Computational studies of hybrid
interface formation

Jan M. Knaup



Title image: APTES coadsorption by Jan M. Knaup



Computational studies of hybrid interface
formation

Dissertation zur Erlangung des akademischen Grades

Doktor der Naturwissenschaften (Dr. rer. nat.)

vorgelegt dem _
Department Physik der Fakult feur Naturwissenschaften
Universiet Paderborn

Dipl. Phys. Jan M. Knaup

Paderborn 2008






Abstract

Hybrid interfaces are interfaces between di erent classe®f materials; among these, the hybrid interface
between native metal oxides and polymers is of great interésfor the technologies of adhesive joining,
polymer coatings and metal/polymer hybrid materials. The properties of these metal oxide/polymer
interfaces are performance critical. A deep understandingf the interface properties and the chemical
processes from which they emerge is prerequisite for techlogical advancement.

As experimental observation of processes at buried interfees at atomic resolution is highly challenging,
computer simulations are a valuable tool to understand them However, preexisting computational meth-
ods that are able to describe chemical reactions at solid steices with the necessary accuracy, can barely
handle the system sizes necessary for a realistic modelinthe interface. Technigques to couple atomically
resolved simulation methods of di erent accuracy in order to limit the computational cost of simulations
are widely employed in protein and polymer chemistry. In these approaches, quantum mechanical elec-
tronic structure (QM) methods are only applied to those parts of the system, where their accuracy is
needed, while treating the rest of the system with less comjtated molecular-mechanical (MM) methods.
Due to the higher density of bonds, these coupling schemes aot be directly applied to solids, especially
polar ones. Using the density-functional based tight-bindng method as the quantum mechanical part,
the existing QM/MM coupling schemes have been adapted to par solids. Suitable methods to treat the
QM/MM boundary in directly coupled simulations have been tr ansferred from biophysical applications.
New methods to treat cluster charge artifacts, resulting fom selecting a QM zone in a polar material,
were developed and tested on di erent classes of solids. Tke methods are applicable to various oxide
surfaces, including metal oxides. The QM/MM approach allows considerable savings in computer time
and thus enables simulations of more complex systems, e.gaking into account e ects of the environment.

Aluminum is gaining importance in automotive industry and i s the main structural material in aerospace
applications. Under ambient conditions, aluminum is coveed by a native oxide layer. For corrosion
protection as well as for the construction of lighter parts, combining metal and ber reinforced polymers,
the adhesion of polymers on this native oxide layer is extreraly important. The formation of the hybrid
interface between native alumina and a model epoxide adheg system was simulated. Fully quantum me-
chanical simulations were used to calculate the thermodynmics and barrier energies of the chemisorption
of the model adhesive's components. The results are in goodgeeement with experimental observations
and o er a good explanation for the e ect of silane adhesion pomoters: their chemisorption is favorable
at more surface sites than that of the other components, leaithg to an increase in the density of covalent
bonds across the interface. The new possibility of QM/MM sinulations of this hybrid interface allows to
include the e ect of the environment on single adsorption reactions. Initial results indicate that water at
the surface, which is present natively and formed during thecondensation of adhesive components, has a
crucial in uence on the interface formation.






Kurzzusammenfassung

Hybridgrenz achen sind Grenz achen zwischen Materialien verschiedener Klassen. Unterigsen ist die
Hybridgrenz ache zwischen nadirlichen Metalloxyden und Polymeren von gro em Interesse érr die Tech-
nologien von Klebeverbindungen, Polymerbeschichtungen nd Metall/Polymer Hybridmaterialien. Die
Eigenschaften dieser Metall/Polymer Grenz achen ist entscheidenddir die Leistung entsprechender Bau-
teile. Ein tiefes Verstandnis der Grenz acheneigenschaften sowie der chemischen Prozesse aus datiese
hervorgehen, ist die Voraussetzungsfr technologischen Fortschritt auf diesem Gebiet.

Da die experimentelle Beobachtung von Prozessen an verddek Grenz achen mit atomarer Au esung
sehr schwierig ist, stellen Computersimulationen ein werntolles Mittel fer deren Verstandnis dar. Aller-
dings sind existierende Simulationsmethoden, die chemibe Reaktionen auf Festlerperober achen mit
hinreichender Genauigkeit beschreiben &nnen, kaum in der Lage, ér die realistische Modellierung dieser
Grenz achen hinreichend gro er Systeme zu beschreiben. Technike atomar aufgebste Simulationsme-
thoden verschiedener Genauigkeiten direkt miteinander zkkoppeln sind in den Bereichen der Protein- und
Polymerchemie weit verbreitet. Bei diesen Anstzen werden quantenmechanische Elektronenstrukturme-
thoden (QM) nur auf diejenigen Teile des Systems angewandbei denen diese Genauigkeit erforderlich ist,
wahrend der Rest des Systems mit einfacheren molekularmechaschen (MM) Methoden simuliert wird.
Wegen der loheren Dichte an Bindungen, lonnen diese Kopplungsschemata nicht direkt auf Fest&rper-
systeme angewandt werden, insbesondere nicht auf Polare $ierper. Unter Verwendung von dichtefunk-
tionalbasiertem Tight-Binding als QM Methode, wurden die existierenden QM/MM Kopplungsschemata,
von biophysikalischen Anwendungen kommend, auf Fes#rpersysteme transferiert. Geeignete Methoden
zur Behandlung der QM/MM Grenze wurden transferiert. Gleichzeitig wurden neue, geeignete Metho-
den zur Behandlung von Ladungsartefakten, die durch die Augahl einer QM Zone aus einem polaren
Festkerper entstehen, entwickelt und an verschiedenen Klassenon Festkerpern getestet. Diese Metho-
den kennen auf verschiedene Oxydobemchen, einschlie lich Metalloxyden, angewandt werden. Déser
QM/MM Ansatz erlaubt erhebliche Einsparungen an Rechenzei, wodurch die Betrachtung komplizierter
Systeme, z.B. unter Bericksichtigung von Umgebungseinessen, ernoglicht wird.

Aluminium gewinnt an Bedeutung fur die Automobilindustrie und ist nach wie vor das vorherrschende
Strukturmatieral in der Luft- und Raumfahrt. Unter normale n Umgebungsbedingungen, ist Alumini-
um stets mit einer naterlichen Oxydschicht bedeckt. Zum Korrosionsschutz wie agh fer die Herstellung
leichterer Bauelemente, die Metall- und faservergirkte Kunststo teile vereinen, ist die Haftung von Poly-
meren auf dieser na#irlichen Oxydschicht von gre ter Bedeutung. Die Ausbildung der Hybridgrenz ache
zwischen ist dakir von besonderer Bedeutung. Sie wurdeefr die Grenz ache zwischen nativem Aluminiu-
moxyd und einem Modellsystem #@ir Epoxydklebsto e simuliert. Mittels voll quantenmechan ischer Simula-
tionen wurden die Thermodynamik und die Energiebarrieren é&r Chemisorptionsreaktionen der einzelnen
Klebsto komponenten berechnet. Die Ergebnisse sind in guér Ubereinstimmung mit experimentellen Be-
obachtungen und bieten eine gute Erkhrung fer den Wirkmechanismus von Silan-Haftvermittlern: deren
Chemisorption ist an mehr Stellen der Ober ache energetisch gnstig, als die anderer Komponenten. Auf
diese Weise #ihrt der Haftvermittler zu einer Erh ehung der Dichte an kovalenten Bindungeneber die
Substrat/Polymer Grenz ache. Die neue Mglichkeit, QM/MM Simulationen dieser Hybridgrenz ache
durchzufuhren, erlaubt die Berucksichtigung von Umgebungseineissen auf die einzelnen Adsorptionsre-
aktionen. Erste Ergebnisse zeigen, dass Wasser an der Obeche, welches sowohl von Natur aus dort
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vorhanden ist, als auch im Laufe der Kondensation von Klebst komponenten dort gebildet wird, ent-
scheidenden Ein uss auf die Grenzachenausbildung ausbt.
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Chapter 1

Introduction

Two of the most grave challenges faced by humankind today aréhe global warming and the expiration of
fossil fuel supplies. Both are closely related, since a laggpart of the greenhouse e ect is caused by C®
emissions from the burning of these fossil fuelsl]. As fossil fuels are currently the most important source
of energy for human societies, this will have deep rami catons on the future lifestyle of all humankind,
if no solutions are found. One necessary part of any solutionvill be energy conservation measures: in
the short term to slow down CO, emissions, in the middle run to facilitate the transition to sustainable
energy sources and on the long term to allow the worldwide stadard of living to increase sustainably
to the level of industrialized countries. At the same time, the rising prices of fossil fuels, especially olil,
create a strong economic incentive to reduce consumption dhese commodities.

One way to conserve energy is to reduce the use of energy-camnsing technologies (e.g. all kinds of
electronics). This is in strong con ict with the natural hum an desire to improve the individual standard
of living and the humanitarian aim to reduce poverty. Therefore, fossil fuel conservation by abstinence
from technology can only be applied to a limited extent without raising severe social problems. Another
possibility is to increase the energy e ciency of current technologies. In this work, | will concentrate on
one aspect: the development of more capable adhesive joimjrtechnologies, which, among others, enable
lighter and thus more energy e cient transportation.

Adhesive joints work from the principle of inserting a layer of a third material between the surfaces of
the parts which are to be joined. This intermediate layer mug at the same time form a strong bond
to the surfaces of both joined parts and have su cient coheson to be able to transmit the mechanical
forces between them. Additionally, the intermediate layer lIs the roughness of the joined part's surfaces,
thus lling the gap between the parts and sealing the joint against gases or liquids. Very closely related
to adhesives are coatings applied in liquid form, i.e. pairs. In principle, a paint is nothing more than
a mixture of an adhesive and some type of dye or pigment. In bdt cases, the adhesion between the
polymer phase and the substrate is of paramount importanceln my work, | concentrate on the adhesion
at the polymer/substrate interface.

In most cases, the adhesive is applied to the surfaces in ligeiform and then cured to form a solid layer.
Curing can be achieved in several ways: e.g. by evaporatiorf @ solvent, by means of a phase change upon
cooling, or by polymerization of an adhesive mixture. For adomotive and aerospace applications, the
latter class of adhesives are of great interest, because dfi¢ir high mechanical and chemical endurance.
Therefore | will concentrate on this type of adhesives, espgally on a model epoxide resin adhesive. Its
chief characteristics are being a thermoset type polymers,e. the polymerization is thermally activated,
and the fact that a strongly cross-linked network is formed fom relatively low molecular weight precursors.
Although automotive industry has moved away from the formerly widely employed epoxy paints, for
reasons of work safety and expensive waste disposal, thesaipts still play a very important role in
aerospace applications. Results obtained on the interfacproperties between a substrate surface and an
epoxy polymer can be equally applied to joining and coating échnologies.

1



2 CHAPTER 1. INTRODUCTION

| focus my interest on the interface between the natively oxdized aluminum surface and a model epoxide
adhesive polymer, especially on the chemical processes rinovhich the properties of this interface arise.
This choice of materials is governed by the tradition of usirg aluminum as a lightweight structural material
in aerospace applications and the trend in automotive indugy to (partly) replace steel by aluminum to
conserve weight. A good understanding of the fundamental meghanisms is critical for being able to
improve any technology in a systematic and e cient manner.

When aiming to understand these underlying mechanisms of alemical process, it is necessary to analyze
the behavior of the atoms involved. In many cases experimeia observation is very di cult. The direct
observation of individual atoms during a reaction is only passible with very large e ort and only for a few
speci ¢ reactions at solid surfaces in (nearly) vacuum. Hee, the theoretical modeling of the reaction of
interest in a bottom-up approach, i.e. simulating the behavior of the individual atoms from rst principles,
can give extremely valuable insights. However, since modiglg reactions at hybrid interfaces requires the
simulation of comparatively large numbers of atoms, usual ab initioc methods for atomistic simulation
are too computationally involved. At the same time, simpler methods lack transferability, the ability to
describe bond formation or breaking (or both) and they are less accurate. Methods that model parts of
an examined system at di erent resolutions, e.g. taking into account the electronic structure in one part,
while using empirical interatomic potentials in another, depending on the accuracy required for each part,
have been successfully applied in biophysics and polymerisnice. However, these approaches are cannot
be readily transferred to solids.

In this work, | present my results on porting the approaches b couple the approximate density functional
theory method DFTB to classical force- elds from biophysical applications to solid surfaces. | apply both
DFTB and DFTB/MM to examine the formation of the interface be tween a model epoxide adhesive and
the native oxide surface on aluminum. | shall demonstrate tlat DFTB coupled to classical force elds is
capable of providing deep insight into the formation proceses of hybrid interfaces.

1Compared to what is generally referred to as \quantum chemis try", where mostly systems of < 100 atoms are regarded.



Chapter 2

Quantum Mechanical Treatment of
Molecules and Solids

The description of the electronic properties of solids and mlecules requires a quantum mechanical treat-
ment. This section shall describe the quantum mechanical m&ods employed in this work.

My aim is to simulate solid surfaces and interfaces at atomicresolution in a computationally e cient

yet accurate manner, in order to model chemical reactions ahybrid interfaces. | will employ a coupling
scheme between density-functional based tight-binding (IFTB) and molecular mechanics (MM) force-
elds, concentrating on the quantum mechanics side of the capling. As a foundation for describing the
DFTB method and DFTB/MM coupling in solids, | shall rst give an introduction into the quantum

mechanical description of solids in general and into densjt functional theory, to which DFTB is an

approximation.

In this chapter, | shall give a concise description of the theretical foundations of my research presented
in this thesis. For an in-depth introduction, the reader should consider one of the excellent textbooks
available on this matter, e.g. Refs p{5].

2.1 Notation and units

Since in this work | treat both molecules and solids, | shall e the term system unless a statement
explicitly refers to either an in nite crystal, or a nite mo lecule or section of a crystal.

The number of electrons in a system ifN and indicesi run over the electrons. Likewise,M is the number
of atoms, indexed byj . Indicesk; | refer to electrons or nuclei, depending on whether they are sed in
conjunction with i or j.

Vectors r without an index contain the spacial coordinates of the whoé electronic system, whiler; give
the coordinates of a single (quasi-) particle. In contrast,vectors ¥ are three-dimensional vectors in real
space. Similarly vectorsR and R; refer to the nuclei.

(r;R;t)and ( r;t) are the wave functions of the whole system and the electroii subsystem, respec-
tively. If present, and refer to the two spin components of the electronic system. (Mte that the
independent variable + is omitted by text-book convention, except for some speciabccasions.) If the
time variable t is absent, wave functions give the stationary ground-state Similarly, n(¥) gives the total
electronic charge density of the system, whilen; (+) is the density contribution of a single quasi-patrticle.

In the following, equations will be given in atomic units[6, 7], which are de ned by assigning unity values

to the electron rest massm, elementary chargee, ﬁ and reduced Planck constant-. From this de nition
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follows, that the Bohr radius rg = m;ezg 0:5291A and Hartree energyEy = m—f‘; 27:2114 eV assume
unity values as well. Since this makes most constant prefactrs vanish from the equations, these units are
very often applied in quantum mechanics. Additionally, atomic units also reduce numerical complexity.
The units of length and energy are also referred to as Bohr andHartree. Using them, new dimensionless
variablesr and E are de ned:

r E

r= —; E= —: (2.1)

I's Eny
Here,r~and E denote the corresponding variables with dimension. Using@mic units, e.g. the Schedinger
equation of a single electron in the potential of a nucleus wth the charge Z, changes from

~2 zZe?
- i(M)=Ei i(r
2me 4" ojr Rj =8 i
into the dimensionless form
1 Z
> R i(r)=Ei i(r):

2.2 Condensed matter as a many body problem

The theory behind the description of molecules and solids isn many aspects the same. In practically all
aspects, the description of the solid state contains all thenecessary elements for the modeling of molecules
plus some additional features introduced by the symmetriesof the solid state, covered in sectior2.4.

In order to examine di erent geometrical or chemical con gurations of a solid or molecule, one needs to
know its total energy depending on the geometry as well as thalerivatives of the total energy in the
systems coordinates.

The quantum mechanical state ground state of a system of N et#rons and M nuclei is described by the
time independent Schedinger equation

R=E (2.2)
with the (non-relativistic) Hamiltonian
N
R = Yo N zze 0 X 1 Xz (2.3)
o My ngjoJRj Rijoj 2|_21 L2 edn T g R
| {z b {z l—z—} | {z—) |—fz—}
Twn Cn Tel Cel CeI;N

The corresponding wave function describes theM nuclei and N electrons. Since no general analytic
solution to this problem is known, approximations must be made, which will be described below.

2.3 The Born-Oppenheimer approximation.

The rst approximation generally made in the simulation of s olids and molecules is the Born-Oppenheimer
approximation, which is based on the mass ratio of nuclei vesus electrons of about 18 [8]. As the forces
acting on nuclei and electrons can be regarded as within theasne order, the momenta of both will also
be similar. Comparing Ty and Tg in equation 2.3 shows that the nuclear kinetic energy will then be
only about 10 2 of kinetic energy of the electrons. This allows to separate lte nuclear and electronic
wave functions according to the adiabatic theorem@]. Therefore, the motion of electrons and atoms may
be treated separately, with the atomic coordinates at a givea time as a (constant) input parameter to
the electronic equation and the time average of the electroic con guration as a constant in the atomic
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equations of motion. This separation is exact if the potental acting on the nuclei is strictly harmonic in
the vicinity of its local minima *.

In the context of chemical reactions, the system of nuclei isusually treated classically, i.e. by solving
the Newton's equations of motion for the nuclei. The electram problem remains to be treated quantum
mechanically with the electron Schedinger equation

e (Rj) = Eq (2.4)

and its Hamiltonian

X X N .
|i‘el = r t } 1 Z]

i=1

2igi0dri Tl Ry i G
Here is the electronic wave function. In the following, ¥ will be used as a shorthand to denote the
electronic Hamiltonian, where not speci ed otherwise. Still, even the electron many-body-wave function
cannot be solved analytically. This makes further approximations necessary to be able to solve the
problem numerically. Before describing one possible apparhes to achieve this in section2.5, it is
necessary to discuss some general concepts for the descigptof solids and the electronic wave functions.

2.4 Modeling the Solid State

When dealing with the defective solid, one cannot handle ewy atom of a system of technologically
relevant size explicitly. Therefore a model of adequate s is required. In the case of the perfect crystal,
the translational symmetry can be utilized, but that is brok en by the introduction of a defect. In the
following section, starting from the treatment of the perfect crystal, | shall describe possibilities to handle
the defective solid.

2.4.1 The perfect crystal

The perfect crystal is by de nition invariant under transla tion by the lattice vectors
R | = |i a; (26)
with the primitive unit cell vectors a; and arbitrary integers |;. As a consequence, a reciprocal lattice in
momentum space can be constructed with the reciprocal latte vectors
x3
Gg=  gb; (2.7)
=1
with arbitrary integers g; and the primitive reciprocal lattice vectors b;
a; bj =2 ij - (2.8)

The symmetric unit cell of the reciprocal lattice is de ned as the set of points closer to one lattice point
than to all others and is called the Brillouin zone (BZ), i.e. the Wigner-Seitz cell of the reciprocal lattice.

IWhich, is often not the case, especially for point defects in  solids. Still the harmonic approximation must be made,
because the full Schredinger equation is computationally too involved to solve f  or systems large enough to allow the modeling
of the relaxations around such point defects.
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Bloch's theorem states that, due to the translational symmedry, the electronic wave functions of the solid
(called Bloch-electrons) can be expressed by the Bloch-wavfunctions

ok (F) = Uk (DER T (2.9)

With the wave-vector k restricted to the BZ and the function ung (¥) being periodic on the lattice, the
Bloch-wave functions satisfy Bloch's periodicity condition

"ok (B R = () elRD (2.10)

Since the translational invariance along arbitrary lattice vectors implies an in nite crystal, while the
real solid is nite ( N; unit cells along the lattice vector a;,) the perfect translational symmetry must be
ensured by imposing arti cial macroscopic periodicity, i.e. applying the cyclic boundary conditions of
Born and von Karman:

"ok (B Njai) =" o (F) (2.11)

which makes the number ofk-vectors in the BZ equal toN = N;N;N3 and their density equal to V=8 3
with the volume of the solid V.

Due to this construction, an identical set of k-dependent equations applies for all unit cells. In princige,
these equations should be solved for alk-points in the BZ, since they contain an average over allk.
Instead, the so-calledspecial k-point theorem [10] is often applied to reduce the number of equations to
be solved. It states, that the average of the functionf (k)

Y4
1

= = fk)dk (2.12)
Vez Vez

can be approximated by a weighted sum ovespecial k-points
X
= o (Kg): (2.13)
q

If f (k) is invariant under translation by the reciprocal lattice v ectors G4 and to the symmetry operation
~ of the point group G of the lattice, then the Fourier expansion of f (k) can be split at a term M :

X X
f(k): fo+ fmAm (k)+ fmAm(k) (2.14)
m=1 m=M +1
with DX
Am(k)= —  ek(Rm): (2.15)
G r26

where Ng is the number of elements in the point group. Since for anym, the BZ-integral of Any (k)
vanishes,f equalsfy. Substituting equation 2.14into equation 2.13then yields

X X *

q m=1 m=M +1

For su ciently high M, the Fourier coe cients f,; m>M become negligible, so that the last term can
be neglected. Provided, that the sum of the weighting factos ! ¢ is unity, the error of the approximation

is determined by
_ M X
= f fm ' gAm (Kq): (2.17)
m=1 q
Eherefore, the specialk-point set and the corresponding weighting factors should ke chosen so that
q! q¢Am (Kq) vanishes form < M . The error of this approximation diminishes almost exponetially
with M.
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Generally, the procedure proposed by Monkhorst and Pack]] is used to generate speciak-point sets
with M as high as possible. For a given numbe®, the specialk-point set is generated from the primitive
reciprocal lattice vectors with the coe cients

2 Q 1
2Q

with the weighting factors ! 4 = 1=Q* and global shifts ¢p; 2 [0::1], generally chosen as either 0 or
0.5 to speci cally include or excludek = 0. The set obtained from this procedure is called a QxQxQ
MP set. For lattices with lower than cubic symmetry, Q may be di erent in the three directions of the
reciprocal lattice vectors. Under the symmetry operationsof the group, some of the resultingk-points
may be equivalent, in such cases, only on&-point has to be evaluated with the respective weighting
factor multiplied by the degeneracy of the k-point. In this case, non-scalar properties are automaticly
symmetrized.

G = + 0P 1=1;23;p=1:::Q (2.18)

2.4.2 Defective crystals

A single point defect introduced into a crystal destroys thetranslational symmetry completely. Thus, in

principle, equations for all atoms in the solid have to be soled. One could, in principle, treat a smaller
piece but in order to model the behavior of a defect in an othewise undisturbed crystal, the model has
to be large enough, that a su cient amount of atoms remain undisturbed by the defect to preserve the
crystalline properties of the solid. This means that at the elges of the model,

1. the amplitude of the localized wave functions,
2. the deviations of charge density and

3. the deviations of the host atom positions with respect to te perfect crystal

must vanish at least approximately. Since the perturbations from point defects can have ranges of 10 {
50A, 2500 { 25000 atoms would be necessary to achieve this. Such mbers of atoms are orders of
magnitude larger than what can be handled routinely with ab initio methods on computers of the present
and the foreseeable future. Therefore, simpli ed models beome necessary, which basically means, that
the ful llment of the conditions mentioned above is assumedfor a smaller group of atoms around the

defect usually referred to as thecluster. When constraining the calculations to manageable clustesizes,

these criteria usually cannot be met, therefore some allowace for deviations must be made and some
kind of convergence test for all three of them becomes necesy in order to assess the deviations.

The rst approach is to handle only the atoms of the cluster explicitly and embed them into an unper-
turbed crystalline background.

The simplest way to achieve this is the so-called molecular laster model (MCM), which is based on
the assumption, that the electronic states of some solids & well described by localized bonds. This is
mostly the case with semiconductors. Ideally, the quantum nechanical interaction of the cluster with
the background is completely described by a set of localizetionds crossing the interface between the
two regions. If these bonds could be kept unchanged when ciittg o the atoms of the background, the
embedding would still be perfect, except for long range Cowmb interactions. Since the dangling bonds
at the interface can never be saturated in a way that keeps the perfectly unchanged, in most cases
hydrogen atoms are used to saturate them. The hydrogen satated cluster is a molecule in the chemical
sense, hence the name molecular cluster model. The MCM alsorins the basis for quantum mechanics
to molecular mechanics (QM/MM) coupling schemes, which wil be described in detail in section2.8.

More complicated are the perturbed crystal and perturbed custer approaches. In the case of the per-
turbed crystal approach, the Hamiltonian is separated into the Hamiltonian of the perfect crystal and a
perturbation O relative to that:

H=H+0 (2.19)
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which can be solved using a Green's-function approactip{ 14]. In the perturbed cluster approach, relying
on a localized basis, the Hamiltonian is partitioned in direct space according to basis functions in the
cluster (C) and the background (B)[15]

Hce Hces
H = : 2.20
Hec Hegs ( )

Another possibility is called the supercell model (SCM). In this approach, the translational symmetry
is restored arti cially by constructing a periodic superlattice with the cluster as unit cell [16, 17]. This
requires that the cluster is shaped in a way that allows peridlic repetition without gaps or overlaps.
Clusters of this kind are generally referred to assupercells In the supercell model, the momentum space
description of the perfect crystal outlined above can be apfied directly without modi cation. One must
consider however, that the supercell usually contains a mtitude of primitive unit cells in terms of the
perfect lattice. Therefore, the BZ of the supercell is redued relative to the primitive Brillouin zone (PBZ)
and is consequently called the reduced BZ (RBZ). In a perfecsupercell, i.e. one without any defect, the
vectors K of the RBZ each represent a set of primitivek-vectors, so that, if the superlattice has the same
point group as the primitive one, the setfkgy corresponding to the center of the RBZ K = 0) forms
a specialk-point set [18]. Therefore, with a properly chosen SCM, a calculation limted to the -point
(K =0) of the RBZ may give a good description of the extend crystdline states.

If, however, the supercell contains a defect, the -point isde nitely no special k-point for the superlattice
of defects and, unless the supercell is su ciently large, that K = 0 approximation might not be adequate.
The neutral vacancy in Si is a good test case for convergencét. has been shown 19| that the formation
energy computed in the -point approximation and with a 2x2x 2 MP set in 32, 64, 128 and 216 atom
supercells di ers by 3:05; 0:56; 0:30 and Q04eV respectively. This shows the importance of testing the
K -point set used in supercell calculations, especially in fatively small supercells.

In practice, the atoms at the boundary of the supercell are smetimes xed during calculations. This
assumes, that the third criterion from page 7 is met. (For deep levels, the defect wave function is only
considerably in uenced by the relaxation in the rst 1{2 nei ghbor shells of the defect.) This arti cial
restriction of the host atom relaxation is desired in order to limit the e ect of defect-defect interactions
introduced by long range relaxation beyond the SCM boundary

Criterion 2 is usually met by SCM-s in the size range of 50{10@&toms in metallic or purely covalent solids,
but may require considerably larger cell sized for stronglyionic materials. Due to the long range of the
Coulomb interaction, the defect may cause far reaching poldzation e ects which have to be accounted
for in a self-consistent manner.

It should be noted, that the periodic boundary conditions can lead to severe problems in the coulomb
energy terms. If the SCM has a total charge, the interaction ketween this charge and its in nite number
of periodic images will lead to an in nite coulomb energy. Therefore a total charge of the supercell
must be neutralized, which is generally done by applying a uiform compensating charge density over
the whole volume of the supercell: comp = QT“ . However, this approach can lead to severe artifacts
which depend, among others, on the supercell size. Thereferthe convergence of the calculation results
with supercell size should be checked. Similarly, an overbdipole moment of a supercell will also lead to
divergent coulomb energy. This is generally compensated by shift of the charge density with respect to
the nuclei. This e ect leads to an arti cial energetic destabilization of defect con gurations with dipole
moments. In covalent solids, this is generally not a seriouproblem, while in polar materials, the error
can become severe. Again, convergence checks with supelséte are necessary to check for this problem,
however, increasing the supercell size is often impracti¢a
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2.5 Density Functional Theory

2.5.1 Exact DFT

In materials science, the most frequently employed methodd tackle the electronic problem is the density
functional theory (DFT). An in-depth treatment of this meth od can be found in the original articles
by Hohenberg and Kohn p0], Kohn and Sham P1] and the more mathematical treatment by Lieb [22].

DFT is based on the theorem by Hohenberg and KohnZ(] that the non-degenerate ground state of an
electronic system and its ground state energy are unique fustionals of its particle density n(r)

E = E[n(N)]: (2.21)
variable. The particle density? is an observable of the quantum mechanical system given by

X
n(+)=h j (F r)j i: (2.22)
i=1

The total energy from equation 2.21is given by the Kohn-Sham energy functionalH [n]:
H[n]=[ T[]+ ve [n(H)]I; (2.23)

where the rst term is the kinetic energy T[n(¥)] and vess [n(¥)] is the e ective potential, which comprises
the terms
2n(r9

——2dr%+ Vyc [n(¥)]: (2.24)
jr 9

Ve [N(#)] = Vext(r) +

Here vey: describes the external potential (the potential of the nucki and external electromagnetic eld),
the middle term is the Coulomb potential, v, and Vxc [n(r)] is the exchange-correlation potential, which
describes all many-particle e ects.

With an expansion of the particle density into e ective single particle wave functions ;(¥), the so-called
Kohn-Sham orbitals

nr)y="j (M (2.25)
i=1
the N -electron equation can be converted into a system oN coupled e ective-single-electron equations,
the Kohn-Sham equations 1]

24w Ep (9=0; (2.26)

Both v, and Vxc are functionals of the particle density n(r) and therefore all other Kohn-Sham orbitals
j(r) with j 6 i. Thus the e ective potential couples all e ective single particle equations { the ; are
only formally independent.

Like the potential, the total energy can be split up into its k nown components:

ZZ Z
Et (9] = (] + @dfdm Vet (AN(AdF-+ Exc [N(A): 2.27)
£ r

In equations. (2.24) and (2.27), all terms but the last, follow directly from regarding the system as the
composition of N independent, non-interacting particles. Thereby all many-body e ects, except the

2The particle density of the electronic system is also referr ed to as the charge density. Both terms are used synonymously
here, as in atomic units the electron charge, e, is unity.
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coulomb repulsion, have been combined in th&/xc and Exc terms. The exchange-correlation potential
and the exchange-correlation energy are connected by the figtional derivative

Ve = @kc [n(H)]
@ir)

Up to this point, DFT is a reformulation of the Schr edinger equation without neglect of any part, as long
as the ground state can be expressed as a sum of single-deténant wave functions. However, neither the
exact form of Exc nor that of Vxc is known. Therefore, the computational advantage of transbrming

the total energy expression from being dependent on a8 dimensional function in space to just one, has
been bought with the need to introduce an approximation for Exc or Vxc .

(2.28)

2.5.2 The local density approximation (LDA)

The rst approximation to the exchange-correlation functi onal in DFT to be presented here is the local
density approximation. It is based on the assumption that Vxc is only locally dependent onn(r). Thus,

it can be expressed in an integral form with an integrand xc [n(r)], that only locally depends on the
density b

Exc [n(F)] n(*) xc [(n(+)]dr (2.29)

for the exchange-correlation potential, this leads to:

A
_ @kc [n(#)] @
Ve = —anm @6 n(f) xc [n(x)]ds (2.30)
_ @xc [n(¥)]
= xc[n(®)]+ n(f)m (2.31)
which then gives the Kohn-Sham equations in this local apprgimation
v v B ®=0 (2.32)

2

with Ve (¥) = Vc(F) + Vext (¥) + Vxc (¥). The equations are still coupled via the e ective potential ve , the
Kohn-Sham equations must be solved self-consistently.

It should be noted at this point, that all standard implement ations of local exchange-correlation func-
tionals su er from the problem, that the gap energies of solds are underestimated by 30-50%. This will
be discussed further in sectior2.5.6 In some pathological cases, narrow gap semiconductors evappear
to be metallic.

2.5.3 Treating electron spin (LSDA)

For non closed-shell systems, it is necessary to include sppolarization e ects into the calculations. The
easiest way to describe a spin polarized system is, to splithe charge densityn(r) into two components
for the two possible spin orientations

n(E) = n (¥) + n*() (2.33)

in this case the DFT becomes spin density functional theory SDFT). The two components are then

treated in exactly the same way, as the particle density in the case of neglected spin e ects, including
any approximations. (l.e. the local density approximation becomes the local spin density approximation
| LSDA.) With this, the one can de ne the spin- or magnetizati on density

m(#)=n"(¥) n*) (2.34)
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and the corresponding spin-polarization

_m# _n(x) n¥x)
T on®  n(H)+ nfH)’

(2.35)

This allows to treat spin-polarization e ects of the system and perform open-shell calculations’

2.5.4 Beyond LDA

Although LDA-DFT performs well for most applications, in so me cases the purely local exchange-
correlation functionals do not produce su ciently accurat e results. To improve on the local functionals,
without having to apply a fully non-local formulation, whic h would be computationally far more expen-
sive, the generalized gradient approximation (GGA) was deeloped. It works by extending the LDA Exc
with a term dependent on the local gradient of the charge denigy

Exc? (M) = Ex® N(H]+ Exc[r n(H): (2.36)

As they take into account the surrounding density around eat point r without being fully non-local,
these functionals are also calledsemi local. For molecular systems, functionals combining the exchang
functional by Becke [23] with a correlation term proposed by Lee, Yang and Parr 4], called BLYP[25
is very popular, in solid state physics, the exchange-coriation functional by Perdew, Burke and Ernz-
erhof [26] (PBE) is widely used. One must, however, be mindful that that the GGA does not always
improve on LDA, one prominent example being metals.

2.5.5 The DFT gap error

As mentioned earlier, the HF method, using exact exchange,si rather costly ( N#) even without
considering correlation corrections, the calculation of viich scales> N 4. On the other hand, the very
e ective local density or gradient corrected approximations of DFT fail to describe the excited electronic
states of most systems.

The LDA, commonly used in defect physics, is a very good apprdmation for systems where the electrons
are rather delocalized 7]. However, when the static electron-electron interactionbecomes strong enough
that electrons get localized on atomic sites in a solid, the DA, as well as GGA, fail to describe the correct
ground states. One of the most prominent examples are the Btransition metal oxides like NiO (and
probably also TiO,) which are Mott insulators characterized by localized d-electrons R8]. The LSDA in
contrast predicts somewhat too small magnetic moments and anishing or at leastvery small gaps also
observed in case of semiconductor29]. Unfortunately, this error also in uences the accuracy of calcu-
lating spectroscopic properties of defects therein. Wrongexcited states and underestimated transition
levels between the di erent charge states are the consequen.

An important insight on the central origin of these problems can be obtained by the observation that
localized orbitals in the LDA give rise to an error due to a spuious self-interaction contained in the
e ective potential
z z
ELDA 0] = dem ni(®) 2 (ni(9)dr 6 0: (2.37)
jt T

This error increases the more localized the orbitals becomeFor rather delocalized electrons, however,
the self-interaction is negligible or zero. In HF theory, where the exact exchange is calculated, the
self-interaction vanishes.

3In order not to overload the formalism, the spin indices will be neglected in the following. The approach for spin
polarized systems is completely analogous.
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2.5.6 Hybrid exchange functionals

Since the exchange energies are typically an order of maguitle higher than the correlation energies, it
could be shown 80|, that using exact exchange within DFT can largely eliminate the gap error. Still,
at present, no implementation of exact exchange DFT existswhich could be used e ciently on large
systems B1].

For the description of exited states a hybrid functional, eg. the B3-LYP functional [25], is often used.
This is constructed by mixing exact exchange to the DFT exchange.

It has been shown B2] that with the mixing in the form of
EXC = E)lngA + (Eixact E)IZSDA )' (238)

where denotes the empirical mixing factor, the gap error can be e etively eliminated.

Previous work[25, 33] has shown, that a 20% admixture of exact exchange can reprade the experimental
band gaps of 3C- (24 eV) and 4H-SiC (33 eV) as well as the positions of known defect levels very well
However the empirical mixing factors, tted to the fundamental gap, are not well transferable. The same
mixing factor only yields a band gap of 8.1 eV for -quartz, as opposed to the experimental value of 9 eV,
while a mixing weight of 28% proves optimal for this material.

Still, within one material, consistently good results can be obtained for all properties. E.g., for silicon, a
mixing factor of 12% optimizes not only the gap, but the wholeelectronic structure (e.g. the valence band
width and all observed direct transitions between the VB andthe CB,) as well as the elastic properties.
(The mixing has no signi cant e ect on the binding energies and the lattice constant[34].)

The price for the improved precision is the need to evaluate dur-center integrals, which entails a sig-
ni cantly larger computational cost and larger memory requirements compared to pure DFT methods,
which make geometry optimizations of surface or interface mdels using hybrid exchange (HE) imprac-
tical. However, tests have shown, that an additional geomeaty optimization is only necessary, when the
system contains a shallow defecq4]. Therefore, it is possible to obtain an improvement of the éectronic
structure derived from LDA calculations, by making a single HE calculation on LDA-optimized geometry.

2.6 The pseudopotential method

The bonding behavior of atoms in solids is mainly determinedby their valence shell electrons. The
inner shell electrons basically act the same way as in an isated, i.e. unbonded, atom and also screen
the valence electrons from the nuclear charge. It seems to b& promising approach to neglect the core
electrons in the self-consistent calculation of the chargelensity and instead include them into a new
external potential, called a pseudopotentialvP®, which now combines the potential of the nuclear charge
with the core electron potential [35{38]. This pseudopotential converts the wave function into a pgudo-
wave-function which is smooth and node-less close to the cerbut ts the all electron wave function
accurately in the outer region of the atom, and which yields he same valence energy eigenvalues as the
all electron wave function

EPS = EAE; (2.39)

Forming the pseudopotential entails the substitution of the charge densityn(+) by the valence charge
density nV(#) that now only contains the valence shell electrons. The e etive potential then takes the
form

Ve [NY(£)] = VP(#) + Ve(F) + vxc [N(F)] (2.40)

or in the local density approximation

Ve (1) = VP(#) + Ve(¥) + Vxc (¥) (2.41)
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here vP3(¥) is given by the superposition of the single core ion pseudpetentials

X
V= VPR(e Ry) (2.42)
j=1

where R; are the positions of the respective nuclei.

The pseudopotential vP* can be obtained by calculating the e ective potential of a sihgle, isolated atom
and then subtracting the valence electron contributions

Z
N (r:)ojmc vxe [ (9]: (2.43)

V(R = Ve (9

As long as afrozen core is assumed, the same pseudopotential can be used for any sfatdistribution of
ionic cores.

In practice, several di erent forms of pseudopotentials ae used:

norm-conserving pseudopotentials [38, 39] meet the conditions that the normalized radial electronic
pseudo-wave-function at the angular momentuml is equal to the corresponding all-electron radial
wave function beyond a chosen cuto radiusry

RPS(r) = RE forr>r g (2.44)

or converges rapidly to that value, and that the charge enclesed within r, for the two wave functions
is equal:
q z z..

jRPS(r)j%rdr = . JRIE (r)j2r2dr:

Il

soft or ultrasoft pseudopotentials [40{42] here the restraint of norm-conservation is dropped in orde
to be able to create smoother pseudo-wave-functions and ttaienable the use of smaller plane-wave
basis sets.

the projector augmented-wave method [43] indirectly uses pseudopotentials. It divides the wave
functions into an atom-centered sphere in which the wave funtion is represented by partial waves
and an outer (bond-) region, where it is represented by an erslope function, which in turn can be
expanded into an arbitrary basis, usually plane waves.
Here the pseudopotential approach is applied to the constration of the partial-wave basis for the
core region.

Beside the striking advantage of reducing the number of elegcons to be considered quantum-mechanically,
and thus greatly reducing the computational cost, the pseu@potential method has another, not so obvious
point in its favor | When total energies are compared, the di erences are relatively small compared to
the energy values; therefore small errors, that occur in théreatment of each single electron can sum up to
signi cant values, in total energy di erences. By using pseudo-potentials, the number of treated electrons,
and therefore the number of possible sources of error is redad. In addition to this, the numerical value
of the total energy is reduced, thus decreasing the e ect of pssible errors on total energy di erences.

As long as only total energies and electronic properties oftte valence shell are of interest, as is the case
in this work, the impact of neglecting the interaction of inner shell electrons on the valence shell is very
small. However, the ability to calculate some experimentaly observable properties, such as electron spin
resonance (ESR) and nuclear magnetic resonance (NMR) is los
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2.7 Density Functional based Tight Binding

2.7.1 Tight Binding schemes

Tight-binding (TB) approaches work on the principle of treating the electronic wave function of a system
as a superposition of atom-like wave functions. The electnos are tightly bound to the cores in the sense
that the electrons are not allowed to delocalize beyond the @n nes of a minimal LCAO basis.

In the popular semi empirical tight-binding (SETB) schemes, the Hamilton matrix elements are approx-
imated by analytical functions, the parameters of which areoptimized to reproduce experimental data,
as are the atomic basis functions. This allows a much fasteraiculation of the total energy than DFT or
other ab initio methods, while retaining an ability to account some for quartum mechanical e ects. In
such an approach, total energy can, e.g. be expressed as

X X .
Eg = P + > V(R Rj): (2.45)
i 6k

Here vi¥ (r) is an interatomic potential depending on the distance. The ; are taken to be eigenvalues of
a non self-consistent Schodinger-like equation

L= 5 Ve ) (2.46)

which is solved variationally using the atom-like basis setleading to a secular equation
jH S§j=0 (2.47)

with the Hamilton and overlap matrices H and S. In the most stringent application of the tight bind-
ing principle, only the diagonal matrix elements would be regarded, however, this would exclude any
interatomic interactions, so that they are instead assumedto vanish beyond the rst or second shell of
neighbor atomspg4]*.

2.7.2 DFTB

In contrast to SETB, the Density Functional based Tight Bind ing (DFTB) derives its parametrization
from ab initio DFT calculations. In the following | shall sketch the formalism and the approximations
therein. A more detailed description of the method and its deivation can be obtained from the original
works of Seifert, Porezaget. al. [45{47], later reviews 48] and [49]. Ref [50] extends the original method
to include spin polarization e ects.

Basic Formalism

Based on the DFT total energy expression after the introducton of the e ective single particle wave
functions (equation 2.27),

2 3
CC Z
En(el= (o) i(+>§ e R vnuc(fé O+ Bl (248)
i | 0 )
Ho[no(r)]

40ften, the basis functions are assumed to be orthonormal, so that S becomes the unit matrix.
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with the normalized occupation numbersn; following Janak
XCC XCC
n®=  nj i®*%N=ng (2.49)
I I

the rst step is to approximate equation (2.48 by Taylor-expanding it in a norm-conserving density
uctuation  n(+¥), around a reference densityng(¥). This expansion is then truncated after the second
order. With  n(¥) = n(¥) no(®), I4[n(+)] as de ned in (2.23 and the internuclear energy Enn the
Taylor-expansion leads to

XCC Z
Eln(¥)] = i i (AHono(A] i (Hdr
|- {z }
7z o z
w2 DD e B o] v Io(9ne(Acke + En
| r_n @z )
E rep
2z @E F 3
+2 + @Exc In()] n(®) n(rOdride+0( n(f)’): (2.50)

Y ep .

E 2nd

I }

Here the terms in the rst two lines only dependent on ng and the third line contains the second order
contributions and truncation error. (Note that the rst ord er terms cancel out.) More concisely, the total
energy is expressed as

E[ln] E prre = Egs + Erep(R) + Eong: (2.51)
In systems in which interatomic charge transfer and long rage Coulomb interactions play no signi cant
role, Eong can be neglected. The energy expression then only depends ¢ime reference densityng(+),

leading to the non self-consistent version of DFTB. Otherwse,E,nq can be calculated self-consistently{§).
This addition to the original DFTB method is called self-consistent charge DFTB (SCC-DFTB).

Following the tight-binding philosophy, all interactions are assumed to be short-ranged and pairwise, no
three- or more center interactions are regarded.

Hamilton matrix elements

The elements of the zeroth order Hamilton matrix Ho depend on the basis functions used to expand the

i. DFTB uses a minimal localized valence basis set
X )
i i(®i= ci '(+r Ry); (2.52)

where the 1 are taken to be linear combinations of Slater orbitals obtaned from a self-consistent DFTB
reference calculation using a neutral, spherical symmetd pseudo atom. The reference density then
becomes the superposition of atomic reference densities
X e _ X
No(F) = '® T® = ngle) (2.53)
j j
Within the two-center approximation and neglecting the cry stal- eld terms, the Hamilton matrix elements
thus become 8
> D free atom E =
. i k .
e = it 0m )+ ng? 8 ()8 k()
' 0 6 ;1 ()=k()
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with j( ) and k( ) the corresponding atoms to the atomic orbitals and . The diagonal elements of
this matrix would be the respective eigenvalues of the DFT réerence calculation. However, in order
to obtain the correct dissociation limit, the eigenvalue of the free atom is used. The non-zero matrix
elements are calculated element-pairwise and tabulated @r a range of interatomic distances. At the
same time, also the overlap matrix elements are calculatedral tabulated. In practice, the wave function
and charge density of free atoms (or dimers) are not well suéd to describe the more localized electrons
of condensed matter. Therefore, during the DFT reference daulations, the wave functions and densities
are arti cially compressed to resemble the circumstancesn the target system.

Erep(R)

In the same two-center approach as for the Hamilton matrix eements, the repulsive energy term is
expressed as a sum of pairwise, radial symmetric atomic cornbutions

11X .
Eep(R)= 5 Viep(iRj  Rul): (2.54)
i6k

After the Hamilton matrix elements have been calculated, the repulsive potentials vJ;g'jp(r) correct the
di erence between the DFTB band structure energy Egs and the total energy from the reference DFT
method. They can be calculated from the energy di erences osr a range of interatomic separations

Viso(rix ) = Effr (Nx ) Ees(fjk)  Ezna (Mjx ): (2.55)
(E2ng O if second order terms are neglected.)

In practice, the repulsive potentials thus obtained often o not yield satisfactory accuracy. Therefore the
repulsive potentials are rather constructed by tting a pre de ned function to the atom{atom distance
dependent energy di erences in more extended systems, e.ghe C{C distances in HC CH, H,C=CH
and H3C{CH 3. By this approach, the error from neglecting multicenter and crystal- eld terms is partly
corrected in the repulsive potentials

vis () Egfr (1) Ess(r)  Ezna(r) tsystems

Evolutionary algorithms can help to t vl;;",‘p(r) give an accurate reproduction of di erent reference DFT
methods B1].

Second order corrections

In systems which show signi cant charge transfer or long-raage Coulomb interactions, the density-
uctuation dependent terms summarized in Epng must be taken into account. To this end, n is
decomposed into atomic contributions, as it is done fomg in equation 2.53

¥ oxo x» _
I"I(f—) = ClIm I:Jlm IJm l:JOO %)0 ql ; (2-56)
i Lm j

where truncation after the monopole term accounts for the met important contributions and the coe -
cients ¢, are setto uctuations of the atomic Mulliken charges de ned as

d=d d (2.57)
with
q = n; CiCiS; : (2.58)
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Here, g, represents the number of valence electrons of the neutral atn j. Substituting this into the
expression forE,ng given in Equation 2.50 leads to

X T
Eong = 5 k(Rj Rkj) d ¢
ik
zZ
1 @¥Yc[n] 1 :
where j = T + T F'()O(rj)FEO(rE)4—d1=dr’0.

Here, the Foo(+) are xed and radial orbital relaxation functions, thus the < depend only on the
interatomic distances. This assumes, that the electrostdats of the system can be described by atom-
centered monopoles. The second-order corrections to DFTBra discussed in detail in Refs48].

Total energy and secular equation

With the approximations and contributions discussed so far the DFTB total energy expression from
equation 2.48 becomes

xee X o LW
Etot = c,cih” + 5 ik (Rjk) G O+t Erep(R): (2.59)
i ik
The total energy is minimized by variation of the LCAO coe ci entsc. This leads to a eigenvalue problem
with the secular equation X

ci (h S )=08ij;: (2.60)

As the ¢; and the atomic Mulliken charges depend on each other, this agation must be solved self-
consistently.

2.7.3 Extensions to SCC-DFTB

As a prerequisite to the development of the QM/MM embedding shemes laid out in detail in chapter 4,
further extensions must be added to the SCC-DFTB method: thein uence of an external electrostatic
eld and the possibility to constrain atomic charges during the SCC iterations.

External electric eld

Similar to the SCC-DFTB QM/MM coupling approach introduced in Ref [52] for biological molecules, the
DFTB Hamiltonian was extended by an additive term describing the coulomb interaction of the DFTB
treated atoms with external monopoles. The energetic contibution U* of external point charges in a
Coulomb energy of the form

UX = _C|A ql : (261)

Starting from the derivative of the Mulliken populations wi th respect to the ¢
2 3

1 X X
%z Eni4 B(jaGS + S O (2.62)
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we can formulate the derivative of UX

" # " #
@¥ _ @ * % 1., 0% 1,04 (2.63)
@c @ , LA L. TA @ '
8 9
X X 1 <X X =
= 9. B()AG S + G S . (2.64)
oA A : A) '
8 9
1 X <X X 1 X X 1 =
= 5 Ga. — B()aG S + —G S | (2.65)
2 A fia A (a) NIA ;
( )( )
X =X 1 1 1 _
= ] ES ; + G (2.66)
| AC) T
which leads to the expression for the matrix element contritution of the external point charges:
X 1 1 1
U= qgss - (2.67)
| 2 Nac)y TiB()

The external point charges can be replaced by Gaussian chaegdistributions of variance 2 to better
represent charged atoms in the surroundings, which are not gint-like but spatially extended. In that
case, the coulomb energy transforms to

x = RA oy DA (2.68)
Ma

gauss —

and the respective matrix element contributions become

X 1
ux = q=S erf +erf
, 2 Fia () Mg ()

Ma () NB () 1

(2.69)

E ectively, this scales the in uence of external charges onclose QM atoms down. The choice of a single
Gaussian to represent the spatial extent of the external chege distribution is arbitrary and based on
mathematical convenience.

Charge constraints

To achieve a bulk-like electronic structure of an embedded laster, it can be helpful to constrain the
electronic structure of certain atoms of such a cluster, usally that of the boundary atoms. Since the
varied quantity in DFTB is the Mulliken population, this is w here the electronic constraint must be
applied. This is done by adding a penalty potential Uc"S" to the total energy expression of the form 53]

X
yeonstr = ) UA(PA_{ZE%)Z: (2.70)
Ja

Here, Up is an atom-wise potential strength, ga is the Mulliken population of atom A, ofits target
population and ga its charge deviation. The quadratic form ensures a symmetid penalty for positive
and negative deviations. As the penalty potential a ects the atomic charges, it leads to a perturbation
of the Hamiltonian which can be calculated by variation of U in the LCAO coe cients cy of the
basis orbital in eigenvectork:

@Lgonstr

er (2.71)
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Starting from the derivative of the Mulliken population ga
2

3
1 s X X X X
@ _1 @7 4 cciS + cic,S 5 (2.72)
@Q 2 @Q ) 1 |
(A) (A)
in its symmetric form that ensures real population values atall k-points:
3
1 X< X X X
gﬂ =2 n; 4 ki CiCiS + cic;s ® (2.73)
k i (A)
2 3
1 X X
=§nk4 B( )ACk S + c S S) (2.74)
(A)
the derivation in equation 2.71 can now be executed:
@Lgonstr X @ X @
= Up?2 qA—N: A_ﬂ (275)
Qg A @¢g , Qg
2 3
1 X X X
= 5Nk a4 B()AG S + & S ° (2.76)
A (A)
2 3
1 X X X X
:Enk4 AB()AG S + ACG S O (2.77)
A A (A)
" #
1 X X
= énk B ( )Ck S + A( )Ck S (278)
1 X
= énk & S B()t A() (2.79)
Thus, the perturbation becomes
H constr — S UA( ) qA( ) + UB( ) q3( ) : (280)

In addition to this, the constraint potential can also lead to a perturbation in the forces, which can be
derived in a similar manner to the Hamiltonian perturbation :

onstr X
Fe = @y = Upa2 0Oa @ with Eq 2.72 (2.81)
Re X @R ,
X 1 X X X @S @S
= Ua2 cn4Z CiCi——+CiCj ——=>2 (2.82)
R 2" @R " oR
X X X X @S @S
= n; CiCi—==+CiCi —= Ua()0a() (2.83)
o @R oR
X X X @S
= | n; C; Cj @UA( y dac) (284)
)
X X @S
+ Ci C; ﬁUA( ) Oa()
X X X @S
= nj C; Cj @ UA( y Oac)t UA( y Oa()y ¢ (2.85)
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Equations 2.80 2.85 show that both the energy and force perturbation from the eletronic constraint
potential vanish, if the constraints are well ful lled afte r electronic convergence.

2.8 Methods of QM/MM coupling

My primary interest rests on the description of reactive events at hybrid interfaces, which imposes the ne-
cessity to model such interfaces with su cient realism. The size of the models needed to properly describe
a surface or interface leads to extreme computational costHowever, at solid/liquid or solid/polymer hy-
brid interfaces, the large di erence in rigidity between the solid and liquid or polymer sides causes large
parts of the solid surface to be subject to only small mechamial distortions by a single reactive event.
Therefore, this part of the surface can be regarded as an exteal bath for the QM calculation. Classical
force elds are in most cases su ciently accurate to model this bath. In many cases, even xing the
external bath, thus avoiding to model its internal interact ions at all, can give satisfactory results.

To couple theoretical modeling at di erent levels of detail within a single system, two di erent approaches
are currently in use: additive and subtractive schemes. Important implementations of the latter are the
ONIOM[ 54] method and its predecessor IMOMOS5|. Here, in the rst step, energy and gradients for the
whole system are calculated using the less compldrw-level method Subsequently, energy and gradients
of the part of the system to be treated with the more detailed high-level method the high-level or QM
cluster, are calculated with both the low-level and high-leel methods. Finally the low-level contributions
of the high-level cluster are subtracted from the full system result and the high-level energy and gradients
are added:

ONIOM  _ low low high

Efull = Efl Enic * Eni (2.86)
ONIOM  _ low low high

Frull = Faull Fric * Fhie (2.87)

where the superscripts denote the low-level, high-level ash ONIOM methods, the subscripts denote the
full system and the high-level cluster (HLC). A major drawback of this method is, that both parts of the
system must be described using the low-level method. This mas the subtractive scheme unsuitable for
the QM/MM examination of reactive events, unless a reactiveforce eld is available. However, such force
elds are rather di cult to handle and their development is n ot as far advanced as for the non-reactive
case. Based on these considerations, | choose to focus on theditive coupling scheme:

In contrast to the subtractive scheme, the additive scheme dectly couples the low- and high-level zones,
by partitioning the Hamiltonian:

¥ = @high ;. plow . 4 high/low (2.88)

which avoids low-level calculations on the high-level zonebut on the other hand imposes the problem of
formulating a suitable high-/low-level coupling Hamilton ian.

The popular hybrid quantum mechanical/molecular mechanical (QM/MM) [ 56{ 63] approach combines
the advantages of quantum mechanical methods in describinghemically active regions with a description
of the remaining system by interatomic potential functions as force elds [64] or by ion-pair potential
functions [65].

Since the introduction of the QM/MM idea around the mid-1970s [56], numerous studies have been
conducted examining both performance of di erent schemes sawell as interesting applications to various
solution and catalytic systems pB1l, 62, 66{80]. These previous studies have clearly demonstrated that
carefully applied QM/MM methods can provide useful insights into chemical mechanisms in complex
systems that are di cult to obtain otherwise.

In commonly used QM/MM schemes, the Hamiltonian operator of the entire system, ¥, is written as
the sum of those for the QM partition, IQQM, the MM partition, Hy\ and the interaction between
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the two, 'qQM/MM , The precise expression quQM/MM varies but generally has contributions from
electrostatic, van der Waals, bonded interactions, and posibly additional constraints [57],

_ yelec vdW bonded cons
Rommm = Hamimm * Howmmm + Hommm + Homimm (2.89)

The bonded terms and constraints (e.g., xed bond distance letween boundary QM and MM atoms) are
used for keeping the proper connectivities and geometries lren cutting through covalent bonds at the
QM/MM interface. The QM/MM van der Waals terms can be optimiz ed to improve properties such as
distribution of MM groups around the QM group [ 81]. The electrostatic component, which is missing in
some early implementations for organometallic systems6[J], is crucial for the investigation of reactions
in polar surroundings like water or many solids.

2.8.1 The QM/MM boundary

An issue that has been repeatedly raised, concerns the treatent
of the QM/MM boundary. The interaction between MM atoms
and nearby QM atoms should be carefully treated to reliably
describe the e ect of the environment on chemical properties
of the QM region. Complications in the calculation of equa-
tion 2.88 arise in particular if the QM/MM partition involves
dividing the system across covalent bonds.

The large number of proposed hybrid methods dier in the
way this problem is dealt with and which contributions of
equation 2.89 are calculated quantum mechanically. The most
straightforward approach involves saturating dangling bonds by QM M M
link atoms, which are typically chosen as hydrogen atoms be-
tween the QM host atom (QMH, see Fig. 2.1) and the MM
host atom (MMH) [57]. The link atom (QML) is treated at
the QM level, and may be subject to an angular and distance
constraint to lie along the bond between QMH and MMH at
a xed bond distance. The link atom typically interacts with
MM atoms through electrostatic terms but not through van der
Waals terms.

Figure 2.1: lllustration of a covalent
bond crossing the QM/MM bound-
ary, showing the MM host atom
(MMH), QM host atom (QMH) and
QM link atom (QML).

Instead of regular hydrogen atoms, hydrogen-like atoms or

pseudo halogens have been used to terminate the QM regio®2, 83]. In those approaches, the link
atom coincides with the MMH. The electronic nature of this atom is modi ed to mimic the behavior
of the MM host atom or MM host group (MMHG). Instead of using pseudo-atoms as QML, the bond
QMH{QML distance is often scaled so smaller values than thei equilibrium bond length. This approach
is taken from the general practice of constructing 2D-slab nodels of solid state interfaces, where hydrogen
atoms are often used to terminate the dangling bonds on the beksides of the adjoined layers. As the
symmetric-antisymmetric splitting of two molecular orbit als is proportional to the overlap S of the un-
derlying atomic orbitals, which in turn varies inversely with the bond distance, reducing the QMH{QML
distances can often shift spurious gap states originatingrbm the QMH{QML bonds out of the band gap.

Other approaches to the QM capping problem include the use ofiybrid orbitals [ 56] such as the localized
self consistent eld (LSCF) [84{87] and the generalized hybrid orbital method (GHO) [88, 89].

Here, | write the potential energy of the QM/MM system as (see equation 2.898):

tot — D A eled E
u* = Hom + HQM:MM + (2.90)
UvdW + Ubonded + Uum

QM=MM QM=MM
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where is the electronic wave function of the QM region using the SCC-DFTB method. The operator

describing QM/MM electrostatic interactions, Hg',\jé:\MM , has the form of Coulomb interaction between
the MM point charge Qa and the Mulliken charge ¢g on the QM atom [52]
H elec;poir’m\tcharges — X X QA O (2 91)
QUIEMM ira rej '

A2MM B2QM

(cf. equation 2.67).

In practice, the QML often fall very close to the MMH, which can cause severe problems in the quantum
mechanical description. Many di erent approaches have bee developed to overcome this di culty in
biochemical applications p1, 90, however, most of these are not applicable to the solid sta systems,
which are the primary interest of my work. One example is the targe deletion approach,relies on the
(formal) neutrality of groups within the examined amino acids or monomers. The charge of the MMH
atom is simply deleted and the neutrality of the group is resiored by applying compensating charges to
the other atoms in the group.

In contrast, the approach to apply a Gaussian broadening to he point-charge distribution of the MM
atoms, however, can be transferred without di culties. The idea of this approach is to reduce the short-
range in uence of an atomic charge, while retaining the poit-charge character at long distances. This is
achieved by applying a Gaussian broadening of standard deation to the point charge. This is justi ed
by the fact that atomic point charges actually represent a padnt-like nuclear charge which is surrounded
and (partly) shielded by a spatially extended electron distibution. The mathematical formulation by
means of a Gaussian function is chosen for the sake of mathetizal simplicity: the coulomb interaction
is simply scaled by a an error-function prefactor, so that the coupling Hamiltonian becomes:

. X X i i
H glacz,&aMu’%sharges - M erf I'a  Tel : (2.92)
A2mm B2om JfA T8I

(cf. equation 2.69 The property of the error-function to vanish at x ! 0 and quickly converge to unity
at x > , scales down the in uence of a close-by point-charge while aintaining the in uence of the
further parts of the charge distribution. Since the error-function term converges to unity for ! 0,
equation 2.91 can be regarded as the limit of equatiorn2.92for vanishing size of the charge-distribution.
should be chosen appropriately, to alleviate the quantum mehanical problems between QML and MMH,
while keeping the coulomb interaction between QMH and MMH intact.



Chapter 3

Modeling Chemical Reactions

3.1 Reaction energetics at 0 K

At zero temperature, the transition between two stable states of a system follows aminimum energy
path (MEP) on the system's potential energy hypersurface (PES)It is de ned as the path connecting the
minima in a manner that the potential energy gradients vanish in all directions orthogonal to the path.
The MEP is the transition route which requires the least enegy to follow. At nite temperatures the
system can deviate from the MEP with the extent of the deviations governed by the relation between the
depth of the MEP valley and the thermal energy. Maxima along the MEP and their associated geometries
are termed transition states' and are saddle points of rst order on the PES. For a single stp reaction,
the energy di erence between the reactant and the transition state is called the barrier energy

reay(ants

Ep = ED& EK, : (3.1)

(Note that by de nition Ep 0.)

The energy di erence between two local minima de nes the reation energy E of the corresponding
reaction. By convention, it is de ned as

prq(ucts reagtants
E= EX, EX (3.2)
k k

A reaction with negative reaction energy is called exothernic, as energy is released by the system. Analo-
gously, a reaction with positive energy is called endotherric. The terms exothermicity and endothermicity
are synonyms for the energies of exothermic and endothermiactions, respectively. The calculation of

E of any reaction is straightforward, it only requires the calculation of product and reactant energies
by means of geometry optimization of the respective compouuts.

3.1.1 Finding barrier energies

Over the years, a large number of methods to nd the saddle pait(s) of a given transition on a specic
PES have been developed. The conventional approach is to sea for a system con guration in which

1Some authors distinguish between the transition state and the transition structure [2], in which the former refers to a
free energy path and only the latter to an MEP. | choose not to f ollow this convention, as it is not followed consistently
throughout the literature and prone to confusion. Therefor e | prefer to clarify in each case, whether | am referring to fr ee
or potential energies.

23
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Figure 3.1: lllustration of two adiabatic mapping path-searches in a Melller-Brown Potential [ 91]
using di erently de ned reaction coordinates. The parallel solid lines mark the lines of minimization
perpendicular to the chosen reaction coordinate. After 92.
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called the Hessian matrix, has exactly one negative eigenl@e. This so-called surface walking is performed
by following the Hessian's eigenvectors, which can be veryomputationally demanding if analytical second
derivatives are not available. Since the numerical evaluabn of the Hessian demands 2(®1)? total energy
calculations, such algorithms are impractical for systemswith a large number of degrees of freedom.
Interface reactions are such problems, since a realistic deription of the surfaces generally demands a
large number of movable atoms.

One class of methods developed to reduce the computationabsts are path sampling or chain-of-states
methods. They explore reaction paths and do not aim at locatng the exact minima and maxima along a
reaction pathway, but rather on sampling the total energiesalong the path. The simplest of these methods
is the adiabatic mapping approach, but other methods have ben developed to overcome the limitations
of this rather simplistic approach. These methods work on the principle of iteratively re ning an initial
reaction coordinate guess, either during the constructionof the reaction path, as in the growing string
method [93], or by re ning an initial guess of the whole path, as in the nudged elastic band approach,
outlined in section 3.1.2 below.

Adiabatic mapping [94, 95], also referred to as the drag method, scans the PES along or@ more pre-
determined reaction coordinates, while minimizing the total energy in all orthogonal degrees of freedom.
This reduces the problem of nding the MEP to a number of constrained geometry optimizations equal
to the desired number of samples along the path, completelywiding the calculation of second deriva-
tives for the path search. However, the necessity to de ne atable reaction coordinate in advance is
a serious drawback, as it can be very challenging to do so wittut excluding large portions of the PES
a priori. This problem is illustrated in Fig 3.1 Note that, although the choice seems obvious in this
simple, two-dimensional case, in practical systems with adrge number of degrees of freedom, this can
be very di erent. Additionally, the saddle point is not obta ined directly but only approximated by the
samples closest to it, so that the barrier energy and structue must be interpolated. This limitation is,
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however, o set by the robustness of these methods in terms ofonvergenced4] and their inherent ability
to describe more complicated concerted reactions, which émbit several saddle points along along the
MEP.

More sophisticated techniques of surface walking96{ 101] rely on the educated guess that the eigenmode
of the smallest force constant leads to a saddle-point. Thesfore they rely on optimizing the geometry
to a saddle point, starting from the reactant con guration, climbing uphill along the smallest frequency
eigenmode. But still, these methods require the costly calalation of the full Hessian.

To overcome this problem, a large number of approaches haveelen developed. They comprise, among
others, the method by Dewar, Healy and Steward[02, the ridge method by lonova and Carter[L03 or the
dimer method[104] by Henkelman and Jbnsson, but also the conjugate peak re ement algorithm (CPR)
by Fischer[105. The rst three methods use a pair of images which is advance towards the saddle point,
in an attempt to place the images close to each other on both des of the transition state. The idea
behind these methods is to perform surface walking without he calculation of the whole Hessian. Instead,
the second derivative is only calculated in the direction ofsmallest curvature, using a nite-di erence
approximation. An improved version of the dimer method by Heyden and Keil [10§ uses a modied
representation of the dimer to avoid two total energy calcultions per geometry iteration.

The CPR method relies upon line minimizations along lineary interpolated reaction path segments.

Hence it is able to describe reaction paths with several lodaminima and maxima, yielding the exact

transition state(s) and intermediary con gurations. It ca n be regarded as a hybrid method between
surface walking and the chain-of-states methods describeldelow.

3.1.2 Nudged elastic band

Within the category of the chain-of-states methods, the nudyed elastic bandL07] (NEB) approach is one
of the most prominent. As it is the main path-search method ud in this work, | shall describe it in
detail. In NEB, the intermediate states are called images. They are are connected by virtual springs to
distribute the images evenly along the MEP. NEB di ers from other chain-of-states methods94] in that
along the path direction, only spring forces are regarded, e tangential components of the calculated
atomic forces are neglected. The chain of images is then optized to minimize the NEB force for all
intermediate images along the path, usually under the congtint of xed start- and end-geometries. The
even spacing of images along the sampled MEP helps to avoid ¢hso-called valley-hopping problem: for
many MEP search methods it is not assured, that the path segmets on the product and reactant sides
belong to the same PES valley. In that case, the maximum alondghe calculated MEP does not refer to
the reaction barrier, but to the (higher) barrier of changing between the two reaction mechanisms (cf.
gure 3.1, which illustrates the problem for adiabatic mapping).

As stated in section3.1.1, the barrier energy must be interpolated when using a path-ampling method.

This interpolation is frequently performed by a cubic spline t of the image energies, with the gradients
at the start- and end-images set to zero. Another approach igo t a cubic polynomial to each segment

connecting two images, using the tangentialreal force (i.e. calculated force) components to determine
the energy gradient at each imagef0§.

A more elaborate version of NEB is the ANEB method[L09, which uses adaptive spring forces proportional
to the image energy, in order to achieve an aggregation of thémages around the transition state. This
improves the quality of the MEP estimate in the vicinity of th e transition state, without imposing the

greater computational cost of using a larger number of imags, by locally raising the sampling resolution.

The Climbing Image NEB method (CI-NEB)[ 110 uses the image closest to the transition state (identi ed
by its total energy), as a starting geometry for a saddle poin re nement, using the rest of the MEP

estimate to obtain a local reaction coordinate at the image keing moved to the transition state and
inverting the gradient component, parallel to this coordinate. In this context, it can be understood as a
synthesis of standard NEB and a surface walking method. Sintérly, it is a frequently employed approach,
to use the highest energy NEB image as the input con gurationfor a surface walking algorithm.
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Figure 3.2: lllustration of an NEB path optimization in a M eller-Brown Potential [91]. a) initial
guess b) intermediate path estimate, ¢) nal path estimate, d) path interpolation between images.
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3.2 Beyond the minimum energy picture

For many applications, the reaction energies and MEPs prowde su cient information. Naturally, the
quasi-static picture, neglecting temperature e ects, is nost suitable to situations in which reaction en-
ergonicities and barriers are large, when compared to the thrmal energies. If, however, that is not the
case, e.g. when solvent e ects or van-der-Waals bonding arenportant, entropic e ects must be taken
into account and therefore free energy di erences and pathsnust be calculated.

The Gibbs free energyG, in the following just free energy, is de ned as
G=U TS+PV; (3.4)

where the internal energyU = E + Eyn is the sum of potential and kinetic energies,T the absolute
temperature, S the entropy and PV the volume work needed to \make room" for the system at constat
pressureP. Note, that the last term is only meaningful, if the simulate d system interacts with an outside
system via an identi able wall. The free energy di erence G of a reaction gives the outside work that can
be extracted from or must be invested into a reaction, the fr& energy barrier of a reaction describes the
amount of outside work necessary activate it. Via the entropy term, the free energy can di er signi cantly
from the (non-free) reaction energy and barrier.

Thermodynamic simulation Macroscopic thermodynamic properties, are always averageof their
microscopic constituents. Therefore, either a time- or enemble average must be performed to calculate
them. The latter approach is the basis of Monte-Carlo (MC) methods, rst employed by Metropolis
et. al. [111 in which a statistical sampling of con gurations according to a Boltzmann distribution is
performed. | shall not go into any more detail here, as | do notuse atomistic Monte-Carlo methods in
this work.

The other possibility to obtain a thermodynamic average is ly time-averaging over the trajectory of the
examined system. To obtain these, the equations of motion ofthe pertinent system must be solved. In
the case of a chemical reaction, these are the EOMs of the atamnuclei. Most frequently, the atoms are
treated classically, using Newton's EOM

1 dE
Rt)= — —— 35
0= g K (35)
regardless whether the interatomic forces are calculated upntum-mechanically or by means of classical
(empirical) force- elds. Thus a time-resolved trajectory of the molecular dynamics (MD) is obtained.

The EOM are generally solved by integrating them under the sarting conditions of some initial atomic
positions, which are often chosen as a minimum energy con gation, and a set of Boltzmann-distributed,
random atomic velocities. The correct dynamics of the systs can only be captured, if the integration
time-step is less than% of the shortest atomic vibration period in the system?, which leads to time steps
of 10 5 sec, if hydrogen is present in the system. This severely ling the time-scales accessible by
molecular dynamics. Approaches to overcome this limitation are based on the assumption that certain
internal vibrations of a molecule are irrelevant to the dynamics on the timescale of interest. In this case,
they can be neglected, either by constraining the relative psitions of the respective atoms 2], or by
coarse-graining approaches, in which whole groups of atomsre mapped to bead-like superatoms15
117. Nevertheless, explicitly following the time evolution of a system severely limits the accessible time
scales, typically to a maximum of a few ps withab initio energies and forces an& 1 s with classical
force elds.

3.3 Modeling rare events

2This can be understood in the context of Nyquist-Shannon-Wh ittaker sampling theorem [ 112{114].
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When faced with rare reactive events, i.e. transi-
| tions between minima separated by barriers high
in energy with respect to thermal energies at tem-
peratures of interest, the methods described in
N section 3.2 generally fail to describe the time-
. evolution of the system from state to state’. Fig-

ure 3.3 illustrates the problem: The system un-

dergoes a large number of vibrations, while most
of these attempts to cross the barrier remain un-
successful. It is not only uneconomical to sim-

18 ulate each of these, but in many cases the com-
’ putational cost is prohibitive. At the same time,
Figure 3.3: lllustration of a rare reactive event. ~ the sampling of the PES in the vicinity of the
The system performs a large number of vi-  (ransition state is coarse, so that the quality of
brations, attempting to cross the barrier. Af- the thermodynamical averaging in this crucial re-
ter [119. gion is relatively low. The latter problem can

be solved by biased MD techniques, like umbrella
sampling [2], however, they do not give access to
longer time scales.

A very successful ansatz to model the time development of sticrare events is the Kinetic Monte Carlo
(KMC) method [ 118 119, which as been applied to a wide range of topics, such as raation damage
annealing [L20, surface adsorption, di usion and growth [12X 123, or semiconductor processing124.
The basis of this method is to solve the time-scale problem, Y operating on a dynamic time step. In
contrast to the MD technique, where the system is developedlang the time axis by integrating the EOMs
over a pre-determined time step, here the time the system stgs in its current state i before making a
transition, is determined. To this end, the rate constants k; for the transitions from state i to each
adjacent statej are calculated. The probability p; (t) that a system hasnot undergone the transition to
state j is assumed to be

pij (t) = k” e Kij t: (36)

This assumption is true, as long as the system stays in each ate i long enough to \forget" from which
state it arrived, i.e. subsequent transitions are uncorrehted. This is true for rare events, as de ned above.
If all rate constants for all transitions are known, the residence time of a system in statei and the nal
state of the transition can be determined randomly. This way a trajectory of the system trough the
minima of its PES can be determined. The great advantage of tis method is, that not every potential
transition must be simulated, as in MD, but only actual transitions. The crucial point of this method,
however, is that all possible transitions with their assocated rate constants must be known in advance.

The di erence between KMC and the MC methods, mentioned in setion 3.2, is that the latter aim at
sampling the PES of a system with thermodynamic weighting to calculate the free energies of certain
points of the PES. KMC, in contrast, aims at sampling the kinetics of the system between them.
Therefore, KMC does not only work on a (usually) larger time-scale than MD, but also on a larger length
scale | the degrees of freedom along the pathway(s) are only ampled at the minima and saddle points
while the degrees of freedom normal to the path are neglected

The rate constants for each pathway can be calculated from te potential energy surface, using the
transition state theory# [125 126 (TST). The rate constant kj is taken to be the equilibrium ux
through a dividing surface, separating statesi and j in phase space]18. As an equilibrium property,
the TST k; can be determined without examining dynamical trajectories, it is simply proportional to the
Boltzmann probability of the system being at the dividing surface, relative to the probability of being in
state i. Often, the harmonic transition state theory (HTST) is used. Here it is assumed, that the PES is

SHere, a state is de ned as a local minimum of the PES, separate d by barriers from other local minima.
40r, more accurately, chemical transition state theory, whi  ch should not be confused with Slater transition state theor .
The latter describes the transition of electrons between el ectronic eigenstates of a system.
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harmonic in the vicinity of the local minima i and j, as well as in all directions normal to the transition
at the transition state between them. In this case, the rate ®nstant becomes

HTST Qan min i
_ | I .
k = O T e B' ; (3.7)

where E % is the static barrier height of the transition, and ; are the non-imaginary mode frequen-
cies at tRe PES minimum and saddle points. As can be seen in egtion 3.7, the temperature depen-
dence is strictly exponential. Experience shows, that the pefactors are frequently within the range of
10'2:::10' sec !, wherefore it is often arbitrarily set to a value from that ra nge, to save the e ort of
calculating all vibrational modes at the minima and saddle points[118].

Recent developments aim at coupling KMC simulations to contnuum descriptions, e.g. using phase- eld
models [L27. On the one hand, this enables the simulation of even largetength scales, as with KMC
alone, on the other hand, it allows to include processes likdi usion within the bulk phases on both sides
of an interface, without having to model these in the KMC framework, the computational cost of which
is often prohibitive.
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Chapter 4

QM/MM Embedding of DFTB
clusters at solid surfaces

The appeal of QM/MM embedding schemes lies in their capacityto describe an extended system with
nearly quantum-mechanical accuracy at much lower computaibnal cost than a fully quantum mechanical
calculation. Figure 4.1 shows the mechanical and electronic changes of aAl,O3 surface along the MEP
of the adsorption of a small organic molecule. It demonstra¢s the local character of the mechanical
and electronic changes during the examined reactions and sproves that it is indeed justi ed to treat
di erent parts of this system at di erent resolutions. Thes e representative results were obtained from
fully quantum mechanical calculations using SCC-DFTB (cf. chapter 5). The surface atoms are only
displaced signi cantly within a very short range around the adsorption site (cf. gure 4.1(a)). The
movement further away from the adsorbate is limited to re-ofientations of polar OH groups, which are
driven by the Coulomb interaction and can be well described 8ing molecular mechanics. At the same
time, signi cant charge transfer virtually only occurs wit hin the adsorbate and up to its second-nearest
neighbors on the surface (cf. Figure4.1(b)). They suggest, that full quantum mechanical precision is
only required within a limited range around the adsorption site, while the in uence of the largest part
of the surface is electrostatic. These parts of the surfacendergo only small movements and electronic
changes and can therefore be treated by classical force-@$ or even kept xed.

By determining, which part of the system requires which levé of detail in its description, and only
applying methods of the required level to each part, QM/MM coupling allows to obtain the desired

fived 0.000.04 0.08 0.12 0.16 0.20

(@) RMSD in A (b) max( dg) in e

Figure 4.1: RMS displacement and maximum atomic charge di @ence during the adsorption of
AMEO ™9 on -Al,O3 (cf. chapter 5).
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results economically. The techniques to calculate total eargies and forces in a QM/MM coupling scheme
have already been described in sectiof.8. In this chapter, | shall focus on the treatment of the QM/MM
boundary on the QM side of such an additive coupling scheme. fie MM part of the calculation is modeled
as a distribution of xed charges, and the mechanical couping by xing the positions of the QMH and
QML atoms.

4.1 Challenges of QM/MM embedding in solids

(a) surface slab model with adsorbate (b) smal QM cluster

OH
@c
@0
on
N.SI
= @n

(c) closeup of the cluster (d) links across QM/MM boundary

Figure 4.2: lllustration of the bonding situation of a ctit ious QM cluster, cut from a surface slab
model of -Al,O3 around the adsorption site of a small organic molecule.

QM/MM embedding approaches have been applied very successly to biochemical and polymer systems
for several years (cf. section2.8). Characteristically, the primary structure of these systems is a one
dimensional chairt. Additionally, polypeptides and polymers comprise only a imited number of monomer
types, many of which contain {H,C{CH >{ motives. The, nearly unpolar central C{C bond of these is

a natural choice for a QM/MM boundary. All of this lets the num ber of covalent QM/MM bonds be

comparatively limited and the bonds easily be described wih good precision.

In solids, however, the situation is di erent. One of the characteristics of solids is the high coordination
of each heavy atom by other heavy atoms. In the systems of intest for this work, i.e. SiO, and Al,03,
(aside from interfaces or defects) each atom has at least asany nearest neighbors, as it has natural
valences. Additionally, every single bond in these systemi polar. This has important consequences for
the coupling between QM and MM zones within a single calculaibn.

While in biochemical systems, most problems can be avoidedybappropriate choice of the QM cluster,
i.e. problematic QM{MM links can be avoided by extending the cluster to include them in the QM zone

1with some side chains



4.2. EMBEDDING APPROACHES FOR SOLID STATE MATERIALS 33

and place the boundary at a more favorable site, such possiliies are very limited in a solid. First of all,
polar bonds cannot be avoided in a polar material. Secondlyextending the QM cluster also increases
the number of QM{MM links and is therefore likely to cause more problems than it solves. And lastly,
a QM cluster containing an interface in a polar solid is usudly charged, if it does not have the bulk
stoichiometry and symmetry and no manipulation of the charges is applied. In a bulk polar solid, where
the polarity is caused by charge transfer between atoms of dérent elements, any cluster of the correct
stoichiometry and symmetry should be neutral. As the trials show, this can lead to serious distortion of
the electronic structure of the QM cluster compared to the fuly QM treated system.

4.2 Embedding approaches for solid state materials

4.2.1 Representation of the external eld

The rst issue to be addressed in a QM/MM coupling scheme is, low to implement the coupling terms
in the QM zone Hamiltonian. The quantum mechanical issues inthis, have already been discussed in
chapter 2.8, in the following | describe the tested approaches in their pactical implementation.

Simple point charge embedding

The simplest scheme to implement is the representation of th electric eld of the MM zone as a distri-
bution of point charges corresponding to the MM partial charges at the respective atomic positions. To
take into account the e ect of the external point charges on the QM calculation, a coupling term is added
to the total Hamiltonian, as described in equations2.67, 2.91 (cf. chapter 2.8 on page20). The point
charges can either be obtained from the force- eld or, as it$ done here, from a QM reference calculation
on a small periodic unit cell. In this work, the DFTB Mulliken populations obtained from these reference
calculation form the basis of all charge distributions.

One of the problems that can arise from using point charges, @ unphysical populations or even conver-
gence failure, in case QML atoms are too close<( 0:4 A) to the point charge of their respective MMH
atom. This can lead to severe problems in the calculations, @.discussed in chapte2.8.1 on page21

Uniformly Gaussian blurred point charges

To eliminate such problems at the QM/MM frontier, the charge of the MMH atom is often removed
and distributed among the remaining atoms of its neutrality group, e.g. a single amino acid. This
approach [61], which is successful for biochemical applications, it canot be transferred to the solid state,
as no general de nition of a neutrality group is possible thee®.

In a more elaborate approach, the point charges are replacelly Gaussian-shaped charge distributions
of variance . This e ectively reduces the close-range intensity of the éctric eld, while maintaining
the overall charge of the full charge distribution, introducing only a small perturbation of the long-range
eld (cf. equations 2.692.92 in section 2.8.1). Physically, replacing the point charge by a spatially
extended charge distribution is justi ed, since atoms are rot points but formed by the combination of
nuclear charge and the charge distribution of its electrons The choice of a Gaussian charge distribution
is arbitrary and motivated by mathematical convenience. should be chosen so that the embedded QM
cluster reproduces the properties of a fully QM calculationas closely as possible.

For a heteronuclear material element-speci c, i.e. non-uiform, Gaussian blurring of the atomic partial
charges would be possible. | choose not to do this, as it woulohcrease the number of parameters in the
embedding too much.

2In the treatment of the QM{MM boundary. Of course, the primar y criterion for the cluster size is determined by the
extent of the e ects which have to be treated quantum mechani cally.

3Charge neutrality groups are often de ned for ionic crystal s, but in the case of disordered systems, such as -alumina,
or interfaces between solid phases, the description of whic h is the goal of this work, these approaches cannot be applied .



34 CHAPTER 4. DFTB QM/MM EMBEDDING

4.2.2 Treatment of the dangling QM{MM bonds

The second issue of QM/MM coupling is the treatment of the dargling bonds which occur on the QM
cluster surface. The following approaches can be combined iany manner with the electrostatic coupling
methods described above.

Simple link atoms embedding (SLA)

In the simplest and most popular approach, the dangling QM{MM bonds are completely ignored on the
MM side and the QMH{MMH bond distance is constrained to a xed value. The bond on the QM side
is then saturated by adding a hydrogen atom at its equilibrium bond distance to to the QMH.

Link-atom distance scaling

However, additional gap states are often induced by the QMHQML bonds. If these states are unoccupied,
they can be shifted out of the gap, by increasing the overlap btween QMH and QML orbitals involved in
the bond. This is achieved by shortening the QMH{QML distance below the equilibrium bond distance.
Additionally, sometimes erroneously high charge transferinto the QMH{QML bonding state(s) can be
alleviated by modulating the bond distance. When scaling tre QMH-QML distance to higher values,
it should be kept in mind, that the QML should not come too close to the MMH point charge, since
convergence problems and other di culties may arise (cf. setion 4.2.1).

The link atom distance scaling was implemented by multiplying the QMH{QML equilibrium distance,
determined from their tabulated covalent radii, with a link -atom distance factor (LADF).

Charge constraints

In addition to placing hydrogen saturators at the QM/MM boun dary, it is also possible to constrain the

Mulliken populations of the QMH atoms to the charges they (or their symmetry equivalents in a smaller

cell) show in a full DFTB single-point reference calculation. The charge constraints are implemented as
described in section2.7.3

4.2.3 Neutralization of the spurious cluster charge

The last, important issue is the neutralization of the arti cial cluster charge, to avoid erroneous lling or
emptying of the band edges. The schemes developed here aimramoving this arti cial total charge of a
cluster that arises as a result of cutting the cluster from the polar bulk (cf. gure 4.3). Desired charges,
e.g. when examining the interaction of a charged amino acid ith a surface, must not be neutralized by
any of these methods. The cluster neutralization is indepedent on the electrostatic embedding, yet the
approaches discussed here are tailored to link-atom termettion of the dangling bonds.

Homogeneous Charge Subtraction (HCS) embedding scheme

As discussed in sectiord.1, in polar systems, only special QM clusters are neutral. To are this problem |
arti cially enforce the neutrality of the QM and MM zones by s hifting part of the MMH's partial charge
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Figure 4.3: lllustration of the QM zone neutralization. In a neutral polar material, each neighbor
of an atom compensates a portion of its partial charge. (In mat cases, this is formally achieved
by the nearest neighbors only, and | will adhere to this convation.) The QM/MM boundary leads
to the e ect that the partial charges of the QMH atoms are not fully compensated within the QM
zone(left). Overall neutrality of the QM cluster is restored by moving the missing compensating
charge from the MMH atom onto the QML atom and thus into the QM z one (right).

to its associated QM link atom* ( cf. gure 4.3):

tot

Q= Q@ N M gj 2 QML:j 2 MMH ;i terminates bond to (4.1)
QML
tot

Q= Q+ QM (4.2)
N omt

where QP , QJp are the modi ed QML and MMH charges; Q; , Q; are the respective original charges,

Su is the total QM cluster charge and Now. is the number of QM{MM links (  number of QML
atoms, assuming that no higher-order or aromatic bonds cras the QM/MM boundary). After this re-
arrangement, both the QM cluster and MM zone are neutral, provided the whole system was neutral
before. This eliminates the imperfect lling of valence or conduction band in the charged clusters.
However, a spurious dipole moments at the QM/MM border is introduced:

Qs

. =
err N QML

(fMmHA  FomL ): (4.3)

Since the MMH{QML distance is often very small (< 0.1 A) and the dipoles are normal to the QM/MM
boundary, their in uence is comparatively small. The error caused by these dipoles is smaller than the
error resulting from the charged-cluster problem, as the reults presented in section4.3.3 show.

It should be noted, that this scheme depends on the QM clusteto be constructed in a way which ensures
that all QMH-s and all MMH-s are of the same type, respectivel.

Bond Charge Transfer Compensation (BCTC) embedding

The HCS scheme introduced above relies on the ability to corteuct a cluster where only one type of bonds
cross the QM/MM boundary. This imparts severe limitations n ot only on the choice of QM clusters, but

4The charges of the QM zone atoms are not necessarily constrai ned during the embedded calculations, in fact the atomic
charges of the QM zone core atoms must be free to be able to describe chemical reactions. Here the atomic partial charges
are only used to determine the cluster total charge by summin g them up.
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also on the choice of examined systems. In compound mater&lwhere a portion of the cluster surface
corresponds to a non-polar crystal surface, the need for oplone certain bond type crossing the border,
will lead to a very rough cluster surface and an increased nuiwer of interrupted bonds which have to be
saturated (cf. gure 4.2 on page32). Additionally, this situation will tend to enforce increa sing sizes,
with unfavorable consequences on the computational cost. Wthermore, solid interfaces like SiC/SiO,
cannot be treated in the QM zone, as the two phases make it impssible to limit the QM{MM links to
just one bond type.

To overcome this limitation, | extended the HCS scheme to a mee general formulation: The assumption
of a homogeneous charge transfer for a speci c combinationfdond partners is retained. However, a
matrix of per bond-type charge transfer parametersda,., is constructed. For a system withN elements,
the N N matrix Q has the form:

1 0 1
dops  doio do;n 0 dop;2 dopn
CloQ;l qu;Z dcl2;N dq1;2 0 dq2;N
Q= : : .. : = : : .. : (4.4)
doy.1 doy.» day:n day.n dop.n 0

where the physical assumption that the charge transfer is cased by di erences between the chemical
elements leads to the zero diagonal matrix elements and therpservation of charges leads to thelg,., =

dg,., antisymmetry. This approach is inspired by the charge increnents formalism used in many force
elds to set the atomic partial charges. To determine the do., for a specic system,a set of linear
equations, expressing the Mulliken charge; of each atom of elementa in terms of charge transfers with
its bond partners was constructed:

X
Qi =

b=1

Nab dap a<b |
Nap dohy @ b’ (4.5)
where nyyp is the number of bond partners of elementb. In a model with M atoms, this procedure
yields a set of M equations for the upper triangle of Q from ( equation 4.4), including the diagonal
elements. The diagonal elements are included for two reassn rst, it implementation is easier and
secondly, the deviations of the diagonal elements from zerallow to assess the quality of the solution
found for equations4.5.

The equations are constructed from the results on the fully QM treated system. To solve equation.4.5, |
use the linear least squares method, since it is well known tbe an e cient and precise method to solve
an overdetermined system of linear equationd[2§. It is robust against degeneracy introduced by periodic
expansion of the underlying molecular model and scales favably with the number of equations.

The modi cation of the formal atomic charges of MMH and QML is performed equivalently to the HCS
method. Equations 4.1, 4.2 become:

Q= Q dc’el(i);el(j) Ohom 81 2 QML j 2 MMH ;i terminates bond to j (4.6)
QP =Q+ d%iy-ekj) * %hom (4.7)

where el() is the element of the QMH atom saturated by the QML atom i, el(j) is the element of
MMH j and gqom is @ small homogeneous compensating charge. It becomes cléfaat HCS is a special

tot
case of the BCTC approach whereda,, is approximated by ,\?QQMML . The compensating chargegqn, is
necessary since, unlike with HCS, the sum oflg,.r-s applied to the cluster will only neutralize it within
the variance of thedg,p. gom COMpensates for this residual charge error by an additionahomogeneous
charge transfer between QM and MM zone, calculated as:

0 1
L MMHA
1 of X :

QM ' doel(i);el(j)A : (4.8)

Ghom = Nome
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4.3 Validation of the QM/MM embedding in di erent materials

4.3.1 Evaluation Criteria
Electronic properties

In the framework of SCC-DFTB the atomic Mulliken population of the valence shell is varied self-
consistently. Therefore, the converged Mulliken charge ofach atom should be the principal property
for the evaluation of a QM/MM embedding scheme. From this follows, that the rst evaluation criterion
should be the sum of Mulliken charge di erences on the atoms fthe QM cluster between full SCC-DFTB
and the QM/MM embedding scheme. This indicates an erroneousharge transfer between QMH and
QML atoms: X
Qe = QiQM/MM iDFTB (4.9)
i2QM

where QM is the set of atoms in the QM cluster. It should, howeer, be considered, that the bond-
termination might induce a tolerable amount of disturbance on the QM border atoms.

Besides erroneous charge transfer to or from the QML-s, chage oscillations within the cluster can be
induced by the QM zone termination. Additionally, the choice of a suitable QM cluster, regarding its
size, stoichiometry and the minimization of cross-zone bods, can in uence on the achievable quality of
the QM/MM coupling. To detect intra-cluster charge oscilla tions and to facilitate comparison at di erent
cluster sizes, the root of mean squares of QM atom charge dations will be the second criterion:

MMM
X Q7 QPFT®

—coo<

RMSQ = (4.10)

N QM
i2QM

The second, equally important property of the embedded QM dlster, is the reproduction of the density
of states (DOS) and the Fermi energyE;. Ideally, the QM cluster should exhibit no additional gap states,
although some very shallow ones might be acceptable, as loras their nature is similar to those of the
band edges of the reference. Any other gap states would lead severe distortion of the chemical behavior
of the cluster, rendering the examination of chemical readbns impossible. Deviations in the Fermi level
can be accounted for in reaction energetics but should, obwusly, be avoided. However, comparison of the
Fermi level between periodic and cluster calculations is dcult, since the periodic boundary conditions
may introduce a global shift of the band structure, which does not in uence energy di erences between
structures. Since my primary focus rests on molecules and as$ters, | only regard the DOS at the -point,
calculated in the conventional way by convolution of the eigenspectrum with a Lorentz function (which
is simpli ed by the discrete eigenspectrum obtained from DFT(B)):

Xq s

(4.11)

i=1

whereN is the number of e ective single-particle eigenstates, ; the i-th eigenvalue ands is the (arbitrarily
chosen) half-width at half-maximum (HWHM) of the Lorentzia ns. | then examine the DOS of each cluster
to check for spurious states within the gap of the periodic réerence system. | writeE¢ with reference to
the highest occupied molecular orbital HOMO energy of the repective reference system.

| check the DOS replication by two criteria: rst | determine the overall shift of the DOS by nding
the maximum in the cross correlation between reference DOSral the DOS of the examined embedded
cluster: Z

R( E)= EDOS(E E) DOSef(E)dE: (4.12)
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As long as the densities of states are of reasonably similahape, the cross-correlation is a good means to
nd the overall shift of the band-structure. Secondly, | int egrate the number of states within the shifted
energy range, corresponding to the gap of the reference DOS

Zgref, g

G= ref, DOS(E)dE; (4.13)

where ETEf and E[&f correspond to the valence and conduction band edges of the faxence DOS.
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Figure 4.4: The cross correlation between a reference demgiof states and the DOS of an embed-
ded cluster (a) and sum of states within that shifted range (. Here, the full model of the 2x1
reconstructed Si surface and a cluster of 29 Si atoms and 28 tsgator atoms, embedded in 5.0 a.u.
Gaussian-broadened charges are shown.

Figure 4.4(a) illustrates, how the band shift can be determined using he cross-correlation function. The
cross correlation (blue line) has a distinct absolute maxinum at +0.16 eV. This means that the cluster
DOS must be shifted up by 0.16 eV to coincide best with the refeence DOS. The two side maxima
around 6:5 eV correspond to the superposition of the reference CB wittithe cluster VB and vice-versa.
Figure 4.4(b) illustrates, how the number of gap states varies with the parameters of embedding. The
Gaussian blur width has very little e ect on the number of gap states in contrast to the link-atom distance
scale. Here, downscaling the link-atom distance obviouslintroduces a large number of new states within
the gap (cf. section4.2.2).

Due to the product in the cross-correlation function (cf. equation 4.12), higher features of the DOS (i.e.

the bulk bands) have a greater weight in determining the shif than, e.g. single gap states. Care must be
taken in examining the cross correlation, if one of the densies of states has a high peak not present in
the other, in this case the cross-correlation maximum can cacide with the superposition of this singular

peak with one of the bulk bands.

Geometry reproduction

To check the quality of geometry reproduction, the geometry of the embedded cluster is optimized,
keeping the QML and QMH atoms xed and employing the conjugate gradients method. The root of
mean squares displacement (RMSD) of the QM zone atoms, exdling the QML atoms is then calculated
as the criterion for geometry reproduction:

s

2
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RMSD = =1
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where r° are the optimized andr the original atomic coordinates.

In addition to the RMSD, | also visually check the optimized geometries for qualitative changes, e.g.
bond-breaking or -formation.

Since the geometry optimization is computationally highly involved, | only perform this check for the
embedding parameters chosen from the electronic evaluatioresults.

Reaction Energies

Since reactions are the focus of this work, the ability of an mbedding scheme to reproduce reaction
energetics is the ultimate requirement: The enthalpy of a gnple interface reaction is calculated, if an

embedding scheme appears promising for a speci ¢ substrat@and compared to the results from a fully

SCC-DFTB treated, periodic interface model.

4.3.2 The fully QM treated surface

The gain in computational speed, achieved by employing a QMMM coupling scheme can only be utilized
to gain e ciency, when the error imparted by this simpli cat ion remains within the bounds of tolerance
imposed by the application. To asses the error introduced bypartitioning a surface or interface model into
parts which are treated classically or quantum mechanical, respectively, | start from the assumption, that
any deviation from a fully quantum mechanical treatment, exhibited by a QM/MM coupled simulation,
is erroneouS. The rst step towards evaluating di erent QM/MM coupling s chemes therefore lies in
the examination of the fully quantum mechanically describel surface to obtain references for the criteria
introduced in section 4.3.1

Computational details

All reference and test calculations are performed using SCFTB, using the pbc-1 set of Slater-Koster
les for Si-containing systems and the alo-1 set for the two dumina examples (cf. Chapter5). | iterate

the SCC calculation, until the total charge di erence between two subsequent cycles falls below 16 a.u.
Unless stated otherwise, | perform geometry optimization sing a CG algorithm until the maximum

force component is below 10* a.u. To avoid possible convergence problems due to nearly denerate
states around the gap, | apply a Fermi-Dirac distribution function with a temperature of 300 K to the

occupation of the eigenstates. For the calculation of the DG, | employ a half-width of 0.1 eV.

Classes of materials

Based on the intended application of the QM/MM coupling scheme, i.e. reactions at the -alumina sur-
face, which has rather complicated properties, | will test the di erent embedding approaches on materials
from di erent classes. | will start with a simple, ideally co ordinated, homonuclear material { silicon.
From there | shall advance to silicon oxides, which introdu@ polar, heteronuclear bonding but remain
ideally coordinated. The third class of materials will be dierent phases of alumina, i.e. -Al,0O3 which is
over-coordinatecP but still crystalline, and native or  -Al O3, which is over-coordinated and amorphous.

5The underlying assumption, that the fully periodic quantum mechanical simulation is free of errors, is somewhat
problematic: It beats the idea that QM/MM coupling should ma ke larger and hence more realistic models accessible.
However, within the set of test-systems presented here, whi ch are mostly undisturbed surfaces and interfaces, it can be
assumed to hold.

6More precisely: each atom has more direct neighbors than for mal valences.
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Example surfaces

Since this work aims at surface and interface studies, all t&t- and reference systems chosen for the
evaluation of QM/MM embedding schemes, contain some kind ofsurface. | perform the SCC-DFTB
reference calculation for a small periodic model of each tésystem. In the following paragraphs, |
describe the characteristics of of each test system as fourid the reference calculations.

Si (Si-2x1)

// | | | | | | | | | | | |

DOS (arb. units)
DOS (arb. units)
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Figure 4.5: SCC-DFTB total densities of states around the band gaps of the Si (2x1) (0001) surface
(a) and bulk Si (b). For the bulk, the -point DOS and a DOS from an 8x8x8 MP calculation are
given, for comparison.
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Figure 4.6: Structure and charge distribution (a) and atomic charge histogram (b) of the 2x1 Si(001)
surface, determined using SCC-DFTB.
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The rst reference surface is the 2x1 reconstructed
Si (001) surface. | model the surface as a 2D
slab showing the 2x1 reconstruction on one side
and hydrogen termination of the dangling bonds
at the opposite face. To accommodate a QM zone
later on, the model is periodically expanded to in-
clude 2x2 reconstruction units, as it is shown in
gure 4.6 (a)). The surface model is character-
ized by a non-polar bulk (a small perturbation in
the form of a +0.1 e charge of the lowermost Si
layer is introduced by the H termination of dan-
gling bonds) and charges of 0.2 e on the recon-
structed atoms. In this homonuclear system (the
saturator hydrogens are not part of the system be-
ing modeled), the calculation of BCT coe cients
makes no sense, although the system shows a dis-
tinct charge transfer between neighboring silicon
atoms in the reconstruction dimers. The BCTC
approach, however, only uses the core charge to
identify an atom type, so that it cannot describe
this particular situation. Since the bulk is apolar,

it makes much more sense to just avoid cutting
through a reconstructed dimer than to further ex-
tend the cluster neutralization formalism.

Figure 4.7: Isosurface (in arbitrary units) of
the localized density of states in a 8x8Alat-
eral cutout of the Si (001) 2x1 reconstructed
surface. Energy range -5.26 { -3.96 eV.

Figure 4.5b) shows the DOS of bulk Si at the

gamma-point and using a 8x8x8 Monkhorst-Packk-point sampling [11]. The DOS shows the typical
behavior of SCC-DFTB, which gives a good reproduction of thedirect band gap, but (due to the omission
of d-orbitals) fails to reproduce the indirect gap of Si. The SCC-DFTB direct HOMO-LUMO gap of the
surface model is 0.89 eV. The DOS plot in Fig 4.5 (a) shows a narrowing of the HOMO-LUMO gap
compared to bulk Si, which is caused by a peak of unoccupied ates around mid-gap. In comparison to
the bulk data, (taking into account an overall shift of the surface eigenspectrum towards lower energies),
it appears that the VB{CB gap actually widens from 1.4 eV to nearly 2 eV, while a peak of unoccupied
states is introduced by the surface around mid-gap. Figured.7 shows the localized density of states,
de ned as the sum of the density contributions of the e ective single particle eigenstates within a certain
energy range:

P -

i; < i<E pi J J
LD = i E o i <E i 414
s En  Eio (4-14)

where E|, and Ey; represent the high and low boundaries of the energy intervain question. It shows
clearly, that the eigenstates corresponding to the DOS pealjust below -4 eV are strongly localized to the
reconstructed surface dimers. These results are in good aggment with earlier theoretical work, using
DFT to examine Si surface reconstructions (cf. e.g.129).
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Figure 4.8: Densities of states around the band gaps of the -SiO, (a) and SSZ60 (b) reference
structures.
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Figure 4.9: Structure of the 1x1 reconstructed -SiO, surface model (a) and atomic charge his-
tograms (b) from the SCC-DFTB reference calculation
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The next evaluation system is one of the (0001) surfaces of-quartz. It shows a 1x1 surface reconstruction
by re-arrangement of siloxane bridges, which eliminates &ldangling bonds. As in the Si surface model,
one face of the 2D slab model is reconstructed, while on the ber face dangling bonds are saturated by
H atoms. The silica class materials are characterized by stmger polarity of the bulk, while the recon-
structed surface shows no signi cant di erence in polarity, compared to the underlying bulk ( gure 4.9).
The heteroatomic BCT coe cients in this model, listed in tab le 4.1, conform to the expectations from
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Elements H{H H{O H{Si O{O O{Si Si{Si
dda;p 0.000 0.000 -0.159 0.000 -0.262 0.000

Table 4.1: Bond charge transfer coe cients of the -quartz surface model. The erroris =0.019.

experience. The homonuclear coe cients are< 10 & and their variance is reasonable, showing that the
coe cients are of suitable quality.

The reference direct band gap of this surface is 7.94 eV. As can be seen in Figt.8(@), the surface does
not cause any deep gap states in this case, however, small DQfeaks close to the band edges appear,
leading to a narrowing of the gap of 1 eV.
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Figure 4.10: Geometry and Mulliken charge distribution (a) and atomic charge histogram (b) of
SSZ60 Zeolite, calculated using SCC-DFTB.

The second silica class test system is a model bulk SSZ60 zéml It stands out from other references
examined here, by not having an outer surface, but inner sudces on the walls of its pores. In its
electronic properties, it di ers only slightly from the -quartz phase, it is included to be able to assess
the transferability of coupling schemes within a class of meerials. Figure 4.10shows a 2x2x2 periodically
expanded version of the basic model for clarity. As can be seefrom the charge histograms, the partial
charges are very similar to the -quartz phase. The O{Si BCT coe cient is equal to that in the  -quartz
(cf. tables 4.1, 4.2) with a very reasonable error.

Elements O{O O{Si Si{Si
dda;b 0.000 -0.261 0.000

Table 4.2: Bond charge transfer coe cients of the bulk SSZ60model. The error is =0.015.
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The HOMO-LUMO gap found in the reference calculation is 9.33 eV. In this system, the DOS, plotted
in Fig 4.8(b), does not show any striking features, which is to be expded, as a perfect bulk system is
examined here.
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Figure 4.11: SCC-DFTB densities of states around the band gas of the - (a) and - (b) Al,03
reference structures, calculated using SCC-DFTB.
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Figure 4.12: Geometry and Mulliken charges (a) and atomic miliken charge histograms (b) of the
-Al,03 (0001) surface from the SCC-DFTB reference calculation.
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The last class of test materials are di erent phases of alumma. The rst example is the highly ordered

-Al,03 phase, also known as corundum or sapphife It has high symmetry and evenly distributed
polarity of the bonds. The high degree of coordination (all doms are over-coordinated) hints, that the
bonding is much less covalent in nature than in the precedingexamples. Yet, the polarity is comparable
to silica and by no means ionic. As shown in table4.3, the O{Al bond charge transfer is much smaller

Elements H{H H{O H{AI O{O O{Al AlAI
ddan 0.000 0.278 0.000 0.000 -0.100 0.000

Table 4.3: Bond charge transfer coe cients of the bulk -Al,O, model. The erroris =0.049.

than the O{Si value in the silica systems, with a large relative error. This hints that the BCT model
does not describe the bonding situation perfectly.

I employ a 2D slab model, with the surface in (0001) direction The Al terminated surface is 2x2
reconstructed, while on the O terminated side, the danglingbonds are terminated using hydrogen atoms.
Figure 4.12 shows, that the distribution of partial charges is uniform throughout the bulk, with only a
small distortion introduced by the hydrogen termination of the (0001) surface. The surface Al-Atoms
however di er by having much smaller partial charges than in the bulk. Curiously, this is the opposite
behavior from the Si (001) surface (cf. gure4.6). The comparison of the surface model DOS and bulk
DOS in gure 4.11shows that the surface leads to a downwards shift of the wholeigenspectrum by about
2 eV and to the introduction of a whole spectrum of, mostly empy, gap states.
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Figure 4.13: Results of the SCC-DFTB reference calculatioron the hydroxylated -Al,O3 surface
model used for the adhesion studies in chapteb (a): structure and charge distribution, (b): atomic
charge histograms

In geology, sapphire denotes all natural corundum precious stones, except the red varieties, which are generally known
as ruby. The colors of these materials are caused by (usually metal ion) impurities, e.g. Cr 3* ions in rubies.
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The last, and de nitively most complicated evaluation system is a model of native alumina. Its most
striking di erence to corundum is its pseudo-amorphous stucture, a more in-depth discussion of which
is given in chapter 58. | employ the surface model described in chapteb as a reference for the desired
application scenario. The results for the stoichiometric wit cell are illustrated in gure 4.13 The
di culties in the description of this material, in addition to those described above for corundum, stem
from the amorphous structure: Al appears in tetrahedral and octahedral con gurations imposed by
the spinel structure and the defects (i.e. Al vacancies) led to uctuating coordinations for each atom
leading to distinctly uctuating atomic partial charges, a s can be clearly seen when comparing the atomic
Mulliken charge histograms (cf. gures 4.6, 4.9, 4.10, 4.12 and 4.13. The average BCT coe cients (cf.

Elements H{H H{O H{Al O{0 OfAl AKAl
dgzp  0.000 0.285 0.000 0.000 -0.119 0.000

Table 4.4: Bond charge transfer coe cients of the -Al,0O3 surface model. The error of =0.14733
hints, that the de nition of da., has di culties in describing this system.

table 4.4) match those found for corundum, but with a relative error > 1 (for O{Al), considerable doubt
is cast on the BCT model. However it should be considered, thiathe {OH groups attached to the surface
Al atoms will disturb the BCT coe cient calculation.

The HOMO{LUMO gap of this surface model is only 0.019 eV, but as can be seen in guret.11(b),
this is not the band gap of the bulk material but caused by surfice states.

4.3.3 Evaluation of coupling schemes

When chemical reactions are examined, the major contributons’ originate from changes in the chemical
bonding, while changes within the more distant environmentare small (cf. gure 4.1). Therefore, the rst
step in testing a QM/MM coupling scheme is to ensure that the description of the embedded QM zone
meets the requirements of the intended application. This mans that the representation of the QM zone
should match fully QM calculated references as closely as geible with respect to the criteria de ned
in section 4.3.1 The internal dynamics of the MM zone should be neglected dung these tests, since a
molecular-mechanical description of the MM zone may inheretly introduce systematic deviations from
the QM description, e.g. by slightly shifting the positions of the external charges. The e ects of such
changes could not be easily distinguished from errors intrduced by the transition from a fully QM to an
embedded modeling. Additionally, a force- eld description of the MM zone adds to the overall complexity
of the system and therefore introduces further potential erors. | therefore use the atomic equilibrium
positions and partial charges as a xed model of the MM part in my evaluation of the di erent embedding
schemes.

Since the QM calculations are limited to small periodic supecells, or even the unit cell, | periodically
expand the distribution of \MM atoms"in order to obtain asu  ciently large MM zone'® (cf. gure 4.14).
In addition to the computational details described in Section 4.3.2, | keep the link-atoms and QM border
atoms xed during geometry optimization, unless stated otherwise. | keep the whole QM cluster geometry
xed while searching for embedding parameters, in order to imit the computational cost. After that, |
select a set of embedding parameters and relax the geometrysing these parameters.

The complete set of plotted evaluation results, can be foundn appendix A.

8Su ce to say here, that the native Al ,03 phase, labeled -Al,O3, is best described as a defective spinel structure,
with the oxygen part forming a perfect fcc lattice and the Al p  art on tetrahedral and octahedral positions. To ensure
stoichiometry, Al atoms must be randomly removed from the pe  rfect spinel structure. Additionally, the native oxide sur  face
is generally hydroxylated.

9energetic and otherwise

10The original, periodic supercell is split into the QM- and MM zones. The external charges are then the atomic Mulliken

charges of the MM zone. Additionally, one or more shells of ch arge distributions of the full supercell (containing the ch  arges
of QM- and MM zone atoms) may be added around the original cell
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Figure 4.14: lllustration of the embedding of a QM zone (gree) within the charge distribution of
the MM zone, which comprises the MM atoms of the original supecell (red) and further replicas of
the whole original charge distribution (blue).

Simple link atoms (SLA)

The simple link atoms approach (cf. section4.2.2) with point charges performs well for the (2x1) recon-
structed Si surface. Due to the nearly vanishing point char@s, the cluster charge is very small (0.081 e),
so that only small errors are expected to arise from this; theFermi level will be shifted to the VB edge
but the di erence in occupation of <1 e will not in uence reaction energetics signi cantly.
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Figure 4.15: Charge distribution (a) and atomic charge hisbgram (b) of the Sij3 2x1 Si(001) surface
using point-charge modeling of the MM zone.
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Using a QM core of 29+28 (29 QM + 28 QML) atoms in a 3x3 expanded arface supercell to accommodate
the larger cluster, the charge distribution of the inner QM atoms matches that of the reference quite
closely, as can be seen from gureg.15a) and 4.6. The calculated HOMO-LUMO gap of 0.97 eV is

slightly larger than the reference of 0.84 eV, as would be exgrted as a result of the electronic con nement.
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Figure 4.16: QMH atom total and RMS charge errors of the 29+28atom cluster embedded into
Gaussian blurred charges, dependent on the Gaussian blur dth. Crosses mark calculated values,
lines serve to guide the eye.

From gure 4.15Db), it can be seen that simple hydrogen termination causes@me charge distortions on
the QMH atoms (cf. the histogram peaks around +0.02 e in the réerence and -0.1 e in the embedded
calculation). To investigate chemical reactions at one of he reconstructed dimers, a larger QM cluster
which contains at least three of these dimers would be neceas, to isolate the central dimer from
termination-induced polarization e ects by at least one shell of non-border neighbor atoms. Gaussian
broadening has a detectable e ect on the QM atom charge devigons with distinct minima, however,
as can be seen from gure4.16 this e ect is very small. (The maximal dierence is 0:01e in dQ and
RMSQ.) This is to be expected, since the point charges themdees are very small.

Changing the link-atom distance has no bene cial e ect on this embedded cluster, as can be seen in
gure 4.17. Outside an unfavorable region of short QMH{QML distances & small charge broadening,
the RMSQ is virtually independent on the distance scale. Theband shift has its minimum for a QML
distance factor of 1.0, independent of the Gaussian broademg. Figure 4.4(b) on page 38 shows a very
similar picture for the number of gap states as for the band slits.

Overall, it appears that using an SLA cluster combined with a Gaussian broadening of the external
charges by 5.0 Bohr radii and no link-atom distance scaling iyes a very good representation of the 2x1
reconstructed Si surface. When simulating chemical reactins, the cluster size must me checked, to ensure
that the QMH atoms are not the nearest neighbors of atoms invéved in the reaction.

The picture changes, however, when applying the SLA embeddg approach to silicon and aluminum
oxide systems. First of all a considerable number of gap stas appear (cf. gure4.18a)) in SiO,, when
placing the QML atoms at their equilibrium bond distance to t he QMH atoms. Depending on the cluster
size and QMH atom type, the range of useful link-atom distanes and Gaussian blur widths can be very
limited(cf. gures A.2{A.6 or gure 4.18as an example for -quartz) . E.g. for the Si;Og -quartz cluster,
the LADF range is  0:8{0.9 and gaussian blur widths should be> 3:75au: (cf. gure 4.18a)).Within
these constraints, the choice of embedding parameters is &m governed by the minimization of the RMSQ.



System CC  Now Now Nwm ©  Nscc RMSQ RMSD  EpleV] 4 LADF QMH Qown Figure
Si 2x1 Shy 29 28 4371 +0.08 17 0.18 0.01 -0.16 5.0 1.0 Si free A.l
-quartz  SizOg 15 12 885 +3.11 1001 0.10 0.2% -1.11 4.0 0.85 Si free A.2
SizO%0 27 12 873 -3.15 89 0.20 1.7 +0.74 1.8 0.85 O free A.3
SSZ60 SiOqg 13 8 10739 -2.07 121 0.16 0.41 -1.65 2.8 1.0 O free A4
Si11 019 21 24 10731 6.26 102 0.11 oMs -2.80 4.0 0.80 Si free A.5
Si11034 45 24 10707 -6.21 55 0.28 0.08 -0.09 40 0.95 o] free A.6
-Al,03  AlzOg39 50 60 1138 -1.63 24 0.18 0.11 -0.67 1.6 1.075 N/A free A7
40 0.06 0.06 -0.30 1.7 1.175 constr A.8
Al 50051 71 102 1117 -9.71 27 0.21 0.88 -1.35 1.7 1.0 O free A.9

38 0.11 0.48 -2.10 1.0 1.05 constr A.10

Table 4.5: Summary of the test results for SLA embedding. Thecolumn CC gives the cluster composition without hydrogen Ink atoms; Nowm ,
Nowe and Nuw give the numbers of QM atoms, saturators and and external chege centers, respectively.
Nscc, RMSQ, RMSD and Ey are the number of SCC cycles until convergence, RMS charge diation of the QM atoms in e, RMS movement
of the core QM atoms and band shift at the selected embedding grameters g, the Gaussian blur width in a.u. , and LADF, the link-atom

distance factor. QMH gives the element of the QMH atoms of thecluster, if all QMH are of the same element.
calculation. NThe geometry underwent qualitative recon guration during the optimization run.
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Figure 4.17: RMS charge deviations of the QM atoms (excludig QML)(a) and overall band struc-
ture shift(b) of 29+28 atom the 2x1 Si(001) surface cluster,dependent on QML distance scale and
gaussian broadening of the external charges.
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Figure 4.18: States in the shifted gaps of the 15+12 atom (a) ad 27+12 atom (b) -quartz clusters
dependent on gaussian blur width and QML distance factor.

Table 4.5 summarizes the evaluation results obtained with the SLA scleme. It turned out that any cluster
of reasonable shap® cut from polar materials was severely charged, even if it hadhe correct stoichiom-
etry, like the Al 20O30(+H 60). Additionally, in all cases, the number of SCC cycles until convergence was
high in the regions of good charge and band-structure reprodction. This is understandable, since in the
bulk, the band edges are generally degenerate at the -pointwhich makes convergence of charged bulk
structures extremely di cult. More series however, are the large geometry distortions present in all SLA
embedded systems, except Si and the 45-atom SSZ60 clusterhen relaxing the non-host QM atoms.
The large RMSD values for these structures (table4.5) indicate severe problems. At visual inspection, it
turns out that in all cases with RMSD > 0:2 bonds inside the QM cluster were broken.

11de ned as a mostly convex surface with only one QM{MM link per MMH atom. The latter cannot be fully achieved
for alumina materials, because of the high atomic coordinat ion numbers.
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In the Al ;O3 test cases, the stoichiometric AboOg3o cluster showed reasonable geometry (RMSD 0.11). In
this cluster, the bond breaking occurred in the vicinity of the QMH atoms. This suggests that this problem
could be caused by erroneous charge transfers to or from thesatoms. Therefore, test calculations with
the charges of the QMH atoms constrained to their reference alues were performed for the two A}O3
clusters. The results show that, although the charge constiints lead to an overall improvement in all
benchmark values (e.g. RMSD 011! 0:06 and Q68! 0:48 for Aly,gO3p and Al,(Os1, respectively), the
qualitative failure in geometry representation in the Al,Os; cluster could not be cured. Additionally,
the charge constraints make the SCC convergence more di cul resulting in a increase of about 50% in
the needed SCC iterations and therefore the calculation tine.

Still, the Fermi level was pinned to the VB or CB edge in each pdar cluster, which would lead to severe
errors in the description of chemical reactions. Therefore embedding schemes which leave a residual
cluster charge are unsuitable for the simulation of polar méerials.

Neutralized cluster schemes

To solve the problems arising from the cluster charge introdiced by the SLA embedding scheme in polar
materials, HCS and BCTC embedding (see sectiod.2.3.) were employed. The comparison between the
results from SLA calculations in table 4.5 and the neutralized cluster schemes (tablet.6) shows that they
are successful in this. Except for the very small cluster¥, the RMSQ is signi cantly smaller for the HCS
and BCTC schemes, and in each case, the number of SCC cyclestiliitonvergence is much smaller.

The biggest improvement, however, is found in the atomic RM® of the test clusters. Bond recon gura-
tion only occurred in the case of the oxygen terminated A}Os; cluster.

A detail of note is the fact that the band o sets are somewhat larger than with SLA embedding. This
is mostly caused by the additional dipole moments introducel by the charge relocation, as discussed in
sections4.2.3f.. However, as this external eld acts uniformly on all eigenstates, it should only result in
a small global shift of total energies, while not signi cantly in uencing relative energetics, i.e. reaction
energies, -barriers etc.

For the very small quartz and SSZ60 clusters, some rotation omost Si{O{Si bridges around the O{O
axes is observed and causes the slightly above average RMSBIwes.

The results for Al,O3 indicate, that oxygen QMH clusters do not provide adequate esults, with or
without charge neutralization (cf. tables 4.5 and 4.6). Increasing the MM zone size does not cure
these problems. An Al-QMH cluster provides reasonable redts with charge constraints, however, the
neutralized stoichiometric clusters clearly give the bestreproduction of the results from a fully periodic
model. In all cases, charge constraints lead to an improvenm of the RMSQ by about 50% at the cost
of an increase in calculation time by > 50% (cf. tables4.5 and 4.6). Embedding parameters in the
-alumina clusters are quite close to each other and compardb to those in the stoichiometric AlyoOz0
-Al,O3 cluster. This observed transferability between clusters a well as di erent phases of one material
shows, that the embedding approach is stable and not over-pametrized. Therefore it can be assumed
with reasonable conviction that the clusters can also be ugkto examine chemical reactions at the surface.

Based on the -alumina results, the hydroxylated -Al,O3 surface is modeled using neutralized, stoi-
chiometric clusters (i.e. keeping the AbO3 stoichiometry of the alumina phase | the surface hydroxyl
groups distort the overall stoichiometry). The Al ;,O40Hg (+saturators) cluster is centered around the
-OH group called site 1 in the surface adsorption studies (cf chapter 5). It contains three binary and
three ternary OH groups, formed from the dissociation of three water molecules. The stoichiometry of
the Al,O3 part is not ideal | it has one excess oxygen, which cannot be awided with reasonable e ort
in this pseudoamorphous phase. The results show, that the ebedding is quite successful in reproducing
a fully periodic model. One surface Al atom, which forms an OAI-O bridge between two QMH oxygens,
rotates around the O{O axis during relaxation. Since this case is somewhat pathological and the Al is
located at the edge of the QMZ, | extend the QMH geometry constaints to include this atom.

12\Which are anyway problematic for the description of chemica | processes (cf. section 4.3.3).
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System CcC Nowv Nome Nwm Nscce RMSQ RMSD Ep[eV] ¢ LADF QMH Q own Figure
-quartz  HCS SiOg 15 12 885 13 0.15 0.12 0.82 2.2 0.80 Si free A.11
SizOx9 27 12 873 4 0.05 0.08 -2.06 2.0 0.80 @) free A.12

SS760 HCS SiiO19 21 24 10731 13 0.32 0.10 -0.01 1.6 0.80 Si free A.13
Si11034 45 24 10707 12 0.04 0.07 -3.77 1.4 0.65 @) free A.14

-Al;03 BCTC Al 50051 71 102 1117 23 0.19 0.33 0.85 15 1.0 (@] free A.15
39 0.22 0.48 7.04 1.0 1.0 constr A.16

10621 22 0.15 0.3% -21.80 3.0 1.0 free -

BCTC Al 59039 50 60 1138 23 0.11 0.07 0.25 1.5 1.2 N/A free A.17

38 0.05 0.07 0.05 1.5 1.2 constr A.18

BCTC Al 30018 50 81 1138 33 0.23 0.10 -1.60 2.5 0.75 Al free A.19

68 0.04 0.08 -1.20 3.0 0.75 constr A.20

-Al303 BCTC Al 24040Hs 70 52 13955 37 0.17 0.14 -2.625 1.5 1.0 N/A free A.21
63 0.03 0.13 -2.85 2.2 1.0 constr A.22

BCTC Al 3056H1, 104 67 13921 32 0.11 0.18 -2.425 2.0 1.05 N/A free A.23

57 0.02 0.22 -0.275 2.0 0.80 constr -

69 0.03 0.19 -1.625 2.0 1.0 constr A.24

Table 4.6: Summary of the test results for neutralized cluser embedding. The column CC gives the cluster composition vtiout hydrogen link
atoms; Nom , Nome , Nwm and give the numbers of QM atoms, saturators and external chege centers, respectivelyNscc, RMSQ, RMSD and
Epare the number of SCC cycles until convergence, RMS charge diation of the QM atoms in e, the RMS displacement of the core QM atoms
in Aand band shift in eV at the selected embedding parameters g, the Gaussian blur width, and LADF, the link-atom distance factor in a.u.
QMH gives the element of the QMH atoms of the cluster.NThe geometry underwent qualitative recon guration during the optimization run.
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(a) site 1 (b) both sites

Figure 4.19: The tested -Al,O3 clusters. The cluster containing both sites is an extensiorof the
site 1 cluster.

For the calculations in shown in table 4.6, the -alumina clusters are surrounded with a distribution
of external charges containing 5x5 original supercells (adtal of 13955 external charge centers for the
site 1 cluster). To check for convergence with the size of thexternal charge distribution, | repeat the
geometry check of the non charge-constrained BCTC embeddedl,,040Hs cluster with external charge
distribution sizes ranging from 1x1 to 11x11 original supecells. The results are listed in table4.7*3. They

cells ext. charges E [H] dEw: [H] RMSQ [e] RMSD [A]

1x1 491 -176.951781  -0.0602 0.14024 0.157802
3x3 4979 -176.913209  -0.0572 0.14050 0.157484
5x5 13955 -176.910081  -0.0567 0.14053 0.156064
7 27419 -176.908993  -0.0565 0.14056 0.155394
9x9 45371 -176.908452  -0.0564 0.14058 0.155023
11x11 67811 -176.908130  -0.0563 0.14060 0.154787

Table 4.7: Charge distribution convergence check resultsof the Al,4O4Hs -alumina cluster.
RMSQ here is after geometry optimization and therefore not directly comparable to table 4.6.
dE: gives the energy gain by geometry optimization (see footna 13 on p 53).

show, that the originally chosen 5x5 point charge distribution is reasonably sized, however, a 7x7 charge
distribution would provide somewhat better results. In all examined criteria, the results can be regarded
as converged at the 7x7 external charge distribution. Note hat the RMSQ di ers only within the same
order of magnitude as the SCC convergence criterion (1& electrons).

The second -alumina cluster examined here is an extended version of theite 1 cluster, constructed so
as to also include the surroundings of site 2 (cf. chapteb). The results show, that the larger -alumina
cluster exhibits a slightly better behavior than the site 1 cluster, in terms of SCC convergence and charge
deviation. This can be expected from the smaller ratio of QM ore to QMH and QML atoms, leading to
more bulk-like behavior of the cluster. (Note that the RMSD value entails a sight rotation of the O-Al-O
bridge, which was kept xed in the site 1 cluster. This accourts for 0.2 in the RMSQ in each case.)

131t should be noted, that the nal geometric con guration of t he surface {OH groups strongly depends on the initial
geometry and the resulting charge distribution | starting a new calculation from the nal geometry of a previous one,
without reading the charges, leads to relaxation to a di ere  nt (albeit very shallow) local minimum with visible displac ~ ement
of the hydroxyl groups. This behavior can also be observed in fully QM calculations and is not inherent to the embedding.
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Di erences between SiO , and Al ,03

The embedding evaluations so far show one interesting and wxpected result: Although SiO, and Al,O3

appear to be quite similar materials at rst glance: both materials are insulators with direct band gaps of
9 eV for SiO, and 6 eV for alumina. As can be seen in sectiod.3.2 their polarities, in terms of atomic

charges quite comparable and the electronegativity di erexces between oxygen and the heavy atom are

similar, as are those between the material's atoms and the hyrogen saturators. All these similarities

lead to the expectation that both materials should behave anilarly in a QM/MM framework.

Yet the cluster compositions which work very well for the SiO, systems, i.e. clusters with homogeneous
QMH elements, fail for alumina. Instead, in this system the ®rrect cluster stoichiometry plays a central
role. The reason for this di erence is not clear, but the obseved bond-breaking in the non-stoichiometric
Al, O3 clusters suggests a connection to the structure of the valese band. Figure4.20 shows the wave
function coe cients of the HOMOs and LUMOs of one unit cell of bulk quartz and sapphire. Comparing
the HOMOs of both materials, one nds that the VB edge of quartz is almost exclusively composed of
oxygen orbitals, as it is common text-book knowledge (note hat in the SK parametrization employed, the
Si-d orbitals act as di use functions for the oxygensfL30). In comparison, the contribution of Al orbitals
to the VB edge in -Al,O is much larger than that of Si in quartz (the ratio of oxygen to aluminum
contributions is considerably smaller in -Al,0). This may explain, why the valence band of alumina is
much more sensitive to deviations from stoichiometry, whid disturb the composition of the VBE states,
than that of silica.
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Figure 4.20: Atomic orbital coe cients of the HOMO and LUMO o f bulk -quartz and -Al,Os3,
ordered by Atom and, shelln and magnetic quantum numberm. Each consecutive line represents
one atom.
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Reaction energies

After having established suitable embedding parameters fo surface and interface clusters in the test
systems, the nal test of the developed embedding scheme wibe the reproduction of reaction energies.
In order to limit the computational cost, | concentrate on th e -quartz surface and the -alumina surface,
examining the reactions:

quartz+H,0 ! [ quartz+H+ OH] ; (4.15)
Al,0; OH+AMEO ! [ Al,03+AMEO]+H ,0: (4.16)

Reaction 4.15is the dissociative water adsorption on -quartz. Reaction 4.16 describes the condensation
of a 1,3-trihydroxiaminopropylsilane at a surface hydroxyl group on native alumina, as described in
chapter 5.

| examine each reaction using BCTC embedding with the cluste which has shown the best results and
the appropriate parameters determined in the previous sedbn. The last parameter that remains to be
studied in a systematic manner, is the size of the external carge distributions.

quartz+H,O ! | quartz + H + OH]

Figure 4.21: Si-(OH)-Si bridges formed by adsorption of an HO molecule on -quartz. Atoms from
the dissociatively adsorbed water molecule are marked blue

| use the SkO,9 -quartz HCS neutralized surface cluster with the embeddingparameters from table 4.6.
The geometry of the dissociatively adsorbed water moleculés shown in gure 4.21. To obtain optimal
transferability, | treat the reactants in isolated calculations, i.e. the water is not in vicinity of the surface
before the adsorption. As a reference, | calculate the reawn energy in the full periodic 6x6 surface cell
(cf. gure 4.9).

The reaction is endothermic by 102 eV in the periodic reference calculation, while the enddtermicity
converges to 087 eV in the (non-periodic) embedded calculations with up to42x42 lateral cells in the
external charge distribution ( gure 4.22). It can be seen, that the reaction energy converges to a vaki
about 0.2 eV less endothermic than in the fully periodic refeence.
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Figure 4.22: Calculated reaction energies for the dissodi@e H,O adsorption on -quartz plotted
over the charge distribution surface area. Text labels givehe number of lateral surface cells.
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Figure 4.23: Calculated reaction energies for the condensan of AMEO on -alumina plotted over
the charge distribution surface area. Text labels give the mmber of lateral surface cells.

(1,3)-trimethoxyaminopropylsilane, also known as APTES a AMEO, plays an important in the alu-
mina/adhesive interface formation examined in chapter5. Reaction 4.16is the acid-base condensation of
hydroxylated AMEO with the {OH group at site 1 of the Al 33056H12 cluster containing both adsorption
sites used in chapter5. Using BCTC embedding with free charges and the parameterddted in table 4.6, |
calculate the condensation energy of AMEO, following the sme procedure as for reactiot.15 As shown
in gure 4.23 the reaction energies calculated with QM/MM converge to -210 eV, while the periodic

full-DFTB calculation gives a reaction energy of -1.84 eV (¢. table 5.2), i.e. the QM/MM calculation
nds the adsorbate to be 0.25 eV more stable.

General considerations

In all examined reactions, the adsorbate appears 0.2{0.3 eV more stable in the non-periodic embedded
calculations than in the periodic full-DFTB calculation. T his raises the question, whether this deviation
indicates a systematic error introduced by the QM/MM embedding. It must be noted here, that the
embedded calculations and the full DFTB calculations di er in one very important respect: to avoid the
problems of bond termination, the full DFTB calculations employ periodic boundary conditions. This
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means, that the full DFTB calculations model in nite surfac es with an in nite number of defects, one
per supercell. In contrast, the embedded calculations modeone single defect on a nite crystallite.

All examined reactions lead to changes in the dipole moment®f the surfaces, especially the added
hydroxyl groups and the AMEO molecule introduce additional dipole moments. The self-interaction of
these dipoles across the periodic boundary may explain thebserved reaction energy di erences. To
test this hypothesis directly, it would be necessary to re-alculate the reaction energies in a series of
supercells of di erent sizes, to check whether the reactiorenergy di erence scales Withr%, like the dipole-
dipole interaction does. At the current state of the art this is impossible, since the employed supercells
are already at the boundary of what can be handled with reasoable computational e ort. Shrinking
the supercells is not a sensible option, as this incurs the deger of introducing further self-interaction
problems, beyond the electrostatic self-interaction. Sice the number of atomsN scales asa? with the
lateral length of the supercell and the computational cost sales proportional toN 2, doubling the supercell
size leads to four times the memory requirements and (at leds 64 times the CPU requirements. Due to
these constraints, a systematic study of this problem is impactical.

4.4 Summary

The evaluation of the tested embedding schemes leads to tweesults. Firstly, it could be shown that
QM/MM embedding with DFTB as the QM method can give reliable r esults, so that the method is suit-
able to simulate solid surfaces and interfaces which would auld be inaccessible to pure QM calculations,
due to their size. Secondly, the tests show that the necesspembedding scheme strongly depends on the
material system at hand. While in SiO,, non-stoichiometric QM clusters with homogeneous QMH atons
can be successfully employed, this cluster construction &ls to severe problems in AlO3. It becomes
also clear, that in polar materials, the clusters must be caefully neutralized; here the BCTC method,
developed in the course of this work proves well suited for dinl surfaces.
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Chapter 5

Epoxy adhesives on native Al 503

During the past two decades aluminum has constantly gainedmportance in technical applications, with
its use spreading from aerospace to automotive applicaticmand now covering nearly every area of indus-
trial and consumer appliances. Parallel to this developmet) adhesive technology has achieved advances
which enable adhesive bonding of metal parts to supplement roeven replace traditional metal joining
technologies such as welding, bolting or riveting. Relatedo this is the development of metal-resin or
metal-resin- ber compound materials, which have recentlyadvanced to the point of technical application.
The demands for lighter and at the same time stronger materiss, in order to build more fuel-e cient, i.e.
lighter, vehicles and aircraft without sacri cing structu ral strength leads to a strong interest in the devel-
opment and improvement of ber reinforced aluminum-polymer hybrid materials and adhesive bonding
technology for aluminum. For both of these technologies, tle aluminum-polymer adhesion is of crucial
importance.

Since, outside high vacuum environments, aluminum instanlty develops a surface oxide layefi[31, 132,
the problem of adhesion on aluminum translates into the prollem of adhesion on native aluminum oxide.
The improvement of adhesion technology requires an underanding of the underlying chemical processes
of the bonding of organic adhesives to the alumina surface. nl this study | aim at nding a suitable
methodology for gaining insight into the initial bonding of adhesive component molecules as well as the
bonding competition between di erent organic species at tre native Al,O3z-surface. To achieve this, |
concentrate on a model adhesive system, comprising diglydylesterbisphenol-A (DGEBA) as the resin,
diethyltriamine (DETA) as the curing agent and 3-aminoprop yltrimethoxysilane (sold as: Dynasilan
AMEDO, here referred to as AMEOQ, also known as APTES) as an adhsion promoter component. Although
our results are focused on an adhesive, some of the examinedngponents are also used in compound
materials or paints, and the method is su ciently general, t o be transferable to the adsorption of any
organic molecule of similar size on inorganic surfaces.

5.1 The native Al ,03; surface

Native alumina, created by corrosion of Al in air, is usually described as -Al,O3, which is formed by a
pseudo-amorphous defective spinel structure in which Al abms and vacancies are randomly distributed
among the tetrahedral and octahedral sites within a perfectfcc sub-lattice of oxygen atoms]13313§.
However there is still controversy in the literature conceming the crystallography of -alumina. An
extensive study, combining experimental and theoretical @proaches, suggests, that the description of -
alumina requires a signi cant number of Al atoms on non-spirel positions to be accuratel39. Extensive
review of the literature concerned with the bulk structure of -alumina is given in Refs. 140, 141]. As
the underlying bulk structure is amorphous, the surface dos not exhibit any regular reconstruction. The
main characteristics of the surface are the distribution satistics and density of surface Al on tetrahedral

59
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and octahedral sites as well as on the distribution of hydroyl groups at the surface. A mesoscopic model
of the (100) surface of spinel-like -alumina and its hydroxylation has already been presentedn Ref. [142.

It is well known that in a moist environment, such as air, the Al,O3 surface quickly absorbs water,
both molecularly and dissociatively[14Z 145. It is therefore essential to include the hydroxylation of the

surface in any study of its chemistry. Since alumina in geneaal and especially -alumina is of high interest

as a catalyst for the chemical industry, a large number of stdies on the surface reactivity have been
performed, most of which are concerned with the surface acity. An extensive overview can be found in
[138 144 and references therein.

5.2 A model adhesive system

Investigations on the adsorption of methanol at the hydroxylated surface show that these react with hy-
droxyl groups attached to surface aluminum atoms by condenation.[147, 14§. A study of the adsorption
of maleic acid anhydridefl49, and theoretical investigations[L5( on the adsorption of adhesive compo-
nents on amorphous SiQ and hydroxylated -Al,O3 also nd condensation reactions on the alumina
surface, except for DGEBA, which is found to react with the suface by additive ring-opening. | therefore
assume that similar reactions will occur in the system studed here, however, we assume the ring-opening
of DGEBA to occur in the liquid phase of the adhesive mixture, independent of the surface. Therefore
we examine the ring-opening of DGEBA by water and the condenation reaction of the opened DGEBA
separately.

HsC_ ,CHg

(@)
H3C NS 3
Vg O

(b) 0O (c)
OH
@
HNT SN,
HNTN"N5i(0C,He)5 HNT " 5i(0H)s

(e) (f)

Figure 5.1: The molecules of the model adhesive system: (a) ®EBA, (b) t-DGEBA, (c) t-
DGEBA ©PeM | (d) DETA, (e) AMEO, (f) AMEO ™9  From [151].

In a recent study of the DETA absorption energeticsfl57 reaction energies of 35kcal mol * have been
observed for a chemisorption at an octahedral surface alumum site. In this study, | concentrate on the
interaction of the adhesive components with surface hydroyl groups, which results in a condensation
reaction for the adsorption of DETA.

As DGEBA has a mirror plane, | consider a truncated molecule vhich only contains one phenol-ring and
one epoxy group, referred to as t-DGEBA (c.f. Fig.5.1(a),(b)). Since AMEO can be expected to rapidly
lose its ethyl groups and hydrolyze in an aqueous solution, bnly study the interaction of the hydrolyzed
form of AMEO which | refer to as AMEO ™9 (c.f. Fig. 5.1(e),(f)). In my model, the adsorption of
DGEBA depends on the prior opening and hydroxylation of at least one oxirane ring. This catalyzed
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reaction is not limited to the alumina surface but must happen throughout the adhesive mixture, the ring-
opened, truncated DGEBA molecule will henceforth be refered to as t-DGEBAP®" (c.f. Fig. 5.1(c)).
After these considerations, | examine the following reactns at the surface:

t-DGEBA ©P" +surf. | © (-DGEBA +surf)+H ,0 (5.1)
DETA +surf. ! = (DETA+surf)+H ,0 (5.2)
AMEO ™ +surf. 1 & AMEO ™ +surf. +H,0 (5.3)

where surf. denotes the hydroxylated surface model and gpeciesrsurf.) denotes the structure of the
organic speciesadsorbed at the surface. Additionally, | also consider the eaction

E

t-DGEBA +2H ,0 ! - t-DGEBA ©P®" +H,0: (5.4)

Here, the second water molecule stabilizes the ring-openin

5.3 Surface model preparation

5.3.1 Bulk -Al,03

The results presented in this subsection were published in goint publication with Blumenau and
Amkreutz [151]. They are presented here, as the foundation of the hydroxyted model construction
described below. As stated in sectiorb.1, the structure of -alumina is still under discussion in the liter-
ature. The consensus is however, that it resembles a close gkad oxygen (fcc-) lattice with Al atoms and
vacancies statistically distributed among the tetrahedra and octahedral sites. It can be generated either
from a strained hausmannite or a spinel structure, by removing Al atoms to achieve Al,O3 stoichiometry.
Due to the statistical distribution of vacancies, the structure can be regarded agpseudo-amorphous.

structure Ne ERF™® [eV/AlI 03] ELPA [eV/AI,05] 9%F™® [gcm 3] AKOPF™B [A]

hausmannite 80 33498 142570 365 188 (0:07)
spinel cub. 1 160 33535 142630 366 188 (0:07)
spinel cub. 2 160 33541 142636 366 188 (0:07)
spinel cub. 3 160 33539 142637 364 1:88 (0:06)
spinel rhomb. 80 33505 142574 366 1:88 (0:06)

Table 5.1: SCC-DFTB and LDA results on -Al,03. N e is the number of atoms per unit cell,
Al-O is the mean AI-O bond length and its statistical error. From [151].

Five di erent models of -Al,O3 were constructed, one based on a hausmannite cell, one based a
rhombohedral representation of spinel and three based on aubic representation of the spinel structure.
For the cubic spinel case, three di erent starting structures in which di erent Al atoms have been ran-
domly removed were examined. The atomic positions were relad in all cells, optimizing the cell volume.
Table 5.1 lists the characteristic data of the relaxed cells. We nd that the di erences in terms of density
of the optimized unit cell and Al-O bond lengths are negligide and that the densities correspond well to
the experimentally reported value of 367 g cm 3[153. The energy di erences between the three di erent
basic structures (i.e. hausmannite, cubic spinel and rhombhedral spinel) deviate slightly, indicating that

the cubic representation is slightly favorable. Notably, the di erences between the three di erent cubic
spinel based models are negligible in all respects.
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Figure 5.2: Views along the (0@) (left) and (010) (right) directions of the hydroxylated -Al,O3
surface model. The selected adsorption site 1 is marked blueite 2 is marked green. (Note that,
due to the periodic repetition, each adsorption site appeas twice.)

5.3.2 The hydroxylated -Al ,03 surface

To generate a model of the -Al,O3 surface, the rst of our 4 oxygen-layer thick, 160-atom cubi-spinel
based models was chosen (second line in tab%1). The bulk alumina was cut by increasing the length
of the cell vector along the (001) direction to 60Awithout changing any of the atomic positions. The
resulting slab model was then relaxed using conjugate gradnts (CG).

To hydroxylate the surface, a 10Athick layer of H,O molecules, cut from a larger, geometry-optimized
supercell of liquid water, was placed on top of the surface mael and then performing a 1 ps SCC-DFTB
MD run at 300 K, followed by a second 1 ps MD run at 600 K to removethe non-adsorbed water
molecules. This procedure does not lead to chemisorption ofiater molecules at the surface, but since
su ciently long MD runs to achieve this are computationally far too expensive, | then manually split
the physisorbed water molecules, forming an OH-group at theadsorption site and using the split-o
hydrogens to protonate nearby Al-O-Al bridges. After this procedure, | relax the geometry again using
CG. During the whole procedure, the lowermost oxygen and alminum layers were held xed.

The surface supercell generated this way has a surface ared 024 A x 8 A, which is too small in (0; 1; 0)
direction, wherefore it was duplicated model along this ax§. The resulting model contains 374 atoms in
a 23.7 x 15.8 x 60A3 periodic supercell (gure 5.2). To limit the computational cost of the study, the
two sites marked in in the gure were chosen out of the 13 ineqivalent {OH groups for the studies of
adsorption reactions, based on the di erent distribution of neighboring hydroxyl groups and tetrahedrally
coordinated aluminum atoms.

5.4 The H ,0-assisted ring-opening of DGEBA

In order to gain an understanding of the chemical reactions fom which the alumina/adhesive interface
arises, | calculate the reaction enthalpies and MEPs of the endensation reactions between the model
adhesive system's components and the surface hydroxyl grgs at the two selected reaction sites.

As described in section5.2, the nucleophilic ring-opening of the oxirane rings in DGEBA by water
molecules occurs throughout the adhesive mixture and is ineépendent of the surface. Therefore this
reaction is modeled independently of the surface adsorptio reactions. To conserve calculation time,
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Figure 5.3: Minimum Energy path of the ring-opening of t-DGEBA by H,0. Atoms of the phenyl
group are rendered transparent for clarity, circles mark errgies of the con gurations shown above.

| regard only one of the oxirane rings in the molecule and theefore simulate a t-DGEBA, instead of
DGEBA (cf. gures 5.1, 5.3). In the mixture, the DGEBA molecules are surrounded by other components
with polar groups as well as some water molecules. As a simplmodel of the stabilizing e ect of such
surrounding polar groups, a water molecule is included in tle ring-opening path-search calculations[54.

| use the SCC-DFTB method, applying the alo-1 Slater-Kosterdata sets. The SCC is iterated until the
energy di erence between two subsequent iterations falls blow 10 ® H and determine the minimum energy
con gurations of reactants and products by CG optimization until the forces fall below 10 2 a.u. The
MEP is then searched using NEB, where the path optimization vas started by an adaptive displacement
steepest-descent algorithm for the rst few hundred iterations, then switching to a projected velocity-
Verlet scheme, which is iterated until the maximum forces atthe images fall below 10 ® a.u. | construct
the initial path by linear interpolation of the Cartesian co ordinates between the reactant, a guessed
transition state and product con gurations. The transitio n sate guess is necessary, since the reaction
coordinate has dihedral rotation components, which cannotbe reproduced by linear interpolation in
Cartesian coordinates. A reaction coordinate is segment-ige as the linear displacement between imagés:

R R;j
G= —
l;

with
i= Rt R

INote that this di ers from the reaction coordinate used in Re  f [151].
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for a position R along the path in the segment between images$ and i + 1, leading to the normalized
position along the reaction path

!_ |] + G
x= 1L 7 I ;
il

The total energies are interpolated along this reaction coadinate, following the interpolation procedure
described in Ref L0§?:

E(x)= Ei+x F (5.5)
2 3(Ei+l Ei) 2 Fit Fit+l

12 l;

s 2Ea E) FOFy
i I3 12
I

+ Xj

+ X

The climbing image NEB method is not employed in this study for two reasons. First, the interest rests
not only on nding the barrier energy, but on obtaining an overview of the whole reaction mechanism.
Second, not all reaction paths examined here have well de e barrier, e.g. the AMEO adsorption
reactions (cf. section5.5.3.

Fig 5.3 shows the calculated image energies and structures (croseas well as the cubic interpolation of
the total energy (red line). | nd a barrier energy of 1.91 eV and an exothermicity of 1.88 eV. No
direct comparison data is available, however for the simila reaction

F_2{-2|4_9+H 20! I‘|2HOC {z CHzol‘}!

oxirane 1;2 Ethanediol

reference data using PBE and an 6-31G basid b5 gives a reaction enthalpy of -1.31 eV, which is in good
agreement with my calculation results, taking into account the formation of a hydrogen bond between
one of the formed OH-groups and the catalyzing HO. Before the formation of this bond, the reaction

energy is 1:2 eV (cf. gure 5.3).

5.5 Adsorption of single adhesive component molecules in va c-
uum

To examine the energetics of reaction$.1{5.3, | follow the procedure veri ed above for the t-DGEBA

ring-opening. Each of these reactions is simulated at both dsorption sites described in section5.3.2

The results of these calculations are summarized in tabl®.2. Two reaction energies for the condensation
of each species are givenES™ and ES>. The former is extracted from the adsorption paths, as the
di erence between nal and rst image. It includes an additi onal contribution from the physisorption of

the water molecules generated during the reaction. The later was calculated from separate simulation of
reactants and products and is therefore free of such in uenes. It can be seen, that the water adsorption
results in an exothermic shift of the reaction energies of 0:5{ 2 eV. These shifts are unrealistic
under real conditions, since the oxide surface is known to beovered by at least one monolayer of water
molecules 42145 | a site at which water may be adsorbed with an energy gain of 2 eV will surely

be already occupied. On the other handE 5" is unrealistically low, as the solvation of the condensated
water molecule will always release some energy. However, gble 5.2 shows, these uncertainties do not
change the relative energetics qualitatively. In the follaving | shall give a detailed description of the
reaction mechanisms found for each compound. (Figures shamg the adsorption MEPs are given on

pages67{ 72)

2Note, that the equations given in reference [ 108] do not match the derivation described in the text, due to sev  eral errors.
Here, | present the corrected energy interpolation formula
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component site ESMP: [eV] ESGY [eV] Epar [eV]
t-DGEBA ringopen -1.8780 - 1.9081
t-DGEBA (open) 1 -0.42741 -0.11970 2.0726
2 -2.5298 -1.6108 0.1282
AMEQ (W) 1 -4.0815 -2.1364 0.0
2 -4.4355 -2.0329 0.35
DETA 1 0.20411 2.3602 1.1583
2 -0.47487 2.0022 0.8

Table 5.2: Calculated reaction energies and barriers of thadsorption and ring-opening reactions of
the model adhesive system on AlO3;. ESS™: gives the adsorption energy with physisorption of the

condensed HO, ES55 with the condensed water isolated in vacuum. Cf. sections5.5.2and 5.5.3

for a discussion of these values.

5.5.1 DETA

Table 5.2 clearly shows, that the condensation of the curing agent DER is very unfavorable. The
reaction energies without the contribution of the physisorption of the condensed water moleculéE 35" are
endothermic by more than 2 eV. At site 2 the adsorption path has a local minimum before the actual
condensation, (cf. gure 5.6) which is in agreement with ndings, that DETA can bond to the surface
non-covalently via hydrogen bonding fL52. The Barrier given for this reaction is calculated betweenthe

local minimum and the following maximum.

5.5.2 t-DGEBA (©open

The picture for t-DGEBA ©Pe") shows signi cant di erences between both adsorption sites While at
site 2 a second, ternary hydroxyl bond to the surface is formé, between the second hydroxyl group of
the opened epoxy ring and a clean Al atom at the surface(cf. grre 5.8), at site 1 only the C-O-Al bridge
from the condensation reaction appears (cf. Fig5.7). This leads to large di erences in the reaction
energetics at both sites | at site 1 the adsorption is only sli ghtly exothermic, while being hindered by
a 2 eV barrier®; at site 2 only a negligible barrier is found, while the condasation reaction is highly
favorable. At both sites, the transition state is characterized by a strong repulsion between the surface-
and molecules OH groups | the Al-O-C bridge can only form afte r one of the hydroxyl groups has been
release by proton transfer from the other. At site 2 this transition state is stabilized by the formation of
a the ternary OH group with the free surface Al atom.

55.3 AMEO (wd

I only examine the adsorption of the silanol function of AMEO, since its amine group will behave very
similar to the amine groups of DETA. Their interaction with t he surface is so unfavorable, that a
qualitatively di erent behavior of the amine function in AM EO cannot be expected.

For the condensation of AMEO, no barriers appear between thestarting con gurations 5 Aabove the
surface. The barrier given for site 2 is most likely caused bya local valley of the electrostatic potential,
which the AMEO molecule slides into during the approach to the surface, but has to leave before the
condensation reaction. At both sites, the AMEO molecule foms two covalent Si-O-Al bridges to the
surfaces, by reacting with a second, unhydroxylated Al atomnearby (cf. gures 5.9, 5.10. Also, at

Swhich is large in comparison with thermal energies at ambien t temperatures
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Figure 5.4: Comparison of the calculated adsorption MEPs orthe Al,O3 surface.

both sites the adsorption of the condensated water moleculés very exothermic. Fig 5.10 shows, that at
site 2 the transition state is marked by a ve-fold coordination of the Si atom by four hydroxlys (three
binary and one ternary) and one carbon. Subsequently one oftiese binary OH groups is released by a
short-range proton transfer from the ternary hydroxyl brid ge. Neither the OH group formation, nor the
proton transfer show signi cant barriers.

5.5.4 Comparison of adsorption mechanisms

Figure 5.4 illustrates the energetic di erences between the adsorpttn mechanisms of the model adhesive
system. It shows very clearly, that AMEO is the most favorable adsorbate at both surface sites (green
lines). It is also the the only adsorbate, which shows no sigrcant adsorption barriers at both sites.
In contrast, the chemisorption of DETA (blue lines) is unfavorable. It can rather form a hydrogen
bond, which is, however, much weaker than the favorable codant bonds possible in this system. The
resin component, DGEBA (red lines) shows diverse behaviorsn the sense, that it can compete with
the AMEO adsorption at site 2, while its chemisorption at site 1 is thermodynamically on par with the
physisorption of DETA, while being hindered by a high barrier.

The di erences between DGEBA and AMEO can be understood, wha scrutinizing the transition states.
The silicon atom of AMEO allows for a ve-fold coordinated con guration, which makes it possible to
form the AI-O-Si bridge, before the proton transfer and H,O condensation. In contrast to this, the
carbons of the opened oxirane rings in DGEBA do not have this pssibility. In addition to this, DGEBA
with its bulky phenyl ring exhibits a much higher steric hind ering, so that it is not always possible to form
additional, ternary OH-group links to surface Al atoms. The much more linear and smaller AMEQ™W® |
in contrast, can adapt much easier to the local conditions atthe adsorption site.

These ndings allow an explanation of the working mechanismAMEO as an adhesion promoter. In an
adhesive mixture without adhesion promoter, only the resincomponent can form strong, covalent bonds
to the native alumina surface. However, only a part of the avédlable surface hydroxyl groups is available for
adsorption. At other sites, the formation of covalent bondsbetween DGEBA and surface is not distinctly
favorable and must compete with the physisorption of curingagent molecules. The silane-based adhesion
promoter AMEO can improve the linkage between surface and plymer, mostly because its adsorption
is favorable at more surface sites, especially such sites hare the formation of a covalent bond between
DGEBA and the surface is not. Therefore, it can be concluded that the chief e ect of the adhesion
promoter is to increase the number and density of covalent liks between polymer and surface.

Since the favorable e ect of AMEO is closely related to the clemistry of its Si atom, it can be concluded
that similar silanes should show a similar e ect, as long as o too strong steric hindering from its backbone
or other functional groups occurs.
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Figure 5.5: Minimum Energy path of the condensation of DETA at site 1. Insets show a cutout of
the surface model in the vicinity of the adsorption site.
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Figure 5.6: Minimum Energy path of the condensation of DETA at site 2. Insets show a cutout of
the surface model in the vicinity of the adsorption site.
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Figure 5.7: Minimum Energy path of the condensation of t-DGEBA at site 1. Insets show a cutout
of the surface model in the vicinity of the adsorption site.
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Figure 5.8: Minimum Energy path of the condensation of t-DGEBA at site 2. Insets show a cutout
of the surface model in the vicinity of the adsorption site.
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Figure 5.9: Minimum Energy path of the condensation of AMEO™® at site 1. Insets show a cutout

of the surface model in the vicinity of the adsorption site.
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Figure 5.10: Minimum Energy path of the condensation of AMEQ™WY at site 2. Insets show a
cutout of the surface model in the vicinity of the adsorption site.
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Figure 5.11: Minimum Energy path of the coadsorption of AMEO at site 1 in the vicinity of AMEO
at site 2.
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Figure 5.12: Minimum Energy path of the coadsorption of DGEBA at site 1 in the vicinity of AMEO
at site 2.
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Site1  Site2 B9 E ag

AMEO AMEO -4.38 -0,50
DGEBA -3.22 0,23
DETA 0.26 0,08

DGEBA AMEO -2.17 -0,01
DGEBA -1.89 -0,17
DETA 190 -0,01

DETA AMEO 0.25 -0,06
DGEBA -7.01 -7,76
DETA  4.40 0,03

Table 5.3: In uence of nearest neighbor adsorbates on adsption energies. Energies in eV, both

adsorbates in the same half of the surface model (cf. sectidh3). E=E %, El, +E2; .

Ads.1  Ads. 2 Site E% E ags

AMEO  AMEO 1 -384 -0,16

2 -4,09 0,00
DGEBA 1 -227 -0,32
2 -366 -0,01
DETA 1 0,49 -0,02
2 2,62 2,64

DGEBA DGEBA 1 -0,22 0,00
2 -320 0,01

DETA 1 2,24 0,00

2 0,42 0,00

DETA DETA 1 4,71 0,00
2 4,05 0,01

Table 5.4: In uence of second neighbor adsorbates on adsotipn energies. Energies in eV, both
adsorbates at the same site in di erent halves of the surfacanodel (cf. section5.3). E=E %

ads
Eles +E2
ads ads -

5.6 The e ect of neighboring adsorbates

Beyond the adsorption of isolated adhesive components, th@é uence of neighboring adsorbates on the
condensation reactions can be used to gain further insightnto the alumina{adhesive interface formation.

5.6.1 Adsorption energies

To examine, how the presence of an adsorbate in uences the ndensation reaction of a second molecule
from the adhesive mixture, | calculate the reaction energis for these reaction in the presence of a second
adsorbate in rst or second nearest neighbor position.  Tabés 5.3 and 5.4 list the results of these
calculations.

For the interaction between nearest-neighbor adsorbateshe adsorption of two AMEO ™9 molecules in
close vicinity is very favorable, while putting a t-DGEBA (°P¢" peside the AMEQ is unfavorable. A slight
advantage of condensating two t-DGEBA molecules in close inity can be inferred from the data. The

co-adsorption of DETA at site 1 and DGEBA at site 2 appears to be extremely favorable. As can be
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Figure 5.13: Co-adsorbed structure of t-DGEBA°P®" at site 2 and DETA at site 1. Dashed lines
indicate hydrogen bonds.

seen in gure 5.13 the molecules are oriented nearly parallel in this case, kding to several hydrogen
bonds and a strong electrostatic interaction between both nolecules. It should be kept in mind, that here
the simpli ed model of the adhesive components and surfacean lead to unrealistically high adsorption
energy estimates. In this case, it is to be expected that in aifuid polymer mixture, the bond sites
interacting here, will already be occupied by hydrogen bondpartners before the adsorption reactions. In
all other cases, the adsorption energy di erences ar& 0:1 eV, which is insigni cant, taking into account

general limitations of the employed model (cf.5.3.2).

As expected, table 5.4 shows that the presence adsorbates on the second dearest gighor sites has
much smaller in uence on the condensation reaction energéts. In comparison to the nearest neighbors'
in uences, it can be seen that co-adsorption of AMEO is stillfavorable at longer distances, at least at site 1.
Interestingly, the co-adsorption of AMEO and DGEBA is signi cantly more favorable at second nearest
neighbor sites, indicating that the pronounced shift towards endothermicity in the nearest neighbor site
case is caused by steric hindering. Similarly, steric hindeéng is culpable for the clear unfavorability of

co-adsorbing AMEO and DETA. A dierent orientation of the DE TA, which adsorbs nearly parallel to

the surface at this site (cf. gure 5.6) may alleviate this, however it should be kept in mind that the

adsorption of DETA is highly unfavorable in any case. In the vast majority of examined reactions, the

presence of a second neighbor adsorbate did not in uence thadsorption energetics signi cantly.

5.6.2 Adsorption paths

The computational e ort needed to calculate the adsorption paths presented in section5.5 makes a
systematic study of the in uence of the surroundings on the asorption reactions impractical. Therefore |
switch to the DFTB based QM/MM scheme presented in chapter4. The Al3s0s6H12 QM Zone containing
both adsorption sites veri ed in that chapter is employed. Here | will only examine two coadsorption
reactions, to demonstrate the suitability of my QM/MM appro ach to simulate complex reactions at hybrid
interfaces. The adsorptions of an AMEG™Y) molecule at site 1 in the presence of a second AMEO at
site 2 (with the water molecule created during the condensabn of AMEO at site 2 still physisorbed at the
surface), and the adsorption of a t-DGEBA®Pe" | also at site 1 in the same surroundings were simulated.



5.6. THE EFFECT OF NEIGHBORING ADSORBATES 77

OSr—T—TT T T T T T 1

-0.5
-1
-15
-2
-2.5
-3
-3.5

E [eV]
E [eV]

| | | | | | |
- © « o ®m < 10 O N
o o o o o o o

oordinate reaction coordinate
coadsorption isolated coadsorption

(a) AMEO (b) DGEBA

budhbhdbdilorbdw

-4.5

09 |-
1

1 1 |
© ~ @
S oS o

05 |

I I
© 4 N o %
o o o o

0.9
0.8

reaction

[#]

isolated

Figure 5.14: Comparison of site 1 adsorption energy pro lesfor isolated adsorption and in the
vicinity of a second adsorbed AMEO.

AMEO + AMEO Figure 5.14(a) shows the energy pro les for the condensation of AMEO at sitel
with and without a neighboring adsorbed AMEO. The rst notab le di erence lies in the total energy of
the reaction. This di erence is caused by the fact, that the water molecule created during the course of
the condensation reactions at both sites physisorbs at theame surface Al atom. Therefore, another place
had to be chosen for the second water molecule in the coadsdipn case. As can be seen, the adsorption
of the water molecule is very favorable at the original surfae atom. The second, stark di erence is in
the existence of a signi cant secondary barrier of 0.95 eV for the physisorption of the second water
molecule. This di erence is also related to the choice of a derent site for the second water molecule (cf.
gure 5.11). However, the barrier is still small enough that it can be owercome by the energy gained from
the condensation reaction itself.

Besides the di erences stemming from the di erent disposiion of the water molecule, the adsorption
reactions occur in a very similar manner (cf. gures5.9and 5.11). It can be concluded, that the conden-
sation reaction of AMEO is not strongly in uenced by the presence of neighboring AMEO adsorbates.
This is in good agreement with the results on the thermodynanics, presented in the preceding section.

AMEO+DGEBA In contrast to AMEO, t-DGEBA (°Pe") reacts sensitively to the presence of a neigh-
boring AMEO adsorbate or, more precisely, to the presence ofhe water molecule formed during the
condensation of the latter. The presence of a neighboring AMMO does not signi cantly in uence the
adsorption enthalpy. However, the deep intermediate mininum in the path shows that another reaction
that does not lead to condensation of the DGEBA®" is actually much more favorable. When the
geometry is optimized, starting from one of the intermediate geometries between reaction coordinates
0.3{0.4 of the coadsorption path (cf. gure 5.12c)), the resulting minimum energy con guration is very
di erent from the result of the condensation reaction (gur e 5.154). The physisorbed water molecule
from the preceding AMEQO condensation is split up to form a suface hydroxyl group. The proton released
by this reaction then attacks the the opened oxirane ring andpassivates one of it's {OH groups. Finally,
the dangling carbon bond resulting from the preceding steps passivated by another proton transferred
from a nearby A{(OH){Al bridge at the surface.

Even taking into account the inevitable error of this calculation due to the too small surface cluster, this
result is gives extremely interesting insight into the interface formation process at hand. It clearly shows

4Note that the nal geometry from this calculation exhibits t he problem, that the free products of the reaction, i.e.
the passivated DGEBA and the water molecule marked orange, h ave moved beyond the surface cluster. Therefore this
equilibrium geometry is not realistic and its energy is usel ess. Nevertheless it shows the main features of the alternat e
reaction path found here.
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Figure 5.15: DGEBA(Pe" passivated by a physisorbed water molecule stemming from t nearby
condensation of AMEO. The formerly physisorbed water formsan {OH group (marked blue),
transferring one of its protons to one of the {OH groups of the opened oxirane ring which then
forms a water molecule (orange). The dangling C- bond is thersaturated by a hydrogen atom
taken from a formerly protonated A{O{AIl surface bridge (gr een).

that water at the surface plays a very important role. Further, systematic studies are necessary, which
take into account the presence of a physisorbed water layerdiween the surface hydroxyl groups. This
singular result also points at a mechanism of the e ect of waer at the surface that is likely to be highly
important. Depending on the pH value and surface hydroxylaion density®, surface water can strongly
react with the surfactants by proton transfer processes. Tlese can lead to the passivation of functional
groups of the adhesive components, which may lead to a degration of the adhesion between polymer
and substrate.

Comparison of these rst results on AMEO and DGEBA suggests,that the epoxy resin component is
more susceptible to this passivation process than the silamadhesion promoter. This is in good agreement
with the experimental observation that silane components mprove the adhesion signi cantly. It is also
consistent with the conclusion from section5.5.4, that the e ect of the adhesion promoter appears to be
based on an increase of the density of covalent polymer{sulbimte bonds.

5.7 Summary

The results presented in this chapter, demonstrate, that mhimum energy paths, obtained from NEB

calculations and the DFTB method can provide very useful ingght into the basic mechanisms of adhe-
sive molecule adsorption on inorganic surfaces. The di enat components of the adhesive mixture show
qualitatively di erent adsorption energetics, so that, consistent with experimental observation, a clear
preference for the adsorption of the silane adhesion promet could be established. At the same time,
it could be demonstrated that condensation of the amine cumg agent is unfavorable. Furthermore, the
calculated MEPs also provide insight into the mechanisms lading to these di erences. The condensation
of amine functionalities is unfavorable, because necessathe removal of the surface hydroxyl group is
extremely unfavorable. The silane adhesion promoter has nre possibilities to form bidentate links to

the surface, which is more di cult for the DGEBA resin, chie y because of steric hindering at part of
the available adsorption sites.

SWhich had to be neglected so far, due to of the prohibitive com putational cost of modeling them.
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The thermodynamics of the adsorption reaction show some inuence from the presence of neighboring
adsorbates, however these di erences are small compared tine adsorption energies. First results on
the adsorption paths in the presence of neighboring adsorlias give two important results. Firstly, the
adsorption of AMEO is only weakly in uenced by the presence d adsorbates on neighbor sites, which
supports the conclusion that AMEO can serve to increase the amber of covalent links between substrate
and polymer. Secondly, the presence of water has a much largé uence on the behavior of DGEBA
at the interface, that neighboring adsorbates do. The resuk propose that, depending on the pH value,
physisorbed water can react with the ring-opened DGEBA in a manner which partly passivates the {OH
groups of the opened oxirane ring and leads to further hydroylation of the surface.

Finally, it must be stated that the results obtained so far are not fully satisfactory in three respects:
rst, only a small fraction of the adsorption sites present in the surface model could be examined, better
statistics would be highly desirable. Secondly, the in uerce of neighboring adsorbates could only be
analyzed in the reaction energies but not the barriers. The hird and most severe limitation lies in the
examined model itself. The in uence of physisorbed surfacevater and the surrounding polymer mixture
had to be neglected completely. All of these limitations arebased on the prohibitive computational cost
that would otherwise arise. QM/MM coupling promises to alleviate these problems, and rst results on
the coadsorption of di erent components support this expedation. They show that QM/MM is indeed
capable to give further insight into interface chemistry at greatly reduced computational cost, compared
to pure QM simulations. It has become clear, that further studies of the interface formation reactions
are needed, especially concerning the in uence of water, @hthat these studies can now be conducted in
practice.

5.8 Outlook | Kinetics simulation of the adhesive-alumina i n-
terface formation

Even considering the possibilities (and sometimes necesgl for improving on the ndings so far obtained
on the mechanisms of polymer/solid interface formation on & atomic scale, the limits of the atomistic
perspective become apparent. Even with big improvements ircomputational e ciency, the accessible
length and time scales cannot be extended qualitatively. Inso far, simulating the whole process of
interface formation on an atomic scale appears unrealisticHowever, qualitative and quantitative insight
into the chemistry of interface formation at the high level of detail attained in this study, can serve as the
basis for examining larger time and length scales. One veryrnpmising way to achieve this lies in using the
available results as input data to kinetic Monte Carlo simulation of the the interface formation. Reaction
energies and barriers, which are the basic input data for thé approach (cf. section3.3) are available,
even allowing to (partly) take into account the in uence of neighboring sites. Studies to employ the
data presented here as input to the KMC part of a coupled KMC/continuum model [127] are underway
in cooperation with the developers of this scheme. Valuablénsights into the larger scale mechanism of
interface formation and resulting interface properties, eg. the distribution of di erent adsorbates along
the surface, are expected from this ongoing research.
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Chapter 6

Conclusion

During the work presented here, advancements in both computional methodology and the understanding
of the alumina/epoxy polymer interface were achieved.

Concerning methodology, the applicability of the DFTB/MM c oupling method was extended from bio-
molecules to solid state systems and especially solid sudas. To this end, a bond-termination scheme
employing ordinary hydrogen atoms at xed non-equilibrium distances to their QM host atoms is used.
The bond distances are optimized to remove bonding states kween saturators and host atoms from
the band gap of the solid model. The electrostatic embeddingpf the QM zone into the MM zone is
implemented by a Hamiltonian which allows to apply sphericd Gaussian smearing to the point charges
of the MM zone. This allows to circumvent problems originating from the unphysical proximity of the
saturator atoms to the rst layer of MM point charges. The two free parameters of this embedding
scheme, i.e. the link-atom distance scaling and the Gaussiesmearing width, must be optimized for each
materials system to minimize charge distribution errors inthe QM zone. The results show, however, that
the optimized parameters are, within their error bars, independent on the chosen QM zone. They are also
very similar between closely related materials, e.g. dieent phases of SiQ or Al,O3, clearly indicating
that the embedding scheme is not over-parametrized.

The choice of a proper QM cluster depends on the individual meerials system. In silica systems, char-
acterized by ideal nearest neighbor coordination, a clustein which all QM host atoms are oxygens,
regardless of the cluster stoichiometry, is favorable. In ontrast, alumina systems, characterized by an
overcoordinated bonding situation, only small deviationsfrom Al,O3 stoichiometry in the solid part of
the surface are tolerable. Under this constraint it is not possible to construct a cluster with only one ele-
ment type as QM host atoms and a reasonable surface to volumetio. Constraints on individual atom's
Mulliken populations, especially those of the QM host atoms can help to reduce charge oscillations intro-
duced by the QM/MM boundary, but they do not solve the problems introduced by non-stoichiometric
alumina cluster composition.

Regarding formation between natively oxidized aluminum ard an epoxy-type adhesive system, an insight
into the working mechanism of silane-based adhesion promets could be achieved from examining the
minimum energy paths of the condensation reactions of the mdel adhesive's components in vacuum. One
important e ect of the adhesion promoter is an increase in the number of covalent substrate{polymer
links, due to the fact that condensation of such adhesion promoters is favorable at more surface sites than
for the other components.

Furthermore, rst results on the in uence of neighboring adsorbates during the interface formation,
indicate that the direct in uence of other adhesive componaents in the vicinity of the adsorption site is
small, both in absolute terms and in comparison to the e ect d water. Even most of the e ect of the
neighboring adsorbates is caused by the addition of water mecules formed during the condensation
reactions leading to covalent surface{polymer bonds. Thes initial results, which only take into account
the in uence of water formed during the interface formation suggest, that proton-transfer processes at the
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surface, during the adsorption of adhesive components cartrengly in uence the surface hydroxylation
and may lead to the passivation of functional groups of epoxyresins.

From this, the course for further work to understand the formation of the alumina{adhesive interface

becomes clear. The in uence of water is of paramount importace and must be studied in a system-
atic manner. The extensive calculations necessary for thiflave been enabled by the development of a
computationally e cient QM/MM coupling scheme applicable the surfaces of polar solids. Parallel to

this, the knowledge about interface reaction energetics diained during these studies at atomic resolution

can serve as input parameters for Kinetic Monte-Carlo simuhtions aimed at understanding the interface

formation process on larger length- and time scales.
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Appendix A

QM/MM Evaluation Data

A.1 Simple Link Atoms
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Figure A.1: SLA evalution data for the 29+28 Si cluster.
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Figure A.2: SLA evalution data for the 15+12 -quartz cluster. The circle marks the selected
embedding parameters for this system.
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Figure A.3: SLA evalution data for the 27+12

embedding parameters for this system.
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Figure A.4: SLA evalution data for the 13+8 SSZ60 cluster. The circle marks the selected embedding
parameters for this system.



A.1. SIMPLE LINK ATOMS

RMSQ

2.5

15

0.5

link-atom distance factor

0 1 2 3 4 5
gaussian blur width [Bohr]

band shift

link-atom distance factor

0 1 2 3 4 5
gaussian blur width [Bohr]

Figure A.5: SLA evalution data for the 21+24 SSZ60 cluster
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link-atom distance factor

link-atom distance factor

11

0.9
0.8
0.7
0.6
0.5
0.4

11

0.9
0.8
0.7
0.6
0.5
0.4

0 1 2 3 4
gaussian blur width [Bohr]

shifted range states

©I I I
[ ‘®
?‘\

0 1 2 3 4
gaussian blur width [Bohr]

30

25

20

15

10

97

. The circle marks the selected embed-



APPENDIX A. QM/MM EVALUATION DATA

RMSQ
0.5

- 045 _
2 2
8 04 8
) 035 o
2 2
g 03 g
(2] (2]
B 025 ©
S 02 5
@© @©
x~ 0.15 x
£ =
= 0.1 =

04 l l l l 0.05

0 1 2 3 4 5 0 1 2 3 4 5
gaussian blur width [Bohr] gaussian blur width [Bohr]
band shift shifted range states
1.1 — 2 . 30
I I I | |

s 1 = s 25
Q Q
© ©
< 0.9 8
g — -2 g 20
g 08 3
] — -4 ] 15
T 07 — ©
g -6 g 10
© 0.6 — ©
X x
£ o5 _1H -8 £ 5

0.4 I I I I -10 0

0 1 2 3 4 5 0 1 2 3 4 5
gaussian blur width [Bohr] gaussian blur width [Bohr]

Figure A.6: SLA evalution data for the 45+24 SSZ60 cluster. The circle marks the selected embed-
ding parameters for this system.
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Figure A.8: SLA with charge constraints evalution data for the 50+60 atom -Al,O3 cluster. The
circle marks the selected embedding parameters for this syesm.
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Figure A.9: SLA evalution data for the 71+102 atom
embedding parameters for this system.
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Figure A.10: SLA with charge constraints evalution data for the 71+102 atom -Al,O3 cluster.
The circle marks the selected embedding parameters for thisystem.
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Figure A.11: HCS evalution data for the 15+12
embedding parameters for this system.
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Figure A.12: HCS evalution data for the 27+12 -quartz cluster.
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Figure A.13: HCS evalution data for the 21+24 SSZ60 cluster. The circle marks the selected

embedding parameters for this system.
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Figure A.14: HCS evalution data for the 45+24 SSZ60 cluster. The circle marks the selected
embedding parameters for this system.
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Figure A.16: BCTC with charge constraints evalution data for the Al ,0Os1+H 102 -Al O3 cluster.
The circle marks the selected embedding parameters for thisystem.
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Figure A.18: BCTC with charge constraints evalution data for the Al ;0O30+H g0 -Al2O3 cluster.
The circle marks the selected embedding parameters for thisystem.
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Figure A.20: BCTC with charge constraints evalution data for the Al 3,018+Hg; -Al,O3 cluster.
The circle marks the selected embedding parameters for thisystem.
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Figure A.22: BCTC with charge constraints evalution data for the Al 2,040He+H 52 (site 1) -Al,03
cluster. The circle marks the selected embedding parametsrfor this system.
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Figure A.23: BCTC evalution data for the Al 36056H12+H g7 (both sites) -Al,O3; cluster.
circle marks the selected embedding parameters for this syem.
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