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Abstract:

The dissolution property of stone wool fibres
is essential for product stability and health
safety. The stone wool material is amorphous
with a large network of network formers
(NF) and network modifiers placed within
the network. The primary constituents of
stone wool are SiO2, Al2O3 and CaO, and
calcium aluminosilicate is thus used as a
model system to reduce the complexity. The
amorphous network breaks by a hydrolysis
reaction creating two hydroxyl groups in place
of the bridging oxygen. The underlying
mechanism responsible for this property is not
entirely understood.
Therefore, the computational methods of
Molecular Dynamics (MD) and Density Func-
tional Theory (DFT) are employed to en-
lighten this reaction. Using the novel wet-GS
force field in MD, stationary H2O molecules
are found which are stabilised by hydrogen
bonding. These are used for reaction path-
way analysis of the hydrolysis reaction of NFs
in DFT using a small sphere of aluminosilicate
glass to determine activation energies (Ea) for
the hydrolysis of NF bonds. The Al-Al link-
age is most likely to break with an Ea of 47
to 85 kJ/mol, while Si-Si and Si-Al are equally
likely to break with Eas in the 85 to 165 kJ/mol
range. No significant difference in Ea for Qn
groups is observed. Including a second H2O
in the reaction pathway analysis did not re-
duce the Eas because the reaction mechanism
remained the same.
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Danish Summary

Opløseligheden af stenuldsfibre er vigtig en parameter for stenuldsprodukters stabilitet
og sundhedsfare. Stenuld er et amorft materiale med et stort, sammenhængende netværk
af network formers (NFs) og network modifiers (NMs), der er placeret i netværket.
De primære bestanddele i stenuldglas er SiO2, Al2O3 og CaO, og derfor vil calcium
aluminosilicate (CAS) glas blive benyttet som et modelsystem for stenuldglas, som udover
de primære bestanddele består af en række andre NMs. Stenuldets netværk kan blive
brudt af hydrolysereaktioner ved, at et vandmolekyle bryder en netværksbinding og
skaber to hydroxylgrupper. De grundlæggende mekanismer for denne reaktion er ikke
helt forstået.

Derfor vil kemiske simulerings- og beregningsmetoder, Molecular Dynamics (MD) og
Density Functional Theory (DFT), blive brugt til at undersøge denne reaktion. Ved hjælp
af det nyudviklede wet-GS kraftfelt i MD, bliver stationære vandmolekyler fundet, og de
bliver stabiliseret af intermolekylære hydrogen bindinger til hydroxylgrupper på overfladen
af CAS glasset. De stationære vandmolekyler bliver implicit brugt i DFT udregninger til
at placere vandmolekyler, således at de hydrogenbinder til tilsvarende hydroxylgrupper i
et mindre aluminosilicate glas system. Her bliver aktiveringsenergien af tre bindingstyper
undersøgt: Si-Si, Si-Al og Al-Al (alle med et oxygen atom imellem). Disse er inddelt
afhængigt af, hvor mange netværksbindinger hver NF har (Q3, Q2 eller Q1).

Det bliver konkluderet, at Al-Al bindingen har den laveste aktiveringsenergi mellem
47 og 85 kJ/mol og er derfor mest tilbøjelig til at blive hydrolyseret. Si-Si og Si-Al
har tilsvarende tilbøjelighed til at blive hydrolyseret med en aktiveringsenergi mellem
85 kJ/mol og 165 kJ/mol. Der bliver ikke observeret nogen signifikant forskel mellem
Qn grupper inden for hver bindingstype. Indflydelsen af et ekstra vandmolekyle er også
undersøgt, hvor der ikke bliver observeret nogen signifikant påvirkning af dataene. Dette
bliver tilskrevet, at reaktionsmekanismen forbliver den samme ved inklusionen af ekstra
vandmolekyle.
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List of abbreviations

Abbreviations used throughout this project are listed here in alphabetical order.

Abbreviation Description

BO − bridging oxygen
CAS − calcium aluminosilicate
COSMO − Conductor-like Solvation Model
DFT − Density Functional Theory
GGA − generalised gradient approximation
GS − Guillot-Sator (potential)
hyper-GGA − hyper-generalised gradient approximation
LAMMPS − Large-scale Atomic/Molecular Massively Parallel Simulator
LDA − local density approximation
MARI-J − multiple accelerated resolution of identity
MD − Molecular Dynamics
meta-GGA − meta-generalised gradient approximation
N − number of atoms
NBO − non-bridging oxygen
NCI − National Computing Infrastructure
NF − network former
NPT − isothermal-isobaric ensemble
NVT − canonical ensemble
PMF − potential of mean force
Qn − n number of network forming bonds for network former
RDF − radial distribution function
RI − resolution of identity
SAS − solvent accessible surface
SCF − self-consistent field
SES − solvent excluded surface
SHIK − Sundarararaman, Huang, Ispas, Kob (potential)
Tf − fictive temperature
Tm − melting temperature
TOF-SIMS − time-of-flight secondary ion mass-spectroscopy
TZVP − triple-zeta valence polarization
WOODI − Wool dissolution project
wet-GS − extension of the Guillot-Sator potential with H2O parameters
XPS − X-ray Photoelectron spectroscopy
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Introduction 1
Stone wool glass fibre is widely used as thermal insulation in the construction industry to
reduce the energy needed to regulate the temperature of buildings due to its low thermal
conductivity. [Yue and Solvang, 2021] Stone wool glass fibre also has excellent flame
retardant properties because of the high-temperature stability of the fibres, which also
contributes to its wide use. [Moesgaard et al., 2007; Smedskjær et al., 2010] Production
of the insulating material involves melting basalt and diabase stone material which is
hyperquenched, spun into a fibrous material and sprayed with a binder to give the material
sufficient mechanical and hydrophobic properties. Other crude materials, such as waste
products from other industries, can also be used in the production. [Guldberg et al., 2000;
Yue and Solvang, 2021] Stone wool glass fibre is thus an amorphous material primarily
consisting of SiO2, Al2O3 and CaO with lesser amounts of MgO, Fe2O3, TiO2, Na2O and
K2O. The amorphous state of the stone wool glass means that it is comprised of an
extensive network of so-called network formers (NFs), such as Si and Al, with O atoms in
between. The other constituents of the glass are called network modifiers (NMs), and they
are present in vacancies in the glass where they charge balance the network. [Guldberg
et al., 2000; Wohlleben et al., 2017]

In 2002, the International Agency for Research on Cancer declassified stone wool as
carcinogenic after being classified as such in 1988 by the same organisation. The suspicion
of carcinogenicity emerged due to similarities in the structure of stone wool fibres and the
highly carcinogenic asbestos fibres, in addition to data suggesting a relationship between
exposure to stone wool fibres and lung cancer. [IARC, 2002] The declassification occurred
due to the development of more soluble stone wool compositions and extensive research in
the insulation industry demonstrating the material’s biosolubility (ability to get dissolved
in biological systems) after inhalation. [Guldberg et al., 2000; IARC, 2002] However,
the beneficial biosolubility also has drawbacks in that exposure to humidity can affect the
durability of the stone wool by reaction of ambient moisture with stone wool fibres. [Vrána,
2007; Ivanič et al., 2020] The material must be balanced between being readily biosoluble
and sufficiently stable in humid conditions to avoid performance loss after installation.
The dissolution rate is, therefore, an essential parameter for insulating materials, but the
underlying mechanism responsible for the dissolution of the amorphous materials has not
yet been uncovered. The dissolution of stone wool glass has been studied experimentally
where several responsible processes are suggested [Petit et al., 1990; Campopiano et al.,
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Anders M. Schade 1. Introduction

2014; Wohlleben et al., 2017; Barly et al., 2019; Okhrimenko et al., 2020; 2022; Guldberg
et al., 2000]. Among the proposed reaction mechanisms are hydrolysis of the NFs and
ion exchange of the NMs, which leads to relative enrichment of the NF content in the
surface layer [Petit et al., 1990; Barly et al., 2019; Okhrimenko et al., 2022]. It is observed
that increasing Al2O3 content also increases the dissolution rate of the stone wool glass
[Guldberg et al., 2000]. pH is found to greatly influence the dissolution rate and reaction
mechanism [Okhrimenko et al., 2020]. Therefore all of the experimental studies need to
take pH into account. Okhrimenko et al. [2022] partly investigated surface hydroxyls on
the fibres and ascribed them great influence on the reactivity of the stone wool glass in
aqueous solutions.

To further shed light on the mechanism responsible for dissolving the stone wool
glass, computational methods will be utilised to investigate the hydrolysis of the NFs.
The advantage of a computational approach is that the underlying reaction mechanisms
responsible for what is experimentally observed can be explored on an atomic level.
Energies associated with breaking and forming bonds in the system can be quantified
and compared to evaluate how the reactions occur.
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Problem statement 2
The present study will investigate the dissolution mechanism of NFs in amorphous
calcium aluminosilicate (CAS) glass as a model system for stone wool glass. To limit the
complexity of the stone wool glass system, many of the NMs are excluded while keeping
the primary constituents of the material. The simplification of the system is considered
a valid starting point for investigating the stone wool glass [Turchi et al., 2021].

The dissolution of the CAS glass network will be investigated using Molecular
Dynamics (MD) simulations and Density Functional Theory (DFT) calculations. The MD
simulations can be used to simulate relatively large systems (multiple thousand atoms),
which is sufficient to simulate the interface between the CAS glass and water. From
these simulations, the structural features of this interface can be extracted. The novel
wet-GS potential developed in the WOODI project will be used to simulate the CAS to
water interface. On the other hand, DFT cannot be used on large systems without great
computational expense, as these calculations are based on the electronic configuration of
the atoms. Instead, DFT can be utilised to accurately investigate the reaction mechanism
in a smaller system. Using the structural features identified via MD simulations, DFT will
be used to calculate the activation energies associated with breaking the network forming
bonds by hydrolysis reactions. The study will therefore aim to answer the following
problem statement:

What is the reaction pathway for the dissolution of network formers in
calcium aluminosilicate glass?
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Theory 3
3.1 The chemistry of stone wool glass

Stone wool is an amorphous material meaning that its structure possesses no long-range
order at the atomic level [Yue and Solvang, 2021]. Instead, it is highly unordered and is
essentially locked into a liquid-like structure in solid form. The amorphous state of matter
can be achieved in several ways, but for stone wool glass, it is achieved by a melt-quench
process, which involves rapidly cooling a melt of molten stone. The cooling should be
sufficiently fast to ensure that the melt does not undergo crystallisation by arranging
into crystalline structures when transitioning from liquid to solid. This results in an
undercooled frozen-in liquid, and in other words: a solid with the structure of a liquid.
[Shelby, 2005; Conrady, 2019] The transition to the amorphous state can be understood
using Figure 3.1.

Figure 3.1. Theoretical plot of glass formation with enthalpy as a function of temperature. Tm is the
melting temperature. Tfslow is the fictive temperature when the cooling rate is slow, and Tffast

is the
fictive temperature when the cooling rate is fast. [Shelby, 2005]

When a crystal is heated beyond its melting temperature (Tm), it transitions to the higher
enthalpy state of a liquid. When it is cooled below Tm, it regains the crystalline state under
normal circumstances. However, if the liquid is cooled sufficiently fast, the large drop in
enthalpy does not occur, and it instead has a smooth decrease in enthalpy and becomes
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3.1. The chemistry of stone wool glass Aalborg University

a supercooled (or undercooled) liquid before finally transitioning to the amorphous state.
The glassy material then exhibits a fictive temperature (Tf ), meaning that glass has a
structure similar to the equilibrium liquid at Tf . This is also the point where the glass
leaves thermodynamic equilibrium. Figure 3.1 also shows that the higher the cooling rate,
the higher the Tf . [Shelby, 2005; Conrady, 2019]

Stone wool falls within the category of oxide glasses, which consists of large networks
with NFs covalently bonded to O atoms in an alternating manner. The NFs are typically
atoms with a tendency to form tetrahedral units, such as Si, B or Al. Within the field of
amorphous materials, there is a Qn notation to denote how many bridging Os (BOs) each
NF is bonded to. If it is bonded to four BOs, it is a Q4 and so on. The amorphous system
also contains ions that charge stabilise non-bridging oxygens (NBOs) in the network. The
NBOs are defects in the amorphous network that occur when O only binds to one (instead
of two) NFs. Therefore, the O has a negative charge which is stabilised by the positively
charged NMs. These are typically monovalent or divalent ions such as Na, K, Ca or Mg.
Many methods can be used to determine which role a given oxide will adopt in a glass
based on different parameters. One of the more widely used definitions is Dietzel’s field
strength approach

FS =
Z

(rc + ro)
2 , (3.1)

where Z is the ionic charge of the cation and rc and ro are the radii of the cation and
oxygen, respectively. Atoms with high field strength (FS > 1Å−2) are NFs, atoms with
low field strength (FS < 0.35Å−2) are NMs. If the value lies between these two limits,
it is categorised as an intermediate and assumes either the role of an NF or an NM.
This definition suggests that both a small size and a high charge of a cation favour the
formation of amorphous oxides. [Bourhis, 2014]

The glass system to be investigated in this study is illustrated in Figure 3.2.

Figure 3.2. Small cutout of the CAS glass system investigated in this study. The radii of the atoms
are scaled to 1/4 of their actual size (van der Waals radius). Green atoms are Ca, grey atoms are Al,

brown atoms are Si and red atoms are O. Visualised using the Ovito software [Stukowski, 2010].
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Anders M. Schade 3. Theory

Figure 3.2 illustrates how the glassy network of CAS consists of the two types of NFs, Si
and Al, and an O atom separates each NF. Three types of network linkages are present in
the network: Si-O-Si, Si-O-Al or Al-O-Al. The NM in this system is Ca. These are not
bonded covalently in the network but are present throughout the network to compensate
for negatively charged species. If an O does not link to two NFs and instead only one,
it needs to be charge stabilised by the presence of Ca. Additionally, when Al forms
tetrahedral units, it needs to be charge stabilised by the network modifiers due to its
native charge of +3.

3.1.1 Production of stone wool glass

Stone wool glass is made from natural minerals, such as basalt, olivine and dolomite, which
are melted by a cupola or electric- or gas-heated furnace into a homogeneous mixture.
The melt is then poured into a spinning chamber where one to four spinning wheels
hyper-quench and draw the material into the characteristic fibres that make up the stone
wool material. The spinning wheels are known as cascade spinners and can be seen in
Figure 3.3.

Figure 3.3. Illustration of the spinning chamber where stone wool fibres are formed. The melt is
poured into the chamber via a trough onto the cascade spinners. The stone wool is spun into fibres, and

sprayed with a binder. Typically, air jets assist in releasing the fibres from the wheels. [Thermal
Insulation Manufacturers Association, 1993]

In the spinning chamber, the liquid transitions from a melt with low viscosity to an
amorphous solid. Air jets in the chamber assist in cooling and releasing the fibres from
the wheels. Meanwhile, the fibres are also sprayed with a binder solution that is important
for the mechanical properties of the final material. The fibres are collected and transferred
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3.1. The chemistry of stone wool glass Aalborg University

to a curing oven where polymerisation of the binder occurs. Finally, the cured stone wool
is cut into regular shapes and packed for use in the construction industry. [Yue and
Solvang, 2021]

The typical composition range of stone wool glass is listed in 3.1 along with the typical
composition converted into molar percentages. The primary constituents are SiO2, Al2O3,
and CaO with other network modifiers in lower amounts as well.

Table 3.1. Typical chemical composition range of a stone wool glass.[Yue and Solvang, 2021] mol %
are based on the mean wt% of the ranges. The molar mass for Na2O+K2O is a mean of the two oxides.

Oxides [wt%] [mol%]

SiO2 36 − 42% 41%
Al2O3 17 − 24% 13%
CaO 14 − 25 % 22%
MgO 2 − 12 % 11%
FeO 4 − 11% 7 %
TiO2 0.5 − 3% 1 %
Na2O + K2O 0 − 12% 5 %

In contrast to glass wool, which is also an insulation material, stone wool has a higher
content of divalent modifier ions. This gives the stone wool glass a higher melting point
than glass wool. [Yue and Solvang, 2021] The presence of FeO and MgO also gives stone
wool its high-temperature stability by forming a nanocrystalline layer when heated to
1000 ◦C [Smedskjær et al., 2010].

3.1.2 Dissolution of the stone wool system

A CAS glass has a network consisting of Si and Al with Ca acting as the network modifier.
The network bonds can be broken via hydrolysis reactions. Here, NF is either Si or Al

NF−O−NF + H2O −−→ 2 NF−OH. (3.2)

This reaction leads to depolymerisation of the glass network and leaves behind two
hydroxyl (OH) groups. [Baral et al., 2020; Kagan et al., 2014] This reaction primarily
occurs on the surface of the glass as it requires BOs that are accessible by H2O. As such,
the surface of the CAS glass can be expected to be covered with hydroxyl groups when
exposed to water. [Baral et al., 2020; Morrow et al., 2009; Vuković et al., 2023] In recent
years, the hydrolysis of network forming bonds in aluminosilicate glass and the dissolution
of stone wool glass has become a field of scientific interest [Okhrimenko et al., 2020; 2022;
Turchi et al., 2021; Baral et al., 2020; Zhang et al., 2022].

Previous DFT studies of hydrolysis of Al/Si-O-Al/Si (excluding Al-O-Al) found that
the bonds involving Al have a lower energy barrier than those without. These studies
only investigated simplified systems involving two completely hydroxylated network
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Anders M. Schade 3. Theory

forming species that are not bonded to an amorphous network. It was also concluded
that the protonation state of the species involved in the hydrolysis affects the energy
barrier. [Morrow et al., 2009; Nangia and Garrison, 2008; Xiao and Lasaga, 1994] Some
studies show that in alkali aluminosilicate glasses, the hydrolysis does not occur by
depolymerisation of the network and instead forms Si-OH-Al and releases free monovalent
network modifier bonded to OH (M-OH), which could be expected to occur in CAS
glass. However, this mechanism is disputed by other studies, which instead support the
depolymerisation mechanism. [Baral et al., 2020] The argument here illustrates how the
underlying reaction mechanism responsible for the hydrolysis is debated.

Zhang et al. [2022] found that the activation energy of small Al(OH)3−O−Si(OH)3 and
Si(OH)3−O−Si(OH)3 clusters can be reduced by the introduction of an additional H2O in
the hydrolysis through H+ exchange between the two H2O molecules. An MD simulation
study using the diffuse charge reactive pair potential and potential mean of force (PMF)
calculations, Damodaran et al. [2022], found the activation barriers for hydrolysis of NF-
O-NF involving Al had an activation barrier half of those without.

The hydrolysis of the Al-O-Al linkage is less studied than the Si-O-Si/Al linkage due to
the inclination of zeolites (an aluminosilicate mineral) to follow Löwenstein’s rule, which
forbids tetrahedral units of alumina to be placed adjacent to each other and therefore
Al-O-Al linkages cannot exist. However, numerous examples of experimental violations
of this rule exist in the literature, and computational studies often disregard this rule to
reduce the computational expense in the calculations of these systems. [Fletcher et al.,
2017] It has also been experimentally demonstrated that aluminosilicate glasses greatly
violate Löwenstein’s rule and an increasing proportion of Al-O-Al linkages are found with
increasing field strength of the modifier ions in the amorphous system (inclusion of Na, Li
and Ca was studied). [Lee and Stebbins, 2000] Löwenstein’s rule is therefore disregarded
in this project, and Al-O-Al linkages are investigated on par with the other types of
network forming linkages in the glass.

Amorphous SiO2 systems have been studied more extensively. Kagan et al. [2014]
investigated the dissolution of amorphous SiO2 starting from Q4 and stepwisely hydrolysed
to Q0 (free Si(OH)4) with one neutral H2O using MD and the PMF method. The reactions
of the Q3 to Q2 species were found to have the highest activation energy and were deemed
to be the rate limiting step in the complete dissolution. The authors also investigated
the hydrolysis reaction mechanism and found that the activation energy depends on the
orientation at which the H2O attacks the network linkage. The magnitude of the activation
energies for the different Qn species was attributed to the amount of strain associated
with forming the pentacoordinated transition state, such that species with fewer network
bonds have lower activation energies. It should be noted that in their paper, the differences
between the Qn groups are small and all groups have large standard deviations. Walsh
et al. [2000] suggested that the inclusion of multiple H2Os in the hydrolysis of amorphous
SiO2 can reduce the activation energy by facilitating different reaction mechanisms.
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3.2. Molecular Dynamics simulations Aalborg University

Even though many studies that investigate the hydrolysis of aluminosilicate (and
similar systems) exist, no DFT (or any other first-principles technique) study has
investigated the complete hydrolysis (Q3 −−→ Q0) in a larger system. The complete
hydrolysis is interesting due to the possibility of specific hydrolysis reactions being rate
limiting. Therefore, the focus of this study is drawn to this aspect of the hydrolysis.

3.2 Molecular Dynamics simulations

Molecular Dynamics (MD) is a widely used simulation technique for chemical systems.
MD treat atoms as classical mechanical objects floating in a void. The atoms have forces
acting on each other, creating attraction and repulsion to other atoms, replicating the
effect of electrons. The motion of the atoms in the simulation is calculated using classical
mechanics and Newton’s laws of motion. Especially, Newton’s second law of motion is
useful in calculating the forces of atoms acting on each other

fi = mi ·
∂2ri
∂t2

, (3.3)

where fi is the force on atom i, mi is the mass of atom i, ri is the position of atom i, and
t is time. [Leach, 2001]

MD simulations typically consist of many thousands of atoms and millions of time
steps. Every time step, the forces between atoms must be calculated, which is nearly
impossible to do analytically. Instead, finite difference methods are used to numerically
solve the many-body problem of calculating the forces between atoms. Common for many
finite difference methods are that they are based on Taylor series expansions to calculate
the positions, velocities and accelerations of the atoms in the system. A commonly used
algorithm for calculating new positions (r(t+ ∆t)) is the Verlet algorithm which uses the
positions of the atoms at the previous timestep (r(t −∆t)) and the positions (r(t)) and
accelerations (a(t)) at the current timestep,

r(t+ ∆t) = 2r(t)− r(t−∆t) + a(t)∆t2. (3.4)

The Verlet algorithm is a fast and efficient way to calculate the new positions of the atoms
in the system. Because velocity is not explicitly included in the calculation, a variation
of the Verlet algorithm has been developed called the Velocity Verlet algorithm, which
calculates positions, velocity and acceleration simultaneously and is the most widely used
algorithm for these calculations in MD. [Leach, 2001; Du, 2019]

3.2.1 Force fields

In MD simulations, the force between atoms is calculated using force fields (or potentials).
The description of the interactions between the atoms (in this case, the force field) is a
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critical input in the MD simulations as it dictates the interatomic interactions in the
system. The function for a potential in a system with N atoms is

U(rN) =
N∑
i

U1(ri) +
N∑
i

N∑
j>i

U2(ri, rj) +
N∑
i

N∑
j>i

N∑
k>j

U3(ri, rj, rk) + . . . , (3.5)

where U(rN) is the total potential energy in the system, the first term (U1) is the one-
body interaction due to an external field, the second term (U2) is two-body interactions
due to pair interactions, and the third term (U3) is three-body interactions, e.g. used
to constrain bond angles. Usually, two-body interactions are used to calculate the force
between atoms in ionocovalent solids, such as oxide glass systems. This means that the
force field can be reduced to include long-range attractive forces and short-range repulsive
forces. The long-range forces are typically a Coulumbic term. The dispersion term has
both long- and short-range contributions. These two terms are expressed in simple form
as

U(rN) =
N∑
i

N∑
j>i

( qiqj
4πrijε0

+
A

rij

)
. (3.6)

One of the most commonly used potentials for amorphous systems is the Buckingham
potential, which has the form

U(rij) = Aij · e−rij/Bij − Cij

r6ij
, (3.7)

where Aij, Bij and Cij are parameters for the specific atom pair ij. The Buckingham
potential is composed of terms from the Lennard-Jones and Morse potentials, where the
first term is a repulsive term from the Morse potential and the second term is van der Waals
attraction from the Lennard-Jones potential. [Du, 2019; Leach, 2001] Because potentials
are fitted to empirical data from experiments and/or first-principles calculations, novel
force fields can have many different forms, parameters, and terms. The advantage of MD
simulations is that they are run by relatively simple formulas enabling the simulation
of large systems. The force fields can, however, have a limited application field where
it only works well with the systems from which its parameters were fitted to. This can
be validated by comparing data of physical properties from simulations to data from
experiments and first-principles calculations. [Guillot and Sator, 2007; Sundararaman
et al., 2018]

For the simulation of CAS systems, numerous potentials can be used. The elements
in the CAS system are very common in nature, and most force fields that can be used
for glasses also have parameters for these elements. A previous study by the WOODI
group [Turchi et al., 2021] investigated both the GS and Sundararaman, Huang, Ispas,
Kob (SHIK) potential to simulate CAS glass as a model system for stone wool glass.
Both potentials could adequately simulate the bulk CAS glass properties, including the
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proportion of linkage types and defect concentrations. The ultimate goal for the WOODI
project is to simulate real stone wool which, besides the elements in CAS, are Na, K,
Mg, Fe and Ti. Keeping the scope of the overall project in mind, it is important to use
a force field with parameters for all these elements. Further deciding on which force field
to use can then depend on their accuracy and efficiency. As force fields are mathematical
approximations of atomic interactions for specific systems, there typically is a trade-off
between accurate imitation of the chemical systems and computational efficiency.

The GS potential has been developed to model basaltic melts efficiently. The potential
already includes parameters for all the relevant elements for simulation of stone wool glass.
It does not, however, have parameters for the interaction between CAS glass and liquid
H2O. Therefore, the GS potential has been extended to also have parameters for H2O
and hydroxyl groups on the CAS surface. The extended GS potential will be denoted
wet-GS which is further described in Section 4.1.1 and the parameters for the potential
are seen in Appendix A.

3.3 Density Functional Theory

Density Functional Theory (DFT) is a quantum mechanical technique that can
approximate solutions to the Schrödinger equation to determine the electronic structure
of atoms, molecules and condensed matter. DFT can be used to obtain highly accurate
descriptions of chemical systems and transition states based on the electrons in the system.
In this study, the method will be used to investigate the hydrolysis reaction of the network
forming bonds in the CAS glass.

DFT is based on the Born-Oppenheimer approximation which states that the electronic
and nuclear motions can be treated separately due to the inconsiderable mass of the
electrons compared to nuclei. The electrons can rapidly adjust to the motion of their
nucleus and therefore the energy of molecules in electronic ground states can be obtained
as a function of the nuclei coordinates. [Sholl and Steckel, 2009; Leach, 2001]

The simplest form of the time-independent Schrödinger equation is

Hψ = ψE, (3.8)

where H is the Hamiltonian operator (operator for the total energy of a system), ψ is
an electronic wave function and the eigenstates for the Hamiltonian operator, and E is
and ground-state energy of the electrons and the eigenvalue. This means that when the
Hamilton operator, H, acts on the wave function, ψ, the same wave function times the
ground-state energy, E, is returned. The full time-independent Schrödinger equation is[

~2

2m

N∑
i

∇2
i +

N∑
i

V (ri) +
N∑
i

∑
j<i

U(ri, rj)

]
ψ = Eψ, (3.9)
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where m is the mass of the electron and ~ is the reduced Planck’s (or Dirac) constant. The
first term in Equation (3.9) describes the kinetic energy of each electron, the second term
describes the interaction energy between each electron and the nuclei, and the third term
describes the interaction energy between all the different electrons. ψ is the wave function
for the position of all N electrons, ψ = ψ(r1, ..., rN), which can be approximated as the
Slater determinant, ψ = ψ1(r)ψ2(r), ..., ψN(r), comprising entries made from individual
electron wave functions (which ultimately are deemed atomic/molecular orbitals). [Sholl
and Steckel, 2009; Leach, 2001]

Even though the Schrödinger equation is the fundamental problem of quantum
mechanics, the wave function for a collection of coordinates cannot be observed or
measured. However, the probability that electrons are at certain positions can be
measured. The density of electrons at a specific spatial position can be expressed as

n(r) = 2
N∑
i

ψ∗i (r)ψi(r) (3.10)

where ψ∗ is the complex conjugate to ψ. The factor of 2 is present due to the Pauli
exclusion principle, which states that two electrons can only occupy the same spatial
electronic wave function if they have different spins. [Sholl and Steckel, 2009]

The foundation of DFT is built on two theorems by Hohenberg and Kohn:

1. The ground-state energy from Schrödinger’s equation is a unique functional of the
electron density

2. The electron density that minimises the energy of the overall functional is the true
electron density corresponding to the full solution of the Schrödinger equation.

The first theorem states that there is a direct correlation between the ground-state wave
function and the ground-state electron density. This means there exists a functional that
expresses the ground-state energy in terms of the electron density, E[n(r)]. Consequently,
the Schrödinger equation can be solved by a function of electron density, which is a
function of three dimensions, instead of the wave function, which is a function of 3N
dimensions (where N is the number of electrons). The second theorem states that the
solution to the full Schrödinger equation is an electron density that minimises the total
energy of the functional, which means that the true electron density can be determined
iteratively by finding a minimum. [Sholl and Steckel, 2009; Leach, 2001] The functional
described by the theorems can be expressed in terms of single-electron wave functions,
ψi(r),

E[{ψi}] =
~2

m

∑
i

∫
ψ∗i∇2ψid

3r +

∫
V (r)n(r)d3r (3.11)

+
e2

2

∫ ∫
n(r)n(r′)

|r− r′|
d3rd3r′ + Eion + EXC [{ψi}] (3.12)

where the first four terms are the known contributions, which in order of appearance are:
electron kinetic energies, Coulombic interactions between nuclei and electrons, Coulombic
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interaction between pairs of electrons and finally, the Coulombic interactions between
pairs of nuclei. The fifth term is the exchange-correlation functional which covers all of
the effects that are not included in the known terms. [Sholl and Steckel, 2009]

Kohn and Sham showed that determining the right electron density can be done
by solving equations that only involve a single electron, rather than all electrons as
Equation (3.9) requires,[

− ~2

2m
∇2 + V (r) + VH(r) + VXC(r)

]
ψi(r) = εiψi(r). (3.13)

V is the potential for the interaction between electron and atomic nuclei, VH is the Hartree
potential and VXC is the exchange-correlation potential. The Hartree potential is

VH(r) = e2
∫

n(r′)

|r− r′|
d3r′. (3.14)

This potential describes the Coulumbic repulsion between the electron considered in
Equation (3.13) and the electron density of all the electrons in the system. In this, a
self-interaction contribution is also included as the investigated electron is also a part of
the total electron density. This is an unphysical interaction and the correction of this is one
of many contributions included in VXC . Equation (3.13) looks similar to Equation (3.9),
but without the summation signs because Equation (3.13) is for single-electron wave
functions. [Sholl and Steckel, 2009]

Solving the Kohn-Sham equation (Equation (3.13)) requires an iterative method
because the Kohn-Sham equation involves the Hartree potential, which includes the
electron density. But the electron density is determined by the single-electron wave
functions and those are obtained by solving the Kohn-Sham equation. Therefore, an
algorithm is applied to obtain a self-consistent result including an initial electron density,
which is successively updated to a trial electron density until the final electron density
is obtained by a result converging the resultant density within a given threshold. The
algorithm for obtaining converging results within a set threshold is known as the self-
consistent field (SCF) method and is commonly used in Kohn-Sham DFT calculations.
[Sholl and Steckel, 2009; Leach, 2001]

3.3.1 Exchange-correlation functionals

When performing DFT calculations, an important decision is which exchange-correlation
functional to use, somewhat analogous to the force fields in MD simulations. The search
for exchange-correlation functionals that can yield accurate approximations of the total
energy has previously been a limitation in the wide use of DFT. The development of new
functionals that are able to yield more accurate approximations has established DFT as a
reliable tool for calculating the electronic structure of atoms and molecules. [Jones, 2015]

The exchange-correlation functionals are important in obtaining favourable and precise
results. As with the force fields in MD simulations, the functionals are usually based
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on empirical or first-principles data to which the functional can be fitted. They can
provide very accurate results for certain problems, especially problems closely related to
the system of the training set. However, some DFT functionals are nonempirical and have
been constructed to make use of the known constraints on the Kohn-Sham functional by
satisfying a few selected theoretical constraints that DFT calculation should respect. The
accuracy of nonempirical functionals can be improved by including more constraints, but
the objective of the exchange-correlation functional is to cover all of the interactions that
are not known. It is therefore not easy to include more constraints in the functional.
[Sholl and Steckel, 2009]

The exchange-correlation functionals can be divided into groups depending on how
much physical information they include and by extension how accurate they should be.
The simplest group of functionals is the local density approximation (LDA) where it is
assumed that the electron gas is uniform in space and is the same as the local electron
density. The next group is the generalised gradient approximation (GGA) which assumes
that the electron densities are not uniform by including spatial variation in the electron
density. The inclusion of spatial variation should make GGA functionals more accurate
than LDA. The third group is called meta-GGA and this is where the most common
functionals with a localised basis set are placed. These functionals include the second
derivative of the electron density and dependence on the kinetic energy of the orbitals.
The final functional group includes contributions from the exact exchange energy and are
called hyper-GGAs (or hybrid functionals). They build on the meta-GGA functionals
and include nonempirical fitting. It should be noted that even though the functionals in
higher groups of complexity include more physical information, they are not always more
accurate. In particular, the empirical nature of many functionals limits their accuracy to
systems similar to those used to develop the functional. In general, GGA functionals are
the most widely used, and in many situations these provide adequately accurate results
without too much computational expense. [Sholl and Steckel, 2009]

3.3.2 Implicit solvation models

Investigating the breakage of network forming bonds by hydrolysis requires that the
solvation effects are considered to ensure that the energy associated with breaking the
bonds is accurate. When solvation effects are investigated by explicit means, a large
number of solvent molecules have to be included in the simulations or calculations to
capture the equilibrium state of the solvation. This is unfeasible using computationally
expensive methods, such as DFT or other quantum mechanical methods. Instead, implicit
solvation models have been developed, which have proven to yield solvation free energies
close to experimentally obtained values. Implicit solvation models do not treat the solvent
molecules individually and instead treat them as a dielectric continuum around the solute
molecules. The continuum is shaped to fit the solute, such that it captures the solvent
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excluded surface (SES, see Figure 3.4) around the molecules. Typically spheres are
constructed around each atom in the solute with a certain radius (e.g. van der Waals)
and then the shape of the continuum is formed as the outermost overlap of the spheres
to form the solvent accessible surface (SAS, see Figure 3.4). [Tomasi et al., 2005]

Figure 3.4. Graphic representation of the solvent excluded surface (SES) and solvent accessible
surface (SAS) of a molecule using general implicit solvation approaches. The solvent molecules in the

figure are probes for showing how the SES is determined. [Tomasi et al., 2005]

The cavity formed around the solute by the solvent continuum is affected by the charge
distribution of the solute, which polarises the dielectric continuum. In turn, the charge
distribution of the dielectric continuum polarises the solute molecule. Inside the cavity,
there is a dielectric constant of 1 (corresponding to the dielectric constant of vacuum) and
at the edge of the cavity, there typically is a dielectric constant of the solvent, the implicit
solvation model mimics. For the Conductor-like Screening Model (COSMO), which will
be used in this study, the dielectric constant of the continuum is instead set to ε = ∞
(like a conductor) and an empirically determined scaling factor is used to obtain accurate
results. While other solvent effects are in effect in real systems, handling the electrostatic
effects is sufficient to replicate the solvation free energies well. [Tomasi et al., 2005; Klamt,
2018]

Figure 3.5. Screenshot of the cavity formed by the COSMO software in TURBOMOLE using the
default settings. The molecule inside of the cavity is an aluminosilicate glass with 61 atoms.

Figure 3.5 shows the cavity created by the COSMO software in TURBOMOLE. The
colours on the cavity surface reflect the local electronic distribution of the molecule.
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Method 4
The procedures presented in this chapter are based on work from members of the WOODI
project. The MD method is from members working at Deakin University, and the DFT
method is from members working at the Technical University of Denmark. The procedures
are also being used as a part of other articles which are currently in the progress of being
finalised.

4.1 Molecular Dynamics

All MD simulations in this section were carried out using the LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator) software version 3 Aug 2022 developed
by Sandia National Laboratories. [Thompson et al., 2022] The simulations were run on
National Computing Infrastructure (NCI) and Pawsey Supercomputer Research Centre’s
high-performance computing platform, Gadi. A timestep of 1 fs was used for all
simulations.

4.1.1 CAS glass system

The CAS glass system was generated using the procedure in Turchi et al. [2021] where a
bulk CAS glass was created with reasonable atomic-scale structural features using Guillot-
Sator (GS) potential, which has been demonstrated to simulate basaltic melts well [Guillot
and Sator, 2007]. The GS potential uses a Coulumbic term and the Buckingham potential
for the interactions between atoms

E(rij) =
zizj

4πε0rij
+ Aij · e−rij/Bij − Cij

r6ij
, (4.1)

where rij is the distance between atoms i and j, zi and zj are the effective charges of atom
i and j, respectively. Aij, Bij, Cij are parameters for the repulsive and dispersive forces
for atom pair ij. [Guillot and Sator, 2007]

First, 10,800 atoms were randomly placed in an orthorhombic simulation box with
dimensions 50 Å x 50 Å x 45 Å and a composition of 43.5% CaO, 13.0 % Al2O3 and
43.5 % SiO2. The composition is the same as the CAS1 glass reported in Turchi et al.
[2021] which was found to be an adequate simplified model system for the stone wool
glass. Comparing this composition to the molar percentages in Table 3.1, it corresponds

Page 16 of 59



4.1. Molecular Dynamics Aalborg University

well to the mean of the range for the typical composition of stone wool glass where
all NMs are converted into CaO. This system was equilibrated at 3500 K in the NVT
ensemble (constant number of atoms, volume and temperature) for 200 ps. The system
was subsequently cooled to 2500 K with a cooling rate of 2.25 K/ps and then held at this
temperature for 200 ps. From 2500 K, the system was cooled to 300 K with a cooling rate
of 2.25 K/ps in the NPT ensemble (constant number of atoms, pressure and temperature)
while applying 100 MPa pressure at 2500 K which was continuously ramped down to 0
MPa during the cooling process. Finally, the system was equilibrated at 300 K and 0
MPa pressure for 500 ps. This procedure created the amorphous bulk CAS glass system
from which a slab with size 50 Å x 50 Å x 30 Å was extracted and vacuum regions with a
height of 25 Å in the z-direction were introduced above and below this cut sample, thus
creating a periodic slab of CAS. Three slabs were extracted from the same bulk glass CAS
system at different positions yielding unique CAS slabs for further processing.

4.1.2 CAS-water interface

The novel wet-GS potential was used which has recently been developed in the WOODI
to be able to simulate the interface between CAS glass and bulk H2O. [Vuković et al.,
2023] (the wet-GS article is as of yet unpublished) As the name suggests, it is an extension
of the GS potential by incorporating the SPC/E [Berendsen et al., 1987] H2O model and
including parameters for the O and H atoms in H2O to interact with the atomic species
in the CAS system. In order to mimic real-life CAS surfaces, a hydroxylation process of
the CAS surface is performed as a part of the wet-GS potential. The wet-GS extension of
the GS potential also uses the Morse and Lennard-Jones potentials for some of the added
interactions in addition to the Buckingham potential in Equation (4.1). The effective
charges, parameters and more details for the wet-GS can be found in Appendix A.

The hydroxylation of the CAS surface procedure occurs by opening rings in the CAS
glass near the surface (within 2 Å of the top and bottom) and adding hydroxyl groups to
the opened rings. The NBO near the surface (top and bottom 2 Å) are also protonated
and for every 2 H added, 1 Ca atom gets removed to maintain charge balance in the glass.
The wet-GS potential also uses dual Nosé-Hoover thermostats, one acting on the CAS
slab and one acting on the liquid H2O to prevent the "cold solute, hot solvent" problem.
[Vuković et al., 2023]

The three CAS slabs underwent the hydroxylation procedure followed by 600 ps NPT
relaxation at 300 K and 1 atm pressure. Here, the anisotropic Nosé-Hoover thermostat-
barostat was used to control the temperature with a temperature damping parameter of
0.1 ps and a pressure damping factor of 1 ps. Then H2O molecules were added to the
void in the simulation box using the PACKMOL software [Martínez et al., 2009] followed
by an energy minimisation. Afterwards, the CAS-water system underwent 200 ps NVT
relaxation at 300 K. In the NVT ensemble, only the Nosé-Hoover thermostat was used
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also with a temperature damping parameter of 0.1 ps. This yielded the three CAS-water
systems for analysis of the surface features.

4.1.3 Data acquisition

Before producing the trajectories for analysis, the CAS-water system underwent 50 ps of
NPT relaxation at 300 K with the anisotropic thermostat-barostat settings as previously.
Then the liquid H2O was kept in the NPT ensemble and the CAS slab was changed to the
NVT ensemble with a temperature damping parameter of 0.1 ps. To prevent drift of the
CAS slab during the simulation, the linear momentum of the slab was adjusted to zero
every 10 ps. The simulation then ran for 1 ns (1,000,000 timesteps of 1 fs) where every
1 ps (every 1,000 timesteps) the positions were recorded and saved to a trajectory file.
The first 0.5 ns was used to establish a stable configuration and only the latter half of
the simulation period was analysed. The trajectories were analysed using the MDanalysis
tool in Python [Gowers et al., 2016].

4.1.4 Hydrogen bond analysis

The hydrogen bonding between hydroxyl groups on the NF species and H2O molecules
participating in the hydrolysis reaction has been suggested to influence the reaction
by stabilising the H2O molecules. It was, however, only determined qualitatively by
inspecting the steps of the reaction pathway. [Nangia and Garrison, 2008; Kagan et al.,
2014; Zhang et al., 2022] To quantitatively analyse interactions between hydroxyl groups
on the surface NF species, the prerequisites for the hydrogen bonding interaction need to
be defined. The literature uses different definitions for this interaction in MD simulations.
The general consensus, in both computational and experimental studies, is that the
distance from donor to acceptor in the hydrogen bond is somewhere between 3.0 and
3.5 Å and the angle between the vector from the acceptor and to the donor does not
exceed 30◦ [Jedlovszky et al., 1998; Kumar et al., 2007; Wernet et al., 2005; Notman
and Walsh, 2009]. For this study, the definition of a hydrogen bond is that the distance
between the hydrogen bond donor and acceptor must not exceed 3.2 Å as a conservative
estimate and that the angle between the vector from donor to acceptor and the bond to
H of the donor must not exceed 30◦. The definition is visualised in Figure 4.1.

Figure 4.1. Definition of hydrogen bonds used in this study. The distance between the donor and the
acceptor should not exceed 3.2 Å and the angle between the direct line between the donor and acceptor

(the grey dashed line) and the donor-hydrogen bond should not exceed 30◦.
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This means that the distance from the surface NFs to the H2O O atoms should at most be
the length of the Si/Al to O of the hydroxyl bond + 3.2 Å in case of a completely linear
hydrogen bond. The length of the bond between Si/Al and O of the hydroxyl group can
be determined by a radial distribution function between the two atom groups.

4.1.5 Radial distribution function

One of the most widely used tools for computational analysis of amorphous materials is
the radial distribution function (RDF). The principle of the radial distribution function is
to convert the complex three-dimensional structure to a plot of essentially one-dimension
where the probability of finding a certain atom type at different interatomic distances is
plotted. This can be done for different pairs of atoms in the glass and the probability,
g(r), is calculated as

g(r) =
ρ(r)

ρ0
, (4.2)

where ρ(r) is the atom density at distance r from the reference point and ρ0 is the bulk
atom density for the entire glass. This means that g(r → 0) = 0 and g(r → ∞) = 1 in
an ideal situation. The information from an RDF is useful in identifying the bond length
of different pairs of atoms in the amorphous material which can be used for structural
analysis. [Du, 2019] The RDFs in this study were created using the RDF creation method
in the MDAnalysis Python package [Gowers et al., 2016].

4.2 Density Functional Theory

The DFT calculations were run in the TURBOMOLE software package developed by the
University of Karlsruhe [TURBOMOLE GmbH, 2021a]. The usage of the software in this
study includes geometry optimisations and reaction pathway analysis using the Woelfling
program.

4.2.1 CAS glass sphere

To construct a simplified, small-scale CAS glass system (CAS sphere) to work on, a
bulk CAS system was first created using the procedure employed by another member of
the WOODI project. The procedure involves creating a bulk CAS system in MD using
the SHIK potential [Sundararaman et al., 2018], which was shown to yield similar bulk
properties as using the GS potential [Turchi et al., 2021], and a time step of 1 fs. First,
a bulk CAS glass was constructed by randomly placing 10800 atoms in a simulation box
with a composition of 40 % CaO, 20 % Al2O3 and 40 % SiO2. Then the system was
energy minimised and afterwards heated to 3500 K and equilibrated for 500 ps in NVT
ensemble. The system was cooled to 2000 K with a quench rate of 2.25 K/ps. At this
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temperature, a CAS sphere was extracted from the bulk which needed to match the bulk
composition and lastly, the sphere was cooled to 300 K.

The next step was to transfer the CAS sphere to a simulation box of 22 Å x 22 Å x
22 Å where 300 H2O molecules were added using the PACKMOL software. Using the
reactive force field, ReaxFF[van Duin et al., 2003], and a timestep of 0.25 fs, the system
was energy minimised, held in the NVT ensemble for 500 ps at 300 K and then held
in the NPT ensemble for 500 ps at 300 K and 1 bar pressure. The 1 ns of simulation
time allowed the system H2O to react with the CAS sphere, resulting in hydroxyl groups
forming on its surface. Finally, the hydroxylated CAS sphere was extracted from the
system with H2O and was put through semi-empirical geometry optimisation using the
Mopac software[Stewart, 2013] which is a general-purpose molecular orbital package. The
PM7 method was utilised and the positions of all hydrogen and oxygen atoms were fixed.
The Ca atoms in the sphere caused issues for the DFT calculations and were consequently
removed. This should not affect the analysis of the hydrolysis of the network forming
bonds because experimentally the modifier ions are observed to leach from the system
faster than the network is hydrolysed. [Okhrimenko et al., 2020; 2022] The final CAS
sphere consists of 61 atoms of which 8 are Si, 8 are Al, 35 are O and 10 are H which
corresponds to an aluminosilicate composition of 33.3% Al2O3 and 66.7% SiO2. This
means that 10 hydroxyl groups were created during the hydroxylation process. The
structure of the CAS sphere for hydrolysis reaction analysis (without Ca) can be seen in
Figure 4.2.

Figure 4.2. Illustration of the CAS sphere used for the DFT calculations produced using the Ovito
software [Stukowski, 2010]. The initial sphere consists of 61 atoms with a charge of -4. Grey atoms are

Al, brown atoms are Si, red atoms are O and white atoms are H.

4.2.2 Geometry optimisation and general considerations

For running the geometry optimisations in TURBOMOLE, the relevant H2Os were added
to the system using the Avogadro software [Hanwell et al., 2012]. The initial geometries
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were optimised using the Universal force field in Avogadro to obtain a reasonable starting
point for geometry optimisation in TURBOMOLE. The DFT calculations used the default
TURBOMOLE settings as a starting point.

The BP86 functional was employed, which integrates Becke’s 1988 exchange and
Perdew’s 1986 correlation functionals. The BP86 is a GGA functional well-suited for
most chemical systems and has a good and stable performance throughout most of the
periodic system. The basis set for describing the electron wave functions was changed to
TZVP (Triple-Zeta Valence Polarization), which uses a large basis set for more accurate
results. The initial configuration for the molecular orbitals and occupation was provided
by the extended hückel guess where the charge of the non-charge stabilised glass was
entered (-4). The extended hückel guess performs an extended hückel calculation for the
system to determine the orbital energy and from that determine the occupation numbers
and the spatial configuration of the orbitals based on the basis set used for the calculation.
In the general menu, the maximum number of iterations for the SCF (self-consistent field)
calculations was set to 100, DFT was turned on, resolution of identity (RI) approximation
was turned on, its memory was changed to 2500 MB and multipole accelerated RI-J
(MARI-J) was turned on with the default settings. [TURBOMOLE GmbH, 2021b]. The
RI approximation was used to increase the efficiency of the DFT calculation by reducing
the number of repulsion integrals needed to be calculated, and MARI-J is an improvement
in computational efficiency of the RI approximation without introducing significant error
[Sierka et al., 2003].

4.2.3 Reaction pathway analysis

For analysis of the hydrolysis reaction, the Woelfling program from the TURBOMOLE
software package was used. Woelfling determines the transition states and activation
energy barriers of reactions. A description of the Woelfling program can be found in
Appendix B.

The initial investigation of each reaction pathway was performed using geometry
optimised structures for the reactant and product for each hydrolysis site. The first
initial investigation was a Woelfling run of 100 cycles which typically did not satisfy the
threshold for the gradients of the curve. The energy and reaction pathway of the 100th
cycle was investigated to evaluate if it captured the hydrolysis well. If it did, the Woelfling
run was continued until convergence. However, if the energy curve and the reaction
pathway involved too much structural rearrangement in the system, the hydrolysis step
was attempted to be isolated by manually choosing the minimum for the reaction pathway
as the reactant and the first minimum after the hydrolysis step as the product. If the new
reactant was not the first step of the Woelfling run, it was geometry optimised before the
Woelfling run was started anew. The isolation procedure is illustrated in Figure 4.3.
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Figure 4.3. Illustration of the reaction isolation procedure for the Woelfling jobs. The yellow area is
the part of the steps where the hydrolysis occurs. This energy curve is from a fully converged Woelfling

job that involved a large degree of structural rearrangement which cluttered the data.

The Woelfling job in Figure 4.3 found a configuration with lower energy than the initial
reactant. Therefore, the geometry at step 2 was chosen as the new starting point for
the reaction. Furthermore, visual inspection of the reaction pathway determines that the
highest peak directly after the coloured area stems from structural rearrangements in the
system after the hydrolysis has ended. This energy is not a part of the hydrolysis reaction
and therefore the step with the lowest energy after the hydrolysis has ended (step 7) was
chosen as the new endpoint for the reaction.

When the Woelfling job had converged and satisfied the threshold for the energy
gradients of the curve, the transition state was determined as the structure with the
highest energy during the hydrolysis and the activation energy as the height hydrolysis
peak relative to the starting point.
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Results and discussion 5
In this chapter, the results from the MD simulations are first presented to determine
relevant structural features of the CAS-water interface. Afterwards, the results from the
DFT calculations for the analysis of the hydrolysis reactions are shown, followed by an
overall discussion of the results. Plots in this chapter are created using Python and the
matplotlib and seaborn packages.

5.1 The calcium aluminosilicate system

The CAS slabs with H2O are prepared using the procedure presented in Section 4.1.1.
The three CAS slabs with H2O above and below are seen in Figure 5.1

Figure 5.1. Graphical presentation of the three CAS slabs and H2O molecules investigated in this
study. The light blue atoms are H2O H, purple atoms are H2O O, pink atoms are O in the glass, dark
red atoms are Ca, dark blue atoms are Si, yellow atoms are Al, red are hydroxyl O and white atoms are

hydroxyl H. The systems are visualised using OVITO [Stukowski, 2010].

In Figure 5.1, the H2O are the light blue and purple spheres, and the CAS slabs are placed
in the middle of the simulation boxes. On the interface between the CAS glass and H2O
bulk, there are white and red spheres. These are hydroxyl groups added by the surface
termination step when using the wet-GS potential to emulate real-life CAS interfaces to

Page 23 of 59



Anders M. Schade 5. Results and discussion

H2O. The bond lengths between O atoms and the NF and NM species in the CAS glass
are determined using an RDF seen in Figure 5.2.
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Figure 5.2. Radial distribution functions for the species in the glass, Al, Si and Ca, to the O in the
amorphous system. Arrows and the associated number correspond to the x-value of the maximum for

each peak.

The peaks for the RDFs of Al-O, Si-O and Ca-O are 1.6 Å, 1.8 Å and 2.4 Å, respectively.
To validate the CAS glass structure in this study, the bond lengths are compared to an ab
initio MD study of amorphous anorthite (25% CaO, 25 % Al2O3, 50 % SiO2) [Tian et al.,
2016]. The Si-O distance was found to be 1.64 Å, the Al-O distance was 1.79 Å and the
Ca-O distance was 2.38 Å. The distributions also had similar shapes with sharp peaks for
Si-O and Al-O and a broader distribution for Ca-O. These values are the same as those
found herein. An MD study investigating the structure of different CAS compositions
using the potential from [Bouhadja et al., 2014] also found similar bond lengths to those
herein [Atila et al., 2019]. The length for Al-O, Si-O and Ca-O were on average 1.78 Å,
1.64 Å and 2.32 Å, respectively. The Ca-O distance is slightly lower than the value in
Figure 5.2. However, the authors also observed a broader distribution for Ca-O than for
the other two species. The findings from these two studies are consistent with the values
in Figure 5.2, which suggests a reasonable structure of the CAS glass in this study.
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5.2 Investigation of calcium aluminosilicate surface
features

In this section, the results from the MD simulations will be presented. The analysis
presented herein aims to gain insight into how H2O arranges near the CAS surface.

5.2.1 Verification of the hydrogen bond definition

Before using the hydrogen bond definition presented in Section 4.1.4, it is relevant to
investigate if the hydrogen bond length is observed in the distribution of separation
distances between H2O and the NF species. The bond length between the NFs near
the surface and their hydroxyl groups, specifically the O in the hydroxyl groups, is useful
in determining which NFs are near the surface and investigating the length of the hydrogen
bonding interaction. The length of the Si/Al-OH bond is determined using an RDF which
is shown in Figure 5.3.
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Figure 5.3. Radial distribution functions for network forming species (Al or Si) to the O of the
surface hydroxyl groups. Arrows and the associated number correspond to the x-value of the maximum

for each peak.

Figure 5.3 shows that the average length of the bond between the surface network forming
species and the O of the hydroxyl groups are 1.7 Å and 1.8 Å for Si and Al, respectively.
The Al peak has a small "shoulder", and the main peak is slightly higher than the
corresponding peak in Figure 5.2. The Si to O of the hydroxyl is slightly higher than
for Si to BOs in Figure 5.2. These trends are in accordance with literature where a
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slight increase is observed for the bond length of Si/Al to hydroxyl O compared to Si/Al
to BOs. The numerical bond lengths are within 0.1 Å of their values from both first-
principles calculations and MD simulations.[Kubicki et al., 1996; 2012] To capture all the
surface NFs, the cut-off for the determination is set to 2.1 Å and 2.3 Å for the Si-O and Al-
O, respectively. The information in Figure 5.3 is also useful in verifying the definition of
hydrogen bonds introduced in Section 4.1.4. For both types of NFs, the distance between
hydrogen bonded H2O O and the surface NFs would at maximum be around 5.3 and 5.5
Å for Si and Al, respectively. RDFs for all network forming species in the CAS glass to
the H2O O atoms are presented in Figure 5.4.
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Figure 5.4. Radial distribution functions for the network forming species (Al or Si) to the H2O O
atoms.

Figure 5.4 shows RDFs for the two NF species to the H2O O atoms (Ow). The plots show
that up to a distance of about 5 Å surface interactions might occur. Beyond 5 Å, the
distribution is reminiscent of bulk solvent with "layers" of H2O near the surface ordered
in steps at certain distances. It should be noted that the RDF does not approach 1 as
expected for a general RDF. This is due to the nature of the system which has the bulk
H2O separated by a slab of CAS in the middle (see Figure 5.1). A closer inspection of the
Si data from all three CAS slabs can be seen in Figure 5.5 with the separation distances
plotted as a histogram.
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Figure 5.5. Distribution of distances between surface Si and H2O O atoms. These data are from all
three slabs. The arrow indicates the x-value of the minimum it is pointing at.

Here, a minimum at 5.2 Å corresponds well to the maximum hydrogen bond distance of
3.2 Å and a Si-OH length close to 2 Å. The small bars ranging from 2 to 2.5 Å stem
from Si atoms with many hydroxyls and NBOs or Si atoms released from the surface.
From 2.75 Å to 5.2 Å, Q1, Q2 and Q3 are found with no particular ordering in any of the
"peaks". The relatively large distribution of distances can be attributed to the different
orientations at which the hydrogen bonds can occur. A similar plot for Al is presented in
Figure 5.6.
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Figure 5.6. Distribution of distances between surface Al and H2O O atoms. These data are from all
three slabs. The arrow indicates the x-value of the minimum it is pointing at.

Figure 5.6 has a minimum at 5.1 Å which is slightly lower than the minimum in Figure 5.5.
This is unexpected as the RDF in Figure 5.3 shows a longer length of the Al-OH bond
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than the Si-OH bond. It is still close to the expected minimum distance and does not
reject the hydrogen bond definition from Section 4.1.4. The discrepancy can be attributed
to the peak, which starts around 5 Å and rises beyond 6 Å, overlapping with the previous
peak yielding a lower minimum.

The peaks for the distributions in Figures 5.5 and 5.6 <5 Å stem from different
orientations for the hydrogen bond where the values closer to 5 Å have a linear
configuration and values closer to 3 Å have an angled configuration with hydrogen bonding
occurring parallel to the CAS slab surface. The distance of 3.2 Å for the hydrogen bond
seems slightly too high. A length of 3.0 Å might be able to capture all of the hydrogen
bond interactions in the system well, but to create some degree of overestimation ensures
that all hydrogen bond interactions are captured.

5.2.2 Residence H2O

The previous results are used to determine residence H2O near the surface as these might
be important for the hydrolysis of the network forming species. [Nangia and Garrison,
2008; Kagan et al., 2014; Zhang et al., 2022] Figures 5.5 and 5.6 suggests that the
maximum distance for the hydrogen bonding near the surface is 5.2 Å. The distribution
of the residence for H2O O atoms that come near the surface is shown in Figure 5.7.
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Figure 5.7. Distribution of H2O O atoms within 5.2 Å of surface NFs. (a) for Si and (b) for Al. The
bars are plotted compared to how frequently they are present near the surface. 100% on the x-axis
means the H2O resides near the surface in all the analysed trajectories. The green bars represent the

H2O O atoms with a residence of more than 95%.

Figure 5.7 (a) and (b) both show that many H2O are near the surface very briefly with
a smooth decrease towards higher residence times. This is because the system contains a
large amount of H2O all rapidly switching places. However, near 100% residence, there is
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an increase in residing H2O, which suggests that these are stabilised by hydrogen bonding
to the OH groups on the glass surface.

5.2.3 Hydrogen bonding on the CAS-water interface

Figure 4.1 in Section 4.1.4 states that the distance between the hydrogen bond donor and
acceptor must not exceed 3.2 Å and the angle between the H of the donor and the direct
vector between the donor and acceptor must not exceed 30◦ ensuring that the hydrogen is
orienting towards the acceptor. Hydrogen bonding between the CAS slab and the liquid
H2O has two cases: one where the glass is the donor and one where H2O is the donor. In
the 500 analysed trajectories, the presence of acceptable hydrogen bonding between the
residence H2O (identified in Figure 5.7) and the CAS surface where the glass acts as the
donor is shown in Figure 5.8
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Figure 5.8. (a) Distribution of hydrogen bonding presence between the surface NFs of the CAS slab
to residence H2O Os where the OH from CAS glass acts as hydrogen bond donor and the H2O acts as
the acceptor. (b) Sketch of type of hydrogen bonding investigated. The Si atom can also be an Al atom.

Figure 5.8 (a) shows a high prevalence of sites with this type of hydrogen bonding 100%
of the analysed trajectories. Many also have near 100% presence, while some hydrogen
bonding sites either do not exhibit this type of hydrogen bonding or only a few percent of
the trajectories. The same analysis with the other type of hydrogen bonding where H2O
is the donor and the glass is the acceptor is shown in Figure 5.9.

Page 29 of 59



Anders M. Schade 5. Results and discussion

0 25 50 75 100 125 150 175 200
H-bond present, % of the trajectories

0

20

40

60

80

100

120

C
ou

n
t

Hydrogen bonds between OH and water H

(a) (b)

Figure 5.9. (a) Distribution of hydrogen bonding presence between the surface NFs of the CAS slab
to residence H2O Os where the H2O acts as the donor and the OH from CAS glass acts as hydrogen
bond acceptor. (b) Sketch of type of hydrogen bonding investigated. The Si atom can also be an Al
atom. Values exceeding 100% mean that more than one H2O creates hydrogen bonds to the same OH

group on the CAS surface.

Figure 5.9 has a more broad distribution of hydrogen bond presence than Figure 5.8
because of the possibility of making more than one hydrogen bond on each hydroxyl.
This also means that the percentages on the x-axis exceed 100 % which indicates that
more than one hydrogen bond is created. Comparing the higher percentages in both
Figures 5.8 and 5.9, it is clear that the case where the glass acts as a hydrogen bond
donor is the most prevalent of the two cases. For both plots, there is a high abundance
of H2O very briefly hydrogen bonding with the network forming species (near 0%). It is
likely that most of these have hydrogen bonding of the different type and can therefore
be found in the other plot. The summation of the results in Figures 5.8 and 5.9 for each
hydroxyl group is shown in Figure 5.10.

Figure 5.10. Sum of the bars in Figures 5.8 and 5.9 for each OH group. Percentages higher than
100% indicate that multiple H2O create hydrogen bonds to the same OH group on the CAS surface.
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Figure 5.10 shows that the majority of the hydroxyl groups hydrogen bond to the residence
H2O at least 100% of the trajectories. Still, some hydroxyls have less than 100% hydrogen
bond presence to the residence H2O indicating that not all of the hydroxyl groups are
able to stabilise a H2O more than 95% of the trajectories.

To simulate the complete dissolution of the NFs, i.e. stepwise hydrolysis from Q3 to
Q0, it is relevant to investigate the hydrogen bonds for the differently coordinated surface
NFs. This is done by grouping the plots into how many network forming bonds each NF
has (Q3, Q2 or Q1). The distribution for the two types of hydrogen bonds for the three
Qn groups can be found in Appendix D.1. These plots show no inclination for any of
the Qn groups to deviate from the general trends found in this section; all groups show a
preference to form hydrogen bonds with the glass being the donor.

This does not mean that the other type of hydrogen bonding does not occur for the two
kinds of NFs. It is just not the most natural case for the H2O to arrange in that manner.
This can be ascribed to the structural degrees of freedom involved in the H2O being the
hydrogen bond donor. It needs to have a specific orientation with the H atoms of the H2O
pointing towards the O of the hydroxyl group. With the liquid H2O being very mobile,
it is difficult to maintain this position. On the other hand, the case where the CAS glass
is the hydrogen bond donor is easier to maintain because the hydroxyl group is fixed on
the surface of the glass and it is more lenient in terms of positions for the H2O to be the
hydrogen bond acceptor. The hydroxyl group on the surface can easily point towards the
oxygen of an H2O rather than a hydrogen of an H2O to point at an oxygen of a hydroxyl
group due to steric hindrance.

The MD analysis will be used to estimate which molecules are important for the
hydrolysis. The initial objective was to find any stationary or residing solvent molecules
near the surface. The analysis has shown that a large fraction of the H2O molecules
reside near the surface and are stabilised by hydrogen bonding to the hydroxyl groups on
the network forming species. In the most prevalent type of hydrogen bonding, the CAS
glass acts as the hydrogen bond donor and the central O in H2O as the hydrogen bond
acceptor. The opposite case does also occur but to a smaller extent.

5.3 Investigation of hydrolysis reaction pathway

DFT calculations are performed using the information obtained by the analysis of the
MD data, which demonstrates evidence for H2O stabilised by hydrogen bonding to the
surface hydroxyl groups. This information will be used to place the H2O for hydrolysis
preferentially to hydrogen bond with the hydroxyl where the CAS glass acts as the
hydrogen bond donor. The workflow of the reaction pathway analysis involves geometry
optimisation using DFT. It is, therefore, not possible to directly include the geometry of
the surface interactions from the CAS slabs from MD in the DFT calculations. Instead,
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the information gained from the MD simulations will be used implicitly in the initial
placement of the H2Os. The geometry optimisation scheme for the geometries keeps the
hydrogen bonding placements for H2Os to one of the hydroxyl groups. In the majority
of the geometries, this is at the configuration where the glass system is the hydrogen
bond donor, but in some cases, the glass is the hydrogen bond acceptor instead and this
configuration is also valid. In the following section, the data for the Woelfling runs with
one H2O is presented first followed by the data for Woelfling runs with two H2Os. Lastly,
these two data sets are compared to investigate the influence of the multiple H2Os in the
calculations. Throughout this section, the linkages Si-O-Si, Si-O-Al and Al-O-Al will be
referred to as Si-Si, Si-Al and Al-Al, respectively.

5.3.1 Hydrolysis with one H2O

The activation energies for the three different types of NF linkages grouped in terms of
their network coordination (Q3, Q2 and Q1) with one H2O present in the hydrolysis are
seen in Figure 5.11. The values for the plot can be found in Appendix D.2.
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Figure 5.11. Visual presentation of the activation energies for the network linkage types (Si-Si, Si-Al
and Al-Al) grouped by the number of network forming bonds (Q3, Q2 and Q1). The height of the bars

are means of each group with standard deviations illustrated as the error bars.

In general, hydrolysis of the Al-Al linkage has the lowest activation energy. This has
also been reported in the literature, c.f. Section 3.1.2. The hydrolysis reactions of Si-Si
and Si-Al linkages seem to have similar energy barriers because their errorbars overlap
for the most part, which is unexpected as the linkages involving Al were found to have
lower activation energies [Morrow et al., 2009; Damodaran et al., 2022]. To compare
the activation energies for the different groups, pairwise t-tests are performed with a
confidence level of 95%. Due to the risk of false positives during family-wise comparisons,
the significance level, α = 0.05, is corrected using the Bonferroni correction, which yields
a significance level of 0.017%. This means that the p-values presented in Table 5.1 need to
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be <0.017 to be significant. A Shapiro-Wilk normality test is performed to test whether
the datasets can be assumed to be normally distributed as this is one of the prerequisites
for performing t-tests. The statistical considerations for performing the t-tests along with
the p-values from the Shapiro-Wilk normality test can be found in Appendix C.

Table 5.1. p-values for pairwise t-tests for comparing the hydrolysis of the different linkage types and
groups with one H2O. Each section of the table is mirrored on the blank diagonal. Using a confidence
level of 95%, the significance level is 0.017 due to the Bonferroni correction. In cases of significant

difference, the cells are coloured green.

Pair Q3 Q2 Q1
Si-Si Si-Al Al-Al Si-Si Si-Al Al-Al Si-Si Si-Al Al-Al

Si-Si — 0.192 0.226 — 0.065 0.007 — 0.091 0.065
Si-Al 0.192 — 0.041 0.065 — 0.002 0.091 — 0.001
Al-Al 0.226 0.041 — 0.007 0.002 — 0.065 0.001 —

Table 5.1 shows that two cases in the Q2 and one in the Q1 coordination group are
significantly different while no cases in the Q3 coordination group are significantly different
using the Bonferroni correction. The significant differences are found when comparing Al-
Al with Si-Si and Si-Al in the Q2 group and Al-Al with Si-Al in the Q1 group. In these
cases, the energy barrier for the hydrolysis of the Al-Al linkage is significantly lower than
the linkages involving Si. Another interesting part about these data is that there does not
seem to be a difference in energy barriers for Si-Si and Si-Al in any of the coordination
groups. It has previously been reported that linkages involving Al all have lower barriers
than those without, but in this case, Si increases the energy barrier more than Al decreases
it. The similarity here between the Si-Si and Si-Al linkage types can be attributed to the
high variance in the energies. Looking at the barplot for Q3 in Figure 5.11, the error bar
of Al-Al does not overlap with the error bars of the other two groups. This indicates lower
activation energy for breakage of the Al-Al linkage compared to the other two linkages.
However, the differences were not found significant in Table 5.1 due to a low number
of observations for the linkages in the Q3 group. It is still a strong indication of lower
activation energy for breakage of the Al-Al linkage than those with Si. A similar analysis
for linkage types across coordination groups can be seen in Table 5.2.

Table 5.2. p-values for pairwise t-tests for comparing the hydrolysis of the different network
coordination and linkage species with one H2O. Each section of the table is mirrored on the blank
diagonal. Using a confidence level of 95%, the significance level is 0.017 due to the Bonferroni

correction. No significant differences are found.

Pair Si-Si Si-Al Al-Al
Q3 Q2 Q1 Q3 Q2 Q1 Q3 Q2 Q1

Q3 — 0.049 0.914 — 0.385 0.965 — 0.460 0.208
Q2 0.049 — 0.033 0.385 — 0.113 0.460 — 0.389
Q1 0.914 0.033 — 0.965 0.113 — 0.208 0.389 —
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No significant differences are found for any of the coordination groups. The Q2 Si-Si
linkage has the highest average energy barrier of the three Qn groups, indicating that it
might be the rate limiting reaction in the complete hydrolysis of this particular linkage.
On the other hand, the Q2 Si-Al linkage has the lowest average energy barrier of the
three, suggesting that either Q3 or Q1 is the rate limiting reaction for this species. The
Q1 Al-Al linkage has lower activation energies than Q3 and Q2. This indicates that the
hydrolysis with Al-Al occurs faster with Q1 than the other two types. The activation
energy is lower for Al-Al than the other two linkage types in all coordination groups, it
is therefore unlikely that this linkage is present after two hydrolysis steps have already
occurred. However, as no significant differences are observed, no conclusions can be made
from Table 5.2.

5.3.2 Hydrolysis with two H2Os

The activation energies for the three different types of NF linkages grouped in terms of
their network coordination (Q3, Q2 and Q1) with two H2Os present in the hydrolysis are
presented in Figure 5.12. The values for the plot can be found in Appendix D.2.
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Figure 5.12. Visual presentation of the activation energies for the network linkage types (Si-Si, Si-Al
and Al-Al) grouped by the number of network forming bonds (Q3, Q2 and Q1). The height of the bars

are means of each group with standard deviations illustrated as the error bars.

The data shown in Table 5.3 and Figure 5.12 have a high degree of variance which is
presented using the error bars in Figure 5.12. The high degree of variance stems from
the structural freedom of the second H2O which can get pushed into different energetic
states during the hydrolysis reaction. The different energetic states could be either more
or less energetically favourable than the initial configuration, thus creating variance in the
energies of the reaction. Kagan et al. [2014] reported that the energy barriers for hydrolysis
of aluminosilicate bonds are sensitive to the geometry at which the reaction occurs, i.e.
how the H2O approaches the hydrolysis site. When the second H2O was included, the H2O
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apart of the hydrolysis reaction was placed more locally near the hydrolysis site instead
of being fixed by hydrogen bonding. The geometry optimisation could therefore move
the hydrolysis H2O more around and create different initial geometries for the reaction,
ultimately changing the reaction geometry.

Similar to the data for DFT calculations with one H2O, pairwise t-tests for the dataset
with two H2Os are performed with the Bonferroni correction. The Shapiro-Wilk normality
tests for these datasets are also found in Appendix C.

Table 5.3. p-values for pairwise t-tests for comparing the hydrolysis of the different species and
groups with one or two molecules. Each section of the table is mirrored on the blank diagonal. Using a

confidence level of 95%, the significance level is 0.017 due to the Bonferroni correction. In cases of
significant difference, the cells are coloured green.

Pair Q3 Q2 Q1
Si-Si Si-Al Al-Al Si-Si Si-Al Al-Al Si-Si Si-Al Al-Al

Si-Si — 0.602 0.530 — 0.373 0.201 — 0.001 0.002
Si-Al 0.602 — 0.012 0.373 — 0.188 0.001 — 0.094
Al-Al 0.530 0.012 — 0.201 0.188 — 0.002 0.094 —

The p-values presented in Table 5.3 show that no difference are seen within the Q2
coordination group. For Q3, Al-Al is significantly lower than Si-Al. For Q1, Si-Si is
significantly higher than the other two types. This is also apparent from Figure 5.12 where
the linkage types with significant differences do not have overlapping error bars while the
other ones have. A similar analysis with the three coordination groups compared within
each linkage type is seen in Table 5.4.

Table 5.4. p-values for pairwise t-tests for comparing the hydrolysis of the different network
coordination and linkage species with two H2Os. Each section of the table is mirrored on the blank

diagonal. Using a confidence level of 95%, the significance level is 0.017 due to the Bonferroni
correction. No significant differences are found.

Pair Si-Si Si-Al Al-Al
Q3 Q2 Q1 Q3 Q2 Q1 Q3 Q2 Q1

Q3 — 0.281 0.221 — 0.966 0.795 — 0.025 0.363
Q2 0.281 — 0.707 0.966 — 0.872 0.025 — 0.405
Q1 0.221 0.707 — 0.795 0.872 — 0.363 0.405 —

Table 5.4 shows no significant differences in the activation energies for each linkage type
across the coordination groups as all p-values are above the significance level. This is
partly due to the high variance in the values and the relatively low number of observations
in each group, which means the differences must be more pronounced to be significant.
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5.3.3 Comparison of the two hydrolysis datasets

To compare the results from the two datasets, t-tests are performed again. Contrary to
previous t-tests, these are not pairwise and therefore do not need to be subjected to the
Bonferroni correction.

Table 5.5. T-tests of the datasets with one or two H2Os present during the hydrolysis for each linkage
type (Si-Si, Si-Al or Al-Al) in the three coordination groups (Q3, Q2 or Q1). A confidence level of 95%
is used and coloured green cells indicate a significant difference between the datasets (p-value<0.05).

Group Pair p-value

Si-Si 0.942
Q3 Si-Al 0.541

Al-Al 0.399

Si-Si 0.863
Q2 Si-Al 0.754

Al-Al 0.023

Si-Si 0.001
Q1 Si-Al 0.188

Al-Al 0.207

Overall, the inclusion of the second H2O did not significantly affect the energy barriers.
Only one group, Q1 Si-Si, has a significant difference where the calculations with two
H2Os have a higher energy barrier on average than the calculations with just one H2O.
For all the other groups, the activation energies with one or two H2Os are the same. The
large error bars (large standard deviations) lead to failure to reject the null hypothesis
for most of these comparisons.

The proposed geometry or orientation sensitivity also seems to have a larger effect
on the Woelfling calculations with two H2Os than it has for ones with one H2O. For
calculations with one H2O, the H2O is more fixed as it is hydrogen bonding with a
hydroxyl group on the glass surface. On the other hand, the calculations with two H2Os
have the reaction participating H2O locally placed at the hydrolysis site, which means
that it is more prone to being put into a different arrangement during the geometry
optimisation. This would result in more variance in the activation energies given that the
orientation sensitivity is in effect.

The reduction of activation energies when introducing more H2Os into the hydrolysis
reaction stems from the formation of other transition states, such as proton transfer from
one H2O to another [Zhang et al., 2022]. These intermediate products were not found by
the Woelfling jobs in any of the cases with two H2Os present. The lack of reduction in
activation energy when including a second H2O can therefore be ascribed to the reaction
mechanism largely remaining the same as with one H2O. Another explanation for the
lack of reduction in activation energies when introducing the second H2O is that the
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COSMO model sufficiently captures the bulk water’s effect in the system. This means
that introducing more H2O would not be required to mimic the bulk solvation effect.

5.3.4 Overall discussion of hydrolysis results

One source of error present in these results is the energies associated with structural
rearrangement in the system. This effect is an artefact of working with a small system
due to the mobility and structural freedom of the atoms in the system. The impact
of this effect is attempted to be reduced by the reaction isolation procedure described in
Section 4.2 by limiting the Woelfling jobs to the specific steps where the hydrolysis occurs.
In some cases, however, structural rearrangement is still occurring while the hydrolysis is
undergoing. This will influence the activation barrier of the hydrolysis by either increasing
or decreasing the activation energy depending on whether the system rearranges to a
configuration with higher or lower energy. Reaction pathway analyses, where the reaction
isolation procedure was unsuccessful in isolating hydrolysis from rearrangements, typically
have abnormally high or low energy barriers. They are therefore deemed as outliers and
not included in the data presented here. This effect is also difficult to completely eliminate
which then becomes a source of variance in the data.

The activation energies found in this study suggest that there generally is a preference
for Al-Al linkages to break first and then either Si-Si or Si-Al. The numerical values of
the energy barriers are somewhat similar to what has been reported in the literature.
Damodaran et al. [2022] studied MD simulation of aluminosilicate glass and performed
PMF calculations. The energy barrier of Si-X (where X is either Si or Al) was found to be
129 kJ/mol, which is in the range of most observations for Si-Si and Si-Al. Some groups
have lower activation barriers, but are relatively similar given their standard deviation.
Additionally, the barrier of Al-X was found to be 47.3 kJ/mol which is lower than the
barriers for Q3 and Q2 Al-Al and slightly higher than the Q1 Al-Al linkage barrier for
the dataset with one H2O. Taking the standard deviation for Al-Al values into account,
the activation energies found in this study are relatively similar. For the dataset with
two H2O, the barrier of 47.3 kJ/mol is lower than all the Qn groups. No difference was
observed for any Qn groups in their study, which is the same as herein (see Tables 5.2
and 5.4). The authors also reported differences between Si-Al and Al-Si linkages and
grouped Al-Si linkages with Al-Al linkages. This has not been able to be replicated in this
study (see Appendix D.3). The claim of the preferential release of Al from the system was
also validated by experimental findings. Two aluminosilicate glasses with multiple NMs
were exposed to distilled water at neutral pH and the concentrations in the surface layer
were measured by X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary
ion mass-spectroscopy (TOF-SIMS). A higher decrease in the content of Al than Si in the
surface layer was observed.

Kagan et al. [2014] investigated the complete hydrolysis of the Si NF in amorphous
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SiO2 starting from Q4 to Q0 using MD and the PMF method similar to Damodaran
et al. [2022]. They found the average activation barrier for these hydrolysis reactions to
be in the range of 45 to 59 kJ/mol, which is much lower than the values found herein.
They deemed the reactions from Q3 to Q2 and from Q2 to Q1 to be rate limiting. The
activation energies of the reactions have very high standard deviations, suggesting no
significant differences between the Qn groups were found. The findings in Kagan et al.
[2014] and Damodaran et al. [2022] of no significant difference between any Qn groups
for either Si-Si or Si/Al-X confirm the conclusion herein that no difference for any Qn
groups for each linkage type is found. This suggests that no particular Qn species for any
of the linkage types are rate limiting in terms of energy and that the complete dissolution
process is controlled by the linkage types present and their relative energy barriers. In
addition, Damodaran et al. [2022] also noted that the hydrolysis barrier for the Si-Si
linkage is higher in aluminosilicate than for pure silica and ascribed this to the presence
of Al strengthening the network.

Zhang et al. [2022] found a Si-Si barrier of 121 kJ/mol with one H2O and 76.1 kJ/mol
with two H2Os on systems similar to the Q1 groups presented here using DFT and no
implicit solvation model. The barrier with one H2O is higher than the value found in this
study and the decrease in energy when using two H2Os is not observed. The decrease in
energy barrier when including two H2Os in the reaction can be ascribed to the lack of a
solvation model in their study. Morrow et al. [2009] reported energy barriers of 146 kJ/mol
for Si-Al and 39 kJ/mol for Al-Si for Q1 species using DFT without a solvation model.
Compared to the values found herein, the Si-Al barrier is relatively close to the Q1 in both
datasets while considering the standard deviation of the values. Their Al-Si is similar to
Q1 Al-Al, but is much lower than all Si-Al activation energies (even when separating Si-Al
and Al-Si, see Appendix D.3). Again, this could be caused by the lack of solvation model
in their study. Nangia and Garrison [2008] invested the Si-Si barrier using DFT with
and without the integral equation formalism for the polarizable continuum model as the
implicit solvation model. They reported values of 159 kJ/mol and 147 kJ/mol for Q1 Si-Si
linkages in vacuum and using the solvation model, respectively. This shows verifies that
solvation models affect the energy barriers and is important to consider when performing
these types of calculations.

The lower energy barrier for the Al-Al linkages can be explained by Löwenstein’s rule,
which states that the aluminium tetrahedrons cannot be placed adjacent to one another.
This is because Al-Al has a higher potential energy than an Al-Si linkage, meaning that
the Al-Al linkage is less energetically favourable than Al-Si [Putnis, 1992]. This results
in smaller activation barriers for hydrolysis of the Al-Al linkage. The higher activation
energies for linkages with Si can be explained by its more favourable tetrahedral structure
than Al. The higher strength of the Si-O bond than Al-O is reflected in the bond lengths
in Figure 5.2, where the Si-O bond is shorter than Al-O.

An aspect that is not considered in this study is the presence of defects near the CAS
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surface. The presence of defects, such as rings or TBO, has been suggested to reduce the
energy barrier for the hydrolysis of network forming bonds in the glass. [Walsh et al., 2000;
Turchi et al., 2021] This analysis could start with MD simulations where frequent defect
types near the surface could be identified. The defect types would then be replicated in
DFT calculations, and the hydrolysis barrier in the presence of the specific defect types
could be determined.
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Conclusion 6
Using the novel wet-GS force field in Molecular Dynamics simulation, stationary
(residence) H2O molecules are found on the interface between bulk H2O and calcium
aluminosilicate (CAS) glass. The residence H2O are observed to be stabilised by hydrogen
bonding between surface hydroxyl groups on the CAS glass, introduced by a surface
termination procedure when using the wet-GS force field. The most prevalent case of
hydrogen bonding is where the CAS glass acts as the hydrogen bond donor.

The residence H2Os are assumed to be a part of the hydrolysis reaction of the network
forming bonds in the glass. Therefore, they are included in reaction pathway analysis
using Density Functional Theory. Two reactions are investigated: one with a single H2O
molecule and one with two H2O molecules. Three network forming linkages are present in
the glass: Si-Si, Si-Al, and Al-Al. These are investigated based on the number of network
forming bonds each hydroxylated surface species has (Q3, Q2 or Q1).

No significant differences are observed between the dataset with one and two H2O
molecules which is ascribed to the reaction mechanism remaining the same when
introducing the additional H2O. The Al-Al linkage has the lowest activation energy for
all Qn groups. No significant differences are found between the Si-Si and Si-Al linkage.
Based on the results of this study, the reaction pathway is a preferential breakage of Al-
Al linkages with activation energies in the range of 47 to 85 kJ/mol. The likelihood for
the Si-Si and Si-Al linkages to break is similar with activation energies in the 85 to 165
kJ/mol range. No significant differences are found across Qn groups for each network
linkage. This suggests that the dissolution is controlled by the linkage types present on
the surface and is not rate limited to any particular Qn group.
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The chemical systems studied herein are simplified versions of the actual stone wool glass
system. Many NMs were excluded in the MD simulations, and all NMs were excluded
in the DFT calculations. Therefore, many aspects of the stone wool glass dissolution are
not covered by the results presented in this study. Specifically, the energy of network
dissolution in the presence of network modifiers has not been studied. In addition, the
energy associated with the diffusion of network modifiers in the amorphous system, which
will occur while the network dissolves, is not investigated. The diffusion can be studied
using Free Energy Perturbation which can determine the difference in the energy of the
states of the network modifier, i.e. in the amorphous system and the free, solvated state.
[Grossfield et al., 2003]

Taking a step further in replicating the actual stone wool glass systems, more variables
need to be considered. For the stone wool insulation products to gain mechanical strength,
the wool is sprayed with a polymer binder and pressed into shape [Yue and Solvang, 2021].
This means that an organic compound covers the surface of the stone wool fibres, and the
dissolution occurs on the surface of the fibres, so the presence of the organic compound
will affect the dissolution. In practice, the binder does not create a homogeneous coating,
but instead it arranges in discrete droplets on the surfaces [Barly et al., 2019]. This
means that there are some inaccessible areas on the surface where the hydrolysis of the
glass material cannot occur such that the dissolution does not occur homogeneously over
the entire surface area. The binder droplets could be released from the fibre surface by
dissolving the glass underneath it to make it break off and create more accessible surface
area for dissolution. Ivanič et al. [2020] observed the binder polymer on the stone wool
fibre surface to be degraded after installation and suggested that this occurred due to
depolymerisation by hydrolysis. This would mean that the stone wool material loses
hydrophobicity and its compressed structure, leading to more accessible surface area and
ultimately increased dissolution of the stone wool glass. It is therefore interesting to
investigate the hydrolysis of the binder resin to gain insight as to how the dissolution
occurs on a more macroscopic level. The rates for hydrolysis of the binder and the glass
network could be compared to determine how the binder would be released from the
fibres in addition to how the presence of the organic binder affects the activation energies
associated with glass dissolution.

The dissolution of stone wool systems has experimentally been demonstrated to be pH
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dependent, as the dissolution rate increases within acidic and basic pH ranges. [Wohlleben
et al., 2017; Guldberg et al., 1998; Okhrimenko et al., 2020; 2022] Computational
investigations of aluminosilicate systems also suggest pH dependence. Zhang et al. [2022]
observed that charged aluminosilicate species and charged intermediates significantly
affected the hydrolysis activation energies. Specifically, during the hydrolysis with two
H2Os, the addition of H+ to the reacting H2O (yielding OH– and H3O

+) reduced the
activation energy significantly. The inclusion of proton donating from one H2O to the
other was also attempted during this study, but without success due to SCF errors in the
DFT calculations. The variable of pH and charges on the species has not been covered,
and it is therefore relevant to be included in the continued work of the WOODI project.

7.1 Alternative procedure

The initial goal for the MD simulations was to obtain a measure for where the H2Os
are placed near the surface and transfer this information to DFT calculations. However,
this was unfeasible due to the many geometry optimisations required to run the reaction
pathway analysis. Therefore, the focus of the MD results was changed to qualitative
measurements instead. The ideal case for transferring the configurations from MD to
the DFT calculations is to cut out small spheres of the CAS-water interface to be run
through the reaction pathway analysis such that the structures from MD are directly used
in the DFT calculations. All reaction pathway analyses would require a stable starting
point, so the direct inclusion of force field-based simulation geometries into first-principles
calculations appears to be an issue.

The structural rearrangement of the glass system during hydrolysis also affected
the energy barriers. This was partly due to artefacts of working with such a small,
unstructured system in the DFT calculations and partly due to the reaction path analysis
procedure. The geometry optimisation of the product coordinates might have created an
unnecessarily stable product for the hydrolysis that caused to whole geometry to shift too
much to only capture the effect of the hydrolysis on the energy of the system. This can be
counteracted by only breaking network forming linkages and slightly shifting the position
of NFs to make room for the new hydroxyl without causing the structure to rearrange.
Another way to counteract the artefact of the small system is to simply work with a bigger
system. However, this limits the use of first-principle calculations, but in this case, the
focus could be drawn to including a reactive element in the wet-GS force field.

Alternatively, using a force field that enables the direct inclusion of the geometry from
MD into DFT without significant differences in the arrangement of the amorphous system
could increase the accuracy of the calculations could also be used. A different approach
is to extract small parts of the CAS-water interface using the wet-GS and insert it into a
smaller system with an existing reactive force field, such as ReaxFF.
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Parameters for the wet-GS

potential A
The functions, parameters and charges for the wet-GS potential developed by the WOODI
group are found herein. The information is also found in the supplementary material of
Vuković et al. [2023]. Three functions are used to describe the van der Waals interactions
in the system using the wet-GS potential. These are the Morse function,

E(r) = A
(
e−2B(r−C) − 2e−B(r−C)

)
, (A.1)

the Buckingham function (X6),

E(r) = A
(
e−

r
B

)
− C

r6
, (A.2)

and the Lennard-Jones function (LJ),

E(r) = 4A

((
B

r

)12

−
(
B

r

)6
)
. (A.3)

The Morse function is used for hydroxyl H (HH) and network former (Si and Al)
interaction. The Lennard-Jones function is used for the H2O O (OW) interactions. The
Buckingham function is used for all the other interactions. The parameters for these
functions are found in Table A.1. The interactions between hydroxyl O (OH) and hydroxyl
H (HH) are described with a harmonic function,

E = k (r0 − r) (A.4)

where the force constant k = 24 eV

Å2 and a target bond length r0 = 1Å. In addition,
the harmonic function in Equation (A.4) is used for the hydroxyl O to Si or Al during
relaxation when performing the surface termination procedure while overruling the other
interactions for these atom pairs. Here, the parameters for hydroxyl O to Si are k = 50 eV

Å2

and r0 = 1.52Å and for hydroxyl O to Al are k = 50 eV

Å2 and r0 = 1.55Å.
The charges for the wet-GS potential are found in Table A.2.
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Table A.1. Parameters for the wet-GS potential. In the function column, X6 refers to the
Buckingham function, and LJ refers to the Lennard-Jones function. [Vuković et al., 2023]

Interaction Function A B C

O & Ca X6 155667.70 0.178 42.2597
O & Si X6 50306.100 0.161 46.2978
O & Al X6 28538.420 0.172 34.5778
O & O X6 9022.7900 0.265 85.0921
OH & Ca X6 155667.70 0.178 42.2597
OH & Si X6 50306.100 0.161 46.2978
OH & Al X6 28538.420 0.172 34.5778
OH & O X6 9022.7900 0.3 85.0921
OH & O1 X6 9022.7900 0.3 85.0921
HH & Si Morse 5.9 2.135 2.0
HH & Al Morse 5.735 2.135 2.2
OW & Ca LJ 0.06414 2.46875 -
OW & O LJ 0.06397 3.0024 -
OW & OH LJ 0.06397 2.8024 -
OW & OW LJ 0.00674 3.165492 -
OW & Si LJ 0.0001 3.6 -
OW & Al LJ 0.0001 3.6 -

Table A.2. Charges for the different atomic species in the wet-GS potential. [Vuković et al., 2023]

Type q(e)

Ca 0.945
Si 1.89
Al 1.4175
O -0.945
OH -0.945
HH 0.4725
OW -0.8476
HW 0.4238
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Woefling program in

TURBOMOLE B
Woelfling is included in the TURBOMOLE software package and is used to determine
the transition states and activation energy barriers of reactions. The Woelfling program
creates the reaction pathway with a finite number of intermediate steps using reactant
and product input. Therefore, it is categorised as a chain-of-states method which is the
most commonly used type of method for reaction pathway analysis. Using the geometry
optimised reactant and product, 12 intermediate steps are created using a variation of the
Linear Synchronous Transit method which makes linearly arranged intermediate steps
between the two endpoints of the reaction pathway. The energies for these steps are
calculated using the TURBOMOLE settings explained in Section 4.2.2, and the geometry
is optimised each cycle until the energy curve is sufficiently smooth and goes through a
first-order saddle point. This is quantified using a threshold for the root mean square of
the gradient component orthogonal to the tangent on the energy curve for each step in
the reaction pathway, which becomes small once the pathway passes through a first-order
saddle point (at the transition state) in a continuous manner. [TURBOMOLE GmbH,
2021b]
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Statistical considerations

for t-tests C
Student’s t-tests are performed with the null hypothesis of no difference between the
means of the populations each sample group stems from. The alternative hypothesis
is that there is a non-zero difference between the sample populations. The t-tests are
performed as a two-sample t-test (i.e. independent) because the samples are ideally from
two different populations. Additionally, the tests are performed as two-tailed because the
population means can either be greater or lower than each other, i.e. there is no prejudice
of one sample being greater than the other. The prerequisite for performing t-tests are:
1. independent samples, 2. normally distributed data, and 3. similar variance between
the sample populations. To test whether normal distribution of the data can be assumed
Shapiro-Wilk normality test can be utilised.

In this study, the Shapiro-Wilk normality tests are performed in Python using the scipy
package with default settings and a significance level α = 0.05. Because of the size of the
datasets, it can be argued whether it is reasonable to perform a normality test, as the
likelihood of rejecting the null hypothesis (i.e. the dataset is not normally distributed)
is very small. Groups of data with two observations are in the dataset, and the Shapiro-
Wilk test cannot be performed on these, but normal distribution is instead assumed. The
p-values for the Shapiro-Wilk normality tests are seen for each group of data from the
dataset with one H2O and two H2Os are seen in Tables C.1 and C.2, respectively.

Table C.1. Shapiro-Wilk test for normality for the dataset with one H2O present during the DFT
calculations. Q3 Si-Si is N/A because only two observations are present in this group, and the

normality test cannot be performed.

Pair Q3 Q2 Q1
p-value p-value p-value

Si-Si N/A 0.682 0.944
Si-Al 0.782 0.441 0.113
Al-Al 0.732 0.426 0.239
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Table C.2. Shapiro-Wilk test for normality for the dataset with two H2Os present during the DFT
calculations. Q3 Si-Si is N/A because only two observations are present in this group, and the

normality test cannot be performed.

Pair Q3 Q2 Q1
p-value p-value p-value

Si-Si N/A 0.112 0.163
Si-Al 0.284 0.420 0.641
Al-Al 0.564 0.098 0.809

Because all p-values are higher than the significance level of 0.05, the null hypothesis
is not rejected in any of the cases. This means that all datasets can be assumed to be
normally distributed.
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Supplementary data D
D.1 Hydrogen bonding for different Qs

To investigate the hydrogen bond formation for the coordination groups, Figure 5.8 (a)
and Figure 5.9 (a) are separated into how many network forming bonds each surface NF
has. The plots for the Q1 group are seen in Figure D.1.
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Figure D.1. a) Distribution of hydrogen bonds between the Q1 surface NFs of the CAS slab to
residence H2O O atoms where glass acts as the hydrogen bond donor. b) Distribution of hydrogen

bonds between the Q1 surface NFs of the CAS slab to residence H2O O atoms where glass acts as the
hydrogen bond acceptor.

Only relatively few of the network forming species are Q1 types, causing the plots in
Figure D.1 (a) and (b) to be relatively modest. Yet, the same trends as in Section 5.2.3 are
still observed that the case where CAS glass as act the hydrogen bond donor (Figure D.1
(a)) is the most prevalent with more bars bar 100%. It is still less obvious because of the
limited dataset for Q1 NFs. The similar plots for Q2s are presented in Figure D.2 (a) and
(b).
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Figure D.2. a) Distribution of hydrogen bonds between the Q2 surface NFs of the CAS slab to
residence H2O O atoms where glass acts as the hydrogen bond donor. b) Distribution of hydrogen

bonds between the Q2 surface NFs of the CAS slab to residence H2O O atoms where glass acts as the
hydrogen bond acceptor.

It is more obvious that the case where the CAS glass is the hydrogen bond donor is the
most prevalent for Q2 types of NFs. A large part of the dataset has this type of hydrogen
bond present at 100% or near 100%. At the same time, relatively few observations are ≥
100% for the other case (where the CAS glass is the hydrogen bond acceptor). Finally,
the plots for hydrogen bonds for Q3 are shown in Figure D.3 (a) and (b).
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Figure D.3. a) Distribution of hydrogen bonds between the Q3 surface NFs of the CAS slab to
residence H2O O atoms where glass acts as the hydrogen bond donor. b) Distribution of hydrogen

bonds between the Q3 surface NFs of the CAS slab to residence H2O O atoms where glass acts as the
hydrogen bond acceptor.
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Very similar plots to Figure D.2 (a) and (b) are shown in Figure D.3 (a) and (b). Again,
the CAS acting as the hydrogen bond donor is the most prevalent case as it has been for
the other groups of NFs. The overall conclusion from this analysis is that all Q groups
exhibit a prevalence of forming hydrogen bonds with the CAS glass acting as the hydrogen
bond donor.

D.2 Hydrolysis activation energies

The mean and standard deviation values for the network bond hydrolysis activation
energies for each linkage type and coordination group are found herein. The values are
visually presented in Figure 5.11 and Figure 5.12. The values for the dataset with one
H2O are seen in Table D.1.

Table D.1. Activation energy (Ea) for breakage of network forming bonds in the aluminosilicate glass
by hydrolysis with one H2O grouped by the linkage type (Si-Si, Si-Al and Al-Al) and the number of
network forming bonds (Q3, Q2 and Q1). The Eas are the means ± standard deviation of the dataset

with n observations.

Pair Q3 Q2 Q1
Ea [ kJ

mol
] n Ea [ kJ

mol
] n Ea [ kJ

mol
] n

Si-Si 87.5 ± 11 2 141 ± 25 4 85.5 ± 17 3
Si-Al 120 ± 31 4 101 ± 19 6 120 ± 15 9
Al-Al 63 ± 8.9 3 56.5 ± 9.1 5 46.8 ± 16 4

All combinations of network breakage have been investigated, which is why there are
more observations for Q2 and Q1 than for Q3. In addition, some jobs were not able to
converge or encountered problems with the SCF calculations and the data from these jobs
are therefore missing.

The values for the dataset with two H2Os are seen in Table D.1.

Table D.2. Activation energy (Ea) for breakage of network forming bonds in the aluminosilicate glass
by hydrolysis with two H2Os grouped by the bond type (Si-Si, Si-Al and Al-Al) and the number of
network forming bonds (Q3, Q2 and Q1). The Eas are the means ± standard deviation with the

dataset of n observations.

Pair Q3 Q2 Q1
Ea [ kJ

mol
] n Ea [ kJ

mol
] n Ea [ kJ

mol
] n

Si-Si 84.5 ± 32 2 149 ± 68 4 165 ± 15 4
Si-Al 107 ± 12 3 106 ± 30 6 104 ± 31 11
Al-Al 55.5 ± 5.9 3 84.7 ± 9.1 3 70.6 ± 24 4
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D.3 Si-Al and Al-Si linkages

The Si-Al linkage can further be divided into Si-Al or Al-Si depending on which NF the
H2O attaches to. The activation energies for the dataset with one H2O can be seen in
Table D.3 and visually presented in Figure D.4.

Table D.3. Activation energy (Ea) for breakage of Si-Al linkage in the aluminosilicate glass separated
into Si-Al and Al-Si linkages and the number of network forming bonds (Q3, Q2 and Q1) with one

H2Os present during the hydrolysis. The Eas are the means ± standard deviation with the dataset of n
observations.

Pair Q3 Q2 Q1
Ea [ kJ

mol
] n Ea [ kJ

mol
] n Ea [ kJ

mol
] n

Si-Al 133 ± 25 3 104 ± 21 5 113 ± 6.1 6
Al-Si 84 ± 0 1 90 ± 0 1 132 ± 19 3
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Figure D.4. Visual presentation of the means and standard deviations (illustrated with the error
bars) from Table D.3.

Table D.3 and Figure D.4 show no differences in the Si-Al and Al-Si linkage for any
of the groups. The error bars for Q3 Al-Si and Q2 Al-Si are absent due to only one
observation in these groups. This makes it difficult to conclude anything from the Q3 and
Q2 groups. The error bars for Q1 overlap indicating similar values for these groups. The
same analysis is performed for the dataset with two H2Os present during the hydrolysis.
The results can be seen in Table D.4 and Figure D.5.
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Table D.4. Activation energy (Ea) for breakage of Si-Al linkage in the aluminosilicate glass separated
into Si-Al and Al-Si linkages and the number of network forming bonds (Q3, Q2 and Q1) with one H2O

present during the hydrolysis. The Eas are the means ± standard deviation with the dataset of n
observations.

Pair Q3 Q2 Q1
Ea [ kJ

mol
] n Ea [ kJ

mol
] n Ea [ kJ

mol
] n

Si-Al 107 ± 12 3 109 ± 9.8 3 104 ± 32 8
Al-Si 0 ± 0 0 105 ± 42 3 102 ± 30 3
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Figure D.5. Visual presentation of the means and standard deviations (illustrated with the error
bars) from Table D.4.

No observations are found in the Q1 Al-Si group. Similar to the dataset with one H2O,
the error bars in Figure D.5 in the Q2 and Q1 groups overlap. All the subgroups with
multiple observations have overlapping error bars in both Figure D.4 and Figure D.5. This
indicates no differences between the Si-Al and Al-Si linkages. It is therefore reasonable
to treat these two subgroups without distinction in the same overall group.
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