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Abstract

Computational molecular spectroscopy, as a sub-field of quantum chemistry,
allows one to obtain a comprehensive picture of investigated molecules and
systems in terms of their structure and properties. It not only helps in the
interpretation and understanding of the experimental spectra or predicting
spectroscopic properties of molecular systems but can also be a great tool in the
development of new materials. Various theoretical and computational methods
have been successfully applied to solve different problems in many branches of
science, however applying them to the investigation of larger and more complex
systems remains a challenge. This work focuses on using Density Functional
Theory (DFT) and Time-Dependent Density Functional Theory (TDDFT)
methods to investigate the quantum chemical and spectroscopic properties of
larger-sized systems. Four different types of molecules were studied, quantum
dot (QD) clusters, endohedral fullerenes with an encapsulated metal atom,
endohedral fullerenes with diatomic molecules, and the secondary structures
of proteins. Methods to accurately and efficiently simulate X-ray and UV-
Vis spectroscopy to reproduce experimental data and provide insights into the
underlying chemical and physical processes associated with these techniques
and the systems studied are provided.

Using quantum chemical calculations, it has been possible to gain more
understanding of the photophysical process underpinning the operation of QD-
based fluorescent probes, and to support the design of QD-based optical sen-
sors for the detection of biomolecules. Theoretical methods have been also

successfully applied to achieve a better picture of super atomic molecular or-



i

bitals (SAMOs) within the endohedral fullerenes and to provide insights into
the potential for design of novel advanced materials for molecular electronics.
The non-resonant X-ray emission spectroscopy of amino acids and a dipeptide
have been studied using TDDFT calculations at the nitrogen and oxygen K-
edges. Calculations for the model -helix and -sheet structures showed the
spectra to be relatively insensitive to the structure of peptide bond, with the
greatest variation observed at the oxygen K-edge. Combining TDDFT with
Franck—Condon simulations has allowed to simulate vibrationally resolved X-
ray absorption spectra of nitrogen encapsulated within Cgg (N2@QCgp). The
studies have showed sensitivity of the spectra and spectroscopic properties of

N, to the presence of the Cgy cage.
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Chapter 1

Introduction

1.1 Overview of Molecular Spectroscopy

Molecules interact with the oscillating electric and magnetic elds of radiation.
They can then absorb an amount of energy carried by the electromagnetic
waves that is equivalent to the energy that allows a molecule to be promoted
from one discrete energy level to another. Transitions between those discrete
energy levels can be measured by molecular spectroscbjycreasing sophis-
tication of spectroscopic techniqgues makes interpreting spectroscopic results
(spectra) extremely di cult, if not impossible. 2 Computational molecular spec-
troscopy helps to elucidate information included in the spectra of molecules
by using quantum mechanics. Experimental molecular spectroscopy measures
transitions between the various energy states (rotational, vibrational, and elec-
tronic) of a molecule, and molecular spectra are produced as a result of those
transitions. In computational molecular spectroscopy the allowed energy states

of molecules can be determined by solving the Schrodinger equation.

Molecules occupy speci ¢ energy levels, and a molecule's energy is stored in

di erent types of motion. The translational kinetic energy, electronic energy,

1



2 Chapter 1. Introduction

vibrational energy, and rotational energy contributes to the total energy of
a molecule. Molecular spectroscopy is concerned only with the electronic,
vibrational and rotational energy levels of a molecule. Vibrational spectra can
be measured using Infrared (IR) or Raman spectroscop$. In IR, radiation
with di erent frequencies is passed through the sample and the intensity of
transmitted light is measured, while in Raman spectroscopy, a laser beam is
passed through the sample and the scattered part of light is measured. For
a molecule to interact with the radiation in the IR range (780nm -1mm) and
absorb the energy from it, the molecule must have a permanent or induced
dipole moment which oscillates with the same frequency as the radiation. The
vibrations of a molecule and the frequencies of the radiation have to be the
same for the resonance energy transfer to take place. The harmonic oscillator
can be used as a model for the vibration of a normal mode. However, a normal
mode has an asymmetric potential and therefore Morse potential is often used
to create a better representation of the potential energy surface. The Morse
potential has the form

V=D, 1 e 97 (1.1)

whereD. is the depth of the potential well and represents the dissociation en-
ergy; isthe curvature at the bottom of the potential well, andq is vibrational

coordinate. The allowed energy levels of the system are then given by
1 1

where! . is the vibrational frequency, is the vibrational quantum number, X,

is the rst anharmonicity constant. The vibrational energy levels of the elec-
tronic ground state of diatomic molecules can be represented by horizontal lines
in a Morse potential well (Figure 1.1). Using radiation of infrared frequency,
molecules are promoted from one vibrational energy level to another. Depend-
ing on a molecule's electronic structure, various energy vibrational transitions

can be observed. For instance, transition from lowest energy level (ground
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Figure 1.1: Vibrational levels of a diatomic molecule in a Morse potential well.
Where, is vibrational level, D¢ is dissociation energy, andDg the true energy
required for dissociation due to the zero point energy of the lowest (= 0) vibrational
level.

state) to higher energy level (designated as = 0 and = 1 in Figure 1.1

respectively) can take place, and the resulting state of a molecule from this
transition would be then called state 1. Diatomic molecules have only one kind
of vibration (normal mode), while polyatomic molecules can have many possi-
ble vibrations as the numbers of vibrational degrees of freedom for polyatomic
molecules withM atoms is given by 31 6 (or 3M 5 for linear molecules).

Therefore, to describe each vibration normal mode in a polyatomic molecule,

a separate potential well with its own parameters is required.

The spacing between vibrational energy levels in the Morse potential well
decreases with increasing value of From the analysis of experimental spectra
it is possible to calculate the anharmonic force constant of the vibrational
normal mode, and the dissociation energy of a molecule for diatomic molecule.
Vibrational spectroscopy is a valuable tool for nding out information about
the presence or absence of specic functional groups in a sample. Also, by
analyzing the infrared (IR) molecular ngerprint, one can e ectively identify

di erent substances® It is a useful technique for polar molecule¥®
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Much more energetic radiations, like UV-Visible light (100 to 780 nm wave-
length), and X-ray radiation (0:01 to 10 nm wavelength) can promote transi-
tions between a molecule's electronic states of di erent quantum numbet8!
When this happens, the molecule is excited from the ground state to the higher
excited states, and the vibrational and rotational transitions can also be si-
multaneously involved. In the previously described vibrational spectroscopy,
the transitions between vibrational energy levels take place within a single
electronic potential well. In electronic spectroscopy, transitions of molecules
take place between dierent electronic potential wells (Figure 1.2). During
the interaction of molecular system with radiation, a transition from vibra-
tional state, o in the electronic ground state to the vibrational state J in the
electronic excited state can occur. This transition involves no quanta of vibra-
tional energy. Another possible transition could be from, to 9 (represented
by the dashed arrow in Figure 1.2) which involves one quantum of electronic

energy and one quantum of vibrational energy.

In molecular orbital (MO) theory, electronic transitions occur when elec-
trons are promoted from orbitals of lower energy to orbitals of higher energy.
MO theory provides a framework for understanding these transitions and pre-
dicting their e ects on molecular properties. To measure the transitions be-
tween electronic states in a molecule, electronic spectroscopy is used. When the
electrons are removed from the valence orbitals the Photoelectron spectroscopy
(PES) technique is used, while when the electron are removed from core orbitals
X-ray photoelectron spectroscopy can be uséd?® For exciting electrons from
valence orbitals into virtual unoccupied orbitals and studying the resulting
transitions, UV-Vis spectroscopy or uorescence spectroscopy (emission) are
used!* Exciting electrons from core orbitals into virtual unoccupied orbitals
is facilitated by X-ray absorption spectroscopy (XAS) or near edge X-ray ab-
sorption spectroscopy (NEXAS). Electronic spectroscopy helps to determine

the binding energy, HOMO-LUMO gap and structure of molecule¥:1® X-ray
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Figure 1.2: Examples of electronic transitions. The 0-0 transition is represented
by a vertical arrow, 0-1 transition is represented by the dashed arrow.

based electronic spectroscopy provides information on the oxidation state of
elements and chemical bonding:'® Some of the spectroscopic techniques and
detailed description of computational methods and quantum chemistry used

for molecular spectroscopy are described in following subchapters.

1.1.1 UV-Vis Spectroscopy

UV-Vis spectroscopy studies the interaction of matter with radiation of a wave-
length between approximately 200 { 780 nm? In this energy range, the photon
of radiation is absorbed by electrons located in highest occupied molecular or-
bitals of an atom and transferred to virtual orbitals. Following the excitation

of a molecule, various processes occur within its electronic structure which
are well represented by the Jablonski diagram (Figure 1.3). One of these

paths involve the return of a molecule to its ground state accompanied by the
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emission of light and can be further distinguished into uorescence and phos-
phorescence. In uorescence an excited molecule transfers from a higher to a
lower level with the emission of a photon, without changing the multiplicity

in a transition which is allowed by the selection rule. If the time between the
absorption of energy and its emission is much longer than 0seconds, the
radiation process is called phosphorescence. Phosphorescence occurs when an
excited molecule transfers from a higher to a lower level with the emission of
a photon and a change in multiplicity. Occupancy of the triplet level (of a

di erent multiplicity) directly from the ground state is prohibited. Therefore,

the molecule is usually excited to the rst singlet state $;) and from there,
under certain conditions, it can transfer to the triplet state (T;). Because the
transition between theT; and Sy states is prohibited (di erent multiplicity),

the molecule remains in the excited electronic state for a relatively long time
before emitting a photon and returning to the electronic ground state. Apart
from uorescence and phosphorescence, there are other possible pathways via
which excited molecules return to their lower energy states. The rst one, In-
ternal conversion (IC) involves a molecule undergoing a permitted transition
from excited states to states occurring without changing the multiplicity, for
example, typeS, ! S; or T, ! T;. Intersystem Crossing (IC) path where
the radiationless crossing between singlet and triplet states takes place. This
process is forbidden because it involves change of multiplicity; for example,

type S;! TporTy! Sy (Figure 1.3).

For an absorption to occur, the transition must meet some rules known as

selection rules® For electron absorption spectroscopy they are as follows:

1. The radiation energy must be matched to the di erence between energy

levels of a molecule between which the transition takes place,

E=h (1.3)
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Figure 1.3: Jablonski diagram showing the excitation of a molecule to its singlet
excited state and relaxing to the ground state via di erent mechanisms. IC { internal
conversion, ISC { intersystem crossing, a {radiation absorption, f { uorescence, p

{ phosphorescence.

whereh is the Planck's constant and is radiation frequency.

2. The transition probability space, W between the initial ; and the
excited state ; must be non-zero. This requires the following condition to be
met:

W = Bf i 60 (14)

where is radiation density andB; ; is Einstein's coe cient:

83 2
Br i= gz 1l (1.5)
Here ¢ ; is a transition dipole moment, ¢ ; = h ¢j”] i, where ¢ ; is

the electric dipole moment operator of a molecule that undergoes absorption.
Therefore, for a transition to occur, where 6 0, the dipole moment of the
transition must be non-zero. Since ; ; is a vector quantity, it is su cient
that at least one of its components is non-zero for the transition to be allowed.
The orbital is designatedg (for gerade even) if the phase is the same, and
(for ungerade odd) if the phase changes sign. Based on group theory, there is

a Laporte's rule which states that for a centrosymmetric molecule, transitions
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must occur between states of di erent parities under inversionu( g and
g u) are allowed, while those between states of the same paritie ( ¢

andu u) are forbidden.

3. Transitions between electronic states with the same multiplicity are
allowed, e.g. singlet-singlet ( S = 0), while transitions between states of

di erent multiplicity are prohibited.

1.1.2 X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) uses X-rays, in the range of about 100 eV
to 500 keV, typically from synchrotron light sources to investigate sample prop-
erties?{?3 In this energy range, the photon of radiation is absorbed by the core
level electrons of an atom and can be excited to un unoccupied stated near the
ionisation threshold or ionised to the continuum. Figure 1.4 shows a typical
X-ray absorption spectrum where depending on the region of the spectrum,
di erent information can be obtained about the studied chemical system. The
“pre-edge region' where core electron are excited to a higher unoccupied orbital
can provide information on the excited electronic state and the local symme-
try of the atom. In the edge region, where the photon energy is between the
ionisation energy €;) and E; + 10eV "X-ray absorption near edge structure’
(XANES)?* is observed which provides information about the oxidation state
of the atom and its coordination surrounding. The region betweeR; + 10 eV
and E; + 50eV is called 'near edge X-ray absorption ne structure' (NEX-
AFS), from which the bond distances and information about the orientation
of the molecules adsorbed on the substrate can be obtained. The region lying
at the energy grater thanE; + 50 eV which is called “extended X-ray absorp-
tion ne structure' (EXAFS) 2° allows to gain information about the number of
coordinating atoms and the species of atoms surrounding the atom which is in-

teracting with the X-ray radiation. The combination of XANES and EXAFS
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Figure 1.4: X-ray absorption edge spectrum de ning various energy regions

techniques is called “X-ray absorption ne structure' (XAFS)?® Techniques
based on the absorption of X-rays can be used for the study of both crys-
talline and amorphous compound$’ The main advantages of the techniques
are: high selectivity due to the type of element tested; sensitivity (between 10
and 100 particles per mole); and relatively short measurement time (recording

the experimental spectrum takes from milliseconds up to tens of minute¥).

The probability that a core electron will absorb an incident X-ray via the

photoelectron e ect is governed by the Bouguer-Lambert's Law:

| = lge ! (1.6)

where is the absorption coe cient, which determines the probability of the
incident X-rays absorption, |, is the intensity of the X-ray, | is the intensity
of transmitted light through the sample, andt is the thickness of the sample.
In the XAS method, the change in the absorption coe cient as a function
of energyE is examined and the absorption coe cient can be estimated by

Z4
AE?3’

(1.7)

where is the sample densityZ the atomic number,A the atomic mass, andce

the X-ray energy. The absorption coe cient of a particular atom will change



10 Chapter 1. Introduction

with the presence of neighbouring atoms. The study of the local surrounding
of the given atom is possible by adjusting the energy of X-rays to a given
absorption edge, which makes X-ray spectroscopy highly atom selective. In
these cases, when the X-ray has an energy corresponding to the binding energy
of core electron, there will be a rapid increase (a spike) in the absorption edge.
As mentioned above, XANES and EXAFS look at the energy dependence on
just before and just after the absorption edge respectivety. The names of

the absorption edges are analogous to the names of the atomic shells and are
labelled with respect to the angular momentum of the absorbing core orbital.
The K-edge corresponds to absorption from the s-shell; L-edge to p-shell and
the M-edge to the d-shell. In this work all core hole spectroscopy will be

considered at the K-edge.

The lifetime of the excited electron is only few femtoseconds, after which
the core-hole decay process begins. There are two di erent mechanisms by
which the core-hole decay can take place. The rst mechanism is X-ray u-
orescence, where electrons from the orbitals higher in energy than the core
hole orbital collapse, and as a result an X-ray of exact energy is emitted. The
second mechanism is the Auger decay de-excitation process where a second
electron is ejected as a result of an electron falling from a higher orbital to the

core hole. The absorption coe cient can either be measured by transmission:
(E)=In ||—° ; (1.8)
or by de-excitation (Auger and uorescence):
©7 (L.9)

where |¢ is the measured uorescence or intensity of electron emission after

absorption of the X-ray radiation.
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1.1.3 X-Ray Emission Spectroscopy

X-ray absorption, as described above is used to study the unoccupied orbitals,
whereas X-ray emission spectroscopy (XES), probes the occupied orbitals (Fig-

ure 1.4). Similar to XAS, XES rst requires the creation of an excited state

Figure 1.5: Schematic of transitions involved in XAS and XES

through the interaction of a photon with a core electron, but then it measures
the photons that are emitted when the core hole decays via uorescence. De-
pending on the choice of excitation energy, the XES technique can be split into
two di erent categories; non-resonant and resonant XES. Non-resonant X-ray
emission spectroscopy involves using energy su cient to completely remove
the core electron to the continuum. On the other hand, resonant excitation
involves using an excitation energy corresponding to an absorption resonance,
which promotes the electron to a bound state. XES has found applications
in studying the structure of liquids, transition metal complexes, metal-ligands
complexes, and the adsorption of molecules on surfad&d? XES can also
be a good complementary technique to XAS, which together can provide an

extended picture of the studied systen®
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1.2 Overview of Computational Methods

Computational molecular spectroscopy investigates electronic transitions in
molecules, provides useful information about the systems and helps to inter-
pret experimental data. As spectroscopy probes the core, bonding, and non-
bonding orbitals of molecular systems and materials, they must be treated
guantum mechanically rather than classically, in computational simulations.

This section introduces the principles of quantum mechanics and their applica-
tion to chemistry, followed by an overview of the quantum chemical techniques

used in this work.

1.2.1 Concepts of Quantum Mechanics in Chemistry

Light can be described as both particles and waves. When describing light as
particles, they are referred to as photons, which have an energy Bf= h ,
whereh is Planck's constant, and is the frequency of the photon. This quan-
tization of energy together with the quantization of molecular energy levels in
molecules forms the basis of the spectroscopic techniques used in chemistry.
Electrons themselves also have wave-like nature, which is observed in molecules
through the superposition of atomic orbitals to form molecular orbitals. As
introduced by de Broglié* both light and matter behave as both particles and

waves, this is known as "wave-particle duality’, and this can be expressed as

(1.10)

gelii=y

where is the wavelength,p the momentum, andh = 6:626 10 34Js is
Planck's constant. The wave nature of matter is quantitatively expressed via
a wavefunction which can be described using quantum mechanics. Quantum
mechanics is an important theory that underpins our understanding of chem-

istry and is based upon three postulates. The rst postulate asserts that a



1.2. Overview of Computational Methods 13

system is described by a wavefunction, which contains all information about

the system. The wavefunction is a mathematical function that describes the
qguantum state of a particle or a system of particles at all points in space.
The acceptable wavefunctions should be single valued, nite everywhere and

normalizable by the condition

dr =1: (1.112)

The Born interpretation® indicates that the square modulus of a wavefunction

i j? gives the probability density of nding the particle at a given position.
The second postulate asserts that observables are represented by operators. All
observable quantities of a quantum system will have a corresponding quantum
mechanical operator. And the third postulate asserts that the values that
arise from a physical measurement correspond to the eigenvaluesof the

corresponding operator according to

=1 (1.12)

AN . .
where "represents an operator, a wavefunction, and! an eigenvalue of the

N
operator °)

The Schrdinger equatiori® is arguably the most important equation in
chemistry for nding the wavefunction of a system and calculating its proper-
ties. How a quantum system, hence a system's wave function, changes with

time is described by the time-dependent Schredinger equation:

. @ 4.
5t " A (1.13)

wherei is the imaginary unit, ~ = ~=2 the reduced Planck's constant,
the system's wave function, the Hamiltonian operator, andt time. The

stationary states of the system can be found by solving the time-independent
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Schredinger equation:

B (r)=E (r); (1.14)

wherer denotes the coordinates describing the system agdis the total energy

of the system in state (r). The solutions to the time-independent Schredinger
equation (Eq. 1.14) for a given system provide many functions,(r), the
stationary states of the system and the corresponding energies of these states
E.. The lowest energy solution to Eqg. 1.14 is recognised as the ground state,
and higher energy solutions are excited states. In case that the same energy

corresponds to di erent states, the states are said to be degenerate.

The Hamiltonian operator in Eqg. 1.14 contains both kinetic energy‘f() and

potential energy () terms, and for atoms and molecules, it can be written as

X pd X
O T Tt
i=1 A=1 VA 1 Azt (A
XX X
+ 1, ZnZs . (1.15)
i=1 j>i U A=1B>A | AB
@ @ @
r = —== =, 1.16

whereria, rj and Rag represent the electron-nuclear, electron-electron and
nuclear-nuclear distances respectively. These are the distances between parti-
cles position vectorsyia = jri Raj, and Ra = (Rax;Ray;Raz). The sums
take into account theN electrons and M nuclei the system, wherg, are the
nuclear charges and/ , are the nuclear masses, and? is the Laplace operator

de ned in Cartesian coordinates. The rst term represents the kinetic energy
operator of the electrons; the second term the kinetic energy operator of the
nuclei; the third term corresponds to the Coulomb attraction between the elec-
trons and nuclei; and the fourth term and fth term are the repulsion of the
electrons and nuclei. In this equation, relativistic e ects are often neglected,

as they are insigni cant for lighter elements of the periodic table.
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1.2.2 The Born{Oppenheimer Approximation

The Born{Oppenheimer (BO) approximation’’ assumes that electrons being
much lighter than nuclei move fast enough to be assumed to adapt instan-
taneously to the location of the nuclei. This results in the assumption that
electrons stay in one of the possible stationary states determined by the elec-
tronic function determined for xed positions of the nuclei. The consequence
of this assumption is the possibility to generate a Hamiltonian containing both
electron and nuclear degrees of freedom which can be uncoupled. Using the
BO approximation allows us to decouple the nuclear and electronic motions,
thus enabling us to write an electronic Hamiltonian operator where terms cor-
responding to the kinetic energy and repulsion of the nuclei can be omitted
and the motion of N electrons in the presence d¥l nuclear point charges can

be described as

1 XX~ XX
Iqaec = ér |2 _A + — (1.17)
i=1 =1 A1 Ao i T
Thus, the electronic Schredinger equation is
|qelec elec = Eelec elec (1.18)

where the eigenfunction ¢ is the electronic wavefunction and the eigenvalue

Eeiec is the electronic energy af R g (a set of multiple nuclear positions),.e.
Eeclec = Eelec(fRAQ) ; (1.19)

and the total energy for a xed nuclear coordinate can be obtained by adding

in the nuclear repulsion term:

X ZaZs

Etota = Eelec (f RAg) + = :
AB

(1.20)

A=1 B>A
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The electronic energy depends parametrically on the positions of the nuclei and
varying f R o g will give the total energy as a function of the nuclear coordinates,
creating what is known as a potential energy surface (PES). The knowledge of
this function and its two successive gradients in relation to geometrical param-
eters become crucial when studying the properties of the atomic or molecular
systems in many areas of chemistry. Knowledge of the energy minima along
the PES correspond to nuclear positions allow us to nd stable structures of
a system, whereas low energy pathways between minima can allow study of

chemical reactions.

To solve the time-independent electronic Schredinger equation more ap-
proximations have been developed. One of them, Hartree{Fock theory that
includes the application to excited state wavefunctions, will be discussed in
subsection (1.2.2). Even though Hartree{Fock theory is not very often ap-
plied to spectroscopy { due to its omission of electron correlation { it forms a
basis for the rest of the developed and widely implemented theories, such as
Kohn{Sham density functional theory (KSDFT) and time-dependent density-
functional theory (TDDFT) discussed in subsections 1.2.3 and 1.2.4.

1.2.3 Self-Consistent-Field Hartree{Fock Theory

The Hartree{Fock (HF) method, based on the HF theory?° is an approximate
method for solving Schredinger equations for multi-particle systems. It is the
basis of mostab initio methods which are used to nd energy and electronic
structure of the ground state of a molecular systems. The HF method can be
used to calculate the wavefunctions and energies for closed-shell, ground state
molecular systems, where electrons of di erent spins,and are restricted to

the same set of spatial orbitals. This is known as restricted HF (RHF). In the
case where separate spatial orbitals for electrons with di erent spins are used,

the method is called unrestricted HF (UHF). UHF is commonly used to study
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ground states of open-shell systems, and electronically excited states.

In the HF method, each electron in the system is assigned a one-electron
wave function dependent on spatial coordinates and the spin of the electréh.
These functions are called spin orbitals (x) and can be expressed as the

product of a spatial part," (r) and a spin part,! (s):

(x) =" (N (s) (1.21)

wherer corresponds to the spatial coordinates anslrepresents the spin coor-
dinate. The spin part, ! (s), can be either or for spin states with mg =

1 1 H
+3 0r 3, respectively.

Most systems of interest will have more than one electron, which will re-
quire the consideration of many one electron spin orbitals. Therefore, a possi-

ble form for the N -electron wavefunction is as a product of spin orbitals:

P (X1; X230 00Xn) = i(X1) j(x2) i Nn(Xn): (1.22)

This many-electron wavefunction, known as the Hartree product (HP), is un-
correlated, meaning that the position of electrorx; is only a ected by an
averaged mean eld representation of its repulsion interaction with the other

N 1 electrons in the system.

The wavefunction described by the Hartree product does not satisfy the
Pauli anti-symmetry principle, which states that electronic wavefunctions must
be antisymmetric with respect to the exchange of electrons. Representing
the N-electron wavefunction as a Slater determinant rather than the simple

Hartree product, the antisymmetry principle can be satis ed. AnN -electron
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Slater determinant has the following form:

1(X1) it N(Xa)
(X1 X2 ixn) = p% S (1.23)
1(Xn) it N(Xn)

This form of the wavefunction gives us the expression for energy as

- - - )(\I )(\I ae sss N gus sas
Eve = howejBj wei = hi+ [GJi ) G i)+ Vans (1.24)

i=1 i>j
whereV,, is the nuclear repulsion energyh; represents the one-electron part:
|
Z .
, X Za

hi = hijfij i= . (X) %r : . (x) dx; (1.25)
A :

and (ii jjj ) and (ij jji) denote two-electron contributions:

7z
i jji ) = i (X1) i(X1) j(x2) j(x2) dX 10X (1.26)
7z f12
G iy= ALaCal e 0 o (1.27)
12

The contribution (ii jjj ) is a Coulomb integral and represents a positive contri-
bution of energy (destabilisation) of a system due to electron-electron Coulom-
bic repulsion, while the {j jji ) contribution is an exchange integral that does
not have a classical interpretation. By de ning the Coulomb operatod' and

exchange operatoK as

£ i (x2) j(x2)
ry

2

X
I ixq) =
]

X
KR i(X1) =

dxz i(X1) (1.28)

z i (x2) i(X2)
r

2

dX2 j (Xl) (129)
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The HF energy can now be rewritten in a succinct form:

X X
E = h”+% hijf Rjii: (1.30)

The Fock operator f* was introduced by Hartree and Fock in order to
nd orbitals to approximate a multi-electron wavefunction expressed as Slater
determinants. The mean value of the operator for thé" energy level is equal
to the orbital energy corresponding to this level. Considering the variational
principle, the Hartree{Fock method searches for such orthonormal orbitals,
so that the total energy of the system is greater than or equal to the true
energy of the molecule. The lower the calculated energy, the more accurate

the description of the wavefunction that can be obtained.

When the HF energy (Eq. 1.30) is optimised, the spin-orbitals satisfy a set
of equations:

i) =" i (x); (1.31)

where"; are the orbital energies and” is the Fock operator. These are known
as the HF equations. f* is a one-electron operator that takes the following
form:

fx)= )+ & K (1.32)

In the HF equations (Eq. 1.31), the Fock operator depends on its own eigen-
functions ;, therefore solving the HF equations must be done in a self-consistent

manner.

To calculate the coe cients, molecular orbitals, and energy levels of a
system to obtain the information about the whole chemical system, the self-
consistent eld (SCF) method is used! It is an iterative approach which
involves obtaining an initial guess of the orbitals, calculating Coulomb and

exchange integrals, solving the Roothaan-HF equations, and testing for con-
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vergence. If convergence criteria are not met, the process is repeated until the

lowest energy is reached.

In HF theory the electron-electron repulsion, which plays a signi cant role
in determining the electronic structure of molecules, is not accurately calcu-
lated. The electron-electron repulsion is expressed by having each electron
move in an average electronic eld due to the other electrons. Such a descrip-
tion leads to overestimated ground-state energies. This error is known as the

correlation energy and can be written as

Ec= Eexact Ene (133)

where E. is the correlation energy,Ecxact iS the exact energy of the system
within the basis set andE.r is the calculated Hartree{Fock energy for a

given basis set.E. is always negative.

The correlation energy is an important part of the calculations and should
not be neglected. To increase the accuracy of the HF method, a number
of post-HF methods have been developed including con guration interaction
(CI), coupled cluster singles and doubles (CCSD), coupled cluster singles and
doubles with perturbative triples (CCSD(T)), or second-order M ller{Plesset
perturbation theory (MP2). However, in this thesis none of these methods is

employed and therefore they will not be described in more detail.

Linear Combination of Atomic Orbitals

The drawback of the HF equations (Eqg. 1.31) is that the wavefunction calcu-
lated based on the "guess' orbitals is too complicated when molecular orbitals
are considered, and it also lacks the qualitative understanding of the electron
distribution. To solve that problem, Roothaarf? and Hall*® suggested to calcu-

late close approximations of the molecular orbitals of a system by representing
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them as a linear combination of functions known as basis functions, where each
basis function is used to represent the atomic orbitals, hence the name for the
method | linear combination of atomic orbitals (LCAO), where each nuclear
orbital is written as
Xb
v= 1 R9Cy; (1.34)

wherei indexes thei®™ MO, C; is the coe cient of the ™ basis function of
the i MO and ' A° is the ™ basis function with Ny, as the number of basis
functions, which depends on the collection of specic basis functions being

used, known as a basis set. Basis sets will be discussed later in the text.

The Roothaan{Hall version of the HF equations can be written in matrix
notation as

FC = SC ; (1.35)

where C is the matrix containing the coe cients C;, is a diagonal matrix

of the orbital energies, andS is the overlap matrix between AO functions:

S =h A9 A%, (1.36)

and F is the Fock operator in its matrix representation:

F = HAFj % (1.37)

Basis sets

An important factor to consider in HF theory is a choice of basis functions.
The number of basis functions used in calculations a ects the computational
cost, and the choice of the basis set should be appropriate to the required
calculations. A basis set is a set of mathematical functions (basis functions)

which is used for LCAO to represent MOs, as shown in Eq. 1.34. The selection
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of an appropriate basis set is an important prior step when performing quantum
chemical calculations. On one hand, the basis set must be large enough in
order to get the correct results, as the accuracy of the description of the given
system improves with the size of the basis set. On the other hand its size
must not exceed the computational capacity of the computer on which the
calculations are performed. The most widely used functions that can be used
to represent the electron distribution around an atom are Slater and Gaussian
functions. While Slater functions provide better description at the nucleus
and the correct radial distribution,** Gaussian functions are easier to integrate
and thus are frequently used in computer calculations but, compared to the
Slater functions, they describe the orbitals in a less precise way. To combine
the advantages of both approaches, the idea of contracted basis functions has
been proposed. Contracted basis functions are is composed of several Gaussian
functions and used to approximate a Slater function. A linear combination of
Gaussians provides a better approximation to a Slater function than just a
single Gaussian. As an example, STO-3G is a contracted Gaussian basis set

with three Gausians contracted in each basis function.

Another type of basis set, developed by John Pople, is called the split-
valence basis set® where core orbitals can be considered separately from the
valence orbitals due to the fact that they are less likely to change in a molecu-
lar environment. The description of valence orbitals is split into two (or more)
basis functions: in double- basis sets two functions are used for each orbital,
in triple-  basis sets three functions are used for each orbital. For example, in
the 3-21G basis set, the core orbitals are described by one basis function as a
contraction of three Gaussian functions, while the valence orbitals are split to
an inner shell and an outer shell, which are described by linear combinations of
two Gaussian functions, and one single Gaussian function, respectively. This
operation allows the function to fall o more slowly, which then allows the

valence orbitals to be more di use and have a longer spatial range. For mod-



1.2. Overview of Computational Methods 23

eling most chemical properties, it is necessary to take into account additional
polarization functions (.e. functions with a greater quantum numberl than

in the HOMO orbital of a given atom). In contrast to previously described
basis sets, the polarization functions are usually added in a non-contracted
form. They are denoted by an asteriske.g. 3-21G*. To expand the basis set
further, di use functions can be added (denoted by a pluse.g. 3-21+G*),
which are characterized by a small exponent, and thus a large radial range.
This is particularly important in the case of lone-pair electrons that are far

away from the nuclei and thus loosely bind to the molecular system.

Another type of basis set is the Dunning basis sef§,so called correlation-
consistent basis sets. The popular basis sets belonging to this group include cc-
pVDZ and cc-pVTZ. The "cc-p' stands for correlation-consistent polarisation,

the "V' stands for valence only, D' represents double, and "T' triple.

Most of the time all-electron basis sets are a natural choice for all cal-
culations, but there are two problems with using them for certain systems,
including large molecular systems. The rst one to consider is the computa-
tional cost, high number of atoms within the systems can signi cantly increase
the cost of the calculations. Another aspect to consider is that the all-electron
basis sets do not take relativistic e ects into account. This is relevant for our

work which focuses on QDs based on heavier atoms (Si and Ge).

An alternative to all-electron basis sets is the use of e ective core potentials
(ECPs). In the ECP basis set, the innermost electrons are replaced by a
potential that models the e ect of these electrons on the valence electrons. An
example of this are Stuttgart Relativistic Small Core (SRSC) ECP basis set$,
which have only a small number of electrons con ned to the “core' part of the
ECP, or Los Alamos Lab (LANL) ECPs basis sets which uses combination of
ECP and valence besis set. For instance, LANL2DZ is a double zeta basis with

an ECP and has a large core ECP and therefore a relatively small basis set.
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Both ECP basis sets, SRSC and LANL provide accurate results, or lower cost

especially for molecules containing heavy atoms.

1.2.4 Density Functional Theory

Hohenberg{Kohn Theorems

The Hartree{Fock method described in previous sections does not consider
electron correlation, whereas post-HF wavefunction methods are computation-
ally expensive, due to the increased number of con gurations present in the
methods for big systems. The competitive approach to describe multi-electron
systems is Density Functional Theory (DFT). In this method, a chemical sys-
tem is described by its density, rather than wavefunction. The main advantage
of this method is the highly reduced number of quantities thus allowing for
more cost-e ective computation, and consequently enabling computation of

more advanced systems.

The electron density (r) is a function which describes the probability of
nding electrons within the volume dr. For a system with N electrons, its

electron density must satisfy

(r) dr = N: (1.38)

The ground-state density provides the number of electrons, the position and
the charge of nuclei, and hence it contains all the information about the system.
It is in principle possible to obtain the Hamiltonian from the density, therefore
solve the Schrodinger equation and provide a wavefunction for the ground
state system. Theoretical justi cation for electron density is provided by the

Hohenberg and Kohn theorem&®

1. A ground-state energy functional exists and it is uniquely determined by
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the electron density:EJ ].

2. The energy functional in Theorem 1 is variational:

E[9 Eexat (1.39)

Hohenberg and Kohn showed that the electronic Hamiltonian, and there-
fore also the ground state wavefunction, energy, and other molecular prop-
erties, are uniquely determined by the ground state electron density. The

expression for the energy can be split into two parts:

Z
E[]=En[ ]+ (r)Vnue(r) dr: (1.40)

The rstterm, Enk|[ ], is called the universal functional which is unknown and

has the following general form:

Enc [ 1= TLT+ I ]+ Excl ] (1.41)

where T[ ] is the kinetic energy functional which is unknown,J [ ] is the
Coulomb energy functional which is known, and,.[ ] is the exchange and
correlation functional and is unknown. The second term in Eq. 1.40 gives the
interaction energy of the density with the external potential v, due to the

nuclei.

Kohn{Sham DFT

Kohn{Sham DFT (KS-DFT) provides a practical approach to DFT.*® This
method introduces a ctitious reference system of non-interacting electrons
moving in an e ective external potential chosen such that the density of the

reference system is the same as that of the ground state of the real system.

In the ctitious system, the electrons can be described by KS MOs |
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such that the density can be written as

X\l . .2
(= jinj: (1.42)
i
The KS MOs also allow the kinetic energy functional to be split into the non-
interacting part (Tg[ ]) and the correlated part (T¢[ ]). The non-interacting

part can be written as

X 1,
Tl 1= U (1.43)
i
whereas the correlated part does not have a known form and is therefore often

subsumed undeiE,.[ ]. The new expression for the energy can be written as

Z
E[]=Ts[ 1+ I[ ]+ Ex[]+ (r)Vnye(r) dr: (1.44)

By optimising the energy functionalE[ ] with respect to variations of the KS

MOs, a set of Kohn{Sham equations is obtained:
fks 1= i i (1.45)

where fs is the KS operator derived from the functional derivative ofE[ ]

with respect to electron density:
fis= o2
Ks = ér + Vi + Ve + Vnge (1.46)

The term v,. is the exchange-correlation potential which can be expressed as

@kl 1.
R (1.47)

Vie(r) =

Knowledge of the exact form of the exchange-correlation functiongl, would
allow the calculation of the exact energy valud,e. correct eigenvalues of the

Reec Operator from the electronic Schredinger equation. The only approxi-
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mation in the KS-DFT method to be made relates to nding thev,.. This
approximation and nding the exchange-correlation functional is the main task
of DFT. This decides how accurate results will be. Nonetheless, DFT energy
will always be slightly di erent to the true energy of a system as thé,. con-
sists of of terms and so prevents the calculation to be exact. The di erence
between the calculated and real energy will depends on both the size of the

basis set and the choice of the exchange-correlation functional.

Exchange and Correlation Functionals

In order to calculate the exchange correlation energy, several types of ap-
proaches are used. Local functionals including LDA (local density approxi-
mation) and LSDA (local-spin density approximation), and non-local, which
can be then divided into gradient methods (GGA approximation, a gradi-
ent corrected or generalized gradient approximationg(g, PW91) and hybrid
methods .9, B3LYP potential). The approximation of the LDA®° is based
on the approximation of the correlation-exchange energy functional through
the energies of homogeneous electron gas. In addition, it assumes that the den-
sity in the molecule is local, which means that in a small volume the density
is homogeneous. It is the simplest approximation of the correlation-exchange
energy functional in which both exchange and correlation are local. For an
uniform electron gas (UEG), an LDA exchange-correlation functional, and its

derivative can be accurately calculated according to

Z
Ex" = €c [ (Nldr; (1.48)

where el=C[ (r)] is the exchange-correlation energy per unit volume of a uni-

form electron gas having the local value(r) of the density.

Although LDA supports calculations for molecular properties such as bond

length, dissociation and ionization energies, its accuracy is poor where electron-
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electron interactions are dominant. A method to improve the results of LDA
or LSDA is based on using two main quantities, the density and information
about the gradient atr. The functionals that utilise both the electron density
at a point as well as the gradient atr are called generalised-gradient approxi-
mation functionals (GGA). One of the example that uses a GGA functional is
the Becke exchange functional with the Lee{Yang{Parr correlation functional
(BLYP). However, Becke found that including some Hartree{Fock exchange
into the BLYP functional can partially correct the lack of accuracy of BLYP
for some molecular properties. The resulting functional is called B3LYP and
it is a hybrid exchange-correlation functionaP! which includes a component
of exact HF exchange, LDA exchange, and GGA exchange functionals along

with correlation functionals. It is described by

E)I(3C3LYP [ ]
=(1 a DEP[1+aE" + bEFP[ ]+ cELP[ 1+ QEMM[ ]
(1.49)

where

a=0:20b=0:72¢c=0:8L

and is one of the most frequently used exchange-corelation functionals in quan-
tum chemistry. However, B3LYP is not always accurate at simulating electron
excitations, especially those involving charge transfer (CT). This failure is
assigned to the CT states which require full (100%) HF exchange, whereas
standard functionals typically only contain around 20% HF exchange. The
excitation energy for a CT transition in the TDDFT method (described in
subsection 1.2.4) is essentially the energy di erence between the orbital en-
ergies. Due to the approximate exchange in the functional, this excitation is
often underestimated. To address the problem, long-range corrected function-
als have been developed such as Coulomb-attenuated method B3LYP (CAM-

B3LYP).%? These functionals include an increasing amount of HF exchange as
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the distance between electrons increases, and patrtition the electron electron

Coulomb potential into short- and long-range terms,

_1 [+ erf(ry)] |+ erf(ry).

1
Mo EP) Mo

(1.50)

The rst term describes short-range interactions and the second the long-
range interactions. The amount of HF exchange is represented by and
DFT exchange by . This exchange-correlation functional is popular when
the transfer of electron density is involved during calculations of the excited
states, for instance using TDDFT method described in subsection 1.2.5. In
X-ray spectroscopy, where the accurate description of core hole is required,
the short-range electron-electron interactions are must be well described. The
short-range corrected analogues of CAM-B3LYP are SRC>* speci cally de-

signed for XAS calculations, and have following form:

1 1 f 1 f
= = Ceur erf( srr12) + Cur erf( (rr12)

M2 Mo o
1 rf r 1 rf r 1
erf( srr2) | Coup = © (rM12) | 1. sy

Mo Mo EP)

Cshr

where Csye and C e are quantities related to the HF exchange portion in
the long- and short-range interactions, and sg and g are the long- and

short-range quantities enabling control over the range separation.

1.2.5 Time-Dependent Density Functional Theory

The transition of the system to the excited state occurs as a result of interac-
tions with an external disturbance,e.g. an electromagnetic wave. This inter-
action is expressed through a change in the external potential of the system.
Time-dependent DFT (TDDFT) is an extension of ground-state DFT meth-

ods that has been proposed for the calculation of excited states and has been
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shown to be successful in prediction of electronic transitiot$>°>°° The ground-
state Hohenberg{Kohn theorems state that, based on the ground-state electron
density, it is possible to describe ground-state properties of a molecule, with a
ground-state property being a functional of the electron density, and that the
energy is variational. The Runge-Gross theoreffi, extends the Hohenberg{
Kohn theorem to a time-dependent framework and states that all properties
can be calculated with the knowledge of the one-body density and that all these
properties are functionals of the density. It proves the existence of a one-to-one
mapping between the time-dependent external potential and time-dependent

electron density.

Introducing an external electric potential and solving the time-dependent
Schredinger equation via a functional of density leads to the time-dependent

KS equations:

: @t
fis(r;t) (r;t) =i i (1.52)
where the time-dependent Fock operator has the form
fs(r;t) = Tz Vext(r;t) + (rit) dry + Exel (1i1)], (1.53)
2 lo (r)

In Eq. 1.53, the exchange-correlation energy term is a functional ofr;t).
Typical implementations of TDDFT use the linear response (LR) of the dy-
namic polarizability (! ) in which the ground state equations for the molecule
are solved rst, and then a time-dependent perturbation in the dynamic polar-
izability is applied to the molecule. The response of the system to an applied

electric eld generates an absorption spectrum by the following equations:

X f,
(')= 7 5 (1.54)
;! !
2. ...
fi = :__D,h o)™ ||2i (1.55)
' = E Eo: (156)



1.2. Overview of Computational Methods 31

The excitation energies are determined by the poles of the dynamic polariz-
ability (!,) and the corresponding oscillator strengths of the spectrum are

described byf .

Casida® formalised TDDFT by considering linear response to the external
potential. In this approach, the excitation energy relates to poles which can
be calculated from the response to a time varying applied external eld using
equations of the form:

0 10 1 0 10 1

3" BX%jX =1 & (1) 2& %uj&; (157)

B A

where ! are the excitation energiesX and Y are the associated eigenvec-
tors which contain information about the density response function, and the

elements of matricesA and B are de ned as

Aigjp = i a( a i)+ (iajjb) +(iajfyjjb); (1.58)

Biajo = (i@ bj) + (iajf«jbj); (1.59)

with the integrals de ned as

ZZ

(ajjb) = i (r1) a(rlzlzj (r2) o(r2) dr4dr»: (1.60)
zZZ

(iajfxiib) = i (ra) a(rl)% i (rz2) o(rz) dradrs: (1.61)

The solution to this equation gives eigenvalues corresponding to excitation
energies, and eigenvectors that can be used to obtain the transition oscillator

strengths.

Another approximation, which is computationally cheaper and commonly
used with TDDFT, is the Tamm{Danco approximation. °° In this approxima-

tion, B from Eq. 1.57 is assumed to be zero and the excitation energies of the
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system satisfy a simpler eigenvalue equation:

AX =1 X: (1.62)

1.2.6 Maximum Overlap Method (MOM)

The Maximum Overlap Method (MOM) is an alternative to TDDFT for ob-
taining low-cost excited states. It modi es the orbital selection step in the
SCF procedure to obtain excited SCF determinants. It selects orbitals that
resemble those from the previous cycle rather than those with lowest eigen-
values. It is a very helpful method for modelling charge-transfer and Rydberg
transitions, as well as for modelling very high lying states, such as those in-
volving excitation of core electrons. To optimise the coe cients of an excited
state wavefunction, MOM proposes maximizing the overlap of occupied or-
bitals between consecutive cycles of the SCF procedifeThe SCF procedure

in MOM adds an extra constraint to maximize the overlap with the orbitals of
the previous cycle. This enables the convergence to electronic con gurations
higher in energy than the ground state. Furthermore, the optimized ground
state can be used to promote an electron to an unoccupied orbital at the start
of the SCF cycle, which prevents variational collapse during the procedure.
MOM can generate core-ionised and core-excited wavefunctions (useful for X-
ray spectroscopy) and HOMO-excited wavefunctions (useful for UV-Vis spec-
troscopy), which can be then used to calculate spectra by the energy di erence
between the ground and excited (or ionised) state. The following equations
are used for the transition energy and oscillator strengths between initial and

nal states respectively,

E = E¢ Ei; (163)

fei/jh g n i (1.64)
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where ; and ¢ are the initial and nal electronic states involved in the elec-

tronic transitions, respectively.

1.2.7 Vibrationally Resolved Electronic Spectra

The Harmonic Approximation

The nuclear vibrational states of a molecule correspond to bands observed in IR
and Raman spectroscopy. Using quantum mechanics, it is possible to simulate
a vibrational spectrum for a known molecular geometry, and to nd out the
correct structure of a molecule when only the spectrum is available.As a rst
approximation for the description of basic vibrational information of molecules,
the quantum harmonic oscillator model is used. The potential energy curve of
each vibrational mode can be approximated by a harmonic potential close to

the stationary point that represent the equilibrium geometry.

For example, in a diatomic molecule, the lowest energy of the potential en-
ergy curve occurs at its optimal bond length. If the two atoms in the molecule
are forced closer together or pulled further apart, the energy increases. Con-
sequently, in the rst case, the two atoms repel each other back to the lowest
energy state, whereas in the second case, the energy increases to the point
where the molecule dissociates. The quantum harmonic oscillator model is
based on the simpli cation of the Taylor series expansion of the full vibra-

tional potential energy curve:

_ dV(q) 1 ®v(g
V(g = V(o) + aq q=qo(q ®) + 5 i q=qo(q p)?
1 d"V(g n.
f e @ @ 1e9)

0= 0o

whereqis a vibrational coordinate andg, its value at the equilibrium geometry.
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By retaining terms up to second order, the above series can be simpli ed

to

VO (g gyr L0

2. 1.66
dq o 21 dep q:qo(q ) (1.66)

V(g = V() +

Furthermore, at an equilibrium structure, V() is stationary and %

= 0o
vanishes. The potential energy curve then becomes
1 d?V(q) 2
V(@=V + — 1.67
@=V+ 5 g @ ® (1.67)

When V() has been set to be zero for convenience and the displacement

rede ned to beq=q @, then
1 2
V(q) = ékq ; (1.68)

2
wherek = =42
T e

The nuclear Schrodinger equation can then be solved using the Born{
Oppenheimer approximation by
1d> 1

> df + ékq2 (@ =E (o); (1.69)

where is the reduced mass of the diatomic. The above equation can be
generalised for larger polyatomic molecules consisting Mf nuclei a$*
" #

¥ 6 10 aTh@@ @ @ = E @ (170

> @7 2q Qo Qo) (4 Qo q) = a); .
where g is a column vector of 81 mass-weighted atomic coordinatesy, is
its value at an equilibrium geometry, andh(qo) is the mass-weighted Hessian
matrix evaluated at (qo). The model is solved by diagonalization to obtain
eigenvalues corresponding to the frequencies of the normal modes and eigen-

vectors corresponding to the normal mode displacements.
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Vibrational frequencies are often overestimated by computational meth-
ods, so it is common to scale these harmonic modes. Scaling factors have
been determined for various computational methods based on comparison to
experimental results. This scaling accounts for the neglect of anharmonicity
in the calculation of the vibrational modes and the errors in the method used

to calculate the frequencies.

Additionally, the probability that vibrational transitions will occur can be
calculated and compared to experimental data. The infrared intensity for a
particular vibrational mode with normal coordinate Q; is given by the change
in the electric dipole moment during molecular vibration, which can be
calculated within the harmonic approximation from the proportionality:

@ 2

i @0

(1.71)

The Franck{Condon Principle

The Franck{Condon Principle is a rule which uses the Born{Oppenheimer
approximation to describe the intensities of vibronic transitions, and the ab-
sorption or emission of a photot?%3 This principle states that the nuclear
con guration of a molecule does not change when an electronic transition oc-
curs, resulting in vertical transitions on electronic potential energy curves.
This is due to the di erence in mass between nuclei and electron, with nuclei
being much heavier than the electron and therefore cannot respond as quickly
during the electronic transition. Once the nuclei realign to the new electronic

con guration, the excited molecule relaxes by vibration.

The probability of vibrational transition occurring is given by

z 2
Pr i=jh jnj iij%= ¢ Nodr (1.72)
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where ” is the electric dipole operator. In the Born{Oppenheimer approxima-

tion, the total wavefunction can be written as

otal (FXi0iFRAQ) = nuc(fRAQ) a(fXig;fRAQ) (1.73)

where . is the nuclear wavefunction that depends on the nuclear coordinates
fRAQ, and ¢ is the electronic wavefunction that depends on the electronic
coordinatesfx;jg and also on the nuclear coordinate§R og parametrically.

This allows the wavefunctions in Eq. 1.72 to be separated into electronic and

nuclear components, yielding

Pr i = jh total ;fj Aj total ;iij2 = jh nucn‘j nuc;iijzjh el;fj J el;iij2: (1-74)

If the nuclear overlaph nuc:fj nucil IS zero for this transition, then the transition
will not be observed. In fact, the Franck{Condon principle states that the
intensity of a vibronic transition relates to the overlap of the vibrational wave
functions for the ground and excited states. Using this method, it is possible
to calculate intensities which are analogous to the absorbance in experimental

spectra.



Chapter 2

Quantum Chemical
Characterisation and Design of
Quantum Dots for Sensing

Applications

2.1 Introduction

Biosensors play a vital role in medicine, where for example, early detection
of cancer biomarkers can signi cantly reduce morbidity and mortality world-
wide 8485 Optical biosensors form one class of biosensor and can be applied
to the detection of disease biomarkers and other biomolecufé$2 An optical
biosensor is often comprised of di erent components that have di erent func-
tions. The receptor is responsible for capturing the molecule (analyte) under
study which leads to a detectable change in the uorescence of the uorophore,
in the form of a change in wavelength or an enhancement or quenching of the
uorescence. A wide variety of chemical species can be used as the uorophore,

ranging from bodipy dye&§®7 to green uorescent protein’*{’> More recently,

37
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the application of quantum dots (QDs) in biosensing has become increasingly
important”1"® owing to their favorable sensing properties, biocompatibility
and chemical inertness$® QDs are 1 { 20 nm luminescent semiconductor nanos-

tructures with interesting photophysical and photochemical propertie§:{"

The small size of QDs gives them unique absorption and emission proper-
ties as a consequence of the quantum con nement e ect leading to their pho-
toluminescence being size and composition dependéhiThrough variation in
composition and size, it is possible to obtain uorescence in the full spectral
range from ultraviolet (UV) to near infrared coupled with the capability to
tune the uorescence. They are characterized by a broad absorption band
and narrow uorescence emission pro le which makes them ideal candidates
for optical sensing applications. Additionally, QDs can be repeatedly excited
without a noticeable decrease in their uorescence because they have a high
guantum vyield, as well as a long radiation emission time (10 { 100 ns). More-
over, their uorescence shows high resistance to photobleachiffg! Some of
the examples of using QDs in biosensors include, manganese doped zinc sul-
phide (ZnS:Mn/Zns) quantum dots functionalised with cysteine for the sensing
of bilirubin, 82 thioglycolic acid functionalised ZnS:Mn/ZnS quantum dots for
the sensing of creatinin® and CdSe/ZnS quantum dots functionalised with
dopamine for the sensing of the -fetoprotein. A number of di erent pho-
tophysical processes underpin the sensing mechanisms in QD based systems,
and these include photo-induced electron transfer (PET), charge transfer (CT),
and uorescence resonance energy transfer (FRE®)€’ In the case of the PET
mechanism, the excited uorophore can accept or donate electrons leading to
quenching of the photoluminescence in oxidative or reductive PET process$eés.
For the CT mechanism there is a change in the overall charge distribution in
the system. Often the receptor and uorophore coexist in the same conjugated
system or there is a strong interaction between them making the photophysi-

cal behaviour strongly dependent on the analyt®. In the FRET mechanism, a
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transfer of excitation energy occurs causing a decrease in the donor photolumi-
nescence intensity, and the distance between donor and acceptor can in uence

the uorescence proces®

Alongside experimental worké8° computational studies can contribute to
the understanding of the relationship between the structural and optical prop-
erties of QDs. Furthermore, they allow the nature of the sensing mechanism to
be probed and have the potential to guide the design of QDs for speci ¢ sensing
applications. In recent years there has been a number of studies that have used
density functional theory (DFT) and time-dependent density functional the-
ory (TDDFT) to study the properties of uorescent biosensor&*°%°! including
QD based system&2°8 |t is common to interpret the photophysical behaviour
of the uorophores in terms of the molecular orbital diagram based upon the
KS orbitals and energie$*!%* A more accurate approach is to calculate the
excited states explicitly through TDDFT or higher level wavefunction based
calculations, which can also provide greater insight into the sensing mech-
anisms of the uorescent probed®®4 Examples of studies of QDs include
hydrogenated silicon quantum dots of varying siz&boronated and oxidated
graphene QDs* and graphene QDs functionalised with various, oxygen con-
taining functional groups®* Calculation of emission spectra have been reported
for functionalised graphene quantum dot8 acetate functionalised CdS¥ or
halogen atoms passivated silicon nanocrystat$ Dye-sensitised QDs have been
studied with TDDFT with the e ects of solvent included through polarized
continuum solvent modelsit>*® Also, studies involving orbital characterisa-
tion have been performed for ligated QDs which have included investigation

of CT mechanismg/:117.118

The studies discussed above demonstrate that it is possible to use DFT
and TDDFT calculations to characterise the properties of QD-based sensors
and rationalise the photophysical processes underlying the sensing mechanism.

This leads to the question of whether these calculations can be utilised in the



40 Chapter 2. Design of QDs for Sensing Applications

design of sensors for a particular sensing application. In this work we focus on
a dopamine (DA)-functionalized QD sensor, similar to one reported in experi-
mental work by Zhanget al.®* This sensor detects the disease biomarker ALFA-
fetoprotein exploiting the catalytic oxidation of DA to DA-quinone which re-
sults in the uorescence quenching of a CdSe/ZnS QD. We have explored how
DFT and TDDFT calculations can be exploited to characterise and guide the
design of hydrogenated carbon silicon and germanium QDs for this sensing

application.

2.2 Computational Methods

The structure of the QDs was taken from the work of Karttuneret al.'*® who
studied the structure and electronic properties of a series of hydrogenated car-
bon, silicon and germanium clusters using DFT with the B3LYP functionaf®
and def2-SVP basis set. It was found that the band gap decreases as the size
of the cluster increases. The band gap for the silicon and germanium clusters
are similar, and smaller than those of the carbon clusters of comparable size.
In this work, two types of QDs have been studied, those with diamond-like
structure and icosahedral structure, and these QDs are shown in Figure 2.1.
The size of the QDs range from 35 to 280 C, Si or Ge atoms with 36 to 120
H atoms. The diameter of the small (%sHzs) QDs is @9 nm for Si, 23 nm

for Ge and C, and for the large (XgoH144) QDs 21 nm, 29nm and 19 nm

for Ge, Si and C, respectively!® The structure of the QDs with the oxidised
and reduced forms of dopamine (DOP) absorbed onto the QDs were optimized
using B3LYP/def2-SVP level of theory. The initial choice of the attachment

of the DOP molecule to the QD surface via an {(§ O)CH,S linking group
was guided by experimental observatiorfé. The e ect of the anchoring group
and position of DOP at the QD surface (edge, corner, and face sites) has been

further investigated.
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Figure 2.1: Structures for QDs with various sizes. X = Ge, Si or C.

To be able to study the larger QDs, it is necessary to establish a level
of theory that is both computationally e cient and accurate. The excited
states and corresponding absorption spectra were rst computed using TDDFT
with the CAM-B3LYP functional and a range of all-electron and e ective core
potential (ECP) basis sets (Table 2.1). All calculations were performed using
the Q-Chem software packagé&® In addition, Table 2.2 shows the excitation
energies calcualted with the Tamm{Danco approximation (TDA). However
these calculations show that in all cases of interest the TDA approximation

does not improve the values of excitation energies.

The low-lying excited states were of a main focus since these are the most
relevant for a uorescence-based sensor. There have been relatively few com-
putational studies of the excited states of these systems, but some TDDFT
calculations primarily for silicon have been reporte$93121.122 and TDDFT
calculations have been shown to be accurate for studying other systems com-

posed of dopamine and nanoparticles such as Ti¢* Ag,° and Au.1?*

Table 2.1 summarises the lowest four singlet transition energies fogsKlse

QDs (X = C, Si and Ge) calculated using the TDDFT/CAM-B3LYP level of
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Table 2.1 Lowest four singlet transition energies ( E/eV) for C 35H36, SizsH3zg, and
GessH3zg quantum dots calculated using TDDFT/CAM-B3LYP with several basis
sets.

E/eV
6-31G* 6-31+G* 6-31++G** def2-SVP LANL2DZ SRLC
GeysHzg 4.87 4.84 4.84 4.90 5.20 4.87
5.03 5.00 5.00 4.93 5.34 5.04
5.09 5.04 5.03 5.09 5.41 5.14
5.17 5.12 5.10 5.20 5.42 5.25
SiksHzg  5.17 5.19 5.18 5.16 5.68 5.54
5.26 5.20 5.19 5.27 5.78 5.64
5.28 5.39 5.38 5.30 5.83 5.70
5.48 5.46 5.45 5.50 6.08 5.87
CssHsg  8.17 6.45 6.30 7.62 8.14 8.14
9.18 6.89 6.71 8.43 9.13 9.15
9.47 7.23 7.06 8.80 9.47 9.49
9.52 7.29 7.13 8.85 9.53 9.53

theory with the 6-31G*, 6-31+G*, 6-31++G**, def2-SVP all-electron basis
sets and LANL2DZ and SRLC ECP basis sets. It can be observed that in the
latter case, the 6-31G basis set is used for the hydrogen atoms. For Ge- and Si-
containing quantum dots, the results show a weak variation of the predicted
transition energies with the choice of all-electron basis sets, however the e ect
is signi cant for the C-based QDs. For GsH3g, adding di use functions leads to

an improvement in the accuracy of predictions for singlet transition energies as
compared to the results obtained with the ECP basis sets. Therefore, further
calculations on larger C-containing QDs were performed using the 6-31+G*

basis set.

The performance of the selected ECP basis sets is variable. In all cases,
LANL2DZ overestimates the transition energies predicted with all-electron ba-
sis sets, although for the larger SRLC basis set the values for &dsg are in
good agreement with those for 6-31G*, 6-31+G*, 6-31++G**, and def2-SVP.

There remains some discrepancy in predictions fors§tss, but the agreement
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Table 2.2: Computed lowest four singlet transition energies E/eV for C 35H3g,
SizsHs6, and GessHszg for a range of computational methods, using the TDA ap-
proach.

E/eVv
6-31G* 6-31+G* 6-31++G** def2-SVP LANL2DZ SRLC
GepsHzs 4.87 4.84 4.84 4.90 - 4.87
5.03 5.00 5.00 4.90 5.20 5.04
5.09 5.04 5.03 5.09 5.34 5.14
5.17 5.12 5.10 5.20 541 5.25
SissHzg  5.17 5.19 5.18 5.16 5.42 5.54
5.26 5.20 5.19 5.27 5.68 5.64
5.28 5.39 5.38 5.30 5.78 5.70
5.48 5.46 5.45 5.50 5.83 5.87
CssHze  8.17 6.45 6.30 7.62 6.08 8.14
9.18 6.89 6.71 8.43 8.14 9.15
9.47 7.23 7.06 8.80 9.13 9.49
9.52 7.29 7.13 8.85 9.47 9.53

is su ciently close to justify the use of the SRLC basis set in calculations for
the larger Ge- and Si-containing QDs where the size di erence between ECP
and all-electron basis sets becomes signi cant (for the GeH1qo Cluster, the
SRLC basis set employs 1520 basis functions compared to 5480 basis functions
of the 6-31G* basis set). Additionally, a similar comparison was produced
for the lowest singlet transition energies in functionalised %Hzs QDs with
attached oxidised and reduced forms of dopamine. Calculated transition ener-
gies for the lowest four singlet states for functionalised:XHzs QDs are shown

in Table 2.3 to support the above conclusion regarding the use of the SRLC

basis for bigger systems.
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Table 2.3: Calculated transition energies for the lowest four singlet states for func-
tionalised X35H36 QDs with attached oxidised and reduced forms of dopamine for a
range of computational methods. Asterisks by the energy values indicate oscillator
strengths lower than 0.005.

SRLC 6-31G* def2-SVP 6-31+G*
GepsHzetDOPOx 2.11*  2.03* 2.01* 2.10*
3.22* 3.13* 3.13* 3.16
3.32 3.40 3.40 3.50
3.37 3.73* 3.70* 3.50
3.53 3.94 3.90 3.70
3.57 4.00* 4.00 3.75*
CssHie + DOPOx 2.12* 2.05* 2.04* 2.07*
3.14 3.15 3.16* 3.07
3.24 3.20 3.22 3.15*
3.51 3.73 3.67 3.54
3.62 3.85 3.79 3.80
GegsHzgt+ DOPoOx  2.13* 2.04* 2.04* 2.10*
3.24 3.14* 3.14* 3.16*
3.28 3.33 3.40 3.48
4.13 4.37 4.30 3.50
GessHzg+DOPred 4.22 4.27 4.31 -
4,53 4,59 4,70 -
4.75 4.80 4.90 -
4.75 4.81 4.90 -
CasHze+DOPred  3.82* 3.87 3.87 3.89
4.30 4.41 4.39 4.30
4,76 4,94 4,93 4.90
5.23 5.18 5.11 5.05
SiksHze+ DOPred 4.82 4.90 4.89 4.84
5.00 5.11 4,94 4.84
5.20 5.12 5.11 5.04*
5.31 5.13 5.12* 5.04*
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Figure 2.2: Absorption spectra for oxidised and reduced form of dopamine with the
linking group, and the orbitals associated with the lowest energy transitions (excita-
tions below 3 eV are not visible).

2.3 Characterisation of QDs and Dopamine

2.3.1 Dopamine Characterisation

Absorption spectra were generated by convoluting the calculated excitation
and oscillator strengths with Gaussian functions with full-width half maxi-
mum of 03 eV. Figure 2.2 shows the computed TDDFT CAM-B3LYP/SRLC
electronic spectra for the oxidised and reduced forms of dopamine. In these
calculations the {(C{O)CHS{ group used to attach dopamine to the quan-
tum dot is included. The spectra reveal the critical di erence between the two
forms of dopamine where the lowest-energy transitions for the oxidized form
are signi cantly ( 3eV) lower in energy compared to the reduced form. Fig-
ure 2.2 also shows the orbitals associated with the lowest energy transitions (an
isovalue of 002A ° was used to produce isodensity plots). It can be seen that
these orbitals are predominantly on the dopamine part of the molecule, and
consequently will be a ected by the change from OH td O substituents on the
ring. For comparison, the absorption spectra and the excitation energies for

dopamine with and without the inclusion of the linking group are included in
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Figure 2.3: The oxidised and reduced forms of dopamine with and without the
linking group and corresponding absorption spectra.

Figure 2.3. The results show that the lowest-energy transitions are associated
with the dopamine part of the molecule, while the linking group contributes to
the transitions at higher energy. In addition, Table 2.4 shows the calculated
excitation energies with and without the TDA for dopamine with and without
the linking group. These show that the introduction of the TDA does not have
a noticeable e ect on the calculated excitation energies and it was decided that

this approximation would not be used in the subsequent analysis.

2.3.2 QD Characterisation

Table 2.5 summarises values for three important quantities, namely the HOMO-
LUMO gap ( EnL), the excitation energy for the lowest singlet state (Es,),
and ( Ewax ) which is the excitation energy for the most intense transition,
within the energy range studied, calculated at the TDDFT CAM-B3LYP level

of theory (SRLC basis set was used for Si- and Ge-based QDs, and 6-31+G*
for C-containing QDs). For the largest clusters it was not possible to obtain
values for Epyax . The results show that the excitation energy for the lowest

singlet state decreases as the size of the cluster increases and this observation
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Table 2.4: Calculated transition energies for the lowest 10 singlet states for oxi-
dised and reduced forms of dopamine with and without the linking group using the
TDDFT and TDDFT/TDA methods (CAM-B3LYP/SRLC).

TDDFT TDA TDDFT TDA
dopamineOX  2.17 2.20 dopamine+linkOX  2.17 2.20
3.23 3.78 3.38 3.55
3.53 3.57 3.53 3.62
3.86 3.95 4.63 4.63
5.88 5.96 4.86 4.87
5.96 5.98 5.34 5.36
6.29 6.29 5.56 5.56
6.42 6.42 5.86 5.88
6.58 6.59 5.90 5.98
6.75 6.86 5.99 6.02
dopamineRED 5.24 5.34 dopamine+linkRED 5.30 5.20
6.00 6.06 5.38 5.35
6.06 6.24 5.87 5.85
6.84 6.84 6.17 6.23
6.92 6.97 6.23 6.63
6.99 7.16 6.67 6.73
7.09 7.19 6.74 6.90
7.15 7.36 6.98 6.96
7.26 7.54 7.04 7.00
7.43 7.60 7.11 7.04

is consistent with previous studied!®125.126

The value of the excitation energy for clusters of a similar size also de-
creases going from carboh silicon! germanium, and there is a large di er-
ence between the carbon based QDs and the silicon and germanium ones. For
example, for the X4Hgs QD Enax Vvalues of 63eV, 48eV and 43eV are
calculated for X = C, Si, and Ge, respectively. This di erence is associated
with a qualitative di erence in the nature of the molecular orbitals for the
carbon QDs as illustrated in Figure 2.4 which shows the molecular orbitals
involved in the Epwax transitions. For all QDs the electron is being excited

from an orbital associated with the bonding framework. The di erence is
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observed for the orbital receiving the electron, which in the case ogfgs has
the character of a Rydberg orbital, whereas for the silicon and germanium

QDs ithas / type character.

Table 2.5: HOMO-LUMO gap E_/eV, the excitation energy for the lowest singlet
state ( Eg,/eV), and excitation energy for the most intense transition (  Euax /eV)
calculated using TDDFT CAM-B3LYP with SRLC basis set for Si- and Ge-based
QDs and 6-31+G* basis set for C-containing QDs.

QD EnL=eV Es =eV Evax =€V
CssHag 8.4 6.4 7.2
CgaHsa 7.6 6.0 6.3
CiesHigo 7.2 5.8 -
CogeH1aa - - -
CiooHeo 7.8 6.2 6.3
SizsH3e 7.7 55 5.6
SigaHga 6.6 4.7 4.8
ShesH1i00 6.0 4.3 45
ShgeH144 5.5 4.0 -
ShooHs0 59 4.1 5.0
ShgoH120 5.1 3.6 -
GessHsg 7.0 4.8 5.0
GegaHea 6.0 4.1 4.3
GegsHigo 5.2 3.7 3.8
GeygeHiaa 4.7 3.3 -
GejgoHeo 5.0 3.4 4.4
GeygoHizp 4.4 2.9 -

Similar behaviour is also observed for the HOMO-LUMO gap, the val-
ues for the HOMO-LUMO gap presented here are signi cantly larger than
those from previous works!®12712® Thijs re ects the nature of the CAM-
B3LYP exchange-correlation functional compared with the B3LYP functional
and other theoretical approaches. QDs can be compared with a particle in
the box problem, and the band gap of the QD can be related to the simple
expression for the energy di erence between levels for a particle in the box.

This suggests that as size L of a semiconductor QD increases to the corre-
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sponding energy di erence between levels decreases a&k?1 The range of
QD sizes considered in this work (1 { 3nm) is too narrow for a meaningful
analogy to be drawn. Takaiet al.'?® provided a simple phenomenological
expression applicable to the estimation of the energy gaps at any given tem-
perature in the 0 -{ 600K range, for a wide variety of QD sizes from very
small QDs to bulk. The electronic structure of the octahedral diamond-like
Si and Ge QDs converges toward the corresponding cubic bulk materials as
their structure can be superimposed with cubic bulk lattice (octahedral QDs
can be considered as nite hydrogenated clusters cut from cubic bulk lattices
of silicon and germanium). However, the icosahedral shapes possess slightly
di erent electronic characteristics. Because the icosahedral QD structures are
not superimposable with the cubic bulk lattice of Si or Ge, their structures
can be considered to approach icosahedral quasicryst&sThis suggests that
the electronic characteristics of the icosahedral QDs could be di erent from
the cubic bulk material, as suggested previously for icosahedral silicon quan-
tum dots.*®! For carbon QDs, the band gap values converge towards that of
diamond. The results show that the HOMO-LUMO gap provides a relatively
poor estimate of the excitation energy for the lowest energy state indicating
that going beyond KS DFT based molecular orbital picture maybe necessary
for a reliable description of the photophysical mechanisms. Since the QDs will
uoresce from the S; state, the results show that a wide range of uorescent

energies are possible by tuning the size and composition of the QD.

2.3.3 Dopamine Attachment to QDs

The geometry optimisation of smaller, dopamine functionalised 3¥Hzs QDs
was initially tested using B3LYP DFT and a range of basis sets including
6-31G, 6-31G*, and def2-SVP (Table 2.6). The calculated energy values are

shown to be insensitive to the choice of basis set, and def2-SVP is used in the
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Figure 2.4: Molecular orbitals associated with intense transitions for Xg4Hgs QDs.

subsequent analysis of the bigger QDs to obtain the binding energy correspond-
ing to the attachment of dopamine at di erent sites on the QD surface. This
computational setup has been used previousl to study the structure and

electronic properties of hydrogenated carbon, silicon and germanium clusters.

Figure 2.5 gives a schematic representation of a diamond-likesXeg; QD
structure, in two di erent orientations as shown in 4(a) and 4(b), where ter-
minating hydrogen atoms are coloured to distinguish symmetry-equivalent
groups. Five distinct adsorption sites (Al { A5) on the surface of the GgHs4
QD were compared to con rm that the corresponding binding energies are the

same for all ve sites (Table 2.7).

This conclusion might have important implications on the experimental
realisation of a QD-based uorescent sensor, giving a exibility in its design
where dopamine molecule does not need to be attached to a speci ¢ binding
site. Itis important to mention that in QDs with icosahedral structure (Figure

2.1) all adsorption sites are identical.
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Table 2.6: Calculated energies (in Hartree) for functionalised X%sHzg QDs with
attached oxidised and reduced forms of dopamine using DFT and 6-31G, 6-31G*,

and def2-SVP basis sets level of theory.

6-31G 6-31G* def2-SVP
SizsHze { DOPOX 112185634 112195486 112163467
C3sH36 {DOPOX 24592719 24598553 24582843
GegsHze { DOPoX 737719074 737746624 737746957
SizsH3z6{ DOPred 112198115 112207887 112175976
C3sH3s {DOPred 24605176 24610932 24595345
GessH3s { DOPred 737731590 737759054 737759500

Figure 2.5 The XgsHgs system with atom coloured based on their symmetry-

equivalent groups.

2.4 QD-Based Fluorescent Probes

2.4.1 Molecular Orbital Energy Analysis

Based upon the electronic structure calculations characterising the QDs and
dopamine we now explore whether these QDs are suitable to act as the u-
orophore in a QD-based uorescent probe that operates using a PET mech-
anism. A schematic of this mechanism is shown in Figure 2.6 which also
illustrates how both oxidative and reductive PET mechanisms can occur. The

QD undergoes an initial excitation that can lead directly or indirectly via non-
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Table 2.7: Binding energies (in Hartree) in a dopamine functionalised GgsHgs QD,

calculated at B3LYP/def2-SVP level of theory.

H atom replaced with DOP  QD+DOPox QD+DOPred
Al 1755559062 1755571558
A2 1755559119 1755571528
A3 1755559039 1755571517
A4 1755559067 1755571584
A5 1755559035 1755571498

Figure 2.6: Schematic of the PET mechanism (i), with an illustration of the elec-
tronic transitions for (ii) reductive PET and (iii) oxidative PET.

radiative processes to th&, state of the QD from which uorescence can occur,

as denoted by path a. However, several other photophysical processes may be
possible. For example, if dopamine has occupied orbitals that lie higher in
energy than the singly occupied orbital of the QD, an electron can transfer
from dopamine to the QD in a reductive PET process (the QD is reduced)
which has the e ect of quenching the uorescence. Alternatively, if dopamine
has unoccupied orbitals lower in energy than the singly occupied orbital of the
QD, electron transfer from the QD to dopamine can occur in oxidative PET,

which again leads to a quenching of the uorescence.
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In the design of a QD sensor there are several factors to consider. Firstly,
it is desirable for the absorption and emission bands of the QD not to overlap
with the transitions of dopamine. The spectra in Figure 2.2 show the region
3:75eV to 45eV is suitable, and the calculated transition energies shown ear-
lier indicate that the SijgsH190 and GesHgs QDs would satisfy this condition,
while none of the carbon based QDs studied are suitable. Secondly, it is re-
quired that PET mechanism occurs leading to quenching of the uorescence
for one form of dopamine and not the other. Initially it is convenient to exam-
ine the molecular orbital diagrams. Figure 2.7 illustrates the energy di erence
between the molecular orbitals of GaHgs and SkesH100 QDs and the reduced
and oxidised forms of dopamine. Analysis of these energies suggests that for
GegsHgs and ShesH1po QDs oxidative PET would occur for the oxidised form
of dopamine but not the reduced form. Consequently, quenching of the uores-
cence for the oxidised form of dopamine would be predicted, while the reduced
form would continue to uoresce. This would be consistent with the experi-
mental operation of the biosensor in the original work! These two QDs are
not the only two QDs that ful | these criteria, others that this level of analysis

would predict to be suitable uorophores include ShoHgo and GegoHeo.

2.4.2 Analysis Based on Excited States of QD-Dopamine

Systems

Analysis of the photophysical behaviour based purely on an orbital energy
analysis can be unreliable since di erences in orbital energies can provide a
poor estimate of the relative energies of the excited states. Going beyond
this level of analysis requires explicit consideration of the excited states of the
combined QD-dopamine system. Figure 2.8 shows that optimised structures
for the oxidised and reduced forms of dopamine on the gelgs QD (GegsHgs-

DOPox and Ge4Hgs-DOPred) along with the calculated absorption spectrum.
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Figure 2.7: Molecular orbital diagrams showing the HOMO and LUMO energies
(in Hartree) based upon the ground state CAM-B3LYP/SRLC calculation for the
GegyHes and SiigsH100 QDs and the reduced and oxidised forms of dopamine.

The spectra are dominated by the transitions localised on the QD (QD QD
transitions), the exception is the peak at about 25eV for the oxidised form
which corresponds to a transition localised on dopamine (DOP DOP tran-
sition). However, the absorption spectra do not reveal the CT transitions that
underpin the sensing mechanism since these will have low oscillator strength.
Table 2.8 shows the low energy transitions along with a characterisation of the
nature of the transition. The 3-D visualization of the ground state and excited
state molecular orbitals contributing to di erent optical transitions in vacuum
are shown in Figure 2.9. For the reduced form of dopamine, all the low energy
states correspond to QD! QD transitions indicating lack of possibility of
forming a state where an electron has been transferred from QD to dopamine
that will have lower energy than theS, state formed through excitation on the
QD. However, for the oxidised form there are several QD DOP transitions
that lie at lower energy than the QD! QD transitions, the nal state arising
from these transitions is consistent with the nal state that would arise from
the oxidative PET mechanism. These results are consistent with molecular

orbital energy-based analysis. This approach to determine the occurrence of
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Table 2.8: Transition energies and assignments for the dopamine functionalised
GegyHgs QD calculated at CAM-B3LYP/SRLC level of theory.

E=eV Nature of the transition Oscillator strength

G%4H86-D0Pred 3.93

G%4H86-DOPOX

4.13
4.13
4.15
4.17
4.18
4.18
4.20
4.24
4.25

2.12
3.24
3.25
3.67
3.71
3.73
3.84
3.84
3.86
3.94

QD to QD
QD to QD
QD to QD
QD to QD
QD to QD
QD to QD
QD to QD
QD to QD
QD to QD
QD to QD

DOP to DOP
DOP to DOP
DOP to DOP

QD to DOP
QD to DOP
QD to DOP
QD to DOP
QD to DOP
QD to DOP
QD to QD

0.0186
0.0114
0.0006
0.0001
0.0020
0.0035
0.0250
0.0010
0.0020
0.0175

0.0000
0.0118
0.0320
0.0001
0.0002
0.0005
0.0000
0.0000
0.0000
0.0156
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Figure 2.8: Optimised structures of the two forms of dopamine on a GgHsgs
QD and computed CAM-B3LYP/SRLC spectra for GegsHgs-DOPred (red line) and
Geg4Hgs-DOPoOX (black line).

PET is based purely on energetic considerations. There are other factors that
will determine the e ciency of these processes occurring, such as the rates of
surface crossing. While it is possible to take them into consideratidf’ such

calculations are much more computationally demanding to be applied on a

routine basis.

2.5 Solvent Inclusion

So far, the analysis presented has been based upon gas-phase calculations
with no account of solvent. While the energetics of the QD surface can be
signi cantly a ected not only by ligands on the surface, but also the solvent
surrounding the QD. The molecules of the solvent can attach to the surface of
QDs and form a thin Im which can be considered as weakly binding ligands.
This e ect might depend more or less on the polarity of the solvent and is
expected to be more pronounced for solvents with a lone electron pair, like
acetonitrile or propylene carbonaté3? It has been reported in literature that

the dielectric constant of the solvent does have an e ect on the charge dis-

tribution over the surface of QD34 The inclusion of solvent has been shown
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Figure 2.9: Molecular orbitals (with the highest amplitudes) involved in the tran-
sition for functionalised GegsHgs-DOP in vacuum.
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to be important, particularly for sensing of metal ionst® PET leads to the
formation of QD*~ DOP*~ species, which will interact more strongly with
a polar solvent that the states formed from local QD QD or DOP ! DOP
transitions. Consequently, the states formed from QD to DOP transitions are

likely to become relatively lower in energy.

Table 2.9 shows the excitation energies and character of the transitions
for the GeyyHgy-DOP system calculated using a polarised continuum solvent
model (PCM) with a dielectric constant of 80 corresponding to bulk water.
The 3-D visualization of the ground state and excited state molecular orbitals
contributing to di erent optical transitions in solvent are shown in Figure 2.10.
For the oxidised form of dopamine (GgHgs-DOPOX), there is clear evidence
that the energies of states formed from QD DOP transitions have been
lowered in energy and these transitions dominate the lowest energy states
except for the lowest energy DOR DOP transition. For the reduced form
of dopamine (Gg4Hes-DOPred), the introduction of solvent does not have a
signi cant e ect on the low energy states, which are dominated by QD
QD transitions, and, interestingly the transition energies for these states show
a very small change with the introduction of solvent. Overall, the predicted
function of the QD in as sensor is not altered by the solvent, and the presence
of additional charge-transfer (CT) type transitions for the oxidised form would

enhance its e ectiveness.

2.6 Conclusion

The use of DFT-based calculations to characterise QDs and to select suitable
QDs for a sensing applications has been explored within the context of a sen-
sor to di erentiate between two forms of dopamine. TDDFT calculations of

hydrogenated carbon, silicon and germanium QDs show that the band gap and
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Table 2.9: Transition energies and assignments for the dopamine functionalised
GeggHgs QD with the PCM solvent model calculated at CAM-B3LYP/SRLC level
of theory.

E=eV Nature of the transition Oscillator strength

GegsHgs-DOPred  3.92 QD to QD 0.0400
4.09 QD to QD 0.0312
4.13 QD to QD 0.0023
4.14 QD to QD 0.0000
4.16 QD to QD 0.0090
4.17 QD to QD 0.0030
4.17 QD to QD 0.0053
4.18 QD to QD 0.0011
4.19 QD to QD 0.0008
4.20 QD to QD 0.0022
GeysHgs-DOPOX  2.34 DOP to DOP 0.0001
2.84 QD to DOP 0.0402
3.16 QD to DOP 0.0001
3.20 QD to DOP 0.0002
3.22 QD to DOP 0.0005
3.31 QD to DOP 0.0000
3.32 QD to DOP 0.0000
3.34 QD to DOP 0.0000
3.51 QD to DOP 0.0004

3.56 QD to DOP 0.0000
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Figure 2.10: Molecular orbitals (with the highest amplitudes) involved in the tran-
sition for functionalised GegsHe4 in solvent.
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uorescence energies of these QDs varies with size and composition allowing for
the possibility of tuning the QDs for a speci ¢ application. Additionally, it was
shown that the lowest energy excited singlet states are signi cantly lower in en-
ergy for the oxidised form compared with the reduced form of dopamine. This
factor is signi cant when considering the design of a uorescence dopamine
functionalised QD sensor. Through an analysis of orbital diagrams and calcu-
lations of the excited states of the combined QD-DOP system, it was demon-
strated that a sensor could operate based upon a PET mechanism that would
occur for the oxidised form of dopamine and not the reduced form. This is
evident from low energy states arising from QD dopamine transitions that
are present for the oxidised form of dopamine. This leads to a quenching of the
uorescence for the oxidised form, allowing the two forms to be distinguished.
It was shown that GeyHgs and ShgsH1go QDs satisfy the criteria that would
make then suitable candidates for the uorophore in a sensor. Overall, the
study highlights how quantum chemical calculations can be used to inform the
photophysical processes underpinning the operation of uorescent probes and
presents an approach to support the design of QD based optical sensors for

the detection of biomolecules.






Chapter 3

Super Atomic Molecular
Orbitals of Endohedral

Fullerenes

3.1 Introduction

Fullerenes are easy-to-synthesise, high symmetry allotropes of carbon that can
adopt various sizes of a characteristic cage structure. Among various fullerene
sizes, (o has been found to be the smallest stable, most abundant fullerene
which satis es the isolated pentagon rule (twelve pentagons surrounded ex-
clusively by hexagons, providing good stability to the structure}® The cage
structures of fullerenes are characterised by high number ofelectrons, and
large polarizability, which makes them a good electron acceptor. One of the
most important properties of fullerenes is their ability to capture both individ-
ual atoms and small clusters, which has resulted in the creation of novel and
potentially bene cial electronic properties for science and innovations®{138
This, in turn, has led to a wide range of potential applications such as solar

cells, sensors, drug delivery and energy storatjé&#? In addition to that they

63
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are ideal candidates for probing the electronic and dynamical properties of
nanomaterials, allowing the possibility to gain a deeper understanding of how

such systems behave under di erent experimental conditions.

The electronic structure of fullerenes has been the subject of theoreti-
cal and experimental investigations, revealing an interesting property of those
molecules. In 2 Photon Polymerisation (2PP) and Low Temperature Scanning
Tunneling Microscopy (LT-STM) measurements?® a number of molecular or-
bitals that have the appearance of atomic molecular orbitals were observed
and later called super atom molecular orbitals (SAMO). SAMOs are di use
electronic levels of the excited states of fullerenes. They resemble low-lying
Rydberg states in electron distribution, except the electron density of SAMOs
is located much closer to the centre of the hollow cage of3vhen compared
to low-lying Rydberg states. Because of the characteristic shape, SAMOs are
comparable to di use s-, p- andd - hydrogenic atomic orbitals. The delocalised
character of SAMOs opens the possibility for hybridisation of these orbitals.
Consequently, when bringing g molecules close enough (within 1.0 nm van
der Waals distance) hybridisation of SAMOs into s-electron metal-like nearly
free electron (NFE) bands can take plac&* The observation of NFE bands
in empty states of Go suggests that the transport properties of fullerenes can
be enhanced, and it represents a signi cant development in their potential role
in the advancement of the eld of molecular electronics. However, the high
energy level of the Gg SAMOs compared to the Fermi level currently limits
their practical application.'#>14® Various methods have been proposed to lower
the energy of SAMOs in fullerenes such as endohedral dopftfgand fullerene
absorption on various substrate$*>4” However more investigation of SAMOs

in various fullerene combinations are required.

Experimentally, the SAMOs of G and endohedral G, in both gas phase
and on the substrate have been observed by several research groups. They have

used various spectroscopic technigues such as femtosecond photoelectron spec-
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troscopy, low-temperature ultrahigh-vacuum scanning tunnel microscopy, and
two-photon photoemission experiments to observe SAMOs in fullerengd14®
Alongside experimental work, computational studies can also aid in under-
standing the intrinsic physical properties of fullerenes, including their SAMOs
characterisation, charge transfer properties, and design considerations for prac-
tical applications of fullerenes. There have been number of works carried out
that have usedab initio calculations, HF, DFT, and TDDFT to study the
properties of fullereneg%62 Most of those studies focused on investigating the
electronic structure of endohedral fullerenes (doped with various atoms), but
there have been fewer studies speci cally focusing on SAMOs igyCADb initio
calculations have been used for fullerenes doped with Si, Ge, and Al atotfis.
Semi-empirical and DFT methods were used for the investigation the stability
of Cgo isomers and Gy doped with Sc, Y, and K atoms**1%2 DFT calculations
were used for exploring the Li storage capacity of endohedrakfullerenes
doped with noble gases, as well investigating catalytic properties for hydrogen
evaluation of G, doped with alkali metals?°3'5 including Li doped fullerenes
for the application of molecular electronic$®¢'>°® HF was used to investigate
the e ect of the position of F , Ne, Na", Mg?", inside the Gy endohedral
fullerenes on the stability and radius of the whole structuré®®64 While DFT
and second-order M ller Plesset perturbation (MP2) methods were used to in-
vestigate the formation mechanism of endohedral fullerenes, their most stable
geometries and binding energig/$*165(168 Theoretical studies that speci cally
focus on SAMOs used plane-wave DFT to characterise the one-electron SAMOs
orbitals in Cgo and Cg doped with alkali and noble metal atomg#3144 A many-
body perturbative approach was used for investigating the stability of SAMOs
states in Gs.1%° The TDDFT approach was utilised to calculate photoelectron
spectra and investigate both photoionization of SAMOs and Rydberg states

of Cgp. 1701172

More research investigating SAMOSs could provide insights into the design
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of novel advanced materials for molecular electronics. These materials would
be expected to be based on SAMO-mediated electron transport if the excitation
energy of SAMOs could be lowered. So far, SAMOs of isolated endohedrg] C
molecules or those adsorbed on the metal surface have been rather broadly
studied, while the e ect of functionalisation of Gy on SAMOs distribution
and energies were not much characterized. The presence of various ligands
and functional groups on the surface of & molecules can greatly enhance
their importance in practical applications. It is therefore interesting to check
whether the attachment of other atoms on the surface will change the electronic
properties and energies of SAMOs of fullerenes. This work uses DFT and
TDDFT calculations to nd and characterise SAMOs of Go, Li@GCsy, and
Ca@Gp with and without hydrogen on the G5, surface, and investigates the

e ect of hydrogen on the shape and the energy of SAMOs within the studied

systems.

3.2 Evaluation of Computational Methods

The structures of the studied fullerenes were optimised using DFT with three
di erent functionals (B3LYP, B3P86, PBE) and basis sets (6-31G*, 6-311G**,
6-31++G**). In this work, two types of endohedral fullerenes were studied
Li@GCs and Ca@Go with and without hydrogen atoms on the surface. The
excited states of the molecules were computed using TDDFT with the B3LYP
functional and 6-31++G** basis set. All calculations were performed using the
Q-Chem software packagé?® Visualisation of the orbitals (using an isosurface

threshold of 0.02) was performed with IQmol software.

First, a ground state electronic structure calculations for isolated &
molecules using DFT method were performed. Three dierent functionals

(B3LYP, B3P86, PBE) and basis sets (6-31G*, 6-311G**, 6-31++G**) were
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compared and the results are shown in Table 3.1. As can be seen, the choice
of functional a ects the value of HOMO-LUMO gap. The signi cant di er-
ence has been observed in the energy values when comparing B3LYP and
B3P86 with PBE. The energy for PBE is much lower than for the others.
With the 6-31++G** basis set the HOMO-LUMO energy gap for B3LYP and
B3P86 is 273 eV, while for PBE is 165eV. Published experimental results
show the HOMO-LUMO gap for G to be around 15 eV when high resolution
photoelectron spectroscopy experiment was carried odt31’4 However, using
photoemission-inverse-photoemission experiments the HOMO-LUMO gap for
Cso Was found to be 25eV17>176 The value close to HeV was further con-
rmed by Lof et al., through a precise measurement considering Frenkel-type
excitons!’” The theoretical values reported in the literature also vary and
depend on the used methods. Using B3LYP/6-311G* the calculated HOMO-
LUMO gap in Cg was predicted to be Z3eV}!’® using the PBE/6-311G**
level of theory, it was predicted to be 65eV}’® and with local density ap-
proximation (LDA) it was predicted to be 1:5eV. Discrepancy in the results
could come from di erent approaches in the experimental techniques, and the
various nature of functionals and basis sets. Our calculated values with the
B3LYP and B3P86 functionals are close to that obtained experimentally by
Lof et al., (2:5eV) using photoemission-inverse-photoemission experiments and
theoretically by Wang et al., (2:73 eV) using B3LYP/6-311G*1"® While PBE

predicted HOMO-LUMO values close to the other research groups:eV).1’®

Experimentally, when the HOMO-LUMO gap is deduced from the pho-
toexcitation spectrum, the lowest energy dipole-allowed transition (optical
gap) is measured. This optical gap is always smaller in energy than the funda-
mental gap (in the molecular case, the di erence between the rst ionization
energy and the electron a nity) due to the Coulomb interaction between the
excited electron and the hole left behind after its excitatiof’®® As a result, a

precise measurement of the photoexcitation energy does not necessarily corre-
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late quantitatively with an exact estimate of the fundamental gap. In addition,

if the measured sample is not in pristine conditions, then the presence of any
defects on the sample can a ect the HOMO-LUMO gap8! At the computa-
tional level, it is well known that the KS HOMO{LUMO gap is much below the
ionization-a nitiy di erence. This is due to the fundamental di erence that

the KS system has an attractive potential due to the exchange{correlation hole
of 1 electron also for the virtual levels® The calculated HOMO-LUMO gap
only approximates the fundamental gap and the quality of that approximation

is highly dependent on the nature of the exchange-correlation functional and
the amount of HF exchange it includes. Therefore some discrepancy between

experimental and theoretical results will be always expected.

Interestingly, the values for the LUMO-SAMO gap are not a ected by the
choice of functional, instead the e ect is signi cant for using di erent basis sets.
Adding di use function leads to an improvement in the accuracy of predictions
for LUMO-SAMO energies as compared to the results obtained with the basis
sets without it. LUMO-SAMO gaps found in literature were calculated using
plane wave DFT methods and reported to be for the LUMG-SAMO 2:.95eV
and for the LUMO-p-SAMO 3:95 eV’ In this work, for all studied function-
als, the result show that using 6-31++G** calculations for the LUMO-SAMO
energy value agree with the reported data. This could be because of the elec-
tron distribution in SAMO orbitals, and to be able correctly describe them
di use functions are required which more accurately represent the part of the
orbitals located much more distant from the atomic nuclei. Therefore, further
calculations on endohedral fullerenes and functional fullerenes were performed

using the 6-31++G** basis set and B3LYP functional.
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Table 3.1: The HOMO-LUMO( 4.) and LUMO-SAMO ( .s) gaps (in eV); and
Total Energy (in Hartree) for C go calculated using various functionals and basis sets.

Structure Functional Basis set Total Energy L Ls

Ceo B3P86 6-31G* 22868888 2.76 s=15:8eV
p=16:6eV
d=17:0eV

Ceo B3P86 6-311G** 22872846 2.74 -

Ceo B3P86 6-31++G** 22869261 2.73 s=3:6eV
p=4:6eV
d=5:2eV

Ceo B3LYP 6-31G* 22860176 2.76 s=15:7eV
p=16:2eV
d=17:0eV

Ceo B3LYP 6-311G** 22865884 2.74 -

Ceo B3LYP 6-31++G** 22862204 2.73 s=3:3eV
p=4:2eV
d=4:7eV

Ceo PBE 6-31G* 22835947 1.67 -

Ceo PBE 6-311G** 22839915 1.66 -

Ceo PBE 6-31++G** 22836394 1.65 s=3:1eV
p=4:4eV

d=4:9eV
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Figure 3.1: Optimised structures of empty Go (top left) with Ca (green) and Li
(purple) atoms inside the cage, and hydrogenated dg (bottom left) with Ca (green)
and Li (purple) atoms, calculated using DFT/B3LYP/6-31++G** level of theory.

3.3 Characterisation of LI@C g9 and Ca@C g9

The geometry of hydrogenated endohedral fullerenes was optimised using the
DFT/B3LYP/6-31++G** level of theory. It has been reported that the pres-
ence of Li atom inside the G cage in uences its electronic structure. More-
over, it was demonstrated that the position of the atom inside the cage could
be changed using the STM technique via an inelastic scattering mechanism,
and the SAMOs were shown to be a ected by that positioA®® In this study

a single position of the metal atom was considered. The Li and Ca atoms
were initially placed in the centre position inside the cage, and then the struc-
tures were optimised. Figure 3.1 shows the relaxed geometry of the endohedral
fullerenes, and the bond length for pure endohedral fullerenes (Ca@@nd
Li@GCso), and functionalised (hydrogenated) endohedral fullerenes (Ca@8eo
and Li@GsoHgp). As can be seen, the metallic atoms (Li and Ca) occupy the
centre position in case of hydrogenated fullerenes while for the pure fullerenes
they are located slightly o -centre of the cage. It can be seen in Figure 3.1

fullerenes adopt a form of a closed cage consisting of twelve pentagons and 20
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Table 3.2: Bond length (in A) and distance (in A) of encapsulated atom (in A) from
a cage for studied fullerenes. M = Ca, Li.

c{c c{cC C{M

(pentagon) (hexagon) (shortest)
Ceo 1.45 1.40 -
Ca@Go 1.45 1.40 2.43
Li@GCso 1.45 1.40 2.10
CeoHso 1.57 1.56 -
Ca@GoHeo 1.57 1.56 Centre
Li@GCsoHeg 1.57 1.56 Centre

hexagons with two types of bonds: short double bonds between the hexagons
and longer single bonds between the pentagons. As shown in Table 3.2 the
atom inside the cage does not a ect the bond length, however, the presence of
the hydrogen on the surface does. It is determined in this study that the bond
length of the hexagon-pentagon for g with and without metal atom inside
the fullerene cage is approximately:45A, while the hexagon-hexagon bond is
1:40A long. The results agree with the neutron di raction measurement&*
where the respective bonds were found to be4BA and 1:39A. The calcu-
lated values are similar to the length of C{C bond found in diamond (52A)

and graphite (L42A), which can suggest comparable behaviour of fullerenes
to the other carbon-based compounds. For the hydrogenated fullerenes the
bond length increased and is found to be approximately.37A and 1:56A for
hexagon-pentagon, and hexagon-hexagon respectively, for all with and without
metal atom within the hydrogenated fullerenes. This could be because C=C
double bonds are transformed into single bonds as a result of the attachment

of the hydrogens to the surface of the & cage.

The study of the electronic structure of Gy molecules demonstrated, among

other properties, that highly degenerate valence states of¢consist of the
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orbitals bound to carbon atoms and above them. Using LT-STM the bond-
ing and antibonding HOMO and LUMO orbitals were resolved®®8” Using
scanning tunneling microscopy SAMO orbitals were observétf. The shape of
the orbitals can be also reproduced using computational studies. In Figures
3.2, 3.3, and 3.4 HOMO and LUMOs orbitals (within the rst 200 states) of
the Cqo, Ca@Gp, and Li@Go are shown. For Go (Figure 3.2) the HOMO
and LUMO orbitals look like typical sp? hybridised orbitals of the C atom.
From LUMO+14 the orbitals shape starts to resemble the SAMOs shape.
LUMO+14 looks like an s-SAMO while LUMO+20, +21, and +22 have an
apperance ofp-SAMOs type. From LUMO+28 to LUMO+32 the orbitals are
similar to d-SAMOs. However, all of the observed SAMOs orbitals indg are
well above LUMO. Figure 3.3 shows SAMOs orbitals calculated for Ca@C
It can be seen that the the HOMO and LUMO are thesp? type orbitals
while LUMO+5 and and LUMO+14 could be considered to closely resemble
SAMOs orbitals. There were no other SAMOs orbitals observed within the
rst LUMO+200 states. Figure 3.4 presents SAMOs observed for Li@g: As
can be seen the presence of Li atom also a ects the electronic structure @§.C
The HOMO orbitals and the rst virtual LUMO have their electronic density
centred close to the carbon atoms. However, higher lying orbitals look like
s-SAMOs (LUMO+5), and p-SAMOs (LUMO+14, +15 and +16) atomic or-
bitals that are located in the middle of the Gy cage and these can be considered

as SAMOs.

The potential practical applications of the SAMO properties of fullerenes
are limited by the existence of the LUMO states below SAMOs. The lowest
energy ofs-SAMO was calculated and reported to be:28 eV above the LUMO
for Ceo.1*” However, if the SAMO orbitals could be stabilized to below the
LUMO states, then the application of materials with the SAMO-based charge
transport properties could be important, especially for molecular electronics.

Therefore, the HOMO-LUMO and LUMO-SAMO energy di erences for pure
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Figure 3.2: Molecular orbitals for Cgp calculated using the B3LYP/6-31++G**
level of theory.

Table 3.3: HOMO-LUMO ( p.) and LUMO-SAMO ( .s) (s,p, and d type) gaps
(in eV) for Cgo, Ca@Go and Li@ Cso.

HL Ls(S) Ls(p) Ls(d)
Ceo 2.70 3.30 4.20 4.70

Ca@Go 0.95 1.60 - 2.86
Li@Go 0.90 2.01 3.50 4.60

and hydrogenated fullerenes with endohedral doping were determined using

DFT at the B3LYP/6-31++G** level of theory and are shown in Table 3.3.

The HOMO-LUMO gap of Cq is predicted to be 27 eV and the LUMO-
SAMO for Cg is predicted to be at 33, 42, and 47 eV for s-, p- and d- SAMOs
respectively which is in a good agreement with the plane-wave calculations and
the experimental work!44 The HOMO-LUMO gap of Cg, decreases once the
atom is encapsulated within the cage, for Ca by:15eV, and for Li by 18eV.

It can be observed that the SAMO energies are also altered by the Li and Ca
presence when compared to empty¢ The s-SAMO-LUMO gap is reduced
by 1:3eV and by 16eV when Li and Ca atoms are added respectively. The
energy di erence ofp-SAMO between Gy and LI@G is only 0.7 eV. It was
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Figure 3.3: Molecular orbitals for Ca@Gp calculated using the B3LYP/6-
31++G** level of theory.

Figure 3.4: Molecular orbitals for Li@Cgp calculated using the B3LYP/6-31++G**
level of theory.
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not possible to nd p-SAMO for Ca@G,. The d-SAMO-LUMO was reduced
by 1:84 eV when Ca atom was encapsulated ing& While a very small e ect
(0:1eV gap reduction) was observed for Li@g The reduced LUMO-SAMO
energy can be explained by the e ect of hybridization of the metal atona
orbitals and SAMOs of G as consequences of the corelation of Li and Ca ion
and Cgo molecule potentials within the hollow G, corel** The other SAMOs,
p- and d-types, of G are less a ected by the encapsulated atoms because the
respectivep and d orbitals of endohedral atoms have higher energies than

orbitals, therefore making it more di cult for the orbitals to hybridize. 144

3.4 E ect of Hydrogenation on Endohedral C 60

To explore how the presence of the hydrogen atoms on the surface of thg C
shell a ects the SAMO wavefunction distribution and the energy of SAMOs,
DFT/B3LYP/6-31++G** level of theory was used to investigate the hydro-
genated fullerenes gHgo, Ca@GoHeo and Li@GoHeo. Figures 3.5, 3.6, and
3.7 show the 3D visualisation of the orbitals found in hydrogenated fullerenes.
As can be seen, the shape of the orbitals is much more regular when compared
to non-hydrogenated fullerenes. Starting withs-SAMO, all three p-SAMOs
and ve d-SAMO orbitals were observed following in order, without any other
orbitals between €.g. for Cgo, the LUMO corresponds tos-SAMO, LUMO+1

to p.-SAMO, LUMO+2 to py,-SAMO, LUMO+3 to p,-SAMO, LUMO+4 to
dy,-SAMO, LUMO+5 to dy,-SAMO, and so on). This was not observed in
non-hydrogenated fullerenes where non-SAMO orbitals were found between the
s-SAMOs and d-SAMOs. For GyoHeo the LUMO already looks likes-SAMO,
while for Ca@GoHeo and Li@GoHgo the SAMOs shape can be observed for
HOMOs. It can be also noticed that thep-SAMOs orbitals are similarly lo-
cated for both Ca@GyHeo and Li@GoHgo, While for d-SAMOs distribution

some di erence is observed. Thd-SAMO in Ca@GoHgo are much more cen-
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Figure 3.5: Molecular orbitals for CggHgg calculated using the B3LYP/6-31++G**
level of theory.

tered on Ca atom than on the Li atom in Li@GoHeo. It could suggest that
the SAMOs in Li@GyoHgo originate from the C;, cage, while the SAMOSs in

Ca@GoHeo arise from orbital hybridisation of the Ca atom and Gy cage.

The LUMO-SAMO gap energies were calculated for the hydrogenateg{
with and without the endohedral doping and are shown in Table 3.4. It can
be observed that the SAMO energies are signi cantly altered by the presence
of hydrogen atoms on the surface of the carbon cage when compared to empty
Ceo With and without atoms within the cages. The energy of thes-SAMO in
CsoHeo Is identical to that of the LUMO therefore the LUMO-s-SAMO gap
is considered to be 0. The LUMQz-SAMO gap is calculated to be (B8eV
and LUMO-d-SAMO as Q87 eV. These values are much lower (by 5, 8, and 4

times) than for the LUMO-s-, p-, and d-SAMO gaps in Gy, respectively.

Also, for the hydrogenated endohedral fullerenes signi cant di erence in
the SAMO energy can be observed compared to non-hydrogenated ones. Inter-
estingly, the lowest energy of thes-SAMO in Li@CsoHgo and Ca@GoHgo has
the same energy as that of HOMO. When comparing the LUMO-SAMO gap

for the Li in Cgg to Li in CgoHgo We can see that the energy gap is slightly re-
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Figure 3.6: Molecular orbitals for Li@CgoHgo calculated using the B3LYP/6-
31++G** |level of theory.

Figure 3.7:  Molecular orbitals for Ca@GoHso calculated using the B3LYP/6-
31++G** |level of theory.



78  Chapter 3. Super Atomic Molecular Orbitals of Endohedral Fullerenes

Table 3.4: HOMO-LUMO ( ) and LUMO-SAMO (  .s) (s, p-, and d-type) gaps
(in eV) for C60H60, Ca@Q‘,()HGO and Li@c60H60.

HL Ls(8) Ls(p) Ls(d)

CeoHeo 536 O 0.38 0.87
Li@GoHeo 1.96 1.96 0 1.28

Table 3.5: Lowdin charges calculated for the HOMO in hydrogenated and non-
hydrogenated Li@Go and Ca@ Gp.

HOMO Cg CsoHeo
Li s 0.0000 0.2400
Li p 0.0003 0.0184
Li d 0.0041 0.1920

Cas 0.0000 0.4201
Cap 0.0012 0.0000
Cad 0.0020 0.4228

duced for LUMO-s-SAMO (by 0:04 eV) but signi cantly ( ca. 3 times) reduced
for LUMO-p-SAMO and LUMO-d-SAMO. A similar situation is observed for
the presence of a Ca atom within the cage. The results indicate that the
SAMO energy can be potentially tailored by the shell molecules (in this case
hydrogen atom). In the future, it would be worth investigating other ligands
and their e ect on the electronic structure of G, as well as on the stability

of the structures.

The reduced LUMO-SAMO energy can be explained by the e ect of hy-
bridization of metal atom and SAMOs of G as a consequences of the core-
lation of the Li ion and Cgg molecule potentials within the hollow molecule
corel** When we then look at the partial charge on the metal atoms in the
highest occupied states of the fullerenes presented in Table 3.5, it can be seen
that the HOMO in hydrogenated fullerene mainly originates from thes-orbitals

and d-orbtials of the metal ions in both, Li@GyHgy and Ca@ GoHeo.
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In Cgo the highest occupied states mainly originate from carbon cage for
both endohedral fullerenes. Potentially, the presence of H on the surface in-
uences the contribution of d orbitals of the endohedral atoms to the HOMO
orbital. Potentially the involvement of d orbitals of the metal atoms in hy-

bridization with SAMO lowers the LUMO-SAMO gap of the fullerenes.

3.5 SAMO States of Endohedral Fullerenes Cal-

culated using TDDFT

DFT describes one-electron SAMO orbitals and helps to estimate the LUMO-
SAMO gaps while it is interesting to investigate the SAMOs states. To describe
SAMOs excited states in g, TDDFT calculations were used. TDDFT allows
determination of the excitation energies and nding orbitals which are in-
volved in the corresponding transitions. Table 3.6 shows the highest oscillator
strength low-energy transitions along with a characterization of the nature of
the transition. In the case of pure G, and CsoHgo N0 excited states were found
with the oscillator strength higher than 0.0005. Previous experimental work
showed that in G, an |, point group molecule with icosahedral symmetry,
the SAMO states are not optically active and can only be accessed by vibronic
coupling between optically active valence states and the SAMO stat&8. How-
ever the Gy's symmetry can be broken by doping with other atoms which lifts
the degeneracy of certain SAMO states and consequently make them opti-
cally active ! The results (Table 3.6) show that the rst lowest lying excited
states with the oscillator strength higher than 0.0005 for Li@4 and Ca@ G
correspond to transition from HOMO orbitals to the LUMOs both located on
carbons of the Gy. Transition from the HOMO to SAMO is observed at higher
energies, for Li@gp at 2:1 eV (oscillator strength of 0.0007) and for Ca@g
at 1:82 eV (oscillator strength 0.0002).
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Table 3.6: Transition energies, assignments, and oscillator strength (f) calculated
using TDDFT/B3LYP/6-31++G** for the pure and hydrogenated C ¢, Li@Cso,
and Ca@Gp. (L) stands for localised.

E=eV Nature of transitions f
Cso 25 Multi-excitations >0.0005
Ca@Gyo 0.4412 HOMO (L) to LUMO+1 (L) 0.0025
1.6468 HOMO (L) to LUMO+2 (L) 0.0618
1.7221 HOMO (L) to LUMO+3 (L) 0.0754
1.8234 HOMO (L) to LUMO+5 ( s-SAMO) 0.0002
Li@Cso 1.3707 HOMO (L) to LUMO+2 (L) 0.0370
1.4078 HOMO (L) to LUMO+3 (L) 0.0397
2.1388 HOMO (L) to LUMO+5 ( s-SAMO) 0.0007
CsoHeo 4.8 Multi-excitation >0.0005
Ca@GoHeo 2.0361 HOMO (s-SAMO) to LUMO ( p-SAMO) 0.6089
2.0375 HOMO (s-SAMO) to LUMO+2 ( p-SAMO) 0.6069
2.0382 HOMO (s-SAMO) to LUMO+1 ( p-SAMO) 0.6100
Li@CsoHeo  1.4079 HOMO (s-SAMO) to LUMO ( p-SAMO) 0.2385
1.4118 HOMO (s-SAMO) to LUMO+2 ( p-SAMO) 0.2388
1.4490 HOMO (s-SAMO) to LUMO+3 ( p-SAMO) 0.2420
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The electronic structure of those endohedral fullerenes changes signi cantly
once the hydrogen atoms are present on the surface of thgyGhell. The rst
excited state for Li@GoHeo is at 1:4 eV and is formed through excitation from
HOMO to LUMO, where the HOMO looks like as-SAMO and the LUMO
like a p-SAMO (Figure 3.8). The excitation energy is lower by 1eV when
compared to the excited state arising from the excitation to the SAMO orbital
for LiI@GCs. In the next excited states, an electron is transferred from HOMO
to other LUMOSs which all havep-SAMO character. The oscillator strength for
all those states is 0.24. The presence of Ca within the carbon cage has a similar
e ect to Li on shifting the position of SAMO however has less pronounced e ect
on the energies of the excited states where an electron has been transferred
from HOMO to SAMO. The rst excited state for Ca@GoHeo IS at 2eV and
is formed through excitation from the HOMO to LUMO, where HOMO looks
like an s-SAMO and the LUMO like a p-SAMO (Figure 3.9). The three-
dimensional (3D) visualization of the ground-state and excited-state molecular
orbitals contributing to rst optical transition are shown in Figures 3.8 and 3.9
for LiI@GCsoHeo and Ca@ GoHgo respectively. As it can be seen that the HOMO
and LUMO orbitals look like s-type and p-type atomic orbitals, respectively.
They have signi cant electronic density inside Gy and therefore are considered

as SAMOs.

Figure 3.8: Molecular orbitals associated with the intense transition for
Li@CsoHeo-
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Figure 3.9: Molecular orbitals associated with the intense transition for
Ca@ GoHeo-

3.6 Conclusion

The use of DFT-based calculations to characterize endohedral fullerenes (in
particular, LiI@Cs, and Ca@Gyo) and the e ect of their hydrogenation on the
energy and distribution of SAMOs was investigated. Calculated results of hy-
drogenated G, LI@GCso, and Ca@Go show that the LUMO-SAMO energy of
these fullerenes vary with the type of atoms inside the cage and the presence
of hydrogen atoms on the shell. Through an analysis of calculations of the ex-
cited states of the hydrogenated endohedral fullerenes, it was con rmed that
the SAMO orbitals are a ected by the presence of the metal atom within the
Ceo cage and the hydrogen atoms on its surface. Results of DFT calculations
show that the presence of metal atoms lowers the LUMGs,(p, d)-SAMO gaps

of Ceo and CgoHgo. While the presence of hydrogen atoms on the surface of
the carbon cage lowers further the LUMO-(d)SAMO gap, and more profoundly
for Ca@GoHgo. The use of TDDFT calculations highlights that the SAMO
states are lower in energy for hydrogenated Li@gHeo compared to Li@Gp. In
Li@GCso and Ca@Go, SAMO states are above the LUMO states and, therefore,
they are unlikely to be relevant for charge transport used in molecular elec-
tronics. However, in the case of hydrogenated Li@& and Ca@ G electronic

states are observed where the-SAMO can be found below the LUMO. In
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fact, HOMO and LUMO in both cases ares-SAMO and p-SAMO respectively.
This characteristic is signi cant when considering the design of fullerene-based
systems for molecular electronics applications. Overall, the results enable the
characterisation of the electrical properties of a novel type of material designed
for molecular electronic applications. The unusual electronic properties oL
based molecules are obtained from the SAMO states. Also, the characterisa-
tion method can be used for exploring other §g based molecules. Both DFT
and TDDFT calculations con rm the positive e ect of hydrogen atoms on the
surface of studied fullerenes in terms of reducing the LUMO-SAMO gap and
excitation energy of SAMO states. Therefore, it is believed that if materials
such as Ca@gHeo Or Li@GCsoHgo could be synthesized, then it would open

the possibility of using those materials for molecular electronic applications.






Chapter 4

Vibrationally Resolved Spectra

for N 2 and N 2@Cgo

4.1 Introduction

As mentioned in the previous chapter, one of the most interesting properties
of fullerenes is their capability to enclose di erent atoms and small molecules
within their cage. Consequently they exhibit unusual properties. The ability
to trap not only metallic atoms but also gases and non-metal atoms inside
fullerenes could lead to the development of new materials characterised by
unique properties and applications. In contrast to metal atoms which transfer
their charge to the cage and occupy the position closer to the walls of the cage
(because of Coulombic interactions), atoms such as N, P or noble gases do not
interact strongly with the cage and show little or no charge transfer to the
cage, consequently occupying the centre position within the carbon cal§&!°!
The lack of interactions between the cage and the atom makes the properties
of those endohedral fullerenes similar to the properties of the empty cages.
As a result, they can be used as traces by He-NMR, or electron paramagnetic

resonance??1% Some examples of gases encapsulated in fullerenes include Ar,

85
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Kr, Xe, He, and Nel94{198

To understand better the structural properties of the endohedral fullerenes,
various techniques were employed, such as He-NMR, single-crystal X-ray analy-
sis, photoelectron di raction and X-ray photoelectron spectroscopl195.197.198
Alongside experimental work, theoretical studies of fullerenes and endohedral
fullerenes can help to predict the properties of endohedral fullerenes and ex-
plain the experimental results. Usingb initio and molecular dynamics calcula-
tions various characteristics were investigated, including stabilisation of noble
gases inside the €, as well as the mechanism of entering the gases into the
Ceo. 160161199200 The research conducted on the stabilization of the noble gases
within Cgo has provided interesting insights on the behaviour of these gases
inside their cage. For instance, the calculations on Ne@Qevealed slight in-
teraction of Ne with the cage and its cantered position within the cagg9-161.199
Molecular dynamics studies performed on the encapsulated noble gasesdn C
and C;o showed the possibility of forming He and Ne complexes withg&Cand
C+0, Whereas encapsulation of much bigger atoms such as Ar and Kr was shown
to be more challenging due to van der Waals interactiort8® Using ab initio
methods, the mechanism of the encapsulation of atoms in fullerenes was also
studied. One of the suggested mechanisms of the encapsulation of atoms, ex-
plored through various computational methods, suggests that one, or a few,
carbon-carbon bonds breaks and resulting "window' allows the atom to enter
the fullerene cage&® Another mechanism called the direct entrance mecha-
nism was suggested for H, He, and N atoms using DFT calculatioff8. Apart
from information on stability and the formation mechanism, it is very useful
to be able to obtain more detailed information about the electronci structure
of endohedral fullerenes. Vibrational frequencies of Ne@Gvere simulated,
and the assignment of the peaks for the experimental infrared IR spectra was
possible?®® Also, the e ect of spin state on the vibrational spectra of La@6s

and Ce@G, were calculated using DFT2%4
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High resolution X-ray absorption spectroscopy (XAS) of molecules is a
technigue that is sensitive to the symmetry of the molecules and specic to
their individual elements. Clearly identi able vibrational structures of studied
molecules can be obtained using XAS. By combining theoretical studies with
XAS it is possible to obtain the vibrational structure of the spectrum, as-
sign the individual spectral features; and determine the e ect of vibrations on
the excitation energy?32°52%¢ various levels of theory were used to obtain the
XAS, such as symmetry-adapted cluster{con guration interaction (SAC{ClI);
algebraic diagrammatic construction (ADC); and time-dependent density func-

tional theory (TD-DFT). 54,209{214

In this work; the accuracy of DFT-based methods for the simulation of
vibrationally resolved X-ray absorption spectra of the N molecule were inves-
tigated. Subsequently TDDFT was applied to study the XAS of N@ G to
investigate the dependence of the spectra on the presence of the fullerene cage.
Also, the e ect of Cgo cage on the bond length, frequency and force constant

of encapsulated N was investigated.

4.2 Computational Methods

4.2.1 Electronic Calculations

DFT calculations were used for the computation of the ground state geome-
tries and vibrational frequencies for both, N and N,@G,. To determine and
characterise the excited states and the transition energies, TDDFT calcula-
tions were carried out. To study the N molecule, ve density functionals
were tested, namely the gradient corrected BLYP functional, hybrid function-
als with di erent ratios of HF exchange,i.e. B3LYP (20% of HF exchange),
and PBEO (25% of HF exchange), the long-range corrected CAM-B3LYP func-
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tional, and short range corrected SRC1R1. In addition, three di erent basis
sets were used, namely the modest 6-31G(d) and more extended 6-31+G(d,p)
and 6-311+G(2d,2p) basis sets with di use and polarisation functions. All the

calculations were performed by using the software Q-Chem version 6.1.

4.2.2 Calculation of the Vibronic Spectra

To calculate vibrationally resolved spectra by incorporating Franck{Condon ef-
fects, the ezFCF package was usét. The ezFCF program computes spectra
within the double-harmonic approximation and calculates the Franck{Condon
factors (FCFs) based on the equilibrium geometries, harmonic frequencies and
normal modes computed previously with DFT and TDDFT. The ezFCF pack-
age uses the vibrations of both energy states along with the energy di erence
between the two. Franck{Condon factors (FCFs), as the overlaps between
the initial and target vibrational wavefunctions are calculated in the parallel
normal modes approximation as products of one-dimensional harmonic wave
functions. In the parallel approximation, the normal coordinates of the initial
and the target electronic states are assumed to be the same. Consequently,
the multidimensional Franck{Condon factors reduce to products of one di-
mensional FCFs. ezFCF then computes each one-dimensional harmonic FCF
analytically. The vibrationally-resolved XAS were then obtained by convolut-

ing the excitation energies with a Lorentzian function.

4.3 Characterisation of N >

4.3.1 Evaluation of Computational Methods

The focus of this chapter is to simulate vibrationally resolved XAS for Nand

N, @G and to investigate the e ect of Gy on the behaviour and spectra of M
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Table 4.1 Energy transitions (from 1sto ) and corresponding oscillator strengths
(f) for N, using ve di erent functionals (B3LYP, CAM-B3LYP, PBEO, SCR1R1,
and BLYP) and three di erent basis sets (6-31G, 6-31++G**, and 6-31(2+,2+)G**).

Method E=eV f
B3LYP/6-31G 389.03 0.1128
B3LYP/6-31++G** 389.14 0.1083
B3LYP 6-311(2+,2+)G** 388.45 0.1090
CAM-B3LYP/6-31G 389.03 0.1126
CAM-B3LYP/6-31++G** 389.15 0.1081

CAM-B3LYP/6-311(2+,2+)G** 388.41 0.1086

PBE0/6-31G 390.11 0.1168
PBEO0/6-31++G** 390.21 0.1125
PBEO0/6-311(2+,2+)G** 389.63 0.1132

SRC1R1/6-31G* - -
SRC1R1/6-31++G** - -

SRC1R1/6-311(2+,2+)G** 400.68 0.1542
BLYP/6-31G 383.01 0.0938
BLYP/6-31++G** 383.10 0.0875
BLYP/6-311(2+,2+)G** 382.26  0.0860

To observe the vibrational levels, the nitrogen molecule must be rst excited
into metastable radiative states. After X-ray absorption the core electron in
N, is excited from to . To nd out which excited state corresponds to this
transition, TDDFT calculations were performed. Firstly, the geometry of the
ground and excited states of Blwere optimised. Then, the performance of the
di erent functionals and basis sets for the excitation energies was investigated.
Table 4.1 shows energy transitions (fromslto ) and corresponding oscillator
strengths for N, using ve di erent functionals (B3LYP, CAM-B3LYP, PBEO,
SCRI1R1, and BLYP) and three di erent basis sets (6-31G, 6-31++G**, and
6-311(2+,2+)G**).

The experimental value for the excitation of N was observed to be 4083 eV
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(unpublished data, courtesy of Prof. Phil Moriarty, School of Physics, Uni-
versity of Nottingham). As can be seen in Table 4.1, the values for all of the
functionals and basis sets, apart from SRC1R1/6-311(2+,2+)G** are much
lower than the experimental value. The SRC1R1/6-311(2+,2+)G** method
has been specially designed for XAS spectroscopy and provides the most accu-
rate results>® However, it includes analytical calculation, therefore for bigger
systems it might be not the most suitable method. The other methods underes-
timated the energy values because of the challenge associated with a signi cant
reduction in the screening of the core when the electron is excited from a core
orbital. This leads to large relaxation e ects such as contraction of the valence
electron density and repulsion. Therefore, it is a common practice in scienti ¢
community to shift the energy values to match the experimental results, even
up to 17 eV2'621°® Therefore, using hybrid functionals is still valid. Further
analysis was carried out using a DFT approach with hybrid functioanl, but

without SRC1R1.

4.3.2 Bond Length and Vibrational Frequency of N 2

It is also interesting to see how the bong length and frequency calculations
are a ected by the choice of functional and basis set. Table 4.2 presents the
theoretical bond lengths for N in the optimized ground state R) and excited
state (RY, as well as their di erences denoted by R = R° R obtained with
di erent functionals and basis sets. A comparison with gas phase experiments
is also provided. Experimentally, the bond length of B in its ground state
was found to be around D98A and it increases up to 1164A in the excited
states. The longer bond in the excited state is expected as the excitation
out of the molecular orbital into the antibonding orbital weakens the
N, bond and causes it to elongate. As shown in Table 4.2, the theoretical

results obtained from all functionals and basis sets vary in agreement with the
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experiments. The closest values to the bond length of,Nn the ground state
obtained experimentally were obtained using the 6-311(2+,2+)G** basis set
regardless of the type of functional. This indicates that the basis set plays
a more important role than the functional when describing the ground state
of N,. For the excited state, the bond length was predicted more accurately
when using the 6-31G basis set for BSLYP, CAM-B3LYP, and PBEO. While for
BLYP, using the 6-31G basis set resulted in longer bond length when compared
to experiment, and the bond length was overestimated by:@A. For the
other basis sets, the bond length was much shorter than the experimentally
measured value, by around :03A. The closest value for the di erence in the
bong length ( R) to the experimental value was predicted using B3LYP and
BLYP functionals with the 6-31G basis set where the di erence in bond length
( R) is 0:050A and 0:057A respectively. Followed by the calculations using
B3LYP/6-31++G** which resulted in a R value of Q040A. While other

methods substantially underestimated the value for R.

The vibrational frequencies for ground () and excited states (9 are
presented in Table 4.3. The experimental vibrational frequencies for,Nh the
ground state were found to be 2350 cm ! and in the excited state 196&@ cm *.
This value corresponds to the frequency characteristic for the stretching vibra-
tional mode in N, molecule. The frequency for the ground and excited state is
predicted the most accurately by using the 6-31G basis set with hybrid func-
tionals. Among which B3LYP shows the closest values to experiment with
deviation of 45cm ! and 153 cm ! for ground and excited states respectively.
Using larger basis sets with hybrid functionals results in a larger di erence
for both states where, much higher values are observed for the excited states.
Di erences of 1738cm 1, 2488cm 1, 2438cm 1, and 17794 cm ! were pre-
dicted when using 6-31++G** with B3LYP, CAM-B3LYP, PBEO, and BLYP,

respectively.

Also, as can be seen in Table 4.3, using 6-31G basis set with all func-
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Table 4.2: Comparison of bond lengths (inA) in the optimized ground (R) and
excited (RY states of N, calculated using DFT with di erent functionals and basis
sets.

- B3LYP CAM-B3LYP PBEO BLYP

Experiment

R 1.098 - - - -

RO 1.164 - - - -
R 0.066 - - - -

6-31G

R - 1.118 1.112 1.114 1.132

RO - 1.168 1.159 1.160 1.188
R - 0.050 0.047 0.046 0.057

6-31++G** -

R - 1.105 1.100 1.102 1.118

RO - 1.145 1.137 1.138 1.160
R - 0.040 0.037 0.036 0.042

6-311(2+,2+)G** -

R - 1.096 1.090 1.094 1.101

RO - 1.130 1.123 1.126 1.143
R - 0.034 0.033 0.032 0.042
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Table 4.3: Comparison of vibrational frequencies (cm?) in the optimized ground
() and excited (9 states of N, calculated using DFT with di erent functionals
and basis sets.

- B3LYP CAM-B3LYP PBEO BLYP

Experiment
2359.01 - - - -
0 1966.21 - - - -
392.83 - - - -
6-31G
- 2354.50 2414.36 2394.11 2229.62
0 - 1950.90 2032.60 2019.60 1788.26
- 403.60 381.76 37451 441.36
6-31++G**
- 2456.50 2510.00 2497.30 2337.11
0 - 214483 2215.00 2210.00 2011.07
- 311.67 295.00 287.30 326.04
6-311(2+,2+)G**
- 2446.00 2498.61 2484.44 2329.95
0 - 2195.00 2263.44 2252.94 2072.36
- 251.00 235.17 23150 257.59

tionals resulted in the smallest dierence in when compared to experi-
mental results. The values are overestimated only by 3cm ! for B3LYP,
11:4cm ! for CAM-B3LYP, 18:6cm ! for PBEO, and 4856 cm * for BLYP. Us-
ing the 6-31++G** basis set the predicted values are overestimated by 76 crh
97.8cm?!, 1055cm !, and 6676cm * for B3LYP, CAM-B3LYP, PBEO and
BLYP, respectively. However this is still considered to be acceptable value for
the prediction of vibrational frequencies. A similar level of accuracy was ob-
served in literature, where overestimation of 102 cm in the N, ground state
was reported using the MP2 method?° The largest discrepancy with the ex-
perimental results is obtained with the 6-311(2+,2+)G** basis set for all tested

functionals.



94 Chapter 4. Vibrationally Resolved Spectra for Nand N,@ Gy

4.4 Vibrationally Resolved XAS of N 2

Figure 4.1 illustrates the simulated vibrationally-resolved XAS of B com-
puted using TDDFT with four di erent functionals and three di erent basis
sets and compared to experimental data. In the experimental spectrum ve
distinct vibronic features can be observed, separated by the same distance
which is equivalent to the vibrational frequency. The separation between the

experimental peaks is equal to:Q7 eV.

Figure 4.1: Vibrationally resolved N 1s XAS of N, simulated using TDDFT with
B3LYP (a), CAM-B3LYP (b), PBEO (c), and BLYP (d) and di erent basis sets.

The intensity of the peaks represents the overlap between the initial and
nal vibrational wavefunctions and is observed to vary depending on the tran-
sition. The higher the overlap between the wavefunctions the higher the in-
tensity of the peak can be observed. The obtained theoretical results with
various functionals and basis sets demonstrate generally good agreement with

experimental observations. The intensity of the two rst peaks is overesti-
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mated but the intensity of the rest of the peaks agrees with the experiment.
The main di erence between di erent functionals and basis sets can be ob-
served in the peak separations. The calculations using B3LYP functional and
the 6-31++G** basis set accurately predict the peak separations (B7 eV).
While 6-31G* with all studied functionals predicted relatively small peak sep-
arations (between @2 eV for BLYP and 025 eV for PBEO and CAM-B3LYP),
while the 6-311(2+,2+)G** calculations slightly overestimated the separation
when compared to the experimental results. The results show that the basis
sets in uence the calculations of vibrational frequency more profoundly than
functionals. All of the basis sets apart form 6-311(2+,2+)G** predicted four

peaks. The four peaks correspond to four vibronic transitions (Table 4.4).

They all represent transition from ground state (0(0)) to rst excited state
(1(0)), then consecutively to one vibrational quanta in the zeroth vibronic
mode of the rst excited state 1(1v0), followed by transition to two quanta in
the zeroth vibronic mode of the rst excited state (1(2v0)), and to three quanta
in the zeroth vibronic mode of the rst excited state (1(3v0)) for the rst,
second, third and fourth peak respectively. The energies of the corresponding
peaks vary slightly between di erent functionals. BLYP predicts the lowest
energies (around 383 eV) while the others functionals show similar behaviour

and calculated the vibrational energies are around 389 eV.

4.5 Characterisation of N >@Csp

Calculations of the vibrationally resolved XAS indicated that using B3LYP
with 6-31++G** yields the most accurate results in terms of the peak sep-
aration, which corresponds to the vibrational frequency. The results for the
bond length and frequency using B3LYP with 6-31++G** were also in an

acceptable range for the agreement with the experimental data. Therefore,
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Table 4.4: Calculated energies E=eV) for the vibrational transitions for N , using
various functionals and basis sets. Column =eV gives peak separations.

Functional Basis set Transitions E=eV =V
B3LYP 6-31G 0(0)! 1(0) 389.03 0.24
0(0)! 1(1v0) 389.27 0.24
0(0)! 1(2v0) 389.51 0.24
0(0)! 1(3v0) 389.75 0.24
0(0)! 1(4v0) 389.99 0.24

6-31++G* 00) ! 1(0) 389.14 0.27
0(0)! 1(1v0) 389.41 0.27
0(0)! 1(2v0) 389.67 0.27
0(0)! 1(3v0) 389.94

6-311(2+,2+)G* 0(0) ! 1(0) 388.31 0.27
0(0)! 1(1v0) 388.58 0.27
0(0)! 1(2v0) 388.85
CAM-B3LYP 6-31G 00)! 1(0) 389.03 0.25
0(0)! 1(1v0) 389.28 0.25
0(0)! 1(2v0) 389.53 0.25
0(0)! 1(3v0) 389.78

6-31++G** 00) ! 1(0) 389.15 0.27
0(0)! 1(1v0) 389.42 0.28
0(0)! 1(2v0) 389.70 0.30
0(0)! 1(3v0) 390.00

6-311(2+,2+)G* 0(0) ! 1(0) 388.31 0.28
0(0)! 1(1v0) 388.59 0.28
0(0)! 1(2v0) 388.87
PBEO 6-31G 0(0)! 1(0) 390.11 0.25
0(0)! 1(1v0) 390.36 0.25
0(0)! 1(2v0) 390.61 0.25
0(0)! 1(3v0) 391.86

6-31++G** 00) ! 1(0) 390.21 0.27
0(0)! 1(1v0) 390.48 0.28
0(0)! 1(2v0) 390.76 0.27
0(0)! 1(3v0) 391.03

6-311(2+,2+)G* 0(0) ! 1(0) 389.70 0.28
0(0)! 1(1v0) 389.98 0.28
0(0)! 1(2v0) 390.26
BLYP 6-31G 00)! 1(0) 383.01 0.22
0(0)! 1(1v0) 383.23 0.22
0(0)! 1(2v0) 383.45 0.22
0(0)! 1(3v0) 383.67

6-31++G** 00) ! 1(0) 383.10 0.24
0(0)! 1(1v0) 383.35 0.24
0(0)! 1(2v0) 383.59 0.24
0(0)! 1(3v0) 383.85

6-311(2+,2+)G* 0(0) ! 1(0) 382.26 0.25
0(0)! 1(1v0) 38251 0.26
0(0)! 1(2v0) 382.77
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Figure 4.2: Optimised ground state structure of N@Gp using the B3LYP/6-
31++G** |level of theory.

B3LYP/6-31++G** level of theory was chosen to carry out the rest of the
studies. Figure 4.2 shows the optimised G, structure using B3LYP/6-
31++G** level of theory. In the most stable geometry of N@ Gy, the nitro-
gen molecule occupies the centre position of the cage (Figure 4.2). In Figure
4.3 the schematic MO diagram for the excitation of an electron fromsito

is shown and the corresponding orbitals involved in the transition for Nand
N,@Gyo. While for the nitrogen the electron is excited to the located on
N>, in the case of N@Gyo the core electron is excited from to located

predominantly on the N, but also in small amount on the cage.

Table 4.5: Transition energies, assignments and oscillator strengthf() for the N,
and No@Gso calculated at the B3LYP/6-311++G** for N and 6-31G for C level of
theory.

E=eV Nature of transition f

N, 388.3624 N N 0.1063
Ny 388.3624 N N 0.1063
N, @Go 389.0745 N N 0.0440

N, @Go 389.0756 N N 0.0440
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Figure 4.3: MO diagram and 3D visualization of the ground-state and excited-state
MOs involved in the transition corresponding to the rst excited state for N, and
N2 @ Go.

After X-ray absorption, the core electron in N is excited from initial
1s state to nal . Table 4.5 shows the transition energies with oscillator
strengths higher than 0.1 along with a characterization of the nature of the
transition for N,@Go and compared to N in gas phase. The rst and second
energy states §; and S,) correspond to N! N transitions and have high
oscillator strengths (1.09). Looking at MO diagram and the three-dimensional
visualization of the ground-state and excited-state molecular orbitals (Figure
4.6) it can be seen that those transitions correspond to . In fact, there
are two  degenerate orbitals within the molecule. The two excited states are
formed through the transition to those orbitals. The transition energies for
N, is the same for both excited states, while for M2 G, there is very slight
di erence in the energy observed, indicating that the degeneracy of the the

orbitals is lifted in the presence of the cage. This could be because of the
interaction between the N and Cgp, as shown in Figure 4.3, the orbitals

are slightly spread over the cage.

Table 4.6 shows the in uence of a g cage on the bong length, frequency,
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Table 4.6: The bond length R) in A, frequency () incm 1, and force constant )
in atomic units of No@Gsp and N> in the ground and excited states predicted using
the DFT/B3LYP/6-31++G** |evel of theory.

N2@ Go N>
Ground Excited Ground Excited
R 1.10 1.14 0.04 1.10 1.14 0.04
2469.59 2325.15 144.44 2456.49 2139.95 316.54
k 50.31 44.60 5.70 49.78 37.78 12.00

and force constant of N in the ground and excited states. All calculated using
the B3LYP/6-31++G** level of theory. As can be seen, the bond length is
very slightly in uenced by the cage in both ground and excited state. In the
ground state the bond length for N in Cgo is predicted to be 1103A and
in the ground state 1143A, which is only shorter by 0.002A from N, bond
length in the gas phase. The dierence in the bond length after excitation
is the same for both, N and N,@G,. Table 4.6 includes also frequencies for
the optimised ground and excited state of N@Gyo. In N,@G, there are 180
normal modes, and only one mode corresponds to the stretching mode of N
the rest of the modes are related to the cage. Table 4.6 shows the frequency
of this exact mode, and as it can be seen, the frequency of @G in both,
ground and excited state is predicted to be slightly higher than for the Nin
gas phase. It is increased by 13 crhfor ground state and by 185 cm!? for the
excited state. The di erence in the frequency ( ) is reduced by almost twice
when N, is present in the Go cage. This could indicate that in the presence

of the cage less energy is required for the vibronic transition of;,N

Table 4.6 also includes the calculated force constant for,® Gy and its
comparison to N in gas phase. In the harmonic approximation of an inter-
atomic potential, the force constant is a measure of the force of attraction
between the atoms. Since the attractive interatomic force in the electronically

excited state of N is weaker than in the ground state, the force constant is
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also reduced, for both the molecule in gas phase and in the cage. However,
as seen in the Table 4.6 the force constant di erence k) between N in gas
phase and in the cage diers, it is reduced by twice when Ns in the cage,
from 12 to 5.7. Indicating that the interaction of two nitrogen atoms when

encapsulated in the cage is weakened when compared to the gas phase.

4.6 Vibrationally Resolved XAS of N >@Cso

To describe the vibrational motions within molecules, normal modes are used.
Each normal mode is an independent motion of atoms in a molecule which
does not a ect the movement of the other modes and is orhtogonal to other
modes. The number of normal modes within molecule will depend on the
number of atoms and for N@ Gy there are 180 normal modes (following the
formula for vibrational degrees of freedom which is equal tavVB 6, where

M represents number of nuclei in the molecule). All 180 normal modes are
expected to contribute to the spectra of N@Go. Figure 4.4 shows spectra for
N,@Go with di erent peak widths: 0:0025eV, 0025eV, and @G08eV. As can
be seen with low width it is possible to see all the peaks involved in the spectra
which correspond to the N stretching mode, and also other normal modes of
the carbon atoms. Increasing the peak width t0:025 eV results in three main
peaks with shoulders. Further increase in the peak width gives three smooth
peaks which, based on their positions, can be identi ed with those obtained in

the experimental XAS of free N (Figure 4.1).

Table 4.7 shows the corresponding transitions assigned to the peak ener-
gies (shifted by 1142eV). It can be noticed that there are four transitions
assigned from ground state to one, two, and three quanta in 17%ibrational
mode of the rst excited state (0(0)! 1(1v179); 0(0)! 1(2v179), and 0(0)!
1(3v179)). The v179 mode corresponds to the,Ntretching mode. The di er-
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Figure 4.4: Vibrationally resolved N 1s XAS of No@Go simulated using TDDFT
with the B3LYP functional and di erent basis sets and plotted with (a) 0:0025 eV,
(b) 0:025¢eV, and (c) 0:08 eV peak width.

ence in the shift between the peaks is equal tod® eV, which is higher than for
N, in gas phase (@27 eV). However, around those values, there are other tran-
sitions which involve the normal mode corresponding to Nand other normal
modes corresponding to the carbon atoms within the cage. For instance, at
40082 eV the assigned transition corresponds to 0(0) 1(1v4,1v179), which
means transition from ground state to one quanta of the fourth vibrational
normal mode and to the rst quanta of 179' normal mode of the rst excited
state. The 179" vibrational normal mode corresponds to Mwhile the fourth
vibrational normal mode belongs to some of the carbon atoms within the cage.

This indicates that the carbon cage also contributes to the spectra of, I Gy.

Figure 4.5 shows the absorption spectra for Nand N,@ G, generated by
convoluting the calculated excitation energies with Lorentzian functions. As
can be seen, the energy for MG, increases by M3 eV for the 0! 1(1v0)
transition and further by 0:03 eV for the 0! 1(2v0) transition. There is also
di erence in the shift between the peaks when compare with Nin the phase
gas and in the cage. One of the explanations for that could be the di erence
between the force constant for the W stretching mode calculated previously
(Table 4.6). A smaller force constant for N will result in smaller value of
in Morse functional approximation (Eq. 1.1) and a broader potential well. N

will have smaller potential well. This could explain the results showing that
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Table 4.7: Vibrational transitions in N ,@Gsp and corresponding energies calculated
using the parallel normal modes approximation.

Energy/eV Transition Energy/eV Transition

400.5000 00y 1(0) 400.6678 0(0y 1(1v10,2v26)
400.5447 00y 1(1vi0) 400.6736 0(0y 1(2v3,1v10,1v26)
400.5492 00y 1(2v2) 400.6846 0(0) 1(3v26)

400.5674 00y 1(2v4) 400.7883 00y 1(1v179)
400.5886 00y 1(2v8) 400.8105 00y 1(2v0,1v179)
400.5887 0(0y 1(2v9) 400.8220 0(0y 1(1v4,1v179)
400.5893 0(0y 1(2v10) 400.8228 00y 1(1v7,1v179)
400.5983 00y 1(4v2) 400.8329 0(0y 1(1v10,1v179)
400.6062  0(0) 1(1v10,1v26) 400.8374  0(0) 1(2v2,1v179)
400.6120 0(0y 1(2v3,1v10) 400.8498 0(0) 1(1v26,1v179)
400.6121 0(0y 1(2v4,1v10) 400.8552 0(0y 1(2v0,1v10,1v179)
400.6165 00y 1(2v2,2v3) 400.8556 00y 1(2v3,1v179)
400.6231  0(0) 1(2v26) 400.8557  0(0) 1(2v4,1v179)
400.6285 0(0y 1(2v0,1v10,1v26) 400.8666 0(0y 1(1v4,1v10,1v179)
400.6289 0(0y 1(2v3,1v26) 400.8721 0(0y 1(2v0,1v26,1v179)
400.6289 0(0y 1(2v4,1v26) 400.8776 0(0y 1(2v10,1v179)
400.6340  0(0) 1(3v10) 400.8821  0(0) 1(2v2,1v10,1v179)
400.6347 0(0y 1(4v3) 400.8835 0(0y 1(1v4,1v26,1v179)
400.6385 0(0y 1(2v2,2v10) 400.8859 0(0y 1(1v84,1v179)
400.6399 0(0y 1(1v4,1v10,1v26) 400.8945 0(0y 1(1v10,1v26,1v179)
400.6423  0(0) 1(1v10,1v84) 400.8990  0(0) 1(2v2,1v26,1v179)
400.6509 0(0y 1(2v10,1v26) 400.9003 0(0y 1(2v3,1v10,1v179)
400.6554 0(0y 1(2v2,1v10,1v26) 400.9114 0(0) 1(2v26,1v179)
400.6567  0(0) 1(2v3,2v10) 400.9172  0(0) 1(2v3,1v26,1v179)

400.6591  0(0Y 1(1v26,1v84) 400.9223  0(0) 1(3v10,1v179)
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Figure 4.5: Vibrationally resolved N 1s XAS of N, and N,@Go simulated using
TDDFT with the B3LYP functional and 6-31++G** basis set.

the spacing between the level increases in case of@®Go (from 0:27 eV to

0:29eV).

Figures 4.6 shows the calculated absorption spectra of® G, compared
to the experimental one. It shows di erences when compared to experimental
data, especially in the shift between the second and third, and third and fourth
peaks, which can indicate the role of anharmonicity. To predict accurately the

spectra, anharmonic corrections might be required.

4.7 Conclusion

The vibrationally resolved X-ray emission spectra of the Nmolecule in gas
phase was simulated using DFT-based approaches. Comparison with exper-
imental results showed that TDDFT with the B3LYP hybrid functional and

6-31++G** basis set provides the most accurate description of the measured
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Figure 4.6: Vibrationally resolved N 1s XAS of No@Go simulated using TDDFT
with the B3LYP functional and 6-31++G** basis set, compared to experimental
results.

spectra among the studied methods. This approach was applied to study
N,@Gyo in order to probe the sensitivity of the spectra to the presence of
the Cgo cage. The results of the calculations highlighted that the spectra for
N,@Go are dominated by the bands arising from transitions from orbitals
that are localised on the N molecule to the orbitals that are localised
predominantly on N, but also in small percentage on the § cage. This in-
teraction between N and Cyg results in the shift for peaks at higher energies
for the 0(0) ! 1(2v0) and 0(0)! 1(3vO0) vibronic transitions. The calcu-
lated spectra for N@Gy di er slightly from the experimental observations.
This discrepancy is thought to be due to the harmonic approximation used
in the present calculations. Including anharmonicity in the calculation could
potentially improve the accuracy of the results. The result also show that the
presence of g cage does not in uence the bond length of encapsulated, N

However, the di erence in the frequency between ground and excited state of
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N, is reduced by almost twice when Bis encapsulated in the G, cage. This
could indicate that in the presence of the cage less energy is required for the
vibronic transition of N,. The force constant di erence between ground and
excited state of N, for N, encapsulated in the cage, is also reduces. Indicat-
ing that the interaction between two nitrogen atoms when encapsulated in the

cage is weaker when compared to the gas phase.






Chapter 5

TD-DFT study of the X-ray
emission spectroscopy of amino

acids and proteins

5.1 Introduction

Amino acids are the fundamental building blocks of nature and combine to-
gether to form proteins, and this biological signi cance has led to an interest
in understanding their geometrical and electronic structure. Chiroptical spec-
troscopic methods are commonly used to probe the structure of oligopeptides
and proteins??! These methods are based on di erential absorption of chiral
molecules with left- and right-circularly polarized light. Despite o ering much
lower resolution than solid-state X-ray di raction, the fast timescales accessible
to these techniques allows processes such as folding and unfolding processes to
be studied??2223 For instance, by combining natural circular dichroism (CD)
spectroscopy with nuclear magnetic resonance (NMR), Buek al.,??> has ob-
served a transition to a new and partially structured state of a protein lysosome

after addition of 2,2,2 { tri uoroethanol at pH 2.0 at 27°C to the protein solu-
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tion.While Nielsen et al.,??® have investigated, among other factors, the e ect
of pH on insulin bril formation and found out, by obtaining near-Uv CD
spectra of insulin, some loss of tertiary structure under conditions of low pH.
Natural circular dichroism (CD) spectroscopy in the ultraviolet region is widely
used in this regard since the di erent elements of secondary structure, helix,

-sheet and turn, have characteristic spectral pro le$?!

In recent years, spectroscopic technigues using X-rays have emerged as a
powerful analytical tool driven by the increasing availability of synchrotron
sources and free-electron lasers. This raises the question of whether spec-
troscopic measurements in the X-ray region are able to distinguish between
di erent elements of secondary structure. There have been a number of stud-
ies on the X-ray absorption spectroscopy, or more speci cally the near edge
X-ray absorption ne structure (NEXAFS), of amino acids and small polypep-
tides 218224227 including molecules such as glycim&® glycyl-glycine??® me-
thionine,?'8 and proline?'® Although the ngerprinting character of individual
units of 20 amino acids commonly occurring in nature have been determined,
it has been found that, in general, these spectra are not su ciently di erent
for chemical identi cation.??* This work has been extended to consider protein
secondary structure models, where it was concluded that there are relatively
small di erences in the computed NEXAFS spectra at the carbon and oxy-
gen K-edges, with the greatest di erence predicted to occur at the nitrogen
K-edge??® In addition, based on TDDFT calculation in conjunction with a
short-range corrected exchange{correlation functional designed for core exci-
tations, the NEXAFS of glycine, alanine and glycyl-glycine have been obtained
and found to be in good agreement with experimert® Other computational
studies have considered X-ray natural circular dichroism (XNCD) of amino
acids??%?3 including using the static-exchange (STEX) approximatiof?® and
the complex polarization propagation method in conjunction with density func-

tional theory (DFT). 239232 Using that approach, the XNCD spectra of carbon,



5.2. Computational Methods 109

nitrogen, and oxygen in the neutral and zwitterionic forms of L-alanine have
been obtainec®*° It has been shown that XNCD has a greater sensitivity to
the type of amino acid compared with X-ray absorption spectroscopy, and the

potential to be a better technique to ngerprint these compounds.

The focus of this chapter is X-ray emission spectroscopy (XES), and the
XES of glycine on the Cu(110) surface has been studiédViore recent work has
probed the XES and resonant inelastic X-ray scattering (RIXS) of amino acids
in aqueous solutiod*4?%¢ and the solid state*”:2% In particular, Weinhardt
and co-workers have presented a detailed characterisation of the XES and
RIXS of amino acids. This includes a library of spectra for all proteinogenic
amino acids?® the development of a building block modé#® and the study of

peptides?*®

In parallel with the advances in experimental measurements, there have
also been developments in the calculation of X-ray emission spectra using quan-
tum chemical methods, such as Kohn-Sham density functional theory (DFT)
and time-dependent density functional theory (TDDFT)22° These calcula-
tions can play an important role in enabling the understanding and interpre-
tation of experimental data. In this work, the accuracy of DFT-based methods
for the simulation of X-ray emission spectra of amino acids, in particular assess-
ing the relative accuracy of simulated spectra based upon DFT and TDDFT
calculations are examined. Subsequently TDDFT is applied to study the XES
of polypeptides and fragments of protein secondary structure to investigate

the dependence of the spectra on the structure of the peptide bond.

5.2 Computational Methods

Non-resonant XES measures the emission following ionisation of a core elec-

tron, XES can also be performed under resonant conditions where the emission
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from a core-excited state, rather than core-ionised state, is measured. Within
the framework of DFT, the transition energies and the associated intensities
can be determined directly from the Kohn-Sham DFT calculation by approx-

imating the transition energy as the energy di erence between the orbital en-

ergies of the neutral ground state molecule

E=\ (5.1)

with the oscillator strength given by

frih 7 vij? (5.2)

where . is a core orbital and , is a valence orbital. This approach takes
no account of the orbital relaxation for the core-ionised state, but despite
of this approximation, it has been applied successfully in a variety of applica-
tions, including the probing the chemical bonding of molecules on surfacég°
valence-to-core XES of transition metal complex&8-242 and the study of car-
bon nanostructures?*®> A semi-classical Kramers-Heisenberg (SCKH) approx-
imation that captures vibrational interference e ects has been developét
and applied to study liquids?4>246 and damped coupled-cluster response the-
ory methods have also been developétl. XES can also be determined using
TDDFT through the use of a reference determinant with a core-hok® and
this approach has been used to study the valence-to-core XES of transition
metal complexe&**?52 and water 33252 The advantage of this approach is that
the core-hole relaxation is incorporated explicitly. This strategy of using a
core-hole reference determinant is not limited to TDDFT calculations and has
also been exploited within ADC>* and EOM-CCSD formalisms?>® An impor-
tant consideration in these calculations is that the basis set is able to describe
the core-ionised state®® Recently is has been proposed that the basis set be

augmented through the addition of the core and valence (not polarisation) ba-
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sis functions for the element with one higher nuclear charg®. This is only
necessary for the element being ionised, and the resulting basis sets are termed

(Z+1) basis sets.

For both neutral and zwitterionic forms of glycine, X-ray emission spectra
were computed for the nitrogen and oxygen K-edges using DFT (i.e. via equa-
tions 5.1 and 5.2) and TDDFT. The structure of glycine was optimised at the
B3LYP/6-31G* level, and for the DFT spectra the long-range corrected CAM-
B3LYP>2 and short-range corrected SRC1R31 exchange-correlation function-
als were used with 6-311G* basis set. TDDFT spectra were computed using
the B3LYP?°® and CAM-B3LYP functionals and the (Z+1)6-311G* basis set,
where the additional basis functions were included only for the element being
ionised. In these calculations the maximum overlap meth6Ywas used to
maintain the core-hole during the DFT calculation. For comparison, spectra
were also determined using the EOM-CCSD method with the (Z+1)6-311G*
basis set. Further TDDFT/CAM-B3LYP calculations for alanine, cysteine and
proline were performed using a similar approach. All of the calculations on
the zwitterionic forms of the amino acids used the polarised continuum model
(PCM) 2%° with a dielectric constant of 78.39. Spectra have also been computed
that include averaging over structures generated from an ab initio molecular
dynamics (AIMD) simulation of the core-ionised state. These calculations
sample 50 structures extracted at uniform time intervals from a 5 fs (which
re ects the typical lifetime of the core-ionised stated®® AIMD simulation using
the CAM-B3LYP functional and (Z+1)6-311G* basis set for the appropriate
core-ionised state. Spectra have been generated by convoluting the calculated
transition energies and intensities with Gaussian functions with full-width at
half maximum (FWHM) of 0.25 eV, which accounts for many factors such as
shake-up and Auger processes that are not described by the calculations. This
FWHM is chosen to provide a visual representation of the computed spectra

and has not been optimised to t the experimental data.
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5.3 XES of Amino Acids

Despite its small size, the molecular structure of glycine shows a complex
behaviour. In the gas-phase the carboxylic acid (COOH) and amino (NMH
groups are uncharged, which we refer to as the neutral form, while in the solid
state glycine exists as the zwitterionic form (COO and NH;3 ). In solution the
charge state of the carboxylic acid and amino groups depends on the pH of
the solution. Figures 5.1 and 5.2 show the computed X-ray emission spectra
for the zwitterionic and neutral forms of glycine determined with a range of

computational approaches.

The formally the most accurate method used is EOM-CCSD/(Z+1)6-
311G* and the corresponding spectra are used as a benchmark to assess the
DFT-based calculations. The transition energies calculated using DFT and
TDDFT show a wide variation, from being systematically too high to system-
atically too low. This is expected, and has been discussed previously in the
literature.?42248 As a consequence, in Figures 5.1 and 5.2 the spectra have been
shifted in energy to align with the EOM-CCSD spectra and we focus on the
ability of the DFT-based methods to describe the spectral pro le correctly,
with the understanding that a constant energy shift can be applied to align

the spectra with experiment.

For both the nitrogen and oxygen K-edge, the spectra computed directly
from the DFT calculation using the CAM-B3LYP and SRCr1 functionals show
the greatest deviation from the EOM-CCSD spectra, and overall provide a poor
description for both neutral and zwitterionic forms. The spectra predicted by
the two functionals, which are very di erent in nature, are similar to each other
suggesting that the source of the observed discrepancy is the approach for
determining the transition energies and intensities rather than the functionals
themselves. In particular, for the zwitterionic form the calculated intensity is

low for the higher energy bands in the nitrogen K-edge spectra, which is not
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Figure 5.1: Calculated non-resonant X-ray emission spectra the zwitteri-
onic form of glycine at the nitrogen K-edge (left) and oxygen K-edge (right).
(a) EOM-CCSD/(Z+1)6-311G* (b) TDDFT-CAM-B3LYP/(Z+1)6-311G* (c)
TDDFT-B3LYP/(Z+1)6-311G* (d) DFT-CAM-B3LYP/6-311G* (e) DFT-CAM-
SRC1R1/6-311G*.
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Figure 5.2: Calculated non-resonant X-ray emission spectra the neutral
form of glycine at the nitrogen K-edge (left) and oxygen K-edge (right).
(a) EOM-CCSD/(Z+1)6-311G* (b) TDDFT-CAM-B3LYP/(Z+1)6-311G* (c)
TDDFT-B3LYP/(Z+1)6-311G* (d) DFT-CAM-B3LYP/6-311G* (e) DFT-CAM-
SRC1R1/6-311G*.
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consistent with experiment (see later). This has also been observed in previous
calculations?®® although this was improved through the consideration of e ects

of molecular dynamics along the core-ionised trajectory.

The nitrogen and oxygen K-edge spectra computed using TDDFT show a
closer agreement with the EOM-CCSD spectra. This is perhaps not surprising
since there is a much greater similarity in the approaches to determining the
spectra. A closer examination of the spectra for the two functionals shows that
there is little variation between the calculated spectra at the oxygen K-edge,
while there are signi cant di erences for the nitrogen K-edge where CAM-

B3LYP provides a signi cantly better description of the EOM-CCSD spectra.

This is consistent with recent work that found CAM-B3LYP to give accu-
rate spectra for a range of organic molecules in a comparison with experimental
data.?! In particular, for the nitrogen K-edge of the zwitterionic form CAM-
B3LYP and EOM-CCSD methods predict high intensity for the higher energy
bands, in contrast to the B3LYP spectrum. The agreement between CAM-
B3LYP and EOM-CCSD for the neutral form is slightly poorer than for the
zwitterionic form, however, the discrepancy is primarily associated with the

predicted intensities rather than the relative energy of the bands.

It is also important to compare the computed spectra with experimental
data. Experimental measurements have been reported for the 20 most com-
mon proteingenic amino acids in their solid zwitterionic form$® and as a
consequence we focus on the zwitterionic forms of the amino acids. The calcu-
lations on glycine suggest that the TDDFT/CAM-B3LYP approach provides
a good description of the EOM-CCSD spectra. This is signi cant since the
lower computational cost of TDDFT means that this approach can be readily

applied to study larger systems.

Figure 5.3 shows computed TDDFT/CAM-B3LYP spectra for glycine, ala-

nine, cysteine and proline. The resulting spectra show that at the oxygen K-
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Figure 5.3: Calculated TDDFT/CAM-B3LYP non-resonant X-ray emission spec-
tra of the zwitterionic forms of (a) proline, (b) cysteine, (c) alanine and (d) glycine
at the nitrogen K-edge (left) and oxygen K-edge (right).

edge there is little variation between the spectra for the di erent amino acids.
This is consistent with the experimental observations and re ects the nature
of the COO group which is relatively una ected by the changes in the amino
acid structure. For the nitrogen K-edge there are only small variations in the
spectra for glycine, alanine and cysteine, but there is a signi cant change for
proline which results from the changing nature of the bonding to nitrogen in
proline, where the amino group is part of the heterocycle, in contrast to the

other amino acids.

Figure 5.4 shows a direct comparison for glycine and proline of the com-
puted TDDFT/CAM-B3LYP spectra with experimental spectra, which have
been taken from reference 2378 In this comparison experimental spectra for

the solid state are compared with spectra computed for single molecules with
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the PCM describing the extended environment, so some variations may be ex-
pected, however, these di erences are expected to be snf&llAn energy shift
has been applied to the computed spectra to align the most intense bands
with experiment, which results in a shift of 4:8eV for nitrogen K-edge and

7:4 eV for the oxygen K-edge spectra.

Initially the spectra computed based upon the single ground state molecu-
lar structure was considered. The oxygen K-edge spectra are in good agreement
with the experimental data for both glycine and proline. The largest discrep-
ancy is for the peak labelled 3, which is too low in energy and only appears as
a small shoulder in the experimental data. The molecular orbitals associated
with the observed bands are shown in Figures 5.5, 5.6, 5.7, and 5.8. The intense
band that dominates the experimental spectra comprises two components from
orbitals with oxygen lone pair or character at the carboxylic group, but cru-
cially these orbitals have atomic p-orbital character around the oxygen atoms

consistent with the large intensity for the transition to the oxygen 1s orbital.

The nitrogen K-edge spectra are more complex with a large number of
transitions contributing to the broad band observed in experiment. However,
in general the calculations predict bands that align with the distinct features
observed in experiment. The peak labelled 1 corresponds to orbitals that
are predominantly localised on the carboxylic acid group, and there is some
evidence of a weak feature in the experimental spectra at this energy. For
glycine, bands 2 and 5 are the most intense and arise fromand -type
orbitals localised on the amino group. Also shown are spectra that incorporate
the nuclear motions that occur on the femtosecond timescale in the core-ionised
state. This leads to a relatively small change for the oxygen K-edge spectra,
but larger changes are observed for the nitrogen K-edge leading to an improved

agreement with the experimental data.
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Figure 5.4: Experimental and calculated TDDFT/CAM-B3LYP non-resonant X-
ray emission spectra for the zwitterionic forms of (a) nitrogen K-edge glycine, (b)
oxygen K-edge glycine, (c) nitrogen K-edge proline and (d) oxygen K-edge proline.
Upper spectra: experiment adapted from referencé3® middle spectra: calculated
spectra including molecular dynamics and lower spectra: static (single structure)
calculated spectra. An energy shift of 4:8eV for nitrogen and 7:4eV for oxygen
have been applied to the calculated spectra to align them with experiment.
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Figure 5.5: Molecular orbitals associated with the observed bands in the nitrogen
K-edge X-ray emission spectrum of the zwitterionic form of glycine calculated using
TDDFT/CAM-B3LYP level of theory. Orbitals plotted with an iso-surface value of
0.08 using IQMol.

Figure 5.6: Molecular orbitals associated with the observed bands in the oxygen
K-edge X-ray emission spectrum of the zwitterionic form of glycine calculated using
TDDFT/CAM-B3LYP level of theory. Orbitals plotted with an iso-surface value of

0.08 using IQMol.
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Figure 5.7: Molecular orbitals associated with the observed bands in the nitrogen
K-edge X-ray emission spectrum of the zwitterionic form of proline calculated using
TDDFT/CAM-B3LYP level of theory. Orbitals plotted with an iso-surface value of

0.08 using IQMol.

Figure 5.8: Molecular orbitals associated with the observed bands in the oxygen
K-edge X-ray emission spectrum of the zwitterionic form of prolinevcalculated using
TDDFT/CAM-B3LYP level of theory.Orbitals plotted with an iso-surface value of
0.08 using 1QMol.
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54 XES of Di-Amino Acids

Diglycine represents a simple system that contains the peptide bond. Figure
5.9 shows the computed nitrogen and oxygen K-edge TDDFT with CAM-
B3LYP spectra for the zwitterionic form of diglycine along with the experi-
mental data from reference 238 To align the calculated spectra with ex-
periment energy shifts of 6:6eV and 7:3eV have been applied for nitrogen
and oxygen, respectively. The agreement between the computed spectra and
experiment is very good. Figure 5.9 also shows the contribution to the spectra
from the di erent nitrogen and oxygen atoms. For this purpose the two oxygen

atoms of the COO group are treated together.

The most intense peak at the nitrogen K-edge is associated with the ni-
trogen atom of the peptide bond. This band arises from a orbital on the
peptide group that has a node between the carbon and the nitrogen, these
orbitals are shown in Figure 5.10. The peptide nitrogen also contributes a
peak at higher energy from orbitals that have character around the nitrogen
atom. Two peaks (2 and 4) from the amino nitrogen are also evident in the
spectrum. The orbitals associated with these peaks are similar in character to
the orbitals that lead to the two most intense peaks in the spectrum for the
zwitterionic form of glycine. For the oxygen K-edge spectra, the calculations
show that both carbonyl and carboxylic acid group oxygens contribute to the
dominant intense feature observed in the spectrum and the transitions arise

from oxygen lone pair and orbitals (Figure 5.11).
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