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Chapter 1. Motivation and Aim

1. Motivation and Aim

“There 1is plenty of room at the bottom” - Richard Feynman (1959)

With this the physicist and (later) noble prize winner stated his believe that scientists
would be able to work with materials at the atomic scale - once the necessary instruments
are developed. The development of such instruments started in the 1980’s, when scientists
at the ETH Zurich at first observed and manipulate atoms with atomic microscopy. Since
then the availability of tools has increased, which allow the work at (or near) the atomic
scale, and thus has the interest of other disciplines in the so-called nanoscience and/or
nanotechnology. The prefix nano has found its way into many new word creations like
nanoparticle, nanomachines, nanoelectronics, nanochemistry, and nanobiotechnology. The

approaches behind these are considered revolutionary in their fields of application.

The aim behind the use of nanomaterials is an ascent in technology. This ascent is con-
sidered to be the key to solve the problems, which our society is facing in the near future
because of the increase in the world’s population and the accompanying higher resource
demand. Therefore, new developments must not only satisfy demands of economy but also
of ecology. This is necessary in order to obtain an efficient acquaintance with the finite
resources of the world, which we all call our home. The development of new fabrication
processes and the recycling of products, which are no longer in use, are substantial steps to
achieve that goal. The computational material science reaches in the same direction. As
the computational power improves, the possibility of predicting the properties of materials
and outcome of chemical reactions becomes feasible for more complex and larger systems
with rising accuracy. Already when I started my chemistry study 10 years ago, some of
my professors were convinced of the possibilities of computational methods. They stated
that in the near future, we would not do the experiments in the lab hoping that they work.
But that we would use computational methods to determine if and how the reaction can
work beforehand. And that by doing this, we could save time, money and resources since
experiments would result in far less failures. Thus, the computational material science

provides a very valuable tool to obtain the goals described above.

Although the last years have led to a remarkable increase in the computational power avail-
able, most methods, which can achieve the so-called chemical accuracy, still require to high
for practical usage in nanoscience or even computational biochemistry. For example, the
computational demand of methods like DFT is too high to tackle systems with more than
100 atoms using a reasonable large basis set outside of a high-performance computer cluster
within a satisfying amount of time. Therefore for such systems, more approximate methods
have be to used like semi-empirical PM3 (and further advancements) or force-field meth-

ods. These methods rely on the generalization of parameters for the investigation at hand.
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A method similar to this procedure is Density Functional-basd Tight-Binding (DFTB),
which combines computational speed of the semi-empirical methods with the accuracy of
more sophisticated methods like DFT. The preparation of parameters for DFTB requires
good testing in order to ensure that the desired quality of the method is attained. But with
such parameters the ability to study larger systems on the atomic scale is gained. An area
of great interest are the electronic properties of nanomaterials, which can be investigated
by DFTB. Many new nanomaterials are considered to be of relevance in the future, if their

electronic properties can be customized to the specific needs of the application.

One of the top materials here is graphene, which is famous for its geometric as well as
for its electronic structure. Also boron is becoming more and more interesting, especially
since pure boron nanomaterials have been discovered. But even before that the structural
characteristic of boron in molecular and bulk systems was known and studied in the hope
to gain insight into the nature of the chemical bond. The feature of electron-poor, so-
called two-electron-three-centered bonds, which form especially within boranes, are also
a challenge for a method, which relies on the decomposition of the system into the pair
interactions. Furthermore the fact, that the element boron is missing in the otherwise
well developed, tested and approved mio-SKF-set, makes it a even more desirable intent
to get a parametrization, which complements the existing parameters and works for the

description of boranes and pure boron systems like nanotubes.

Therefore, the aim of this work is two-fold: In part IT an extension to the application range
of the DFTB method (reviewed in chapter 3) is presented with a new parametrization of
boron, which supplements existing and well accepted parametrization for other elements.
While in part III existing parameters of DFTB are applied to one of the most interesting
new materials, graphene, in order to answer the question whether the sublattice symmetry
of that system can be broken if atoms adsorb on its surface (part IIT). Further introductions

to the systems under study are given in their respective parts of this thesis.
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2. Density Functional Theory

On the following pages will be given a brief narration of density functional theory (DFT)
[1-6] and in the next following chapter of the further approximate method of density
functional-based tight-binding (DFTB) up to the self-consistent charge level[6-9]. Addi-
tional developments and tests of the DF'TB method are discussed in [10-26].

2.1. Quantum Mechanic Basics

The ultimate goal of quantum mechanical calculations is the determination of the many-
electron wave function for N interacting electrons, moving in the potential of M moving
atomic nuclei of a molecule or solid. This function contains all possible information of the
system under investigation. In general the wave function is assigned by parameters x;,

which consist of the spatial and spin coordinates, r; and s; respectively|27].

U=V ({zi}) = ¥ ({ri si}) (2.1)

For most quantum mechanical problems, the mathematical equation, which is used to
ascertain the wave function, is the non-relativistic, stationary Schrodinger equation (eq.
2.2) [28]. In this equation, the operator H is the so-called Hamiltonian, which defines the
interactions within the system under study, ¥ is the wave function, the state function of

the system, and F is the energy eigenvalue of this state.

HY = BV (2.2)

The Hamilton Operator is usually build up from the kinetic energies of nuclei and electrons,
Thue and Tel, respectively, and their electrostatic interaction with each other, Vnuc—ela and
among themselves, Viue—nue and Vel,el, respectively. Using atomic units the respective

equations read:
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I:I = Tnuc + Tel + \A/nucfel + vnuc—nuc + velfel (23)
Mo
T = A 2.4
nuc AZ 2mA A ( )
=1
1
Ta = Z §Ai (2.5)
=1
N M 7
2 A
Vnucfel = _ZZ _>—_> (26)
i=1 A=1 ‘RA —7j
M M
N YA
Vnucfnuc = Z Z — B_> (2 7)
A=1B<A ‘RA - RB‘

N N
velfel = ZZElﬁ_ (28)

A is the Laplace operator with respect to the coordinates of the electron i or the nucleus
—
A, which has the nuclear mass m 4 and the nuclear charge Z 4. FZ and R4 are the positions

of electron i and nucleus A, respectively.

In order to solve this many particle problem the Born-Oppenheimer approximation (BOA)
or adiabatic approximation is often applied. According to the BOA the motion of the
nuclei and electrons can be separated justified by the large mass difference of the nuclei
and electrons. Thus, assuming that the electrons react instantaneously to any motion of
the nuclei. With such separation it is valid to split the Schrédinger equation into a nuclear
and an electronic part, eq. 2.12 and 2.11, and to use a product ansatz for the wave function
U (eq. 2.9).

U = WeecPruc (2.9)
HUciee®pue = EVeiee®nuc (2.10)
HeeePetce = Eetee (R) Yeee (2.11)
HpuePpue = E®pue (2.12)

Heee = T+ Verer + Viue—e (R) (2.13)
Huue = Toue + Vaue—nue + Eetec (R) (2.14)

In this way, the electronic Hamilton operator and thus the electronic energy depend on
the positions of the nuclei only parametrically as is indicated by\?m_el (R) and Fgjee (E)

The nuclear Hamiltonian meanwhile contains the electronic energy, Feje. (R)

Most properties of a stable compound are derived from the electronic Schrédinger equation,
eq. 2.11, why the further focus is on this equation. But still this equation cannot be

solved analytically due to vel—ela which couples the motion of the different electrons to
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each other. Hence, additional approximations have to be utilized. Examples for these
approximations are the Hartree- and Hartree-Fock theory (HF) and their extensions|[29-
31]. In their application the many-electron wave function ¥ is expressed as a simple
product of one-electron wave functions in Hartree theory and as a Slater determinant of

one-electron spin orbitals in Hartree-Fock theory.

The form of the Slater determinant ensures that the solution of eq. 2.11 is antisymmetric
with respect to the exchange of two electrons. That this has to be the case is dictated by the
Fermi statistics and is also known as the Pauli principle. Thus, the exchange interaction of
electrons is treated correctly by HF. Further many-electron effects, so-called electron cor-
relation effects, are not covered by HF due to the restriction to a single Slater determinant.
Beyond HF methods like configuration interaction (CI), which use a linear combination of
multiple determinants, embrace the electron-electron interaction by considering different

electronic states.

2.2. The Basis of DFT

The density functional theory (DFT) is another method for the calculation of molecular
properties. It is not based on the HF method, but uses the charge or electron density p ()
directly instead of the wave function ¥[1, 32-35].

p(r)= Z /\II* (r1s1,7282,...rNSN) W (1181, 7282, ...rNSN) dra...ry (2.15)

81...SN

The basis of DFT are the statements/theorems of Hohenberg and Kohn[32]. These are
that

1. “the ground state density of a bound system of a fixed number of interacting electrons
in an external potential determines this potential uniquely to within an additive

constant”|6] and

2. a universal functional exists, which describes ground state energy of a systems of N

electrons within an external potential Vg (7).

The external potential in atomic systems is the potential of the nuclei, in which the electrons

move.

R M 7
Vext (7“) - Vnucfel - - Z Z HiA (216)

That these two statements are true and mathematically exact for any density, was proven
for non-degenerate and degenerate systems[2, 36, 37]. As a result of these theorems, the
density defines completely the Hamiltonian H of the system and thus determines all prop-
erties derived from H including the eigenstates W of the Schrodinger equation. Their total

energy values are essential for the appraisal of the atomic arrangement and stability of the
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compound as the lowest value defines the ground state of said molecule or solid. Given
that the Schrodinger equation is an eigenvalue problem of normalized wave functions, the
variational principle or Rayleigh-Ritz principle[37] may be applied to find that ground
state and its energy eigenvalue Ejy. The transition from wave functions to densities was
done by Hohenberg and Kohn [32] and refined by Levy and Lieb [38, 39]. Hence, the
self-consistency circle “density p determines the potential, which defines the Hamiltonian

H and thus the wave function ¥, which itself is a functional of the density p” is formed.

2.3. Universal Functional and Variational Principle

Although the density functional of the wave function is nontrivial, in [38, 39] the wave

function ¥ was defined as the minimum of a universal functional of a trial density as

F[j(r)] = min (qf (Tel Vo

U—p

\I/) (2.17)

where U is the test wave function that yields the density p (7). The universal character of
this functional refers to its independence of any external potential V¢z (), which is fixed
for a given density according to the first basic statement of DFT (see above). Thus, eq.
2.17 minimizes the total energy in the context of the test wave functions producing the

argument density p (r), following the equation

(r)dr (2.18)

t
=0
=

|

o
=0
=
+

—

e
=4
=
Al

Now, this energy functional has to be minimized with respect to all densities p(r), for
which F'[p(r)] is defined, in order to obtain the ground state density pas (). This is
known as the Hohenberg-Kohn variational principle, which states that the minimum of the

energy functional (eq. 2.18) is only assumed at the ground state density pgs (r).

E[p(r)] = Ecs (2.19)
Egs = min E[p(r)] = Elpgs (r)] (2.20)
p(r)—N

Therefore, the expression of the electronic ground state energy has been shifted from the
usage of the many-particle wave function to terms of spatial charge density. But still this
does not solve all the difficulties, especially since the universal functional (eq. 2.17) is

unknown although it contains the most important electron-electron interaction.

2.4. Kohn-Sham Equations

Kohn and Sham suggested a beneficial splitting of the functional[40]:
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Flp(r)]=Tolp(r)l + Em [p(r)] + Ege [p (r)]

(2.21)

Here, Ty [p ()] is the kinetic energy functional of non-interacting electrons, Eg [p (7)] is

the Hartree energy, from the collective Coulomb repulsion of the electrons,

Ew[p(r)]

Vi ([p(r)],7)

(2.22)
(2.23)

(2.24)

and Ey. [p (r)] is the so-called exchange-correlation functional, which acts as a correction

term and holds all the many-body effects.

With this, equation 2.18 takes the form:

Bislp ()] =Tolp ()] + [ Vear 1) p(r)dr 5 [ Vi (o)) r)dr 4 Eucp ()] (225)

All of these terms except the exchange-correlation functional can be derived analytically,

while the E,.[p (r)] must be approximated and the implementation of E,. [p (r)] classifies
the practical application of DFT (LDA, GGA, Hybrid).

Kohn and Sham expressed the kinetic energy functional Tj[p (r)] as normalized, single

quasi-particle orbitals ®; (r), which represent the density according to normalized occupa-

tion numbers n;[41].

= [l =1

occ.

p(r) = D mil®;(r)f
i=1

occ.

N = an
i=1

Hence, the kinetic energy functional follows as:

To [p(r)]

T {®i}]

Q

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)
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With this, the ground state energy can be derived from the energy functional (eq. 2.25) with
the constraint of eq. 2.26 using the Euler-Lagrange formalism with Lagrange parameters
¢;- Finally, an eigenvalue equation is obtained in the form of a single-particle Hartree
equation (eq. 2.33), but it includes the many-body effects of the interacting electrons by

the exchange-correlation potential, V.. ([p(7)],r), and thus is (formally) exact.

Il
o

Vi (2.32)

5@’?@) {E [p(r)] + jczclnzez [1 - / |D; (7“)|2d7“} }

[—% + Veat (1) + Vi ([p ()], 1) 4+ Vae ([p (1)] ,7“)] O;(r) = d;(r) Vi (2.33)

Vee(p(0)] 1) = ‘SETW (2.34)

2.5. Basis Set Expression and Matrix Equations

Although the Kohn-Sham equation (eq. 2.33) is an advancement, it is still not analytically
solvable and the Kohn-Sham orbitals ®; (r) have to be sought out numerically. For this,
two approaches can generally be utilized: basis function expansion and real-space grid
methods. In both approaches the differential equation for the unknown ®; (r) is converted
into a set of equations for unknown, but easier determinable expansion coefficients or grid
values. The more common is the basis function method, where |®;) are represented in a

known basis {|p,)}.

N
i) =D Civlpy) Vi (2.35)
v=1

As a matter of principle, the basis {|p,)} ought to be complete, but in practice a basis as
small as possible is employed in order to reduce the computational effort in the determi-
nation process of the expansion- or Fourier-coefficients, Cj,. The choice of the basis set is
influenced by the problem investigated: For systems with periodic boundary conditions,
such as crystals, plane waves are often used, because their mathematical handling is easy
and linked to the Bloch paradigm. For spatially restricted systems, such as clusters and
molecules, atomic-like basis functions (LCAO) are the method of choice, since the localized
density distribution requires a larger number of plane waves for a reasonable representa-
tion. On top, the definition of plane waves requires the application of periodic boundary
conditions, which results in a consideration of artifacts due to the periodicity versus the

large basis extension due to the vacuum zone between the molecule images.

In either case the Hamilton operator must be written as a matrix in such basis. Thus, the

combination of equations 2.33 and 2.35 leads to:

N N
H[D;) = HCivlpo) = Y €iCiv lpn) = € @) Vi (2.36)
v=1

v=1
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The multiplication with (p,| from the left and the linearity of the operator results in the

generalized, hermitian eigenvalue equation:

N

> Ciy (hop — €is0p) = 0 Vi,p (2.37)
v=1

hyy = <‘Pu ‘I:I‘ <pv> = /(p: (r) I:Igov (r)dr (2.38)

H = —% + Vext (1) + Vi ([p(1)],7) + Vae ([0 ()], 1) (2.39)

sw=leulen) = [ e en ) ar (2.40)

The matrices h and s are the so-called Hamilton- and overlap-matrix, respectively, and
depend on the atomic positions and the density p (). Due to this, a self-consistency loop
with equations 2.27 and 2.37 can be constructed. There an initial density p;, () constructs
the potentials in Hamiltonian H, which then is used to solve eq. 2.37 to achieve ®; (r),
which construct a new density poy: (7). This new density (or a weighted mixture with the
former densities) may then be taken as the new initial density p;, (r) and thus starting
a new iteration circle. At the end of the procedure stand densities as in- and output,
which are identical (theoretical goal) or agree to each other within a predefined precision
(practical approximation). With this density, the electronic problem is then finally solved

and all the physical properties may be extracted.

An example for a physical property might be given by the ionization potential derived from
the formula for the electronic energy. The energy functional (eq. 2.25) expressed with the

kinetic functional (eq. 2.31) reads as

Bl = Yom [010) 2] ei0rars Ve pwan

1

45 [Va o) r)dr + Euclp () (241)

and can then be rewritten according to the Kohn-Sham equation (eq. 2.33) and the normal-
ization of the orbitals (eq. 2.26), while correcting for double counting with —3 [ Vg (r) p (r) dr
and — [ Vg () p(r)dr as

Bslp (] = Do [ 80) [ <5 4 Ver ()4 Vi (1) 4 Voo )] 1 ()
i=1
—% /VH (r)p(r)dr — /ch (r)p(r)dr + Egz[p(r)] (2.42)
= ;nzel - % /VH (r)p(r)dr — /Vzc (r)p(r)dr+ E..[p(r)](2.43)
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With this the energy is given in terms of the Lagrange parameters or single-particle Hartree-
type energies ¢;, which include the majority of electronic shell structure effects due to
the exact treatment of the kinetic energy[42]. A physical meaning of the parameters
¢; is assigned by the interpretation through the so-called Janak’s Theorem|[41] or DFT-
Koopmans’ Theorem[43, 44] for

5B

— = 2.44
b€ (2.44)

which is accepted to be an approximation to the ionization energies for the highest occupied
electronic levels (HOMO). Although the relation originates from a fictitious one-electron
system, proof was given that the highest occupied eigenvalue is equal to the first ionization
potential[45].

11
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3. Density Functional-based Tight
Binding

Now follows a short summary of the further approximate method of density functional-
based tight-binding (DFTB) up to the self-consistent charge level[6-9]. Additional devel-
opments and tests of the DFTB method are discussed in [10-26].

3.1. Stationary principle approach

The total energy of an atomic systems in DFT consists of the electronic energy and the

nucleus-nucleus repulsion:

EE)FT = Exs [,0 (T)] + vnucfnuc (31)

While determination of the the latter is trivial, the whole section 2 and at last equation
2.43 are devoted to achieving the first term. The density p () was obtained as the self-
consistent iterative solution of equation 2.33. This involved the formation of the potential
V (pin (r),7) from a guessed input density pin (r) to calculate the Kohn-Sham orbitals
®; (r), which together with the occupation numbers n; form the output density pous (1),
that serves as input density for the next iteration. Meanwhile, the energy expression
(eq. 2.43) usually depends on the input and output densities due to the potential terms
[V (pin (), 7) pout (r) dr. Although, this equation is only evaluated as a last step of the
process, the iteration cycle can be cut short by the formulation of a non-self-consistent
energy functional[46]. This results in an functional € [piy ()], that is regulated by the input
density only and called Harris-functional. Thus, this functional is not strictly variational
but it is equal to the Kohn-Sham functional at the ground state and stationary. This
means that deviations of the input from the ground state density affect the energy only in
second or higher order. The influence of those quadratic terms was analyzed by Foulkes
and Haydock[47]. They rewrote the Kohn-Sham functional as

Eislo ()] = Tolo(r)] +vo(r) (3.2
vlp@)] = [V p@)ar+ 5 [Vilp@)ndr+ Beclo] (33
v o (r)

= Vet (r) + Va ([p(r)],7) + Vae ([p (r)] 1) = Ver ([ (r)] 7). (3.4)

12
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Therefore, the non-self-consistent Kohn-Sham equation for a given input density pin (1)

was written as

S Ve (o (1) ,r>] Bi(r) = s (r) Vi (3.5)

and leading to one-electron eigenvalues ¢; and orbitals ®; (), which form the output density

occ.

Pout ( Zm/@ | dr (3.6)

But this density is neglected to obtain the non-self-consistent Harris functional ¢ [pin (7)]

and just the eigenvalues ¢; enter the equation:

occ.

€ [pin (7 Z ni€i — Eg [pin (7)] — Eze [pin (7)] — /Vzc ([pin] ) pin (r) dr (3.7)

The deviation from the Kohn-Sham energy functional at the ground state (eq. 2.43), which
equation 3.7 resembles, was concluded from a Taylor-expansion of v [p (r)] to be of second

order in the charge density difference.

Ap(r) = pout (r )—Pin( ) (3:8)
Exs [pout] = ¢[pm] + e Pln’ AP] (3.9)
= clpm] + // | Ap(r) Ap (') drdr’ (3.10)

Fulp] _ Ver([p ()], 7 )_ 1 Vace ([p ()] 1)
N 1 R e I V10 1

The basis for the DFTB method is the functional ¢ [pi, (7)] of equation 3.7. The self-
consistent charge (SCC) formalism of the method comprises the &) [pin, Ap] correction
term by iterative refinement of the charge fluctuations Ap (). Nevertheless, a good initial

guess of the input density is essential for the method.

3.2. Approximations

The DFTB method relies on the stationary principle while adopting a number of additional
approximations. The goal of these approximations is the separation of global quantities
like potentials, densities and wave functions into their atomic and pairwise contributions,
which allow the advance calculation of Hamilton matrix elements and double-counting

terms based on isolated atomic systems and atom pairs. The main approximations are
1. superposition of pseudo-atomic densities as starting density

2. minimal-basis, valence-only LCAO wave functions

13



3.3. Pseudo-atomic densities Chapter 3. Density Functional-based Tight Binding

3. neglection of three-centre and crystal-field terms in the Hamiltonian (two-centre

Hamiltonian)

4. repulsive pair potential for the double-counting and inter-nuclear energies

. . . : WVac(lplr)
5. Mulliken charges, monopole approximation and extrapolation of — 5

The total energy expression of DFTB based on equations 3.7 and 3.10 is:

occ.

~ 0
Biot[oin +Ap] = Y ni <‘I’z‘ H ‘ ‘I>z‘> + Erep [pin] + €@ [pin, Ap) (3.12)
i=1
= Fpg+ Erep + E¢ (3.13)
-0 A
= -5 + Vet ([Pin] ,7“) (3.14)

The term Fpgg is the so-called band structure energy and is the trace of the reference
Hamitonian ﬂo. The E.ep, is the repulsive potential, which is similar to standard tight-
binding theory and concentrates the double-counting terms and inter-nuclear repulsion.
The last term, Eq, subsumes the charge fluctuations Ap (r) and is achieved by the SCC

treatment.

3.3. Pseudo-atomic densities

The starting density of DF'TB is chosen as superposition of compressed densities of neutral

atoms.

pin (r) =Y pi (r — Ra) (3.15)
A

Due to the fact that the densities of free atoms are too spread to represent the density
in poly-atomic systems, employing them would not provide a good initial guess. Hence,
the compression anticipates such modification of the density in condensed systems. Fur-
thermore, the operating experience has shown that the spatially confined densities are
beneficial for a number of the applied approximations|6]. Therefore, the densities are ob-
tained from DFT calculations of single, isolated atoms placed in an additional parabolic

constriction potential. Therefore, the modified Kohn-Sham equation has to be solved:

A r\" _ _ _
_E _i_vg%om [p104] + <%> :| SOI;S at (7“) _ 6155 at(pgs at (316)
The confinement potential is defined by the exponent m and the range rg. The exponent is
usually chosen to be 2, since it was shown to be of small influence on the results[12]. The
range parameter is more difficult to pinpoint. Typically, it is connected to the covalent
radius, rcov, Of an element and for covalent bond systems with the exception to 3d transition

metals chosen to be 7 & 1.85 X reov[12].

14
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The slightly empirical nature of the determination of the compression radius leads to a
certain degree of capriciousness in the chosen density and potential, of which the Hamilton
matrix elements are calculated. This is reflected by the fact that different schemes for
the pseudo-atomic calculations are at hand[10, 12, 14]. In the scheme employed here, the
compression or confinement radii for the density (rq.) and the wave function (ryg) are

chosen separately in accordance with the scheme of [13, 14, 17]

Nevertheless, the pseudo-atomic wave functions are given as Slater type-orbitals (STO)

characterized by coefficients a;; and exponents «;.
5 3 ‘ =
OP5T (1) = O (1) = Z Z agr ey, (;) (3.17)

i=1 j=0

An in depth discussion of the basis set optimization can be found in [12] for the first- and

second-row elements.

3.4. Two-Centre Approximation

The pseudo-atomic basis set is used for a LCAO expansion of the eigenfunctions ®; (r):

i(r) = .Y Cipul(r) (3.18)

A o[A]
W = (ou 10 = [ (%, () ar (319)
s = (el = [ e en ) (3.20)

h?w and s, denote the hamilton- and non-orthogonal overlap matrix elements in this basis.
The elements can be calculated as soon as the pseudo-atomic calculations are complete
and then tabulated as function of the distance between two centers. To get to this two-
centre representation, the effective Kohn-Sham potential has to be decomposed into atomic-
like contributions. Given that the exchange-correlation potential is non-linear, there are
two possibilities to achieve said decomposition: potential and density superposition. The

potential superposition was applied by [10, 12| and density superposition by [14].

0 cl
Vet ([pin] s 7) = 2 Ve (] me) (3.21)

Verr (22 06 (7))

Besides, applying a valence-only basis, a number of the possible integrals are neglected
(see table 3.1). The largest simplification is performed by disregarding the three-centre
integrals, both because of the complexity of the integrals as well as the sheer number of com-

binations. Although, the crystal-field terms are relatively easy to achieve and could be used

15



3.5. Repulsive Potential Chapter 3. Density Functional-based Tight Binding

Table 3.1.: DFTB Hamilton integrals

integral type involved centers DFTB status
onsite a=b=c used
two-centres a#bc=aorc=0> used
three-centres a # b, b# c and a # ¢ neglected
crystal-field a=b#c neglected

Integrals in the DFTB Hamiltonian hfw (eq. 3.19). Centers a and b are orbital centers
with basis functions u € a, v € b, and center ¢ is the potential center (eq. 3.21).

for improvements, the neglection of both types results in considerable error-cancellation|6].
The discussion of the whole, complex process can be found in [10] and [7]. The remaining
terms are the onsite integrals, which result from the atom calculations, and two-centre

integrals, for which potentials and densities of two distinct atoms are needed.

. = e (3.22)
o, - <% A { Vo (ra) + V3 () }

=+
2 Veff ( [pian + p?n] ’T)
3.5. Repulsive Potential

g0v> HweEa,veEDd (3.23)

The repulsive potential, which contains the double-counting terms appraised at the input

density, and the inter-nuclear interaction, is approximated as a sum of pair potentials.

O (3 B oD o (L I e
A B#A

The justification is given by:

e Neutral atomic fragments form the density pi, and this results in no unscreened long-
range Coulomb contributions being present in the Hartree and nuclear interaction

terms.

e The Hartree integrals for atom pairs depend on the internuclear distance only, since

the atomic starting densities are spherical.

e Although the exchange-correlation interactions are in general not separable into pair
potentials, a cluster expansion [7, 47| enables the extraction of two-body components.
While higher-order terms involve density overlap between three centers, which are
neglected due to the compressed starting densities, the two-body terms can be ex-

pressed by pair-potentials.

Given that all monomer contributions are summed up in the atomic orbital energies ¢,
the repulsive potential becomes zero in the dissociation limit. The practical approach for
the determination of Fyp is as the distance-dependent difference between the DFTB band
structure energy and the DFT total energy.

16
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Ewep (R) = By (R) — EgS P (R) (3.25)

Hence, calculations have to be performed for one or more reference systems. These systems
may be solids, dimers or simple molecules like ethane. According to the concepts and

approximations thus far, the repulsive potential has some notable properties:

e For small interatomic distances, the repulsive potential has a steep slope owing to

the Pauli repulsion of the electron shells.

e Between the first- and second-neighbour distance it rapidly assumes zero. This should
be the case with respect to the valid pair-potential representation embodied within
Erep.

e The repulsive potentials calculated for different reference systems are close to each
other. This is evidence for the transferability of the potential between different
systems and therefore for the transferability of the method. A known exception are

the potentials for highly coordinated structures such as fcc and bcee crystals[6].

The repulsive potential is practically stored in the form of a polynom or spline. These are
cut at a certain distance, the cutoff radius reytof- Beyond this radius, which is typically
between the first and second neighbor distance of the atom pair, the potential should have

vanished or is taken as such.

3.6. Self-Consistent Charge Corrections

The last term of the DFTB energy expressions (Eg in eq. 3.13) consists of the second-order
corrections to the Harris functional in comparison to the Kohn-Sham functional (eq. 3.9).
It becomes important when different elements are in a system and thus charge transfer
and long-range Coulomb effects have a considerable influence. As before, the change in the

charge Ap is split into the atomic parts Ap,.

EG = Pm,AP (326)
1 Ve ([ (). 7) A
- Z//[rr_wy o], A8 () arariaan
=
A ) = S chuFi ) Vi (22) 2 AuFy () oo (3.29
Im @
Ta = T_Ra (329)

Therefore, the correction term can be rewritten in the rather simple form:

17
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M
1
Eq = izrthQaAQb (330)

a,b
_ 1 Ve ([p (T/)] ,T) a N1 /
Yab = // [’7" ] + 5p (1) Fgo (ra) Fobo (’I“b) Edrdr (3.31)

Pin

Hence, the 7, embodies the distance dependence of Eg on the ionic positions. If the
entering pseudo-atomic densities and the orbital relaxations functions F, (r,) are taken to
be fixed and only weighted by Agq,, then 7,, depends geometrically only on the interatomic
distance R = ‘]?A} — R_B>‘

In the limit of R — 0, which is the case for coinciding atoms A and B, 74, or rather 4,
equals the Hubbard-like parameter U, of the atom. The Hubbard parameter is related to
the chemical hardness, which is a scale for the electron affinity and the ionization potential.
If the influence of the environment is disregarded and Janak’s Theorem[41] is used, then U,
can be determined from the DFT calculations of the pseudo-atom as the second derivative

of the HOMO of the free atom considering its occupation number.

O’E, e,
Voo = U, = 5 2at0m _ 8€HOMO (332)
Qatom lg=q TTHOMO

In the other limit, that is the for large interatomic distance, 7, scales as % due to the van-
ishing exchange-correlation interaction. There are a number of ways to reach a continuous

transition between these two limits[48-50].

Finally, the atomic charge deviations Ag, are needed for the evaluation of equation 3.30.
These are achieved from Mulliken charges as the difference from charge of the respective

neutral atom ¢°.

occ

Ga = Z ng Z Z Ciucivs;w = Z quv (333)

i pla] v pla] v
Aga = Ga—qq (3.34)

3.7. DFTB Secular Equation

With all the former approximations, the DFTB total energy reads as:

occ

M
BT S50 S Oyt + 1S e B ((R)) 60)

i ula] v ab

The LCAO coefficients are found by the variational principle for a given set of atomic

coordinates, which determine the matrices h,, 4, and 4.
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occ

AL g (1 vy cc)] o 330
7 noov

0
oC;,

As a result the secular equation (eq. 3.37) is obtained, with the augmented Hamilton

matrix elements due to the minimization of Eg and Egs.

N
Z Civ (h;w - asuv) =0 VZ7 1% (337)
v=1
1 M
hlw = h?w + §S,uv Z (Yae + Yoe) (QC - qg) (3.38)

[

As for DFT at the Kohn-Sham level (eq. 2.37), equation 3.37 is an eigenvalue problem,
which has to be solved self-consistently. The result gives the eigenvectors Cj, and the
one-electron energies €; and with these the dependent properties like charge distribution

and density of states.

In the same fashion as done for the DFT energy (eq. 2.43), the DFTB total energy can
be written in terms of the one-electron energies ¢; to simplify the calculation of equation

3.35. A detailed explanation of the necessary steps is given in [7, 12-14].

occ occ

Zn{é‘ = Zm <‘I’z‘

2

H‘ <1>i> (3.39)
occ occ

= Z n; Z Z Cmcwhgv + Z n; Z Z Cmcw% Z (Yac + Ybe) Age  a[p](340)
% noov 7 nwov

[

= Eps+ % > Age (Z daYac + Zb: %’7bc> (3.41)

1
= Eps+5) A6) 2qme (3.42)
c b

1

= Eps+Lc+g > elge (g5 + a) (3.43)
be
occ 1 M _

Egi P = D ni&i— 5 ) b (40 +5) (g + 05) + Erep ({RA}) (3.44)

i ab

3.8. The Parametrization Recipe

According to all the above, to parametrize an element for the SCC-DFTB method the

following steps have to be taken:

1. Perform DFT calculations on the neutral atom to determine the LCAO basis func-

tions ¢, and the reference density n{ .
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2. Determine suitable confinement radii for the density (rq.) and wave function (ryfc).

3. Numerically integrate Hamiltonian (h,,) and overlap (s,,) matrix elements and tab-

ulate the values as a function of interatomic distance (Rap)

4. Obtain Eyep, for every element combination under interest using suitable reference

systems.

The transferability of the achieved parameters has to be subject to further testing. For this,
full DFT calculations or experimental results might be used as the reference. Although, the
parametrization requires a lot of thorough preparatory work, its success yields a calculation
method, which is significantly less computationally demanding than but as accurate as

DFT. Thus, it is faster and can handle much larger systems.[6, 51]
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Part II.

SCC-DFTB Parametrization of

Boron
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4. Introduction to Boron

4.1. Element and Bonding Situation

The element boron was discovered in 1808 at the same time by L.-J. Gay-Lussac and L. J.
Thenard in France as well as by Sir H. Davy in England. The name is reminiscent of the
boron containing mineral borax, which is known since the antiquity, and the chemical re-
semblance to carbon[52]. Boron is the fifth element in the periodic table right before carbon
and the first in group 13. It has (by default) three valence shell electrons distributed over
four valence shell orbitals. Due to the larger number of valence shell orbitals compared to
the valence shell electrons, boron is characterized as an electron deficient element/system.
This electron “poorness” gives rise to special bonding behaviors like 2-electrons-3-centered
bonds (2e3c)[53-55]. In contrast to its heavier homologues, boron forms monomers of the
type BRj3 in the gas phase, which are of planar triangular geometry with bond angles of
about 120° and a sp? hybridization of the boron atom[56]. In these compounds boron has
only an electron sextet instead of an octet. Thus, the boron atom is still undercoordinated
or unsaturated. The electron octet can be generated depending on the substituent through

three mechanisms:

1. Adduct formation with an electron pair donor as a Lewis base[57, 58]; the intermolec-

ular formation of so-called dative bonds[59].

2. Intramolecular, p, — p, interaction, if the substituents R in BR3 have free electron
pairs like for example halogenides do. In this case, the free electron pairs partially

occupy the empty p,-orbital of the boron[57, 58|.

3. Formation of 2e3c; in these bonds one electron pair is shared by three atoms. For
example in BoHg, the dimer of the monomer BH3, two hydrogens share their electron
each not only with one but two boron atoms and thus act like a bridge between the
two boron atoms. The formation of 2e3c is known to happen in boranes or boron

hydrides and boride clusters. Hence, 2e3c also occur between three boron atoms.

4.2. Solids

The electron poorness of boron results in the exhibition of a remarkable complexity in its
bulk phases: “situated between metals and insulators in the periodic table, boron has only
three valence electrons, which would favor metallicity, but they are sufficiently localized

that insulating states emerge”’[60]. Of elemental boron at least 16 polymorphs are known
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[61] and at ambient conditions the most stable phase of boron is still not experimentally
determined|[62]. All known elemental bulk modifications are described on the basis of
a three-dimensional framework of slightly distorted Bis icosahedra. The currently estab-
lished pure bulk phases are a-rhombohedral (a-B12)[63, 64|, S-rhombohedral (5-B106)[65],
B-tetragonal (T-192)[66], and ~ -orthorhombic (- B28)[60, 67]. The static energies of a-
B12 and 8-B106 are nearly equal at ambient conditions, while disordered 5-B106 is slightly
favored when zero-point energies are considered[68, 69]. At higher pressures of several gi-
gapascals, the a-B12 phase is expected to be more stable at all temperatures, since it
is much denser. But there are opposing effects at high pressure: favoritism of metallic
states and stabilization of metallic-like icosahedral clusters[70] versus the low space filling
in icosahedral packed structures (34% for a-B12). These effects result in the formation of
even denser phases with less icosahedra, as for example the a-Ga-type phase[71]. It was
found that boron is extremely hard and semiconducting in all of these phases, but boron
phases with impurities/doping atoms are often found to be metallic[60]. Experiments with
B-B106 at room-temperature revealed even metastable amorphization at 100GPa|70]| and
onset of superconductivity at 160 GP[72].

4.3. Nanostructures

In addition to the various solid phases, the prospect of nanostructures similar to graphene
and carbon nanotubes (CNT) was nourished by the prediction [73, 74| and experimen-
tal confirmation [75, 76] of stable quasi-planar and tubular clusters of elemental boron.
Coming from these clusters, different models of stable boron nanostructures have been
considered like fullerene-type macromolecules, nanotubes, and two-dimensional sheets.[77—
84]. Even, first successes in the synthesis and characterization of boron nanotubes (BNT)
[85, 86] and hints on their atomic structure and electronic properties [87, 88] have been
reported. But, the exact atomic structure of these BN'Ts is still under research, since the
quasi two-dimensional boron sheet(s), which is/are rolled up to form the BNTs, is/are yet
not experimentally achieved. The so far proposed sheet models can be divided into three
structural classes: triangular, hexagonal, and mixed triangular-hexagonal. One favorable
representative of each class[89] are the so-called buckled triangular (BT) sheet|84], dis-
torted hexagonal (DH) sheet|81], and a-sheet|82]. Due to the pronounced polymorphism
of boron, it might be that one or more of these and other sheet structures are feasible in
experiment. Nevertheless, BN'Ts of all classes are preestimated to have a metallic character
independent of their diameter and chiral angles [79, 81, 84, 90]. Only for an a-sheet BNT of
small diameter (<1.7 nm), semiconducting properties emerged from DFT calculations due
to curvature-induced slight out-of-plane buckling[80, 83, 91]. But MP2 calculations indicate
that the buckling and so the semiconducting character is a product of DFT deficiency[90].
Conductivity measurements reported by Liu et al. [87] on large-diameter (10 to 40 nm)
multi-walled BN'Ts confirmed the prediction of metallic properties. Theoretical investiga-
tions of electronic structure and transport properties are published for fullerene-like[92]
and flat|93, 94] boron clusters as well as small-radius boron nanotubes|[95, 96] and BNTs
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with diameters of approximately 10 nm [88]. The last allows for a comparison with the

experiments of Liu et al.[87].

4.4. Boron-Hydrogen systems / Boranes

Boron hydrogen compounds are counted to the family/class of electron deficient systems,
since their number of covalent interactions surpasses the number of electron pairs available.
Given that these compounds do not have the possibility of comprehension by p, — p,
interaction, the covalent interactions are accompanied by 2e3c. W. N. Lipscomb was the
first to publish a description of the bonding situation in these compounds by using 2e3c[53—
55]. The consideration of the bonding within the molecular orbital theory has shown that
the 2e3c bonds are interactions of the hydrogen 1s orbital with two sp? hybrid orbitals
of two boron atoms (B-H-B bond) or of three sp hybrid orbitals of three boron atoms
(B-B-B bond). The smallest borane with 2e3c is the diborane BoHg, the dimer of BHj3.
Longuet-Higgens and Bell have described its structure already 1943 with hydrogen bridges
and not as an ethane (CoHg) analogue structure[97]. A more recent work on the charge
density of BoHg has confirmed the absence of a direct B-B bond[98] and thus ended a long

discussion decisively[99].

Of great interest is also the bonding nature of the polyhedral closo-boranes and their
isoelectronic carbaboranes and azaboranes. This is because of the electron deficiency,
which results in special bonding situations and geometric arrangements[100]. The bonds
existing in these substances cannot be described by the same means as organic compounds,
that are Lewis structures. Hence, new concepts for these structures have been developed
by W. N. Lipscomb[101], K. Wade[102, 103], and R. E. Williams[104]. Their rules allowed
the prediction of structure, stability and existence of isomers. The special stability of
closo-borane clusters was described by Morrison[105], who used a “magic number” 2n +
2, which is also known as “inorganic Hiickel’s rule”. Additional works were done using
tensor surface harmonics[106, 107]|, six-electron-rule[108|, Graph-theory[109], and three

dimensional aromaticity[110, 111].

Overall one can say that due to the electron deficit in boranes, additional electron pairs
can stabilize a structure instead of leading to its decomposition as known for organic

compounds. Therefore, the variety of boranes with unorthodox geometries is quite large.

4.5. Wade’s Rule

In the following the rule of Wade (other names are “Wade/Mingos rule” and “polyhedral
skeletal electron pair theory”) shall be explained a bit more, since it allows for the easy

classification of boranes.

According to Wade’s rule, there is a relation between the number of valence electrons and

the structure of the closo-borane clusters (B, H, 2, BnH};l, Banf). For a polyhedron
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Figure 4.1.: Classes of Boranes

Closo-, nido- and arachno-clusters are shown for n = 6 from left to right, respectively. The left
molecule is B6H§7, the middle one is BsHgy, while the molecule on the right is B4yH;9. The
labeling of the atoms is not according to the positional convention.

Table 4.1.: Types of Borane Clusters according to Wade’s Rules

name number of vertices chemical formula backbone
of the polyhedron  neutral anion  dianion electrons
closo n B,H,,» B,H, BH,  2n+2
nido n+1 B,H,ya B,H, BH, 2n+4
arachno n-4 2 B,H,16 BnH}lfF5 BnHifF4 2n+6
hypho n+3 B,H,ys B,H . B,H. s 2n+38

with n vertices, 2n + 2 electrons are needed as backbone. This number of electrons is
less than for directed, normal covalent bonds or 2e3c bonds. As backbone electrons are
counted those valence electrons, which are not spent on the formation of terminal cova-
lent bonds. For example, B12H%2_ forms an icosahedron (bicapped pentagonal antiprism,
n = 12) and has 50 valence electrons (48 from the atoms, 2 from charge). 24 of these
electrons are needed for the terminal B-H bonds, which leaves 26 electrons for the cluster
stabilization. Therefore, B12H§§ is an experimentally known molecule, while B12H%2* (25

backbone electrons) and B1oHio (24 backbone electrons) are unstable.

The rule of Wade has been extended to describe also non-closo clusters, where the boron
atoms do not form a closed polyhedron. In these clusters, some of the corner of the poly-
hedron are unoccupied and additional hydrogens and/or electrons are added. Therefore,
the number of backbone electrons changes, too. For clusters, which have one vertex un-
occupied, the number of backbone electrons is 2n + 4 and the name has the supplement
"nido”. With two missing vertices, the number changes to 2n + 6 and the name add-on is
”arachno”. Furthermore, the unoccupied positions are nearest to each other, thus explain-
ing the origin of the names: closo and nido stem from Latin, cleusus and nidus meaning
closed and nest, respectively. Arachno originates from Greek and stands for web. For
a better understanding figure 4.1 shows closo-, nido- and arachno-clusters for an equal
n = 6. A small overview over possible chemical formulas with the number of corners of the

polyhedral structure basis, backbone electrons and name extensions is given in table 4.1.
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Figure 4.2.: Diastereomeres of Carbaheptaborane (7) Anion

The left molecule is 1 — CBgH.™ or 0 — CBgH: ™, while the molecule on the right is 2 — CBgHL~
or p — CB(;H%*. The labeling of the atoms is not according to the positional convention.

4.6. Heteroatom Structures / Carba- and Azaboranes

The variety of clusters is further enlarged by the possibility of incorporation of one or more
non-boron atoms in the boron framework. Especially for the double charged closo-clusters,
the exchange of a boron atom by a carbon or nitrogen results in stable compounds.[110]

The isoelectronic relation is given in equation 4.1.

B,H?™ +— CB,_H.” +— C3B, oH, +— NB,_H, (4.1)

Moreover, this leads to the distinction of diastereomers, because the heteroatom breaks
the symmetry of the molecule. Hence, there is a rule for the precise nomenclature of these
systems. The atom positions are distinguished according to the highest priority axis, this
is the axis of highest symmetry. The vertex atom on this axis has the position 1 and is the
origin for the further numbering. The atoms are numbered in the the sequence: atom on
the axis, atoms in the surrounding ring, atoms in the next ring(s), atom on the opposite
side of the ring(s). The resulting numbers for the heteroatom position shall by definition
be as small as possible. For clarification, an example for the carba- and dicarbaboranes

each is given in the following.

The carbaheptaborane (7) anion has the geometry of a pentagonal bipyramide. Thus, the
incorporation of the C-atom can happen on the top of a pyramid (position 1) or in the
five-membered ring (position 2). This results in two non-equivalent molecules 1 — CBGH%f
and 2 — CBgHL™ or o(rtho) — CBgHL™ and p(ara) — CBgHi ™, respectively. Ball-stick

representations of these structures are given in figure 4.2.

In the case of the dicarbaboranes, there are two carbon atoms, whose positions relative
to each other allow the distinction of diastereomeres. Assuming as example CoBigHio,
which is of icosahedral shape, the positions for the first carbon are all equivalent (position
1). The second carbon atom can be in direct neighborhood, that is in the subsequent
five-membered ring, (position 2), in the next-neighborhood, which is in the second five-

membered ring, (position 7), or on the opposite side (position 12). The yielded molecules
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Figure 4.3.: Diastereomeres of Dicarbadodecaborane (12)

The left molecule is 1,2 — C3B1gH12 or 0 — C3B1gH12, the middle one is 1,7 — C3B1gHq2 or
m — C3B19H12, while the molecule on the right is 1,12 — CaB1gH15 or p — C3B1gHi2. The
labeling of the atoms is not according to the positional convention.

are named accordingly 1, 2— CQB10H12 or o— CQBlong, ]_, 7— CQB10H12 orm— CQB10H12,
and 1,12 — CoB1gH12 or p — C3B1gH19, respectively. They are shown in figure 4.3.

4.7. Dative Bonds and lIsoelectronic Structures

Chemical bonds are usually defined as covalent, electrostatic or metallic[112]|. But molecules
like aminoborane (H3B —NHjs), where the finding of high experimental dipole moment sug-
gests a ionic description, are better characterized as electron-donor-acceptor-adducts.[113—
115] Electron-donor-acceptor-adducts comprise all molecules, which are bonded by elec-
trostatic, covalent and/or van-der-Waals interactions. The concepts is based on the work
of Lewis[116] and the qualitative model of “Hard and Soft Acids and Bases” (HSAB) by
Pearson|[114, 117, 118]. The main difference of such adducts compared to “classic” covalent
compounds is the dissociation. The former decompose into two closed shell fragments,
while the latter form two open shell fragments.[119] Thus, this can be used as the def-
inition of a dative bond, where the bond breaking results in an electron donor and an
acceptor part or a cation-anion-pair[120]. Another difference is that the bond length in
such complexes varies much more owing to the aggregate state[121-127]. Although over 40
years have been spent on these bonds by experimentalists and theoreticians, a final charac-
terization of such bonds is still missing[59]. A common class of donor-acceptor-compounds
are adducts of “electron-poor” boranes with “electron-rich” amines, acting as Lewis acids
and bases respectively. Thus, the B-N bond is a classical example for the description of
an electron transfer from the free electron pair of the nitrogen to the empty orbital of the

boron in order to form a bond[119].

However, more complex structures than aminoborane are also known. The aminoborane
is isoelectronic to ethane (CoHg), meaning that the two systems have the same number
of valence electrons and the same type of valence orbitals. Therefore, their ground state
structures are also almost the same. As a consequence of the relationship between the Cq

module to BN, many systems of organic chemistry origin can be thought of and realized,
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Figure 4.4.: Structure of Borazine, the inorganic Benzene

which contain the isoelectronic, inorganic BN moiety instead. A famous example is the

inorganic benzene analogue borazine BsN3Hg. Its structure is shown in figure 4.4.

4.8. Application Fields of Boron

In addition to the above mentioned hope of utilizing boron nanostructures for electronic
nanoscale devices, boron already has a wide area of applications. With its two natural iso-
topes 1B and 'B in 20% and 80% abundance, it is a good neutron capture agent, which
is used for reactor shielding[128]. Boron is also a dopant for semiconductors as silicon and
silicon carbide, where it donates a hole for p-type conductivity. The implementation is typ-
ically done via atomic diffusion at high temperatures or ion implantation from BF3[129].
Many boron compounds have extreme hardness and toughness. Boron carbide and cubic
boron nitride powders are used as abrasives, while metal borides coat tools to increase the
surface resistance[130]. Borosilicate glasses usually have a low coefficient of thermal expan-
sion, making it resistant to thermal shock and ideal for the usage in the laboratory interior
(brand names Duran and Pyrex) or in consumer cook- and bakeware[131]|. Furthermore,
in the (organic) synthesis boron has many uses. For example, in hydroboration-oxidation
reactions it is applied in order to introduce alcohols or carbonyls as functional groups[132].
Other reactions are asymmetric ally boration[132], transmetallation with organopalladium
compounds or the Suzuki reaction[133]. Due to the polarization of the B-H bond, com-
pounds of boron nitride are also under research for hydrogen storage materials[134, 135]. In
general, hydrogen atoms connected to boron have a slight hydridic character, while hydro-
gen bonded to carbon, nitrogen or oxygen has a protonic character. Therefore, molecular

hydrogen can be formed from the negative and positive polarized hydrogens in the system.
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5. Simulation Results of the Boron

Parametrization

5.1. Boron and boranes

The results presented in this part have been published in reference [136] and the parameters
for boron have been applied in reference [88]. The calculations of the molecular systems
(5.1.1 and 5.1.2) have been performed by the author of this thesis. The presented results
for periodic systems shown in 5.1.3 are based on calculations, which were conducted by the

co-authors of the publication [136]. They are given here for the purpose of completeness.

5.1.1. Confinement Radii and Repulsive Potential

In previous DFTB parametrizations for other elements the used confinement radii were con-
nected to the covalent radius of the atom. It was found that five times and approximately
two times the covalent radius are reasonable values as confinement radii for the atomic
density (rqc) and wave function (ryfc), respectively[6]. For boron the covalent radius, reoy,
is 82 pm|[52].

These findings of former parametrizations were used as a starting point to find suitable
confinement radii for boron. Hence, confinement radii were tested in the range of 3 to 10
and 1.5 to 3.5 times r¢oy for the density and the wave function, respectively. This resulted
in a total number of 3150 tested combinations. For each combination of confinement radii,
the repulsive potential had been determined in order to perform geometry optimizations
on the whole transferability test set. The transferability test set consisted only of the
molecular systems, which are described in detail later. The best confinement radii were
identified as the combination leading to the smallest deviations from DFT calculations with
respect to interatomic distances and angles. This led to values of 4.65 - reoy and 3.23 - regy

for the density and wave function radii, respectively.

The repulsive potentials (E,ep) necessary for the optimizations were created as described
above in chapter 3. DFT calculations were performed using the exchange-correlation func-
tional B3LYP[137, 138] and basis set 6-31G(d) with the program Gaussian 2003[139]. As
reference system diborane(4), BoHy, in Doy symmetry was chosen. This is the stable
configuration compared to Doy symmetry according to frequency calculations. The same
reference system was used for both pairwise interactions, H-B and B-B. For the H-B inter-

action, all four hydrogens were set to equal distances R4p , conserving the symmetry of
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the system. The resulting energies were divided by four, the number of extended distances,

to get the interaction of one H-B pair.

Since the new parameters are intended to complement the mio-set[13, 17, 19, 140], they
should reproduce the known overbinding error of roughly 10 kcal/mol per bond. This
overbinding is observable in atomization energies, but does not have any effect in isodesmic
reactions. In order to achieve a balanced description of reactions, that conserve the number
of shared electron pairs, the repulsive potentials for H-B and B-B were shifted to obtain a
consistent overbinding with respect to atomization energies. Therefore, at a certain cutoff
distance, rcy¢, the repulsive potential was then smoothly brought back to zero to ensure
correct dissociation energies. For the present parametrization, the cutoff values were chosen
to minimize the errors in bonding distances, angles and vibrations, which lead to the values
ri-B = 1.36A and 2P = 1.99A. The shifting process has usually only marginal influence
on geometries and frequencies, since the cutoff radius is chosen to be larger than any typical
bonding distance. Nevertheless, a high sensitivity on the cutoff values was found especially
for compounds with 2e3c bonds like tetraborane(10), B4Hyo . This is probably due to the

bigger range of bonding distances in such molecules.

5.1.2. Molecular Systems

The former mentioned transferability test set for the new parameters included structures
of closo-, nido- and archano-borane type as well as charged and uncharged molecules. To
evaluate whether the B-B interaction is described correctly, also systems were added, which
are formally forming solely covalent two electron bonds. These molecules could be referred
to as “carbon-like” and are hypothetical and unsaturated. Examples of such molecules
are triborane(5), BsHs, and tetraborane(6), B4Hg. The complete test of transferability
consisted of 16 molecules (BoHy, BoHy, BoHg, BsHs, B4Hg, B4H1g, BsHg, B12(Day), B, H2~
with n = 5 — 12), for which the interatomic distances and angles were calculated and
examined. DFT calculations with B3LYP and the 6-31G(d) basis set serve as reference,
while calculations with the gradient corrected PBE[141] functional, the semi-empirical wave
function based methods AM1[142] and MNDO[143| as with the existing DFTB-MatSci
parametrization[140, 144] were used for a better placement of the new parametrization.
Overviews of the findings for the distances and angles are given in table 5.1 and table 5.2,

respectively.

The decision to use B3LYP calculations as reference instead of experimental results was
based on the preference of a uniform reference. While B3LYP calculations could be per-
formed for every structure, experimental data for the hypothetical “carbon-like” systems
is not at hand, since these have not been synthesized up to now. Moreover, experimental
information available on bond distances is mostly obtained by single crystal X-ray diffrac-
tion, which can not be directly compared to the calculated gas phase structures under

discussion.

The root mean square (RMS) deviation error for the new SCC-DFTB parametrization
is with about 1% comparable to the one of PBE, while the values of AM1 and MNDO
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Table 5.1.: Molecular Boron and Borane Systems: Selected Atomic Distances
molecule bond B3LYP PBE AM1 MNDO MatSci DFTB (new)

Bio B-B 1.643 1.643 1.659 1.657 1.645 1.669
BoH, B-B 1.525 1.545 1.584 1.603 1.519 1.508
H-B 1.176 1.171 1.199 1.160 1.204 1.185

BoH, B-B 1.641 1.632 1.513 1.572 1.625 1.639
H-B 1.201 1.212 1.190 1.159 1.214 1.201

BoHg B-B 1.770 1.767  1.752 1.754 1.797 1.796
H-B 1.191 1.201 1.192 1.164 1.211 1.197

B-H-B 1.317 1.325 1.329 1.350 1.363 1.308

BsH; B-B 1.638 1.626 1.509 1.567 1.622 1.642
H-B 1.200 1.200 1.190 1.160 1.214 1.201

B4Hg B-B 1.639 1.633 1.513 1.571 1.623 1.645
H-B 1.200 1.211 1.191 1.160 1.214 1.201

B4sHq g B-B 1.724 1.721 1.660 1.752 1.663 1.696
H-B 1.191 1.202 1.193 1.166 1.212 1.198

B-H-B 1.257 1.272 1.268 1.257 1.337 1.266

B-H-B 1.417 1.420 1.413 1.515 1.381 1.366

BsHyg B-B 1.695 1.700 1.668 1.759 1.721 1.718
H-B 1.186 1.197 1.185 1.149 1.210 1.194

B-H-B 1.348 1.357 1.348 1.292 1.373 1.321

B5H§_ B-B 1.676 1.686 1.518 1.592 1.665 1.679
H-B 1.220 1.228 1.190 1.160 1.253 1.223

BGHE_ B-B 1.735 1.743 1.726 1.734 1.736 1.744
H-B 1.223 1.232 1.187 1.158 1.244 1.227

B7Hg_ B-B 1.829 1.831 1.783 1.836 1.869 1.831
H-B 1.221 1.230 1.189 1.163 1.240 1.225

BgHg_ B-B 1.821 1.819 1.780 1.843 1.884 1.824
H-B 1.217 1.225 1.190 1.166 1.237 1.221

BgHg_ B-B 1.712 1.719 1.580 1.846 1.726 1.725
H-B 1.215 1.225 1.192 1.166 1.233 1.226

BlOH?a B-B 1.821 1.820 1.760 1.831 1.822 1.798
H-B 1.211 1.221 1.189 1.166 1.231 1.222

BHH?; B-B 2.026 2.011 1.910 2.061 2.029 1.956
H-B 1.210 1.221 1.194 1.170 1.231 1.229

BiH2, BB 1787 1791 1758 1817  1.825 1.793
H-B 1.208 1.217 1.188 1.166 1.227 1.217

RMS error in % - 0.59 3.48 4.69 2.47 1.02

The values are given in A. The root mean square (RMS) error with respect to BSLYP is given for
the full set in the last row. Bold printing indicates the respective part of a 2e3c bond.
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Table 5.2.: Molecular Boron and Borane Systems: Selected Atomic Angles
molecule angle B3LYP PBE AM1 MNDO MatSci DFTB (new)

Bis B-B-B 1794 1794 1411 1787  179.9 179.8
B,H, H-B-B 1223 1223 1205 1218 1221 123.1
H-B-H 1154 1148 1189 1164 1158 113.7
B,Hs H-B-B 1190 1190 1181 1195 1195 120.0
B-HB 844 837 825 81.0 82.5 86.7
H-B-H 1221 1220 1239 1210 1210 119.9
BsH; B-B-B 1294 1308 1295 1275 1222 129.1
H-B-B 1217 1215 1202 1215 1217 1225
H-B-H 1164 1164 1195 1170 1166 115.0
B,Hs, B-B-B 1283 1283 1279 1273  121.8 128.4
H-B-B 1149 1144 1159 1162 1183 114.9
H-B-H 1163 1162 1196 1170 1165 115.1
B,H,, B-B-B 9386 981 1020  103.7 97.3 99.2
H-B-B 1157 1157 1122 1115 1263 1215
B-HB 881 86.5  86.3 84.8 95.2 92.3
H-B-H 1190 1184 1263 1229 1204 117.3
BsHy B-B-B 641 638  66.1 64.9 65.8 64.5
H-B-B 1314 1317 1297 1181 1298 131.0
B-HB 8.7 829 8.0 86.4 85.8 87.9
H-B-H 908  90.3 938  102.7 90.4 92.1
B;H?~ B-B-B 569 572 499 52.1 53.4 55.8
H-B-B 1202 1287 140.7 1379 1335 130.4
BeH2~ B-B-B 600 600  60.1 60.1 60.0 60.0
H-B-B 1350 1350 1369 1351  135.00 135.0
B;H2~ B-B-B  63.1 63.0 634 635 63.6 63.0
H-B-B 1404  140.7 1395 1398 1393 140.7
BsH2~ B-B-B 602  60.1 604  59.8 61.0 60.6
H-B-B 1224 1226 1195 1206 1212 121.3
BoH2~ B-B-B 586 585  62.1 52.7 56.9 57.8
H-B-B 1272 1272 1310 1309 1272 127.0
BigH2, B-B-B 90.0  90.0  89.9 90.0 90.0 90.0
H-B-B 1318 1318 1313 1312 1308 131.6
B;H?, B-B-B 609 608 615 62.0 61.2 61.0
H-B-B 1072 1063 1080 1102 1096 105.4
B;,H2, B-B-B  60.0 600 599 59.8 60.0 60.0
H-B-B 1217 1217 1217 1215 1217 121.7
RMS error in % - 044  3.40 3.36 2.57 1.17

The values are given in degree. The root mean square (RMS) error with respect to BSLYP is
given for the full set in the last row.
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show larger deviations (errors of about 3% and 4% , respectively). The average result
for DFTB-MatSci is somewhere in between. It can be seen that all methods perform
quite well for small, uncharged molecules and even for the hypothetical molecules the
semi-empirical methods yield satisfactory results. This is worth mentioning since these
molecules are probably not part of their parametrization. An exception for MNDO are the
arachno-structure tetraborane(10), B4H1g, and the nido-structure pentaborane(9), BsHo,
where the 2e3c-bonds are broken and therefore the molecules are deformed. In the case of
BsHyg, this deformation is so drastic that the nido-character of the molecule is changed to
an arachno-like character, meaning that the basic structural polyhedron is changed. The
errors of AM1 for Bys are fortified by buckling of the originally planar structure. The
limitations of AM1 and MNDO are identifiable for the charged molecules, when compared
to PBE and SCC-DFTB. DFTB-MatSci seems to be less exact for 2e3c-bonds, where
deviations of up to 8% were found, while the descriptions of terminal H-B bonds and
B-B interactions are reasonable even for charged molecules. In the molecules BsH2™,
BgHS* and BHH%I, notable bond elongations of about 4% at most are observed for SCC-
DFTB. Those are mainly leading to enlarging the closed polyhedral cluster on one side and
therefore “clustering” of atoms on the other side. But still the symmetry of the molecules
is conserved. While the clustering of atoms is observable for AM1 and MNDO, too, these
methods also tend to break the symmetry, which lead to errors of up to 12% and 24% |,

respectively.

A full normal mode analysis was performed for five, uncharged molecules. This yielded
108 vibrational frequencies in total for comparison. In table 5.3 the SCC-DFTB results are
compared to PBE/6-31G(d), AM1 and MNDO, while B3LYP/6-31G(d) is again the refer-
ence. This is due to the fact that experimental values are not available for all molecules
and/or have an unresolved symmetry of the vibrational modes, which might lead to assign-
ment problems. The RMS errors show that the agreement of SCC-DFTB and PBE with
the reference is significantly better than the one of AM1 and MNDO. As examples the
complete list of individual vibrational modes of BoHg and B4H1y are compared in table 5.4
and table 5.5. The close analysis reveals that the largest errors of SCC-DFTB occur for
bending modes. The stretching modes on the other hand are more accurately described.
The mean of the absolute discrepancy of SCC-DFTB from DFT/B3LYP is approximately
53 cm~!. This is nearly the same as for PBE with 41 cm™!'. Whereas the deviations for
AMI1 and MNDO are more than twice as large. The symmetry ordering of the modes is
quite the same for B3LYP and PBE. The other methods (AM1, MNDO and SCC-DFTB)

show all the same difficulties in matching the symmetry ordering.

As further test for the new parametrization atomization energies were calculated. As
mentioned, shifts were applied to the repulsive potentials of H-B and B-B in order to match
the overbinding of the mio-set. The shifts were determined for the B-B and H-B interaction
on Bys and BHg, respectively. Therefore, the overbinding for each combination could be
isolated. In table 5.6 and table 5.7 the results of the atomization energy and overbinding are
listed for DFT using BSLYP, PBE and LDA exchange-correlation functionals together with
SCC-DFTB. As expected, LDA strongly overbinds while the gradient corrected PBE and
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Table 5.3.: RMS Error of Harmonic Vibrational Frequencies of Boranes
molecule PBE AM1 MNDO DFTB

BoHy 6.47  13.68 16.78 8.36
BoHg 4.84 10.67 10.76 7.37
BsHs 6.36 17.01 19.15 8.98
B4Hg 5.59  18.93 20.09 6.59
B4Hjg 4.60 9.99 10.33 4.57

full test set ~ 5.57  14.05 15.42 7.17
RMS errors are given in % with respect to the BSLYP/6-31G(d) reference for each molecule and
the full test. Prior to the normal mode analysis, the geometries of the molecules have been
optimized at the respective level of theory.

Table 5.4.: Harmonic Vibrational Frequencies of BoHg

symmetry B3LYP PBE AM1 MNDO DFTB
Bay 356 305 320 402 357
A, 797 792 787 819 749
Ay 852 832 871 853 747
Bog 888 878 710 823 767
Big 947 917 966 972 813
Bay 978 897 1128 1192 952
Biy 1000 963 1169 1144 873
B3, 1055 980 1228 1239 1055
Bsy 1205 1159 1113 1223 1083
A, 1210 1161 1301 1308 1098
Bay 1730 1688 1377 1530 1809
Bog 1862 1851 1694 1815 1833
B 2019 2020 2117 2303 2162
A, 2203 2167 2252 2430 2230
By 2638 2578 2814 2908 2650
A, 2651 2590 2807 2905 2661
Big 2731 2670 2825 2972 2755
Boy 2744 2683 2838 2981 2762
RMS error in % - 4.84  10.67 10.76 7.37

The modes are given in cm~!. Prior to the normal mode analysis, the geometries
of the molecules have been optimized at the respective level of theory.
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5.1. Boron and boranes

Table 5.5.: Harmonic Vibrational Frequencies of B4Hqg

symmetry B3LYP PBE AM1 MNDO DFTB
Ay 212 196 196 243 204
Bo 357 342 356 261 397
A, 416 402 274 409 384
Bs 466 552 474 494 522
Ay 561 586 540 479 452
B 571 580 522 512 553
A, 678 693 535 549 638
Ay 683 660 823 768 627
B, 770 723 756 801 748
Ay 807 794 892 889 758
Ay 865 844 1036 1016 957
B, 888 865 897 918 833
A, 911 898 790 811 801
B, 921 892 929 908 837
Bo 954 909 927 968 907
Ay 1021 965 1184 1187 1014
B 1027 986 1076 1084 929
A, 1044 1002 1021 1017 930
A, 1102 1059 1203 1212 1035
B; 1120 1067 1211 1226 1081
B2 1171 1125 1235 1249 1101
A, 1187 1138 1242 1260 1110
B2 1332 1309 1347 1400 1374
Ay 1462 1439 1410 1441 1461
B; 1536 1493 1429 1460 1543
Ay 1579 1550 1546 1596 1582
Ay 2258 2187 2357 2489 2298
B; 2260 2203 2373 2504 2282
B> 2274 2212 2289 2476 2304
A, 2284 2231 2291 2480 2296
B> 2615 2545 2782 2871 2642
Ay 2620 2549 2781 2871 2646
Ay 2706 2638 2803 2916 2730
B2 2708 2640 2829 2954 2740
B; 2713 2659 2792 2912 2726
Ay 2722 2665 2831 2955 2743
RMS error in % - 4.60 9.99 10.33 4.57

The modes are given in cm~'. Prior to the normal mode analysis, the geometries

of the molecules have been optimized at the respective level of theory.
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Table 5.6.: Atomization Energies of Molecular Boron and Borane Systems

molecule  B3LYP LDA PBE DFTB

Bi2 1323.85 1662.03  1453.80 1563.95

BHj3 286.74 309.39 295.03 316.84

BoH, 266.20 302.65 337.10 300.43

BoHy 460.12 509.04 459.31 512.23

B2Hg 622.64 685.83 614.26 732.58

BsHs 603.66 712.13 640.29 709.76

B4Hg 812.05 914.12 820.47 906.67

B4H;g 1107.73  1273.90 1128.64 1370.55

BsHg 1182.77  1377.93 1219.35 1464.34
The spin polarization energy of isolated atoms was taken into account.

No correction for zero point motion was performed.

Table 5.7.: Overbinding of Molecular Boron and Borane Systems
molecule LDA PBE DFTB
Bi2 14.00 5.34 10.00
BH; 7.42 2.64 10.03
BoH, 12.03  23.49 11.41
BoHy 9.66 -0.28 10.42
BoHs 6.93 -1.02 12.21
BsH; 1537 512  15.16
B4Hg 11.21 0.82 10.51
B4Hjg 8.66 1.03 13.83
BsHg 11.38  2.06 16.56
Average 10.74  4.36 12.24
The values are given in kcal/mol per bond with respect to BSLYP/6-31G(d).
The spin polarization energy of isolated atoms was taken into account.

No correction for zero point motion was performed.

the hybrid functional BSLYP both give more similar results. SCC-DFTB yields results
of the level of LDA. Although the resulting average overbinding is close to the desired
10 kcal/mol per bond with 12.24 kcal/mol per bond, results for some bonds exceed 16
kcal/mol. Since this is the case for the molecule with the most B-H-B bonds in the test
set (BsHg), this suggests that 2e3c bonds are energetically not well enough described.
However, the errors for BoHg and B4H;g, which also comprise B-H-B bonds to a large

extent, are smaller than for BgHs, a carbon-like borane.

Due to the molecules in the test set, the (vertical) ionization potentials (IP) of the double
charged closo-clusters are of interest. McKee and co-workers[145] performed calculations
on these systems. They found that in the series of clusters, which are covered in the test
set, only B1oH?; should overcome the Coulomb repulsion. Therefore, it should be the only
cluster with a positive vertical IP. The values of the IP are given in table 5.8 and visualized
in figure 5.1. The same trend of the IP is achieved for DFT and SCC-DFTB, although
SCC-DFTB gives a slightly negative IP for B12H%§ . Any influence of spin polarization for
DFTB[19] has also been examined, but was found to be of only marginal effect. Given
the fact that the SCC-DFTB basis set has roughly the same size as the STO-3G one, the
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Table 5.8.: Tonization Potentials for Boron Hydride Dianions (BnH%_)

LDA PBE B3LYP B3LYP

o MeReeetal g1 G 63111 4GH 63114 1Gr STO3G DD
5 22,60 22.29 212 221 627 297
6 -1.50 -1.14 -0.78 -0.96 429 224
7 -1.00 -0.93 -0.58 -0.68 368 -L77
8 -1.69 -1.62 -1.73 -1.70 457 -2.06
9 11.20 -1.03 1.22 118 398 -2.03
10 -0.27 -0.04 0.22 0.08 228 -117
11 -0.54 -0.47 -0.54 -0.54 288 -1.25
12 1.64 1.20 1.97 1.63 003 -0.21

The values are given in eV. The structure of the ionized anion was not relaxed; i.e., vertical
ionization potentials are computed. Reference data by McKee[145] are included for comparison.

Figure 5.1.: Ionization Potentials for Boron Hydride Dianions (B,H2")
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The structure of the ionized anion was not relaxed; i.e., vertical ionization potentials
are computed. Reference data by McKee[145] are included for comparison.

proximity of the SCC-DFTB results to DFT with larger basis sets is remarkable.

5.1.3. Periodic Systems

To check the reliability of the new SCC-DFTB parametrization for boron in periodic sys-
tems, geometry relaxations and electronic structure calculations of bulk elemental boron,
three models of stable two-dimensional boron sheets, and three boron nanotubes obtained
by rolling up each of the three sheets were performed. To speed up the convergence of
the self-consistent loop during geometry relaxations, the molecular orbital occupations
were determined according to a Fermi distribution function corresponding to an electronic
temperature of 100 K. For the subsequent single point calculations at the converged ge-
ometries the temperature was kept equal to zero. In order to validate the SCC-DFTB
results, full DFT calculations with the generalized gradient approximation[141] (called
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Figure 5.2.: Structure of alpha-Boron

Schematic view of four neighboring unit cells of a-rhombohedral boron.
One unit cell comprises a By, icosahedron.

here DFT/PBE) were performed for the same systems. For the DFT/PBE calculations
the projector augmented wave method[146] as implemented in the VASP package|147]
was used. The decision for the PBE exchange-correlation functional as the reference here
instead of the B3LYP is justified as the former provides more reliable geometries and at-
omization energies of metallic and small-gap semiconducting systems than the latter[148].
Full geometry optimizations (optimization of lattice vectors and the atomic coordinates
within a unit cell) have been carried out, and the atomic forces were reduced to be below
1 meV/ A. For all these calculations the energy convergence over the number of k points

was reached, and the tetrahedron method for k-integration was used.

As a test system for bulk boron, the a-rhombohedral boron crystal[63, 64] is chosen. Its
rhombohedral unit cell comprises one Biy icosahedron. Figure 5.2 shows four neighboring
unit cells of a-rhombohedral boron. The three models of boron sheets studied here are the
so-called a-sheet[82], the buckled triangular sheet[84]| (BT-sheet), and the distorted hexag-
onal sheet[81] (DH-sheet). The lattice structures of these sheets with the corresponding
lattice vectors are shown in figure 5.3. Boron nanotubes can be obtained by rolling up the
corresponding boron sheet along the direction of the so-called chiral vector. This chiral

vector (C) is expressed in terms of the sheet’s lattice vectors (a; and as) as

C = ndi + mad (5.1)

Knowing the lattice vectors of the original sheet, the structure of a particular nanotube is
defined by the pair of numbers (n,m). Here the results of calculations are presented for a
(4,0) a-BNT, a (0,12) BT-BNT and a (4,4) DH-BNT, which originate from the a-sheet,
the BT-sheet and the DH-sheet, respectively (see figure 5.4).

The results of geometry optimizations (bond lengths and angles) for each system are com-
pared, and the RMS of deviations in percent are summarized in table 5.9. The overall
agreement of the structures obtained with the two different methods is discernible. For
several systems (bulk boron, DH-sheet and the DH-BNT) the average deviation of the

geometric parameters is close to 2%. The other systems show larger deviations, however,
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Figure 5.3.: Schematic View of three Models of two-dimensional Boron Sheets
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Presented are the three considered models of two-dimensional boron sheets: (a) a-sheet,
(b) buckled triangular sheet, and (c) distorted hexagonal sheet; a; and as are the lattice vectors.
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5.1. Boron and boranes

Figure 5.4.: Schematic View of three Boron Nanotubes

Structures are obtained by rolling up the three different boron sheets:

(4,4) DH-BNT.

)

and (c

(a) (4,0) a-BNT, (b) (0,12) BT-BNT,
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Table 5.9.: Overview of Deviation of the Geometric Parameters for Periodic Boron Systems

Calculations
system bond lengths  angles

a-rhombohedral 1.7 1.0

a-sheet 5.0 1.9

BT-sheet 3.8 1.6

DH-sheet 1.3 14

a-BNT (4,0) 4.3 4.2

BT-BNT (0,12) 34 34

DH-BNT (4,4) 1.4 2.9

The deviation between DFT/PBE and DFTB is given as RMS in %.

Figure 5.5.: Comparison of Band Structures of a-rhombohedral Boron
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Data obtained at the DFTB (red lines) and DFT/PBE (black lines) levels of
approximation for the same geometry (taken from the DFT/PBE calculation).

they do not exceed 5%. Interestingly, comparing the RMS deviations of a boron sheet and
the corresponding nanotube, it is found that average deviations of lengths are almost sim-
ilar, while those of angles are roughly twice as high for the nanotubes than for the sheets.
Compared to the results for molecular systems (see table 5.1 and table 5.2), the deviations
of the geometric parameters in case of periodic systems are larger. However, it has to
emphasize here that the DFTB parametrization for boron was done in finite molecular
systems using i) local basis set and ii) B3LYP exchange-correlation functional. Despite of
this, it can be concluded that the standard geometry optimization procedures using the
new boron SK files is able to deliver reliable results not only for finite molecules but also

for periodic structures.

The next point is the comparison of band structures calculated with the DFTB and the
DFT/PBE methods for each of the chosen periodic systems. To allow for an unbiased

comparison, both types of electronic structure calculations are performed for a fixed geom-
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etry, namely the relaxed DFT/PBE geometry. The results for the a-rhombohedral boron
are presented in figure 5.5. In general, the valence bands qualitatively agree. For energies
close to the Fermi level (Er) the bands almost coincide, however for energies far from Ep
the two sets of bands deviate quite strongly: namely, the DFTB valence bands are shifted
towards higher values with respect to the DFT/PBE bands. The deviation of conduction
bands is also quite noticeable: the lowest DFTB conduction band lies higher compared to
the corresponding DFT/PBE one. Both calculation methods show that a-rhombohedral
boron has an indirect band gap, which is defined between the top of the valence band at Z
point and the bottom of the conduction band at B point. The calculated band gap is equal
to 1.840 eV for DFTB and 1.446eV for DFT/PBE. The experimentally obtained values of
the band gap for this system range from 1.9 to 2.055eV[149-152]. Thus, both theoretical
approaches underestimate the band gap of a-rhombohedral boron, however the DFTB re-
sult is closer to the experimental value. The DFT/PBE values for the energy of the lowest
conduction band at the points B and I' are almost equal to one another (1.446 and 1.460eV,
respectively). Earlier calculations|64] (with different exchange-correlation functional) gave
similar results, however the bottom of the conduction band (1.427 eV) was found to be
at the I' point, and the indirect band gap was defined between Z and I'. In contrast, the
DFTB value of the lowest conduction band at I' is noticeably higher (by 0.736 €V) than
at Z.

In the case of two-dimensional boron sheets (see figure 5.6) the DFTB calculation re-
produces the DFT band structures close to Fermi energy quite well (both valence and
conduction bands). The deviations become larger for energies 2 €V and further away from
Er. However, the qualitative agreement for all valence bands is apparent, and the main
difference between the two sets of bands is seen as a shift of DFTB valence bands upwards.
In the region of unoccupied states the number of DFTB conduction bands is lower than
that of DFT because of smaller DFTB basis set. Similar conclusions as for boron sheets
can be drawn for band structures of BNTs (in figure 5.7 the bands are shown for the energy
range from -3 to 3 eV). It is seen that even for such complicated structures like nanotubes
with up to 64 atoms per unit cell (case of (4,0) a-BNT) the agreement between bands,
obtained within DFTB and DFT/PBE approaches, is good.

Therefore, the comparison of the electronic structures of different periodic systems shows
that the DFTB parametrization is able to reproduce the band structures quite well for
energies close to Fermi energy (within 2 V). Again, it has to be emphasized that the
DFTB parametrization used here for the electronic structure calculation of periodic systems
was constructed for finite molecules using a different basis set and exchange-correlation
functional than those used in our benchmark periodic calculations. Therefore, these small
deviations of the two sets of bands are to be expected. The energy bands start to noticeably
deviate for energies far from FEf, that is seen as a “compression” of the DFTB set of
the valence bands. This result indicates that in the tight binding approach the so-called
hopping integrals are underestimated. However, overall qualitative agreement of valence
bands is obtained. Especially well reproduced are the bands of metallic systems (like boron

sheets and tubes tested here), while the band structure near the band gap of non-metallic
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Figure 5.6.: Comparison of Band Structures of three two-dimensional boron sheets
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Data obtained at the DFTB (red lines) and DFT/PBE (black lines) levels of approximation for
the same geometry (taken from the DFT/PBE calculation): (a) a-sheet, (b) buckled triangular
sheet, and (c) distorted hexagonal sheet. Valence bands qualitatively agree. Due to a relatively
small basis set, DFTB shows fewer conduction bands than DFT/PBE. Close to the Fermi energy,
DFTB accurately reproduces all bands.
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Figure 5.7.: Comparison of Band Structures of three Boron Armchair Nanotubes
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Data obtained at the DFTB (red lines) and DFT/PBE (black lines) levels
of approximation for the same geometry (taken from the DF'T/PBE calculation):
(a) (4,0) a-BNT, (b) (0,12) BT-BNT, and (c) (4,4) DH-BNT.
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Table 5.10.: Cohesive (Atomization) Energies of Periodic Systems and DFTB Overbinding

Per Bond
System Et (DFT/PBE) E! (DFTB) overbinding per bond

a-rhombohedral 6.669 7.418 5.74
a-sheet 6.265 6.523 2.26
BT-sheet 6.178 8.038 14.25
DH-sheet, 6.025 7.506 13.61
a-BNT (4,0) 6.175 6.517 2.99
BT-BNT (0,12) 5.912 6.780 6.14
DH-BNT (4,4) 5.924 7.428 13.82

The values for the cohesive energies are given in eV/atom, while the overbinding per bond is in
kcal/mol. The spin polarization energy of isolated atoms was taken into account. No correction
for zero point motion was performed.

systems cannot be accurately reproduced by DFTB. The problem here is a relatively small
basis set for a proper calculation of unoccupied states, which results also in smaller number
of DFTB conduction bands.

In addition to energy bands, the cohesive (atomization) energies E°" of periodic systems
obtained with DFTB and DFT/PBE are compared for the optimized geometries. The

cohesive energy is defined as

ECOh — Eat _ Etot/N (52)

There E2* and E'*! are the ground-state energies of a spin-polarized isolated boron atom
and the whole system, respectively, and N is the number of atoms in the system. From this
definition it follows that positive values of E°" correspond to bound (stable) structures.
For periodic systems E%! is calculated for one unit cell, and N is equal to the number
of atoms per unit cell. The cohesive energies of the periodic test systems obtained with
the two methods and the DF'TB overbinding per bond are summarized in table 5.10. The
comparison shows that DFTB overestimates E°" on the average by ca. 1.0 eV /atom.
Normalized to a single bond, we obtain an average overbinding of 0.366 eV = 8.4 kcal /mol.
Such an overestimation is in agreement with the mentioned overbinding of approximately
10 kcal/mol per bond.
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5.2. Carbaboranes

Although it is fine to have a parametrization that works for an element in homonuclear
molecules and periodic systems, the application of the SCC-DFTB method needs all ele-
mental combinations in the system of interest. Therefore, the next step for a diversified
parametrization is the creation of the boron-carbon Slater-Koster-File. Carbon is the nat-
ural choice for the strutted extension to the mio-set[13, 17, 19, 140], since carbon is the
central element of the set. The test set for this combination consisted of boron containing
alkanes (Ho,C — BH, H3C — BH,, H5C, — BH,, (H3C), — BH, HoC — (BH3),, H3C — BoHs)
as well as closo-carbaborane anions (CB,,_;H.™) and -dicarbaboranes (CyB,,_2H,,), which
are derived from the closo-borane dianions (B,H2~ with n = 5 — 12). As reference system
for the repulsive potential H3C — BHy was used. Its structure is shown in figure 5.8. Dif-
ferent diastereomeres of closo-carbaboranes have to be considered, since the inclusion of

one carbon atom breaks the initial symmetry of the boranes.

Figure 5.8.: Reference System E,.,(B-C)

To determine the performance of the parameters for B-C, the results of SCC-DFTB were
compared to full DFT calculations using NWChem program[153] with LDA, PBE and
B3LYP as exchange-correlation functional with 6-311+-+G**[154, 155| as basis set taken
from [156]. As for the parameters for B-B and B-H (5.1.2) and for the same reasons B3LYP
had been chosen as reference for the comparison. Table 5.12 and table 5.16 show the RMS
errors for LDA, PBE and SCC-DFTB with respect to B3LYP from the atomic distances
and angles, respectively. Examples for the examined distances are given in table 5.11, and
for angles in tables 5.13, 5.14 and 5.15.

Figure 5.9.: Structure of CH3 — BoHg

The structure of methyldiborane as it resulted from B3LYP (a) and LDA (b) calculation.

46



Chapter 5. Simulation Results of the Boron Parametrization 5.2. Carbaboranes

Table 5.11.: Carbaborane Systems: Selected C-B Distances

molecule B3LYP LDA PBE DFTB
H,C — BH 1.376  1.372 1.376 1.368
H3C — BH, 1.557 1.536 1.553 1.554
H5Cy — BH, 1.556  1.535 1.553 1516
H,C — (BHy), 1.562  1.544 1.558 1.569
H3C — ByH; 1.570  1.516 1.566 1.569
(H3C), — BH 1.564  1.545 1.560 1.567
2 — CB4H;~ 1.716  1.680 1.705 1.761
CBsHg~ 1.627 1.615 1.624 1.609

1 — CBgH; ™ 1.739  1.718 1.731 1.723
2 — CBgH;~ 1.740  1.714 1.729 1.626
1 — CB;Hg~ 1.521  1.512 1518 1.496
3 — CB;H§~ 1.990 1.821 1.844 1.708
1 — CBgHy ™ 1.701  1.677 1.693 1.658
4 — CBgHy~ 1.613  1.599 1.609 1615
1 — CByHjy 1.604 1.594 1.601 1616
1 —CByoH; 2.030 1.959 1.977 2.063
CBy H}y 1.708  1.687 1.699 1.709

1,2 — C3;B4Hg 1.628 1.616 1.624 1.576
1,6 — C2B4Hg 1.624 1.613 1.620 1.644
1,2 — C3BsH7 1.757 1.734 1.745 1.853
1,7— C3BsH~ 1.739 1.722 1.731 1.762
1,2 — C3BgHjp 1.712 1.688 1.706 1.577
1,6 — C3BgHg 1.760 1.730 1.745 1.720
1,10 — C2BgHyg 1.600 1.568 1.596 1.614
1,2 — C3B1pH12 1.719 1.698 1.709 1.719
1,7 — CsB1gH1o 1.692 1.676 1.687 1.698
1,12 — C2B1gH14 1.706  1.686 1.698 1.710
RMS error in % - 1.59  0.76 2.16
The distances are given in A. RMS errors are given in % with respect to the
B3LYP/6-311++G** reference for all C-B distances.

For the LDA calculation of methyldiborane (4) (H3C — BoHs) the resulting errors are
exceptionally high. This is due to distortion of the structure, which is visualized in figure
5.9. Nevertheless, the agreement between the different exchange-correlation functionals is
quite good. The average errors are smaller than 2% for atomic distances and angles. The
discrepancy for the new DFTB parameters is a little larger than for the DFT methods, but
still acceptable. The average errors are less than 3% for atomic distances and less than 4%
for the angles. The comparison of the average errors for C-B distances (LDA 1.59 / PBE
0.76 / DFTB 2.16) and all distances (LDA 1.49 / PBE 0.54 / DFTB 1.76) shows that the
C-B parameters work well together with the pre-existing parameters. A look at the errors
for the angles also reflects this (LDA 1.31 / 1.47 , PBE 0.60 / 0.48 , and DFTB 3.31 /
2.69 for C-B containing and all angles, respectively). The distances of the small molecules,
which only have the common, two-electron bonds (first part of table 5.12), seem to be very
well described. The DFTB errors for these molecules are close to the ones of the DFT. For
H5;Co — BHy the difference is a bit large, due to the fact that the C-C bond is shortened
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Table 5.12.: Carbaborane Systems: Overview Distances RMS Errors

molecule LDA PBE DFTB
H,C - BH 097 0.24 0.62
H3;C — BH, 1.06 0.25 0.47

HsC, —BH, 110 029 165
HoC — (BHy), 107 033 073
HsC —BoHs 628 025  0.44
(HsC), —BH  1.00 0.18  0.30

2 — CB4H; ™ 112 035  1.66

CBsHg~ 0.81 025 1.13
1 — CBgHL™ 096 033  0.92
2 — CBgH;~ 098 035  3.02
1 - CB7Hg~ 119 053  1.90
3 — CB;HY™ 291 247 407
1 — CBgHy ™ 3.28 285 6.43
4 — CBgHy~ 1.24 056  2.04

1 — CByHjy 110 036  1.13
1 - CByoH 1.60 099 147
CBy.Hiy 1.07  0.34  0.80
1,2 — CyB4Hg 0.87 0.30 1.61
1,6 — C2B4Hg 0.84 0.28 1.11
1,2 — C3BsH7 1.07 0.51 3.77
1,7— CyBsH> 0.95 0.35 1.13
1,2 — C3BgHyp 1.22 047 4.54
1,6 — C3BgHig 1.18 0.43 1.55
1,10 — CyBgHyp  3.30  0.42 1.16
1,2—-C3BoH12 113 0.39 0.80
1,7—C9BioHi2  1.12  0.38 0.82
1,12 - CyBypgH12  1.12  0.39 0.84
test set average 149 0.54 1.76
RMS errors are given in % with respect to the B3BLYP/6-3114+G** reference for each complete
molecule and the full test set.

by 3.8%. The C-B bond in this molecule is as well shortened in DFTB by 2.6%. Given
that also the non-bonding C-B distance is shortened, the corresponding angle B-C-C has
an error of 16%. This causes the average error for the angles of nearly 5% in this molecule.
Otherwise, the error would be less than 3%. The obvious reason for such behavior would be
a general shortening of C-B bonds by the DF'TB parameters, but this is not the case, hence
bond elongations are observed in the larger monocarbaborane anions and dicarbaboranes.
Another possibility might be that the cutoff for the repulsive potential could be too long
and also next-neighboring atoms are covered by the C-B interaction. But if this would
be true, similar findings of ones in H5Cy — BHy should result for H3C — ByHg, which
is described fine. Taking a look at the monocarbaborane anions, second part of tables
5.12 and 5.16, it can be noticed that the deviation rises considerably for medium clusters
depending on the diastereomere. For example, 1 — CB6H%7 does rather well agree with
the reference, although closer examination reveals that the cone tops of the bipyramide

are pulled to the ring plane, while the ring is slightly enlarged. In the other diastereomere,
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Table 5.13.: Carbaborane Systems: Selected C-B Angles

molecule angle B3LYP LDA PBE DFTB
H,C — BH B-C-H 180.0 180.0 180.0 180.0
C-B-H 1226 122.7 1225 124.3

H3;C — BH» B-C-H 116.0 117.1 116.1 115.5
C-B-H 1195 1192 1194 119.8

H;C; —BH, C-C-B 1184 119.0 1184 100.3
B-C-H 106.7 106.0 106.5 1144

C-B-H 119.5 1195 119.5 122.1

H,C - (BHy), B-C-B  108.0 1053 106.8 113.7
H-C-B  109.1 109.1 109.2 108.9

C-B-H 120.6 1204 1206 120.5

H;C-ByH; C-B-B 1284 173.3 1284 1274
H-C-B 1164 113.1 1164 115.6

C-B-H 116.0 1174 1160 1145

(H3C), —BH C-B-C 1251 1248 1251 123.0
B-C-H 110.0 110.0 109.9 111.9

C-B-H 1175 1176 1175 1185

RMS error in % - 1.31  0.60 3.31

The angles are given in degree. RMS errors are given in % with respect to the
B3LYP/6-311++G** reference for all C-B containing angles.
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Table 5.14.: Closo Carbaborane Anions: Selected C-B Angles

molecule angle B3LYP LDA PBE DFTB
2 - CB4H;~ C-B-B 64.3 63.2  63.9 66.2
B-C-B 60.8 614 61.1 60.3

H-C-B 125.0 124.4 1248 125.9

C-B-H 143.6 143.2 1434 1423

CBsHg™ C-B-B 58.1 58.1  58.1 57.1
B-C-B 96.8 96.8 96.8  100.3

H-C-B  131.6 1316 1316 129.9

C-B-H 130.7 130.6 130.6 129.7

1-CBgH;” C-B-B 61.9 61.7 61.8 61.3
B-C-B 56.2 56.6  56.5 57.3

H-C-B  126.7 126.2 1264 125.3

C-B-H 134.3 134.7 1344 1329

2-CBgH;- C-B-B 90.9 91.7 914 84.6
B-C-B 84.3 83.9 84.1 93.2

H-C-B 137.9 138.1 138.0 1334

C-B-H 1254 125.0 125.1 127.1

1-CB;Hy~ C-B-B 1069 1079 107.7 106.2
B-C-B 69.7 69.1  69.2 70.9

H-C-B 131.4 131.8 131.7 128.7

C-B-H 1201 120.3 120.2 119.0

3—-CB;H;- C-B-B 62.0 62.2 62.3 62.0
B-C-B 53.6 57.0  56.7 59.3

H-C-B 117.7 1184 118.2 110.9

C-B-H 1284 1304 130.2 130.6

1-CBgsHy,~ C-B-B 61.5 61.2 61.4 58.4
B-C-B 122.7 121.4 1214 126.2

H-C-B  116.8 115.7 1158 106.7

C-B-H 124.7 125.6 1254 1234

4—-CBgHy;- C-B-B 1084 109.1 108.8 108.2
B-C-B 67.2 67.3 674 69.5

H-C-B  123.8 1244 1242 1245

C-B-H 123.8 124.4 124.2 1245

1-CBgH;, C-B-B 1082 1085 108.5 107.6
B-C-B 70.3 69.8  70.0 70.4

H-C-B  125.5 126.0 125.8 125.4

C-B-H 119.3 119.3 1193 116.7

1-CByH;; CB-B 757 732 735 772
B-C-B 55.6 55.7  56.1 52.9

H-C-B 104.6 103.0 103.2 106.2

C-B-H 123.0 1239 1234 121.0

CB;;H;;  C-B-B 1045 1045 1045 104.6
B-C-B 62.9 629 629 62.9

H-C-B 117.5 1175 1174 1174

C-B-H 1193 1191 1191 1179

RMS error in % - 1.31  0.60 3.31

The angles are given in degree. RMS errors are given in % with respect to the
B3LYP/6-311+4+G** reference for all C-B containing angles.
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Table 5.15.: Dicarbaboranes: Selected C-B Angles

molecule angle B3LYP LDA PBE DFTB
1,2 — C2B4Hg C-C-B 61.5 61.6 61.6 62.8
C-B-B 58.0 58.0  58.0 55.8
C-B-C 57.0 56.8  56.8 54.5
B-C-B 64.6 64.4 64.5 65.8
1,6 — CaB4Hg C-B-B 58.2 58.2  58.2 58.4
C-B-C 83.6 83.7 83.6 84.5
B-C-B 63.6 63.6 63.6 63.1
1,2 — C9BsH; C-C-B 66.8 66.6  66.8 75.0
C-B-B 60.5 60.6  60.7 56.2
C-B-C 59.4 59.0  58.9 51.0
B-C-B 97.6 98.7 985 101.1
1,7 - CsBsH7 C-B-B 62.1 62.0 62.0 62.3
C-B-C 74.6 741  74.2 75.7
B-C-B 55.8 56.0  55.9 55.3
1,2 — C3BgHqg C-C-B 115.2 115.2 115.5 1238
C-B-B 1069 107.3 1072 97.1
B-C-B 109.2 108.9 109.2 131.0
1,6 - C2BgH;y C-B-B  108.2 1084 1084 106.2
C-B-C 104.4 104.9 104.8 103.0
B-C-B 95.6 95.7 958 101.0
1,10 — C2BgH;p  C-B-B 107.6  109.2 108.0 106.9
B-C-B 70.9 70.5  70.5 71.0
1,2 -C3B1gH12  C-C-B 111.7 111.7 111.8 112.1
C-B-B  104.0 104.0 104.0 103.6
C-B-C 56.4 56.5  56.4 56.0
B-C-B 115.7 115.7 115.8 116.1
1,7—-C9ByoH12 C-B-B 1050 1049 105.0 105.1
C-B-C 1006 100.6 100.6 100.8
B-C-B  114.7 1148 1148 1146
1,12 - CyBjpH12 C-B-B 1039 104.0 103.9 103.6
B-C-B 1156 1155 115.7 116.2
RMS error in % - 1.31  0.60 3.31

The angles are given in degree. RMS errors are given in % with respect to the
B3LYP/6-311++G** reference for all C-B containing angles.

o1



5.2. Carbaboranes Chapter 5. Simulation Results of the Boron Parametrization

Table 5.16.: Carbaborane Systems: Overview RMS Angles

molecule LDA PBE DFTB
H,C — BH 0.07  0.06 1.15
H3;C — BH, 0.50 0.13 1.26

H;C, —BH,  0.65 0.15  4.89
H,C — (BHy), 093 036  2.00
HsC —B,H; 2160 0.09 1.35
(HsC), —BH 043 010 1.38

2 — CB4HS™ 095 035 1.66

CBsHg~ 0.04 0.04  1.89
1 — CBgH; ™ 041 026  1.52
2 — CBgH;~ 048 029  5.75
1 — CB;Hg™ 0.70  0.54  3.20
3 — CB7HS~ 3.32 3.08 6.44
1 — CBgHy ™ 3.20 297  8.69
4 — CBgHy~ 0.66 0.45  1.74
1 — CByHjy 0.35 024  1.00
1 — CByoH 1.03 095 145

CBy,Hiy 0.12 0.11  0.38

1,2 — C3;B4Hg 0.18 0.11 2.36
1,6 — C2B4Hg 0.04 0.03 0.53
1,2 - C3;BsH~ 0.54 0.44 6.77
1,7— C3BsH~ 0.29 0.20 0.66
1,2 — C3BgHjp 0.46 0.31 8.12
1,6 — CoBsHyy 044 026  2.42
1,10 — CoBgHyg 273 149 1.35
1,2 — C3BypHyo 0.13 0.10 0.52
1,7—-CsBijgHi12  0.14  0.09 0.49
1,12 — CoBypH12  0.17  0.11 0.67
test set average 147  0.48 2.69
RMS errors are given in % with respect to the B3LYP/6-311++G**
reference for each complete molecule and the full test set.
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2 — OBgHL™, the tips are also pulled towards the C atom, which is now part of the central
five-membered ring. Thus, the distortion could be delineated as a symmetry conserving
squeeze of the ring between the cone atoms. In case of 3 — CB7H§7 and 1 — CBgHé*,
the question arises if the structure predicted by B3LYP is suitable as reference. For these
two B3LYP opens the structure to an extent that the carbon has a smaller coordination
than the boron in the initial borane dianions, BgHg_ and BgHg_, respectively. Thus, the
structure of a threefold capped trigonal prism is scarcely cognizable in case of 1 — CBgHé*.
In contrast, 4 — CBgHé_ resembles its borane basis structure much more. Since the results
for LDA and PBE tend to deviate in the same direction as the DFTB results, the larger
errors for these structures seem tolerable. In the third part of tables 5.12 and 5.17, there
are the dicarbaboranes, of which two structures seem worth a closer examination. These
are 1,2 — CyBsH7 and 1,2 — CoBgHyg. For 1,2 — C3B5Hy7, it is like a combination of the
effects seen in 1 — CB5H%7 and 2 — CBsH;~. The carbon tip of the pyramid is pulled
towards the ring carbon atom. The same is true in 1,2 — C3BgHjg, but to a much larger
extent. The carbon atom in the upper four-membered ring is pulled nearly over the lower
four-membered ring. The non-bonding distance from the ring-carbon to the second ring-
borons is shortened from 2.7 A to 2.2 A. Hence, the B-C-B angles dilate by approximately
10%.

Overall, the similarity of all results shows that the present SCC-DFTB parameters are
capable of describing the geometry on a level with usual DFT methods, which use a much

larger basis set.

For the smaller, uncharged molecules the vibrational modes have been computed. The
summary of the results is given in table 5.17. The performance of the B-C DFTB pa-
rameters is not as good as for the B-B and B-H parameters. The average error here is
with about 10% quite large. The largest single error is found for HoB — CoHs, where a
mode in the range of 400 cm ™! suffers a deviation of 250cm™! or 80%. The LDA result
for H3C — BoHj is not worth mentioning, since already the structure is not consistent with

the other methods. Nevertheless, it is given for completeness.

Since the B-C parameters shall be an extension to the mio-set, the atomization energies
and the overbinding per bond have been derived. The values are given in tables 5.18 and
5.19, respectively. The achieved average overbinding for DFTB with 14.04 kcal/mol is
reasonable close to the desired value of 10 kcal/mol. In addition to that the fact that
there is no correlation between the number of B-C bonds and the molecule size leads to

the assumption that the parameters and their overbinding is well balanced.

On the basis of the tests for the boranes and carbaboranes, reactions can be formulated,
which conserve the number of bonds in the involved molecules and where therefore the
overbinding of the DFTB method should not have much impact. As examples for such
reactions, the exchange of one or two boron atoms in the closo-dianion clusters against
carbon shall be considered. The possible reactions are given in equations 5.3, 5.4 and 5.5.
In these reactions the inclusion of carbon is performed in steps (equations 5.3 and 5.4) and

as sum of these steps (equation 5.5).
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Table 5.17.: Carbaborane Systems: Overview RMS Modes

molecule LDA PBE DFTB
H>,C — BH 7.95 1.80 10.32
H;C — BH, 4.58 1.00 4.30
H;C — BoHg (16.52) 6.73 4.48
H,C — (BH,), 4.24 122 586
H;C,; — BH 4.38 0.94 19.91
1,2 — Cy,B4Hg 4.53 3.14 9.67
1,6 — C2B4Hg 4.88 1.26 9.65
1,2 — CyBsH; 4.38 341 1148
1,7— CyB5H, 5.34 3.51  15.57
test set 5.03 (6.31) 2.56 10.14

RMS errors are given in % with respect to the BSLYP /6-311++G** reference for each molecule
and the full test. For the values within brackets the structure differs significantly from the
reference. Hence, the test set sum is given excluding and including this value, with and without
brackets, respectively.

B,H?™ + CHy — CB, H,” + BH}~ (5.3)
CB, 1H.” + CHy — C9B,, _oH, +BH}~ (5.4)
B,H2™ +2 x CHy — 3B, _oH, +2 x BH}~ (5.5)
APreac = Y, Boroducts — Y, Feducts (5.6)

The reaction energies are derived as the difference of the total energies according to equa-
tion 5.6. The tables 5.20 and 5.21 present the deliverables for closo-carbaborane anions
and closo-dicarbaboranes as products, respectively. The energies for the incorporation of a
single carbon atom (eq. 5.3) in the cluster are all negative. With respect to the definition
(eq. 5.6), this means that the up-take is energetically favored. This is not surprising if it is
considered that that the closo-borane cluster are dianions and the Coulomb repulsion there-
fore is quite large. But the difference in the reaction energies is surprisingly large. While
the values of the DFT methods are in proximity of 10 kcal/mol, the DFTB data favors the
closo-carbaboranes even stronger by 95-120 kcal /mol compared to DFT. Furthermore the
energetic ordering of the diastereomers is not retained in all cases. The energies for the
second carbon up-take (eq. 5.4) suffer a similar fate, meaning that the reaction energies of
DFTB are again consistently lower than for DFT. This time, the difference is about 60-100
kcal/mol. As a result the direct reaction from boranes to dicarbaboranes (eq. 5.5) is also
badly described in the DFTB energies (deviation of 150-200 kcal/mol).

While the preference for the first incorporation seems reasonable, this second result is

quite disturbing. The error for the first may be attributed to the strength of the Coulomb
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Table 5.18.: Carbaborane Systems: Atomization Energies
B3LYP B3LYP LDA PBE

molecule 6-31G(d) 6-311++G** DFLD
H,C — BH 42734 46876 52443  473.05  483.36
HyC — BH, 50152 627.71  692.95 63090  654.25
HsCo —BH, 88240  956.75 106649 968.42  967.34
HoC — (BHp),  767.59  800.20 887.72  805.56  873.22
HyC—BoH; 76279 79635 89157 S0L74  846.45

(HsC), —BH 895.77 971.79 1082.87 983.76  990.53
1,2 — C3;B4Hg 1202.20 1267.25 1469.28 1316.85 1507.02
1,6 — C2B4Hg 1210.73  1275.90 1478.57 1325.14 1516.21
1,2 — C2BsH7 1377.42  1438.51 1674.79 1496.54 1756.89
1,7 — C3B5sH, 1352.22 141391 1653.51 1472.23 1723.99
1,2 — C3BgHyp 1995.51  2043.35 2391.94 2132.89 2512.23
1,6 — CoBgHqo 2013.98  2061.82 2409.05 2150.81 2541.64
1,10 — CoBgHyg  2035.55  2082.79 2430.02 2170.72 2544.60
1,2 — CoBygH1o 2420.72  2459.76 2881.09 2570.88 2995.25
1,7 — C2B1gH1o 2436.92 247591 2896.56 2586.63 3050.16
1,12 — CoBygH12  2439.79  2478.80 2899.48 2589.43 3051.56
The values are given in kcal/mol. The spin polarization energy of isolated atoms was taken into

account. No correction for zero point motion was performed.

repulsion in DFTB with its minimal basis. Here, the electrons cannot be distributed over
as many and spatially spread orbitals as in DFT with the 6-311++G** basis. Hence, the
DFTB method drastically favors the single charged closo-carbaborane anions. Another
explanation is needed for the reaction to the closo-dicarbaboranes. The former reasoning
should tend to the charge on the larger molecule, where it can be smeared over more orbitals
and space. Such thinking is backed up by the DFT results, which are all positive for the
second carbon incorporation. But the calculations within DFTB show else and favor the
localization of the charge on the small borohydride. For most of the whole reactions (eq.
5.5) the DFT energies are even positive, which means, that the Coulomb repulsion is not
as “bad” as the localization of the charge on small molecules. A deviation from this is
only observed for the smallest of the clusters. The question has to be posed why DFTB
favors the charge on the borohydride. An answer could be the size of the basis set. The
minimal basis of DFTB does not distinguish as much as DFT between the clusters and the

methane/borohydride structure.
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Table 5.19.: Carbaborane Systems: Overbinding Energies
B3LYP LDA PBE

molecule 63114 1 G DFTB
H,C — BH 10.36 24.27 11.43 14.00
Hs;C — BH» 6.03 16.90 6.56 10.45
H;C> — BH, 8.26 20.45  9.56 9.44
H,C — (BHy), 4.09 15.02 4.75 13.20
H3C — BoHs 4.19 16.10 4.87 10.46
(HsC), —BH 8.45 20.79  9.78 10.53

1,2 — C,B4Hg 3.61 14.84 6.37  16.93

1,6 — CoB4Hg 3.62 14.88  6.36 16.97

1,2 — C2BsH7 2.78 13.52  5.41 17.25

1,7 — CyBsH7 2.80 13.70  5.46 16.90

1,2 — C3BgHip 1.41 11.66  4.04 15.20

1,6 — CoBgHqo 1.41 11.62  4.02 15.52

1,10 — C3BgHyp 1.39 11.60  3.98 14.97

1,2 — CoBigHyo 0.93 10.96  3.58 13.68

1,7 — CyBigHyo 0.93 10.94  3.56 14.60

1,12 — C3B1gHy2 0.93 10.94 3.56 14.57

Average 3.82 14.89  5.83 14.04

The values are given in kcal/mol per bond with respect to B3LYP/6-31G(d). The spin
polarization energy of isolated atoms was taken into account. No correction for zero point motion

was performed.

Table 5.20.: Reaction Energies closo-Carbaborane Systems
B3LYP LDA PBE

product molecule 63111 Qo DFTB
2 — CB4H;~ -73.29  -69.64 -69.68 -166.55
CBsHg~ -73.92  -69.29 -69.97 -185.92

1 — CBgHL™ -41.26  -38.04 -37.23 -162.57
2 — CBgH;~ -71.05  -65.85 -66.68 -187.14
1 - CB7Hg™ -64.07 -58.76 -59.42 -168.97
3 — CB;Hg~ -40.97  -36.69 -36.04 -168.04
1 — CBgHy ™ -38.07  -34.12 -33.04 -164.36
4 — CBgHy~ -58.36  -53.03 -53.64 -152.35
1 - CBgH;}, 52,62 -46.99 -47.78  -146.09
1 - CByoH; 793 481 224 -114.21
CBy H}y -22.40 -19.47 -18.33 -122.96

The values are given in kcal/mol. No correction for zero point motion was performed.
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Table 5.21.: Reaction Energies closo-Dicarbaborane Systems
B3LYP LDA PBE

educt molecule product molecule DFTB
6-311++G**
CBsH;~ 1,2 — C3B4Hg 55.50 58.62  58.71 -9.27
1,6 — C2B4Hg 46.85 49.33  50.43  -18.46
1 - CBgH;™ 1,2 — C3BsH~ 53.68 57.61 5744  -21.31
1,7— C2BsH; 78.28 78.88  81.75 11.60
2 - CBgH;™ 1,2 — C3BsH~ 83.46 85.43  86.90 3.25

1,7 CoBsH,  108.07 106.70 111.20  36.16

1—-CBoHl;  1,2—CBgHye  91.08 9210 9449  -4.90
1,6 — CoBgH;g  72.62  74.99  76.58  -34.32

1,10 — CoBgH;o  51.65  54.02 56.67  -37.28

CBy; HY; 1,2—CoByoHyy  95.21 9701 9881  36.35
1,7 CoBioHys  79.06  81.53  83.07 -18.57

1,12 — CyByoH;; 7617 7862  80.26  -19.97

BgHZ™ 1,2 — CyB4Hg -18.41  -10.67 -11.25 -195.19
1,6 — CyB4Hg -27.06 -19.96 -19.54 -204.38
B;HZ™ 1,2 — CoBsH; 12.42  19.57 20.21 -183.88
1,7 — CyBsH; 37.02  40.84 4452 -150.98
BioHZ, 1,2 — CyBgHyo 38.46 4511  46.72  -150.99

1,6 — C2BgHjp 19.99 28.00 28.80 -180.40
1,10 — CoBgHyg -0.97 7.03 8.89 -183.36
BioHZ, 1,2 — C2B1gH1o 72.81 77.54  80.48 -86.61
1,7 — CoBioHio 56.66 62.06 64.74 -141.53
1,12 - CoBygH12  53.77 59.15 6193 -142.93
The values are given in kcal/mol. No correction for zero point motion was performed.

o7



5.3. Azaboranes and Boron NitrideChapter 5. Simulation Results of the Boron Parametrization

Figure 5.10.: Reference System E,ep(B-N)

5.3. Azaboranes and Boron Nitride

As further extension to the application range of boron in SCC-DFTB, the parameters for
the combination boron-nitrogen have been determined. As for the parameters so far, the
main focus is on molecular systems, but since there are well defined and important bulk

systems these will also be investigated.

5.3.1. Molecular Systems

For this combination molecular systems are chosen in the same fashion as for the boron-
boron and boron-carbon interaction. Included in the test set were HN — BH, H,N — BH,
and HsN — BH3. These are isoelectronic to ethyne, ethene, and ethane, respectively.
Of these three, H3N — BHj3 (figure 5.10) has been used for the creation of the repulsive
potential. A well-known boron nitride molecule is borazine, B3NgHg, which is similar to
benzene and often called “inorganic benzene”. Hence, the test set contained structures,
which are isoelectronic to benzene or larger planar aromatic systems. The structures
are BsN3Hg, BsN5sHg, ByNgHg, ByN7H1g, BsNgH1g, BgNoH12, B11N11Hyo. Furthermore
the closo-azaboranes (NB,,_1H,,) are entrained, which are derived from the closo-borane
dianions (B,H2~ with n = 5 — 12). As for the carbaboranes, different diastereomeres
of these systems are accounted for. And at last additional molecules are enclosed in the
test set, which are build up by conventional two electron bonds. These molecules are
HyoN — BoHs, (HaN), — BH, (H3B), — NH and HyB — NoHs.

For all of these, the structures were optimized using the NWChem program|[153] with
LDA, PBE and B3LYP and 6-311+-+G** basis[156] to compare with the results of DFTB.
As for the other parameters presented thus far, BSLYP was used as the reference for the
comparison. An overview and examples of the analyzed distances are given in tables 5.23
and 5.22, respectively. The summary of the angles is shown in table 5.27, while selected

angles are displayed in tables 5.24, 5.25 and 5.26 grouped with respect to the different
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Table 5.22.: Azaborane Systems: Selected N-B Distances

molecule B3LYP LDA PBE DFTB
HN — BH 1.236 1.239 1.236 1.2164
Hy;N — BH, 1.391 1.382 1.388 1.3674
HsN — BH; 1.665 1.613 1.643 1.6558

HyoN — BoHs 1.397  1.397 1.397 1.3756
(H2N), — BH 1415 1.406 1.412 1.4210
HN — (BH»), 1.456  1.444 1.452 1.4746
H5;N, — BHy 1.386  1.377 1.384 1.3729

B;N3Hg 1431 1422 1.427 1.4409
B;N;Hs 1.439  1.430 1.435 1.4592
B7NgHy 1.445  1.436 1.441 1.4696
B-N,Hio 1.439  1.430 1.436 1.4606
BsNsHio 1457 1446 1.452 1.4823
BoNoH; 1439  1.430 1.435 1.4605
B11Ni1Hio 1.446  1.436 1.441 1.4676
1 — NB4H; 1.510  1.501 1.508 1.5408
2 — NB,H; 1.709  1.663 1.689 1.9690
NB;Hg 1.608 1.591 1.600 1.6649

1 — NBgH; 1.758  1.728 1.741 1.8551
2 — NBgH; 1.984 1.768 1.800 2.3707
1 — NB,Hg 1.728  1.679 1.698 2.3741
3 — NB,H;g 2.315 2234 2270 2.3775
1 — NBgH, 1.505 1.499 1.503 1.4911
4 — NBgHy 1.599 1.578 1.588 1.6319

1 —NBgH;o 1.588 1.572 1.580 1.6361
1 —NB1oH11 1.512 1.510 1.520 1.5000
NBi:1Hj» 1.717  1.689 1.702 1.7880
RMS error in % - 1.37  0.80 3.75
The distances are given in A. RMS errors are given in % with respect to the
B3LYP/6-311++G** reference for all N-B distances.
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Table 5.23.: Azaborane Systems: Overview RMS Distances

molecule LDA PBE DFTB
HN — BH 094 0.24 1.13

H>N — BH» 0.96 0.28 1.18

HsN — BH; 1.49  0.57 0.55

HsN — BoHs 0.00  0.00 1.02

(H,N), —BH 090 023  0.91

HN — (BH;), 1.14 0.34 1.65

HsNy; — BH, 1.18 0.46 1.72

B3N5Hg 084 028  0.92
BsNsHg 083 029 1.17
B;NgHy 083 0.32 1.31
B-N-Hi 0.83 030 1.25
BsNsHio 081 029 1.31
ByNoH 082 029  1.30

B11N11Hyo 0.79 0.30 1.37

1 —NB4H; 1.18 0.42 1.79

2 - NB4H; 1.35 0.52  6.13

NB;Hg 0.95 0.36 2.27

1 - NBgH~ 1.16 0.54  3.13

2 — NBgH~ 4.06 3.40  6.50

1 — NB7Hg 1.47 0.75 11.30

3 — NB;Hs 1.75  0.87 2.18

1 — NBgHy 1.33 0.52  3.54

4 — NBgHy 1.38  0.66 2.46

1 —-NByHyg 1.22 044 1.52

1 - NB;oHy; 2.05 1.49 2.26

NB;i1Hqo 1.23  0.49 1.71

test set average 1.20  0.55 231
RMS errors are given in % with respect to the BSLYP/6-311+-+G** reference for each complete

molecule and the full test set.
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Table 5.24.: Azaborane Systems: Selected N-B Angles
molecule angle B3LYP LDA PBE DFTB
HN - BH H-B-N  180.0 180.0 180.0 180.0

B-N-H 180.0 180.0 180.0 180.0

H;N-BH, H-B-N 1049 105.8 105.2 105.8
B-N-H 111.1 111.1 111.1 1114

H;N-BH; H-B-N 119.0 1187 1189 119.2
B-N-H 123.3 123.2 1232 124.2

HoN-ByH; N-B-B 1289 1289 1289 1264
H-B-N 116.0 116.0 116.0 115.0

B-N-H 124.1 124.1 124.1 1244

(HsN), —BH N-B-N 1229 122.8 1229 120.3
H-B-N 118.5 118.6 1185 119.9

B-N-H 122.0 121.8 121.8 123.5

HN — (BH;), B-N-B 1304 130.1 130.2 130.0
H-B-N 121.2 121.1 121.2 121.6

B-N-H 114.8 115.0 1149 115.0

HsN, —BH, N-N-B 1275 126.8 1275 126.0
H-B-N 117.8 117.9 1178 1183

B-N-H 1223 121.6 122.0 121.9

RMS error in % - 0.77  0.54 3.78

The distances are given in degree. RMS errors are given in % with respect to the
B3LYP/6-311++G** reference for all N-B containing angles.

types of molecules considered. The overall RMS errors of all methods are quite small and
even for DFTB less than 3% in both distances and angles. The deviations for interactions,
which must include B-N, are a bit higher at all levels of theory. For the DFTB results (ca.
4% RMS error) this is mainly due to the bad description of 2 — NBgH7 and 1 — NB7Hg,
where the latter also contains the largest single error with up to 38% or 0.7 A deviation.
Without those two molecules the average errors for the whole molecules as well as for the
B-N containing interactions would be about 2%, which would be more than satisfactory.
The errors in these molecules can be attributed to the DFTB tendency to push boron
atoms away, which are in the larger coordination sphere of nitrogen. Meaning that the
closest boron atoms are bound well and in a reasonable distance, whereas boron atoms
with a slightly larger distance are the ones pushed. Although this tendency can be found
in all the azaborane clusters, there is no specific distance, at which this behavior sets in.
The bonds in 2 — NBgH7 and 1 — NB7Hg under discussion are in the range of 1.7 — 1.9A
with respect to the BSLYP calculations. For the bonds in H3N — BH3, NBsHg, 3 — NB7Hg
and NB11H12, which are also in this realm, the DFTB parameters work fine. Therefore,
the reason is seen to be a competitive issue. In the clusters, where different bond length
and geometric strain coincide, the description with DFTB has to be treated with care. On
the other hand, one should state that DFTB works in principle fine for all the different
bonding situations in the tested molecules. For the triple bond in HN — BH, the dative
bond in H3N —BHj3 and the conjugated w-system in the molecules of BsNsHg to B11N11Hyo

the results are all good.
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Table 5.25.: Aromatic Azaborane Systems: Selected N-B Angles
molecule angle B3LYP LDA PBE DFTB
BsN3sHg B-N-B 122.9 123.1 1229 123.6

N-B-N 117.1 116.9 117.1 1164

H-B-N 121.5 121.5 1214 121.8

B-N-H 118.5 118.5 118.6 118.2

BsN5sHg B-N-B 122.8 122.7 122.6 123.0
N-B-N 122.9 123.0 1229 122.0

H-B-N 121.6 121.6 121.5 121.7

B-N-H 119.2 119.3 119.3 117.8

B:NgHy B-N-B  120.3 120.1 1202 120.8
N-B-N 118.5 118.3 118.5 118.0

H-B-N 120.8 120.5 120.7 121.2

B-N-H 118.3 118.3 118.3 117.6

B;N;H;,, B-N-B 1228 1227 1226 123.1
N-B-N 123.0 123.1 123.0 122.2

H-B-N 120.5 121.1  120.7 120.6

B-N-H 119.3 119.4 1194 117.7

BsNgH;y B-N-B 1227 1227 122.6 123.2
N-B-N 120.0 119.9 119.9 120.7

H-B-N 121.3 121.3 121.2 121.6

B-N-H 119.2 119.2 119.3 117.7

BgNgH;o B-N-B 119.9 120.1 120.0 119.6
N-B-N 118.5 1184 118.5 119.0

H-B-N 119.7  119.8 119.8 119.8

B-N-H 119.3 119.4 1194 117.8

B;;N;1Hi2  B-N-B 119.8 120.0 1199 119.1
N-B-N 119.7 119.8 119.8 119.3

H-B-N 120.9 120.5 120.7 121.3

B-N-H 118.3 118.3 1184 117.5

RMS error in % - 0.77  0.54 3.78

The distances are given in degree. RMS errors are given in % with respect to the
B3LYP/6-311+-+G** reference for all N-B containing angles.
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Table 5.26.: Closo-Azaboranes: Selected N-B Angles

molecule angle B3LYP LDA PBE DFTB
1-NB4H; B-N-B 75.5 744 750 75.7
N-B-B 94.9 96.2 95.4 94.7

H-B-N 124.9 125.3 1249 120.1

B-N-H 134.9 135.6 1352 134.9

2—-NB4yH; B-N-B 61.5 62.1 61.8 57.0
N-B-B 64.6 63.1 63.9 75.0

H-B-N 129.1 129.0 1289 126.0

B-N-H 124.1 123.5 123.8 128.2

NB;s;Hg B-N-B 65.1 65.3 65.2 63.2
N-B-B 57.5 574 574 58.4

H-B-N 125.0 124.8 124.8 121.3

B-N-H 130.5 130.3 130.3 132.2

1—-NBgH; B-N-B 56.2 56.7  56.6 593.8
N-B-B 75.6 75.1 75.2 79.6

H-B-N 127.3 127.5 127.1 122.7

B-N-H 126.8 126.1 126.2 129.7

2—-NBgH; B-N-B 76.5 83.1 82.6 63.3
N-B-B 51.8 48.5 48.7 58.4

H-B-N 114.3 117.6 117.3 103.2

B-N-H 141.8 138.5 138.7 1484

1 —NB7Hg B-N-B 71.9 71.1 714 56.9
N-B-B 103.3 105.0 104.5 101.2

H-B-N 114.1 114.7 114.5 97.8

B-N-H 130.0 130.0 130.0 143.5

3—-NB7Hs B-N-B 61.1 60.8  60.9 63.1
N-B-B 85.0 82.6 83.5 87.7

H-B-N 120.9 121.1  120.8 117.3

B-N-H 118.4 118.3 118.1 122.1

1—-NBgHy B-N-B 68.4 68.1 68.2 65.9
N-B-B 98.4 94.8 96.0 104.5

H-B-N 119.8 120.0 1199 116.2

B-N-H 116.4 116.1 116.0 1194

4 — NBgHyg B-N-B 117.5 116.2 116.7 1124
N-B-B 50.2 50.8  50.6 53.4

H-B-N 115.0 114.8 1147 1119

B-N-H 121.3 121.9 121.6 1238

1-NBgH,, B-N-B 725 722 723 712
N-B-B 53.7 53.9 538 54.4

H-B-N 115.4 115.5 1154 111.9

B-N-H 123.2 123.6 1234 1245

1—-NB;yH;; B-N-B 142.4 144.6 1455 131.2
N-B-B 87.9 85.1 84.9 91.7

H-B-N 118.2 118.3 1181 115.5

B-N-H 108.8 107.7 1072 1144

NB;1Hyo B-N-B 118.0 118.2 1184 113.2
N-B-B 101.8 101.9 101.8 104.0

H-B-N 114.0 114.1 1139 1113

B-N-H 115.7 115.6 1155 118.6

RMS error in % - 0.77  0.54 3.78

The distances are given in degree. RMS errors are given in % with respect to the
B3LYP/6-311++G** reference for all N-B containing angles.
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Table 5.27.: Azaborane Systems: Overview RMS Angles

molecule LDA PBE DFTB
HN — BH 0.00 0.00 0.00

HyN — BH, 0.17  0.06 0.55

HsN — BH; 0.66 0.24 0.67

HsN — BoHs 0.00  0.00 1.47

(H,N), —BH  0.17 0.06  2.38

HN — (BH,), 0.4 0.08 0.28

H3N, — BH, 0.72 0.18 1.34

B;3N;3Hg 0.08 0.04 0.39
BsN;Hg 0.18 0.09  0.70
B7NgHy 0.22  0.07 0.46
B7N;Hyo 0.19 0.09 0.68
BsNgHyo 0.16 0.07  0.56
BoNoHio 0.19 0.09 0.57

B11N11Hio 0.16  0.07 0.51
1 — NB4H; 0.97 042 1.32
2 — NB4H;5 1.35 0.52 6.13
NBsH; 021 020 2.09
1 — NBgH~ 0.56 0.48 2.78
2 — NBgH~ 488 4.28 10.23
1 —NB7Hg 1.09 0.77 22.84
3 — NB7Hg 143 0.91 3.19
1 —NBgHy 1.23  0.75 4.11
4 — NBgHy 0.77  0.52 2.56
1—NBoH;, 042 025 1.18
1 —-NB;oHy; 1.56  1.56 3.41
NBi1Hqo 0.24 0.19 1.31
test set average 0.67 0.45 2.73
RMS errors are given in % with respect to the B3LYP/6-311++G**
reference for each complete molecule and the full test.
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Table 5.28.: Azaborane Systems: Overview RMS Modes

molecule LDA PBE DFTB
HN - BH 3.89 4.61 19.62

H>N — BH, 3.54 3.58 9.03

HsN — BH; 5.08  4.32 6.53

H>N — BoHj 9.46 11.75 7.47

HsN, —BH; 33.09 15.63 14.92

(HoN), —BH  3.40 3.75 16.51
test set 9.74 727 1235

RMS errors are given in % with respect to the BSLYP/6-311++G** reference for each molecule
and the full test.

The next common test are the vibrational modes. Hence, a normal mode analysis for some
of the smaller molecules has been performed. The results are shown in table 5.28. As for
the carbaboranes, the average error of 12% is quite large, but also the agreement between
the different DF'T implementations is not as good as before. The largest deviation is found
for a LDA result with 33% average and 139% or 120cm ™! for a single mode. In general

1

most of the large deviations between the methods are found in the range of 500 cm™" and

less.

Further, the calculated atomization energies and overbinding are given in tables 5.29 and
5.30. The achieved average overbinding for DFTB in comparison to B3LYP/6-31G(d) is
with 8.1 kcal/mol close to the target value of 10 kcal/mol. But the range of overbinding is
quite large. For the boron nitride nanoflake B11N11Hjo the “overbinding” is -3.22 kcal /mol,
whereas for HN —BH emerged a value of 30.90 kcal /mol. Even the values for the azaborane
closo-clusters spread from 1.71 kcal/mol to 10.49 kcal/mol. Since the smaller overbinding
is observed for the smaller clusters, where more B-N interactions are present, one might
assume that the B-N overbinding is not as high as for the other parameters. But the
overbinding was determined for H3N —BHj to be 15 kcal /mol. As a result also the “carbon-
like” molecules have a overbinding in the range of 7.77 kcal/mol to 26.38 kcal/mol. The
compounds with the conjugated m-systems on the contrary show nearly no overbinding
with values between -3.32 kcal/mol and 4.90 kcal /mol.

5.3.2. Bulk Boron Nitride

As test for the transferability of the B-N parameters to periodic systems calculations for
hexagonal alpha-boron nitride, cubic beta-boron nitride, and wurzite gamma-boron nitride
are performed. The structures are shown in figures 5.11, 5.12 and 5.13, respectively. The
performance of the new parameters for the geometry optimization as comparison to the
literature values [157, 158] are given in table 5.31. The results show the trend observed
already for the molecular systems. The structure of the cubic S-boron nitride can be
described as a face-centered cubic alignment of the nitrogens and the occupation of half of
the tetrahedral cavities by boron. In this system all boron-nitrogen bonds have the same
length and the deviation of DFTB from the reference is with less than 4% acceptable. In

the hexagonal a-boron nitride, which is a stacking of graphene-like BN-sheets, there are two

65



5.3. Azaboranes and Boron NitrideChapter 5. Simulation Results of the Boron Parametrization

Table 5.29.: Azaborane Systems: Atomization Energies
B3LYP  B3LYP LDA PBE

molecule 6-31G(d) 6311 1 Qo DFTB

HN — BH 341.37 388.78  402.81  350.82  434.06
H>N — BH, 490.10 536.02 561.04  497.25 575.85
H3;N — BH;3 598.67 643.32 682.80 603.92  703.61
H>N — ByHj 656.56 699.71 746.78  663.14 764.14
H3;N2 — BHy 621.70 712.00 740.22  639.79  806.38
(H2N), — BH 676.62 773.23  801.65 701.19  809.88

HN — (BH»), 635.30 675.52  T17.25 637.25  689.66

B3sN3Hg 1190.88  1319.57 1393.71 1222.59 1249.72
BsNsHg 1884.77  2095.96 2219.46 1941.14 1913.89
B7NgHg 2388.55  2632.13 2801.26 2452.73 2333.91

B7N-Hqg 2578.26  2872.02 3044.87 2659.40 2577.48
BgNgHg 2878.54 321191 3408.97 2973.72 2830.18
BgNgH14 3271.78  3648.11 3870.33 3377.68 3241.13
BN Hyo 3871.61  4327.26 4597.78 4005.69 3745.84
1—-NB4H; 915.07 948.47 1063.59 935.86  998.78
2 — NB4H;5 863.45 897.52 1017.92 885.12  887.36
NB;H;g 1111.19  1140.12 1293.40 1139.22 1167.65

1 — NBgH~ 1261.36  1286.69 1473.24 1292.96 1314.21
2 — NBgH~ 1312.90 1337.89 1522.36 1343.87 1538.38
1 —NB7H;g 1498.00 151840 1739.85 1534.79 1757.94
3 — NB7Hg 1475.64  1496.77 1713.31 1508.22 1684.44
1 —NBgHy 1684.54 1701.45 1956.01 1722.62 1919.81
4 — NBgHy 1700.70  1716.80 1976.17 1743.56 1915.04
1 —NBgH; 1919.82  1931.33 2229.70 1970.24 2181.22
1—-NBjpH;;  2056.62 2065.47 2396.04 2105.03 2455.19
NB;1Hy» 2323.75  2326.60 2698.18 2386.16 2614.82

The values are given in kcal/mol. The spin polarization energy of isolated atoms was taken into

account. No correction for zero point motion was performed.
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Table 5.30.: Azaborane Systems: Overbinding Energies
B3LYP LDA PBE
molecule 6-311-4+ G** DFTB
HN — BH 15.80 20.48 3.15 30.90
H>N — BH, 9.18 14.19 143 17.15
H3;N — BH;3 6.38 12.02 0.75  14.99
HoN — BoHj 6.16 12.89 094 15.37
H3N2 — BHy 12.90 16.93 258  26.38
(H,N), —BH  13.80 17.86 3.51  19.04
HN — (BHy), 575 1171 028  7.77

B3N5Hg 10.72 1690 2.64  4.90
BsN;Hsg 11.12  17.62 297 153
B, NgHy 10.15 1720 2.67 -2.28
B-N.Hio 11.30  17.95 3.12  -0.03
BsNsHio 11.50 1829 3.28  -1.67

BgNgH;, 1140 1814 3.21  -0.93

B11N11Hyo 11.68 18.62 3.44 -3.22

1 — NB4Hj5 2.39 10.61 1.48 5.98

2 — NB4H; 2.43 11.03 1.55 1.71

NBsHg 161 1012 156  3.14

1 — NBgH7 1.15 9.63 1.44 2.40

9 — NBgH; 114 952 141 1025

1 — NB7Hg 0.78 9.30 1.41 10.00

3 — NByHg 0.81 9.14 1.25 8.03

1 — NBgHy 0.56 9.06 1.27 7.84

4 — NBgHy 0.54 9.18 143 7.14

1 — NBgH;g 0.34 9.11 1.48 7.69

1 —NBjoH11 0.23 8.93 1.27 10.49

NB;;1Hio 0.07 891 149 6.93

Average 6.13 1324 1.89 8.10

The values are given in kcal/mol per bond with respect to B3LYP/6-31G(d). The spin
polarization energy of isolated atoms was taken into account. No correction for zero point motion

was performed.
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Figure 5.11.: Structure of a-Boron Nitride

interesting distances B-N: within the sheet (in plane) and between the sheets (trans plane).
The deviation for the in-plane distance is quite low (< 2%), whereas the sheet distance
(lattice constant c¢) and thus the trans-sheet B-N distance are off by 10%. For the «-boron
nitride the results are even worse. The results achieved with DFTB are very similar to
the ones for a-boron nitride. Indeed the examination of the relaxed structure is a sheet
stacking like a-boron nitride. Although ~-boron nitride is a meta-stable modification of
boron nitride [52], this result is a bit unsatisfying. Nevertheless, the overall performance for
the periodic structures is reasonable, especially since the main focus of the parametrization

of boron were molecular systems.

Furthermore for all three systems, the band structure was calculated in the literature
geometry [157, 158] and compared to DFT/PBE calculations with the program ELK[159].
The results of these calculations are shown in figures 5.14, 5.15, and 5.16 for a-BN, 5-BN,
and 7-BN respectively.

While the valence bands of the all systems analyzed are in reasonable agreement with
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Figure 5.13.: Structure of v-Boron Nitride

Table 5.31.: Overview of Deviation of the Geometric Parameters for Bulk Boron Nitride

Systems

system property Literature DFTB deviation

a-BN B-N (in plane) 1.45 1.47 1.87
B-N (trans plane) 3.33 3.67 10.24
lattice constant a 2.50 2.55 2.00
lattice constant c 6.66 7.34 10.26

5-BN B-N 1.57 1.63 3.82
lattice constant a 3.62 3.75 3.65

~v-BN B-N (in plane) 1.60 1.47 -7.76
B-N (trans plane) 3.05 3.71 21.60
lattice constant a 2.55 2.55 0.00
lattice constant c 4.20 7.41 76.38

The values are given in A, while deviation of DFTB is given in %. The literature values of the
geometry are taken from [157, 158].

Figure 5.14.: Comparison of Band Structures of a-Boron Nitride

Band Structure of a-Boron Nitride
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Data obtained at the DFTB (red lines) and DFT/PBE (black lines) levels of approximation for
the same geometry (taken from literature [157, 158]).
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Figure 5.15.: Comparison of Band Structures of S-Boron Nitride
Band Structure of B-Boron Nitride
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Data obtained at the DFTB (red lines) and DFT/PBE (black lines) levels of approximation for
the same geometry (taken from literature [157, 158]).

Figure 5.16.: Comparison of Band Structures of v-Boron Nitride

Band Structure of y-Boron Nitride
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Data obtained at the DFTB (red lines) and DFT/PBE (black lines) levels of approximation for
the same geometry (taken from literature [157, 158]).
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the results from DFT/PBE, the description of the conduction bands is not as good. For
example, for a-BN SCC-DFTB completely misses the band, which produces the conduction
band minimum at the I'-point. Furthermore the band, which gives the conduction band
minimum at the A-point, has an apparently different progression. For 5-BN there is not
even any resemblance of the conduction bands to the ones obtained with DFT/PBE. In
this case also the valence bands are down-shifted in energy compared to the DFT/PBE
bands by nearly 4.3eV at the I-point. While the trend of the valence bands between the
points I' and L, L and W, and T" and X is qualitatively correct, level crossings between
X and W, W and K, and K and I" could not be reproduced with DF'TB. The situation
for v-BN again is similar to a-BN, where the agreement for the valence bands is good
but the conduction bands are off. In the case of the wurzite structure the deviations are
considerably larger than for the hexagonal. So the level touching at the I'-point found by
DFT/PBE is not observed for the DFTB results.
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Part III.

Graphene with Adatoms
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Chapter 6. Introduction to Graphene

6. Introduction to Graphene

6.1. Discovery

The ability of carbon to form complex networks is unmatched by any other element of
the periodic system. The complete organic chemistry is based on carbon and its bonds
in molecules[160]. Furthermore pure carbon systems are also of large variety. The bulk
carbon modifications diamond and graphite are known for ages, but the rather recently dis-
covered fullerenes and nanotubes are of great interest to chemists and physicists[161-164].
The research in carbon based materials increased further with the successful synthesis
of the first two-dimensional crystal, graphene[165, 166]. Graphene is probably the best
theoretically studied carbon allotrope since its structure of planar, hexagonal arranged
carbon atoms is part of many other carbon systems as graphite, nanotubes and fullerenes.
The first successful synthesis of graphene was performed by extraction of a monolayer
from graphite by micromechanical cleavage[167, 168]. This technique could be used con-
sidering that graphite can be viewed as a stacking of two-dimensional graphene crystals
weakly coupled together[169]. The message of the synthesis and its application to other
materials[168] is that truly “two-dimensional crystals do exist and are stable under ambi-
ent conditions”[169], although this was against the common belief|170-173]. Nevertheless
for an industrial production and real application, the micromechanical cleavage or scotch
tape method is not suited and other techniques have to be developed like the exfoliation of
intercalated graphitic compounds|[174-178] or the Si sublimation from SiC substrates[179].
But for “prove of principle”, the samples of graphene are of so high quality that quantum
Hall effect[165, 166] and ballistic transport[167] could be observed.

6.2. Geometry and Band Structure

The structure of graphene is that of a planar honeycomb, hexagonal lattice of carbon atoms.
The primitive unit cell contains two symmetry equivalent carbon atoms and thus can be
described as using two symmetry equivalent sublattices A and B (see figure 6.1). In this
planar structure both carbon atoms are sp?-hybridized and form directed o-bonds to their
direct neighbors. The fourth electron of each carbon atom is added via the p,-orbital to the
system-wide, conjugated m-system. The bond distance in graphene is 1.42A, which is just
between the single bond distance (1.54A in ethane) and the double bond distance (1.33A in
ethane) as typical for aromatic, organic systems (1.39A in benzene). Therefore, graphene
is related to (polycyclic) aromatic hydrocarbons benzene, naphthalene, anthracene and/or

coronene and can be considered as the infinite extension of such systems.
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Figure 6.1.: Structure of Graphene

Structure of graphene. Different colors for the carbon atoms mark their affiliation to the different
sublattices.

Figure 6.2.: Band Structure of Graphene

a)
a) Bandstructure of graphene with touching bands at the conical points K and K’ taken from
ref. [169].
b) Bandstructure of graphene with the assignment of the basis character of the bands. Taken
from ref. [184].

The bandstructure of graphene is one of the most interesting aspects of the material. The
band structure can be described by the simple nearest-neighbor, tight-binding approxima-
tion [180]. It is shown in figure 6.2. Pristine graphene has no bandgap. The symmetry of
the atoms in the unit cell results in two conical points (K and K’) in the Brillouin zone,
where the conduction and valence band cross each other. Near these crossing points, the
relation of electron energy and wave vector is linear, which closely resembles the Dirac
spectrum for massless fermions [181, 182]. Because of this linearity, the quasiparticles in
graphene are expected to behave different from those in conventional metals and semi-
conductors [169]. The mobilities of charge carriers within graphene already are found to
exceed those of modern Si transistors by a magnitude and are hoped to further increase as

“graphene technology” improves [169, 183].
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Figure 6.3.: Band Structure of Graphene for varying Sublattice Occupations
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The density of electronic states as a function of energy for different sublattice occupancy ratios.
The band gap, which opens at np > ng and ng > nja, is immune to disorder: no electronic
states are found inside the gap. The picture is taken from ref. [186].

6.3. Electronic Structure Manipulation

In the search for new materials for molecular electronic devices, graphene strikes many
scientists as a promising candidate due to its high electron mobility. But in order to be
suitable for applications the engineering of a band gap in a controlled fashion is needed. For
this, the low dimensional material provides unique opportunities for the manipulation of its
properties by chemical means. For example, graphene can be transformed from a zero band
gap Dirac material into a wide band gap insulator by hydrogenation. The material gained
is the so-called graphane, where all carbons are sp>-hybridized and bond to a hydrogen
each. Partially functionalized graphene offers the chance to tune the optical and electronic
transport properties between disordered Dirac material and insulating characteristics. This
could be done by variation of the adsorbate concentration and the real space arrangement
of the adsorbates. Shytov et. al. [185, 186] and Cheianov et. al. [187] have shown
with their calculations that the opening of a band gap in graphene occurs due to adatom

adsorption, if the adsorbates break the sublattice symmetry (see figure 6.3).

The means of control for this tuning are the formation of chemical bonds between the
carbon and the adsorbate as these bonds alter the covalent bonds between carbons in
the graphene framework. The mechanisms, which contribute to the interaction of carbon
and its bonding partners, can be illustrated as follows: First, covalent adsorbates like
hydrogen or fluorine lead to a rehybrizidation of their carbon bonding partner in the
graphene plane from sp? to sp3. Thereby the adsorbates induce a change in the inter
carbon bond angles and local strains in the lattice. These lattice deformations mediate an
effective adsorbate-adsorbate interaction on the length scale of a few interatomic spacings,
which can be as large as 0.5eV per adsorbate pair.[188] Second, adsorbates effectively
remove their bonding partners from the conjugated m-system of the carbons and thus
locally break the aromaticity. The preference to restore aromaticity globally leads to inter

adsorbate coupling. On the atomic scale, aromaticity induced adsorbate coupling has been
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Figure 6.4.: Structure of 25% hydrogenated Graphene
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Model of the ordered adsorption of hydrogen on graphene in the stoichiometry C,H.

Isolated aromatic rings are indicated.

%
The vectors @ and b define the unit cell of C4H and connect the aromatic rings.

They define a 2x2 super structure with respect to pristine graphene.
The picture is taken from ref. [189].

demonstrated to stabilize para-type H-adsorption patterns in 25% hydrogenated graphene,
i.e. C4H by means of experiments and first-principles calculations.[189] This long range
coupling is the sublattice pseudo-spin analog of RKKY interaction between real spins
in metals.[186, 187] Similar to RKKY, this electronically mediated interaction depends
strongly on the location of the Fermi level. Starting from impurity coverages of a few
percent both strain and electronically mediated inter impurity coupling can be expected
to interfere and thus determine the phase diagram of covalently functionalized graphene

systems.

Therefore, if the interplay of electronic and deformational coupling can be largely manip-
ulated either by adsorbate concentration and/or charge doping, an ordering transition of
the adsorbates could be observed, where the sublattice symmetry is spontaneously broken.

Thus, the controlled engineering of a band gap should be possible.
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7. Simulation Results for Adatoms on

Graphene

7.1. Hydrogen on Graphene

7.1.1. Comparison of DFT and DFTB for the Adsorption of atomic
Hydrogen on Graphene

To validate, if the SCC-DFTB method is appropriate to study the adsorption of hydrogen
on graphene and the possibility of sublattice symmetry breaking, geometry optimizations
with one and two hydrogen atoms on pristine graphene using SCC-DFTB with the DE'TB-+
code[51] and DFT/PBE[141] within the VASP package[147| have been performed.

Figure 7.1 shows the optimized structure of one hydrogen atom adsorbed on graphene. Due
to the adatom the structure is no longer perfectly planar, but the connected carbon is pulled
out of the plane by 0.52A and even the neighboring C-atoms are displaced by 0.17A in the
direction of the hydrogen. This results significantly differs from the results of Boukhvalov
and co-workers [188], who found that the neighboring carbon atoms are pushed to the
other side of the graphene plane enabling the sp3-hybridization of the substrate C-atom
while the planeness of graphene is conserved to the greatest extend. Nevertheless, those
results could not be reproduced within VASP or SCC-DFTB, which both give the buckle
around the adsorbed hydrogen. The findings with VASP and SCC-DFTB are independent

of constriction of the lattice parameters to the ones of perfect graphene.

For the adsorption of two hydrogen atoms three different patterns have been considered,
namely the directly neighboring positions on the two sublattices (Ag — By), the directly
neighboring positions on one sublattices (A9 — Ag), and the next-neighboring positions
on the two sublattices (A9 — Bs). For each of these, also the positioning of the atoms
on both sides of the graphene plane (Ag — B}, Ag — A), and Ay — B%) have been taken

Figure 7.1.: Optimized Structure of one Hydrogen on Graphene
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Figure 7.2.: Optimized Structure of two Hydrogens on one Side of Graphene
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Table 7.1.: Relative Energies of two Hydrogens on Graphene
structure DFT/PBE DFTB

Ag— B, 0.00 0.00
Ag — Ay 1.32 1.18
Ay —Bs 0.05 0.03
Ao - B] -0.43 -0.51
Ay — A} 1.32 1.20
Ay - Bj 0.24 0.23
Energies are given in eV. The configuration with the closest hydrogen positions was taken as zero
point.

into account. The structures were relaxed within the optimized lattice constants of pure
graphene. Representations of the optimized systems are given in figures 7.2 and 7.3, while
table 7.1 shows the energies of the calculated patterns relative to the structure with the
smallest hydrogen-hydrogen distance. It can be seen that SCC-DFTB correctly reproduces

the energetic differences between the structures compared to DFT.

These results indicate that the SCC-DFTB method can be used to investigate the sublattice

depended adsorption of hydrogen on graphene and the possibility of sublattice symmetry
breaking.
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Figure 7.3.: Optimized Structure of two Hydrogens on both Sides of Graphene
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7.1.2. Adsorption Energy for different Hydrogen Concentrations

Since SCC-DFTB provides results comparable to DFT (see section 7.1.1), SCC-DFTB
calculations were performed for different concentrations of hydrogen on graphene. To
compare the different concentrations the total energies calculated must be normalized by

the number of hydrogens in the system. Hence, the interaction energy per carbon-hydrogen
bond, Eint, is defined as:

E —F 1
Eint (C—H) _ System - Graphene _ §EH2 (71)

where Esysiem is the total energy of the hydrogenated graphene, Egraphene is the total
energy of a pure graphene sheet of the same size as the hydrogenated system, ny is the
number of hydrogens on the graphene system, and Ep, is the total energy of the hydrogen
dimere. This energy expression should also enable the direct comparison with the data of
Shytov and co-workers [185]. There, the energy is calculated for low adatom concentrations
(2-20% hydrogen on graphene) and a monotonous increase or decrease of the energy is found

for sublattice broken or equal population, respectively.

Calculations are performed for one-sided adsorption of hydrogen on sublattice A only (“A
only”), one-sided adsorption with equal distribution of the adatoms on the sublattices A
and B (“AB one-sided”), and for adsorption on sublattice A from one side and on sublattice
B from the other side with equal distribution of the adatoms on the sublattices (“A top,

B bottom”). For each these adsorption patterns hydrogen concentrations in the range of
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Figure 7.4.: Graphene with different Hydrogen Concentrations
Graphene with adsorbed Hydrogen
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Each data point gives the average over approximately 10 different adsorption configurations of
hydrogen atoms on a (10x10) graphene cell (200 carbon atoms). The error bars indicate the full
(maximum to minimum) energy distribution of calculated configurations.

Table 7.2.: Interaction Energy per C-H bond of Graphene with Hydrogen Adatom Con-

centrations
concentration A only AB one-sided A top, B bottom
[H-%)] average  max min | average  max min | average  max min
10 0.9570 0.9706 0.9438 | 0.4618 0.5785 0.3583 | 0.3650 0.5269  0.1800
20 1.0595 1.0644 1.0513 | 0.3986 0.5567 0.3092 | 0.2000 0.2894 0.0762
30 1.1287  1.1338 1.1230 | 0.3812 0.4371 0.3448 | 0.0411 0.1173 -0.0682
40 1.1098 1.1802 1.0660 | 0.3327 0.3891 0.2715 | -0.0698 0.0228 -0.1858
50 1.2923 - - 0.3341 0.3946 0.2738 | -0.2194 -0.1445 -0.3378

Energies are given in eV. Approximately 10 different adsorption configurations of hydrogen atoms
on a (10x10) graphene cell (200 carbon atoms) are averaged and the maximum and minimum
energies of calculated configurations are presented as well.

10 to 50% adatom concentration have been considered. The results of the calculations
are presented in table 7.2 and graphically in figure 7.4. One should note that in case of
50% hydrogens for “A only” this concentration equals the adsorption of hydrogen on every

carbon atom of sublattice A.

The figure shows that sublattice symmetry breaking even for high hydrogen concentrations
is not favorable compared to the equal distribution of the hydrogens over both sublattices.
The “A top, B bottom” pattern would lead to graphane at an adsorbate concentration of
100% coverage and thus gets more preferred with the rise in adsorbate concentration. The
“A only” pattern is the energetically least favorable adsorption pattern and this increases
with the adsorbate concentration as more and more “radical traps” on the graphene are
formed. By “radical traps” are meant the adsorptions of three hydrogens around one

carbon atom of the other sublattice, which prevent the electron in the p,-orbital of that
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Figure 7.5.: Delocalization and Radical Trap in Partially Hydrogenated Graphene
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Top: Examples for the delocalization of an unpaired electron in graphene due to hydrogen
adsorption.

Bottom: Formation of a “hydrogen cage” or “radical trap”, which prevents the delocalization of
the caged unpaired electron in graphene.

carbon atom from forming a m-bond to another carbon atom and thus delocalization of
the unpaired electron through the conjugated m-system of the graphene. A schematic
sketch of the delocalization and trapping is given in figure 7.5. The third pattern, the
“AB one-sided”, reveals the influence of the hydrogen-hydrogen repulsion and the 7-bond
reformation, which are absent in the “A top, B bottom” and “A only” pattern, respectively.
For low concentrations (10-20%) the hydrogen-hydrogen repulsion is nearly neglectable
and the m-bond reformation makes the difference. For larger concentrations the hydrogen-
hydrogen repulsion and the according deformation of the graphene sheet become more
prominent and nearly no additional energy is gained from the adsorption. Therefore, the
data strengthens Cheianov and co-workers [187], who claimed that the hydrogen-hydrogen
repulsion must be considered and the observation of Haberer and co-workers [189], who

found a maximum concentration of 25% hydrogen adsorption in their experiments.

Nevertheless, the results definitely state that the pure adsorption of hydrogen on graphene

at any concentration is not enough to induce sublattice symmetry breaking.

7.1.3. Adsorption Energy for different Electron Doping Values

Because of the inability of sublattice symmetry breaking by the adatom concentration
(section 7.1.2), the influence of electron doping on the sublattices ordering of hydrogen
adsorbed on graphene shall be considered. In order to investigate this doping effect, the
virtual crystal approach (VCA) [190, 191] was chosen. In this approach the number of

protons in the core and the number of electrons in the shell of an atom sort are modified to
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Figure 7.6.: Band Structure for Electron-doped Pristine Graphene
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Band Structure with Fermi energy at different electron doping levels (edl).

simulate the effect of doping without ionic contributions. For the present application the
doping was done by editing of the SKF for carbon and adjusting the number of 2p-electrons
in the range of -0.20 to +0.20 electrons. By this, not only electron but also hole doping of
the graphene has been considered. The usage of the VCA allows this without the necessity
to balance any charges in the unit cell by a jellium, which is still under debate how to do

correctly.

The range of doping is visualized in figures 7.6 and 7.7, where the bandstructure and
density of states computed with SCC-DFTB is shown with the Fermi energies of different
electron doping levels (edl).

The doping was performed for graphene with 10% adsorbed hydrogen atoms on one side of

the graphene and for three different ratios of sublattice coverage. Tested sublattice occu-
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Figure 7.7.: Density of States for Electron-doped Pristine Graphene
Density Of States of Graphene
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Density of states with Fermi energy at different electron doping levels (edl).

pations were total sublattice symmetry breaking (A/B = 1/0), equal sublattice population
(A/B = 1/1), and intermediate (A/B = 3/1). In figures 7.8, 7.9, and 7.10, the results are
presented graphically while table 7.3 shows the average over the tested configurations with
the maximum and minimum values of the interaction energies as used in section 7.1.2 and

defined in equation 7.1.

The figures 7.8, 7.9, 7.10 and 7.11, all show that the effect of hole- and electron-doping on
the C-H interaction energy is not symmetric. The present overlap of the energy distribu-
tion ranges at zero doping (see figure 7.8) reflects the findings of Haberer and co-workers
[189], who stated that the adsorption of hydrogen at concentrations below 25% is not or-
dered at room temperature. The maxima and minima of the distributions are achieved by
configurations created due to chemical intuition. Therefore, the assumption appears war-
rantable that although the configurational space is considerably larger than the small group
of tested configurations, the tested configurations compasses the whole energy distribution
range. Hence, the discussion of the energetic minima (figures 7.10 and 7.11) is sensible.
Figure 7.10 reveals that a change of sublattice population preference occurs for hole-doping
of -0.10 electrons per carbon atom. For electron-doping this preference change is observed
only at the edge of the tested doping levels, for a value of +-0.20 electrons per carbon atom.
The alternation in the trends for (A/B = 1/1) and (A/B = /o) at -0.10 and +0.10 electrons,
respectively, are attributed to a change of the respective energy minimum configurations.
For a better awareness of the symmetry breaking possibility due to the doping the relative
energy of the minimun configurations as defined by equation 7.2 is plotted in figure 7.11.
There, the difference of total and partial sublattice symmetry breaking of the adatoms to

the equal occupation of the sublattices is shown.
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Table 7.3.: Interaction Energy per C-H bond of doped Graphene with 10% Hydrogen

Adatoms
doping A/B =1/ ‘ A/B = 3/1 . A/B = 1/1 .
average max min average max min average max min
-0.20 -0.7476 -0.1875 -0.8347 | -0.7134 -0.4225 -0.8034 | -0.6674 -0.2949 -0.7690
-0.16 -0.5892 0.0374 -0.7113 | -0.5751 -0.4021 -0.6906 | -0.5377 -0.2855 -0.6609
-0.12 -0.3711  0.1156  -0.5190 | -0.3782  0.0383 -0.4920 | -0.3583 -0.1212 -0.4663
-0.10 -0.2171  0.0942 -0.3949 | -0.2745 -0.1161 -0.3639 | -0.2509 0.0072 -0.3628
-0.06 0.3135  0.4827  0.2445 0.0483 0.1334 -0.0425 | 0.0266 0.5657 -0.2685
-0.02 0.8044 0.9129 0.7783 0.4684 0.5786  0.3242 0.3313 0.8562 -0.0680
0.00 0.9594 1.0356 0.9433 0.6069 0.7446 0.4673 | 0.4556 0.9650 0.0291
0.002 0.9611 1.0345 0.9435 0.6180 0.7469  0.4684 0.4580 0.9663  0.0282
0.02 0.9087 0.9697 0.8723 0.5708 0.7062 0.4143 | 0.4293 0.9199 -0.0259
0.04 0.7810 0.8795 0.7301 0.4667 0.5935 0.3079 0.3614 0.838¢ -0.1152
0.06 0.6126  0.8006  0.5458 0.3528 0.4803 0.2172 0.2875 0.7373 -0.1735
0.08 0.4185 0.7010 0.3328 0.2455 0.4803 0.2172 0.2115 0.6234 -0.2195
0.10 0.2400 0.5936  0.1064 | 0.1552 0.3327 0.0827 | 0.1416 0.5202 -0.2341
0.12 0.1108  0.4953 0.0395 0.0827 0.2496 0.0217 | 0.0761 0.4138 -0.2460
0.16 -0.0734 0.2961 -0.1202 | -0.0492 0.0966 -0.0922 | -0.0459 0.1844 -0.2530
0.20 -0.2267 0.0730 -0.2610 | -0.1766 -0.0781 -0.2210 | -0.1644 0.0074 -0.2515

Energies are given in eV. Different adsorption configurations of 20 hydrogen atoms on a (10x10)

graphene cell (200 carbon atoms) are averaged and the maximum and minimum energies of

Figure 7.8.: Doped Graphene with Hydrogen Adatoms - Energy Distributions
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Each data point gives the average of different adsorption configurations of 20 hydrogen atoms on
a (10x10) graphene cell (200 carbon atoms). The error bars indicate the full (maximum to
minimum) energy distribution of calculated configurations.
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Figure 7.9.: Doped Graphene with Hydrogen Adatoms - Energy Averages
Electron-doped Graphene with 10% adsorbed Hydrogen
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Each data point gives the average of the different adsorption configurations of 20 hydrogen atoms
on a (10x10) graphene cell (200 carbon atoms).

Figure 7.10.: Doped Graphene with Hydrogen Adatoms - Energy Minima,
Electron-doped Graphene with 10% adsorbed Hydrogen
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Each data point gives the energy minimum of the different adsorption configurations of 20
hydrogen atoms on a (10x10) graphene cell (200 carbon atoms).
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Figure 7.11.: Doped Graphene with Hydrogen Adatoms - Energy Differences
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Each data point shows the difference of the energy minima of the sublattice symmetry broken
adsorption patterns (A/B = 1/0 and A/B = 3/1) to the sublattice equally occupied pattern
(A/B = 1/1) for the tested electron doping levels.

AminFing = min [Eipy (A/B = 2/y)] — min [Eing (A/B = 1/1)] (7.2)

It can be concluded that within the limits of calculated doping levels and tested configu-
rations, total sublattice breaking should be possible beyond 0.10 hole- and 0.20 electron-
doping. Hence, the adsorption of hydrogen atoms on graphene introduces non-symmetric
impurities. Furthermore, the results clearly show that total sublattice symmetry breaking
is more likely to achieve than partial symmetry breaking.
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Table 7.4.: Relative Energies of two Fluorine Atoms on Graphene
structure DFT/PBE DFTB

Ay — By 0.00 0.00
Ag— A, 0.47 1.32
Ay —Bs -0.17 0.04
Ao —B] -0.64 -0.54
Ay — A 0.37 1.21
Ay - Bj -0.13 0.10

Energies are given in eV. The configuration with the closest fluorine positions was taken as zero
point.

7.2. Fluorine on Graphene

In section 7.1.3 is shown that the sublattice symmetry breaking of hydrogen atoms adsorbed
on graphene is possible for certain levels of electron- and hole-doping. Since the calculations
revealed a preference for the hole-doping, the question whether this preference can be
shifted to electron doping by the adsorption of a different atom type. The fluorine atom
seems to be a good candidate for such modification because the C-F bond has a opposite
polarization than the C-H bond.

7.2.1. Comparison of DFT and DFTB for the Adsorption of atomic
Hydrogen on Graphene

As for the case of the hydrogen adsorption (see section 7.1.1), at first a comparison of the
results from DFT and DFTB calculations is done. For this, the same test as for hydrogen is
performed, namely the comparison of energy differences for neighboring adsorption sites.
As before the three different patterns are the directly neighboring positions on the two
sublattices (Ag — By), the directly neighboring positions on one sublattices (Ag — As),
and the next-neighboring positions on the two sublattices (Ag — B3). For each of these,
also the positioning of the atoms on both sides of the graphene plane (Ag — B, Ag — A},
and Ao — Bj) have been taken into account. The structures were relaxed within the
optimized lattice constants of pure graphene. The calculations are performed for SCC-
DFTB with the DFTB+ code[51] and the pbe-SKF-set[140] and DFT/PBE[141] with the
VASP package[147]. The summary of the results are presented in table 7.4 as the relative

energies of the tested configurations.

As for hydrogen the systems with positioning of the fluorine atoms on different sublattices
are energetically favored. For the directly neighboring adatoms (Ag — By and Ay — B)) the
effect of adatom repulsion can be noticed the best as the difference between the one-sided
and two-sided adsorption is with both methods about 0.5eV. The adsorption of the adatoms
on one sublattice is the least favored configuration in both methods, but the relative energy
difference is higher in DFTB by about 0.9eV compared to DFT. This relative difference
is consistent for the one-sided and both-sided adsorption and nearly the same as for the
hydrogen adatoms (see section 7.1.1). Although the discrepancy between DFT and DFTB
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Table 7.5.: Interaction Energy per C-F bond of doped Graphene with 10% Fluorine
Adatoms

A/B = 1/o A/B =3/1 AB=1/1

doping
average  max min average  max min average  max min

-0.20 | -0.8812 -0.8459 -0.9408 | -0.8608 -0.8170 -0.8987
-0.16 | -0.7590 -0.7056 -0.8400 | -0.7597 -0.7008 -0.8056 | -0.7657 -0.7192 -0.8181
-0.12 | -0.5853 -0.5011 -0.6984 | -0.6504 -0.5702 -0.7964 | -0.6391 -0.5768 -0.6908
-0.10 | -0.4576 -0.3714 -0.6004 | -0.5732 -0.4885 -0.7547 | -0.5599 -0.4867 -0.6253
-0.06 | -0.0583 0.1325 -0.1111 | -0.3824 -0.0633 -0.4684 | -0.3445 -0.2570 -0.4346
-0.02 0.2795 03087  0.2453 | -0.2053 0.1016 -0.3147 | -0.0773  0.0185 -0.1588
0.00 0.3628  0.4023  0.3228 | -0.1526 0.1410 -0.2653 | 0.0028 0.0939 -0.0764
0.02 0.2391 0.2841 0.1906 | -0.2511 0.0142 -0.3478 | -0.1148 -0.0327 -0.1939
0.06 -0.2185 -0.1725 -0.2851 | -0.5219 -0.3138 -0.5831 | -0.4916 -0.4064 -0.5818
0.10 -0.7604 -0.6893 -0.9100 | -0.7659 -0.6243 -0.8393 | -0.7880 -0.7313 -0.8599
0.12 -0.9209 -0.8585 -1.0252 | -0.8542 -0.4406 -0.9351 | -0.8944 -0.8555 -0.9765
0.16 -1.1431 -1.0673 -1.2018 | -1.0359 -0.7161 -1.1311 | -1.0719 -1.0044 -1.1801
0.20 -1.3167 -1.2399 -1.3331 | -1.2007 -1.0179 -1.2717 | -1.2333 -1.1471 -1.3095

Energies are given in eV. Different adsorption configurations of 20 fluorine atoms on a (10x10)
graphene cell (200 carbon atoms) are averaged and the maximum and minimum energies of
calculated configurations are presented as well.

is much higher than for hydrogen and much larger than one would like, it should mean that
any sublattice symmetry breaking determined with DFTB should be even more favored

within DFT calculations.

7.2.2. Adsorption Energy for different Electron Doping Values

The influence of electron doping on the sublattices ordering of fluorine adsorbed graphene
shall be considered. In order to investigate this the virtual crystal approach [190, 191] was
chosen again. As before (see section 7.1.3) the following sublattice occupations were tested:
total sublattice symmetry breaking (A/B = 1/0), equal sublattice population (A/B = 1/1),
and intermediate (A/B = 3/1). The results are presented in figures 7.12, 7.13 and 7.14
graphically while table 7.5 shows the average over the considered configurations with the
maximum and minimum values of the interaction energies. For it, equation 7.1 has to

modified and results in equation 7.3.

ESystem - EGraphene
ng

iy = ~ S Er, (7.3)
The first notable difference for fluorine adatoms is that already for no doping the adsorp-
tion energy minima for the intermediate and equal sublattice adsorption pattern is below
zero. Therefore, the adsorption of fluorine on graphene should be favored. For the sym-
metry broken adsorption pattern the configuration is the lowest in energy, which has the
largest distance between the adsorbed fluorines. The results for the equal and intermediate
adsorption pattern show the same favoritism for an edl of +0.10 and beyond. The compar-

ison of the graphs for hydrogen (see section 7.1.3) and fluorine also reflect the difference
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Figure 7.12.: Doped Graphene with Fluorine Adatoms - Energy Distributions

Electron-doped Graphene with 10% adsorbed Fluorine
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Each data point gives the average of different adsorption configurations of 20 fluorine atoms on a
(10x10) graphene cell (200 carbon atoms). The error bars indicate the full (maximum to
minimum) energy distribution of calculated configurations.

Figure 7.13.: Doped Graphene with Fluorine Adatoms - Energy Averages

Electron-doped Graphene with 10% adsorbed Fluorine

0.60 — : ‘

O : —=A/B=1/0
S N A/B=3/1

0.20 3 / \ -=A/B=1/1
000 % \\

=-020 % 4 ***\

< 040 + ,/ -’/ < \

¢-0.60 I A/ \\

S % il R

uF-080 3 —— S
100 £ '\\\
120 X
-1.40 ™
-1.60 F++t

-0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25
Electron-doping per Carbon-atom / [e7]

Each data point gives the average of the different adsorption configurations of 20 fluorine atoms
on a (10x10) graphene cell (200 carbon atoms).
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Figure 7.14.: Doped Graphene with Fluorine Adatoms - Energy Minima,
Electron-doped Graphene with 10% adsorbed Fluorine
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Each data point gives the energy minimum of the different adsorption configurations of 20
fluorine atoms on a (10x10) graphene cell (200 carbon atoms).

Figure 7.15.: Doped Graphene with Fluorine Adatoms - Energy Differences

Electron-doped Graphene with 10 % adsorbed Fluorine
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Each data point shows the difference of the energy minima of the sublattice symmetry broken
adsorption patterns (A/B = /o and A/B = 3/1) to the sublattice equally occupied pattern
(A/B = 1/1) for the tested electron doping levels.
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in the polarization of the C-X bond (X = H or F). The fluorine prefers electron doping
while hydrogen favors hole doping. Similar to the results for the hole doping with hydro-
gen, for fluorine with electron doping the switch between the energetic favored adsorption
pattern occurs at 0.10 doping level. And as for hydrogen the present calculations do not
reliably reveal a doping range, where the adsorption pattern with partial symmetry break-
ing is energetically favored compared to the pattern with the total symmetry breaking.
For the hole doping, the tipping point lies with -0.16 edl well within the tested doping
level range. Hence, the doping level dependence of the interaction is stronger for fluorine,
which is represented in the higher and narrower graph for fluorine compared to the one for

hydrogen.
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8. Boron Parametrization

Boron and its special structural behavior has been of great interest since its discovery.[53—
55] Not only do several bulk phases exist and the most stable modification at ambient
conditions still evades the experiment confirmation, but also nanomaterials like nanotubes
and nanowires have been synthesized.|85, 86| While their exact structure is still a matter
of research, their estimated electronic properties rise the hope, that they could be useful
in future electronic devices as they supplement the semi-conducting carbon nanotubes by
their metallic character. But also besides the pure boron structures, compounds contain
boron have a wide application range: in catalytic chemistry [132], neutron capture for

reactor shielding [128] or hydrogen storage materials [134, 135].

Therefore, in order to enlarge the application range of DFTB towards these kind of ma-
terials, parameters of boron for the SCC-DFTB method have been successfully developed
in this thesis. These new parameters supplement the existing existing mio-parameters
[13, 17, 19, 140] and include the B-B, B-H, B-C and B-N interactions. The range of tested
compression radii for the element boron, on which DETB relies (see chapter 3), consisted of
3150 tested combinations for the confinement radii for the density and the wave function.
The radii were determined from the range of 3 to 10 and 1.5 to 3.5 times the covalent
radius of boron for the density and the wave function, respectively. The compressions for

the other element were taken as determined for the mio-parameters.

For the evaluation of the new DFTB parameters full DFT calculations have been performed
on molecular and periodic systems, although the reference for the determination of the pa-
rameters were only molecules. The properties, which are taken into account, are geometries
(bond/atomic distances and angles), vibrational modes, reaction energies and bandstruc-
tures. Since the parameters are constructed to supplement the existing mio-parameters,

they are adjusted to reproduce the known overbinding of that set.

The comparison of the new parametrization to the DFT calculations displays overall a
good agreement for the geometries. The deviations from the DFT reference for molecular
systems are in average about 4% in terms of root mean square errors (RMS). The errors
for the vibrational modes tested in these systems are higher but still acceptable when
compared to the differences between various DFT functionals. The average RMS error
here is about 10%. The reaction energies determined between the molecules in the test
set for these parameters reveal quite a difference to the DFT calculations, when boranes
are converted into carba- and dicarbaboranes. This is although the overbinding of the

parameters is successfully adjusted to the target value of 10 kcal/mol.

For the periodic systems of bulk boron, pure boron sheets and nanotubes, and two out
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of three boron nitride phases the geometric parameters are also in reasonable agreement
with DFT results and/or literature values. The RMS here is about 5%. For the third BN
phase a transition into one of the other phases occurred. The reason for this could be that
these structures are layer structures. due to the compression used in DFTB, in this case
the inter-layer interaction is not as high as it should be. The intra-layer interaction leads
then to the transition into the other phase. For this phase also the layer-layer distance
differs to the reference by 10%, while the intra-layer distances differ by only 2%. Also
the electronic structures of periodic systems have been examined. While they show a
reasonable agreement with the results from DFT calculations, it should be noted that due
to the minimal basis deviations occur in the conduction band. Nevertheless, overall it can

be concluded that the parametrization was successful.

For future work further parametrization for additional element combinations would en-
large the application range of the parameters even further. An extension of this work,
boron-oxygen and boron-silicon parameters should be derived and could help to expand
said application range. For the application of the presented parameters so far, there are
cooperations with scientist from other universities, who look forward to use the parame-
ters for boron nitride nanotubes (BNNT) and functionalized BNTs. Of course, additional
parameters might be useful or needed depending of the functionalization considered. A
possible next step is also the investigation of boron nitride layers in graphene bilayer sys-
tems or the examination of moiré supercells, which are formed from the lattice mismatch

of graphene and hexagonal boron nitride.
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9. Graphene with Adatoms

For the application of graphene in electronic devices and the usage of the high mobility
of the charge carriers in graphene, it is a necessary goal to be able to control the opening
of a band gap in the electronic structure of graphene. A means for this is the sublattice
symmetry broken adsorption of covalent bonding partners like hydrogen.[185-187| But the
(one-sided) adsorption of hydrogen does not lead to any kind of adsorption pattern in
calculations or experiments until a concentration of 25% hydrogen. For this concentration
emerges an ordered structure with benzene-like six-membered rings separated by hydrogens
and an overall chemical formula of C4H.[189] The hydrogens in this formation occupy
both graphene sublattices equally in a para-type adsorption pattern and thus prevent the
opening of a band gap.

In order to further the possibilities of a band gap opening in partially functionalized
graphene as predicted by [185-187], DFTB calculations were preformed hydrogenated and
fluorinated graphene. The applicability of the DFTB parameters of the mio- and pbc-
SKF-sets[140], for the hydrogenated and fluorinated case, respectively, were confirmed by
comparison to full DFT calculations (sections 7.1.1 and 7.2.1). The calculations showed
very good agreement for the relative energies of closely adsorbed pairs of hydrogens. In
case of fluorine, the agreement is not quite as good since the adsorption on the same sub-
lattice is even less favorable in DFTB than it is in DFT already. While this result could
prevent the observation of sublattice symmetry breaking, it could also mean, that with
the occurrence of sublattice symmetry breaking, the extend of favoritism is higher than
the results suggest. In other words, no sublattice symmetry breaking in the results does
not mean, it does not occur, but if the results show sublattice symmetry breaking than it

really should occur.

About 100 calculations have been performed for different adsorbate concentrations of hy-
drogen (in the range from 10 to 50% coverage) (see section 7.1.2). Within these, three
adsorption pattern were tested: The one-sided, total symmetry broken “A only” or “A/B
= 1/07, the one-sided, equal distribution between both sublattices “AB one-sided” or “A /B
= 1/1” and the sublattice side determining adsorption “A top, B down” or “A/B = 1/-1".
Of these three, the “A/B = 1/-1” is the most favorable since its leads to the formation of
graphane and has the least hydrogen-hydrogen repulsion and the least formation of traps
for unpaired electrons. The “A/B = 1/1” pattern has to cope with hydrogen-hydrogen
repulsion while the formation of “radical traps” is still less of a problem. At about 25%
adsorbate concentration the energy dependence flattens, which is a hint that here the
hydrogen-hydrogen repulsion becomes dominant. For the “A/B = 1/0” the lack of pos-

sibility for the reformation of w-bond is the most important aspect. This results in an
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increase of the energy with the concentration of adsorbates. Overall these results confirm
the results from [185], [187] and [189] and show that adsorbate concentration modification

is not enough in order to achieve sublattice symmetry breaking.

More than 2000 calculations, which were performed using the virtual crystal approach
(VCA) [190, 191] in order to evaluate charge doping effects, revealed the possibility to break
the sublattice symmetry when hydrogen or fluorine are adsorbed to graphene (sections 7.1.3
and 7.2.2, respectively). The concentration of the adsorbate was fixed to 10% for all these
calculations as this concentration is sufficiently below the determined maximum 25% of
Haberer et. al.[189] and high enough that the impurities could effect each other. For the
adsorption three one-sided pattern were considered with different sublattice occupancies:
A/B =1/0, A/B = 3/1 and A/B = 1/1. Only the one-sided adsorption was allowed
since the experimental set-up for the charge doping could be the intercalation of transition
or alkali metals between graphene and the substrate. That would leave only one side of
the graphene open for the adsorption of hydrogen or fluorine. Based on the polarization
of the bond formed between the adatom and the graphene, the preferred type of doping
changes: electron-doping for more electron-negative adsorbates (fluorine) and hole-doping
for more electron-positive (hydrogen). From the contrasting juxtaposition of the results
for the tested adatom concentration of 10%, it can be seen that fluorine and hydrogen
are able to switch from an equal distributed adsorption pattern to a symmetry broken
one, if the doping level surpasses +0.10 and -0.10 electrons, respectively. For these values
the number of electrons in the systems resembles the one of pristine graphene with all
hydrogens being H or all fluorines being F~, respectively. Since the ionic interaction of
such charged species is neglected by using the VCA, the situation might be viewed as the

adsorption of a noble gas on pristine graphene.

The results clearly show, that according to the preformed calculations the formation of
sublattice symmetry broken adsorption patterns of hydrogen and fluorine on graphene

should be possible if the graphene can be charge doped to a certain extend.

For the continuation of this work, the question if the realization of the sublattice symme-
try breaking is possible at ambient condition, could be examined by molecular dynamic
simulations. Also other adatom concentrations should be considered, since the necessary
doping might not be the same, if the adsorbate concentration is varied. A lesser extend
of doping might be easier to achieve by experimentalists, although the intercalation allows
doping of graphene to a large extend. Even more complex adsorbates like OH or alkyl
groups might be interesting. An adsorbate, which adsorbs at two sites at once and at the
same time bridges the distance between two positions of one sublattice, could even make

less doping necessary.
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Appendix A. Example Input Files

A. Example Input Files

A.1. Gaussian 2003

Input example for a DFT-B3LYP / 6-31G(d) calculation of ByHg in xyz-format; for a
PBE/LDA calculation “b3lyp” was replaced by “pbepbe”/“Isda”

Y%nproc=1

#P Opt b3lyp/6-31G(d) freq
diborane(6)

01

B 0.891419 0.000000 -0.000000
B -0.891419 0.000000 -0.000000
H -1.465290 -1.036950 0.000000
H -1.465290 1.036950 0.000000
H 1.465290 -1.036950 -0.000000
H 1.465290 1.036950 -0.000000
H 0.000000 -0.000000 0.977035
H 0.000000 -0.000000 -0.977035

A.2. MoPac 7.01 (AM1 and MNDO)

Input example for a MNDO calculation of BoHg in xyz-format; for an AMI1 calculation
“MNDOQO” was replaced by “AM1”

MNDO VECTORS LOCAL PI force
B2H6

B -0.88521900 1 0.00000000 1 0.00000000 1
B 0.88521900 1 0.00000000 1 0.00000000 1
H 1.46217200 1 1.04183600 1 0.00000000 1
H 1.46217200 1 -1.04183600 1 0.00000000 1
H -1.46217200 1 1.04183600 1 0.00000000 1
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Appendix A. Example Input Files A.3. DFTB+ 1.0 and 1.2

H -1.46217200 1 -1.04183600 1 0.00000000 1
H 0.00000000 1 0.00000000 1 0.97569600 1

H 0.00000000 1 0.00000000 1 -0.97569600 1

A.3. DFTB+ 1.0 and 1.2

Input example from the dftb pin.hsd for a geometry optimization of B12H%2_
Geometry = GenFormat {
24 C
BH
11 0.00000000 0.89341100 1.44556900
21 -1.44556900 0.00000000 0.89341100
3 1 -1.44556900 0.00000000 -0.89341100
4 1-0.89341100 -1.44556900 0.00000000
51 0.89341100 -1.44556900 0.00000000
6 1 1.44556900 0.00000000 -0.89341100
71 1.44556900 0.00000000 0.89341100
8 1 0.89341100 1.44556900 0.00000000
9 1-0.89341100 1.44556900 0.00000000
10 1 0.00000000 0.89341100 -1.44556900
11 1 0.00000000 -0.89341100 -1.44556900
12 1 0.00000000 -0.89341100 1.44556900
13 2 -1.52826700 -2.47278800 0.00000000
14 2 1.52826700 2.47278800 0.00000000
15 2 -1.52826700 2.47278800 0.00000000
16 2 1.52826700 -2.47278800 0.00000000
17 2 -2.47278800 0.00000000 -1.52826700
18 2 2.47278800 0.00000000 1.52826700
19 2 0.00000000 -1.52826700 -2.47278800
20 2 0.00000000 1.52826700 2.47278800
21 2 2.47278800 0.00000000 -1.52826700
22 2 -2.47278800 0.00000000 1.52826700
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A.3. DFTB+ 1.0 and 1.2 Appendix A. Example Input Files

23 2 0.00000000 -1.52826700 2.47278800
24 2 0.00000000 1.52826700 -2.47278800
¥

Driver = ConjugateGradient {
MovedAtoms = Range { 1 -1 }
MaxForceComponent = 1.0e-4
MaxSteps = 100

OutputPrefix = "geom.out"
AppendGeometries = No

Constraints = {}

¥

Hamiltonian = DFTB {

SCC = Yes

SCCTolerance = 1.0e-5
MaxSCClterations = 1000

Mixer = Broyden {

MixingParameter = (.2
CachedIterations = -1
InverseJacobiWeight = 1.000000000000000E-002
MinimalWeight = 1.00000000000000
MaximalWeight = 100000.000000000
WeightFactor = 1.000000000000000E-002
¥

SlaterKosterFiles = {

H-H = "./H-H.skf"

B-H = "./B-H.skf"

H-B = "./H-B.skf"

B-B = "./B-B.skf"

¥

MaxAngularMomentum = {

B ="p"

H = "g"
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}

Charge = -2.0
SpinPolarisation = {}
Filling = Fermi {
Temperature = 1.000000000000000E-008
}

ElectricField = {}
OrbitalResolvedSCC = No
ReadlInitialCharges = No
Eigensolver = DivideAndConquer {}
OldSKInterpolation = No
OrbitalPotential = {}
Dispersion = {}

}

Options = {
WriteEigenvectors = No
WriteAutotest Tag = No
WriteDetailed XML = No
WriteResultsTag = No
WriteDetailedOut = Yes
WriteBandOut = Yes
AtomResolvedEnergies = No
RestartFrequency = 20
RandomSeed = 0

}

ParserOptions = {
ParserVersion = 3
WriteHSDInput = Yes
WriteXMLInput = No

StopAfterParsing = No

}
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Appendix A. Example Input Files

A.4. NWChem 5.1 and 6.1

Input example for a DFT-B3LYP / 6-311++G** calculation of ortho — C3B1gH1; for a
PBE/LDA calculation “XC b3lyp” was replaced by “XC pbe0”/“XC slater vwn_5”

start C2B10H120

title "C2B10H120 B3LYP geometry optimization"

geometry

C 0.000000 0.811566 1.313761
C -1.452297 -0.010390 0.881206
B -1.456228 -0.001871 -0.902741
B -0.900011 -1.457730 -0.002535
B 0.900011 -1.457730 -0.002535
B 1.456228 -0.001871 -0.902741
B 1.452297 -0.010390 0.881206
B 0.897565 1.442041 -0.017367
B -0.897565 1.442041 -0.017367
B 0.000000 0.898570 -1.458632
B 0.000000 -0.898293 -1.453329
B 0.000000 -0.907661 1.436558
H -1.532342 -2.466963 0.018998
H 1.482483 2.467757 0.112499
H -1.482483 2.467757 0.112499
H 1.532342 -2.466963 0.018998
H -2.478988 0.011894 -1.513172
H 2.398613 0.069507 1.594732
H 0.000000 -1.524847 -2.467159
H 0.000000 1.380533 2.233339
H 2.478988 0.011894 -1.513172
H -2.398613 0.069507 1.594732
H 0.000000 -1.413089 2.511521
H 0.000000 1.544730 -2.459301
end

BASIS "ao basis" PRINT
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#BASIS SET: (6s,1p) -> [4s,1p]
HS

33.8650000 0.0254938

5.0947900 0.1903730

1.1587900 0.8521610

HS

0.3258400 1.0000000

HS

0.1027410 1.0000000

HS

0.0360000 1.0000000

HP

0.7500000 1.0000000

#BASIS SET: (125,6p,1d) -> [5s,4p,1d]
BS

2858.8900000 0.00215375
428.1400000 0.0165823
97.5282000 0.0821870
27.9693000 0.2766180

8.2157700 0.6293160

1.1127800 0.1737700

B SP

13.2415000 0.1174430 0.0418100
3.0016600 0.9180020 0.2365750
0.9128560 -0.00265105 0.8162140
B SP

0.3154540 1.0000000 1.0000000
B SP

0.0988563 1.0000000 1.0000000
B SP

0.0315000 1.0000000 1.0000000
B D
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0.4010000 1.0000000

#BASIS SET: (12s,6p,1d) -> [5s,4p,1d]
CS

4563.2400000 0.00196665
682.0240000 0.0152306
154.9730000 0.0761269
44.4553000 0.2608010
13.0290000 0.6164620

1.8277300 0.2210060

C SP

20.9642000 0.1146600 0.0402487
4.8033100 0.9199990 0.2375940
1.4593300 -0.00303068 0.8158540
C SP

0.4834560 1.0000000 1.0000000
C SP

0.1455850 1.0000000 1.0000000
C SP

0.0438000 1.0000000 1.0000000
CD

0.6260000 1.0000000

#BASIS SET: (12s,6p,1d) -> [5s,4p,1d]
NS

6293.4800000 0.00196979
949.0440000 0.0149613
218.7760000 0.0735006
63.6916000 0.2489370
18.8282000 0.6024600
2.7202300 0.2562020

N SP

30.6331000 0.1119060 0.0383119
7.0261400 0.9216660 0.2374030
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A.5. Elk 1.4.18

2.1120500 -0.00256919 0.8175920

N SP

0.6840090 1.0000000 1.0000000

N SP

0.2008780 1.0000000 1.0000000

N SP

0.0639000 1.0000000 1.0000000

N D

0.9130000 1.0000000
END

dft

XC b3lyp

grid fine

mulliken

print "mulliken ao"
TOLERANCES tight
iterations 50

end

driver

maxiter 50

end

freq

animate

end

task dft optimize

A.5. Elk 1.4.18

Input example for the band structure calculation of & — BN with DFT-PBE

! Ground state of alpha-boronnitrid.

tasks

0
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20

! You can add notes to the INFO.OUT file using the "notes" block notes
Calculation of the ground state of alpha-boronnitrid and bandstructure
calculation using PBE.

xctype

20

avec

2.36593800 -4.09792500 0.00000000

2.36593800 4.09792500 0.00000000

0.00000000 0.00000000 12.58784900

! this is the relative path to the species files sppath
'~ /Elk /elk-1.4.18 /species/’

atoms

2 : nspecies

'B.in’ : spfname

2 : natoms

0.33333333 0.66666667 0.25 0.0 0.0 0.0 : atposl, bfcmt
0.66666667 0.33333333 0.75 0.0 0.0 0.0

'N.in’ : spfname

2 : natoms

0.33333333 0.66666667 0.75 0.0 0.0 0.0 : atposl, bfcmt
0.66666667 0.33333333 0.25 0.0 0.0 0.0

ngridk

444

vkloff

0.50.50.5

plotld

7 601 : nvpld, nppld

0.00 0.50 0.00 : vlvpld

0.00 0.00 0.00

-0.33333333 0.33333333 0.00

-0.33333333 0.33333333 0.50
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0.00 0.00 0.50
0.00 0.50 0.50
0.00 0.50 0.00

121



Appendix B. SCC-DFTB Parametrization Structures

B. SCC-DFTB Parametrization

Structures

B.1. Boranes

B.1.1. Planar dodecaboron (B;)

Ball-stick model representation

Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y 7
B1 0.216922  0.000000  0.000000
B2 0.138213  0.000000  1.779403
B3 1.639889  0.000000  0.821549
B4 1.656176  0.000000  2.431915
B5 3.026336  0.000000  1.640877
B6 3.220232  0.000000  0.000000
B7 1.639889  0.000000 —0.821549
B8 3.026336  0.000000 —1.640877
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B.1.

Boranes

Atom Label X y 7
B9 1.656176  0.000000 —2.431915
B10 0.138213  0.000000 —1.779403
B11 —1.185864 0.000000 —0.791046
B12 —1.185864 0.000000  0.791046

B.1.2. Borane (3) (BHj;)

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y 7
B1 0.000000  0.000000  0.000000
H2 0.000000  0.000000  1.193674
H3 1.033752  0.000000 —0.596837
H4 —1.033752  0.000000 —0.596837

B.1.3. Diborane (2) (ByH,)

Ball-stick model representation

Imol

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y 7
H1 0.000000 0.000000 0.120791
B2 0.000000 0.000000 1.297932
B3 0.000000 0.000000 2.822468
H4 0.000000 0.000000 3.999609
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B.1.4. Diborane (4) (ByH,)

Ball-stick model representation

jmal

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y Z
B1 0.820067  —0.000001 —0.000004
B2 —0.820323  0.000000  —0.000001
H3 1.461737  —0.934693  0.395737
H4 1.461738 0.934694  —0.395733
H5 —1.461611 —0.396056 —0.934541
H6 —1.461607  0.396055 0.934542

B.1.5. Diborane (6) (ByHy)

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y Z
B1 0.885219 0.000000 0.000000
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Atom Label X y 7
B2 —0.885219  0.000000  0.000000
H3 —1.462172 —1.041836  0.000000
H4 —1.462172  1.041836  0.000000
H5 1.462172  —1.041836  0.000000
H6 1.462172 1.041836 0.000000
H7 0.000000  0.000000  0.975696
HS8 0.000000 0.000000  —0.975696

B.1.6. Triborane (5) (B3;H;)

Ball-stick model representation

jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y 7
B1 0.400671  —0.345212  0.007994
B2 0.699579  —0.547985  1.605446
B3 1.647778 0.337401 2.605164
H4 —0.513715  0.324959  —0.384528
H5 1.077108  —0.870295 —0.832183
H6 0.140445  —1.487461  2.124064
H7 1.215822 1.271203 3.222058
HS8 2.807284  0.078280 2.771308

B.1.7. Tetraborane (6) (B Hy)

Ball-stick model representation
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Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y 7
B1 0.447986  —0.535027  0.185202
B2 0.239675 0.363421 1.540296
B3 1.720037  —0.530856 —0.846537
B4 1.942740 0.398081  —2.178532
H5 —0.305963  1.432009 1.504914
H6 0.610776  —0.008700  2.618626
H7 —0.434898 —1.309618 —0.097309
HS8 2.592002  —1.324535 —0.583452
H9 2.504085 1.457094  —2.115624
H10 1.568405 0.058129  —3.266190

B.1.8. Tetraborane (10) (B,H)

Ball-stick model representation
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jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y Z
B1 —0.861927  0.000000  —0.463448
B2 0.861927 0.000000  —0.463448
B3 0.000000 1.411791 0.392181
B4 0.000000 —1.411791  0.392181
H5 —1.322452  0.920238 0.258933
H6 1.322452 0.920238 0.258933
H7 —1.322452 —0.920238  0.258933
HS8 1.322452 —0.920238  0.258933
H9 —1.375430  0.000000 —1.532914
H10 1.375430 0.000000 —1.532914
H11 0.000000 1.447212 1.587548
H12 0.000000 2435801  —0.216167
H13 0.000000  —1.447212  1.587548
H14 0.000000  —2.435801 —0.216167

B.1.9. Pentaborane (9) (B;H,)

Ball-stick model representation
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Imaol

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y 7
H1 0.000000 0.000000  0.600939
B2 0.000000  0.000000  1.785857
B3 1.141005  —0.562120 2.906154
B4 0.562120 1.141005  2.906154
B5 —1.141005  0.562120  2.906154
B6 —0.562120 —1.141005 2.906154
H7 0.436900 —1.285395 3.799531
HS8 —1.285395 —0.436900 3.799531
H9 —0.436900  1.285395  3.799531
H10 1.285395 0.436900  3.799531
H11 1.082490 2.197263  2.767634
H12 2197263  —1.082490 2.767634
H13 —1.082490 —2.197263 2.767634
H14 —2.197263  1.082490 2.767634

B.1.10. Borane (4) anion (BH;)

Ball-stick model representation
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Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y Z
B1 0.000000 0.000000 0.000000
H2 0.000000 1.013405 0.716573
H3 1.013405 0.000000  —0.716573
H4 —1.013405  0.000000 —0.716573
H5 0.000000  —1.013405 0.716573

B.1.11. Pentaborane (5) dianion (B;HZ")

Ball-stick model representation

Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y Z
B1 0.000012 0.000000 1.300094
B2 1.058481 0.000000 0.000000
B3 —0.529190  0.916591 0.000000
B4 —0.529190 —0.916591  0.000000
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Atom Label

X y z

B5

H6

H7

HS8

H9
H10

0.000012 0.000000  —1.300094
0.000090 0.000000 2.520431
2.288137 0.000000 0.000000
—1.144221  1.981383 0.000000
—1.144221 —1.981383  0.000000
0.000090 0.000000  —2.520431

B.1.12. Hexaborane (6) dianion (BgH; ")

Ball-stick model representation

Imaol

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label

X y zZ

B1
B2
B3
B4
B5
B6
H7
H8
H9
H10
H11
H12

1.227026 0.000000 0.000000
0.000000 1.227026 0.000000
0.000000 0.000000 1.227026
—1.227026  0.000000 0.000000
0.000000  —1.227026  0.000000
0.000000 0.000000  —1.227026
2.449583 0.000000 0.000000
0.000000 2.449583 0.000000
0.000000 0.000000 2.449583
—2.449583  0.000000 0.000000
0.000000  —2.449583  0.000000
0.000000 0.000000  —2.449583
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B.1.13. Heptaborane (7) dianion (B;H2")

Ball-stick model representation

Jmal

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y 7
B1 —0.035115  0.000000 1.165458
B2 1.373440 0.000000 0.000000
B3 0.399927 1.340408  0.000000
B4 0.399927  —1.340408  0.000000
B5 —1.175172  0.828206 0.000000
B6 —1.175172  —0.828206  0.000000
B7 —0.035115  0.000000  —1.165458
HS8 —0.035263  0.000000 2.387956
H9 2.594199 0.000000 0.000000
H10 0.777948 2.501131 0.000000
H11 0.777948  —2.501131  0.000000
H12 —2.163151  1.545340  0.000000
H13 —2.163151 —1.545340  0.000000
H14 —0.035263  0.000000 —2.387956

B.1.14. Octaborane (8) dianion (BsH;")

Ball-stick model representation
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Imaol

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y 7
B1 0.808314 0.000010  —0.055330
B2 —0.808314  0.000010  —0.055330
B3 0.000000 1.275191 0.962870
B4 0.000000 —1.275094  0.962935
B5 1.274888  —0.000003  1.587420
B6 —1.274888 —0.000003  1.587420
B7 0.000000 0.808584 2.605147
B8 0.000000 —0.808681  2.605122
H9 1.591786  —0.000003 —0.985779
H10 —1.591786 —0.000003 —0.985779
H11 0.000000 2.456464 0.654664
H12 0.000000 —2.456390  0.654820
H13 2.456179 0.000006 1.894825
H14 —2.456179  0.000006 1.894825
H15 0.000000 1.591822 3.536092
H16 0.000000  —1.591916  3.536075

B.1.15. Nonaborane (9) dianion (ByH; ")

Ball-stick model representation
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Imaol

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y 7
B1 0.541583 0.166415 0.627947
B2 0.293000 0.182010 2.321134
B3 2.192550 0.347654 0.212727
B4 1.849679  —0.268760  1.771563
B5 1.430299 1.341347 2.859614
B6 1.450181 1.889601 0.241789
B7 0.123053 1.773958 1.714481
B8 2.758718 1.457304 1.385911
B9 1.592653 2.649830 1.768107
H10 1.763804 3.822986 2.016315
H11 3.944646 1.700668 1.484763
H12 —0.943183  2.351107 1.789244
H13 1.635872 1.500683 4.046100
H14 1.365694 2.551485  —0.773254
H15 2.807214  —0.177526 —0.689289
H16 2.364619  —1.300162  2.154220
H17 —0.493824 —0.465804  2.975578
H18 —0.213818 —0.443470 —0.101912

B.1.16. Decaborane (10) dianion (B;Hi;)

Ball-stick model representation

133



B.1. Boranes Appendix B. SCC-DFTB Parametrization Structures

Jmel

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y 7
B1 0.920913 0.920913 0.761796
B2 —0.920913 —0.920913  0.761796
B3 —0.920913  0.920913 0.761796
B4 0.920913  —0.920913  0.761796
B5 1.301840 0.000000  —0.761722
B6 —1.301840  0.000000 —0.761722
B7 0.000000 1.301840  —0.761722
B8 0.000000 —1.301840 —0.761722
B9 0.000000 0.000000 1.858819
B10 0.000000 0.000000  —1.859471
H11 1.727434 1.727434 1.168932
H12 —1.727434 —1.727434  1.168932
H13 —1.727434  1.727434 1.168932
H14 1.727434  —1.727434  1.168932
H15 2.442872 0.000000  —1.168811
H16 —2.442872  0.000000 —1.168811
H17 0.000000 2.442872  —1.168811
H18 0.000000  —2.442872 —1.168811
H19 0.000000 0.000000 3.067398
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Atom Label X y 7
H20 0.000000  0.000000  —3.067527

B.1.17. Undecaborane (11) dianion (B;;Hi)

Ball-stick model representation

jmaol

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y 7
B1 0.000000 0.000000  —0.700729
B2 1.666698  0.000000 —1.216794
B3 —1.666698  0.000000 —1.216794
B4 0.934983 1.335981  —1.901971
B5 0.934983  —1.335981 —1.901971
B6 —0.934983  1.335981  —1.901971
B7 —0.934983 —1.335981 —1.901971
B8 1.485284  0.000000 —2.966606
B9 —1.485284  0.000000 —2.966606
B10 0.000000  0.915072  —3.363061
B11 0.000000  —0.915072 —3.363061
H12 0.000000 0.000000 0.509193
H13 2.642594  0.000000 —0.505960
H14 —2.642594  0.000000  —0.505960
H15 1.372762 2.454093  —1.748304
H16 1.372762  —2.454093 —1.748304
H17 —1.372762  2.454093 —1.748304
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Atom Label X y 7
H18 —1.372762 —2.454093 —1.748304
H19 2.435813 0.000000  —3.714586
H20 —2.435813  0.000000 —3.714586
H21 0.000000 1.632271  —4.336676
H22 0.000000 —1.632271 —4.336676

B.1.18. Dodecaborane (12) dianion (B;;H?;)

Ball-stick model representation

Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-31G(d) level in xyz-format

Atom Label X y Z
B1 0.000000 0.893411 1.445569
B2 —1.445569  0.000000 0.893411
B3 —1.445569  0.000000  —0.893411
B4 —0.893411 —1.445569  0.000000
B5 0.893411  —1.445569  0.000000
B6 1.445569 0.000000  —0.893411
B7 1.445569 0.000000 0.893411
B8 0.893411 1.445569 0.000000
B9 —0.893411  1.445569 0.000000
B10 0.000000 0.893411  —1.445569
B11 0.000000  —0.893411 —1.445569
B12 0.000000  —0.893411  1.445569
H13 —1.528267 —2.472788  0.000000
H14 1.528267 2.472788 0.000000
H15 —1.528267  2.472788 0.000000
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B.2. Carbaboranes

Atom Label X y 7
H16 1.528267  —2.472788  0.000000
H17 —2.472788  0.000000 —1.528267
H18 2.4727838  0.000000 1.528267
H19 0.000000 —1.528267 —2.472788
H20 0.000000 1.528267 2.472788
H21 2472788  0.000000 —1.528267
H22 —2.472788  0.000000 1.528267
H23 0.000000 —1.528267  2.472788
H24 0.000000 1.528267  —2.472788

B.2. Carbaboranes

B.2.1. Boramethene (CH;

Ball-stick model representation

— BH)

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114++G** level in xyz-

format
Atom Label X y 7
C1 0.00000000  0.00000000 0.58954705
B2 0.00000000 0.00000000 —0.78607701
H3 0.00000000  0.00000000  —1.95603606
H4 0.00000000  0.91552514 1.17484158
H5 0.00000000 —0.91552514 1.17484158

B.2.2. Methylborane (CH3; — BH,)

Ball-stick model representation

137



B.2. Carbaboranes Appendix B. SCC-DFTB Parametrization Structures

Imal

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y 7
C1 —0.03650335 0.69735625 0.00000000
B2 —0.01582732  —0.85903298  0.00000000
H3 1.03205892 —1.43351468 0.00000000
H4 —1.02344255  1.16284542 0.00000000
H5 0.52876070 1.07050376 0.86618223
H6 0.52876070 1.07050376 ~ —0.86618223
H7 —1.01380569  —1.51443236 0.00000000

B.2.3. Ethylborane (CQHE, — BHQ)

Ball-stick model representation

Jmol
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Appendix B. SCC-DFTB Parametrization Structures B.2. Carbaboranes

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114++G** level in xyz-

format

Atom Label X y 7

C1 0.52073119 0.08719500 0.00000000
C2 —0.22830521  —1.25296140  0.00000000
B3 —0.31285335 1.40149470 0.00000000
H4 0.45585545  —2.10633580  0.00000000
H5 —0.87123177  —1.34478278 0.88004891
H6 —0.87123177  —1.34478278  —0.88004891
H7 1.21026669 0.14879501 0.85882490
HS8 1.21026669 0.14879501 —0.85882490
H9 0.25021603 2.45548193 0.00000000
H10 —1.50850282 1.39874626 0.00000000

B.2.4. Dimethylborane ((CHj;), — BH)

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y 7
C1 —0.19307536 0.00099433 1.38784570
C2 —0.19307536  0.00099433  —1.38784570
B3 0.52799708 0.00249868 0.00000000
H4 0.15489103 0.84944540 1.99283490
H5 —1.28523898 0.02339038 1.35097507
H6 0.11709204  —0.88481325  1.96016836
H7 1.72879154 —0.00273435 0.00000000
HS8 0.15489103 0.84944540  —1.99283490
H9 0.11709204 —0.88481325 —1.96016836
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B.2. Carbaboranes Appendix B. SCC-DFTB Parametrization Structures

Atom Label X y 7
H10 —1.28523898  0.02339038  —1.35097507

B.2.5. Diboramethane (CH; — (BH,),)

Ball-stick model representation

=

Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
C1 0.00000000 0.00000000 0.53216971
B2 1.26402989 0.00000000 —0.38590651
B3 —1.26402989 0.00000000 —0.38590651
H4 —1.74719771 1.02572881 —0.75387520
H5 —1.74719771  —1.02572881  —0.75387520
H6 1.74719771 —1.02572881  —0.75387520
H7 1.74719771 1.02572881 —0.75387520
HS8 0.00000000 —0.91030381 1.14188873
H9 0.00000000 0.91030381 1.14188873

B.2.6. Methyldiborane (3) (CH; — ByH3)

Ball-stick model representation
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Appendix B. SCC-DFTB Parametrization Structures

B.2. Carbaboranes

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114++G** level in xyz-

format
Atom Label X y Z
C1 0.21533183 —1.30156928 0.00620557
B2 0.18837281 1.58911323 0.00246221
B3 —0.49593375 0.09836372 0.00352492
H4 0.41054180 2.18625935 1.01609466
H5 0.45888909 2.16954715 —1.00891300
H6 —1.70139917 0.07780958 —0.02011327
H7 1.30125353 —1.29431123 0.11733648
H8 —0.02354807  —1.79448952  —0.94807977
H9 —0.21643003  —1.95632122 0.77273658

B.2.7. 1,2-Dicarbahexaborane (6)(1,2 — C.B,Hg)

Ball-stick model representation
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B.2. Carbaboranes Appendix B. SCC-DFTB Parametrization Structures

-

@

A

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Imal

Atom Label X y 7

C1 —0.68724373  —0.00000041 0.77236087
C2 —0.68724373  —0.00000041  —0.77236087
B3 0.04741248 1.21765534 0.00000000
B4 0.93839943  —0.00000002  —0.85409894
B5 0.93839943 —0.00000002 0.85409894
B6 0.04741373  —1.21765647  0.00000000
H7 —1.54352929  —0.00000067 1.42706545
HS8 —1.54352929  —0.00000067 —1.42706545
H9 —0.14659945 2.37691317 0.00000000
H10 1.66555298 0.00000161 —1.77955146
H11 1.66555298 0.00000161 1.77955146
H12 —0.14660339  —2.37691304  0.00000000

B.2.8. 1,6-Dicarbahexaborane (6)(1,6 — C,B,Hj)

Ball-stick model representation
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Appendix B. SCC-DFTB Parametrization Structures B.2. Carbaboranes

Imaol

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114++G** level in xyz-

format

Atom Label X y Z

C1 0.00000000 0.00000000 1.22702600
C2 0.00000000 0.00000000 —1.22702600
B3 0.00000000 1.22702600 0.00000000
B4 —1.22702600 0.00000000 0.00000000
B5 0.00000000 —1.22702600 0.00000000
B6 1.22702600 0.00000000 0.00000000
H7 0.00000000 0.00000000 2.44958300
H8 0.00000000 2.44958300 0.00000000
H9 —2.44958300 0.00000000 0.00000000

H10 0.00000000 0.00000000 —2.44958300

H11 0.00000000 —2.44958300 0.00000000

H12 2.44958300 0.00000000 0.00000000

B.2.9. 1,2-Dicarbaheptaborane (7)(1,2 — C;B;H7)

Ball-stick model representation
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B.2. Carbaboranes Appendix B. SCC-DFTB Parametrization Structures

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114+-+G** level in xyz-

format

Atom Label X y Z
C1 0.98375528 0.07398831 0.00000000
C2 —0.04600086  —1.20868361 0.00000000
B3 —0.06605647  —0.41433470 1.32215008
B4 —0.06605647  —0.41433470 —1.32215008
B5 —0.06310062 1.15446671 0.82683014
B6 —0.06310062 1.15446671 —0.82683014
B7 —1.24563206 0.09508601 0.00000000
HS8 2.06066673 —0.02981464 0.00000000
H9 0.12517690 —2.27742877  0.00000000
H10 0.09747946 —0.89311090 2.38720914
H11 0.09747946 —0.89311090  —2.38720914
H12 0.11531338 2.07279236 1.54416076
H13 0.11531338 2.07279236 —1.54416076
H14 —2.41632973  —0.04505579 0.00000000

B.2.10. 1,7-Dicarbaheptaborane (7)(1,7 — C,B;Hy)

Ball-stick model representation
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Appendix B. SCC-DFTB Parametrization Structures B.2. Carbaboranes

Imol

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114++G** level in xyz-

format

Atom Label X y Z
C1 0.00000000 0.00000000 1.05333744
C2 0.00000000 0.00000000 —1.05333744
B3 0.00000000 1.38369478 0.00000000
B4 —1.31597193 0.42758520 0.00000000
B5 1.31597193 0.42758520 0.00000000
B6 —0.81331538  —1.11943259 0.00000000
B7 0.81331538 —1.11943259 0.00000000
H8 0.00000000 0.00000000 2.13618103
H9 0.00000000 2.56240057 0.00000000
H10 —2.43698776 0.79182532 0.00000000
H11 2.43698776 0.79182532 0.00000000
H12 —1.50614127 —2.07302561 0.00000000
H13 1.50614127 —2.07302561 0.00000000
H14 0.00000000 0.00000000 —2.13618103

B.2.11. 1,2-Dicarbadecaborane (10)(1,2 — C,BsH;)

Ball-stick model representation
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B.2. Carbaboranes Appendix B. SCC-DFTB Parametrization Structures

Imol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y 7
C1 0.05194694 1.62293924 0.00000000
C2 —1.13692730  0.65225191 0.00000000
B3 —0.91212439 —0.77611859  —0.91607287
B4 0.93506277  —0.80683328  0.92735786
B5 0.93506277 —0.80683328  —0.92735786
B6 —0.91212439  —0.77611859  0.91607287
B7 1.35879152 0.68926553 0.00000000
B8 0.07630449 0.70498387  —1.31736448
B9 0.07630449 0.70498387 1.31736448
B10 —0.01042751  —1.88487890  0.00000000
H11 —1.76590111  —1.05877774 —1.68160108
H12 1.70171159 —1.22763283 1.72379311
H13 1.70171159 —1.22763283  —1.72379311
H14 —1.76590111  —1.05877774  1.68160108
H15 —2.11311606 1.11608010 0.00000000
H16 2.41971957 1.20253476 0.00000000
H17 —0.05658991 1.22357046 —2.36600180
H18 —0.05658991 1.22357046 2.36600180
H19 —0.05024294  —3.06211197  0.00000000
H20 —0.07006787 2.69303650 0.00000000

B.2.12. 1,6-Dicarbadecaborane (10)(1,6 — C;BsH;y)

Ball-stick model representation
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Appendix B. SCC-DFTB Parametrization Structures B.2. Carbaboranes

Imol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y 7
C1 —0.02146931 1.66607276 0.00000000
C2 —1.11895508  —0.72295336  0.00000000
B3 1.35791361 —0.75118165 0.00000000
B4 0.06329688  —0.74774122  1.30399054
B5 0.06329688 —0.74774122  —1.30399054
B6 0.94274540 0.76790364  —0.92176481
B7 —0.89047811 0.71613992 0.93733497
B8 0.94274540 0.76790364 0.92176481
B9 —0.89047811 0.71613992 —0.93733497
B10 0.06210443  —1.83967198  0.00000000
H11 2.47063729 —1.14892524 0.00000000
H12 —2.12844745  —1.11262422 0.00000000
H13 —0.09308873  —1.20333026 2.38162094
H14 —0.09308873  —1.20333026  —2.38162094
H15 1.68419769 1.27216767 —1.68771496
H16 —1.72978697  1.10798018 1.66431950
H17 1.68419769 1.27216767 1.68771496
H18 —1.72978697 1.10798018 —1.66431950
H19 —0.08090541  —3.00696265  0.00000000
H20 —0.06879105 2.74237549 0.00000000

B.2.13. 1,10-Dicarbadecaborane (10)(1, 10 — C;BgH;)

Ball-stick model representation
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B.2. Carbaboranes Appendix B. SCC-DFTB Parametrization Structures

Imol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y 7
C1 0.00000000 0.00000000 —1.67108604
C2 0.00000000 0.00000000 1.67108604
B3 —0.92753534 0.92753534 0.75474569
B4 0.92753534  —0.92753534  0.75474569
B5 —0.92753534  —0.92753534 0.75474569
B6 0.92753534 0.92753534 0.75474569
B7 0.00000000 1.31173305 —0.75474569
B8 0.00000000  —1.31173305  —0.75474569
B9 —1.31173305 0.00000000 —0.75474569
B10 1.31173305 0.00000000  —0.75474569
H11 —1.68651249 1.68651249 1.24561181
H12 1.68651249 —1.68651249 1.24561181
H13 —1.68651249 —1.68651249 1.24561181
H14 1.68651249 1.68651249 1.24561181
H15 0.00000000 2.38508883 —1.24561181
H16 0.00000000  —2.38508883  —1.24561181
H17 —2.38508883 0.00000000 —1.24561181
H18 2.38508883 0.00000000 —1.24561181
H19 0.00000000 0.00000000 2.74908290
H20 0.00000000 0.00000000 —2.74908290

B.2.14. 1,2-Dicarbadodecaborane (12)(1,2 — C;B,oH}>»)

Ball-stick model representation

148



Appendix B. SCC-DFTB Parametrization Structures B.2. Carbaboranes

Imal

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y 7
C1 0.01052740 —0.21882347 1.48555235
C2 —0.00570380  —1.43455873  0.40607221
B3 —0.90684490 —1.03591463  —0.97423702
B4 0.87812003  —1.04696664  —0.98855002
B5 1.45177486 0.61354432 —0.69852804
B6 0.00617372 1.65762853  —0.50952029
B7 0.90643637 1.10776169 0.92295020
B8 —0.87767717  1.11886856 0.93730757
B9 —1.45388752  —0.53889331 0.64437188
B10 —1.45514666  0.63158515  —0.67518963
B11 —0.01164124 0.32277463 —1.69177847
B12 1.45711131 —0.55698658  0.62102873
H13 1.45509593 —1.91510189  —1.54023552
H14 —1.45446915 1.76461957 1.73759857
H15 —2.32804485  —1.05374312 1.24096418
H16 2.47602925 0.99422773 —1.14657789
H17 —1.50342061 —1.89669937 —1.51649610
H18 1.50398511 1.74619825 1.71382649
H19 —0.01990872  0.49596321 —2.86021262
H20 0.01709823 —0.50951658 2.52591647
H21 0.01074477 2.79680776  —0.82535027
H22 —0.00861019  —2.43381999 0.81559218
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B.2. Carbaboranes Appendix B. SCC-DFTB Parametrization Structures

Atom Label X y 7
H23 2.33430262  —1.08272084  1.20353437
H24 —2.48165619 1.02506272 —1.10672299

B.2.15. 1,7-Dicarbadodecaborane (12)(1,7 — C;B;yHj;»)

Ball-stick model representation

Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
C1 0.01031153 —0.28618841  —1.50816798
C2 0.00513938 1.44518895 0.43645256
B3 0.90805339 1.02887916 —0.93285776
B4 1.44412581 0.54742657 0.68000183
B5 0.88212948 —1.11582566 0.97371058
B6 —0.91101377  —1.10505795 0.95939185
B7 —0.00618299  —1.64876960 —0.47107578
B8 —1.44495506  —0.61157366  —0.66548041
B9 —0.88063806 1.03962154 —0.94721408
B10 —1.44821242 0.56484991 0.65683748
B11 —0.01183806 0.25498838 1.66590978
B12 1.44790671 —0.62896164  —0.64233554
H13 2.39149908 1.07555956 1.14108981
H14 —2.39178623  —0.98898671  —1.25778175
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Appendix B. SCC-DFTB Parametrization Structures B.2. Carbaboranes

Atom Label X y 7
H15 —1.40270678  1.82588403  —1.64960571
H16 1.50792341 —1.85951498 1.64451623
H17 0.00908562 2.48520071 0.72905725
H18 —0.00889166  —2.73023611  —0.94258161
H19 —0.01879330 0.59551953 2.79506850
H20 0.01788525  —0.45209683  —2.57582681
H21 —1.55633635  —1.84112526 1.62002379
H22 1.45069402 1.80872018  —1.62675643
H23 2.39949601 —1.01776538  —1.21947620
H24 —2.39645952 1.10434937 1.10273704

B.2.16. 1,12-Dicarbadodecaborane (12)(1,12 — C;ByH;5,)

Ball-stick model representation

Imal

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114++G** level in xyz-

format

Atom Label X y Z
C1 1.54398425 —0.03219781 0.00000000
C2 —1.50869483 0.03153690 0.00000000
B3 0.75607504 —0.48515744  —1.44430551
B4 —0.72023432 0.48452974 —1.44446031
B5 —0.75579896  —1.21319194  —0.89275232
B6 —0.75579896  —1.21319194 0.89275232
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B.2. Carbaboranes Appendix B. SCC-DFTB Parametrization Structures

Atom Label X y 7
B7 —0.72023432 0.48452974 1.44446031
B8 0.75607504 —0.48515744 1.44430551
B9 0.79161821 1.21237864 0.89264944
B10 0.79161821 1.21237864 —0.89264944
B11 —0.69838495 1.53344522 0.00000000
B12 0.73422846  —1.53394981  0.00000000
H13 —1.39833469 —2.00757534  —1.47952999
H14 1.43371923 2.00694062 1.47957218
H15 1.43371923 2.00694062 —1.47957218
H16 —1.39833469 —2.00757534  1.47952999
H17 —1.33956954 0.80609222 —2.39380399
H18 1.37494227  —0.80678938  2.39388524
H19 —2.58953929 0.05413158 0.00000000
H20 2.62470221 —0.05479896  0.00000000
H21 —1.33956954 0.80609222 2.39380399
H22 1.37494227  —0.80678938  —2.39388524
H23 1.33859864 —2.54534558 0.00000000
H24 —1.30320332  2.54460789 0.00000000

B.2.17. 2-Carbapentaborane (5) anion(2 — CB,H;")

Ball-stick model representation

Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-
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Appendix B. SCC-DFTB Parametrization Structures

B.2. Carbaboranes

format

Atom Label

X y z

C1 0.00000000 0.00000000 0.84273469
B2 —1.27393272 0.00000000 —0.05065998
B3 0.00000000 0.90875474 —0.61343242
B4 0.00000000 —0.90875474  —0.61343242
B5 1.27393272 0.00000000 —0.05065998
H6 —2.44342922 0.00000000 0.15951689
H7 0.00000000 0.00000000 1.93124565
HS8 0.00000000 2.01625047 —1.05321805
H9 0.00000000 —2.01625047  —1.05321805
H10 2.44342922 0.00000000 0.15951689

B.2.18. Carbahexaborane (6) anion(CB;H;")

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114++G** level in xyz-

format

Atom Label

Jmal

X y v

C1 0.00000000 0.00000000 1.02812396
B2 0.00000000 1.21664343 —0.05270415
B3 —1.21664343 0.00000000 —0.05270415
B4 0.00000000 0.00000000 —1.28045353
B5 0.00000000 —1.21664343  —0.05270415
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B.2. Carbaboranes Appendix B. SCC-DFTB Parametrization Structures

Atom Label X y 7
B6 1.21664343 0.00000000  —0.05270415
H7 0.00000000 0.00000000 2.11042634
HS8 0.00000000 2.39672124 0.10709453
H9 —2.39672124  0.00000000 0.10709453
H10 0.00000000 0.00000000 —2.47361266
H11 0.00000000  —2.39672124  0.10709453
H12 2.39672124 0.00000000 0.10709453

B.2.19. 1-Carbaheptaborane (7) anion(1 — CB¢H; ")

Ball-stick model representation

Jmaol

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114+-+G** level in xyz-

format

Atom Label X y Z
C1 0.00000000 0.00000000 —0.97490286
B2 1.39431300 0.00000000 0.06515284
B3 0.43086641 —1.32607046 0.06515284
B4 0.43086641 1.32607046 0.06515284
B5 —1.12802291  —0.81955662 0.06515284
B6 —1.12802291 0.81955662 0.06515284
B7 0.00000000 0.00000000 1.24816223
HS8 0.00000000 0.00000000 —2.06187072
H9 2.57284388 0.00000000 —0.12018396
H10 0.79505248 —2.44691993  —0.12018396
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Appendix B. SCC-DFTB Parametrization Structures B.2. Carbaboranes

Atom Label X y 7
H11 0.79505248 2.44691993  —0.12018396
H12 —2.08147442  —1.51227969 —0.12018396
H13 —2.08147442 1.51227969 —0.12018396
H14 0.00000000 0.00000000 2.44321838

B.2.20. 2-Carbaheptaborane (7) anion(2 — CB¢H; ")

Ball-stick model representation

Jmal

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114++G** level in xyz-

format

Atom Label X y 7
C1 0.00000000 0.00000000 —1.21469547
B2 1.16746364 0.00000000 0.07617533
B3 0.00000000 1.31925032 —0.40401980
B4 0.00000000  —1.31925032  —0.40401980
B5 0.00000000 0.83013258 1.17202392
B6 0.00000000  —0.83013258  1.17202392
B7 —1.16746364 0.00000000 0.07617533
HS8 2.35213833 0.00000000  —0.06352841
H9 0.00000000 0.00000000 —2.29891379
H10 0.00000000 2.40368125  —0.90115752
H11 0.00000000 —2.40368125  —0.90115752
H12 0.00000000 1.57244142 2.10646062
H13 0.00000000 —1.57244142 2.10646062
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B.2. Carbaboranes Appendix B. SCC-DFTB Parametrization Structures

Atom Label X y 7
H14 —2.35213833  0.00000000  —0.06352841

B.2.21. 1-Carbaoctaborane (8) anion(1 — CB;H} )

Ball-stick model representation

Jmaol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
C1 0.65361485 1.18075360 0.00000000
B2 —0.01443098 0.26798264 1.28392115
B3 —0.86512675 1.25476422 0.00000000
B4 —0.01443098 0.26798264 —1.28392115
B5 1.25610791 —0.30436844 0.00000000
B6 —1.28641370  —0.38300079 0.00000000
B7 0.03238494 —1.35680101 0.80816880
B8 0.03238494 —1.35680101  —0.80816880
H9 1.32008226 2.03355818 0.00000000
H10 —1.51324236 2.25305720 0.00000000
H11 0.02049335 0.69073541 2.39947846
H12 0.02049335 0.69073541 —2.39947846
H13 2.44307221 —0.43333017  0.00000000
H14 —2.43665619  —0.70965804 0.00000000
H15 0.04992542 —2.26840654 1.57731915
H16 0.04992542 —2.26840654  —1.57731915
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B.2.22. 3-Carbaoctaborane (8) anion(3 — CB;H}")

Ball-stick model representation

Jmal

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
C1 —1.16405563  —0.30098384 0.00000000
B2 0.01663868 —1.27017092  —0.81238912
B3 0.01663868 —1.27017092 0.81238912
B4 1.30668584 —0.31856151 0.00000000
B5 0.19371718 0.34045828 —1.30551656
B6 0.19371718 0.34045828 1.30551656
B7 —0.85506569 1.22282849 0.00000000
B8 0.77408432 1.34913547 0.00000000
H9 —0.15913154  —2.20770903 —1.52635651
H10 —0.15913154  —2.20770903 1.52635651
H11 —2.19638549  —0.65424515 0.00000000
H12 2.45943973 —0.62964459 0.00000000
H13 0.13229879 0.64967973 —2.45707949
H14 0.13229879 0.64967973 2.45707949
H15 —1.70103258 2.06616474 0.00000000
H16 1.42453538 2.34699937 0.00000000
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B.2.23. 1-Carbanonaborane (9) anion(1 — CBsHy ")

Ball-stick model representation

Jmal

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114+-+G** level in xyz-

format

Atom Label X y Z

C1 0.64480708 0.09635511 0.71450869
B2 0.25468015 0.21853543 2.23265423
B3 2.09841144 0.37901238 0.18628729
B4 1.90208980 —0.18459730 1.82527743
B5 1.46951917 1.31448864 2.82808861
B6 1.52570790 1.98196981 0.23440380
B7 0.11649575 1.85926927 1.79832142
B8 2.73329995 1.42447930 1.42550214
B9 1.56538684 2.68006977 1.74659240
H10 1.74195061 3.83007794 1.99589334
H11 3.90897559 1.61214411 1.49906232
H12 —0.97120338 2.34409970 1.80320321
H13 1.65343502 1.41583437 4.00229557
H14 1.37667825 2.54866408 —0.80230931
H15 2.61565539 —0.19808190  —0.71617862
H16 2.35342698 —1.23593869 2.14943887
H17 —0.53979471  —0.47264328 2.78594994
H18 0.01321817 —0.53441274 0.09604669
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B.2. Carbaboranes

B.2.24. 4-Carbanonaborane (9) anion(4 — CBsHy ")

Ball-stick model representation

Jmal

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
C1 0.40938215 0.27795176 2.22411037
B2 0.55023925 0.16402374 0.62164774
B3 2.18995478 0.34415980 0.21425318
B4 1.85398352 —0.26878869 1.76243381
B5 1.43170159 1.35149529 2.85772023
B6 1.44832688 1.88700670 0.24460245
B7 0.12823393 1.78233549 1.71588874
B8 2.75506929 1.45533672 1.38727011
B9 1.58910291 2.64817252 1.77170682
H10 1.74740236 3.79946255 2.02625232
H11 3.92015886 1.68756150 1.49348193
H12 —0.96576035 2.23843612 1.82891636
H13 1.55988136 1.40393757 4.04028036
H14 1.35348281 2.53554487 —0.75190840
H15 2.78660321 —0.18579284  —0.66805486
H16 2.26170511 —1.28988620 2.21935495
H17 —0.29257008  —0.29955701 2.80764147
H18 —0.26415759  —0.45207389 0.00944043
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B.2.25. 1-Carbadecaborane (10) anion(1 — CByHj;)

Ball-stick model representation

Jmal

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114+-+G** level in xyz-

format

Atom Label X y Z
C1 —0.00000002  —1.65494916 0.00000000
B2 —0.00000003 0.78410323 1.30450376
B3 —0.00000003 0.78410323 —1.30450376
B4 —1.30450379 0.78410331 0.00000000
B5 1.30450386 0.78410327 0.00000000
B6 0.92318539 —0.72335220 0.92318535
B7 —0.92318533  —0.72335218  —0.92318536
B8 —0.92318533  —0.72335218 0.92318536
B9 0.92318539 —0.72335220  —0.92318535
B10 0.00000007 1.87747920 0.00000000
H11 —0.00000009 1.18148694 2.42872953
H12 —0.00000009 1.18148694 —2.42872953
H13 —2.42872966 1.18148692 0.00000000
H14 2.42872957 1.18148715 0.00000000
H15 1.68404216 —1.22850475 1.68404190
H16 —1.68404211  —1.22850466  —1.68404192
H17 —1.68404211  —1.22850466 1.68404192
H18 1.68404216 —1.22850475  —1.68404190
H19 0.00000008 3.06613520 0.00000000
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Atom Label X y 7
H20 —0.00000011  —2.73346980  0.00000000

B.2.26. 1-Carbaundecaborane (11) anion(1 — CB;oH;;)

Ball-stick model representation

Imol

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114++G** level in xyz-

format

Atom Label X y 7
C1 0.00000000 0.00000000 1.31570189
B2 0.00000000 —1.57323572 0.90712080
B3 0.00000000 1.57323572 0.90712080
B4 1.35803665 —0.94591018 0.14078376
B5 —1.35803665  —0.94591018 0.14078376
B6 1.35803665 0.94591018 0.14078376
B7 —1.35803665 0.94591018 0.14078376
B8 0.00000000  —1.48940136  —0.84362270
B9 0.00000000 1.48940136 —0.84362270
B10 0.91600737 0.00000000  —1.27458988
B11 —0.91600737 0.00000000 —1.27458988
H12 0.00000000 0.00000000 2.40457411
H13 0.00000000 —2.45074687 1.70908552
H14 0.00000000 2.45074687 1.70908552
H15 2.44458545 —1.34736736 0.40811067
H16 —2.44458545  —1.34736736  0.40811067
H17 2.44458545 1.34736736 0.40811067
H18 —2.44458545 1.34736736 0.40811067
H19 0.00000000 —2.46261081  —1.52859758
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Atom Label X y 7
H20 0.00000000 2.46261081 —1.52859758
H21 1.63017639 0.00000000 —2.22768849
H22 —1.63017639  0.00000000  —2.22768849

B.2.27. Carbadodecaborane (12) anion(CB;;Hj;)

Ball-stick model representation

Imol

Table of optimized structure in angstrom at DFT-B3LYP

format

/ 6-311++G** level in xyz-

Atom Label X y 7
C1 1.52221530 0.01252434 0.00000000
B2 0.73004895 0.47415633 1.44079830
B3 —0.76683796  —0.47644255 1.44684653
B4 —0.78065114 1.22448078 0.89426134
B5 —0.78065114 1.22448078 —0.89426134
B6 —0.76683796  —0.47644255  —1.44684653
B7 0.73004895 0.47415633 —1.44079830
B8 0.74420233  —1.21940391  —0.89041488
B9 0.74420233 —1.21940391 0.89041488
B10 —0.75786245  —1.52760842  0.00000000
B11 —1.70462560 —0.01401201 0.00000000
B12 0.72184694 1.52049665 0.00000000
H13 —1.29618949 2.08994078 1.52635548
H14 1.40088342 —2.01724603  —1.47414259
H15 1.40088342 —2.01724603 1.47414259
H16 —1.29618949  2.08994078  —1.52635548
H17 —1.27240929  —0.81292912 2.46935745
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Atom Label X y 7
H18 1.37780209 0.78623787  —2.38501591
H19 —2.89467438  —0.02378219 0.00000000
H20 2.60343122 0.02123358 0.00000000
H21 —1.27240929 —0.81292912 —2.46935745
H22 1.37780209 0.78623787 2.38501591
H23 1.36367732 2.51881720 0.00000000
H24 —1.25695990 —2.60709861 0.00000000

B.3. Azaboranes

B.3.1. Ammonia borane (H;B — NHj)

Ball-stick model representation

Imol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y 7
N1 0.000000 0.726493 0.000000
B2 0.000000  —0.938673  0.000000
H3 0.949301 1.092662 0.000000
H4 —0.474650 1.092672 —0.822116
H5 —0.474650 1.092672 0.822116
H6 —1.167468  —1.248778  0.000000
H7 0.583734 —1.248769 —1.011062
HS8 0.583734  —1.248769  1.011062
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B.3.2. Aminoborane (H;B — NH,)

Ball-stick model representation

Imol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
N1 0.063388 0.561824 —0.181497
B2 0.027605 —0.819827  —0.027567
H3 —1.026378  —1.376382  —0.049251
H4 0.917920 1.097871 —0.174042
H5 —0.762870 1.125796 —0.312002
H6 1.051664 —1.411454 0.121813

B.3.3. Iminoborane (HB — NH)

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114+-+G** level in xyz-

format

Atom Label X y Z
N1 0.000000  0.000000  —0.574508
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Atom Label X y 7
B2 0.000000  0.000000  0.661472
H3 0.000000  0.000000 1.827404
H4 0.000000  0.000000 —1.568373

B.3.4. Aminodiborane (3) (H,N — ByH3)

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114++G** level in xyz-

format

Atom Label X y Z
N1 —0.039926  —1.282150 0.130907
B2 —0.262082 1.473068 0.043892
B3 0.511289 —0.002172 0.032771
H4 —0.601251 2.023235 —0.963763
H5 —0.421040 2.102114 1.049860
H6 1.711371 0.049884 —0.074898
H7 —1.026676  —1.467536 0.225451
H8 0.518736 —2.121793 0.114999

B.3.5. Diaminoborane ((H;N), — BH)

Ball-stick model representation
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Table of optimized structure in angstrom at DFT-B3LYP / 6-311+-+G** level in xyz-

format

Atom Label X y Z
N1 0.158280 0.144777 1.243261
N2 0.158280 0.144777 —1.243261
B3 —0.486677  —0.058311 0.000000
H4 —0.314003  —0.004044 2.118402
H5 1.114645 0.445693 1.347841
H6 —1.625774  —0.416777 0.000000
H7 —0.314003  —0.004044  —2.118402
HS8 1.114645 0.445693 —1.347841

B.3.6. Diboranitride ((H,B), — NH)

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format
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Atom Label X y 7
N1 0.396626  —0.000330  0.000000
B2 —0.213869 1.321315 0.000000
B3 —0.214340 —1.321779  0.000000
H4 —0.479580 1.885922 —1.028875
H5 —0.479580 1.885922 1.028875
H6 1.412648  —0.000662  0.000000
H7 —0.480179  —1.886317 —1.028878
HS8 —0.480179  —1.886317  1.028878

B.3.7. Borahydrazine (H,B — N,Hj;)

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y 7
N1 0.511480 0.077955 —0.258242
N2 0.030118  —1.258639  —0.093961
B3 —0.170668 1.258379 —0.006972
H4 —0.244292  —1.386783  0.875105
H5 —0.800186  —1.375998 —0.666351
H6 1.461957 0.066174  —0.599252
H7 0.400901 2.284479 —0.205898
HS8 —1.292474  1.208975 0.394772
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B.3.8. Borazine or 1,3,5-Triaza-2,4,6-triborinane (B3N3;Hg)

Ball-stick model representation

Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114+-+G** level in xyz-

format

Atom Label X y 7
N1 0.000000  0.000000 1.408965
N2 1.220210 0.000000  —0.704485
N3 —1.220210  0.000000  —0.704485
B4 —1.256833  0.000000 0.725631
B5 1.256833  0.000000  0.725631
B6 0.000000 0.000000 —1.451263
H7 0.000000 0.000000 2.417840
HS8 2.288816  0.000000 1.321454
H9 2.093922 0.000000  —1.208923
H10 0.000000  0.000000 —2.642896
H11 —2.093922  0.000000 —1.208923
H12 —2.288816  0.000000 1.321454

B.3.9. 1,3,5,7,9-Pentaaza-2,4,6,8,10-pentabora-naphthalene (B;N;Hy)

Ball-stick model representation
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B.3. Azaboranes

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114+G** level in xyz-

format
Atom Label X y 7
N1 —1.264188  0.000000  —1.381282
N2 2473323  0.000000  0.734450
N3 —2.473323  0.000000 0.734450
N4 1.264188  0.000000 —1.381282
N5 0.000000 0.000000 0.765468
B6 —1.256829  0.000000 1.480598
B7 0.000000 0.000000  —0.693496
B8 2.514499  0.000000  —0.697327
B9 —2.514499  0.000000 —0.697327
B10 1.256829  0.000000 1.480598
H11 1.277565 0.000000 2.670893
H12 3.344988 0.000000 1.242542
H13 3.547284 0.000000  —1.291928
H14 1.275641 0.000000  —2.390751
H15 —1.277565  0.000000 2.670893
H16 —3.344988  0.000000 1.242542
H17 —3.547284  0.000000 —1.291928
H18 —1.275641  0.000000 —2.390751

B.3.10. 2,4,6,8,10,12-Hexaaza-1,3,5,7,9,11,13-heptabora-phenalene

(B7NgH,)

Ball-stick model representation
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Jmal

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114+-+G** level in xyz-

format

Atom Label X y Z
N1 —0.947220 1.104930 0.000000
N2 1.430508 0.267852 0.000000
N3 —2.800228  —0.524355  0.000000
N4 —0.483287 —1.372782  0.000000
N5 1.854219 —2.162891  0.000000
N6 0.946009 2.687246 0.000000
B7 2.367938 —0.831924  0.000000
B8 —0.463502 2.466656 0.000000
B9 0.460378 —2.467262  0.000000
B10 1.906523 1.632330 0.000000
Bi11 —1.904436  —1.634733  0.000000
B12 0.000000 0.000000 0.000000
B13 —2.366901 0.834932 0.000000
H14 3.540901 —0.632874  0.000000
H15 2.511272 —2.929120  0.000000
H16 0.084346 —3.595998  0.000000
H17 —3.156399 1.724954 0.000000
H18 —3.792328  —0.710265  0.000000
H19 —2.318535  —2.750073  0.000000
H20 —1.222366 3.382947 0.000000
H21 1.281056 3.639385 0.000000
H22 3.072053 1.871045 0.000000
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B.3. Azaboranes

B.3.11. 1,3,5,7,9,11,13-Heptaaza-2,4,6,8,10,12,14-heptabora-anthracene

(B7N7H10)

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y 7
N1 —2.525439  0.000000 —1.368274
N2 3.727946  0.000000  0.751921
N3 2.525439 0.000000 —1.368274
N4 —3.727946  0.000000  0.751921
N5 0.000000 0.000000 —1.372197
N6 —1.253730  0.000000  0.774368
N7 1.253730 0.000000 0.774368
B8 1.258373  0.000000 —0.685210
B9 —1.258373  0.000000 —0.685210
B10 0.000000 0.000000 1.488899
B11 2.508810  0.000000  1.494308
B12 —2.508810  0.000000 1.494308
B13 3.773340  0.000000 —0.679295
B14 —3.773340  0.000000 —0.679295
H15 0.000000  0.000000  2.677858
H16 0.000000 0.000000  —2.382248
H17 —2.525934  0.000000  2.684181
H18 —4.597852  0.000000 1.263002
H19 —4.807713  0.000000 —1.270827
H20 —2.541982  0.000000 —2.377574
H21 2.525934  0.000000  2.684181
H22 4.597852 0.000000 1.263002
H23 4.807713  0.000000 —1.270827
H24 2.541982 0.000000 —2.377574
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B.3.12. 1,3,5,7,9,11,13,15-Octaaza-2,4,6,8,10,12,14,16-octabora-pyrene
(BsNgHy)

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
N1 1.274821 —1.463796  0.000000
N2 2.473560 0.696067 0.000000
N3 0.032304 —3.595206  0.000000
N4 —2.485751 0.651425 0.000000
N5 —1.248364  —1.486524  0.000000
N6 —1.245862 2.857395 0.000000
N7 —0.006356 0.701674 0.000000
N8 1.194055 2.879376 0.000000
B9 —0.032618 3.609884 0.000000
B10 1.242196 1.442209 0.000000
B11 —1.268121 1.419613 0.000000
B12 0.006720 —0.746099  0.000000
B13 —2.505732 —0.769729  0.000000
B14 —1.230263  —2.929279  0.000000
B15 2.519213 —0.724454  0.000000
B16 1.282710 —2.906534  0.000000
H17 2.057490 3.401940 0.000000
H18 —0.043268 4.801687 0.000000
H19 —2.118626 3.364223 0.000000
H20 —3.372912 1.133332 0.000000
H21 3.351721 1.194223 0.000000
H22 3.564109 —1.294964  0.000000
H23 —3.540421  —1.358712  0.000000
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Atom Label X y 7
H24 —2.244659  —3.552265  0.000000
H25 2.307953 —3.511445  0.000000
H26 0.041495 —4.604363  0.000000

B.3.13. 1,3,5,7,9,11,13,15,17-Nonaaza-2,4,6,8,10,12,14,16,18-nonabora-
tetracene
(BoNyH;»)

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
N1 —3.786188  0.000000  —1.357097
N2 —4.982313  0.000000 0.766840
N3 —2.508234  0.000000 0.781483
N4 0.000000 0.000000 0.772858
N5 —1.261192  0.000000  —1.369525
N6 4.982313 0.000000 0.766840
N7 2.508234 0.000000 0.781483
N8 3.786188 0.000000  —1.357097
N9 1.261192 0.000000  —1.369525
B10 1.251968 0.000000 1.492092
B11 —2.517214  0.000000 —0.677749
B12 2.517214 0.000000 —0.677749
B13 3.760678 0.000000 1.505389
B14 0.000000 0.000000  —0.687209
B15 5.032034 0.000000  —0.664125
B16 —1.251968  0.000000 1.492092
B17 —5.032034  0.000000 —0.664125
B18 —3.760678  0.000000 1.505389
H19 —1.248512  0.000000 2.680520
H20 —1.266348  0.000000 —2.379646
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Atom Label X y 7
H21 —3.773996  0.000000  2.695270
H22 —5.850673  0.000000 1.280468
H23 —6.068215  0.000000 —1.252811
H24 —3.806074  0.000000 —2.366359
H25 1.248512 0.000000 2.680520
H26 1.266348  0.000000 —2.379646
H27 3.773996 0.000000 2.695270
H28 3.806074  0.000000 —2.366359
H29 5.850673 0.000000 1.280468
H30 6.068215  0.000000 —1.252811

B.3.14. Boronnitride flake (B11N11H12)

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
N1 —0.473366  —0.558330  0.000000
N2 1.391482 —2.237517  0.000000
N3 —1.006741  —3.018598  0.000000
N4 0.848845 —4.644619  0.000000
N5 0.053893 1.897943 0.000000
N6 —2.302576 1.121422 0.000000
N7 —2.825738  —1.349130  0.000000
N8 1.918890 0.207766 0.000000
N9 2.424726 2.625609 0.000000
N10 0.557244 4.332981 0.000000
N11 —1.767666 3.591303 0.000000
B12 1.834491 —3.612790  0.000000
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Appendix B. SCC-DFTB Parametrization Structures

B.3. Azaboranes

Atom Label X y 7
B13 —0.555829  —4.389000  0.000000
B14 —0.032717 —1.935621  0.000000
B15 0.495851 0.519489  0.000000
B16 —1.365727  2.209043  0.000000
B17 —0.830678 4.668077 0.000000
B18 —1.893252  —0.251211  0.000000
B19 1.027265 2.973896 0.000000
B 20 —2.421039  —2.711127  0.000000
B21 2.889790 1.282833 0.000000
B22 2.355730  —1.163610  0.000000
H23 —3.290115 1.332561 0.000000
H24 —3.816372  —1.154403  0.000000
H25 3.517771 —1.415446  0.000000
H26 —3.232212  —3.582513  0.000000
H27 —1.335866  —5.288235  0.000000
H28 2.993768  —3.880642  0.000000
H29 1.160920 —5.604412  0.000000
H30 4.056431 1.047712  0.000000
H31 3.115807 3.361582 0.000000
H32 1.227854 5.087097  0.000000
H33 —1.193352 5.803574 0.000000
H34 —2.750618  3.819794  0.000000

B.3.15. 1-Azapentaborane (5) (1 — NB,H;)

Ball-stick model representation
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Table of optimized structure in angstrom at DFT-B3LYP / 6-3114+-+G** level in xyz-

format

Atom Label X y 7
N1 0.023865 0.985032 0.000000
B2 1.097110  —0.077159  0.000000
B3 —0.505480  —0.089811 0.925681
B4 —0.505480  —0.089811  —0.925681
B5 0.035882 —1.351120 0.000000
H6 0.021270 1.993284 0.000000
H7 2.257610 0.135992 0.000000
HS8 —1.090718  0.116488 1.929733
H9 —1.090718 0.116488 —1.929733
H10 0.041022 —2.527967  0.000000

B.3.16. 2-Azapentaborane (5) (2 — NB,H;)

Ball-stick model representation

Jmaol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y 7
N1 0.000000 0.000000 0.743910
B2 —1.264903  0.000000  —0.113460
B3 0.000000 0.897362 —0.710239
B4 0.000000  —0.897362 —0.710239
B5 1.264903 0.000000 —0.113460
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B.3. Azaboranes

Atom Label X y 7
H6 —2.388822  0.000000 0.225839
H7 0.000000 0.000000 1.762572
HS8 0.000000 2.041184  —0.986235
H9 0.000000  —2.041184  —0.986235
H10 2.388822 0.000000 0.225839

B.3.17. Azahexaborane (6) (NB;Hjg)

Ball-stick model representation

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114++G** level in xyz-

format
Atom Label X y 7
N1 0.000000 0.000000 0.920987
B2 0.000000 1.223243 —0.122643
B3 —1.223243 0.000000 —0.122643
B4 0.000000 0.000000 —1.324133
B5 0.000000 —1.223243  —0.122643
B6 1.223243 0.000000 —0.122643
H7 0.000000 0.000000 1.934713
HS8 0.000000 2.361739 0.171602
H9 —2.361739 0.000000 0.171602
H10 0.000000 0.000000 —2.502367
H11 0.000000 —2.361739 0.171602
H12 2.361739 0.000000 0.171602
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B.3.18. 1-Azaheptaborane (7) (1 — NBgH;)

Ball-stick model representation

Jmal

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y 7
N1 0.000000 0.000000 —0.906802
B2 1.408327 0.000000 0.145959
B3 0.435197 —1.339399 0.145959
B4 0.435197 1.339399 0.145959
B5 —1.139361  —0.827794 0.145959
B6 —1.139361  0.827794 0.145959
B7 0.000000 0.000000 1.277875
HS8 0.000000 0.000000  —1.925684
H9 2.542795 0.000000 —0.178568
H10 0.785767  —2.418342  —0.178568
H11 0.785767 2.418342 —0.178568
H12 —2.057164  —1.494617 —0.178568
H13 —2.057164 1.494617 —0.178568
H14 0.000000 0.000000 2.459310

B.3.19. 2-Azaheptaborane (7) (2 — NBgH)

Ball-stick model representation
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Jmal

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
N1 0.000000 0.000000 —1.216483
B2 1.227802 0.000000 0.341409
B3 0.000000 1.259315 —0.447512
B4 0.000000 —1.259315  —0.447512
B5 0.000000 0.859413 1.173018
B6 0.000000 —0.859413 1.173018
B7 —1.227802 0.000000 0.341409
H8 2.369922 0.000000 0.057436
H9 0.000000 0.000000 —2.234666
H10 0.000000 2.312301 —0.980879
H11 0.000000 —2.312301  —0.980879
H12 0.000000 1.671150 2.030160
H13 0.000000 —1.671150 2.030160
H14 —2.369922 0.000000 0.057436

B.3.20. 1-Azaoctaborane (8) (1 — NB;Hjy)

Ball-stick model representation
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Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114+-+G** level in xyz-

format

Atom Label X y Z
N1 0.549426 1.114964 0.000000
B2 —0.078258 0.197018 1.322852
B3 —0.937317 1.164443 0.000000
B4 —0.078258 0.197018 —1.322852
B5 1.257142 —0.289597 0.000000
B6 —1.269522  —0.485910 0.000000
B7 0.101867 —1.387051 0.811384
B8 0.101867 —1.387051 —0.811384
H9 1.136697 1.942342 0.000000
H10 —1.523478 2.185872 0.000000
H11 —0.030155 0.753806 2.361969
H12 —0.030155 0.753806 —2.361969
H13 2.436158 —0.235187 0.000000
Hi14 —2.401446  —0.829352 0.000000
H15 0.157597 —2.291759 1.570118
H16 0.157597 —2.291759  —1.570118

B.3.21. 3-Azaoctaborane (8) (3 — NB;Hy)

Ball-stick model representation
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Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
N1 —1.188337  —0.394771 0.000000
B2 0.009386 —1.177502  —0.844442
B3 0.009386 —1.177502 0.844442
B4 1.284867 —0.363655 0.000000
B5 0.476007 0.439852 —1.376346
B6 0.476007 0.439852 1.376346
B7 —0.965091 1.059916 0.000000
B8 0.693479 1.399913 0.000000
H9 —0.232427  —2.132448  —1.491880
H10 —0.232427  —2.132448 1.491880
Hi1 —2.122912  —0.797916 0.000000
H12 2.410130 —0.731842 0.000000
H13 0.448100 0.748211 —2.516195
H14 0.448100 0.748211 2.516195
H15 —1.875156 1.816335 0.000000
H16 1.169402 2.484182 0.000000

B.3.22. 1-Azanonaborane (9) (1 — NBgHy)

Ball-stick model representation
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Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z

N1 0.688076 —0.080495 0.739697
B2 0.210307 0.245015 2.128972
B3 1.988760 0.399855 0.155003
B4 1.932010 —0.168747 1.853498
B5 1.455540 1.286496 2.776168
B6 1.658533 2.180342 0.204886
B7 0.086026 2.043448 1.949968
B8 2.682527 1.393257 1.414431
B9 1.550397 2.744517 1.738128
H10 1.809374 3.858163 2.058917
H11 3.858083 1.544039 1.404755
H12 —1.036073 2.405468 1.899363
H13 1.559792 1.344086 3.955385
H14 1.460561 2.623122 —0.871001
H15 2.483061 —0.190358  —0.739565
H16 2.388618 —1.201662 2.183876
H17 —0.577726  —0.456733 2.657652
H18 0.264874 —0.890488 0.294906
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B.3.23. 4-Azanonaborane (9) (4 — NBgHy)

Ball-stick model representation

Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y 7
N1 0.470588 0.327680 2.174031
B2 0.565019 0.161343 0.586954
B3 2.195823 0.344048 0.207940
B4 1.883751 —0.277606  1.740778
B5 1.450736 1.383690 2.863846
B6 1.432098 1.880466 0.247991
B7 0.132770 1.819041 1.707660
B8 2.750903 1.445256 1.400448
B9 1.592966 2.655795 1.770788
H10 1.752155 3.797059 2.020641
H11 3.905772 1.678619 1.500817
H12 —0.992426 2.140819 1.846254
H13 1.510147 1.314361 4.038786
H14 1.343612 2.524925 —0.739489
H15 2.788763  —0.178587  —0.667002
H16 2.185714 —1.277502 2.286648
H17 —0.187784  —0.213650  2.721004
H18 —0.317868  —0.446433 0.096943
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B.3.24. 1-Azadecaborane (10) (1 — NByH,)

Ball-stick model representation

Imol

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
N1 0.000000 —1.536128 0.000000
B2 0.000000 0.808287 1.311193
B3 0.000000 0.808287 —1.311193
B4 —1.311193 0.808286 0.000000
B5 1.311193 0.808286 0.000000
B6 0.938889 —0.665595 0.938889
B7 —0.938889  —0.665595  —0.938889
B8 —0.938889  —0.665595 0.938889
B9 0.938889 —0.665595  —0.938889
B10 0.000000 1.905468 0.000000
H11 0.000000 1.209402 2.424628
H12 0.000000 1.209402 —2.424628
H13 —2.424628 1.209402 0.000000
H14 2.424628 1.209402 0.000000
H15 1.649930 —1.277999 1.649930
H16 —1.649930 —1.277999  —1.649930
H17 —1.649930 —1.277999 1.649930
H18 1.649930 —1.277999  —1.649930
H19 0.000000 3.082900 0.000000
H20 0.000000 —2.548502 0.000000
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B.3.25. 1-Azaundecaborane (11) (1 — NB;(Hy;)

Ball-stick model representation

Jmol

Table of optimized structure in angstrom at DFT-B3LYP / 6-3114++G** level in xyz-

format

Atom Label X y 7
N1 0.000000 0.000000 1.436772
B2 0.000000 —1.430814 0.949224
B3 0.000000 1.430814 0.949224
B4 1.454181 —1.029336  —0.026495
B5 —1.454181 —1.029336  —0.026495
B6 1.454181 1.029336  —0.026495
B7 —1.454181 1.029336 —0.026495
B8 0.000000  —1.475281 —0.781729
B9 0.000000 1.475281 —0.781729
B10 0.933379 0.000000  —1.300748
B11 —0.933379 0.000000 —1.300748
Hi2 0.000000 0.000000 2.457429
H13 0.000000 —2.296288 1.755986
H14 0.000000 2.296288 1.755986
H15 2.506922 —1.442902 0.300793
H16 —2.506922  —1.442902  0.300793
H17 2.506922 1.442902 0.300793
H18 —2.506922 1.442902 0.300793
H19 0.000000 —2.503868  —1.373142
H20 0.000000 2.503868  —1.373142
H21 1.614304 0.000000 —2.273471
H22 —1.614304 0.000000 —2.273471
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B.3.26. Azadodecaborane (12) (NB;;H),)

Ball-stick model representation

Jmel

Table of optimized structure in angstrom at DFT-B3LYP / 6-311++G** level in xyz-

format

Atom Label X y Z
N1 0.522352 —1.321842 0.000000
B2 —0.195432  —0.806193 1.471951
B3 0.144020 0.918897 1.451766
B4 —1.442921 0.291337 0.897043
B5 —1.442921 0.291337 —0.897043
B6 0.144020 0.918897 —1.451766
B7 —0.195432  —0.806193  —1.471951
B8 1.413559 —0.170476  —0.909546
B9 1.413559 —0.170476 0.909546
B10 1.125079 1.305968 0.000000
B11 —0.637310 1.612768 0.000000
B12 —1.189744  —1.199396 0.000000
H13 —2.431958 0.419515 1.531051
H14 2.368896 —0.612499  —1.437182
H15 2.368896 —0.612499 1.437182
H16 —2.431958 0.419515 —1.531051
H17 0.276832 1.490321 2.477714
H18 —0.173406  —1.616961  —2.325600
H19 —1.071842 2.712579 0.000000
H20 0.895489 —2.266461 0.000000
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Atom Label X y 7
H21 0.276832 1.490321 —2.477714
H22 —0.173406 —1.616961 2.325600
H23 —1.744236  —2.238147  0.000000
H24 1.950911 2.151341 0.000000
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