significantly elongated, result-
ing in a red-shift of the frequency (Figure 5.6). While the vibrational spectra can thus deliver informa-
tion on the hydrogen bonding environment of the water molecules, they do not permit a distinction
between Al-coordinated and non-coordinated H2O molecules, because both groups can participate in
short or long hydrogen bonds.
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Figure 5.6: Left: Dark blue line: DFT-calculated, scaled Raman spectrum of AlPO4-H3. Turquoise line: Experi-
mental spectrum reported by Knops-Gerrits et al. (2000). Symbols are used to distinguish peaks stem-
ming from water molecules in different hydrogen bonding situations. Right: Typical trajectory of the
oxygen atom of a non-coordinated ("pore") water molecule in AlPO4-H3 obtained from AIMD simu-
lations. Orange lines indicate H· · ·O distances from the Al-coordinated H2O molecules below 1.65 Å.
Figure modified after Article C3.

Since optimisations followed by vibrational calculations were carried out for fully hydrated AlPO4-H3
and for different partially hydrated models, adsorption enthalpies for T = 298 K could be derived in
addition to interaction energies. The adsorption enthalpy for AlPO4-H3 amounted to −67 kJ mol−1. The
corresponding values after removal of different types of water molecules were always less negative,
indicating that there are no stable partially hydrated phases (C3, Table 3). In particular, a phase con-
taining Al-coordinated water molecules is less stable than the fully hydrated phase, highlighting the
stabilising role of hydrogen bonds to non-coordinated water molecules. These results can be correlated
with experimental observations made by Lagno and Demopoulos (2005): First, the instability of par-
tially hydrated phases agrees with the observation of a single dehydration step in the thermogravimetry
curve. Second, the relatively strong interaction predicted in the DFT calculations agrees with the com-
paratively high dehydration temperature, which exceeds 100 ◦C.
An analysis of the vibrational spectra in the frequency range of framework vibrations (up to 1,200 cm−1)
was carried out in order to identify potential "fingerprint" modes that are primarily due to deformations
of the [Al[6o]O4/2(H2O)2] octahedra (C3, Figure 6). Isotropic displacement parameters were obtained
via two different computational routes, both from phonon calculations and from AIMD simulations for
298 K. While the AIMD simulations gave better quantitative agreement with experimental Uiso values
for the framework atoms, both approaches delivered satisfactory results. An analysis of the displace-
ments of the water molecules showed only modest oscillations about the equilibrium position for the
Al-coordinated H2O molecules. In contrast, much larger displacements were observed for the non-
coordinated H2O molecules, for which significant motions between the two nearest Al-coordinated
molecules occurred (Figure 5.6). The large mobility of these molecules was identified as the reason for
the deviation between the experimentally observed position, which corresponds to the time-averaged
location at room temperature, and the DFT-optimised equilibrium position.
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5.6 Article C4: Proton Acidity and Proton Mobility in ECR-40, a Silicoaluminophosphate
that Violates Löwenstein’s Rule

5.6.1 Outline

As visualised in Figure 5.3, the MEI-type SAPO ECR-40 is an unusual zeotype for two reasons: First,
it has a fully ordered distribution of the Si atoms. Second, it contains Al–O–Al linkages, violating
Löwenstein’s Rule (Loewenstein, 1954). Although the proton positions could not be determined from
diffraction experiments, 1H-NMR experiments showed two resonances that were approximately one
ppm apart, which were assigned to protons at Si–O–Al and Al–O–Al linkages (Afeworki et al., 2004).
It was assumed that the protons associated with the Al–O–Al linkages would exhibit a higher acidity,
resulting in enhanced catalytic activity. In contrast, a recent AIMD study of aluminosilicates with such
linkages pointed to a reduced acidity of protons at non-Löwenstein linkages (Heard et al., 2019). Other
interesting features of ECR-40 are the octahedral coordination of the Al atoms participating in the Al–
O–Al linkages in the fully hydrated form, and its instability towards recalcination (Lee et al., 2015).
In the view of these prior experimental findings, and the lack of any computational investigation of
ECR-40, it appeared warranted to study this zeotype using a combination of DFT calculations (which
used the CASTEP code and the PBE-TS functional, as in the previous articles) and DFT-based AIMD
simulations (which, like Article C3 and the studies presented in Chapter 4, employed the CP2K code
and the PBE-D3 functional). To start with, two ECR-40 models with different proton distributions were
compared in terms of total energies and agreement with experimental unit cell parameters and 1H-NMR
chemical shifts. The acidity of protons associated with different linkages was then evaluated through a
calculation of deprotonation energies, which were compared to interaction energies computed for dif-
ferent probe molecules (CO, H2O, NH3). Finally, the mobility of the framework protons in the presence
of small and large amounts of water was studied with AIMD simulations, which were also used to
investigate changes in the local environment upon hydration.

5.6.2 Summary of results

The comparison of proton distributions considered two models: In the ECR-40(2H[O6],2H[O10]) struc-
ture, 2 protons per unit cell are associated with Al–O–Al linkages (oxygen atom labelled O6 in the
crystal structure, Figure 5.7), and another 2 protons are located at Si–O–Al linkages (O10). Correspond-
ingly, the ECR-40(4H[O10]) model contains only protons associated with Si–O–Al linkages. According
to the DFT structure optimisations, the former of these models is favoured by about 32 kJ mol−1. More-
over, its unit cell parameter c is in better agreement with the experimental value than that of the second
model (the values of a are essentially identical). Calculations of the 1H-NMR chemical shifts delivered
two distinct resonances that differed by 1.0 ppm for the first model, in perfect agreement with experi-
ment. In contrast, only one resonance was predicted for the second model, where all protons have the
same environment. It was concluded that the Al–O–Al linkages in ECR-40 are fully protonated, and the
ECR-40(2H[O6],2H[O10]) model was used in all further calculations.
Calculations of the deprotonation energy of the protons at Al–O–Al and Si–O–Al linkages delivered a
higher deprotonation energy for the former group of protons, indicating a lower acidity (Figure 5.7).
Whereas the trends in CO adsorption enthalpies and red-shifts of the C–O stretching frequency cor-
roborated this finding, the opposite trends where found for H2O and NH3 adsorption enthalpies, con-
firming the previous notion that these probe molecules are not suited to measure acidity in zeolites
because different interactions, not just the interaction with the acid site, determine the overall adsorp-
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tion enthalpy (Boronat and Corma, 2019). The AIMD simulations showed that the framework protons
oscillate only about their equilibrium position in guest-free ECR-40, and that the adsorption of 1 H2O
molecule per acid site is not sufficient for the formation of stable H3O+ species in the pores (C4, Figure
6). At near-saturation conditions (38 H2O per unit cell), the Si–O–Al linkages were found to be fully
deprotonated, whereas only a partial deprotonation of the Al–O–Al linkages occurred, with about three
quarters of the protons at these linkages remaining attached to the framework, at least on the timescale
of the AIMD simulations (Figure 5.7). It was also observed that a coordination of water molecules to Al
atoms participating in the Al–O–Al linkages occurred, resulting in a trigonal-bipyramidal and, in one
instance, even octahedral coordination of these atoms, typically with one or several water molecule(s) in
a bridging position between the two Al atoms (C4, Figure 9). These profound structural changes were
interpreted as first steps towards an irreversible transformation towards a structure containing face-
sharing [Al[6o]O3/2(H2O)3] octahedra, which are present in the crystal structure of the hydrated form
(Lee et al., 2015). As the water molecules of these octahedra are stabilised through hydrogen bonds to
non-coordinated water molecules, it appears plausible to anticipate that the Al–O–Al linkages cannot
be restored upon dehydration, resulting in amorphisation.

Figure 5.7: Left: Visualisation of the distinct proton positions in ECR-40. The DFT deprotonation energies are
included as insets. Right: Schematic representation of various phenomena observed in AIMD simu-
lations of fully hydrated ECR-40: (1) Deprotonation of Si–O–Al linkage, formation of H3O+ ion in the
vicinity. (2) No deprotonation of Al–O–Al linkage. (3) and (4) Formation of five-coordinated Al atoms
upon water adsorption at Al–O–Al and Si–O–Al linkages. Figure modified after Article C4.

5.7 Article C5: Revisiting the Structure of Calcined and Hydrated AlPO-11 with
DFT-Based Molecular Dynamics Simulations

5.7.1 Outline

Like the two preceding articles, this investigation was also aimed at one particular zeotype, AEL-type
AlPO-11. In the calcined form of this AlPO, the presence of unrealistically short Al–O and P–O bond
lengths and near-linear Al–O–P angles as well as the observation of diffuse scattering indicate local,
instantaneous deviations from the reported Ima2 symmetry (Richardson et al., 1988; Liu and Withers,
2003). To study the local structure of guest-free AlPO-11 on the timescale of picoseconds, AIMD simu-
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lations in the NpT ensemble were carried out, again using the CP2K code and the PBE-D3 functional.
These calculations considered three different temperatures (T = 100, 300, 500 K) and ambient pressure.
With regard to the hydrated form, a structure refinement of the isostructural SAPO-11 reported rather
implausible positions of the water molecules (Khouzami et al., 1990), with no Al-coordinated H2O mole-
cules, disagreeing with subsequently reported NMR results that indicated a formation of octahedrally
coordinated Al atoms at 20% of the available sites (Peeters et al., 1993). A prior DFT study of hydrated
AlPO-11 did not take the experimentally observed amount of Al[6o] atoms into account (Herrera-Perez
et al., 2007). Taking the symmetry reduction to space group Pna21 observed by Khouzami et al. (1990)
as starting point, models of partially hydrated AlPO-11 with water molecules coordinated to different
non-equivalent Al atoms were optimised using DFT. In the following, AIMD simulations for a temper-
ature of 300 K were carried out to confirm the stability of Al-coordinated water molecules.

5.7.2 Summary of results

An initial optimisation of the structure of calcined AlPO-11 resulted in a massive overestimation of the
unit cell dimensions with respect to experimental values. As the PBE-D3 functional had been found
to give a rather accurate prediction of the unit cell parameters in previous work (especially Article
A4), it was concluded that this deviation was caused by an adjustment of the T–O bond lengths to
realistic values, while at the same time retaining some near-linear Al–O–P linkages. This systematic
error disappeared when computing the unit cell parameters as average values over the AIMD trajecto-
ries, where excellent agreement with experiment was observed for the 300 K results (C5, Figure 3). A
symmetry search on the AIMD average structures computed from the 100 K trajectories delivered two
monoclinic structures (space groups Pn11 and P112), indicating a likely transition to a lower-symmetry
phase upon cooling to cryogenic temperatures. A closer analysis of the structures showed a rotation of
some tetrahedra belonging to the afi cages (face symbol 65) with respect to the Ima2 phase that resulted
in a disappearance of the near-linear angles. The Pn11 and P112 structures were found to differ only in
the relative arrangement of neighbouring columns of stacked pairs of afi cages (C5, Figure 6), and their
total energies were very close. As a consequence, it could not be inferred whether either of these phases
corresponds to the "true" low-temperature phase of AlPO-11, or whether a phase with a disordered
arrangement of these columns might be more likely.
Symmetry searches on the average structures computed from 300 and 500 K trajectories delivered evi-
dence for instantaneous deviations from Ima2 symmetry, which were more pronounced at 300 K. How-
ever, there were no indications for the stability of a lower-symmetry phase over extended periods of
time. A comparison of the T–O bond distances and Al–O–P angles in the AIMD average structures to
the radial and angle distribution functions computed over the whole trajectories using the TRAVIS code
(Brehm et al., 2020) revealed systematic deviations (C5, Figure 2 and 7), showing that the instantaneous
structure of AlPO-11 at these temperatures differs distinctly from the time-averaged structure. Through
a close inspection of the trajectories of individual oxygen atoms, it was established that these atoms un-
dergo precession-like motions (Figure 5.8). As a consequence, their average positions on the picosecond
timescale lie closer to the respective Al–P connection lines than typical instantaneous positions, result-
ing in shortened "apparent" bond lengths and larger Al–O–P angles in the average structures. On the
basis of these observations, it was concluded that the occurrence of unrealistically short bond distances
and near-linear angles in the experimental crystal structure of calcined AlPO-11 is due to the peculiar
dynamic behaviour of some oxygen atoms. Because these movements are frozen in at 100 K, a reduction
in symmetry occurs upon cooling.
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Figure 5.8: Environment of one Al3 atom in the DFT-optimised structure of AlPO-11 (left panel) and in selected
AIMD average structures (other panels), with Al–O–P angles given below the structure figures. Al–
O–P angles from the experimental structure are given below the left panel (italicised). For the AIMD
average structures, the trajectories of the oxygen atoms over the course of 15 ps are shown as small,
dark red spheres. Figure modified after Article C5.

For the study of hydrated AlPO-11, three models having Pna21 symmetry were considered, in which
the water molecules were coordinated to 50% of the Al1 or Al2 atoms (labelled Al11/Al21 in the Pna21

phase) or to all Al3 atoms (C5, Figure 9). The formation of [Al[6o]O4/2(H2O)2] octahedra at the Al11
sites emerged as the energetically most favourable scenario. Moreover, the DFT-optimised unit cell
parameters of this model also agreed most closely with the experimental values reported by Khouzami
et al. (1990). AIMD simulations confirmed the stability of Al-coordinated water molecules at these sites.
Unlike for the calcined form of AlPO-11, there were no indications for systematic differences between
the time-averaged and instantaneous structures of hydrated AlPO-11 at 300 K, presumably because the
formation of octrahedrally coordinated Al atoms and of hydrogen bonds between water molecules and
framework oxygen atoms suppress the precession-like motion of oxygen atoms.

5.8 Conclusions

The articles included in this chapter dealt with a variety of questions related to the adsorption of wa-
ter in AlPOs and SAPOs. Whereas the first two articles compared different frameworks, the remaining
three looked at particular features of individual systems. The DFT results reported in Article C1 and Ar-
ticle C2 showed that the interaction energy at high water loadings, i.e., at near-saturation conditions, is
only slightly affected by the framework topology or – for SAPOs – by different silicon distributions. This
puts limitations on the possibility to "tune" the attainable energy density, which is important for thermal
energy storage applications, through a judicious choice of topology, or via preparation of SAPOs having
a particular Si distribution (e.g., favouring silicon islands). As the energy density also depends on the
total water uptake capacity, which is determined by the accessible pore volume, the accessible porosity
of the AlPO/SAPO emerges as a more important factor than the topology in this regard. However, it
has to be emphasised that the calculations for near-saturation conditions did not provide any informa-
tion on the pressure/temperature range in which the water adsorption isotherm/isobar would show
the strongest rise, thereby defining the optimal operation conditions. For AlPOs, a dependence on pore
size can be expected, with pore filling happening at lower relative pressures/lower temperatures for
systems with smaller pores. Although it can be expected that this effect can be studied on a qualitative
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level with GCMC simulations employing generic force fields, a quantitative treatment would require
the development of FF parameters that can capture the formation of Al–Owater bonds (or costly DFT-
based MC simulations). For SAPOs, the onset pressure/temperature of water adsorption will largely
depend on the strength of the interaction between adsorbed water molecules and framework protons,
which act as initial adsorption sites. Here, the calculations showed that the interaction energy varies
considerably, depending on the environment of the framework proton and on the presence of local het-
erogeneities or defects. Theoretically, the affinity of a SAPO towards water and, hence, the region of the
steepest rise of the adsorption isotherm/isobar could therefore be tuned through targeted introduction
of particular environments. It has to be conceded, however, that such manipulations, straightforwardly
introduced in computational modelling, are often difficult to achieve in actual SAPO syntheses.
The investigation of AlPO4-H3 in Article C3 corroborated that partially hydrated AlPOs are not ther-
modynamically stable intermediate phases, and that the water adsorption and desorption will there-
fore occur by filling/emptying the pores in one step. In particular, the calculations showed that Al-
coordinated H2O molecules are significantly stabilised through hydrogen bonds to non-coordinated
molecules in the pores/channels. Although these calculations considered only one AlPO framework,
the findings tie in well with earlier computational investigations and experimental findings, and it ap-
pears therefore highly unlikely that a partially hydrated phase containing only Al-coordinated water
molecules could be stabilised for any porous AlPO zeotype. The calculations for fully hydrated AlPO
and SAPO models carried out in various articles of this chapter showed that the coordination of wa-
ter molecules to framework Al atoms is a practically ubiquituous phenomenon. It is clear that the use
of DFT optimisations, which ignore the role of temperature and can only converge to the nearest lo-
cal minimum, could not give quantitative insights into the extent of the formation of Al[6o] or Al[5by]

atoms in actual hydrated phases at room temperature, although it was speculated in Article C2 that the
observation of pronounced structural changes in DFT-optimised fully hydrated models could indicate
a reduced hydration stability. While IR and Raman spectroscopy can be useful to distinguish differ-
ent types of framework protons, and to analyse the hydrogen bonding environment of adsorbed water
molecules, it remains unclear whether the "fingerprint" framework modes that were identified in the
computational study of AlPO4-H3 could be of any practical use to detect [Al[6o]O4/2(H2O)2] octahedra
using vibrational spectroscopy.
The DFT optimisations of fully hydrated SAPOs frequently resulted in Si–O–Al linkages that were de-
protonated upon interaction with water, in agreement with earlier findings. Even though these protons
may show a certain variation in their acidity, depending on the local environment, it can be expected
that such linkages will typically be fully deprotonated upon hydration. Deprotonation of the Si–O–Al
linkages was indeed observed in the AIMD study of ECR-40 (Article C4), with the protons exhibiting a
considerable mobility. In contrast, the Al–O–Al linkages remained largely protonated. As calculations
of the deprotonation energy also indicated a lower acidity of the protons associated with the latter type
of links, it is unlikely that these protons are responsible for the high catalytic activity of ECR-40 that
had been observed experimentally. It therefore appears at least debatable whether the introduction of
non-Löwenstein linkages could be a promising strategy to obtain SAPOs with enhanced catalytic activ-
ity. Moreover, the preferred coordination of H2O molecules to the Al atoms of these linkages pointed to
irreversible structural changes upon hydration, explaining the amorphisation of ECR-40 upon recalci-
nation. Previous computational work has shown that non-Löwenstein linkages are thermodynamically
unstable in the presence of water (Heard et al., 2019). Even if zeolite or zeotype materials having such
linkages can be synthesised, as is the case for ECR-40, their usefulness for real-world applications will
probably remain limited due to a lack of hydrothermal stability.
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The investigation on AlPO-11 reported in Article C5 stands apart from all other studies compiled in
this chapter, as the computational prediction of the preferred water adsorption sites was only a sec-
ondary objective. The main focus of this work was the local structure of the calcined form, paying
particular attention to the differences between the time-averaged and instantaneous structures. The
AIMD simulations permitted a comprehensive understanding of these differences, thereby also pro-
viding an explanation for some implausible features in the experimental crystal structure. It is worth
noting that AlPO-11 is by no means unique in this regard, as the crystal structures of many zeolites and
zeotypes contain linear or near-linear T–O–T angles and shortened T–O bond distances. To this end,
the investigation of AlPO-11, together with earlier work on AlPO-5 (Cortie et al., 2017) and all-silica
ferrierite (Trudu et al., 2019), can be seen as "proof of principle" studies highlighting the possibilities of
using DFT-based MD simulations to obtain detailed insights into the local, instantaneous structure of
zeolite-like frameworks.

5.9 Outlook

The investigations compiled in the present chapter could constitute a starting point for future work
going in various directions, both in terms of purely computational research and with regard to joint
experimental-computational studies:

• Some AlPOs that are of particular interest to thermal energy storage, such as AlPO4-LTA and
AlPO-78, were not included in the comparative DFT investigation. As it was observed that the
computed interaction energies do not show a significant dependence on the framework topology,
an extension of the same approach to these materials is likely to deliver limited new insights.
However, DFT-based AIMD simulations at different water loadings could give some insights
into the pore filling behaviour. Potentially, even DFT-based MC simulations (Fetisov et al., 2018),
which have recently been used to study the adsorption of water in zeolites (Bai et al., 2021), could
be used for this purpose, provided that sufficient computational resources are available.

• As such DFT-based MC simulations are not yet routinely applicable, at least for "screening" pur-
poses, the FF-based modelling of water adsorption properties under relevant conditions will, for
the foreseeable future, remain a key method in the computational identification of promising ad-
sorbents for thermal energy storage. For the case of AlPOs and AlPO-based zeotypes, the fre-
quent coordination of H2O molecules to framework Al atoms means that standard FFs that do
not take such changes in the coordination environment into account cannot provide an accurate
description of the adsorption process. The development of reactive FFs, possibly on the basis of
DFT/AIMD results, and of MC algorithms that allow the formation and breaking of Al–Owater

bonds during the simulation would be crucial steps in this direction.

• On a more fundamental level, the calculations provided some insights into the preferred Si loca-
tions in SAPOs. In a few instances, these results could be compared to prior observations from
NMR experiments: For example, the fact that the T1 and T2 sites are very close in energy for
SAPO-17 agrees with the experimental observation of an occupation of both sites (however, with
a certain preference for T2) in an NMR study (Zibrowius and Lohse, 1992). Such calculations
could be straightforwardly extended to other SAPOs. They could also consider more complex
environments such as larger Si islands in order to obtain realistic structure models that could then
be used in subsequent DFT studies, e.g., to understand adsorption or catalytic properties. It is,
however, worth noting that the presence of the OSDA is likely to affect the preferred Si locations

97



(as observed for Ge locations in the previous chapter). They should therefore be included in the
calculations. Another aspect that is relevant for applications, but more difficult to treat compu-
tationally is the possibility of a redistribution of the Si atoms upon post-synthesis treatments like
steaming (Minova et al., 2021).

• While the works compiled in this chapter did not focus on the DFT-based prediction of NMR
chemical shifts, it is clear that the combination of DFT and NMR constitutes a key tool to gather
information about the local environments. With increasing possibilities to treat larger systems,
more and more complex local environments can be addressed in such studies, e.g., by going be-
yond perfect crystal structures to investigate the contribution of structural defects to the NMR
spectra.

• Besides AlPOs, only protonated SAPOs were considered as charged-framework zeotypes. Both
the incorporation of metal cations in SAPOs through cation exchange and the synthesis of AlPO-
based zeotypes containing metal cations on some T sites (MeAPOs) could constitute promising
strategies to "tune" the affinity towards water. DFT calculations could be a convenient method to
predict how cation exchange or incorporation of metal cations into the framework would affect
the interaction strength, permitting to identify particularly interesting systems which could then
be synthesised and characterised experimentally.

• Although the study of the vibrational spectra of AlPO4-H3 delivered some framework modes that
could serve as "fingerprints" for the presence of five- or six-coordinated Al atoms, it remains to be
seen to what extent these modes are transferable among different AlPO structures, and whether
they can be distinguished from other modes in spectroscopic experiments. Future combined
experimental-computational work would be needed to look into this. Since NMR spectroscopy
is already a well-established method permitting the distinction of different Al coordination envi-
ronments, which can also be applied for non-crystalline materials, there may be limited scope for
such research.

• The investigation of ECR-40, together with other AIMD studies of hydrated aluminosilicates con-
taining non-Löwenstein linkages, corroborated the instability of Al–O–Al linkages in the pres-
ence of water. For this reason, future computational studies of hypothetical systems appear to
be of limited usefulness, unless they specifically address the conditions under which such links
could be stabilised (Fant et al., 2021). For the specific case of hydrated ECR-40, it could be in-
teresting to run longer AIMD simulations to test whether an equilibrium state in which face-
sharing [Al[6o]O3/2(H2O)3] octahedra have formed at all Al–O–Al linkages could be reached on
the timescale that is accessible with such simulations. Starting from this form, partially dehy-
drated models could be generated by removing non-coordinated molecules. Further AIMD sim-
ulations on these models could potentially give insights into the structural changes that happen
upon recalcination of the dehydrated form.

• The AIMD approach employed for AlPO-11 in Article C5 could straightforwardly be extended to
other zeolites or zeotypes with linear or near-linear T–O–T linkages. On the one hand, the com-
putations can provide insights into the local, instantaneous structure, which could be validated
experimentally through an analysis of the pair distribution function obtained from diffraction ex-
periments, which gives access to the instantaneous interatomic distances (White et al., 2010). On
the other hand, the calculations for AlPO-11 resulted in the prediction of lower-symmetry phases.
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The existence of such phases could be probed experimentally by means of in situ diffraction ex-
periments at low temperatures. As discussed for AlPO-11, the calculations alone do not allow
for conclusions whether one of the computationally predicted, ordered phases is stable at low
temperature, or whether a disordered phase having the same local structural features occurs. To
investigate this, a combined analysis of diffraction data that takes both Bragg scattering and dif-
fuse scattering into account would be warranted (Campbell et al., 2004). As the lack of sufficiently
sized single crystals will, in many cases, put limitations on the applicability of X-ray/synchrotron
diffraction experiments, electron diffraction investigations should be particularly promising.

• Finally, the presence of five- or six-coordinated Al atoms plays a big role during topotactic trans-
formations of AlPOs, as demonstrated for the transformation from PST-5, a zeotype with a 2D
pore system, to PSI-type PST-6, which has 1D channels (Huang et al., 2020): Due to the longer
Al–O bonds around these sites, they correspond to "built-in weaknesses" in the structure which
change their bonding pattern upon calcination, resulting in the breaking and re-formation of T–O
bonds that is associated with the structural transformation. In this field, computational studies
cannot only help to rationalise the experimentally observed behaviour, as shown in the work of
Huang et al. (2020), but they could also be used to predict which AlPO structures might be sus-
ceptible to topotactic transformations.
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CHAPTER 6

FINAL REMARKS

Each of the preceding chapters ended with a Conclusions section summarising the key findings of the
respective studies, and with an Outlook section that compiled ideas for future work, including both
purely computational investigations and possibilities to combine the calculations with experimental
studies. It is not the aim of this chapter to reprise the content of these sections, although some repeti-
tions are inevitable. The idea is rather to highlight the most significant contributions that the present
work has made to the field of computational studies of zeolites and zeotypes. Given the multitude of
scientific questions that are being addressed in this area, and the vast number of researchers working
on them, the contribution of an individual may appear minuscule. This impression could be amplified
by the fact that some of the topics that were addressed here, such as the dynamics of fluoride anions in
all-silica zeolites or the hydration of a SAPO with Al–O–Al linkages, are fairly "exotic" in comparison
to more widely studied aspects, such as catalytic properties or carbon dioxide capture. It is therefore
gratifying to see that the articles compiled in this thesis have received considerable attention within
the scientific community, being rather well cited and forming the basis for follow-up investigations by
other researchers. To mention just one example, a recent benchmarking study on zeolites by Trachta
et al. (2022) was heavily influenced by the studies reported in Articles A2, A3, and A4.

Altogether, the results have shown that structural properties of neutral-framework zeotypes can be
computed fairly reliably using dispersion-corrected DFT methods, even at the GGA level, provided that
a suitable combination of XC functional and dispersion correction is chosen. This result, established in
benchmarking studies on guest-free all-silica zeolites and AlPOs (A2, A3, A4) appears to be transferable
to as-synthesised systems, as shown in studies addressing all-silica zeolites containing OSDA molecules
in the pores and charge-balancing fluoride anions (B3, B4). Even the energetically preferred fluoride
locations in a given cage, which depend rather intricately on the local environment, were (mostly) suc-
cessfully reproduced in calculations employing the PBE-D3 functional, a fairly inexpensive dispersion-
corrected DFT approach that can also be applied in AIMD simulations (as shown throughout Chapter
4) or when studying zeolite structures with large unit cells. Even though there remains space for im-
provement in various ways, e.g., with regard to the description of the interaction between T atoms at
opposite ends of a T–O–T linkage, the body of results showed that dispersion-corrected DFT methods
can, in most instances, deliver a fairly accurate representation of the equilibrium structure of guest-free
and OSDA-containing neutral-framework zeolites and zeotypes. As observed for the case of AlPO-11
in Article C5, large deviations between DFT-optimised structures and experimental data may not nec-
essarily be due to failures of the dispersion-corrected DFT approach. If there are local, instantaneous
deviations from the time-averaged structure, use of a standard structure optimisation procedure that
does not account for the dynamic behaviour of the system is bound to fail, even in the absence of any in-
herent errors of the electronic structure method. Similarly, as shown in the study on fluoride-containing
AST-type systems (B2), it can be necessary to perturb the initial symmetry to avoid a trapping in local
minima. These findings highlight that there are cases where an accurate description of the (seemingly
"static") equilibrium structure cannot be achieved without the inclusion of dynamic effects.
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Although the pressure-dependent behaviour of zeolites and zeotypes was not a major focus of this
work, the results obtained in Article A4 and A5 point to a considerably larger sensitivity of the results
to the choice of the dispersion-corrected DFT approach than for ambient-pressure equilibrium struc-
tures. It hence appears that an accurate reproduction of the pressure response is more challenging to
achieve, and that further validation efforts should be undertaken in order to identify a suitable DFT
approach for this purpose.

Going beyond crystal structures, a number of other DFT-derived quantities were analysed in various
contexts. Relative energies of all-silica zeolites obtained with several dispersion-corrected DFT ap-
proaches were found to be in near-quantitative agreement with experimental enthalpies of transition
(A3, A4). The comparison of different germanium distributions in silicogermanates also relied heavily
on the relative energies (B1, B5). As a direct validation against experimental enthalpy data was not pos-
sible in these cases, only indirect connections to other experimental observations (especially 19F-NMR
chemical shifts) could be drawn to confirm the soundness of the DFT results. A point of crucial im-
portance with regard to follow-up studies is the impact of OSDA cations and fluoride anions on the
energetic ordering of different Ge distributions, which was firmly established. It can be anticipated that
this issue is not unique to fluoride-containing silicogermanates, but that it can be stated more gener-
ally that extra-framework species will influence the preferred locations of heteroatoms in zeolites and
zeotypes. Besides relative energies, adsorption energies were also computed in several of the studies of
water adsorption in AlPOs and SAPOs (Chapter 5). In the view of the known sensitivity of adsorption
energies to the DFT setup and the poor performance of typical dispersion-corrected DFT approaches for
many zeolite guest-combinations (Chapter 1), the good agreement between PBE-TS interaction energies
and experimental adsorption enthalpies is rather surprising, and it is likely that a degree of error can-
cellation came into play here. Nevertheless, it appears reasonable to expect that results for individual
systems should be affected in a similar way, giving some confidence in the qualitative trends that were
identified on the basis of the calculations. Although there were some instances where vibrational or
NMR spectra were computed in this work, it was not attempted to validate different DFT approaches.
However, it was at least ensured that DFT-based predictions were in reasonable agreement with ex-
periment. In the specific case of ITQ-13 silicogermanates, the calculation of 19F-NMR chemical shifts
could show that previously undetected building units which were predicted to be stable by the DFT
calculations are challenging to identify experimentally.

Although the application of DFT-based AIMD simulations to zeolites and related materials is far from
new, recent developments in terms of algorithms and hardware have been pivotal to render such sim-
ulations feasible for zeolite unit cells of "typical" size, on the order of 100 to 1,000 atoms. Whereas a
number of AIMD studies have addressed adsorption phenomena and catalytic reactions, the dynamic
behaviour of as-synthesised zeolites had been explored to a much lesser extent. Prior to the publication
of Article B1, there had been no AIMD studies investigating the dynamic behaviour of fluoride anions
encapsulated in small cages of all-silica zeolites or other neutral-framework zeotypes. It is, however,
worth noting that a parallel investigation of Silicalite-1 with a somewhat different emphasis (focussing
on hydrogen bonding patterns, rather than fluoride dynamics) was published a few months before
Article B3, underlining the timeliness of this direction of research (Mineva et al., 2020). The first im-
pressive result of these calculations is the surprisingly good reproduction of the dynamic disorder of
fluoride anions in different zeolites containing [Si[5by]O4/2F]− units, despite the limitation to simulation
runs covering only a few picoseconds. Beyond the reproduction of experimental observations, the cal-
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culations also allowed a more comprehensive understanding of the influence of local environment and
OSDA on the dynamic behaviour. These insights are particularly valuable as the required temporal and
spatial resolution limits the ability of experimental techniques to probe such effects. The same is true for
fluoride anions encapsulated in d4r cages, where the amount of information that can be inferred from
diffraction or NMR experiments is limited. While it was established that the local environment plays
the most important role in determining the equilibrium position of the fluoride anions and their dy-
namic behaviour, the simulations also showed a non-negligible influence of longer-range interactions
with the OSDA molecules. Even though it might be far-fetched to expect that an OSDA-induced order-
ing of the fluoride displacements, observed in the AIMD simulation results, could be realised in any
actual zeolite/zeotype sample, this example shows how the interplay of various interactions in these
complex systems can trigger unexpected phenomena. For many systems, an MD-based approach is of
key importance to arrive at a realistic description of the instantaneous structure. This became apparent
not only in the studies of fluoride-containing zeolites, but also in the work investigating AlPO-11 (C5),
where it could be shown that near-linear Al–O–P angles observed in the time-averaged structure are
actually an artefact of the dynamic motion of oxygen atoms.
Rather than targeting specific application-related quantities, the AIMD investigations carried out in the
context of the present work were largely aimed at a fundamental understanding of the dynamic be-
haviour. Although similar calculations could, in the future, aid the computational design of OSDAs for
a targeted synthesis of particular zeolites, this possibility was not explored. Arguably the most "prac-
tical" application of AIMD simulations in the present work was the investigation of hydrated ECR-40
(C4), where the simulations could elucidate the difference in acidity among framework protons in dif-
ferent environments as well as the hydration-induced structural changes that are responsible for the
instability towards recalcination. Comparable investigations could be envisaged in the context of a
modelling-guided identification of zeolites/zeotypes having suitable acidity and sufficient stability for
specific catalytic reactions.

Altogether, this work expanded the range of research questions in zeolite science that have been treated
with electronic structure methods, especially with regard to the AIMD studies of fluoride-containing
zeolites and zeotypes. The fact that such complex structures could be investigated with dispersion-
corrected DFT calculations reflects the ever-increasing ability to treat larger systems (or longer time-
scales) with reasonably accurate electronic structure methods through the use of state-of-the-art codes
and computing architectures. As these developments will continue, it can be anticipated that more and
more complex systems and phenomena can be investigated at comparable levels of theory in the future.
Potential topics of study include, but are not limited to, electronic structure investigations of hierarchi-
cal zeolites or of interfaces between zeolites and other materials (larger system sizes), AIMD-based
studies of diffusion phenomena (longer timescales), or of zeolite stability under realistic geologic con-
ditions (increased overall system complexity). Since parallel developments in terms of novel synthesis
routes and advanced characterisation methods will without doubt lead to new and exciting research
questions, it is not a bold prediction to state that computational zeolite science will continue to thrive.
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S. Mal, A. Ristić, A. Golobič, and N. Zabukovec Logar. Tailoring Water Adsorption Capacity of APO-Tric. Crystals,
11:773, 2021. DOI: 10.3390/cryst11070773.

P. P. Man, M. Briend, M. J. Peltre, A. Lamy, P. Beaunier, and D. Barthomeuf. A topological model for the silicon
incorporation in SAPO-37 molecular sieves: Correlations with acidity and catalysis. Zeolites, 11:563–572, 1991.
DOI: 10.1016/S0144-2449(05)80006-5.

L. Marchese, J. Chen, P. A. Wright, and J. M. Thomas. Formation of hydronium at the Broensted site in SAPO-34
catalysts. J. Phys. Chem., 97:8109–8112, 1993. DOI: 10.1021/j100133a001.

L. Marchese, A. Frache, E. Gianotti, G. Martra, M. Causà, and S. Coluccia. ALPO-34 and SAPO-34 synthesized by
using morpholine as templating agent. FTIR and FT-Raman studies of the host–guest and guest–guest
interactions within the zeolitic framework. Microporous Mesoporous Mater., 30:145–153, 1999.
DOI: 10.1016/S1387-1811(99)00023-2.

N. Mardirossian and M. Head-Gordon. Thirty years of density functional theory in computational chemistry: An
overview and extensive assessment of 200 density functionals. Mol. Phys., 115:2315–2372, 2017.
DOI: 10.1080/00268976.2017.1333644.

G. A. V. Martins, G. Berlier, S. Coluccia, H. O. Pastore, G. B. Superti, G. Gatti, and L. Marchese. Revisiting the
nature of the acidity in chabazite-related silicoaluminophosphates: Combined FTIR and 29Si MAS NMR study.
J. Phys. Chem. C, 111:330–339, 2007. DOI: 10.1021/jp063921q.

A. F. Masters and T. Maschmeyer. Zeolites - From curiosity to cornerstone. Microporous Mesoporous Mater., 142:
423–438, 2011. DOI: 10.1016/j.micromeso.2010.12.026.

Y. Mathieu, J. L. Paillaud, P. Caullet, and N. Bats. Synthesis and characterization of IM-10: A new microporous
silicogermanate with a novel topology. Microporous Mesoporous Mater., 75:13–22, 2004.
DOI: 10.1016/j.micromeso.2004.06.023.

S. L. Mayo, B. D. Olafson, and W. A. Goddard. DREIDING: a generic force field for molecular simulations. J. Phys.
Chem., 94:8897–8909, 1990. DOI: 10.1021/j100389a010.

L. McCusker, C. Baerlocher, E. Jahn, and M. Bülow. The triple helix inside the large-pore aluminophosphate
molecular sieve VPI-5. Zeolites, 11:308–313, 1991. DOI: 10.1016/0144-2449(91)80292-8.

121



A. Meden, R. W. Grosse-Kunstleve, C. Baerlocher, and L. B. McCusker. Rietveld refinement of the as synthesized
and partially calcined forms of the molecular sieve GaPO4-ZON. Z. Kristallogr. - Cryst. Mater., 212:801–807,
1997. DOI: 10.1524/zkri.1997.212.11.801.

R. H. Meinhold and N. J. Tapp. An NMR study of the reaction of water with AlPO4-5. J. Chem. Soc. Chem.
Commun., pages 219–220, 1990. DOI: 10.1039/C39900000219.

F. Meunier. Adsorption heat powered heat pumps. Appl. Therm. Eng., 61:830–836, 2013.
DOI: 10.1016/j.applthermaleng.2013.04.050.
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