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Chapter 1 General Introductions

In general terms, theoretical chemistry is a branch of chemistry that attempts to
give explanations of the phenomena that occur in chemical experiments. Along with the
development of chemical science, theoretical chemistry in modern days is required to observe
and explain chemical systems and phenomena at the atomic or molecular level, since the
properties of matter at the atomic or molecular level are not directly observable through
experiments in the laboratory. Additionally, by studying the matter at atomic and molecular
level, one can predict the properties of materials at macroscopic level for further
understanding and application of materials. Developments of good theoretical methods thus
become necessary to study the properties of matter at the atomic and molecular level.

The development of modern quantum mechanics in the early 20" century,
including the Schrodinger equation [1] and Dirac’s theory of electron [2] has allowed the
application of quantum mechanics (QM) to the chemical systems; as such those methods
were applicable for predicting chemical properties elucidated from atomistic level. The
quantum mechanical role here is the treatment of the electron in the chemical system
explicitly where we know that atoms and molecules contain particles known as “electron”.
Many people coined the combination of QM and chemistry as “quantum chemistry”.

However, the enduring challenge of quantum chemistry is the fact that the
Schrodinger equation, which governs electronic structure dynamics and properties, cannot be
solved readily. This equation can only be solved analytically for the hydrogen atom or
hydrogen like ions that contain only one electron. For atoms and molecules that have more
than one electron, this equation is analytically nearly impossible to solve. This leads to a

number of approximations to date that tries to approximate the exact solution of the
1



Schrodinger equation for many electron systems, such as the Hartree-Fock method.

In the earliest days of theoretical and quantum chemistry, approximate solutions to
the Schrodinger equation had to be obtained using paper and pencil, with only little help from
manual calculators, since the computational resources were not sufficiently available at that
time. As the time went by, the rapid development of computational resources became
apparent. Nowadays, many chemical or physics systems can be modeled in silico via
computer codes that are programmed using the algorithms and theories from
multidisciplinary fields such as mathematics, physics, chemistry and computer science.
However, although the computers speed grows exponentially over time [3], increasing

number of atoms or electrons in systems do not scale proportionally to the computational

time.
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Figure 1.1 Scheme of methods in computational chemistry.

The method for computer simulation is usually chosen to have affordable
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computational cost while retaining the accuracy of the simulation methods. Methods for
computer simulation trade-off between the simulation timescale and system size is shown in
Figure 1.1. Empirical methods with fitted potentials, such as the molecular mechanics (MM)
method, can treat chemical systems on the scale of up to 10'® atoms. A drawback of that
method is that the electronic interactions are not explicitly included in the potentials;
therefore some properties involving changes in electronic structure such as bond breaking
events cannot be described using the MM method. On the other hand, electronic structure
methods such as density functional theory (DFT) have become the standard workhorse in
computational chemistry or material science, but suffer from limitation of the system size.
The computational time of DFT scales approximately cubic with the number of electrons in
the systems, limiting computational time for research communities with medium sized
computational facility.

One particular method, the so-called density-functional tight-binding DFTB [4-6]
method, bridges the gap between classical MM and DFT-type electronic structure theory. It
allows longer simulations time and larger, more adequate model systems for simulation of
nanometer-sized clusters with QM treatment of electrons. However, since DFTB is also a
semi-empirical method, it requires parameterization of intermolecular interactions.

The main motivation of the current project is to develop DFTB parameters that
have not been reported thus far in the literature. Additionally, some existing parameters may
lack universal transferability; therefore, they should be tuned based on our needs. Our main
goal is to use the parameter sets reported in this thesis for simulation of interesting and useful
materials.

Among those useful materials are graphene [7] and solid oxide-fuel cells



(SOFCs) [8]. In this work, we developed the DFTB parameters for the purpose of simulation
of oxide transport in SOFCs and the functionalizing of graphene. Zirconia (ZrO;) is one of
the most important oxide materials with a wide range of applications. The bulk phase is
commonly used for refractory and structural materials [9], while surface applications such as
support material for catalysis [10] are increasing rapidly. A prominent use of zirconia is in
the field of energy conversion, where it is typically doped with around 8% of yttria (Y,03) to
form yttria-stabilized zirconia (YSZ) and used as the oxide-ion conducting electrolyte in
SOFCs [8,11]. Our interest in graphene functionalization comes from its zero band gap
(Figure 1.2(a)), and the functionalization of graphene, for example using F atom, will open
the graphene band gap, (Figure 1.2(b)) allowing it for electronic materials applications.
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Figure 1.2 Calculated density of states (DOS) at Perdew-Burke-Ernezhoff (PBE) level of theory of (a)
graphene and (b) graphene-F with F/C ratio of 50%. The Fermi level is shifted to zero.

The first part of this thesis reports the results from established electronic structure
theory such as DFT and coupled cluster (CC) theory as well as DFTB with already published
parameters. The results of these calculations will be used as the reference for the
development and possible improvement of the DFTB parameters. In this part, we do not only
use the calculations as the DFTB reference data but also we established some results that has

not been reported before, such as the self-interaction effects on F atom adsorption on



graphene model (Chapter 3), a possible mechanism of O atom adsorption and migration on
graphene model and potential energy curve of N atom adsorption on graphene model
(Chapter 4).

The second part (Chapter 5) of this thesis reports the development of repulsive
potentials for materials simulations. Here, we report the early stage of the development of the
DFTB parameters for simulation of YSZ-based SOFCs materials. In this chapter, a number
Zr — Zr repulsive parameterization schemes are reported.

Finally, general conclusions and future prospects are presented in Chapter 6.



Chapter 2 Theoretical Background

This chapter will provide explanation about the methods used in this thesis.
2.1 Basic principles of quantum chemical calculation
Quantum chemical calculation is based mainly on the Schrodinger equation and
Born-Oppenheimer approximation.
2.1.1 The Schrdodinger equation
The underlying postulate of quantum mechanics is contained in the Schrodinger

wave equation, formulated as,

i% = H¥Y(r,t) (2.1).

H is the Hamiltonian operator that is composed of two components, the kinetic and potential
energy operator. Kinetic energy operator is defined as — i V2 and potential energy operator

is the potential function of the position and time of V(r,t). The variables r and ¢ denote

position and time, respectively. Eq. (2.1) can be written into,

oY@y 1, 2.2).
i—a =( ZmV +V(r, t)¥(r,t)

The equation, known as time-dependent Schrodinger equation, is a general
equation for the various systems. The operand, W(r, t) is called wave function, which is a
solution of the Schrodinger equation. Physically, ¥(r, t) is meaningless, however ¥ contains
all of the information contained in the system is represented by the function the wave and by
Max Born interpretation, the square gives the probability to find particle at certain position.

By the quantum mechanics postulates, the wave function must satisfy these
conditions.

1. The wave function must have a finite value since the wave function describe the
6



probability of a particle at a certain range.
2. The wave function must be single-valued, because it is not possible that a particle
have 2 different existences in the same space and time.
3. The wave function must be continuous and differentiable for all orders
Although time-dependent Schrodinger equation is general and applicable for any
system-containing particle, many systems do not contain time variables upon observation. In
such case, the Schrodinger equation can be formulated into a time-independent Schrédinger
equation as follows,
E¥(r) = A¥(r) (2.3)

or
E¥Y(r) = (—%V2 +V(P)¥Y(@) (2.4)

with r is the spatial coordinate in the space for the particle(s) and £ is the total energy for the
system. In linear algebra terminology, time-independent Schrodinger equation is an
eigenvalue problem where the term £ is the eigenvalue and W(r) is the eigenvector.

For the application in chemical systems for atoms or molecules, in general there are
5 contributions of energy in the Hamiltonian, namely: the kinetic energy of the electrons; the
kinetic energy of the nuclei; the nuclei and electrons Coulomb attractive potential energy; the
electron-electron Coulomb repulsive potential energy of the electron-electron; and the
nucleus-nucleus Coulomb repulsive potential. In such, with the systems containing N number

of electrons and Q number the Hamiltonian can be written as

with subscripts n, m are the indices for the electrons; ¢, r are the indices for the nuclei. From

7



Eq. (2.5), the first, third and fourth term on the right-hand side can be specified as electronic
Hamiltonian i.e.

(2.6)

while the second term on the right-hand side can be considered as nuclear kinetic energy
operator Ty and fifth term on the right-hand side can be considered as the nuclear potential
energy operator Vy. Therefore the total Hamiltonian can be separated into electronic and
nuclear contribution
H=H,+Ty+Vy (2.7)
and Schrddinger equation can be written as,
E(R,MYR,7) = (H, + Ty + Vy)¥(R, 1) (2.8).

In this case, the wave function and energy is a function of the position of the
electrons, r and the nuclei positions, R. The classification for this electron and nucleus
contribution will be the basis foundation of Born-Oppenheimer approximation that will be
explained in the next section.

2.1.2  Born-Oppenheimer approximation

Born-Oppenheimer approximation is based on the fact that there is high ratio
between the mass of the nucleus and the mass of the electron, which is about two thousand to
one in an example case of hydrogen atom. This has the consequence that the movements of
electrons are much faster compared to the nucleus. With this assumption, electrons are
considered to move in the fixed nuclei and the movements of nuclei are considered to be zero.

This assumption has consequence that Ty = 0. This will lead the Schrodinger equation to be

ER,"Y(R, 1) = (H, + V\)¥(R,T) (2.9).



2.2 Overview of ab initio wave function methods to solve Schrodinger wave
equation

Due to the nature complexity of the Schrodinger equation, it can only be solved
analytically for hydrogen or hydrogen-like atom that only contain one electron since the
electron-electron interactions (fourth term on the right-hand side in Eq. (2.5)) have no
definite solution with current mathematical method. With this condition, people developed
methods to make the approximation of Schrodinger equation solution for many-electron
systems. A number of approximated methods are available to the date to solve the
Schrodinger equation for extended systems.

One of the established methods is known as Hartree-Fock (HF) method. In HF
method, the ground state of electronic wave function can be expressed in the single Slater
determinant satisfying the Pauli principle for N-number of electron basis function

¥ = [ (r1)ea(r2) - on(ry)l (2.10).

By solving the Hartree-Fock equation obtained through variational principle, (see
ref. [12] for the derivation and total equation) the best wave function can be obtained. The
HF method assumes that the electrons move in mean field created by other electrons, hence
the solution of Hartree-Fock equation can only be solved iteratively in self-consistent field
manner. The advantage of HF is that many-electron system problems can be reduced to set of
one-electron problems that are solvable for real systems. However, one drawback for HF is
the lacks of electron correlations. The HF methods account for about 99% of the total energy.
The electron correlation contributes the remaining 1%, which is important for chemical and
physical properties of a system.

Several methods were developed after HF to overcome the problem in HF. These



methods, called post-HF basically calculate the electron correlation contribution e.g. via
perturbation theory such as n-th order Mgller-Plesset perturbation theory (MPn)[13],
additional of more Slater determinants such as configuration interaction (CI)[14] and
constructing exponential operator for the many-electron wave function (coupled cluster,
CC) [15] . While the performances of these methods are satisfactory to describe geometric
and energetic properties within chemical accuracy, they demanded more computational effort
with increasing number of electron i.e., the scaling is O(n") for HE, O(n°) for second order
Moller-Pesset perturbation theory (MP,) and O(n") for coupled cluster with singly, doubly
and noniterative triple excitation (CCSD(T)) with number of atomic basis function 7, hence
the usages of their method are not beyond geometry optimization with less than a hundred of
electrons. With this situation, one can use the density functional theory as described in the
next section for calculation of extended systems (large molecule, solid state systems, etc.).
2.3 Density Functional Theory

Density functional theory (DFT) is a formalism of Schrodinger equation which is
based on the density p(r). The density itself is a function of the vector position r, which is
interpreted as the probability for finding electron at r, from normalized wave function W(r)

p(r) = ¥(@)|? =¥ (r)¥(r) (2.11).

The asterisk indicates complex conjugate. The integration of density with respect to spatial

coordinate will yield the total number of electron N, that is
fp(r)dr =N (2.12).

2.3.1 Hohenberg-Kohn theorems
DFT formulation is based on theorems proposed by Kohn and Hohenberg

(HK) [16] that will not be proved here. The first theorem, called existence theorem, stated
10



that there is a unique correspondence between the electronic density of the ground state and
potential. The consequence is that the expectation value of the energy is a unique functional

form ground state electronic density (Eq (2.13)).
(Ey =(¥*|H|¥) = fa(r)p(r)dr = a[p] (2.13)

The second HK theorem is called variational theorem. This theorem states that
there is only one function of the density p(r) which will minimize E[p] at corresponding
potential. From the HK theorems, one can write total ground-state energy, Ey[p] of an

N-electron system under an external potential V,,. (1)

Eolp]l = Tlpl + f Vexe @p@)dr + J[p] + Enclp] (2.14).

The first term on the right-hand side in Eq. (2.14), T[p] is the kinetic energy of

N-interacting electron gas. The classical Coulomb energy, J[p], has the form

[

and the Eyc[p] term is the non-classical electron-electron interaction energy. Since only
Voxt (1) that depends on the system, we can write the total energy with the term of universal

functional
EO [P] = f Vext(r)p(r)dr + FHK [p] (2.16)
where Fyg[p] is a universal functional of electron density

Fyklpl = Tlp] + f Vo Mp(@)dr + J[p] + Enclpl (2.17).

One of the issues connecting the DFT is that nobody knows the exact functional
form Fyglp], especially the T[p] and Eyc[p] term. Many approximations for the

functional have been proposed, however the accuracy for the applications in chemistry is not
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sufficient. In the modern day application of DFT, we use the method proposed by
Kohn-Sham that will be explained in the next section.
2.3.2 Kohn-Sham equation
In the aforementioned section, the problem is that we do not know the exact form
of the universal functional. Kohn and Sham proposed a novel procedure in their seminal 1965
paper [17]. They first suggested that electron density p(r) could be defined as normalized
Kohn-Sham orbital ®; (r), that is
N
p() = ) & )’
i=1 2.18).
The basic foundation of Kohn-Sham theory is that the N-electron system can be
described in an N non-interacting electron system with the Hamiltonian
Hys =T, + Vis (2.19)
with T, is the non-interacting kinetic energy (first term on the right-hand side of Eq. (2.5))

and Vs is the so-called Kohn-Sham potential. From the first HK theorem we obtain
Exslpl = Ts[p] + f Ves(M)p(r)dr (2.20).

In order to derive the Kohn-Sham potential, we turn to an N interacting electron
system with the external potential V,,.(r). The total energy is therefore is written in Eq.

(2.14). By adding and subtracting the right hand side of Eq. (2.14), with T;[p] we obtain

Eolp] = Tylp] + Tlp] + f Vext Mp@dr + JIp] + Enclpl = Tslp]l 2D
which we introduce the definition of exchange-correlation energy Exc[p] as

Exclp]l = Tlp] + Enclp] — Tslp] (2.22).

Since the optimal density p, defined by (from second HK theorem)

12



SEo[pllp=p, = 0 (2.23)
is non-interacting v-representable, we also have a unique potential Vig(r) with
8Ekslpllp=p, = 0 (2.24).
Therefore, by comparing the result, we can rewrite the Kohn-Sham potential as

rl
f-OE r)rl dr’ + Vxc[po](r) (2.25)

Vis(r) = Vore () + f |

with

8Exclp] (2.26).
5p(r)

Vyclpol(r) =

From the variational principle with the constraint that Kohn-Sham orbitals are orthogonal, i.e.
f @ (r)®;(r)dr' = §; (2.27)

we obtain the Kohn-Sham equation

37 )+ [ L ar vl )| @ ) = e, @) 02

2

where ¢; is a Lagrange multiplier from condition described in Eq. (2.28), or in physical
meaning, & is an orbital energy from Kohn-Sham orbital &; . Like HF theory, the
Kohn-Sham potential depends on the solution of Kohn-Sham equation. Therefore, the
Kohn-Sham equation also has to be solved iteratively like solving Fock equation.
2.3.3 Exchange-correlation functional

The Kohn-Sham equation and the total energy DFT equation still leave us the
unknown terms Ex-[p] and Vy.[p ](r), albeit have already been defined, due to
non-classical interpretation of those terms. Approximating the best exchange-correlation is
the main challenge in DFT for few decades. Here, we make a brief review of the common
DFT exchange-correlation functional available in the literature.

The first approximation is called local density approximation (LDA), which is the

13



simplest approximation. The considered approximation here is that the exchange-correlation
energy at the point r equals to the exchange-correlation energy of the homogenous electron
gas that has uniform density at the point r. The formulation of LDA exchange-correlation can

be expressed as

ERAp) = [ exclpmlp(rdr .29
where €y.-[p(r)] is a exchange-correlation function of the density. In the last equation, it is
assumed that the exchange-correlation energy density is pure local, which is the
exchange-correlation namesake. The ex.[p(r)] can be separated linearly into contribution
of exchange and correlation linearly

exclp(M)] = ex[p(M)] + ec[p(1)] (2.30).

While the exchange term €x[p(r)] can take the form from homogenous electron gas [18]

1/3

exlo)] =~ (=0) @31)

T

the exact form of the correlation energy €q[p(r)] is not figured out. Some approximations
that were parameterized based on the Quantum-Monte-Carlo calculations including
Vosko-Wisk-Nursair (VWN) [19], Perdew-Zunger (PZ) [20] and Perdew-Wang (PW92). The
performances of LDA, especially for geometry and vibrational frequency are usually good.
However, LDA is known for problem for some energetic properties, such as overestimation
of binding energy and underestimation of reaction barrier.

Since LDA ignores the inhomogeneity of the density, it is possible to extend the
exchange-correlation functional by inclusion of the gradient of the density. The second
exchange-correlation approximation is generalized gradient approximation (GGA), which is

derived by this concept. GGA exchange correlation functional is written as

14



ESE10] = [ exclo@), V() lp(rdr 232

Probably most widely used GGA exchange-correlation functional is combination
between exchange functional of Becke 88 [21] with correlation functional of either
Lee-Yang-Parr (LYP)[22] or Perdew 86 (P86)[23] as well as the standalone
exchange-correlation functional of Perdew-Burke-Ernezhoff (PBE) [24,25]. Inclusion of the
density gradient in general leads to better energetic properties compared to LDA while
keeping similar accuracy with LDA for geometry.

Another approximation for the exchange-correlation functional is to mix the HF
exchange part with a certain portion of DFT exchange or correlation. One of the most popular
hybrid functionals is the B3LYP [22,26]. The exchange-correlation energy of B3LYP has the
form

EB3LYP = (1 — a)ELPA + aEHF + bEE®® + cELYP + (1 — ¢)ELPA (2.33)
with @=0.20, »=0.72 and ¢=0.81. B3LYP combines the exact HF exchange with LDA
(typically VWN) [19] exchange and correlation energy, Becke 88 [21] exchange energy and
LYP correlation energy [22]. This hybrid functional demonstrates outstanding performance
for prediction of important properties of small organic molecules.

The LDA and GGA functionals, often called local or semilocal functionals show
good performance for the ground state properties. However, they fail some kinds of
properties, like the underestimation of HOMO-LUMO gap and underestimation of reaction
barrier. This failure is attributed to the so called self-interaction error (SIE), also known as
delocalization error [27]. The SIE can be removed by eliminating the SIE orbital by orbital,
suggested by Perdew et al. [20]. However, this approach requires higher computational cost.

The other way to remove the SIE in DFT calculations while maintaining its Hartree-Fock-like

15



computational cost and scaling behavior is the use of range-separated functionals [28,29]. In
such methods, usually termed LC-DFT, the Coulomb operator in the exchange functional is
divided into short-range and long-range contributions, which are smoothly connected by

using a switching function, ¢(r) as follows

1 _g(wny) N 1-¢(wrz) (2.34)

T2 T12 T2

The first and second terms on the right-hand side are the contribution to short-range and
long-range interactions, respectively. Switching function, ¢(wry,), can take the form of
either error function, 1 — erf (wry;), or exponential function exp(—wry;). The w term in
the switching function is the weight of mixing of HF exchange part and ry, is the
interelectronic distance. The short-range term is the contribution from DFT exchange and the
long-range term is the contribution from HF exchange. The range-separated
exchange-correlation energy can then be written as
ERS-DFT — p$R-DFT | pLR=HF 4 pDFT (2.35).

With EZR~PFT and ELR~HF are the DFT and HF exchange energy that already included
their respective range-separated operator. Some exchange-correlation functional of this class
are LC-wPBE [29,30], LC-BLYP [21,22,31] and CAM-B3LYP [32], that has slightly
different form
EGAM=B3LYP = [1 _ (q + B)]EE®® + qEHF + B(ESR-BS® 4 ELR-HF)LEB3LYP (5 3¢y
With the optimized parameter ¢ = 0.19 and f = 0.49.

The choice of exchange-correlation functional is up to the user for what of system
and properties he/she wants to examine. For finite molecular system, one tends to use hybrid
functional since it has excellent geometry and energy description performance. However,

pure DFT exchange-correlation functionals are more preferred for periodic solid-state
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systems since calculation of Hartree-Fock exchange is more computationally expensive in
periodic solid-state systems. The range-separated DFT is notoriously useful for the
calculations of systems on excited states or systems with high delocalized state, like in
conjugated polymers. The successful applications of DFT for modeling from molecules to
materials have grown rapidly in nearly five decades. This is proven by how Walter Kohn was
awarded with Nobel Prize in Chemistry in 1998, which is for his discovery of DFT.
2.4 Density-Functional Tight-Binding

Albeit the successful application of DFT for modeling materials, it still has the
drawback, especially of community that would like to perform large-scale quantum
mechanics based molecular dynamic simulation (QM/MD). While high accurate and efficient
QM/MD method based on DFT such as Car-Parrinello MD (CPMD) [33] is available, this
method also has limitation for the size of systems; hence it is not fully applicable for the
extended systems either with long time simulation. Frauenheim et al. developed the method
that mimics DFT methods with much less computational effort. This method is called
density-functional tight-binding (DFTB) [4,5], which is the central method that is used in
present work. The following sections are devoted to give the explanation of this method.
2.4.1 Tight-binding method

Before getting further to the DFTB, we first briefly discuss the tight-binding
method as the framework of the DFTB. In tight-binding method, atoms are considered to be
1solated; therefore the electrons are not considered to delocalize other than the neutral atom
they should belong to. The electronic wave function can be written as the linear combination

of pseudoatomic orbital ¢,
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lIJi = Z Ciu¢u(r — Ra) (2.37)
u

where R, is the position of the center of orbital u. The total energy of tight-binding method
is

1
B =) & +5 ) V(R — Rp) (2.38).
. £

l

g; 1s the eigenvalue of the orbital ¥; obtained by solving the secular equation
|H— eS| =0 (2.39)

where the elements of Hamiltonian matrix H and overlap matrix § are

Hyy = (P, |H|D), (2.40)
Suv = {buldy)
with
H= —%VZ + V() (2.41).

Note that the V(r) term is arbitrary potential that is usually fitted to some experimental
quantity. The second term on the right-hand side of Eq. (2.38), V"’ (R, — Rp), is the short
range distance dependent repulsive potential between atom o and . In order to determine the
total tight-binding energy, the Hamiltonian matrices, the overlap matrices and the repulsive
potential need to be determined. In the semi-empirical TB, they are usually determined by
fitting to some experimental quantity. A more precise tight binding approximation can be
parameterized from DFT.
2.4.2 Second order DFTB (DFTB2)

DFTB takes the approximation of total DFT energy using the density fluctuation
6p(r) around reference density py(r) i.e.,

p(r) = po(1) + 8p(r) (2.42)
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Substitution of Eq. (2.42) to DFT total energy and expansion via Taylor series leads to

Por )dr + Vxcl, po(r ) Y;(r)dr

Elpo) + 6p@)] = ¥ mi f wr)[——vz Voo f 2

__ffpo(T)Po(T rdr'—fvxc[Po(r )]po(r )dr+EXC[p0(T‘ )]+Enn

L[, 0%Exlp (r )] , |
+§ff [lr — 1| + p (T )p (T’) |p0(r );PO(T’)I 6p(r)6p(r ) + ... (2.43)

with 1, and E,, refer to attractive electron-nuclei and repulsive nuclei-nuclei Coloumb

interaction, respectively. The first line of Eq. (2.43) is the zeroth order term E, defined as
band structure energy Epg, the second line is defined as repulsive energy Ej., and the third
line is the second-order expansion of total energy with respect to charge fluctuation. This
term is often called self-consistent charge (SCC) energy Egs-c. Band structure and SCC
energy are often classified as DFTB electronic energy. By the definition of the energies, Eq.
(2.43) can be rewritten as
EPFTB2 = Eo+ Epep + Ej
= Eps+ Erep + Escc

= occ (2.44).

Z ni& +Epep +5 Z YapAdalqp

i ap
From Eq. (2.44), the first term on the r.h.s. is the summation of orbital energy &; over all
occupied orbital W;. E,., term accounts for the core-core interaction and contribution from
exchange-correlation energy and other contributions in the form of a set of distance

dependent pairwise potential V " (Rqp), that is

1
Erep = Ez Vag (Rap) (2.45)
a,f
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The Escc term can be simply explained as the contribution of charge-charge
interactions energy of the systems. However, its form is quite complex. Here, we explained
the summarized of the Egq- that is widely used for DFTB2 method. If the reader is
interested in the derivation, please refer to the review in [34]. The Aq, is the charge

fluctuation of a neutral atom, q2, calculated using Mulliken population analysis

Mo =) 1 ) CucuiSu — a2 (2.46)

i UVEeEQ

The y function is a distance dependent function with two limiting cases. If the

where the

interatomic distance is large, the wvalue is proportional to —

exchange-correlation term vanishes. If the interatomic distance is small, i.e. |r —7r'| = 0,
the function is on-site repulsion. When a = 8, the y function can be approximated as
Hubbard parameter U,,.

In DFTB, the orbital ¥; is written in the form of LCAO (Eq. (2.37)) using the
minimal basis set i.e. only valence electrons are considered like in tight binding method;
hence its namesake. The pseudoatomic orbitals are determined by solving Kohn-Sham like

equation self-consistently usually using LDA or PBE exchange-correlation functional

iofr’) dr' + Vye (1) + Veon ()| 9, (1) = £,0, ) A7)

1V2+V +f
2 ne (r) r, |

The Kohn-Sham-like equation (Eq. (2.47)) contains additional terms Vo, () in
order to mimic the environment in molecules or solids. The detailed description of the
confining potential will be explained in the next section.

Having determined the best orbital, the Hamiltonian and overlap matrix element
(H Om, and S,,) can be determined using two-center approach, neglecting the crystal field
terms (gbull/yld)v) and three-center terms. The overlap matrix element can be calculated in a

20



straightforward way (second line of Eq. (2.40)). For the Hamiltonian matrix element, there

are 2 approaches used in current DFTB, the first is called potential superposition, i.e.

&y ifu=v
Hiy = 4 (u|T + Vio§1 + VIoH|a,) ifa = g
0 otherwise (2.48)
and the other is called density superposition
&y ifu=v
Hiy = {ou|T +Vios + o51|0)  ifa=p
0 otherwise (2.49).

The diagonal Hamiltonian matrix elements, Hﬁu = ¢g,, are usually obtained by
solving the KS like equation, Eq. (2.47), without confining potential, i.e. Vionr(r) = 0.
Therefore the diagonal Hamiltonian matrix element can be obtained from standard DFT
atomic calculation.

Like in DFT, in order to obtain the best molecular orbital ¥;, the DFTB total
energy should be minimized. In DFTB, the variational parameter is the atomic orbital

coefficient c,, like in the tight-binding theory. Minimizing the total DFTB energy with

respect to the atomic orbital coefficient will result in the secular equation

Z Ciu(Hypy — €S,,) =0 v, i (2.50)

i

with
0 1
Huv = Huv + ESMV Z(Vaf + Yﬁf)AqE (2.51).
¢

The atomic orbital coefficient ¢;, and Mulliken charge depend on each other. Therefore the
secular equation must be solved self-consistently.
In DFTB, it is possible to compute only the first two terms on the right-hand side

of Eq. (2.44). Such a method is often called as non-SCC DFTB (NCC-DFTB) or DFTBI.
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NCC-DFTB has much lower computational cost compared to SCC-DFTB (DFTB2) due to
only one time diagonalization to solve the eigenvalue problem (i.e. the second term on the
right-hand side of Eq. (2.51) equals to zero and Hy, = H,). NCC-DFTB works well for a
system that has no or small charge-charge interaction, for example, the homonuclear systems
and hydrocarbon systems. However, for the description of systems with strong charge-charge
interaction, such as for polar molecules, it fails to describe the charge transfer correctly.
Therefore, for systems that are polar or have large differences of electronegativity among
their atoms, it is highly advised to use the DFTB2 method.
2.4.3 Improvement of DFTB
2.4.3.1 Spin-polarized DFTB

DFTB2 calculations can be performed via spin-polarized scheme and
non-spin-polarized scheme since DFTB allows fractional occupation number (there is no spin
polarization scheme in DFTB1). DFTB uses so called spin coupling constant to describe
difference between up and down population as well as the charge differences between spin up
and spin down obtained from Mulliken population. In spin-polarized DFTB scheme, there is
additional term in the total energy definition, i.e. for sDFTB2

Esprrez = Eno + Escc + Evep + Espin (2.52)
where the definition of E;, 1s [35,36]
1 & (2.53)
Espin = Ez PaPar Wan
A leAl'eA

where the p,; are differences between spin up and down Mulliken populations on atom A
with angular momentum /. These values are calculated self-consistently. The constants W),

are defined by
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_1 (65” agn) (2.54)
Allr — & -
2 anl/‘l‘ anlll

where the n;, and n; are the atomic occupation numbers for spin up and down,
respectively. &€;; is the Kohn-Sham eigenvalues for spin up orbital. The value of Wy, is
equal to W), becoming the elements of a symmetric matrix W . The schematics of matrix
W  can be shown in Eq. (2.55), and the values of W, for Ni as an example are listed in
Table 2.1.
Wss Wep Wsa (2.55)
W= (W Wop Wpa

st de de

Table 2.1 Spin coupling constant W,;;, for Ni atom computed using PBE functional. The values are

taken from ref. [35].

Wy, s p d
s -0.016 -0.012 -0.003
p -0.012 -0.022 -0.001
d -0.003 -0.001 -0.018

2.4.3.2 Third order DFTB (DFTB3)

DFTB?2 is the approximation from DFT from up to second order Taylor expansion
of the reference density. Expansion of Eq. (2.43) to the third order will yield the definition of
total energy

EDFTB3 = EDFTB2 | (2.56).

The third order energy is defined as [6]
1
ab

with Hubbard derivative I' defined as
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a)/abaUa
Top =—77—5—| witha #b
@ = 9U,0q, 0
aVabaub
Tya = 3 =—| witha #b
ba 6Ub6qb 2 with a
_ 10Y,q,0U,

(2.58).

Taa = 200,09, p
DFTB3 is more reliable method for the systems involving hydrogen bonds where it improves
the hydrogen bonding energies compared to DFTB2 [6]. Like in DFTB2 method, the DFTB3
can also have the spin-polarized scheme.
2.4.3.3 Long-range corrected DFTB (LC-DFTB)

DFTB2 method, which is derived from DFT, inherits the infamous SIE problem
coming from the use of local or semilocal DFT exchange-correlation functional [37].
Following the idea of LC-DFT to correct the SIE, the long-range scheme of DFTB, dubbed as

LC-DFTB [38,39] can be proposed. After derivations and some approximations, the total

energy of LC-DFTB takes the form

1
ELC-DFTB — Z (H;E?;)Puv + EH;Ewlz)APuv) + Eyep (2.59).

uv

In Eq. (2.59), B, is the density matrix from orbital coefficient c, .,
Py =2 Z CuiCyi (2.60).
i

Zeroth order Hamiltonian, HPE?,), can be computed similarly with the conventional DFTB

Hamiltonian approximation

&y ifu=v
Hpy = §{pu|T +V + VXSR+C L YXIR|p ) ifa # B
0 otherwise (2.61)
The term V*SR*C i the short-range (DFT) exchange potential plus the correlation potential
and VXIR is the long-range (HF) exchange potential. The first order Hamiltonian,
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ng,l,), includes a fairly complicated charge-charge interaction function including the
range-separated y function. The LC-DFTB method has shown to give comparable results with
LC-DFT on the description of frontier orbitals of several organic molecules, as well as
correcting the SCC divergence problem for some protein models calculations encountered
previously in our group [39]. The computational efficiency of LC-DFTB is two to three
orders of magnitude faster compared to standard DFT, suggesting a promising efficient
performance for QM/MD simulations.
2.4.4 Parameterization in DFTB
2.4.4.1 Introduction to DFTB parameters

Being that DFTB2 is an approximate method, several parameterizations should be
done beforehand, in order that the method becomes useful. Generally, there are two kinds of
parameterization in DFTB, namely electronic and repulsive parameterization. The electronic
parameterizations are devoted to find the best atomic orbital in order to accurately calculate
atomic orbital energies, Hubbard values, spin constants and the both Hamiltonian and overlap
matrix elements.

As mentioned in previous section, the orbital energy for the diagonal matrix
element can be calculated directly from standard DFT calculation. The Hubbard parameters
(not used for NCC-DFTB) can be calculated by the means of Janak theorem [40] from

Kohn-Sham unconfined orbital energy

(2.62).

U~ 0%E _ Og,

2
L on

" an#

The determination of Hubbard value can be practically done by varying the
occupation number in an orbital. One can then plot the orbital energy as a function of its

occupation number. The Hubbard value can then be calculated by analytically or numerically
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deriving the orbital energy function with respect to occupation number. The values of spin

coupling constants in Eq. (2.54) can also be determined similarly to the Hubbard value.

Additionally, for DFTB3, the Hubbard derivative, Z% from Eq.(2.58) can also be computed

using Janak theorem in similar method of computing Hubbard parameter.

Meanwhile, the confined orbitals are used for constructing off—diagonal
Hamiltonian and overlap matrix elements. This can be done by correctly adjusting the
confining potential. The confining potential is basically employed in order to mimic the
bonding environment of a system either in molecular or periodic systems since the radius of
atoms in bonding state is shorter than the radius of free atoms, therefore either the orbital or
density should be compressed.

There are several approximations for finding the best confining potential in the

DFTB community. The general traditional form of the confining potential is

Veons (1) = (;)k (2.63).

(o]

In the earlier implementation of DFTB method, the value of k is either 2 (harmonic) or 4
(quartic). Until now, many DFTB parameters use the k = 2 which usually come from
Frauenheim’s group and Elstner’s group and old parameters from Seifert’s group (see next
section). The choice of 7, is usually optimized in order to fit to the band structure, typically
1.5 to 2 times of the atomic covalent radius. Recently, Heine’s group proposed that the k
should also be optimized instead of kept fixed as well as the 7, to get better agreement with
the electronic band structure [41]. Witek et al. proposed the idea to use the confining
potential in the form of Woods-Saxon potential [42] (Eq. (2.64)) that is widely used for

nuclear science to describe nucleons (protons and neutrons) interactions among each other, to
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take into account the relativistic effect of the atoms [43].

w
1+exp(—a(r —r,))

(2.64).

Vconf (r) =

The values of W, a, and r, determine the shape of the potential. W is the height
of potential, 7, is the position where Vionr(1r) is equal to a half of W, and a is
proportional to the gradient of slope at Vo, (75). Figure 2.1 shows the comparison between
the traditional confining potential and the Woods-Saxon potential with certain value of
parameter. In order for the Woods-Saxon confining potential to be effectively working, the
Dirac-Kohn-Sham like eigenvalue equation is used instead of Kohn-Sham like equation (Eq.

(2.65))

[mica¥ + (8~ 16t + 1uu() + [ LE 40 Vi) + Vean (0] 90) = ,0,r) 69

where ¢ is the velocity of light, @ and B are Dirac matrices, 1 stands for unit matrix. ¢,
is spinor-like atomic radial wave function with energy ¢,, which includes both scalar and
spin-orbit relativistic effect. The pseudoatomic orbitals are then generated by averaging total

four-components of ¢,,.
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Figure 2.1 Comparison between Woods-Saxon potential and traditional confining potential. For
Woods-Saxon potential, W = 2.0, a = 3.0 and 1y = 3.0. The traditional confining potentials have

similar ry value.

Having the optimized pseudoatomic orbitals from SCF calculations, the
off-diagonal Hamiltonian and overlap matrix elements can be determined. For calculations of
Hamiltonian and overlap matrix elements, the method of choice is up to the creators or the
users for which the superposition method is used. While Frauenheim’s parameters and
Elstner’s parameters are usually calculated using density superposition, Heine’s and Seifert’s
parameters are calculated using potential superposition. The important thing is the user
should be consistent of which sets are used, i.e. one should not mix the density superposition
based and potential superposition based parameters in one system. The calculated
Hamiltonian, overlap matrix elements, orbital energy for each shell and Hubbard parameters
are stored in so-called Slater-Koster files. The Hamiltonian and overlap matrix elements are
tabulated according to Slater-Koster rule [44]. For complete format of a Slater-Koster file

please refer to site www.dftb.org.
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At this point, we can already obtain the contribution of the band structure energy
and the SCC energy. The remaining energy contributions are stored in the repulsive energy.
As explained above, the repulsive energy takes into account the contribution of core-core
electronic interactions, nucleus-nucleus repulsive interaction, the contribution of the
exchange-correlation potential and the other system-independent term that is not known in
details. By the definition, the repulsive energy is the difference between total energy and the
total electronic energy

Erep = EPPTP — Eps — Escc (2.66).

It is already mentioned above that the E,., can be broken down into the pairwise
repulsive potential between atoms (Eq. (2.45)). Since in the beginning the DFTB total energy,
EPFTB is not known, the DFTB total energy can be approximated by either experimental
value or theoretical calculation (DFT or other high level wave function method). In the
current practice, the latter is more preferred since it allows to generate a versatile amounts of
reference data.

Technically, there is no rule how to create the repulsive potential by itself. The only

general rule is that the good parameterization of repulsive potential should minimize the

energy difference between the reference and DFTB i.e. minimizing the error (for DFTB2)

2

1
Z(Eref _ EDFTBZ)Z — Z Ez V;;p(Raﬁ)_EBS _ ESCC _ Eref = min
s (2.67).

The approximation of E,., and the otherwise approximate nature of DFTB
usually lead to lacking of universal transferability for a parameter. In the cases of successful

parameterizations, the validity of a good parameter set can extend to a wide range of

applications.

29



In the usual practice, repulsive parameterization for a pair of elements (for example
C-C repulsive potential, V.7 (R)) is conducted by varying the bond distances of desired pair
while keeping the other bonds frozen in selected molecule(s) or solid-state systems. One can
get the total reference energy and the DFTB electronic energy. The V..* (R) curve can be
obtained by subtracting the total reference energy and DFTB electronic energy with respect
to C-C distance. In order to mimic different environment in the molecular and solid-state
systems, one can construct a repulsive curve by merging different curve sections that
represent different environment in molecules or solids. For example, the carbon-carbon
repulsive potential can be constructed by combination of E™/ — E,; curve from ethane,
ethene and ethyne in order to take single, double and triple carbon bonds into account for the
repulsive (see Figure 2.2). The resulting curve is further shifted and tuned in order to make
smooth curve and to improve to be comparable with DFT reference data test sets. However, it
is often that tuning a repulsive potential involve a tremendous amount of work; making a
repulsive potential can take up to few months to generate good comparison between DFT and

DFTB.
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Figure 2.2 C-C repulsive potential fitting curve. The curve is combination from ethane, ethene and
ethyne stretching curve. Eppr is the total shifted DFT energies of each molecule at their respective
C-C stretching ranges, E.. is the DFTB electronic energy corresponding to DFT geometry and E,, is

difference between two curves. The figure is reproduced from ref. [45].

2.4.4.2 Currently available DFTB2 parameters

By the time of this thesis is written, many complete parameter sets are already
published. Figure 2.3 llustrates all of the elements that have been completely parameterized
(electronic + repulsive) of the periodic table. The first complete set parameters dated back to
the original formulation of DFTB2. Elstner et al. developed the parameters for organic and
bio molecules containing C, H, O and N [4] which become standard mio parameters. The C,
H, O, N mio parameters has been used as backbone for extensions of many other important
parameters, either for molecules or solid-state systems. Those extended parameters including
the extension for S [46] and P [6] containing compounds; first row transition metals of Sc, Ti,
Fe, Co, and Ni as trans3d parameters [47]; halogen containing compounds Cl, F, Br, I as
halorg [48]. The aforementioned parameters have been usually tested only to molecules

while they usually underperform for solid-state systems. As for mio based parameters that
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have been tested for either molecules or solid state systems including partial B — H parameter
as borg [49]; Ga, Ag, As, S parameter as hyb [50,51] and its partial As-S-H improvement as
chalc [52,53]; Zn and Ti containing compound as znorg [54] and tiorg [55], respectively; and

Au containing compounds with C, H, O, N, S as auorg [56].

11A 18 VIIIA
1 Lo 2 400
1 H He
Hydrogen 2 1IA 13 1A 14 IVA 15 VA 16 VIA 17 VIIA Helium
3 6941 |4 9.0122 5 10811 |6 1201 |7 14.007 | 8 15999 (9 18.998 | 10 20.180
2 Li Be B C N (o] F Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Flourine. Neon
n 200 (12 2305 13 26982 |14 28086 (15 007 |16 32065 |17 35453 |18 30048
3 Na Mg Al Si P S cl Ar
Sodium Magnesium 31IA 41VB 5VB 6 VIB 7VIIB 8ViliB  9VIIB 10 VIIB 118 1211B Aluminium Silicon Phosphorus. Sulphur Chlorine. Argon
19 39.098 | 20 40078 | 21 44956 | 22 47867 | 23 50942 | 24 51.996 | 25 54938 | 26 55.845 | 27 58.933 | 28 56.693 | 29 63546 | 30 6539 |31 69.723 | 32 7264 |33 74922 | 34 7896 |35 79.904 | 36 838
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Figure 2.3 Periodic table of the elements. Element pairs that have been parameterized for both
electronics and repulsive in the literatures are displayed with yellow background. Not all element

combinations X-Y are available.

Meanwhile, a set of parameters called pbc, is independent of mio parameter and
has the elements containing C, H, O, N, F, Si and Fe that has been tested mainly for periodic
boundary condition [36,57-59]. A set of N interaction with Eu and Ga called rare [60] and a
set involving Si, O, H elements called siband [61,62] have also been independently
developed without mio set, which is mainly devoted to give accurate description of the
electronic properties of the systems. The aforementioned sets generally come from Thomas
Frauenheim’s group or Marcus Elstner’s group. Thomas Heine’s group and Gotthard

Seifert’s group during 2004 — 2009 also developed the parameters aimed mainly for material
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simulations in periodic boundary condition. The parameters already cover B, Na, Mg, Al, Si,
Cu, Ti interactions with C, H, O, N, P, S denoted as matsci [63]. Those parameters created by
aforementioned research groups have been publicly available in internet website
www.dftb.org. On the other hand, there are also several published papers on DFTB2
parameters but are not publicly available. Shakar ef al. developed the parameters for Cd, S,
Se, Te elements interactions with C, H, O, N [64] and Saha et al. extends those parameters
with Zn for description of zinc chalcogenides compounds [65]. Hellstrdm et al. created the
modification of Zn — O repulsive parameters to give better description of ZnO polymorphs in
bulk, surface and nanowire [66]. All of the parameters above use the confining potential in
the form of harmonic potential i.e. k=2 in Eq. (2.57).

In the attempt to improve the electronic parameters, recently, Heine’s group already
created the electronic parameters all of the elements across the periodic table with the
optimized k and ry value from Eq. (2.57) [41]. From those electronic sets, they have already
created the complete set with repulsive for H to Ca, Br [67] and Mo [68].

Nishimura ef al. has also created the electronic parameters for the elements across
the periodic table [69] using the particle swarm optimization (PSO) [70] based automatic
DFTB parameterization tools [71] based on the Woods-Saxon confining potential. However,
the repulsive potential based on the Woods-Saxon potential is not available yet. The current
works are devoted to create the repulsive potentials based on the Woods-Saxon electronic

confining potential. The PSO method will be explained in Chapter 5.
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Chapter 3  Coupled Cluster and Density Functional Studies of
Atomic Fluorine Chemisorption on Coronene as Model

Systems for Graphene Fluorination

3.1 Introduction

Chemical functionalization by single atoms is one of the most straightforward
methods to alter the physical properties of carbon-based materials for their further use in
devices. One of the most prominent atoms used for graphene functionalization is fluorine,
which is mainly chosen due to its natural unique properties, such as high electronegativity
and small atomic radius. The oldest known fluorinated carbon based material is fluorinated
graphite [72,73], which has been recognized since about 80 years ago [73] as the applications
ranging from cathode material in lithium battery to solid lubricant [74]. Nowadays, in the era
of nanotechnology, fluorination is employed to alter the electronic and molecular structure of
low dimensional carbon structures like fullerene [75], carbon nanotubes[76] and
graphene [7]. Examples are fluorinated fullerenes [77], single-walled carbon nanotubes
(SWCNTs) [78-81] and graphene/graphene nanoribbons [82—84], which are candidates for
applications in the field of molecular electronics. Among them, fluorinated graphene, or
so-called fluorographene, remains the most extensively studied, since graphene itself has as
zero band gap with a high intrinsic charge carrier mobility, corresponding to a semimetal [7].
Upon fluorination, a band gap opens in graphene [84—88], which allows the application of
fluorographene in electronic devices that require semiconducting materials properties, such as
sensors, transistors, etc. Moreover, it was shown in previous experimental [84] and
theoretical [89] studies that the band gap of fluorographene depends on the stoichiometric

composition, namely the F/C ratio. The band gap can be tuned from 0 eV for pure graphene
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(semimetal) up to 2.9 eV (semiconductor) by increasing the F/C ratio from 0 to 25% while
other accurate theoretical studies predict that fully fluorinated graphene (F/C ratio of 100%)
is insulator with band gap of 7 — 8 eV [90,91]. Experimental works show that fully
fluorinated graphene has an optical band gap and emits UV light with an energy ca. 3.8
eV [85], while the single-sided fluorinated (F/C ratio of 50%), boat-shaped graphene has an
electronic band gap of 6.2 eV [87]. These remarkable properties enable fluorographene to be
a good candidate for either electronic or optoelectronic applications with tunable band gap,
depending on the CF composition.

Fluorographene can be synthesized by direct reaction of graphene with
XeF; [82,84] and F; gas; [83] liquid phase exofiliation from graphite fluoride; [92] reduction
from graphene-oxide using HF solution [93] and diethylaminosulfur trifluoride [94]. Recently,
more simple and controllable ways to synthesize fluorographenes via atomic exposure to
graphene using either CF4 or F, [95-97] have been reported. In these processes, graphene is
fluorinated using the F atom radical generated from the precursor molecules via plasma
treatment [95,96] or laser vaporization [97]. The generated F radical will aggressively attack
the graphene surface to form a one-sided fluorinated graphene if it is not free-standing [89].

Thus far, several theoretical studies have been conducted on the molecular and
electronic structure of fluorographenes. Several theoretical studies based on density
functional theory (DFT) were carried out either to predict equilibrium geometries and binding
energies of fluorine atoms in different fluorographenes [84,98—112] or to elucidate the
graphene fluorination reaction mechanism and its energetics [105,113]. Depending on the
employed quantum chemistry code, theoretical studies of graphene fluorination have either
used periodic boundary conditions to model infinitely extended graphene sheets, or molecular
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models such as pyrene, coronene and circumcoronene [101,105,114,115]. However,
knowledge about the dynamics and mechanism of atomic F adsorption on graphene is still
lacking. Moreover, fluorine is known to be poorly described when electron correlation is not
adequately accounted for since it is an electron-rich element, and to date no ab initio
correlated wave function theory (WFT) method has been used to study the atomic fluorine
attack on graphene or a graphene model system.

For this reason, we decided to perform a thorough investigation of the potential
energy curve (PEC) for the atomic fluorine attack on a central carbon atom in coronene
(Ca4Hi2) as a molecular model for graphene, which allows us to employ both DFT and ab
initio WFT levels of theory. The obtained results establish a high-level benchmark for future
simulations of atomic fluorine attack on graphitic surfaces, and elucidate problems with
conventional and approximate DFT-based methods due to their inherent self-interaction error
(SIE).

3.2 Computational methodology

There are only three distinct adsorption sites for atomic fluorine on the six central
carbon atoms of coronene, namely “top”, “bridge” and “hollow” sites as shown in Figure 3.1.
Among them, only the “top” site attack will result in a strong C-F chemical bond, since the
singly occupied fluorine 2p, electron will interact with a singly occupied carbon 2p, electron
to form a covalent C-F bond, resulting in an sp’-hybridized carbon defect radical structure. It
is also evident from previous studies that the “bridge” site is a saddle point connecting two
“top” adsorption sites in fluorine migrations on polyaromatic hydrocarbons [115] and the
“hollow” site is a higher order saddle point with even higher adsorption energy. Therefore, in

this work, we limited our studies to the chemisorption on the “top” site. Also, since our goal
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is the study of the fluorination of extended sp>-hybridized nanographene systems,

fluorination of the coronene edges should not be considered in this study.

® Top
& Bridge
l Hollow

Figure 3.1 Possible adsorption sites on coronene (CyHjy).

Figure 3.2 Atom labeling and potential energy curve (PEC) coordinate of the fluorine attack on the
“top” site in coronene. The green line shows the C1-F distance used as reaction coordinate of the
frozen and partially frozen PECs, while red lines show the distances that were additional fixed in

partially frozen PEC scans below C1-F distances of 2.2 A.

We performed frozen and fully relaxed potential energy scans for a coronene-F
system in the “top” attack configuration, using the B3LYP [22,26] DFT functional and
Dunning’s cc-pVDZ basis set. The calculations were performed for the doublet electronic
ground state using spin-unrestricted Kohn-Sham molecular orbitals (MOs). In the PEC scans,
the central C1-F bond was reduced from 4.0 to 1.0 A with 0.1 A intervals as reaction

coordinate (see Figure 3.2).
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In the frozen potential energy scan, we performed single point energy calculations
with coronene geometries optimized at B3LYP/cc-pVDZ level of theory and a single F atom
in the “top” position at a given distance from CI1. Fully relaxed scans were performed by
freezing the C1-F bond (see Figure 3.2) and allowing the rest of the atoms to be relaxed. In
both cases, we start our scans with an initial C1-F distance of 4.0 A and use the previous
wave functions for the each geometry with decreasing carbon-fluorine distances. However,
because of intermediate adsorption of fluorine on the coronene edge, a fully relaxed scan is
not suitable for the purpose to study surface fluorination, and therefore we devised a partially
frozen PEC scan as outlined in section 3.3.1.

Using the geometries along the partially relaxed PEC scan, we further performed
single point energy calculations to evaluate the PECs using various first principles DFT
functionals as well as ab initio MP2 and CCSD(T) WFT methods. The following DFT
functionals were selected to determine if there were trends based on the type of functionals:
the generalized gradient approximation (GGA) functionals PBE [24] and BLYP [21,22],
hybrid functionals B3LYP and PBEO[116], and range separated functionals
CAM-B3LYP [32], LC-wPBE [29,30] and LC-BLYP [21,22,31]. All DFT calculations were
carried out using the spin-unrestricted formalism. For the ab initio MP2 and CCSD(T)
method, we chose the restricted open-shell (RO) scheme, since the spin contamination of the
unrestricted Hartree-Fock (UHF) reference wave function was unacceptably large in
equilibrium fluorinated coronene structure, mainly because of the spin density symmetry
breaking in graphene-related compounds [117]. The T1 diagnostic from CCSD(T)
calculations always showed that the T1 value was less than 0.02, suggesting that the system

has little nature of multiconfiguration [118]. Therefore, we employed the single determinant
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approach here. The cc-pVDZ basis set was employed in all single point calculations, and the
considerably larger cc-pVTZ and cc-pVQZ basis was employed in ROMP2 calculations. In
doing so, ROCCSD(T)/cc-pVTZ energies can then be obtained using a G2MS-type [119]
basis set energy extrapolation as follows:
E(ROCCSD(T)/cc — PVTZ) = G2MS
= E(ROCCSD(T)/cc —pVDZ) + E(ROMP2/cc —pVTZ)  G.D.
— E(ROMP2/cc — pVDZ)

Complete basis set limit energy extrapolation were also conducted using
SCS-MP2 [120] method using cc-pVTZ to cc-pVQZ extrapolation scheme from Halkier et
al [121,122]

In addition to the DFT and ab initio calculations, we also performed approximate
DFT calculations within the framework of the density-functional tight-binding (DFTB)
method [5]. In order to explicitly include charge-charge interactions, we used the
second-order self-consistent-charge DFTB (SCC-DFTB [4], also known as DFTB2), as well
as the more recent third-order DFTB3 [6] flavors of DFTB.

All DFT and SCS-MP2 calculations were performed using the Gaussian 09 [123]
code while single point ab initio ROMP2 and ROCCSD(T) WFT energy calculations were
performed using the Molpro [124] code. DFTB2 and DFTB3 calculations were carried out
using the DFTB+ [125] program suite, both with the pbc-0-3 [57] and 3-ob-3-1[126]
Slater-Koster parameter set, respectively, using both spin-unpolarized and spin-polarized
DFTB (sDFTB) [35,36]. In all DFTB calculations we used an electronic temperature of 300
K. Spin constants for C and H were taken from Kohler’s work [35], while those for F were
taken from the recent work by Kubar et al. [48]
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3.3 Results and discussion

3.3.1 PEC scans at the B3LYP/cc-pVDZ level of theory
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Figure 3.3 (a) PECs of the frozen (light blue), fully relaxed (grey), and partially relaxed (red) scans at
the B3LYP/cc-pVDZ level of theory. Note that the red curve is hardly visible as it smoothly connects
fully relaxed and frozen scans in the region where the C1-F distance is approximately 2.2 A. (b)
Geometry of first minimum (Min_1), transition state (“TS”) and the second minimum (Min_2) based
on PEC of relaxed scan. Green colors denote the C1-F bond length, while red colors indicate the C2-F
bond length. Numbers in parentheses are the fully optimized geometry. Bond lengths are given in

units of A, while the relative energy (E,) is in kcal/mol.

The initial geometry at a C1-F distance of 4.0 A was taken from an optimized
coronene geometry with the fluorine atom directly above C1 atom and the angle C2-C1-F =
C3-C1-F = C4-C1-F = 90.0°, and reduced in intervals of 0.1 A to 1.0 A, using the converged
Kohn Sham MOs from the previous steps as initial guesses. The frozen PEC scan shows a
single minimum energy at a C1-F distance of ~2.2 A and increases steadily with increasing

distance of the F atom from the coronene molecular surface as shown in Figure 3.3(a).
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However, such a frozen scan does not consider the relaxation of the coronene molecule and
hence underestimates the relative coronene-F interaction energy, which we define as:
Evet = Ecoronene—r — Ecoronene — EF (3.2)

where E,.; is the relative (or negative binding) energy, E.pronene—r 15 total energy of the
composite supermolecular system, and E,,-onene and Er are the total energy of the isolated,
fully-relaxed coronene (singlet) and fluorine (doublet) atom in their ground state, respectively.
The zero level of the PECs corresponds to E.y;onene + Er, Obtained from two separate
energy calculations. Note that for spin-polarized calculations, the reference energy is
obtained using closed-shell singlet coronene and spin-polarized fluorine in its ground doublet
state, whereas in the absence of spin polarization, the reference energy is computed using the
restricted open-shell approach for fluorine in case of ab initio WFT methods.

Figure 3.3 shows that in the fully relaxed PEC scan, two exothermic minima
appear. The minimum labeled Min_1 corresponds to a structure with a C-F single bond
between an edge C2 atom and the attacking F atom with a bond distance of 1.48 A, whereas
Min_2 corresponds to a structure where the F atom forms a single bond to the central C1
atom with a bond length of 1.50 A. It is clear that for C1-F distances greater than 2.2 A, F
prefers binding to edge C2 rather than to central C1. The relative energy at Min_1 is -25.00
kcal/mol and thus slightly stronger than at Min_2 with -22.85 kcal/mol. This is consistent
with previous works [114,115,127] which show that edge functionalization is energetically
more favorable than functionalization on the graphene m—system [127]. Approaching Min_1
in PEC scans is undesirable for the purpose of studying surface fluorination, and we therefore
decided to construct a partially frozen B3LYP/cc-pVDZ PEC scan as follows.

From 2.2 A to 4.0 A, we imposed an additional constraint to the scan; namely,
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C2-F, C3-F and C4-F bond distances (see Figure 3.2) were also frozen and we assumed that
the C-C bond lengths around the adsorption site (C1-C2, C1-C3, and C1-C4 bonds) and the
planarity of the coronene molecule are unchanged compared to the fully relaxed coronene
geometry. Below the 2.2 A C1-F distance, we froze only the C1-F bond and allowed the other
degrees of freedom to relax, exactly as in a fully relaxed scan. For C1-F bond lengths greater
than 2.3 A the partially relaxed PEC scan closely resembles the PEC of the frozen scan and
exhibits a smoother transition for the full range of the C1-F distances than the fully relaxed
PEC scan, as shown in Figure 3.3.

Figure 3.3 also shows that the “top” site attack in frozen and partially frozen PEC
scans has no reaction barrier at the B3LYP/cc-pVDZ level of theory. In the case of
hydrogenation, state crossing between formally neutral coronene - H and formally fully
charged coronene’” - H' is responsible for the appearance of a small adsorption barrier of
about 4.6 kcal/mol both in the coronene-H [128] and graphene-H [129] systems at the same
level of theory. Due to the higher electronegativity of F and the higher exothermicity of the
fluorination compared to the corresponding hydrogenation reaction, as discussed in
reference [89], the energy of the corresponding coronene” - F~  state is considerably lowered,
resulting of an overall lowering of the relative fluorine adsorption energies and thus a
vanishing barrier. The barrierless adsorption of fluorine adsorption on graphene was also
reported by Paupitz et al. from MD simulations using the semiclassical ReaxFF
method [130].

3.3.2 B3LYP/cc-pVDZ optimized geometries

In isolated coronene, the central C1 atom has a regular sp® hybridization, along

with the rest of carbon atoms. As the F atom approaches the coronene surface, the molecular
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structure of coronene responds with geometrical changes. The C-C bonds around the
adsorption site elongate and the C1 atom increasingly lifts off from the coronene molecular
plane toward the attacking F atom, causing a so-called “puckering” angle, which is identical
to the dihedral angle C2-C3-C4-C1. This puckering indicates increasing sp’ character of the
C1 atom in response to bond formation to F. In the final product, the F atom forms a covalent
single bond with the C1 atom at a distance of 1.48 A with an E,,; of -22.92 kcal/mol (Figure
3.3(b)). The C-C bonds around the adsorption site elongate from ~1.42 (isolated coronene) to
~1.54 A (coronene + F product), a typical length for a C-C single bond. However, the
puckering angle at C1 is 26.2° for this product structure, indicating that the hybridization of
C1 does not completely correspond to a perfect sp’ configuration, as the puckering angle for
a perfect tetrahedral should be 35.3°. This finding is supported by the natural bond order
(NBO) [131] analysis for the coronene-F system. The NBOs of C1 to its neighboring carbon
bonds in the optimized, isolated coronene are expressed by

0c,=c, = 0.7071(sp*°1)C1 + 0.7071(sp>°1)C2

0c,=c, = 0.7071(sp*°1)C1 + 0.7071(sp*°1)C3 (3.3)

0¢,=c, = 0.7108(sp*°1)C1 + 0.7034(sp*°1)C4
where the bonds have strong character of sp>. The NBOs of C1 to its neighboring carbon
bonds in the optimized coronene-F product are

0¢,—c, = 0.7060(sp>*3)C1 + 0.7083(sp*?>)C2

0¢,—c;, = 0.7060(sp>*3)C1 4+ 0.7083(sp*?°)C3 (3.4).

0c,—c, = 0.7077(sp***)C1 + 0.7065(sp*?°)C4
The NBOs show that there is indeed transition from sp” to sp’ but that this transition is not

complete. This is further corroborated by the fact that the binding energy of fluorinated
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coronene with 22.92 kcal/mol is lower than in a compound with a clear C-F single bond such
as in aliphatic C-F compounds (~ 113 kcal/mol) [132]. The geometry of around the local F
adsorption site on coronene is comparable with those geometries obtained by periodic
calculations. The C—F bond length ranges from 1.38 to 1.57 A [111], and our computed value,
1.48 A is satisfactorily similar, and the differences of angle, F-C1-C, are within 1°, meaning
that the C bound F has a similar degree of hybridization.

In order to investigate the effect of the size of the m—conjugated graphene model
systems, we also performed a full geometry optimization of pyrene-F (C;sHio-F) and
circumcoronene-F (CssH;s-F) at the B3LYP/cc-pVDZ level of theory. Single F atomic
adsorption with pyrene and circumcoronene corresponds to C/F ratio of 16 and 54,
respectively. We again ignored edge adsorption and concentrated on products of fluorination
at the central carbon atom in these compounds. Table 3.1 lists the binding energies (-E,.;) of
these model systems with F along with the C-F bond length. It was found that an increasing
number of the C/F ratio leads to slightly more positive C-F binding energy. PEC of F atom
chemisorption on central atom carbon in circumcoronene exhibits similar profile compared to
the PEC of F chemisorption on central atom carbon in coronene, as seen in Figure 3.4.

Therefore, for practical purpose, coronene can be used as model.
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Figure 3.4 PECs of coronene-F and circumcoronene-F at B3LYP/cc-pVDZ level of theory.

Experimental estimates reported by Nair et al. [82] suggest that the C-F binding
energy is ~14.2 kcal/mol for the fully fluorinated graphene. However, the authors suggest
that the experimentally determined value is too small, possibly due to the presence of defects
or due to unfavorable binding in the case of multiple fluorine adsorption. In fact, the
theoretical binding energy of ideally fully fluorinated graphene was estimated as 113
kcal/mol [111]. Our calculated binding energy value of 22.92 kcal/mol for a single fluorine
atom on coronene is certainly in excellent agreement with previously reported DFT binding
energies reported by Nijamudheen ef al. [115] and Bulat et al. [114]

Table 3.1 also lists the previous reported binding energy of the three different
PAHs (pyrene, coronene and circumcoronene) as graphene model interaction with F using
different DFT approaches. The computed binding energies are in the range from 20.0 to 26.2

kcal/mol. The reported binding energies are in excellent agreement with the present work.
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Table 3.1 Fully optimized binding energy of several PAHs interaction with F.

C/F Binding energy
System Method Reference
ratio (kcal/mol)
Nijamudheen et
MO052X/6-31+G(d,p) 21.60
Pyrene-F 16 al. [115]
B3LYP/cc-pVDZ 20.91 This work
Nijamudheen et
MO052X/6-31+G(d,p) 24.30
al. [115]
Coronene-F 24 B3LYP/6-311G(d,p) 22.90 Bulat et al. [114]
B3LYP/cc-pVDZ 22.92 This work
B3LYP/6-31G 20.00 Papuitz et al. [130]
B3LYP/6-311G(d,p) 26.20 Bulat et al. [114]
Circumcoronene-F 54
B3LYP/cc-pVDZ 26.23 This work
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3.3.3 Single point energies along the partially frozen PEC obtained with various DFT

and WFT methods.

Density functional theory

(a) 20
B3LYP —— BLYP —e—
_ PBE LC-BLYP ——
5 10 | fcAM-B3LYP ——  sDFTB2/pbc-0-3 —— -
E LC-wPBE —s=—  sDFTB3/30b-3-1 —o—
S o}
=
&
5 -10
c !
L
2 2F
E 9
e 30}
_40 o [ ] o [ ] o [ ] o [ ] o [ ] o [ ] o [ ]
1 1.4 1.8 2.2 2.6 3 3.4 3.8

C-F distance (A)

Wave function theory

(b) 20
MP2/cc-pVDZ ——
— MP2/cc-pVTZ ——
° 10k CCSD/cc-pVDZ —v— |
£ 1CCSD(T)/cc-pVDZ
= G2MS —e—
e 4 1.7 SCS-MP2/CBS
=~ 0
o
2
w -10 |
(]
2
s 20 F
- 18 2 22 24 26 238
_30 o 1 o 1 o 1 o 1 o 1 o 1 o 1

22 26 3 3.8

C-F distance (A)

1 14 1.8 3.4

Figure 3.5 PECs of (a) DFT methods using the cc-pVDZ basis set for B3LYP/cc-pVDZ partially
relaxed scan geometries, (b) ab initio WFT methods for B3LYP/cc-pVDZ partially relaxed scan

geometries.

The binding energies for the “top” site F atom attack on the central carbon atom of

coronene with various exchange-correlation DFT functionals are listed in Table 3.2, and the
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corresponding PECs, based on the B3LYP/cc-pVDZ geometries from our partially frozen
PEC scan, are shown in Figure 3.3(a). At first, we limit our discussion to GGA and hybrid
density functionals. Unlike WFT methods, DFT is known to suffer from a self-interaction
error (SIE) [133], chiefly because the exact density-based exchange functional is unknown.
Thus, the SIE mainly affects pure DFT exchange-correlation functionals with no

Hartree-Fock exchange (HFX).

Table 3.2 Binding energy with respect to neutral coronene and fluorine species, charge on fluorine in

the unit of electron, and frontier orbital energies calculated at various DFT levels of theory.

Binding energy HOMO
SUAO
(kcal/mol) Charge on  Energy of
Method Energy of F
PEC 50 Fat50A  Coronene
(eV)
minimum A (eV)
BLYP/cc-pVDZ 29.15 8.09 -0.199 -4.84 -8.35
PBE/cc-pVDZ 31.88 6.83 -0.190 -5.11 -8.35
sDFTB2/pbc-0-3 28.81 14.65 -0.249 -5.70 -10.31
sDFTB3/3-0b-3-1 23.29 15.97 -0.275 -5.66 -10.31
B3LYP/cc-pVDZ 22.85 1.01 -0.082 -5.63 -6.63
PBEO/cc-pVDZ 22.87 0.01 -0.009 -5.88 -5.90
LC-BLYP/cc-pVDZ 36.98 0.00 0.000 -7.83 -3.10
LC-wPBE/cc-pVDZ 30.09 0.00 0.000 -7.86 -3.26
CAM-B3LYP/cc-pVDZ 25.93 0.00 0.000 -6.55 -4.71

Mixing of a few percent of Hartree-Fock Exchange (HFX) into the functional often reduces

the SIE [134]. SIE is often cited for causing underestimation of activation energies [133] and
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overestimation of the binding well [135]. Our results show that PBE with 0% HFX has the
largest binding energy with 31.8 kcal/mol, while both PBEO (25% HFX) and B3LYP (19%
HFX) have remarkably smaller and similar values around 22.9 kcal/mol, despite different
amounts of HFX mixed within both functionals. BLYP predicts a binding energy in-between
PBE and the hybrid functionals with 29.2 kcal/mol. We note that the effects of the percentage
of HFX mixing do not affect the C-F binding energy to a large extent.

PECs for both spin-polarized DFTB2 and DFTB3 methods along the partially
frozen PEC scan, also shown in Figure 3.5(a), show that there are two minima and generally
lower E,.;, the latter being commonly found for DFTB due to its use of a minimal basis set
when atomic energies are involved in the definition of the reference energy [54]. The two
minima are related to the C-F repulsive potential, which have a cutoff of 4.20 a.u. (~2.2 A)
and 3.94 a.u. (~2.0 A) in the pbc-0-3 and 3-ob-3-1 DFTB parameter sets, respectively, and
cause the unphysical second minima for the geometries of partially relaxed PEC scan. In
addition, the DFTB2/3 coronene-F dissociation limits at 4.0 A, where it can be safely
assumed that the C-F interaction has completely decayed, are far lower than the zero energy
level with E,; values converging to around -20 kcal/mol. Since experimentally and
theoretically, the ionization potential (IP) of coronene is higher with 166.3 kcal/mol [136]
than the electron affinity (EA) of F with 78.4 kcal/mol [137]. it is expected that the
dissociation of coronene-F leads to both neutral species. This means that the total energy of
the isolated coronene-F supersystem has to converge to the energy of an isolated coronene
molecule plus the energy of an isolated fluorine atom. Hence, for large C-F distances, E,.; and
the binding energy -E,, should approach exactly 0 kcal/mol at the dissociation limit
according to Eq. (3.2). Conventional DFT functionals with no HFX such as PBE and BLYP
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also converge to negative dissociation values of -8.03 and -10.05 kcal/mol, respectively.
Apparently, the SIE causes spin delocalization, leaving both species still charged. This
unphysical artifact of pure DFT functionals is reduced in hybrid functionals that include HFX,
where PBEO and B3LYP predict the dissociation limit to be -0.63 and -2.44 kcal/mol,
respectively. The largest errors in the dissociation limit were obtained for both spin-polarized
DFTB. sDFTB2 with pbc-0-3 parameter predicted the dissociation limit to be -17.72 kcal/mol
while sDFTB3 with 3-ob-3-1 predicted the dissociation limit to be -20.20 kcal/mol.

Ab initio WFT calculations are free from the SIE of DFT. The coupled cluster
theory with singles, doubles and perturbative triples is often referred to as the “gold” standard
among quantum chemical methods. In particular, the CCSD(T) method using large basis sets
such as Dunning’s cc-pVTZ, or even larger, is desirable. Due to computational resource
limits, in this work, we employed a G2MS-type [119] basis set extrapolation to estimate the
CCSD(T)/cc-pVTZ PEC energies as defined in Eq. (3.1). As shown in Figure 3.5(b), our
results show that the relative energy obtained at the PEC minimum point using the
ROMP2/cc-pVDZ level of theory is -16.04 kcal/mol, noticeably identical to the
ROCCSD(T)/cc-pVDZ value of -16.45 kcal/mol. The larger basis set in ROMP2/cc-pVTZ
reduces the relative energy by 6.53 kcal/mol to -22.57 kcal/mol. Using these binding values
obtained from ROMP2/cc-pVDZ, ROCCSD(T)/cc-pVDZ and ROMP2/cc-pVTZ levels of
theory, we obtained an estimated binding energy by G2MS, 22.98 kcal/mol, and the
SCS-MP2 binding energy, 22.87 kcal/mol at extrapolated complete basis set limit, both in
surprisingly good agreement to standard B3LYP with the smaller cc-pVDZ basis set. A
similar surprisingly good agreement between G2MS and B3LYP was previously reported for
the hydrogenation of coronene [128].
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In the following section we discuss the shape of the PECs for the ab initio WFT
methods. As shown in Figure 3.5(b), these PECs converge to the correct dissociation limit
with E,.; ~0 kcal/mol. Furthermore, at a separation of 50 A, the total energy of coronene and
F in a supermolecular calculation is equal to the sum of isolated coronene and F energies
within micro-Hartrees. Another interesting feature is the shape of the WFT PECs, which
exhibit steeper binding wells in comparison to DFT, especially for pure and hybrid
functionals. Since there is no SIE in WFT methods, the aforementioned state crossing is
better described. MP2/cc-PVDZ, MP2/cc-pVTZ, CCSD/cc-pVDZ, CCSD(T)/cc-pVDZ and
SCS-MP2/CBS PECs show a shallow energy minimum around 2.6 A related to a van der
Waals complex, and a very small barrier around 2.0 A not exceeding 1 kcal/mol, originating
from the state crossing. This very small barrier is not present in the G2MS PEC, and it is
difficult to assess whether its absence is real or originates from a still too small basis set. In
any case, the small barrier predicted by some WFT methods is certainly small enough for
spontaneous fluorination of nanographenes. This is the case, as fluorine atoms can be
attached to graphene in mild experimental condition under 200° C [96].

We now discuss the results from range-separated DFT calculations. These methods,
such as LC-BLYP, LC-wPBE and CAM-B3LYP, predict correct dissociation limits, as can
be seen in Figure 3.5(a), and the charges on coronene and fluorine become neutral, with the
spin solely residing on the fluorine atom (see Table 3.2). However, since the short-range
contribution in these functionals uses standard GGA with smaller or no %HFX as in
LC-BLYP and LC-wPBE, these methods still tend to predict the same or even greater binding

energy as their counterpart functionals without range separation.
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Table 3.3 Calculated binding energies of ab initio wave function methods without and with
counterpoise (CP) correction at the B3LYP/cc-pVDZ fully optimized geometry of the fluorinated

coronene molecule

Binding Energy (kcal/mol)

Method
CP-uncorrected CP-corrected BSSE

B3LYP/cc-pVDZ 22.92 18.30 4.62
ROMP2/cc-pVDZ 16.29 8.54 7.75
ROMP2/cc-pVTZ 22.74 19.27 3.47
CCSD/cc-pVDZ 14.80 7.10 7.70
CCSD(T)/cec-pVDZ 16.80 8.53 8.27
G2MS 23.25 19.26 3.99

SCS-MP2/CBS 22.87 22.87 -

Counterpoise (CP) corrections were calculated using the Boys-Bernardi scheme [138].

We now focus on the effect of the basis set superposition error (BSSE) on the
relative PEC energies. Usually, for correlated ab initio WFT methods, the BSSE is larger
than in DFT methods. We find this general trend also in the case of coronene fluorination, see
Table 3.3. The B3LYP/cc-pVDZ level of theory predicts the BSSE to be 4.62 kcal/mol, lower
than ROMP2/cc-pVDZ by 7.75 kcal/mol. With counterpoise (CP)-correction [138] in the
case of ROCCSD/cc-pVDZ methods, the binding energy decreases by 7.70 kcal/mol, and is
almost identical to the CP-corrected ROMP2/cc-pVDZ binding energy. The inclusion of

noniterative triple excitations at the ROCCSD(T) level results in an small increase of the
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BSSE by 8.27 kcal/mol. As expected, ROMP2/cc-pVTZ has the smallest BSSE energy with
3.47 kcal/mol. Assuming that the BSSE for ROCCSD(T)/cc-pVTZ can be obtained using the
G2MS scheme according to Eq. (3.1), replacing total energies by the BSSE, we estimate the
G2MS BSSE to be 3.99 kcal/mol, very similar to the ROMP2/cc-pVTZ BSSE. At the
complete basis set limit, the BSSE energy can be assumed to be zero. The SCS-MP2/CBS
binding energy is 22.87 kcal/mol, indicating that the CP-corrected binding energy of the
WEFT would converge to ~22.9 kcal/mol. It is worth mentioning that the CP-corrected value
at the basis set limit of WFT will converge to that computed at either B3LYP/cc-pVDZ level
of theory or G2MS. Thus, both the SCS-MP2 value and the CP-uncorrected values by
B3LYP/cc-pVDZ or G2MS can be used as references.

3.3.4 Spin-polarized vs spin-unpolarized DFTB calculations.

We would like to elaborate further on the DFTB method, since its computational
efficiency potentially allows its use as on-the-fly quantum chemical potential in
nonequilibrium MD simulations of graphitic carbon fluorination processes. The DFTB
calculations reported in the previous section were performed using the spin-polarized scheme
for consistency with our spin-polarized DFT calculations. However, sSDFTB has a much
simplified formulation of spin-polarization compared to conventional spin-unrestricted DFT
methods, as the exchange functional of DFT is replaced by an on-site spin coupling constant
to describe the difference between o and f electron populations based on Mulliken spin
densities in different atomic orbital (AO) shells on each atomic center.

We note that the DFTB method also can and has been applied to open-shell
systems without spin polarization using fractional occupation numbers, where for instance a
single unpaired electron is described by two spin AOs occupied by half o and half 8 spin. In
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such a case, the Ey,;, term in Eq. (2.49) disappears completely.
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Figure 3.6 PECs of spin-polarized DFTB and spin-unpolarized DFTB methods for B3LYP/cc-pVDZ

partially relaxed scan geometries.

Figure 3.6 shows spin polarized and unpolarized PECs for both DFTB2 and
DFTB3 methods. sDFTB2 PEC curves are consistently higher in E,.; by about 10 kcal/mol
relative to those from unpolarized DFTB2 over the entire range of CI-F distances, and
sDFTB3 PEC curves are similarly consistently higher by about 8 kcal/mol. This comparison
indicates that the shape of the PECs does not depend on whether spin polarization is used or
not in DFTB2 and DFTB3 calculations. However, the dissociation limit and thereby the
exothermicity of the fluorination reaction is considerably affected.
3.3.5 Origin of the incorrect dissociation limit in pure, hybrid, and approximate DFT

methods.

The incorrect dissociation limit in pure, hybrid, and approximate DFT methods is
accompanied by artificial partial electron transfer from coronene to F. At a coronene-F
separation of 4.0 A, one would expect almost no excess charge on F, and certainly at a

separation of 50 A both molecule and atom should be charge-neutral. However, BLYP and
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PBE functionals at 4.0 A C-F distance predict that approximately 0.3e are still transferred

from coronene to F.
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Figure 3.7 Coronene HOMO and Fluorine highest occupied and lowest unoccupied 2p atomic orbital
energies calculated separately from each other at selected DFT levels of theory. Red arrows indicate o
electrons, blue arrows indicate f electrons. All DFT calculations employed the cc-pVDZ basis set
while sDFTB calculations employed the pbc-0-3 parameters. In the sDFTB theory, the use of

fractional occupation numbers results in an occupancy of 2/3 f electrons in the 8 2p shell, as

indicated by “shorter” blue arrows.

Even at a separation of 50 A, artificial charge transfer of around 0.2¢ is observed (see Table
3.2). The artificial charge transfer in these methods occurs because the highest occupied
molecular orbital (HOMO) of the isolated coronene molecule is higher than the lowest singly
unoccupied atomic orbital (SUAO) of the isolated F atom (see Figure 3.7). When both
species are computed in a supermolecular system, the orbitals from each species will mix. It

follows that, if the SUAO (or SUMO in case of molecules) of the radical species is lower
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than the HOMO of the closed shell species, following the Aufbau principle, artificial charge
transfer occurs as reported previously in reference [135].

As shown in see Table 3.2 and Figure 3.7, pure functionals do indeed predict that
the SUAO of F is much lower than the HOMO of coronene, in line with their general
tendency toward smaller HOMO-LUMO gaps in comparison to those obtained at the HF
level of theory. Therefore, unsurprisingly, this error is less pronounced in hybrid functionals
containing HFX such as B3LYP, and virtually absent in range-separated DFT methods such
as CAM-B3LYP. The smaller errors in the dissociation limit of the coronene-F system
confirm this general trend. On the other hand, in DFTB methods, similar as in pure DFT
functionals, the HOMO of coronene is higher than the SUAO of F, which is actually a
degenerate state having a fractionally occupied 2p shell with 2/3e occupation in each 8 AO.
The fractional occupation of the 2p £ shell seems unusual from a chemist’s perspective but
yields the correct spherical electron density for a fluorine atom in vacuum. In addition, DFTB
only considers spin polarization within and between AO shells belonging to the same angular
quantum number, further reducing the energy of the fluorine f SUAO, hence the dissociation
limit error is the largest in sSDFTB2/3 among all investigated methods and the artificial charge

transfer at 50 A separation is largest with partial charges closer to 0.3 (see Table 3.2).
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Figure 3.8 Fractional charge vs energy curve for coronene (upper five lines) and F (lower five lines).
For fluorine, the aug-cc-pVDZ basis set was used to obtain its correct electron affinity in the atomic
DFT calculations. The black dot and blue square on the g=1 ordinate represent the experimental IP of

coronene and EA of fluorine, respectively.

For the above-mentioned reason, DFTB, pure DFT, and to a lesser extent hybrid
DFT methods exhibit an artificial, partial electron transfer from coronene to fluorine,
depending on the proximity of the coronene HOMO and the fluorine SUAO energy levels.
The fractional charge on each unit of the supermolecule at large coronene-F distances then
induces an artificial stabilization of the total energy, which originates from the SIE, which is
also called “delocalization error” [139]. The curves shown in Figure 3.8 show relative
energies of coronene and the fluorine atoms as a function of increasingly positive and
negative charge, respectively, with the energy of the neutral species as reference. These
quantities are labeled AE(g) in Figure 3.8, and were plotted by means of a third-order
polynomial interpolation using Janak [140] theorem, as shown in Eq.(3.5), and Koopman’s

theorem for the gradient of start (¢=0) and end (¢g=1) points.

_0E

. =9 (3.5).
# an,
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The latter are ideally identical to the ionization potential (IP) and negative electron affinity
(EA) of coronene and F, respectively. If the exchange functional in DFT was exact, then
there should be a straight line between the two states [141]. However, the actual
energy-charge-curves, especially for F, show that the concaveness of the curve is related to
the percentage of HFX mixing to the GGA exchange. For instance, PBE with 0% HFX is
more concave than B3LYP with 20% HFX. Since HF is free from the SIE, increasing the
contribution of HFX will increase the linearity of the energy-charge curve.

In DFTB methods, the amount of artificial charge transfer between coronene and
fluorine is largest at the dissociation limit and approaches the maximum of the SIE at g=0.5.
Hence, the artificial delocalization error is largest for these approximate DFT methods in the
present example. DFTB is well known to show SIE and a delocalization error
problem [37,142], related to the Escc and Eg, terms in the DFTB total energy
definition [142]. As shown in Figure 3.8, DFTB energy-charge curves exhibit highest
concaveness among all DFT methods. It means that the delocalization error in DFTB is most
severe for the modeling of nanocarbon fluorination. A solution to this problem should
become available once C-F parameters for the LC-DFTB [39], have been developed.

3.3.6 Potential energy curves from DFTB+U calculations

A possible way to cure the self-interaction error in DFTB is via the + U
correction [37]. The U value was determined in coronene-F compound to shift its dissociation
limit closer to ~ 0 kcal/mol. We used the +U correction for 2s and 2p orbital of F atom based
on FLL scheme [143]. We determined the U value based on the DFTB2 calculations. Table
3.4 lists the UJ value with the dissociation limit and binding energy. The dissociation limit

was calculated using relaxed B3LYP/cc-pVDZ geometry of coronene-F at 4 A C-F distances
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while the binding energy was calculated at 1.5 A C-F distances under the condition of
electronic temperature of 300 K and the reference is energy of coronene and spin-polarized F.
As seen from Table 3.1, increasing UJ value will shift the dissociation limit energy toward ~0
kcal/mol. On the other hand, it will decrease the binding energy. We found that U = 0.08
gives the dissociation limit of DFTB2 to 0.22 kcal/mol. However, the sDFTB2 calculations
will have lower dissociation limit to be 4.85 kcal/mol.

Table 3.4 Effects of UJ value to the binding and dissociation limit energy.

DFTB2 sDFTB2
uJ Binding energy (kcal/mol)
4.0 A PEC minimum 4.0 A PEC minimum
0.00 18.53 30.14 17.72 28.81
0.02 10.46 25.25 14.44 25.86
0.04 6.97 22.30 11.20 22.94
0.06 3.56 19.37 8.00 20.02
0.08 0.22 16.45 4.85 17.13
0.10 -3.04 13.55 1.73 4.25

The PECs of DFTB+U method with U = 0.08 is shown in Figure 3.9. There is
discontinuity at C-F distance around 2.5 A. The discontinuity is probably caused by state
crossing, where the SCC converges to excited states at C-F distance above 2.5 A. Therefore,

the DFTB+U correction may not be suitable for curing the SIE in the coronene-F case.
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Figure 3.9 PEC of coronene-F system calculated using DFTB+U method with UJ=0.08.

3.3.7 Fitting C-F repulsive potential from the potential energy curves

Due to inability to cure the delocalization error using currently available method,
we propose a new C-F repulsive potential from pbc-0-3 electronic set in order to be
compatible for application in interaction between F and graphitic surface based on
coronene-F potential energy surface. The new repulsive is tuned to mimic the graphitic
surface environment and also parameterized with the spin-polarized scheme. It will be used
to further to perform of simulation of F on graphitic surface in the future.

In this section we present a modification proposal of the short-range C-F potential.
We only modified the C-F repulsive potential, while keeping the other elemental pair
repulsive potential and the electronic as in the original set since we consider that the most
important interaction in the adsorption is the C-F interaction. We propose that instead of
fitting the C-F repulsive potential with the relative energy (Eq. (3.2)) the repulsive potential
is fitted to the formation energy defined as

1 (3.6).

EF = Ecoronene—F - Ecoronene - EEFZ

The definition of formation energy is more realistic for DFTB since the energy of
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atoms calculated in DFTB2 is not well defined due to lack of repulsive. The atomic energy
calculated from DFTB level of theory is generally higher than the supposed value.

The repulsive can be fitted from either high-level G2MS or B3LYP/cc-pVDZ level
of theory formation energy curve. Using the formation energy definition, the PEC minimum
is shifted to higher energy by approximately 18 kcal/mol for B3LYP/cc-pVDZ and G2MS
while the shifting of the PEC from sDFTB2 level of theory is approximately 37 kcal/mol.
Interestingly, using this definition of energy, the dissociation limit of F attack on coronene
from G2MS, B3LYP/cc-pVDZ and DFTB2 converge to value of about 16-18 kcal/mol, as
displayed in Figure 3.10 and the sDFTB2 formation energy of C-F at the equilibrium
geometry is significantly higher than the formation energy calculated from G2MS and
B3LYP/cc-pVDZ with the value of 7.24 kcal/mol. Based on the formation energy curve, it is
easier to fit the C-F short-range repulsive potential to reproduce the formation energy of

either G2ZMS or B3LYP/cc-pVDZ method.
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Figure 3.10 Coronene-F PECs using the definition of formation energy (Eq. (3.6)).

As a comparison, we also report the sDFTB2 relative energy. However, due to

nonzero nature of the sDFTB2 dissociation limit, the sDFTB2 relative energy is shifted
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properly with respect to SDFTB2 infinity distance i.e.

EDFTB — EPFTB(S) — EDFTE (o0) 3.7
where EPJ™ is the DFTB relative energy, EPFTB(S) is the total SDFTB2 energy of
coronene-F supermolecule at geometry S and EZFTB(o0) is the total energy of coronene-F
supermolecule with C-F distance of 50 A.

The C — F repulsive potential fitting was performed using semi-automatic DFTB
repulsive parameterization code that uses the least square fitting procedure [144]. The

repulsive pair V(r) is represented using the Mth order polynomial

M

VE) =) il = 7o)

] (3.8)
where m is usually 2 or larger in order to ensure the repulsive and the first derivative goes to
zero at the cutoff value ). The value of the repulsive for the distance greater than 7y is zero.
In the fitting procedure, the polynomial coefficient c;_,, is the free parameter to be adjusted
to reproduce the reference energy. The polynomial is then converted to 3™ — 5™ order spline
to be compatible with DFTB+ code. We created 2 independent C-F repulsive potential based
on the B3LYP/cc-pVDZ and G2MS formation energy curve. The resulting repulsive
potentials are comparable. We report the sSDFTB2 PEC and geometrical parameters using the
new repulsive potential.

After several trial attempts, the optimum polynomial degree is 9 with m = 3 and the
cutoff radius is 3.22 bohr for both repulsive potential to describe reasonable C-F geometry
and energy within DFTB accuracy as well as maintaining good shape of the potential. In
contrast to our argument from section 3.3.3 that the existing C-F pbc-0-3 repulsive potential

is too repulsive if we use the definition of relative energy to fit, our repulsive potential is less
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repulsive compared to the existing pbc-0-3 repulsive, as displayed in Figure 3.11 since if we
use the definition of formation energy, the current pbc-0-3 will predict that coronene-F
formation energy is higher than the reference value. Nevertheless, in the following sections
we will show that the new repulsive potential can improve the PEC, geometry and formation
energy. New C-F repulsive potential based on B3LYP (rep-B3LYP) is more repulsive than
G2MS based repulsive (rep-G2MS) at the value below 3.2 bohr since the formation energy of
coronene-F from B3LYP/cc-pVDZ level of theory is higher than G2MS formation energy

around the minimum.
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Figure 3.11 Comparison between the original C-F repulsive potential [57] and the new repulsive

potentials.

Single point formation energy curve based on B3LYP/cc-pVDZ mixed relaxed
scan geometry is shown in Figure 3.12. Using the new C-F repulsive potential, the formation
energy curve from DFTB level of theory looks similar to the reference PEC, especially
around the minimum. The formation energy minimum of DFTB2 level of theory calculated
using repulsive potential based on B3LYP/cc-pVDZ and G2MS are -3.40 and -5.18 kcal/mol,

respectively while the formation energy minimum of B3LYP/cc-pVDZ and G2MS level of
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theory are -3.97 and -4.85 kcal/mol, respectively. Since the new repulsives are short ranged,
the long-range part of the sDFTB2 PECs remains the same as the original pbc-0-3 curve. The
“fake” minimum on the original pbc-0-3 PEC around 2.1 A is not present using the new

repulsive potentials.
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Figure 3.12 DFTB2 coronene-F PEC’s using the definition of formation energy calculated using the

new C-F repulsive potentials. Reference PEC’s are given for comparison.

On the other hand, reducing the range of repulsive potential and making the
potential less repulsive than the original pbc-0-3 potential will inevitably decrease the
coronene-F total energy by approximately 12 kcal/mol compared to the total energy of
original pbc-0-3 at the geometry around the minimum. This can be seen from Figure 3.13(a),
where if using the definition of relative energy in Eq. (3.2), PEC minimum of pbc-0-3 is
declined from -28.81 kcal/mol to -39.44 and -41.22 kcal/mol for rep-B3LYP and rep-G2MS,
respectively. As shown in Figure 3.13(b), using the definition of relative energy in Eq. (3.7),
the minimum will increase to -25.72 and -27.40 kcal/mol for rep-B3LYP and rep-G2MS,
respectively while the shifting also increases the DFTB2/pbc-0-3 minimum to -14.16

kcal/mol. However, the shifted sDFTB2 minimum is still lower than the minimum calculated
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using B3LYP/cc-pVDZ and G2MS level of theory, but higher than the unshifted DFTB2
minimum calculated using original pbc-0-3. Probably, for coronene-F case, DFTB2
electronic effect is more dominating than repulsive effect for description of relative energy,
even if corrected to the total energy at “infinite” distance, where the SIE dominates at
separated C-F distance. In our coronene-F case, it is rather hard to judge whether the C-F
repulsive is not repulsive enough or too repulsive. Using definitions of different energies will
lead to different conclusions. Nevertheless, using the definition of formation energy that is
often used to describe energetics in DFTB, we obtain very accurate value of the minimum

compared to the ab initio reference.
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Figure 3.13 (a) PEC of several levels of theory using definition of relative energy in Eq. (3.2). (b)
Shifted PEC for sDFTB2 using Eq.(3.4). Unshifted reference PEC’s are given as comparison.

Fully optimized geometry of coronene-F calculated using various levels of theory
are illustrated in Figure 3.14.C-F bond distance value obtained using B3LYP/cc-pVDZ is
1.48 A. For the sDFTB2, the C-F bond distance values obtained using rep-B3LYP and
rep-G2MS are 1.47 and 1.45 A, respectively. The difference between the B3LYP/cc-pVDZ
reference and sDFTB2/rep-B3LYP and sDFTB2/rep-G2MS C-F bond distances are shorter
by 0.01 and 0.03 A, respectively and the original pbc-0-3 bond distance is longer by 0.03 A

with 1.51 A compared to the reference. The F-C1-C angles at the adsorption site in general
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are also in good agreement between the B3LYP/cc-pVDZ reference and sDFTB2 values with

the value of 103.18-104.46°.
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Figure 3.14 Selected geometry parameters of coronene-F calculated using B3LYP/cc-pVDZ and
sDFTB2 levels of theory. Bond distances are in the unit of angstrom and angles are in the unit of

degree.

Furthermore, more improved formation energy is obtained using the new C-F
repulsive potential compared to the pbc-0-3 repulsive. The values of formation and binding
energy are listed in Table 3.5. Coronene-F formation energy predicted by B3LYP/cc-pVDZ
and G2MS has the value of -4.04 and -5.12 kcal/mol, respectively. The values of the
reference can be reproduced by the sDFTB2 within DFTB accuracy. The coronene-F
formation values predicted by sDFTB2/rep-B3LYP and sDFTB2/rep-G2MS are -4.00 and
-6.00 kcal/mol, respectively where sDFTB2/pbc-0-3 predicts higher formation energy with
7.12 kcal/mol. The formation energy predicted by sDFTB2/rep-G2MS is lower by 2.00
kcal/mol than the value predicted by sDFTB2/rep-B3LYP since the C-F rep-G2MS is lower
by ~2.00 kcal/mol compared to the C-F repulsive (see Table 3.5). Nevertheless, since DFTB
has the accuracy within 3-5 kcal/mol, the formation energy difference between predicted by

the new C-F repulsive is in reasonable agreement compared to the ab initio reference. Overall,
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the performance of the both new repulsive potentials is very satisfactory for coronene-F
systems to describe the formation energy and geometry compared to their respective
references. Therefore, we can propose to use the new repulsive potentials for further
investigations involving systems with graphene/graphitic material with fluorine atom.

Table 3.5 Formation and binding energy of coronene-F. Numbers in parentheses are the binding

energy (-E,.;) calculated using Eq. (3.7).

Formation energy (kcal/mol) Binding energy (kcal/mol)

Method PEC Optimized Optimized
PEC minimum
minimum geometry geometry
sDFTB2/pbc-0-3 7.24 7.12 28.81 (14.16) 28.93 (14.62)
sDFTB2/rep-B3LYP -3.40 -4.00 39.45 (25.14) 40.05 (25.75)
sDFTB2/rep-G2MS -5.18 -6.00 41.22 (26.92) 42.05 (27.75)
B3LYP/cc-pVDZ -3.97 -4.04 22.85 22.92
G2MS -4.85 -5.12¢ 22.98 23.25¢

“Calculated using B3LYP/cc-pVDZ geometry.
3.4 Summary

We calculated ab initio and DFT-based PECs for attacks of fluorine on coronene
molecules in their centers at “top” site (center carbon atom). The purpose of the study was to
establish a high-level benchmark for the development of fluorine—graphitic material
interaction parameters. We found out that fluorine attack on coronene has no reaction barrier
at the B3LYP/cc-pVDZ level of theory. In DFT methods, the percentage of Hartree-Fock
exchange (%HFX) scales proportionally to the value of binding energy, in which the pure

DFT functional (0 %HFX) such as PBE and BLYP predict the largest binding energy and
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DFT functional with fair amount of %HFX predict lower binding energy than pure DFT
functional. Additionally, we found a similar trend for the dissociation limit: For pure DFT
functionals, coronene-F total energies at long separation do not converge to the sum of
separate coronene molecular and fluorine atoms. Addition of % HFX to the functional either
by hybrid or range separated scheme will cause the energy convergence closer to the correct
dissociation limit. Our best G2MS estimate of the ROCCSD(T)/cc-pVTZ binding energy
after counterpoise correction is 19.3 kcal/mol, which is very close to that from
B3LYP/cc-pVDZ with 18.3 kcal/mol. We conclude that studies performed at the B3LYP
level of theory are sufficiently accurate for the description of the chemisorption of a single
fluorine atom on a graphitic surface. Unfortunately, at present, computationally efficient, yet
approximate DFT methods such as DFTB2/3 suffer severely from the self-interaction error
and are less suitable for this purpose. Parameter development for range-separated LC-DFTB
is currently ongoing in our group. Instead, we have modified the C — F repulsive potential
based on pbc-0-3 parameter set by fitting to the formation energy versus C — F distances
profiles that had been generated from high level ab initio G2ZMS and B3LYP/cc-pVDZ level
of theory.

The new potentials improve both of the formation energy curve of coronene-F and
the geometry of coronene-F system around the F adsorption site. The older pbc-0-3 predicts
that there are two minima in the PEC while the new potentials predict only one minimum as
based on their respective references. The formation energy at the optimized coronene-F
geometry calculated using the new C — F potential agree very well with the ab initio reference
formation energy where the older pbc-0-3 predicts significantly higher formation energy. On
the other hand, the relative energy calculated using the new potential is significantly lower than
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the relative energy of the ab initio references and the pbc-0-3 set. This is due to the less
repulsive nature of the new potential compared to the C —F pbc-0-3 potential. Nevertheless,
using the definition of formation energy, which is better defined in DFTB2, we managed to
obtain the good agreement with the references. Therefore, we propose to use the new C —F

potential for the simulation of atomic fluorine attack on graphene surface.
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Chapter 4  Density Functional Studies of Atomic Oxygen and
Nitrogen Interactions with Coronene as Model for Graphene

Functionalization

4.1 Introduction

Atomic oxygen and nitrogen have been explored to functionalize carbon-based
nanomaterials. Oxygen-functionalized graphene, often called graphene oxide (GO) [145], has
potential for application in electronic devices, such as field effect transistors [146],
transparent conductor material for solar cells [147], and light emitting diodes [148]. In
contrast, nitrogen does not functionalize perfect graphene surfaces via chemical adsorption.
Instead, it replaces the carbon atom on graphene to functionalize defective graphenes to form
what is often called doped graphene-N [149-151].

GO can also be used as a precursor for synthesizing graphene based nanosheets to
functionalize by chemical reduction [152]. Therefore, effective synthesizing of GO is one of
important issues for creating GO-based electronic materials with desired electric profile and
performance. Common chemical synthetic approaches are the oxidation of graphite by strong
oxidizing agent, such as KMnQOy, which is known as Hummers method [153], followed by
chemical, thermal or mechanical treatment to exfoliate the bulk into few-layered
sheets [147,152,154]. However, the obtained GO has heterogeneous distribution of different
functional groups of O, such as epoxide, hydroxyl, carboxylic, phenol, carbonyl, lactone, and
quinone [145,155-157]. The inhomogeneity of the GO prevents smooth electron
transportation on resultant graphene nanosheets compared to the pristine graphene due to
defects in the nanosheets [145]. Another physical approach to obtain GO is the direct oxygen

plasma exposure to graphene [158—160]. In the approach, without careful control of the
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plasma oxygenation conditions, graphene would receive irreversible lattice damages and
generate defects caused by high-energy species, such as O,".

One of the more promising approaches to GO synthesis is exposure of graphene to
atomic O produced in thermal cracking [161,162]. O, molecules are cracked into O atoms on
a hot tungsten filament at ~1500 °C under ultrahigh vacuum conditions. For both plasma as
well as thermal cracking processes it is difficult to obtain information on structural
transformation and reaction mechanism due to the high temperature of the process, and thus
theoretical calculations are expected to provide atomic-level insight for the functionalization
mechanism. A number of theoretical studies of O attack on graphene [163,164] and
graphite [165,166] under periodic boundary condition have been reported. However, most
studies have focused on the resulting oxidized nanosheet structures themselves, and
information about the mechanism of atomic O attack on graphene is still lacking, which can
help explaining the structure of GO in the aforementioned experimental results and designing
GO based material. In addition, there are also scarce reports on interaction between atomic
nitrogen with graphene model.

In this work, we theoretically investigated atomic oxygen and nitrogen interactions
with coronene (Cy4Hj2) as a model of graphene by the means of density functional theory
(DFT). We showed the possible reaction intermediates, transition states and products.
Additionally, we performed semi empirical DFTB2 [4,5] calculations for comparison with
DFT. The results can be used as reference for the development of DFTB parameters for
further investigations of systems containing O or N atoms and graphene/graphitic surfaces.
4.2 Computational details and model systems

To predict possible stationary points, in the early stage we performed the potential
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energy scan of the atom on coronene. We performed the potential energy scan depending on
the distance between the atom and the coronene sheet at the "top" or "bridge" site (see Figure
3.1) to observe chemisorption of the O, while for N, we only consider the “bridge” site since
the N atom will bind weakly on the “top” site as evident from previous studies [167,168].
The O atom can form one single bond or two single bonds with C species in the coronene
sheet, while we did not consider the "hollow" site for both atom adsorption site because the
atoms on this site should not form chemical bond with the surrounding carbon atoms. The
C-X (X=0, N) distances, rc.x, are defined as the distance between X and C1 at the "top" site
like in the case of coronene-F (Figure 3.2), and between X and the center of C1 and C4 atoms

at the "bridge" site in Figure 4.1, where rc.x = rci-x = Fcax.

Figure 4.1 “Bridge” site potential energy curve coordinate of O attack on coronene.

The electronic ground states of the O, N atom and coronene are triplet °P, quartet
*S, and closed-shell singlet (coronene), respectively. The atom and coronene are in their
ground electronic state when they are distant from each other, while they can adapt either
singlet or triplet state in the case of coronene-O and doublet or quartet state in the case of
coronene-N when chemical bonds are formed. Therefore, we considered these possible
electronic states to address the dependency of the adsorption mechanism on the different spin

states.
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After optimization of the coronene sheet, we conducted relaxed scans at "top"
(only coronene-O) and "bridge" sites in triplet state in the case of O and quartet in the case of
N with fixing rc.x to obtain the PECs for the distance between X and each site. After
obtaining the PECs, we optimized the geometries from the local minima or maxima on the
PECs in the both spin states and performed vibrational analyses. In case of transition states,
the intrinsic reaction coordinate (IRC) calculations were performed to confirm the obtained
geometries were transition states.

We employed unrestricted B3LYP [22,26] functional with cc-pVDZ basis set for
the relaxed scan "top" and "bridge" sites and full optimization of the stationary points. The
UB3LYP/cc-pVDZ level of theory without BSSE seems to be accurate enough because the
analogous interactions of coronene with either H or F atom evaluated by B3LYP/cc-pVDZ
were similar to those estimated at the complete basis set limit of high-level WFT
methods [128].

To evaluate the performance of DFTB2 parameters, single point spin-polarized
DFTB2 calculations based on UB3LYP/cc-pVDZ level of theory PECs geometries were
conducted using mio-0-1 parameter set[4] with spin coupling constant from Kohler’s
work [35] for all atoms. Since the electronic parameters of C-H-O-N elements from mio-0-1
set were parameterized using the PBE functional, and the element pair repulsive potentials
were parameterized using B3LYP functional [4], it is noteworthy to compare DFTB2 PECs
with both unrestricted PBE and B3LYP calculations. To give the comparable results with the
basis set size of UB3LYP, cc-pVDZ basis set was also employed in PBE calculations. The
DFT calculations were carried out using Gaussian 09 program [123] and DFTB calculations
were carried out using DFTB+ program [125]. The interaction or relative (or negative
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binding) energy of coronene-X interaction was reported as the difference of the energy of
coronene-X supermolecule with the energy of coronene plus energy of the atoms at their
respective ground state.
4.3 Results and discussions
4.3.1 Oxygen adsorption on coronene computed at B3LYP/cc-pVDZ level of theory

The PECs at the "top" and “bridge” site are shown in Figure 4.2. The triplet PECs
for both attack sites in Figure 4.2(a) show that the largest interaction energy, -1.7 kcal/mol, at
Feo=2.7 A and r., = 2.7 A for “top” and “bridge” attack sites, respectively. The interaction
energy can be considered as an entrance channel minimum which resembles a van der Waals
(vDW) complex, which is similar to the case of graphene models and OH radical [169]. The
PEC at "top" site shows a local maximum of 6.3 kcal/mol at 7., = 1.8 A and local minimum
of -0.4 kcal/mol at 7., = 1.4 A, while the PEC at "bridge" site shows a local maximum of
14.5 kcal/mol at r., = 1.8 A and local minimum of 3.3 kcal/mol at r., = 1.5 A. The
maximum and minimum of the PECs are the indications of the activation barrier of O attack
to coronene and formation of coronene-O adduct, respectively. In addition, the PEC obtained
by single point calculations in the singlet state at the scanned geometries in triplet state as
shown in Figure 4.2(b), a local minimum of 1.5 kcal/mol at r.., = 1.4 A and -20.4 kcal/mol at
Feo = 1.5 A were obtained for “top” and “bridge” site, respectively, indicating the formation

of coronene-O adduct.
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Figure 4.2 The PECs of the interaction between coronene and O at B3LYP/cc-pVDZ level of theory
in (a) triplet and (b) singlet state. The PECs in singlet state were obtained by single point calculations

based on triplet state relaxed scan geometries.

The stationary points that are described above are not the true lowest energy since
they were computed with the fixing of the distance of C — O bonds. These geometries can be
used as initial geometries to obtain the global minimum structures on each spin state,
described below.

According to the obtained PECs, we can assume an energy diagram for atomic O
interaction with the coronene as a graphene model at each site. The stationary points which
can be read from the PECs at the "top" site can locate around 7., = 1.4 A as oxidized
coronene, 7., = 2.5 A as vDW complex, and the medium region between them to form C-O
bond. In the case of the "bridge" site, the points can be around 7., = 1.5 A as oxidized
coronene, 7., = 2.6 A as vDW complex, and the medium region between them to from C-O
bond and change the spin state. The obtained stable species are named alphabetically and the
geometries at transition states are indicated by the name of their reactant and product. The
relative (or interaction) energies to the sum of total energy of coronene and O (°P) state were
used to draw the energy diagram for the consistency with the PECs.

Regarding the triplet state as shown in in Figure 4.3(a), the vDW complexes at

"top" and "bridge" site converged to the same species A where O atom locates on the "top"
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site with the C1 — O distance, 2.67 A and the interaction energy of -2.0 kcal/mol. The
geometry at the local maximum (around 7., = 1.8 A) on the PEC of the "top" site was
optimized and a first order transition state named TS(AB) was observed, where the O located
in the "top" site with 7.1, = 1.82 A and interaction energy of 6.1 kcal/mol. On the other hand,
the optimized geometry converged to an undesired second order transition state in the case of
"bridge" site. This geometry would not be included in the remaining discussions. We
succeeded in obtaining two stable structures of coronene-O adduct, namely B and C from the
initial structures of oxidized coronene around r., = 1.4 A at "top" and "bridge" sites,
respectively. Both of B and C have the interaction energies of -1.8 kcal/mol and 3.3 kcal /mol,
respectively. In addition, we obtained a first order transition state between B and C, namely
TS(BC) with 7.1, = 1.43 A and 7.4, = 1.73 A and interaction energy of 6.1 kcal/mol, which
was not expected from the relaxed scan PECs. For the singlet state as shown in Figure 4.3(b),
there are two possibilities of geometries at the “bridge” site, namely "edge-bridge" (named D)
and "graphitic-bridge" site (named E). The "edge-bridge" geometry, D was obtained from the
geometry of 7., = 1.4 A on the PEC of the "top" site since the “top” site is not a stable
species in singlet state. Meanwhile, the "graphitic-bridge" geometry was obtained from the
geometry of 7., = 1.4 A on the PEC of the "bridge" site. Both of D and E have epoxide
structures with the interaction energies, -35.0 kcal/mol and -29.2 kcal /mol, respectively. The
structure of the transition state between D and E, TS(DE), was successfully optimized with

the distance, .1, = 1.42 A and the interaction energy 1.2 kcal /mol.
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Figure 4.4 Potential energy diagram (kcal/mol) of the O adduction on coronene in triplet (red) and

singlet (blue) states.

Hereafter, we focus on low energy O attack in experiments, where the O does not
cause defects on coronene or other graphitic surfaces. According to the potential surface in
Figure 4.4, we can presume the chemisorption process of O on graphene from the atomic
oxygen direct attack on the sheet. Approaching O atom in *P state form a precursor complex
(A) at the distance, 7.1, = 2.67 A. After overcoming the activation barrier, 6.1 kcal/mol at
Fel.o = 1.82 A, the distance between O atom and coronene is shortened to 7.1, = 1.42 A and
they form a weak coronene-O complex, B. The B is a biradical complex in triplet state with
the interaction energy of -1.8 kcal/mol where the one unpaired electron is localized on O and
the other unpaired electron is delocalized on the coronene (supporting information). After the

formation of B, there are some possibilities to form epoxide form. First possible reaction
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pathway is a ring closing reaction by C4-O bond formation, and the reaction yielding the
epoxide form complex C in triplet state. Second possibility might be an intersystem crossing
(ISC) from triplet state to singlet state, because the energy difference between B and TS(DE)
is in a few kcal/mol and the structures of B is similar to the structure TS(DE).

Recent theoretical studies of O (°P) + C,H, reaction discovered that ISC can be
occurred at the crossing point where the spin state of acetyl biradical *CH,CH,O¢® species
change from triplet minimum state to open-shell singlet saddle point [170-172]. The
possibility of similar spin state change in the atomic oxygen collision with graphite cluster
was suggested by Ehrenfest dynamics simulation using time-dependent DFT (TD-DFT), and
the distance between oxygen and the graphite model surface was ca. 1.2 A [166], which is in
the close proximity to 7.1, in B and TS(DE), which might be applicable to our case.

After the ISC, ring-closing reaction can occur to form either E or D. Although we
do not focus on the ISC process deeply, the final product should be dominated by E or D in
singlet state because the epoxide structure in singlet state (E or D) is much more stable than
in triplet state (C). The obtained results are consistent with the previous study which
mentioned that the ground state of graphene oxide is always nonmagnetic [158].

Based on our results, we presume that the O attack on graphene yields graphene
oxide dominated by epoxy functional groups since formation of the weakly adsorbed O atom
on "top" site of graphene in triplet state can readily undergo migration to "bridge" in singlet
state because of the significant energy difference among those states where the latter is much
lower.

4.3.2 PBE and DFTB2 calculations of the interactions of oxygen with coronene

We performed the single point calculations and evaluated relative energies by
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pure functional, PBE, and DFTB to assess the performance of both approaches. We

employed UPBE/cc-pVDZ level of theory and spin-polarized DFTB2 level of theory based

on the geometries in triplet state obtained by UB3LYP/cc-pVDZ level of theory. The

obtained PECs of the interaction of O and coronene by DFT are shown in Figure 4.5 and the

energies are listed in Table 4.1.
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Figure 4.5 PECs of the atomic O attack on coronene calculated at various DFT level of theory. (a)
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Table 4.1 Interaction energies (in kcal/mol unit) obtained at various levels of theory. The interaction

energies of optimized geometries are shown in parentheses.

Relative energy minimum Barrier vdW
Method “top” “bridge” “top” “top”
Triplet Singlet Triplet Triplet Triplet
B3LYP/cc-pVDZ -0.4 -20.4 3.5 6.3 -1.8
PBE/cc-pVDZ -12.8 -39.6 (-48.0) -13.5(-14.4) -2.8 -4.7
sDFTB2/mio-0-1 -9.9 -34.3 (-42.2) -0.6 (-1.5) -6.7 No vdW

From the triplet state, the minimum calculated from UPBE/cc-pVDZ is lower than
the value obtained from UB3LYP/cc-pVDZ as shown in Figure 4.5(a) and (b). This trend is
similar with the trend obtained from coronene-F case. The interaction energy in vDW
complex is -4.7 kcal/mol computed by PBE/cc-pVDZ, and ca. 3 kcal/mol lower than the
energy at B3LYP/cc-pVDZ level of theory while in the case of DFTB2, no small vDW
energy was observed at the vDW complex of B3LYP. For DFTB2, there is a large minimum
around rc.o = 2.1 A. This interaction energy could not be considered as vDW energy since
the geometry is closer to the geometry of the entrance transition state TS(AB), instead, it is
an unphysical local minimum artifact as experienced in “top” site attack of F on coronene
presented in previous chapter, due to lack of short-range C-O repulsive.

The energy lowering is observed for the “top” site energy of coronene-O adduct
and the “top” site entrance channel barrier, as the interaction energy and the entrance barrier
is lower by 13.1 and 9.1 kcal/mol to -12.8 and -2.8 kcal/mol, respectively. In comparison
with the DFTB2 value, DFTB2 calculation shows that the minimum of “top” site for triplet
state adsorption and the entrance barrier are -9.9 kcal/mol and -6.7 kcal/mol, respectively. For

the case of “bridge” site, similar trends appear where the lowest relative energy was obtained
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for PBE, and the DFTB2 relative energy was between the PBE and B3LYP as shown in
Figure 4.5(b).

For the case of singlet state, the energy lowering from the PBE and DFTB2 levels
of theory were also observed in the case of the minimum from “top” and “bridge” site as
shown in Figure 4.5(c) and (d), respectively as compared to B3LYP PECs. Since the “top”
site attack in singlet state minimum is a transition state of the adjacent bridge site migration,
these PECs would not be discussed further. PEC for singlet state “bridge” site adsorption
shows that the interaction energy computed at PBE level of theory is much lower by ca. 20
kcal/mol to -39.6 kcal/mol than the interaction energy computed at B3LYP level of theory
with -20.4 kcal/mol. Performing full geometry optimization for coronene-O adsorption at
“bridge” site for singlet state using PBE/cc-pVDZ level of theory yields the binding energy
(-Ee1) of 48.0 kcal/mol. The value “bridge” site singlet adsorption calculated from
PBE/cc-pVDZ level of theory is comparable with previous theoretical periodic PBE
planewave calculation [158] where the binding energy is 41.4 kcal/mol for single O
adsorption in 5 x 5 graphene supercell and 44.2 kcal/mol for single O adsorption in 7 x 7
graphene supercell. As for DFTB2, the “bridge” site binding energy for singlet state is 34.3
kcal/mol, respectively. Fully optimized “bridge” site adsorption of coronene-O at C-O
distance around 1.4 A DFTB2 results in the binding energy of 42.2 kcal/mol. From this
results, coronene is a proper model for oxidation of graphene.

In general, the value of interaction energy calculated from DFTB2 is lower than the
value obtained from B3LYP/cc-pVDZ but higher than the value calculated from
PBE/cc-pVDZ. DFTB2 binding energy value tends to be more toward to PBE value due to

lack of the three-body interaction, that is only implicitly included in the DFTB Hamiltonian.
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This problem can be corrected by adjusting the short-range C-O repulsive as in the case of
C-H repulsive potential in coronene-H system [173] and C-F as shown in section 3.3.7.
However, tuning the C-O repulsive potential for the coronene-O case is more complicated
because the system can exist in two states, namely singlet and triplet states. At present, we
already attempted to fit the new C-O repulsive only in triplet state using similar algorithm as
described in section 3.3.7, also using the definition of formation energy. The details will be
published elsewhere.
4.3.3 Interactions of atomic nitrogen and coronene computed at various DFT levels of
theory

PEC from B3LYP/cc-pVDZ displayed in Figure 4.6(a) shows that there is an
entrance barrier of direct attack to the “bridge” site at rc.y = 1.8 A with the interaction energy
of 36.2 kcal/mol. Similar to the case of coronene-O entrance barrier to “bridge” site, this
entrance barrier is a second order transition state. The interaction energy values for quartet

and doublet state from the PEC minimum (rcy = 1.8 A) are 31.5 and 8.2 kcal/mol,

respectively.
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Figure 4.6 PEC of “bridge” site N adsorption on coronene calculated at various DFT levels of theory

at “bridge” site (a) quartet and (b) doublet state.

The properties of coronene-N at PEC minimum are listed in Table 4.2. Full
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optimization of coronene-N product at B3LYP/cc-pVDZ level of theory will decrease the
interaction energy to 31.3 and -6.9 kcal/mol for doublet and quartet state, respectively. The
more positive interaction energy indicates that N atom binds weaker to coronene at “bridge”
site in quartet state.

Table 4.2 Interaction energies and selected bond length of the PEC minimum of coronene-N from
various levels of theory. Numbers in parentheses are the interaction energy and bond length of the

optimized geometries.

Method Interaction energy (kcal/mol) ren (A) rci-c4 (A)

Minimum Barrier

doublet quartet quartet doublet quartet doublet  quartet

8.2 31.4 36.2 1.50 1.5 1.49 1.49
B3LYP/cc-pVDZ
(-6.9) (31.3) (1.41)  (1.52) (2.12) (1.49)
-10.5 15.4 21.9 1.50 1.5 1.49 1.49
PBE/cc-pVDZ
(-22.1) (14.4) (1.41)  (1.52) (2.09) (1.50)
8.5 39.2 43.2 1.50 1.5 1.49 1.49
sDFTB2/mio-0-1
(-2.9) (37.8) (1.42)  (1.46) (1.65) (1.52)

Adsorption of N in doublet state will induce C1-C4 bond breaking for coronene while for
quartet state the C1-C4 bond remains intact. The C-N bond length at optimized geometry for
doublet state is 1.40 A and C1-C4 bond length is 2.01 A. The results of optimized geometry
is not in good agreement with the recent periodic PBE calculation of atomic N adsorption on
graphene [167]. However, they used a rather large supercell with 48 and 96 atoms of C atoms,
so probably coronene is too small for modeling N adsorption on pristine graphene for doublet

state without breaking C-C bond. To confirm this, we performed full geometry optimization
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of N adsorption to a larger model, namely circumcoronene (CssH;s) at “bridge” site. The
results are the C-N and C1-C4 bond length are 1.47 and 1.55 A, respectively and the
interaction energy is -3.5 kcal/mol. The interaction energy is higher than the interaction
energy obtained by Rani et al. They found that the “bridge” site interaction energy is -0.92
eV or ~ -21.3 kcal/mol. However, they used the PBE functional that usually has lower
interaction energy compared to B3LYP. Full optimization of coronene-N at doublet state
using PBE functional also causes the C1-C4 bond to break and the binding energy is 22.1
kcal/mol but optimizing the circumcoronene-N system using PBE results the binding energy
of 20.1 kcal/mol, which is in close agreement to the value obtained by Rani et al. They also
show that the graphene becomes magnetic upon the introduction of single N atom with the
moment magnet of 0.73 w3 that is close to the doublet state where 1 electron is delocalized to
the system, confirming doublet state is the stable ground state for the minimum.

For DFTB2, the “bridge” site coronene-N interaction energy is higher than the
value obtained from B3LYP/cc-pVDZ with 8.5 and 39.2 kcal/mol for doublet and quartet
state, respectively while the barrier energy is 43.2 kcal/mol. Full optimization of the “bridge”
site minimum yields the decrease of binding energy to -2.9 and 37.2 kcal/mol for doublet and
quartet state, respectively. The PEC calculated at DFTB2 level of theory shows that there is a
small minimum around 2.4 A C-N distance. At this point what we can suggest for the
discussion is that the C-N repulsive energy is too high at the short range but the repulsive is
not repulsive enough at the value close to the cutoff for describing the total energy on this
system. The C-N parameter was fitted to some small organic molecules [4], therefore,
probably the repulsive is not suitable for this system. For the DFT methods, coronene is to
small to model the N adsorption on graphene. Therefore, for future method development,
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circumcoronene will be used as the model of N adsorption on graphene.
4.3.4 Interaction energies on the dissociation limit of the coronene-O and coronene-N

PECs

Table 4.3 Charge on O (e) and interaction energy in triplet state at 50 A C-O distance separation.

Interaction Energy (kcal/mol)

Method Charge on O
B3LYP/cc-pVDZ 0.0 0.00
PBE/cc-pVDZ 0.8 0.00
sDFTB2/mio-0-1 -3.6 -0.120

As summarized Table 4.3, the PEC of coronene-O calculated at B3LYP/cc-pVDZ
and PBE/cc-pVDZ in triplet state leads to correct interaction energy of the dissociation limit
which is close to 0 kcal/mol. The ground state energy of dissociation limit is related to the
orbital energy levels of the interacting species. If the highest occupied orbital energy level of
an electron donor is higher than lowest unoccupied energy level of an electron acceptor, the
artifact charge transfer can be caused even at the separated distance due to the delocalization
error of electrons [135]. In the case of coronene-O, coronene and O are supposed to be a
donor and an acceptor, respectively. In present case, the HOMO donor will be the m orbital of
coronene and the acceptor is the empty 8 2p orbitals, dubbed as lowest unoccupied atomic
orbital (LUAO). In the O case, there should be two LUAOs 2p orbitals. As illustrated in
Figure 4.7, calculations at the B3LYP/cc-pVDZ level of theory show that the HOMO energy
level in coronene is -5.63 eV, while the LUAO energy level in O (P) is -4.35 eV and
PBE/cc-pVDZ level of theory show that the HOMO energy level in coronene is -5.11 eV,
while the LUAO energy level in O (°P) is -5.71 eV. These LUAOs are degenerate. Therefore,
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the relative energy levels of the HOMO and the LUAO from B3LYP calculation indicate the
impossibility of the artificial charge transfer; while for PBE there is a possibility of charge

transfer to O atom, but at very large C-O distance, the charge transfer on O is not observed.
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Figure 4.7 Coronene HOMO and oxygen highest occupied and lowest unoccupied 2p atomic orbital
energies calculated separately from each other at selected DFT levels of theory. Red arrows indicate o
electrons, blue arrows indicate f electrons. All DFT calculations employed the cc-pVDZ basis set

while sDFTB calculations employed the mio parameters. In the sDFTB theory, the use of fractional

occupation numbers results in an occupancy of 1/3 B electrons in the f 2p shell, as indicated by

“shorter” blue arrows.

In the case of sDFTB2 level of theory, the interaction energy of the dissociation
limit does not converge to 0 kcal/mol. The coronene and O dissociation limit is ca. -3
kcal/mol. This means that the HOMO level of coronene (-5.68 eV) is higher than the LUAO
level of O (-7.51 eV) of coronene and the artificial charge transfer can occur at “infinite” C-O

distance. In the DFTB case, For instance, the distance between coronene O is even 50 A, O
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atom has still -0.120e charged (see Table 4.3).

Table 4.4 Charge on N (e) and interaction energy of quartet state at 50 A C-N distance separation.

Interaction Energy (kcal/mol)

Method Charge
B3LYP/cc-pVDZ 0.0 0.00
PBE/cc-pVDZ 0.0 0.00
sDFTB2/mio-0-1 0.0 0.00
B3LYP PBE
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Figure 4.8 Coronene HOMO and nitrogen highest occupied and lowest unoccupied 2p atomic orbital
energies calculated separately from each other at selected DFT levels of theory. Red arrows indicate o
electrons, blue arrows indicate f electrons. All DFT calculations employed the cc-pVDZ basis set

while sDFTB calculations employed the mio parameters.

In contrast with coronene-O results, the interaction energy dissociation limit of

coronene-N computed using all methods employed in present works converge to 0 kcal/mol
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as listed in Table 4.4. Although B3LYP/cc-pVDZ and PBE/cc-pVDZ level of theory predicts
the correct dissociation limit since the HOMO of coronene is lower than the LUAO of quartet
N, it is quite surprising that DFTB2 level of theory can predict the correct HOMO — LUAO
energy ordering, as illustrated in Figure 4.8, preventing the artificial charge transfer from
coronene to nitrogen. This also means that the delocalization error for N is in a lesser extent
compared to O and F at DFTB level of theory.

We would like to focus on the discussions to the trends of the LUAO energy level
of the atoms in the context of DFTB method. In Chapter 3, we already showed the poor
performance of DFTB for the coronene-F reaction. In DFTB, the problem is caused by the
severe charge transfer experienced by F atom. This is because of the LUAO of 8 2p of F
atom is much lower than the HOMO of coronene. In this chapter we showed a trend that
compared to F, O still experienced a charge transfer but not as severe as the case of F. On the
other hand, N does not experience the charge transfer problem. The cause of this problem is
the limitation of DFTB to describe the spin-polarized orbital. In the case of F an O, we can
say that both the highest occupied atomic orbital (HOAO) and the LUAO are degenerate for
the porbital, shown by the fractional occupation number. In fact, based on our results,
increasing the number of electron in the 2p orbital will have lower 2p orbital energy level.
The 8 2p energy level in F is lower than the 2p energy level in O, since the 8 2p shell of F
has 2 electrons and S 2p shell of O has 1 electron. For DFTB method, the occupied orbital
with same angular momentum in each AO is degenerate for each spin-orbital, further
reducing the energy of the f LUAO. This is not experienced in N, with no occupied S

LUAO. Thus, the LUAO energy level is the highest among other most electronegative atoms.
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4.4 Summary

We theoretically proposed a possible attack and chemisorption mechanism of O on
coronene as a model of graphitic material based on the PECs calculated by DFT at "top" and
"bridge" sites on coronene. We confirmed that the stable spin state of coronene — O system is
triplet state at far C-O distance, while the stable spin state is singlet state in the coronene-O
binding region. We proposed that O attack on the coronene starts in triplet state at "top" site
with the energy barrier, 6.1 kcal/mol, and ISC occurs with smooth O migration in order to
form stable epoxide structures in singlet state with the interaction energy of -29.2 kcal/mol or
-35.0 kcal/mol.

DFTB?2 level of theory benchmark PECs calculations results show that the value of
interaction energies calculated from DFTB2 is lower than the value obtained from
B3LYP/cc-pVDZ but higher than the value calculated from PBE/cc-pVDZ. In contrast with
the coronene-F case, the interaction energy of the dissociation limit for the coronene-O case
approach closer to zero kcal/mol. There is a possibility to fit the short-range C-O repulsive
with the energy obtained in B3LYP level of theory.

We have performed DFT-based PECs for interaction of nitrogen on coronene
molecules in their centers at “bridge” site. The purpose of the study was to evaluate the trend
of binding energy and dissociation limit energy of the theoretical methods employed
compared to adsorption of fluorine and oxygen with coronene as a model of graphitic
material. Similar to the coronene-O case, there are two possible spin states which are doublet
and quartet. Coronene — N system is more stable in the quartet state at far C-N distance, while
in the coronene-N binding region, the system is more stable in the doublet state. Binding
energy calculated using PBE/cc-pVDZ level of theory is lower than the binding energy
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calculated using B3LYP/cc-pVDZ and DFTB2 level of theory. On the other hand all of the
methods employed predict correct dissociation limit to be ~0 kcal/mol. The delocalization

error for nitrogen is in a lesser extent compared to oxygen and fluorine
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Chapter 5  Long-Range and Short-Range Zr-Zr DFTB2

Repulsive Potential for Interaction in Bulk Zirconium

5.1 Introduction

It is mentioned in the introduction part of this thesis that we are interested in the
simulation of YSZ systems. In this chapter, we report the strategy of development of
repulsive potential for Zr — Zr. The repulsive potential parameterizations of Zr — Zr are the
first step for extending the complete set for YSZ systems and its interaction will strongly
affect the rest of the potential. We address different scheme of parameterization and their
behavior will be discussed. The resulting Zr — Zr parameters will be used to make the
complete Zr — X parameters.
5.2 Parameterization procedures and computational details

DFTB2 parameterization for the electronic parts have been previously done by
Nishimura in his doctoral works [69]. The confining potential for the orbitals has been
determined to generate the Hamiltonian and overlap matrix elements that reproduce valence
and low-lying conduction bands of Perdew-Burke-Ernezhoff (PBE) [24,25] functional with
projected augmented wave (PAW) [174] basis electronic band structure for hexagonal closed
pack (HCP) crystal structure using the automatized DFTB parameterization code [71] based on
particle swarm optimization (PSO)[70] algorithm (the confining potential is shown in
Appendix A). He showed that the electronic parameters based on our automatic DFTB PSO
code could reproduce accurate band structure up to 5 eV above Fermi level from PBE band
structure for all elements in periodic table except for f'block [69].

PSO is one of the methods for stochastic optimization. It solves a problem by

spreading the so-called candidate solutions, also known as particle over a searching space. The
92



particle will move toward the global minimum according to the certain algorithm.

For the parameterization of the repulsive potentials, we calculated total energy from
PBE exchange-correlation functional with PAW basis as the reference for DFT level. We
devised a strategy to create DFTB repulsive potential especially for metal-metal interaction in
solids states.

The first attempt was a “hand-made” repulsive parameter as in the traditional
DFTB repulsive parameterization. In this parameterization, we employed semi-manual
parameterization using mostly by hand and using traditional DFTB parameterization
philosophy: the repulsive should not go beyond second nearest neighbor so that the third and
so forth neighbor interactions were neglected. Zr — Zr repulsive parameter was fitted to most
stable phase at ambient condition (HCP phase). The DFT reference data were obtained by
scanning reference HCP phase from approximately 70 % to 130 % volume of the DFT
equilibrium geometry with approximately intervals of 5 % volume. HCP has 2 degree of
freedom, namely lattice parameter a and c. In this part of this work, the c/a ratio of Zr HCP
was fixed to ideal value ~ 1.633, thus in the structure, all Zr — Zr bond lengths in the
reference geometries have same distance in order to simplify the parameterization process.
The repulsive potential was represented with a polynomial function using the Mth order
polynomial

M (5.1
VE) =) il = 7o)
i=m

where m is usually 2 or greater in order to ensure the repulsive and the first derivative go to
zero at the cutoff value ). The value of the repulsive for the distance greater than ry is zero.

In the fitting procedure, the polynomial coefficient c;_,, is the free parameter to be adjusted
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to reproduce the reference energy. The polynomial fitting and conversion to 3™ - 5™ order

spline for DFTB+ compatibility utilized code developed by Bodrog ef al. [144].

Figure 5.1 Considered unit cells for the bulk phase of Zr (a) BCC (space group Im3m) (b) HCP

(space group P63/mmc) and (c) o (space group P6/mmm).

Next attempt was an automatic repulsive parameterization. We performed the
parameterization using automatic repulsive parameterization code [175] that has been
interfaced with the automatic DFTB parameterization tools [71] to fit to the repulsive part.
With the automatic code, more fitting systems are applicable at the same time with less
human effort. In this parameterization, we employed many training sets from all
experimentally exist bulk Zr, namely HCP, body centered cubic (BCC) and so-called w phase
as shown in Figure 5.1. BCC phase of Zr occurs at higher temperature around 1130 K. The
phase occurs from HCP phase transformation at high pressure above 2.2 GPa in the room
temperature [176—178], as shown in . In general, the DFT reference were similar to those of
the “hand-made” parameterization that is the total energy of each phase at stretched and
compressed unit cell from approximately 80 % to 120 % volume of the DFT equilibrium
geometry. The difference is that we were able to put all of the reference data into the fitting
systems instead of only putting one single phase into the fitting systems. Additionally, it is
also possible to put random displacement of atoms inside the unit cell and random

compression or expansion of the lattice vectors into the training sets. We also played with the
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cutoff value. We started by extending the cutoff of the repulsive long enough so it will be
beyond first nearest neighbor and reducing it short enough. It will be shown later that at some
conditions, we will have excellent agreement with the DFT reference data; but at the same

time, it sacrifices some important aspects in the performances.
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Figure 5.2 Phase diagram of bulk Zr. The phase boundary was plotted based on experimental data
from refs. [176-178].

In the automatic repulsive parameterization we introduced the fitness value,

following this formulae
fitness = MAE * 0.95 + Maximum AE = 0.05 (5.2)

with MAE is the mean absolute error and Maximum AE is the maximum absolute error.
Per definition, the fitness value determines how close is the testing set compared to training
set. In this work, the target is the relative energy with respect to most stable phase i.e. HCP
phase. For other fitness targets see ref. [71]. Generally, the fitness value below 0.1 in error
unit can be considered as good. However, a “bad” fitness value does not mean yielding a

“bad” parameter, it could mean that some training sets contribute larger error value compared
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to some other training sets. Conversely, a “good” fitness value does not always yield “good”
parameter since probably some systems are not included in the training sets. In this work we
attempted to balance between training sets and testing sets, therefore the fitness value is
merely a number and does not affect entirely to the performance of the physical systems. In
the automatic parameterization, the repulsive potential is represented by 4™ order spline [175]
instead of traditional 3™ — 5™ order spline. In the present works, the particles of the PSO are
the position of the knot in the spline repulsive. The algorithm determines the best position of
the knot in the spline based to have the smallest fitness value compared with the reference
data.

The DFT reference calculations were performed using VASP code version
5.2 [179-182] using the PBE functional in conjunction with PAW basis [174] with cutoff
energy of 550 eV. 4s’4p®5s°4d” electronic configuration was used Zr. The k-point sampling
in the first Brillouin zone, based on the Monkhorst-Pack scheme [183], were 18 x 18 x 18 for
HCP and w, and 16 x 16 x 16 for BCC. The number of k-points and cutoff energy had been
tested to obtain convergence in total energy for less than 0.5 meV/atom.

All DFTB calculations were performed using DFTB+ [125,184] program with
same number of k-points as in the DFT reference. For the automatic DFTB parameterization,
a modified version of DFTB+ was used that can read the 4™ order spline.

All the generated Zr-Zr parameter will be used for testing purpose. The test
systems are bulk Zr in the available phase diagram. Trend based on individual test systems
will be discussed. This work concerns about the transferability of Zr-Zr parameter from HCP
phase to BCC and o phase and strategy to create a good quality repulsive potential especially
for solid transition metal.
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5.3 Results and Discussions
5.3.1 DFT testing set

DFTB parameterization results are usually compared with the equilibrium
geometry, cohesive and formation energy as well as the bulk modulus from the reference,
both DFT and experimental data. Since we used DFT as reference data, this section shows the
results from reference DFT calculations for the validation with experimental and previous
theoretical calculations.

The DFT equilibrium geometry was obtained by simultaneously optimizing the
position of the atoms and relaxation of the volume of the unit cell. The high cutoff value
ensures that the planewave basis is complete in order to avoid the so-called Pulay stress [185]
if the volume is relaxed. The equilibrium geometry is then scaled isotropically to
approximately 80% - 120% of the equilibrium volume to obtain the energy vs volume (E —
V) curve. The E — V curve is then fitted to the Birch-Murnaghan equation of state [186] (BM
EOS) to obtain the bulk modulus and bulk modulus derivative. The cohesive energy was
obtained by subtracting the bulk total energy with the energy of spin-polarized Zr atom where
more negative value means that the bulk phase is more stable with respect to atomic
detachment. For formation energy, we defined it as the relative energy between all of the
phases with respect to the most stable phase (HCP). Those values from DFT are used as
control for the performance of the DFTB parameters. The DFT results for structural
parameter, bulk modulus and energetic properties are shown in Table 5.1. For comparison
with previous theoretical calculation, we only compared to GGA based calculations since
generally choice of different type of exchange-correlation functional will lead to different

results and the DFTB parameters were fitted to PBE (GGA) level of theory.
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Figure 5.3 (a) Relative/formation and (b) cohesive energy vs volume per atom curve for all

experimental phases of bulk Zr calculated at PBE-PAW level of theory. For formation energy,

equilibrium HCP geometry energy was used as reference.

Table 5.1 Calculated DFT structural parameters, cohesive energy, bulk modulus and bulk modulus

derivative from current work compared with previous GGA calculations and available experimental

value.
Phase Parameter This Previous calculations Experiment
work

HCP a(A) 3.235 3.236" [187], 3.233[177],
3.240 [188], 3.231[190]

3.232[189]
c(R) 5.163 5.166° [187], 5.146 [177],
5.178 [188], 5.148 [190]

5.182[189]
c/a 1.597 1.596 [187], 1.592 [177],
1.598 [188], 1.593 [190]

1.603 [189]
Econ/Zr (eV) -6.50 -6.19 [191] -6.25 [192]

Eform/Zr (eV)  0.00° 0.00" 0.00”
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Phase Parameter This Previous calculations Experiment

work
HCP B, (GPa) 93.61  91[193],93.4[188], 94 [177],
95 [194], 96.78 [187] 97.6 [190],
102 [195]
By’ 3317 2.25[187],3.22 [188] 3.10 [177],
3.10 [195]
BCC a(A) 3.572 3.572 [187], 3.574 [196]
3.580 [188],
a(R) 3.577[189]
E.on/Zr(eV)  -6.41 N/A N/A
Eform/Zr (€V)  0.09 N/A N/A
B, (GPa) 83.38 N/A N/A
By’ 3.19 N/A N/A
® a (A) 5.042 5.035% [187], 5.039 [190]
5.056 [188],
5.050 [189]
¢ (A) 3.155 3.1537[187], 3.136 [190]
3.150 [188],
3.150 [189]
c/a 0.626 0.626 [187], 0.622 [190]
0.623 [188],
0.623 [189]
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Phase Parameter This Previous calculations Experiment

work
0 E.on/Zr (eV) -6.50 N/A N/A
Eform/Zr (eV) 0.2 x107 N/A N/A
B, (GPa) 95.32 95.93 [187], 90 [177], 104 [176]
101.1 [188]
By’ 352 3.45[187],3.27[188] 2.05[176]

“Calculated based on ¢/a ratio and volume. “Per definition.

As seen from Table 5.1, for HCP phase, our calculated a lattice parameter is in
excellent agreement with the @ lattice parameter experimental value of about 3.23 A. On the
other hand, the c lattice parameter is longer by approximately 0.017 A compared to
experimental lattice value. The trend of longer ¢ lattice parameter is similar to previous GGA
level of theory calculations where c lattice parameters are longer than experimental value by
0.02 — 0.03 A. For o phase, the c lattice parameter from our calculation and previous
theoretical calculations is also longer than the experimental value by ~0.015 A while the a
lattice parameter is in good agreement with experimental value. For BCC phase, the geometry
is in excellent agreement with previous theoretical calculations and experimental value. The
bulk modulus and bulk modulus derivative obtained from BM EOS fitting are in good
agreement with the experimental and previous theoretical study for all of the available data
on the literature.

Now we discuss the energy ordering of the experimental phase. As shown from the
E-V curve in Figure 5.3 and the value of cohesive energy in Table 5.1, we found that HCP

phase is the most stable phase, followed by the w phase with only 0.2 meV/atom higher than
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HCP phase. The unstable phase is BCC phase with 0.09 eV/atom higher than HCP phase.
The energy ordering is consistent with the experimental observation and the
PBE-pseudopotential (PBE-PP) by Zhang et al. [187] and PBE-PAW by Hao et al. [197] On
the other hand, a different publication but also from Hao et al. [188] predicted the opposite
trend of HCP-w stability using also PBE-PAW level of theory. The discrepancies of results
from ref. [188] and ref. [197] might be caused by the difference in their geometry. As seen in
Table 5.1, the c lattice parameter for HCP phase from Hao ef al. in ref. [188] is longer by
0.015 A than our lattice parameter, therefore the HCP from Hao ef al. in ref [188] results
could be less stable than our results. However, in ref. [197] the value of the lattice parameters
are not explicitly mentioned and the calculations were performed in a supercell instead of
small unit cell, which probably causes the discrepancy. Given that our geometries resemble
the geometries from Zheng ef al., we might say that our results are reliable since Zheng et
al.’s results are also comparable with experimental and other theoretical studies [193,194].
Also, in both cases where w phase is more or less stable, the energy difference between both
phases is below 0.5 meV, which is probably beyond the accuracy of DFT level of theory,
therefore both phases could be considered as a degenerate phase. Nonetheless, we could use
our DFT results as the reference for DFTB performance.
5.3.2 DFTB2 results

This section is devoted to discuss the detailed method and results of the
parameterization of the polynomial fitted (“poly”) and the automatic generated (“PSO”)
repulsive potential.

5.3.2.1 Polynomial fitted repulsive potential
The repulsive was obtained by fitting the energy — distance curve by taking
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equality between reference (DFT) energy and DFTB energy i.e.

Eppr(r) = Epprs (1) (5.3)
where Eppr(r) and Epppg(r) are total energy from DFT and DFTB, respectively at certain
geometry with bond length . With the definition of Epgrs, in this case for HCP we obtain

Epprg(r) = Eei(r) + Eyep (1) (5.4)
= E¢ (1) + 6V, (1)
where factor 6 comes from the coordination number of Zr in HCP divided by 2 to avoid
double counting. The repulsive energy can be determined by subtracting total DFT energy
with DFTB electronic energy as in the conventional parameterization scheme [45]. We can

rearrange Eq.(5.3) and (5.4) to obtain the expression for pairwise repulsive potential V.., ()

[EDFT(T) - EDFT(rref)] — [Eq(r) — Eel(rref)]

5.5
6 + Vrep(rref) (>-3)

Viep(r) =
where 1.5 is a reference geometry, in this work, the fully optimized geometry from DFT
level of theory. The term V.., (73-¢f) 1s the repulsive potential at the reference geometry. Its
value, however, can be arbitrary to be fitted to the atomization/cohesive energy [66]. In this
work, we didn’t pay attention to the accuracy of cohesive energy (i.e. total energy of the bulk
subtracted with atomic energy) since in DFTB, the atomic total energy is not well defined
due to compressed orbital and lack of repulsive potential. It is also known for its overbinding
problem [54]. Therefore, the accuracy of cohesive energy was sacrificed to obtain better
agreement with the geometry. Theoretically, a good electronic parameter should have the
electronic energy parallel to total DFT at some point where at that point, the potential can
vanish to zero and where the cutoff is. However, as seen in Figure 5.4, the electronic energy
becomes parallel with total DFT energy after approximately 9 bohr (~4.76 A), which is

almost close to second nearest neighbor Zr — Zr distance.
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With that condition, the Eq. (5.4) and (5.5) will not be applicable if the repulsive
cutoff is determined to be greater than 9 bohr since additional terms must be included from
second nearest neighbor contribution. Since we restricted the repulsive potential so that the

second nearest neighbors do not contribute, we have to set the cutoff before 9 bohr.
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Figure 5.4 Zr-Zr repulsive potential fitting curve. The fitting system is bulk Zr in HCP phase with
ideal value of c/a of 1.633. Epgr is the total shifted DFT energies, E.. is the DFTB electronic energy
corresponding to DFT geometry and E,., is difference between two curves. E,, in this curve is not the

final outcome for the Zr-Zr repulsive energy.

We examined that around 6 to 6.5 bohr is the safe distance where to put the cutoff
value and force the repulsive potential to zero. First consideration is that we have the training
set starts from 4.72 bohr (2.5 A), which mean that the second nearest neighbor from that
training set is around 6.67 bohr (3.5 A), the cutoff value should be before that value. Second
consideration is that in that region, the potential is less steep than the potential after 6.67 bohr
(see Figure 5.4), so it will be easier to force the repulsive to zero at that region. After several
trial attempts, we obtained that the optimum polynomial degree is 9 with m = 3 and the cutoff

radius is 6.15 bohr to describe reasonable HCP geometry of bulk Zr. This repulsive potential
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is shown in Figure 5.5.
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Figure 5.5 Generated Zr-Zr repulsive potential from the polynomial fitted (“poly””) and PSO generated

(“PSO”) parameterization.

Structural parameter, cohesive energy, bulk modulus and bulk modulus derivative
of the three phases obtained using the hand-made potential are shown in Table 5.2. For
locating the equilibrium geometry, as in the DFT calculations, position of atoms and the
lattice parameters were optimized simultaneously using default criteria of force convergence

in DFTB+. The bulk modulus and bulk modulus derivatives were also fitted using BM-EOS.
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Table 5.2 Bulk properties of Zr obtained using polynomial fitted repulsive potential.

Polynomial fitted DFTB2 potential

HCP a(A) 3.244
c(R) 5.219

c/a 1.609
E.on/Zr(eV) -10.69

Eform/Zr (eV) 0.00
B, (GPa) 215.07

By’ -3.80

BCC a(A) 3.495
E.on/Zr (eV) -10.67

Eform/Zr (eV) 0.02
B, (GPa) 125.13

By’ 3.38

0 a(A) 4.984
c(R) 3.005

c/a 0.602
Econ/Zr (eV) -10.73

Eform/Zr (eV) -0.04
B, (GPa) 227.66

By’ 1.31

Structure of HCP phase obtained using the hand-made potential are fairly in good

agreement with experiment and PBE calculation. The lattice parameter a is 0.01 A longer
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than both experimental and PBE value whereas the lattice parameter ¢ is overestimated by
0.06 A and 0.08 A to PBE and experimental value respectively. With the hand-made set, c/a
ratio is slightly higher with 1.609 compared to PBE and experimental value with 1.597 and
1.592, respectively. Although not directly comparable, similar trend of lattice parameter
value overestimation for the HCP phase are also present in the case of DFTB2 calculations of
bulk Ti from tiorg [55] set and bulk Zn from znorg set [54] which could mean that DFTB
tends to overestimate one or two lattice parameters in HCP phase. For BCC and w phase,
since these phases were not taken into account in the reference data, the description of those
phases could become the additional advantage for the hand-made parameter if the results are
satisfactory. BCC lattice parameter a value is shorter than PBE and experimental lattice
parameter within 0.08 A. For o phase, in contrary with results from HCP, both lattice
parameter a and c¢ values are shorter compared to the PBE and experimental results. a and ¢
are shorter by ~0.05 and ~0.15 A, respectively, consequently, the c/a ratio is lower than the
reference value. Nonetheless, for our case, our hand-made parameter is quite satisfactory to
describe the geometry of the most stable phase of Zr that is used as repulsive potential

reference as well as the BCC phase.
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Figure 5.6 (a) Relative/formation and (b) cohesive energy vs volume per atom curve for all

experimental phases of bulk Zr obtained using the polynomial fitted repulsive potential. For formation
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energy, equilibrium HCP geometry energy was used as reference.

Now, we discuss the energetic properties. The cohesive energy of HCP phase is
lower by approximately 4 eV compared to PBE and experimental value. This underestimation
is not surprising since the DFTB has the tendency to overestimate the binding energy.
However, the high value of cohesive energy could mean that the wave function is strongly
compressed; therefore the orbital energies of the bulk phase are smaller than the supposed
value. BCC phase is higher in cohesive energy by 0.02 eV with -10.69 eV/atom while
o phase cohesive energy is lower than HCP cohesive energy with -10.73 eV/atom. Despite the
inaccuracy of the formation and relative energy, the “poly” repulsive potential could reproduce
the correct energy ordering of HCP and BCC phase as in the reference DFT calculations, while
the  phase is more stable than HCP phase, in contrast with experimental and DFT
observation.

The calculated bulk moduli of all three phases from “poly” repulsive potential are
generally too high compared to the DFT and experimental value. As seen in Figure 5.6, the E —
V curves are very steep compared to the DFT curves. This is due to non-coverage of the Zr-Zr
bond by the repulsive potential. We set the repulsive potential to 6.15 bohr, which is near the
equilibrium Zr-Zr bond length in HCP phase. We can correct the error in the bulk modulus by
extending the repulsive potential longer close to second nearest neighbor distance as will be
shown in next section.

At this stage, our “poly” repulsive potential is able to describe correct geometry and
energy ordering for HCP and BCC phase within DFTB accuracy.

5.3.2.2 PSO repulsive potentials

In order to possibly improve the DFTB results, we performed the repulsive
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parameterization using the PSO code. In this section we considered 3 of the best repulsive
potentials based on their performances, either in geometry or the energetic from the PSO
parameterization, namely “PSO 17, “PSO 2” and “PSO 3”. Here, we specify the repulsive
potentials based on their training sets and creation methods. All of the repulsive potentials are
shown in Figure 5.5.

At first, we just simply wanted to reproduce DFT energy curve with the PSO
parameterization. Based on the experience in the “hand-made” parameterization, the
repulsive has to be extended long enough in order to cover all of the Zr-Zr bonds in the
training set, regardless of the phase. Hence, we created the “PSO 17 repulsive potential using
the training set of isotropically scanned 3 experimental phases from approximately 80% to
120% of the equilibrium volume, which is also the geometry as in DFT test set. About 30
data points were fitted. The potential has cutoff radius of 10 bohr in order to ensure the bond
coverage of all 3 phases and number of the knots are 6. The spline part of “PSO 17 starts at 5
bohr.

Figure 5.7 shows the “PSO 1” E — V curve of the 3 phases of zirconium computed
at DFT geometry. It is shown that the long range “PSO 1 repulsive potential is able to
reproduce perfectly the DFT training set. This can be characterized by the value of bulk
modulus B, which has the error less than 5 GPa for all three phases and the fitness value of
0.03. The energy difference of each phase can also be reproduced with the great accuracy and
the energy ordering of the three phases is also correctly reproduced. HCP — BCC energy
difference is 0.083 eV/atom that agrees well with DFT result, while energy difference of HCP
and o phase is 0.010 eV/atom, which is higher than DFT value. Nevertheless, the DFTB
energy difference of HCP and w phase is still in accuracy of DFTB, where probably the DFT
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reference energy is hard to reproduce in DFTB.

The cohesive energy is also improved compared to the “poly” repulsive The cohesive

energy for HCP phase is -5.76 eV/atom, higher than DFT value and experimental value by 0.8

and 0.5 eV, respectively. This is due to repulsive nature of the potential around the DFT

equilibrium bond length of HCP phase.
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Figure 5.7 (a) Relative/formation and (b) energy curve vs volume per atom curve for all experimental

phases of bulk Zr obtained using the “PSO 1” (upper panel) and “PSO 2” (lower panel) repulsive

potentials in DFT geometry.

At this point we were able to reproduce the E — V curve of DFT reference with good

accuracy. We have to further validate the usability of the “PSO 1 parameter by locating the

true minimum of each phase. The energy minimization was carried out using same procedure

as in the “poly” repulsive set. We confirmed that for HCP phase, the DFT geometry has all

force components below the threshold value if calculated with “PSO 17 parameter. It means

109



that the geometry optimization will stop if the geometry starts at DFT geometry (Table 5.1).
Meanwhile, for BCC, the lattice parameter a is 3.572 A, which is also in perfect agreement
with DFT results, but for w phase geometry optimization led to wrong minimum. The lattice
parameter a is 4.642 A while ¢ is 3.841 A. With this geometry, the cohesive energy of w
phase becomes lower to -5.82 eV/atom. However, further test on HCP phase shows that the
DFT geometry is not a true minimum but a saddle point. This can be shown in the potential
energy surface (PES) of HCP in Figure 5.8. The PES is constructed as function of lattice
parameter a as x-axis and c as y-axis. There is a rather deep potential well at approximately
(2.90, 6.10) with -360 meV and a slightly deeper minimum at approximately (3.25, 5.10)
with -0.25 meV lower than DFT geometry energy. If the initial geometry slightly deviates
from the DFT geometry, the geometry will converge to either the lower energy geometry. As
for BCC phase, the true minimum is correct, while for w phase, the PES also shows 2 minima.
On the other hand, DFT results show that the geometrical parameters listed in Table 5.1 are
indeed global minimum for each surface.

Based on the results of “PSO 1”7 parameterization, we proceed further to improve
the DFTB results from the repulsive potential, especially for removing the “fake” minimum
of the HCP phase and finding the correct minimum for w phase. The improvement may be
established by adding more systems into the training sets. The PES from DFT calculations for
HCP and o phase can become additional training sets. Additionally, the displacement of

atoms inside the cell can also be used as training sets.
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Figure 5.8 PES contour of (a) HCP and (b) w phase calculated at PBE-PAW (upper panel),
DFTB-PSO 1 (middle panel) and DFTB-PSO 2 (lower panel). Black solid line represents the surface
with value of 0. Energy is relative with respect to energy of DFT equilibrium geometry for each

phase.

Next repulsive potential that improves the results is denoted as “PSO 2”. In “PSO 2”
parameterization, the more training sets were added in addition to “PSO 1” training sets.
Those additional training sets are: random compression and expansion of a and c lattice
parameter for HCP and w phase, taken from the DFT PES, and atomic displacements in HCP

and o phase, in total about 100 data points were fitted. Also, the energy difference between

111



HCP and w phase were given an additional weight by factor of 10 to 20 in order to obtain
closer energy results to DFT value. This potential also has the cutoff of 10 bohr and number
of the knots are 6. The repulsive potential, as shown in Figure 5.5, is less repulsive than the
“PSO 1” potential in the spline part.

The E — V curve calculated using “PSO 2” repulsive potential is hardly affected
compared to the “PSO 1” E — V curve. The value of bulk modulus B, is increased by about 4
GPa for HCP and o while for BCC phase, the bulk modulus is decreased by 2 GPa. The
fitness value of this set is 0.05. The major improvement of this set is the energetic. The energy
difference of HCP and w phase, which now becomes ~0.9 meV/atom while the energy
difference of HCP - BCC remains the same. The cohesive energy is now closer to the DFT
results. The cohesive energy for HCP phase is -6.64 eV/atom, now only lower than DFT value

and experimental value by 0.24 and 0.5 eV, respectively.

112



Table 5.3 Bulk properties of Zr obtained using PSO generated repulsive potential.

PSO 1 PSO 2 PSO 3
HCP a(A) 3.235 3.238 3.163
c(A) 5.163 5.165 5.187
cla 1.597 1.595 1.639
Econ/Zr(eV) -5.76 -6.64 -10.752
Eform/Zr (V) 0.00 0.00 0.00
B, (GPa) 97.91 101.51 212.87
B, 2.39 1.222 -1.28
BCC a(A) 3.572 3.552 3.520
Econ/Zr (eV) -5.68 -6.56 -10.744
Eform/Zr (V) 0.083 0.083 0.008
B, (GPa) 89.00 87.28 151.04
By’ 2.933 6.297 -2.133
® a(A) 4.642 5.039 4.939
c(A) 3.841 3.178 3.049
c/a 0.827 0.630 0.617
E.on/Zr (eV) -5.82 (-5.77) -6.64 -10.747
Eform/Zr (eV) -0.06 (0.01) 3.3 x107 (9.0 x10™) 5.6 x107
B, (GPa) (94.93) 98.98 201.33
B, (3.205) 2.507 2.67

As in PSO 1, we also need to locate the true minimum of each phase. The fully

optimized geometry parameters are shown in Table 5.3. Fully optimized geometry for HCP

113



phase is also in good agreement compared to the DFT geometry if the initial geometry is from
the DFT geometry. The geometry optimization will stop if the geometry starts at DFT
geometry in few optimization steps. However, there is still a deeper minimum at @ = 2.92 and ¢
= 6.00 with -175 meV lower than the minimum, as shown in the PES where the HCP geometry
parameters listed in Table 5.3 is still a “saddle point”, therefore if the initial geometry deviates
from DFT geometry, the optimized geometry will be the deeper minimum geometry. As for
BCC, the lattice parameter a is 3.552 A, while for w phase geometry optimization leads to the
real minimum with the lattice parameter a is 5.039 A and c is 3.178 A.

After a number of trial attempts, we deduced that the cause of the “fake” minimum
in HCP phase is the long-range parameter itself. Putting the “fake” minimum geometry into
the training set will eventually lead to unphysical shape of the repulsive (oscillation), which
is probably caused by the two systems that have different coordination number but have same
energy. Furthermore, even that if we could produce the long range repulsive potential that
can mimic the DFT geometry and energetic perfectly, we have a preference to use the
short-range repulsive potential for our systems in interest that will be discussed in next
section.

As the last resort, we created the short-range repulsive potential, called “PSO 3”.
“PSO 3” was created using similar training sets as in the hand-made parameterization, HCP
phase with their ideal c¢/a value of 1.633. About 10 data points are fitted. Addition of more
phases into the training set will not improve the generated repulsive potential; it only worsens
the fitness value, while roughly produces similar repulsive potential shape and gives similar
performance. This potential has cutoff value of 6.23 bohr and the number of the knots are 2.
The shape of “PSO 3” repulsive, as shown in Figure 5.5 resembles the polynomial fitted
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repulsive potential, apart that the “PSO 3” repulsive has smoother decay to 0 to the cutoff

radius.
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Figure 5.9 (a) Relative/formation and (b) cohesive energy vs volume per atom curve for all
experimental phases of bulk Zr obtained using the “PSO 3” repulsive potential. For formation energy,

equilibrium HCP geometry energy was used as reference.

As for its performance, from the short-range polynomial fitted repulsive potential
results, we will expect a severe disagreement for the bulk modulus. The value of bulk
modulus for each phase is about twice of the reference value bulk modulus. This is also
proven from the E — V curve shown in Figure 5.9 where the curve is very steep compared to
DFT E — V curve. However, the E — V curve is smoother than the E — V curve of bulk Zr
calculated from polynomial fitted repulsive potential since the “PSO 3” repulsive has
smoother decay.

In general, all the phases obtained using “PSO 3” has more compressed volume
compared to the reference, apart of that, the geometrical parameter for some phase is in
reasonable agreement with reference value. For HCP phase, the lattice parameter a is shorter
by 0.07 A while lattice parameter ¢ is 0.02 A longer than DFT value yielding an
overestimation of c/a ratio to 1.639. For BCC phase, the lattice parameter a is shorter by 0.03

A while for w phase, both lattice parameter a and ¢ are shorter by 0.10 A.
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Figure 5.10 PES contour of (a) HCP and (b) w phase calculated using polynomial fitted (upper panel)
and PSO 3 (lower panel) repulsive potential. Energy is relative with respect to energy of DFTB

equilibrium geometry for each phase listed in Table 5.2 and Table 5.3.

Now we discuss the energetic properties. Since this repulsive potential resembles
the polynomial fitted repulsive, the cohesive energy is also lower than the DFT cohesive
energy for about 4 eV. On the other hand, the energy ordering of the three phases is
surprisingly correct according to the DFT results, apart that the value of energy difference is
not correctly reproduced. HCP is the most stable phase followed by w with 5 meV/Zr higher
than energy of HCP phase. The most unstable phase is BCC with 8 meV/Zr higher than BCC.
With the “PSO 3” repulsive potential, all of the equilibrium geometry of the three phases are
the global minimum in their respective PES, especially for HCP and w phase as shown in
Figure 5.10. At this point, “PSO 3” is considered to be the best repulsive potential from the

PSO parameterization that we could create. The geometry of two most important phases
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(HCP and BCC) are in reasonable agreement compared to the DFT value and the geometry is
stable to the symmetry breaking. The drawback of this parameter is the severe overbinding of
the cohesive energy and the overestimation of the bulk modulus. Nevertheless, the last two
properties are common problem in DFTB, especially for bulk metal.

5.4 Discussions

DFTB parameterizations are nontrivial problems. One can create as many as
possible set from the same electronic parameter based on different fitting systems and testing
sets. Their performances may be different if applied to different systems.

This works focus on the repulsive parameterization only while keeping the
electronic parameters fixed as the control variable. We considered that the electronic
parameters are already good enough to produce good band structure, the quantity that can
usually describe good electronic parameter. Our long-range repulsive potentials show that it
shape is not monotonically decreasing to the cutoff value, but there is a bump in the middle
of the potential. This bump indicates that there is and overbinding for the systems. This can
be shown from our cohesive energy results. The long-range repulsive potential results (“PSO
17 and “PSO 2”) show that the cohesive energy only has difference with the reference value
for around ~0.7 eV, even in “PSO 17, the cohesive energy is higher than the reference value,
while “PSO 2” is slightly lower due to less repulsive nature of the potential. On the other
hand, as already shown, the cohesive energy from the short-range potential is much lower
than the reference by ~4 eV.

One can suggest that the improvement can be achieved by making new electronic
parameter. We also fitted the new orbital confining potential based on the HCP Zr band
structure as in the work done by Nishimura, using different initial guess for the W, a and ry
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but it also turned out that in order to achieve acceptable E — V curve compared to the DFT,
the repulsive also has to be long enough as on our “PSO 1 and “PSO 2” case, and the hump
in the repulsive potential still presents while short range repulsive potential will roughly yield
similar quality with our short range potential. Simultaneous optimization of electronic and
repulsive parameter was also performed. However it can only make the fitness value worse
for either the band structure (electronic) or the E — V curve (repulsive). Probably, for our Zr
case, we need to explicitly treat more electrons for the basis function (e.g. semicore electrons)
or include the multipole interactions in the Hamiltonian to improve the SCC part [198], in
order to get an acceptable E — V curve with short-range potential, but to the current status of
DFTB, such a scheme is probably still a proposal.

That is not the case that even though that the new electronic set is able to produce a
long-range repulsive potential that can produce the acceptable E — V curve and the structures
are stable with the symmetry breaking. Remember that we would like to use the DFTB
method and our parameter for simulation of YSZ system. In that system, one of the important
quantities that we would like to address is the oxygen migration barrier energy. In a
preliminary works, we already created the Zr — O repulsive potential based on long-range Zr
— Zr potential. It turned out that the resulting Zr — O repulsive yield mostly attractive
potential i.e. value below zero in the Zr — O working distances, despite the similarity of the E
— V curve of the ZrO, phases compared to the DFT E — V reference curve and accurate
energy ordering and difference [199]. This is due to the nonzero Zr — Zr interactions in the
ZrO, reference systems that force the Zr — O potential to be more negative in order to cope
with the fitness of reference energy. This has the consequences that the oxygen migration

barrier in ZrO, will be negative that is somehow unphysical. If we used the Zr — Zr potential
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that has the cutoff radius of less than 7 bohr, we will eventually managed to obtain
short-range Zr — O repulsive, that can not only yield positive oxygen migration barrier, but
also the E — V curve and the geometry are in excellent agreement with the DFT reference.
Based on this, as for our effort to find good Zr — Zr parameter set, we propose the current
electronic parameter sets combined with the short-range repulsive potential for the parameter
extension in the simulation of YSZ SOFC systems, either “poly” or “PSO 3”.

The long-range repulsive potential can be applicable for other purposes, for
example, the MD simulation to elucidate the elastic properties or phase transition of pristine
bulk Zr, where the accurate description of energy ordering and bulk modulus are mandatory.
Such a purpose is beyond our work interest.

5.5 Summary

We have developed a number of sets of DFTB2 repulsive potentials for Zr — Zr
element pair using the electronic parameter developed by Nishimura et al. The repulsive
potentials were created from energy versus volume (E — V) profiles that had been generated
from planewave DFT calculations using the Perdew-Burke-Ernzerhof (PBE) functional. We
created two distinct potential: long-range and short-range using polynomial fitting and
particle swarm optimization (PSO) algorithm. The repulsive potentials along with the fixed
electronic parameter were tested to the all experimentally exist bulk phase of Zr, namely HCP,
BCC and o phase.

We found that for our case, the long-range repulsive potential will have excellent
agreement with the reference E — V profile from the three phases; on the other hand, the HCP
phase geometry generated using the long-range repulsive potentials is prone to symmetry
breaking due to the presence of fake minimum in the potential energy surface which is the
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consequences of having the long-range potential, while BCC and w phase are stable to
geometry deformation. The short-range repulsive potentials, on the other hand, give rather poor
agreement with the reference E — V profile, however they give fairly reasonable geometries for
all of three phases and are stable with respect to symmetry breaking.

Apart from the disadvantages from the short-range repulsive potential, based on the
discussions, we propose to using the short-range repulsive potential, either the polynomial
fitted or PSO generated for further development of repulsive potential for the YSZ based SOFC
systems where the oxygen migration barrier is an important quantity and the Zr — Zr interaction

should not interfere with the Zr — O interactions.
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Chapter 6 Summary and Qutlook

In this thesis, we have performed extensive calculations using methods commonly
employed in computational chemistry involving many chemical and physical systems and
their benchmarks for developing the density-functional tight-binding (DFTB) parameters.
The summary is as follows.

In Chapter 3, we addressed the effects of several popular density functional theory
(DFT) exchange-correlation functionals to the binding energy and dissociation limit of
atomic fluorine attack on coronene from the potential energy curves (PECs). It turned out that
pure DFT functionals predict the largest binding energy while hybrid DFT functionals predict
lower binding energy than pure DFT functional. Similar trend occurs for the dissociation
limit. Coronene-F total energies at long separation do not converge to the sum of separate
coronene molecular and fluorine atom calculated using pure DFT functionals. Addition of
Hartree-Fock exchange (HFX) to the functional either by hybrid or range separated scheme
will cause the energy convergence closer to the correct dissociation limit. We modified the C
— F repulsive potential based on the formation energy curve of the reference high-level
G2MS data. We managed to obtain improved PEC compared to older pbc-0-3 parameter. The
geometry and binding energy of coronene-F calculated using the new C-F potential are
remarkably acceptable compared to the reference data.

In Chapter 4, we proposed a reaction mechanism of atomic oxygen adsorption on
coronene. The reaction involves an intersystem crossing (ISC) due to the ability of the system
to be either in triplet and singlet state. The entrance channel of oxygen adsorption is via the
“top” carbon atom sites in coronene followed by migration to the stable “bridge” site. In the

same chapter, the PECs of atomic nitrogen on coronene were examined. There is a similar
121



trend for binding energy with respect to the DFT functional employed where pure DFT
functional (PBE) predicts the lowest binding energy while hybrid DFT functional (B3LYP)
predict higher binding energy than pure DFT functional. On the other hand, the dissociation
limit of the coronene-N system converges to the sum of separate coronene molecular and
nitrogen atom calculated using both type of functionals in contrast with the results from
cornene-F and coronene-O. It is noteworthy to mention that the increasing of atomic
electronegativity is proportional to the self-interaction error (SIE) experienced in DFT
functionals.

We also evaluated the existing DFTB parameters in Chapter 3 and Chapter 4. In
general, the currently available DFTB parameters need to be adjusted in order to fulfill the
applicability for molecular dynamic (MD) simulations of atomic attacks on
graphene/graphitic surfaces based on their PECs. The DFTB method also experiences similar
trend of SIE as in the DFT functionals.

Chapter 5 presents the novel development of Zr — Zr DFTB2 repulsive potential.
Many schemes of Zr — Zr parameters are presented. We created long-range and short-range
Zr - Zr potential for the applications in simulation of solid-state systems. We came to
conclusion that the short-range Zr — Zr repulsive potential is more suitable for the future
applications.

We are in the initial stage of creating Zr - O, Y - Y, Y —O and Y — Zr pair potential
for the complete DFTB parameters for the Yttria-Stabilized Zirconia (YSZ) systems. The

details will be reported in the future.
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Appendix
A Zr electronic parameters

1. Confining potential parameters
The orbital and density confining potential parameters used in this thesis is listed in
Table A.1. They were reoptimized from Nishimura’s electronic parameter shown in his
thesis.'

Table A.1 Confining potential parameters for Zr

Orbital Density
w a o w a 7o
Zr 1.352 46.749 3.895 0.000 49.847 49.059

2. Spin coupling constant for Zr

The W) for spin-polarized atomic calculations was computed using Bremen
version of atomic code ONECENT under zeroth-order regular approximation (ZORA)* and
PBE scheme. The W is shown in Table A.2.

Table A.2 Spin coupling constant for Zr.

Wy S p d
s -0.0115 -0.010 -0.006
p -0.010 -0.014 -0.003
d -0.006 -0.003 -0.0105

' Nishimura, Y. Nagoya Univ. 2013, PhD Thesis.
% van Lenthe, E.; Ehlers, A.; Baerends, E. J. Chem. Phys. 1999, 110, 8943.
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3. Bulk Zr band structures

Band structures of bulk Zr presented below were calculated using the optimized
geometry from PBE-PAW level of theory. This is to show that the fitting of electronic
parameters from band structure using the PSO based automated DFTB parameter tool will
yield a perfect fitness (<0.001) between the reference band structure especially for the low
lying states while the transferability to other phases are remarkably acceptable. The
computational details are similar as in the works presented in Chapter 5.
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Figure A.1 Band structures of all bulk phases of Zr considered in this work. Red curves represent the
PBE-PAW band structure and green curves represent the DFTB2 band structure. Band energies are

shifted with respect to Fermi enegy (Er).
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