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Chapter 1

Is There Plenty of Room at the
Bottom?

1.1 Introduction

Nanoscience and nanotechnology have become increasingly important scienti c areas in
recent decades [1,12]. They comprehend the general concept of this doctoral thesis: the-
oretical design of nanoscale materials and their application in biosensorics. Perhaps the
most signi cant sentence in this context is There is Plenty of Room at the Bottom by
the physicist Richard Feynman. He emphasized the importance of science on a very small
scale and its future progress [3]. The scale between 1 and 100 nm is an interesting range
where a plethora of physical properties can be observed. The unique structural and op-
tical properties of newly emerging nanostructured materials o er a springboard for the
development of biosensors.

Optical molecular imaging uses the ability of light to penetrate biological tissue and
uids for the purpose of imaging samples in the medical diagnostics. Presently, medical
diagnostics relies on standard biosensor techniques (in vitro and in vivo bioimaging
and biolabeling) based on commercially available organic dyes and quantum dots. Dyes
and dots are integral part of the uorescence spectroscopy, the most common method used
for bioanalytical purposes, which is a very sensitive and fast method. Traditional cancer
screening methods are not su ciently accurate for early diagnosis which is crucial for early
initiation of targeted therapy during the pre-invasive stage. Delayed diagnosis of tumor
biomarkers is one of the main causes of death in cancer patients. Standard uorescent

markers do not possess su cient sensitivity and speci city. An e cient way to bypass
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these drawbacks is to search for new molecules that can serve as improved uorescent
markers. Improved sensitivity can be further achieved within multiphoton uorescence
microscopy for the purpose of advancing early medical diagnostics using noble metal bio-
nano systems, bio-nano hybrids and liganded nanoclusters.

Atomically precise metal quantum clusters -
nanoclusters (NCs) have attracted great interest Geometric Electronic

structures structures

in biosensorics applications due to their attractive A Atomic

orbitals

properties such as ultra-small size, low toxicity, pho- —o.1nm
NCs
tostability, intense photoluminescence, and excel-

Molecular
orbitals

lent biocompatibility. They belong to the class of l

nanoparticles (NPs) composed of a small number —2nm
NPs

of atoms exhibiting molecular-like properties with

Metal ener
band i

discrete electronic states and size-dependent uo-

i

rescence. Precisely due to discrete electronic energy

levels NCs exhibit luminescence. NCs are built from
Figure 1.1: Geometry (left) and elec-
a small number of atoms which puts them in the sizetronic structure (right) of single atom,

nanoclusters (NCs) and nanopatrticles
(NPs)

ber of atoms falling into the size regime above 2 nm

regime up to 2 nm, while NPs contain a large num-

where molecular orbitals become metal energy band. Increasing the number of noble
metal atoms, NCs become NPs (Compare sizes and electronic structures at Fiduré 1.1).
Increasing the size, the quantum con nement weakens and the absorption peaks become
less prominent due to the scalable regime. Metal NPs display localized surface plasmons
resonances (LSPR), bosonic quasiparticle excitations of the conduction electrons excited
utilizing an electromagnetic eld. On the contrary, optical properties of nanoclusters are
higly dependent on the each atom in the structure, thus are more prominent and very
di erent from the bulk materials. That uniqueness is what makes the metal nanoclusters
very adaptable for multifaceted applications. NCs are the bridge between a single atom
and bulk materials.

Distinct class of metal NCs built from metallic atoms resistant to oxidation under

normal atmosphere carries the name "noble". These are platinum, ruthenium, rhodium,
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osmium, iridium, palladium, silver and gold. Among the noble metal NCs those of gold
and silver are the most researched due to their versatile applications. Their optical and
chemical properties are very sensitive to a small change in structure as a consequence of
the strong quantum con nement placing them in a nonscalable regime where each atom
counts. Gold and silver nanoclusters have di erent optical properties due to di erent
electronic states. The experimental and theoretical investigation on gold nanocrystal
molecules was initiated in 199[7[4]. Size dependency of the frequency-dependent dielectric
function was explained through a transition to electronic structure. On the example of
small silver clusters was demonstraded that d-electrons as well as s-d gap play a crucial
role for absorption spectra. Again, it was demonstrated that optical properties of such
clusters are size dependeni[5] 6].

Noble metal NCs are inadequate to perform alone as biosensors since they dissolve
in the biological environment failing to maintain their structural and optical proper-
ties. Their application in biosensorics is based on functionalization by various biological
molecules that not only protect them from the environment keeping them intact but also
0 er target-recognition speci city, reduced toxicity and enhancement of their emissive
properties[7]. Promising candidates for biosensors of superior detection are silver and
gold bio-nano hybrids (noble metal nanoclusters embedded in biomolecular environment)
and liganded NCs (noble metal nanoclusters protected with biomolecules) due to their
outstanding optical properties that can be adjusted through their size, composition and
structure (examples shown on Figurg 1.4). Integration of the structure of the noble metal
NC with biomolecules is crucial for the high intensity of their absorption and photo-
stable emission, which is a necessary condition for biosensors of superior detection! [8, 9].
Two-photon uorescence microscopy is becoming increasingly popular in biomedical di-
agnostics thanks to its higher resolution and deep penetration into tissues. Two-photon
absorption (TPA) properties of noble metal liganded NCs are several orders of magnitude
better than commercially available organic dyes and have the potential for application in
theranostics (combined diagnostics and therapy)[10]. This doctoral thesis is a volume of
novel theoretical research on gold and silver bio-nano systems; their principles, design,

and applications in the context of recent progress in sensing applications; bioimaging, and
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medical diagnostics.

1.2 Characterization tools for nanostructured
materials

There are no two nanopatrticles that are the same. Controlling their size to atomic preci-
sion leads us to the ultrasmall size regime; nanoclusters with unique physical and chemical
properties. Noble metal NCs have discrete electronic energy levels while plasmonic NPs
have a continuous band. Nanoclusters, simply de ned as quantum-sized nanoparticles,
show multiple optical absorption peaks in the optical spectrum as compared to single
surface plasmon resonance (SPR) for nanoparticles. These phenomena give NCs unique
uorescent and structural properties[11, 12, 13]. The rst X-ray structure of gold nanopar-
ticle was published in 200714]. It showed gold atoms not only in the core but also in the
ligand layer, as part of gold-thiol interactions. The experimental determination of X-ray
structure was guided by the theoretical DFT model of Agg(SR)24 that demonstrated a
novel form of gold core protection by gold-thiolate tetraunit§[15]. This advocated the sig-
ni cance of joint experimental and theoretical investigation for progress on structural and
optical properties of nanosized materials. Since then there have been many explorations
of noble metal liganded nanoclusters with various applications in biomedicine, biosensing
and bioimaging, optics, energy conversion, and cataly$sis[16] 17} 18,[19,20, 21].

The optical properties of noble metal bio-nano hybrids and liganded NCs are size-
and composition-dependent. Thus, to be able to understand the origin of their proper-
ties and to design novel "superior" NC, it is very important to develop a precise set of
characterization tools; e cient synthesis with high purity of such nanostructured ma-
terials, mass spectrometry for determining molecular weight, X-ray crystallography for
the size and atomic composition, NMR and optical spectroscopy. Electrospray ioniza-
tion mass spectrometry (ESI-MS) is indispensible for nanocluster characterization and is
indeed critical for determination of cluster formula. Compared to matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS), ESI-MS is a much softer ioniza-
tion technique and usually does not result in fragmentation of NPs. The appearance of

peaks with spectral broadening is due to molecule-like transitions. This suggests that
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optical spectroscopy holds great value in determining properties of NCs[11] 21].

Nonlinear optics emerged in the last decades as the new exciting tool for investigat-
ing materials due to its high speci city. Linear and nonlinear optics study the optical
phenomena that occur during the interaction of laser lights with the matter. Contrary to
the one-photon absorption (OPA) (linear optics) which depends linearly on the intensity
of light, two-photon absorption (TPA) (nonlinear) increases with the square of the light
intensity. For linear optical properties absorption coe cient is independent of the optical
intensity while for nonlinear optical properties, the absorption coe cient is a function of
intensity (linear or higher-order). It was rst analyzed theoretically through simultaneous
absorption of the two photons by the same molecule by Nobel laureate Maria Goeppert
Mayer in 1931[22] after which the two-photon cross-section unit is named (GM). The rst
experimental demonstration came 30 years later in 1961[23].

Two-photon excitation enables 3D ourescence imaging which is important applica-
tion of the near-infrared (NIR) microscopy. NIR multiphoton microscopy, speci cally
two-photon, is a state-of-the-art tool for uorescence imaging. NIR light (700-2500 nm)
penetrates biological tissue o ering advantage over the visible spectral range. The rst
two-photon excited uorescence imaging of living samples using a 100 NIR laser was
published more than three decades ago[24].

Part of the NIR region between 1000 and 1350 nm wavelength is known as the second
biological window . It provides a higher penetration depth of biological tissues. Simula-
tions and modeling studies of optical imaging of tissue or blood suggested improvement
of signal-to-noise ratios by using quantum dot uorophores that emit light at 1320 nm.
New uorescent probes are in demand to achieve spectral imaging in the second biological
window. Stepping forward into medical applications requires probes to be biocompatible
and to exceed conventional and well-established uorophores. New uorescent probes
should be able to demonstrate high cross-sections for multiphoton absorption as well as
high emission. In general, they should tin the de nition of push-pull chromophores that
consist of donor and acceptor part providing a large charge transfer along the molecule
upon multiphoton excitation|[25,[26].

Liganded noble metal NCs and bio-nano hybrids present a promising route for design-
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ing the new chromophores for nonlinear optics. Their cross-sections are several orders of
magnitude larger than commercially available dyes[27,128]. The choice of ligand molecules
that protect cluster core plays an important role in enhancing the emissive properties of
noble metal nanoclusters[29, 30]. Liganded noble metal NCs can be presented with a sim-
pli ed scheme of a multishell system consisting of three shells; metal core, metal-ligand
interface which includes staple motifs rich in noble metal-sulfur bonds, and surface lig-
and molecules (See schematic representation in Figlire|1.2). These shells are engaged in
charge transfer from the ligand to the metal core. This class of noble metal nanomaterials

is called ligand-core NLO-phore§[31].

The theoretical approach is one of the crucial char-
acterization tools since it leads the research toward un-
derstanding the connection between the structure and
optical properties of the novel noble metal nanomate-
rials. Time-dependent density functional theory (TD-

DFT) brings research closer to the origin of optical
properties on liganded noble metal NCs and bio-nano
hybrids|[32,[33, 34| 34, 35, 36, 87,138,139, 40] 41]. |\/|o||3=.;gure 1o

Schematic rep-

details on the theoretical approach and portrait of its resentation of gold nanocluster
Au15SGy3 as a multishell system:
unique contribution to this doctoral thesis will be pre- gold core, gold-ligand interface
. . . . and surface ligand molecules
sented in the next section (Section 1.3) as well as in g

Chapters 2 and 3.

1.3 Methodology
1.3.1 Introduction

Computational chemistry is combination of mathematical methods with fundamental laws
of physics to determine properties of nano and biophysical systems. It is widely used in
explorations of interactions among biomolecules. The tools of computational chemistry
are quantum chemistry (ab initio and semiempirical methods), molecular modelling (force
elds) and molecular dynamics|4R2].

To determine electronic structure of atom and molecules, quantum mechanics is focused
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on Born-Oppenheimer approximation as a starting point in solving time-independent
Schrodinger equation[43]. In Born-Oppenheimer approximation coupling between the
nuclei and electronic motion is neglected. Instead of solving the Schrédinger equation for
all the particles simultaneously, we regard the nuclei as xed in position and solve the
Schrodinger equation for the electrons in the static electric potential arising from the nuclei
(with nuclear position as parameters). Resulting potential energy surface (PES) forms the
basis for solving nuclear motion[44]. The set of solutions so obtained allows us to identify
the equilibrium conformation of the molecule with the lowest point on potential energy
surface. The Born-Oppenheimer approximation is very reliable for ground electronic
states, but it is less reliable for excited states|43].

Schrodinger equation (time independent):

H = (1.1)

where H is called Hamiltonian, denotes wavefuntion andE is the energy of the
system.
There are two main wave function approaches to the solution of the Schrédinger equa-

tion ab initio and semiempirical:

" Ab initio : Model is chosen for the electronic wave function and equatioh ([L.1) is
solved using as input values of the fundamental constants and the atomic numbers
of nuclei. Accuracy depends on model that is chosen for wave function. For large

numbers of atoms in moleculegab initio calculations are computationally expensive.

" Semiempirical method has been developed to treat a wider variety of chemical
species, and it uses simpli ed form for Hamiltonian plus adjustable parameters from

experimental data.

Once you calculate electronic energy and electronic wave function it is possible to
determine wide range of physical properties.

The simplest of the wavefunction-based methods is Hartree Fock (HF) method where
electron correlation is neglected and the motion of electrons is described in an average

fashion, mean- eld approach. The purpose of post-Hartree Fock calculations is to treat
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correlated motion better than does the Hartree Fock method[42]. Post HF methods
include Mgller Plesset perturbation theory (MP2) and Coupled Cluster (CC) hierarchy.
They are improvements of the HF method. Mgller Plesset perturbation theory adds
electron correlation e ects by introduction of Rayleigh Schrodinger perturbation theory,
usually to second order. Coupled Cluster theory constructs multi-electron wavefunctions
on the basis of HF method. The alternative to wavefunction-based methods is Density
Functional Theory (DFT) based on the principle that the ground state energy can be

determined from the electron density.

1.3.2 Density Functional Theory (DFT)

Ab initio and the semiempirical approaches calculate a molecular wavefunction and molec-
ular orbital energies, and thus represent wavefunction methods. A wavefunction is not a
measurable feature of a molecule or atom. Density functional theory is not focused on the
wavefunction, but on the electron probability density functiond*G—H br dr°(electron
density function, electron density or the charge density). Electron density function is a
function of position (just three variables G— H}) while the wavefunction of ann-electron
molecule is a function of A variables, three spatial coordinates and one spin coordinate,
for each electron. No matter how big is the molecule, the electron density remains a
function of three variables. In that waydir® is mathematically more tractable.

Density functional theory is based on theHohenberg Kohn theorems:

1. The ground-state properties of an atom or molecule are determined by its electron

density function.
2. Trial electron density must give an energy greater than or equal to the true energy.

In the Kohn Sham approach the energy of a system is formulated as a deviation from the
energy of an idealized system with non-interacting electrons. By minimizing the energy

with respect to the Kohn Sham orbitals the Kohn Sham equations can be derived.

Basic Principles of DFT It can be shown thatd*G— H<ik related to the component

one-electron spatial wavefunctions g (the molecular orbitals) of a single-determinant
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wavefunction by &
d= = g° (1.2)
81

With given dr° we can calculate any ground state property, for example the energyp:
do!G—H&l (1.3)

The relationship ) means that o is a functional of dg. Functional is a rule that
transforms a function into a number. The rst Hohenberg- Kohn theorem says that any
ground state property of a molecule is a functional of the ground state electron density
function.

o= »do¥F »do¥% (1.4)

The theorem is anexistence theorem it says that a functional F exists, but does not
tell us how to nd it. Finding good functionals is the main problem in DFT. Term
FUNCTIONAL is akin to function[4Z].

The second Hohenberg Kohn theorem is the DFT analogue of the wavefunction variation
theorem. In DFT molecular calculations the electronic energy from a trial electron density
is the energy of the electrons moving under the potential of the atomic nuclei. This nuclear
potential is called the external potential ,and it is designatedElr®, and the electronic
energy is denoted by £ = g»do% The second Hohenberg Kohn theorem can be stated
as:

exdda  o»do¥a (1.5)

wheredcis trial electronic density and o»do¥4s the true ground state energy that corre-
sponds to true electronic densitydy. The exact functional is unknown, so actual DFT cal-

culations use approximate functionals (they can give an energy below the true energy)[42].

Kohn-Sham's approach Kohn-Sham's approach permitted the exact computation of
kinetic energy for a noninteracting reference system, the Kohn-sham determinant. It

facilitated DFT into a practical computational chemistry tool.

" Express molecular energy as a sum of terms, only one of which, a relatively small
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term, involves the unknown functional.

Use an initial guess of the electron density in the KS equations (analogous to the
HF equations) to calculate an initial guess of the KS orbitals and energy levels.
This initial guess is then used to iteratively re ne KS orbitals and energy levels.

The process is repeated until the density and exchange correlation energy have

converged to within some tolerance.

The nal KS orbitals are used to calculate an electron density and the energyl42].

Kohn and Sham showed that the exact ground state electronic energy mfelectron
system (where paired electrons are described by the same spatial one-electron orbitals)
can be written as sum of electron kinetic energies, the nucleus-electron attraction potential
energies, Coulomb interaction between total charge distribution &% and A, and exchange
correlation energy of the system:

~ 1 =, 1

2 G @/

dVe —— 1AQf 2 03 .
M7 4~ 2<48:1 8A8r1 81A§. Al Q): Al

1A, 0A1A,0
dlplogplgég) Mgﬁgp& - »dVa

1 Az

(1.6)
where one-electron wavefunction g are the Kohn-Sham orbitals (solutions to KS equa-
tions).
The KS orbitals are found by solving the Kohn Sham equations, which are derived by
applying the variational principle to the electronic energy »d%awith the charge density.

KS equations for the one-electron orbitals gtA° have the form:
( 1 )

2 5 @ / d1Ag°
2T4r1 ) ) 3B, + A° FgA°=Ys gA° (1.7)

_ ALC A

where Yg are the KS orbital energies and exchange correlation potential is the func-

X »d¥a “:

tional derivative of the exchange correlation energyc>dYs= ~—g—. is known,

then +. can be obtained.

Electron correlation is the phenomenon of the motion of pairs of electrons in atoms or
molecules being connected ( correlated ). Hartree Fock method ignores electron correla-
tion and does not take in to account quantum mechanical e ects on electron distributions

which is not suitable for excited states calculation$ [42]. Since DFT method models exact
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electron density, it also takes into account the approximately electron correlation e ect.
The computation time required for a DFT calculation formally scales as the third power
of the number of basis functions; as a result, DFT methods are computationally more
e cient than HF-based formalisms, which scale as the fourth power of the number of

basis functions[43].

Exchange-correlation functionals The main source of error in DFT comes from the
approximate nature of . . This functional is often separated into an exchange func-
tional (representing exchange energy) and a correlation functional (representing dynamic
correlation energy). In the local density approximation (LDA), the exchange correlation
functional is: 1
= dIAYedABA (1.8)
where Y 2dAYis exchange correlation energy per electron in a homogeneous electron gas

of constant density. To account for the in-homogeneity of the electron density, a non-local

correction involving the gradient ofd is often added to the exchange correlation energy
given in (1.8).
1.3.3 Time-dependent Density Functional Theory (TD-DFT)

In 1984. Runge and Gross proved a theorem stating that the time dependent den-
sity uniquely determines the time dependent external potential and vice versa. Time-
dependent density functional theory (TD-DFT) is useful for the investigation of the re-
sponse of molecular systems to electric and magnetic elds. TD-DFT can be used to
determine polarizabilities and hyperpolarizabilities as well as excitation energies and elec-

tronic absorption spectra. The time-dependent Kohn Sham equations:

( ~ 1 )
~2 @ dA-C m
2 —

274r1 ) :1A—1, ) Ao 3A, +4ctC, +. A-C slﬁ—e—&acs%—e
(1.9)

€;
d= | gA¢ (1.10)

81

where+,g@xternal potential, the exchange correlation potential and KS orbitals and the

density are all time-dependent. The goal of TD-DFT is to nd how the density changes
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in response to the varying external potential. It can be shown, based on perturbation
theory arguments, that excitation energies and polarizabilities depend on only the rst-

order change in density[43].

1.3.4 Linear and Nonlinear Response Theory

Quantum chemical methods o er a possibility to investigate a variety of complex molecu-
lar properties. Time-independent properties of a molecular system can be obtained from
the derivatives of the energy with respect to the perturbing eld, which is not the case for
time-dependent properties; frequency-dependent linear polarizability, excitation energies,
oscillator strengths parameters for excited-state properties, etc. For time-dependent prop-
erties perturbation theory is used since these molecular properties are dynamic (changing
in time) that can be treated with response theory[45, 46]. In the limit of the static
perturbation, time-dependent perturbation theory comes down to time-independent per-
turbation theory. The time development of the exact state is determined by employing the
Ehrenfest theorem that determines the equations of motion for the response functions and
should be satis ed in each order in the eld strength. These equations show how molecu-
lar properties containing the electric dipole operator can be expressed in equivalent forms
involving the momentum operator. Interaction of molecule with time-dependent electro-
magnetic eld leads to polarization of the molecular system oscillating with a speci ed
frequency.

The response of the observable may be expanded in powers of the eld strength: the
linear response of the system is determined by the linear response function, the nonlinear
(quadratic response) of the system by the quadratic response function. Response functions
(linear, quadratic, and cubic) are derived from the exact reference state. They become
frequency-dependent polarizability, hyperpolarizability, and second hyperpolarizability,
determining the polarization of the molecular system through rst, second, and third
order in the eld strength.

The iterative procedure of response theory addresses the lowest excitations, which is
usually adequate for relatively small systems. In the case of more complex molecular

systems where there is a large number of excited states present, this approach may not be
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su cient. Since theoretical results are being compared to the experimental ones, damped
response theory can x the problem of access to all excitation energies of interest. It
Is based on the approach where the excited states are multiplied by a damping factor
MG? 2WT/, where Wrepresents the inverse e ective lifetime of the excited-state life-
time broadening parameter. This allows the introduction of complex excitation energies
removing the singularities of the response functions at resonance frequencies([47, 48, 49].
Since the research presented in this thesis has a strong focus on one and two-photon
absorption (TPA) properties as well as on general applications of spectroscopy in bioimag-
ing and medical diagnostics, residues of these response functions are used to determine

one and two-photon absorption matrix elements.

1.3.5 Quantum Mechanics/Molecular Mechanics

For large systems, pure ab initio calculations are very computationally expensive methods.
In many practical applications, we are only interested in the properties of a few molecules
of a system or part of a large molecule. Many calculations are therefore only limited
to these molecules or part of a large molecule. QM/MM is the general name given for
methods that combine quantum mechanics and molecular mechanics that were originally
devised for calculation on complex problem of proteins and enzymes. It is now used in
a wide variety of problems. QM/MM methods are also very important in the study of
the spectroscopy of liquid systems. QM is needed to study the quantization of the energy
levels and MM can be used to generate the liquid structure at nonzero temperatures.
QM/MM methods have seen an extraordinary development allowing quantum chemistry
to investigate larger systems. The necessity for a QM treatment (needed in spectroscopy
and reactions, for instance) together with the di culties of treating the entire system by
QM imposes some compromising. This compromising comes by adding classical mechanics
in a partition of the system. It is also considered in excited state dynamics, where the fate
of the excitation energy depends on the environment around the chromophore. QM/MM
method was a bene cial approach in this research for determining structural and optical
properties of liganded noble metal nanoclusters and bio-nano hybrid systems by taking

into account full ligands and the biological environment.

Chapter 1 13



Is There Plenty of Room at the Bottom?

The development of QM/MM methods is a very active
research area. In a combined QM/MM method, the system
to be studied is partitioned into two parts; a QM part and an
MM (Figure [L.3). The QM part has small number of atoms.
It may be a molecule or several molecules, a fragment (or
part) of a large molecule or a molecular complex. The QM
part corresponds to object of a study. Atoms in this part are
expressed as electrons and nuclei and are described quanturigure  1.3: Schematic

representation of two-layer
mechanically. The MM part is the environment to the QM QM/MM method: High level

includes quantum mechanics

(QM) region, and low level

QM part. This part is most often nonreactive and is treated includes molecular mechan-
incs (MM) region

by using a classical MM force eld. Nonreactive also means

part. Usually, it has much larger number of atoms than the

that there is no charge transfer or other chemical exchange between the QM and MM

parts[50].

Energy for QM/MM system:

R (1.12)

The QM/MM coupling Hamiltonian g+ -+ , generally includes bonded interactions for
covalent bond(s) bisecting the QM/MM boundary and nonbonded interactions (van der
Waals and electrostatic interactions)[51].

The coupling is important when properties related to the energy, such as free energies, are
studied. In QM/MM calculations, there are two types of interactions between the QM
and MM parts. One type is the van der Waals interaction that represents the dispersion
interactions and the other is the short-range repulsive interactions between the QM and
MM atoms. It is often expressed as the Lennard-Jones potential:

~
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(1.12)

where' ggis the distance between a QM atom and an MM atom j. f ggand Yggare the

standard Lennard-Jones parameters. The Lennard-Jones parameters are taken directly
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from a force eld.

TREATMENT OF THE QM/MM BOUNDARY The intermediate region be-
tween the two parts should be treated so that the e ects from partitioning the QM and
the MM parts across the covalent bonds on the QM atoms are minimized. Among the
widely used ways are those using a hybrid orbital or a link atom to satisfy the valence.
One single hybrid atomic orbital is placed on each MM atom, originally connected to a
QM atom. These hybrid atomic orbitals are then involved in the calculation of the QM
part to satisfy the valences. The most commonly used link atom is hydrogen, but in some
other implementations, other types of atoms, such as halogen atoms are also used. The

link atoms have the following characteristics:

" A link atom is placed in the direction of the QM/MM bond and replaces the cor-
responding MM atom in the QM calculation. Link atoms are explicitly represented

by electrons and nuclei. They are exactly treated quantum mechanically.

Link atoms are invisible to the MM atoms. In other words, there is no interaction
between the link atoms and MM atoms. The interactions within the MM part are
treated as if there were no link atoms. In ideal cases, link atoms and other MM
atoms should simulate the e ects of the fragments that are removed from the QM

treatment[S0Q].

COMPUTATIONAL ASPECT The QM calculations are performed according to

the following Hamiltonian:

N N N

455= g, (& "M O (1.13)

" 45 sinvolves the interactions of the electrons in the QM part with the point charges
in the MM part so additional integral calculations are needed.’\( Is the Hamiltonian
representing the interactions of nuclei and electrons (QM) with the point charges of MM
parts. Integrals correspond to those of QM calculations of a molecular system in the

presence of point charges: N
&_<0j
A< °

= j\l

3B (1.14)
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whereé&< is the point charge on the MM atom m.&is the position of electron i in the QM
region. j - and j 5 are basis functions, that are combined in linear combinations to create
molecular orbitals. The above type of integrals is added to the one-electron Hamiltonian

matrixes during the SCF calculations of the QM part[50].

ONIOM method One of the
most used and well known QM/MM
approaches is ONIOM approach
integrated in Gaussian compu-
tational chemistry software[54].
ONIOM stands for Our own
N-layered Integrated molecular
Orbital and molecular Mechan-

ics. This computational technique

models large molecules by de n-Figure  1.4: Examples of two-layer ONIOM
_ o method: a)6 3 cation intercalated in DNA struc-
ing two or three layers within the tyre 31 o, with link atoms [52] and b)

liganded gold nanocluster D 1,-/F8CC4A8z=sBrrounded
by shell of 18 zwitterionic molecules of bidentate thiol

ferent levels of approximation. ~ With no link atoms. [53]

structure that are treated at dif-

Even though ONIOM can be
used as a two-layer QM/MM method, it can easily be extended to multiple layers. It
was developed by the Morokuma group. That group developed several computational
strategies aiming at the spectroscopic studies of macro-systems as a discrete/continuum
approach that can be nicely integrated with the hybrid scheme o ered by own N-layered in-
tegrated molecular orbital and molecular mechanics (ONIOM) to perform QM/MM molec-
ular dynamics (MD) simulations of complex systems in solution and e ective schemes to
include vibrational e ects within the time-independent framework. ONIOM calculations
can use a Molecular Mechanics method for the system as a whole and an ab initio one
for the site of interest; such calculations are referred to as MO:MM calculations (indicat-
ing a molecular orbital method is combined with Molecular Mechanics) or as QM:MM

(quantum mechanics with MM). Two ab initio methods can also be combined ([50],]51]).
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ONIOM LAYERS In an ONIOM calculation, the molecular system (the entire molecule
is referred to as the Real System) is de ned as 2 or 3 region, typically referred to as layers :

The High Layer (Small Model System (SM)) is the smallest one, and it is treated with
the most accurate method. Bond formation and breaking takes place in this region.

The Low Layer consists of the entire molecule in a 2-layer ONIOM model. The calcula-
tion on this region corresponds to the environmental e ects of the molecular environment
on the site of interest. It is typically treated with an inexpensive model chemistry: molec-
ular mechanics, a semi-empirical method, or an ab initio method such a Hartree-Fock.

The Middle Layer (Intermediate Model System (IM)) is de ned in a 3-layer ONIOM
model and it is treated with a more sophisticated method. It models the electronic e ects

of the molecular environment on the high layer.

Important tips for QM/MM calculations Bond breaking or formation should not
take place within the MM region. Atoms linked by double or triple bonds should be placed
within the same ONIOM region. Region boundaries should not fall within aromatic rings.
In the case of a reaction, all Molecular Mechanics parameters must be the same within
the Real and Model systems for both the reactants and the products. Atoms at the
Model/Real system boundary are modeled using link atoms. For example, a carbon
atom which is bonded to another carbon within the SM system is typically replaced by a
hydrogen in the computations.

There are many nanostructures of interest that are too large for pure QM computa-
tional approach, so two-layer ONIOM is the method of choice. Described methodology
was employed in theoretical investigation of such large complex structures in this doc-
toral thesis. Two examples are presented in Figufe 1.4. More details of this research are

described in Chapter 2 and 3.

1.4 Research Spotlight

Stabilization and protection of noble metal nanoclusters from the environment can be
achieved by: i) embedding them within biomolecules (bio-nano hybrids) and by ii) coating

them with biomolecules - ligands (liganded NCs). Functionalization is indispensable for
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the application of NCs in the biological environment. Biomolecules that protect NCs can

be of di erent origins; amino acids, peptides, proteins, small organic molecules, polymers,

DNA. The most commonly used ligands are thiol molecules (sulfur analog alcohols of

general formula R-SH), which participate in strong Au-S or Ag-S binding with a sulfur

atom, and also contribute to the emission properties of liganded nanoclusters due to their

role as a charge donor to the metal core. Systematization of criteria for theoretical and

experimental design of bio-nano hybrids and liganded noble metal NCs in the direction

of improving their optical (linear and nonlinear) properties began with a joint synergy of

theory and experiment[21L["31].

This research followed two pathways simultaneously:

| Modeling and investigating novel noble metal bio-nano hybrids

(Chapter 2)

Bio-nano hybrid system as silver trimer intercalated into DNA was modeled with
di erent nucleotide content in order to investigate optical properties of such system.
The in uence of the "doping" of silver atoms on the structural as well as optical
properties of noble metal bio-nano hybrids and catenane structures of gold nan-
oclusters was investigated both theoretically and experimentally. The improvement
of non-linear optical properties of investigated systems was achieved. Investiga-
tion of adjusting the absorption/emission of supramolecular assemblies arranged in
"nanowire-like" structures by doping with with silver atoms brought more conclusive

knowledge on the origin of these e ects.

Modeling di erent functionalizations of liganded noble metal nanoclusters

(Chapter 3)

The in uence of full ligands on the structural and optical properties of liganded nan-
oclusters of precious metals was investigated using available methods of the compu-
tational chemistry, within the computationally available equipment; density func-
tional theory (DFT), its time-dependent version (TD-DFT), polarizable embedding
QM method and Quantum Chemistry/Molecular Mechanics method (QM/MM).
The potential of di erent functionalizations of liganded gold nanoclusters was also

explored in order to improve detection of biomolecular changes in the context of
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early medical diagnostics.

The results presented in this part of the thesis indicate strongly that for future progress
of biosensorics it is extremely important to examine new directions of theoretical design
of noble metal bio-nano hybrids and liganded NCs in order to improve the e ciency of
biosensors, especially those involving multiphoton uorescence, but also targeted detection
through new functionalizations of liganded noble metal nanoclusters. The motivation was
to push the design of nanostructured materials closer to applying scienti c knowledge in

medical diagnostics.

1.4.1 Noble Metal Bio-Nano Hybrid Systems

The convergence of biotechnology and nanotechnology gave rise to a new generation of
nanostructured materials for advanced biosensorics; bio-nano hybrid systems|55,56, 57,
58]. They represent the synergy of two classes of structures: i) noble metal small cluster
with its unique electronic and optical properties and its environment ii) biomolecule that
not only protects the cluster but also contributes to its optical properties. Few atom silver
nanoclusters encapsulated in the biocompatible environment (dendrimer- and peptide-
encapsulated few atom Ag cluster) produced sca old-speci ¢ single-molecule (SM) Stokes
and antiStokes Raman scatterin@g|59]. Small silver clusters forming hybrids with peptides
have shown extended and enhanced optical absorption in comparison to pure peptides|8].
Key concept for the enhanced optical properties of noble metal bio-nano hybrid system
IS interaction between intracluster excitations andc-c* excitation within aromatic rings

of biomolecules. The Chapter 2 is summary of my contribution in investigation of the
recent bio-nano hybrids in the context of bioimaging and biosensorics.

The rst example of bio-nano hybrid system in this doctoral thesis is silver trimer
intercalated in DNA (See Chapter 2, Section 2.1). Metallic quantum clusters functional-
ized with single stranded oligonucleotides together with their optical properties have been
researched in last two decades theoretically and experimentally [60] 61,6263 64, 65]. Dif-
ferent surroundings consisting of guanine-cytosine and adenine-thymine nucleotides have
been investigated theoreticaly by two-layer Quantum Mechanics/Molecular Mechanics

(QM/MM) approach. Theoretical investigation OPA and TPA of silver trimer interca-
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lated in DNA based on TDDFT approach showed enhanced optical properties of silver
trimer intercalated in guanine and cytosine reach DNA as well as large TPA cross section
favorable in advanced biosensorics. The ANA model [66] is very attractive since the
the small silver trimer interacts with DNA through Van der Waals bonding. Very large
TPA cross sections around 530 nm can be achieved thanks to the interaction ofsAand
(GCGC) nucleotides. In the NIR regime, TPA cross sections of 10 GM are present, which
are valuable intensities important for application. In the case of (ATAT), modest values of
TPA cross sections have been calculated in visible and near-infrared regime. Theoretical
research presented demonstrated the potential of bio-nano hybrid system composed of
silver nanocluster and DNA as biological environment as novel NLO-phore with potential
of application in medical diagnostics.

Gold chemistry has also produced impressive bio-nano hybrids promising as optical
materials. Gold-thiolate bio-nano hybrid systems can self-assemble into supramolecu-
lar assemblies with unique structural and optical properties. Owning to their Au-S
coordination and aurophilic interactions between Au(l) they o er rich morphological
variations|67,[68/ 69]. An interesting example of such a system is the sub-100 nanometer
gold-cysteine supramolecular system. In order to enhance its linear and nonlinear optical
properties, the silver-doping strategy was explored (See Chapter 2, Section 2.2). DFT
and TD-DFT methods were employed to study the structural and optical properties of
the models built theoretically to represent the aforementioned assemblies of gold-cysteine
as well as its silver-doped versions. Theoretical qualitative model systems are useful from
a conceptual point of view. The main focus was to provide insight into the origin of
two-photon absorption enhancement upon silver-doping strategy. Results show that due
to di erent gold and silver relativistic e ects, Au-S a nity as well as the heterogeneity of

structures enhancement of TPA properties was observed for doped systems.

1.4.2 Liganded Noble Metal Nanoclusters

In the last two decades, ligand-protected silver and gold nanoclusters have emerged as
a very attractive material at the nanoscale with interesting optical properties. They

have shown tremendous potential in applications from nanoelectronics and catalysis to
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biological sensing and biomedicine. Ligands play a very important role not only for
stability but also in the structural and optical properties of noble metal NCs. The ligand
shell is responsible for the solubility of the clusters in the biological environment. The
most popular ligands are thiols, especially in the case of gold nanoclusters. In the case of
thiol ligands, the sulfur atom holds an important position in the ligand-metal interface.
Sulfur and gold atoms are joined in the key feature of the gold-thiolate interface named
staple motif; the -SR-[Au-SR-]x oligomers for x=1, 2, etc |39, 70]. Chapter 3 is focused
on a thiolated gold nanocluster with two types of ligands: one with two sulfur atoms joint
in staple motifs (bidentate thiol zwitterionic ligand) and one with only one sulfur atom
participating in the staple motifs (glutathione). Since "each atom counts" in retrieving
their properties they are represented by the well-de ned formula ASR), wheren and

m represent the number of metal atoms and thiolate ligands ( SR), respectively. The
theoretical investigation was focused on the introduction of full ligands and not only
SCHz models in the majority of the calculations thanks to the combination of DFT and
TD-DFT methods with QM/MM approach.

Principal part of this research are linear (one-photon absorption) and nonlinear optical
properties (two-photon absorption). For tuning the properties of thiolated-gold nanoclus-
ters three strategies were explored:

i) Introduction of bidendate thiol zwitterionic shell protecting the Auj2Zw, hanocluster,
where Zw represents zwitterionic organic molecule;6H3oN204S;z, resulted with enhanced
nonlinear response, speci cally two-photon excitation uorescence. The synergy of DFT
and TD-DFT within QM/MM succeeded in structural elucidation of the clusters with ex-
plicit zwitterionic ligands as well as in determining their key optical signatures (one-photon
absorption and two-photon absorption). Results pushed research towards investigation of
di erent surface shell protection strategies; introduction of bulky counter-ions or protein
templated AuNCs. The details of this strategy are described in Chapter 3, Section 3.1.
i) A strategy to tune the optical properties of gold catenane nanoclusters by doping with
silver atoms was conducted on AipSGio (SG: glutathione). Auio(SG)10 gold nanoclus-
ter is a catenane structure with interlocked ring motifs and without a typical gold core.

Chapter 3, Section 3.2 describes details of this strategy. Appendix A is an experimental-
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theoretical research on catenane gold nanoclusters protected with thioglycolic acid ligands.
The motivation for the "silver doping” of liganded nanoclusters strategy came from pre-
vious research where doping of gold-cysteine bio-nano hybrids systems with one silver
atom has led to enhanced nonlinear optical propertiés|71]. Theoretical DFT study as
well as experimental and computed X-ray di raction patterns demonstrated that cate-
nane structures remain preserved upon doping. Experimental optical studies revealed
that Au 10 AQeSGio with x= 1-4 shows a blue shift in absorption and a redshift in the
two-photon emission spectrum in contrast to AgpSGio. Time-dependent DFT together
with a quadratic response approach was employed to calculate optical properties includ-
ing one-photon absorption, two-photon absorptionV hyperpolarizabilities, and circular
dichroism spectra upon silver doping. OPA spectra are not in uenced by silver doping,
while TPA cross-section is increased by doping with three silver atoms. In summary
doping of thiolated gold nanoclusters with silver atoms is a powerful strategy to tune
multiphoton excitation properties and in the meantime preserving the structure of nan-
oclusters.

i) Strategy to tailor thiolated gold NCs for the precise detection of a speci ¢ biomarker
Is bringing the research step closer to application in medical diagnostics. In this research
biomarker of interest is protein carbonylation which accumulates during aging and ox-
idative stress [72]. Chapter 3, Section 3.3 is focused on the production of atomically
precise cluster AysSG;3 and its functionalization with thiolated aminooxy moiety in or-
der to bind to carbonylated sites on the protein of interest. This research demonstrated
that functionalized AuNCs are capable to detect protein carbonyls in one-dimensional gel
electrophoretic (1DE) analysis by one-photon uorescence and two-photon excited uo-
rescence imaging. Theoretical investigation contributed through the combination of DFT
and QM/MM approach in-detailed analysis of AusSGi2-aminooxy-lysozyme structural
complex bringing forward the hydrogen bonding network as well as penetration of water
to the interface of AUNC-protein interaction. As a result, this research was recognized as
a valuable one since it is the rst application of an AUNC that detects post-translational
modi cation as a nonlinear optical probe. Calculating the optical properties of such com-

plex systems with a large number of atoms remains a challenge for theoretical investigation

Chapter 1 22



Is There Plenty of Room at the Bottom?

in the future.
All three strategies are described in Chapter 3 by joint theoretical and experimental

investigation, which makes this research a very valuable step for future applications.
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Optical Properties of Noble Metal
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Optical Properties of Liganded Noble
Metal Nanoclusters

3.1 Zwitterion Functionalized Gold Nanoclusters
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Chapter 4

Conclusions and Future Aspects:
Towards Unique Applications of Noble
Metal Nanoclusters in Biosensorics

Theoretical study of optical properties of thiolated noble metal clusters and bio-nano hy-
brids conducted in this doctoral thesis provided insight into the origin of optical properties
of various systems explored. New theoretical-experimental strategies were introduced for im-
proving the structural and optical properties of bio-nano hybrid systems for the application
in medical diagnostics and biosensorics.

In summary, exploration of two research paths; i) noble metal bio-nano hybrids and
i) thiolated noble metal nanoclusters, resulted in an overview of optical properties of the
various systems: from silver trimer intercalated in DNA through powerful Wan der Waals
noncovalent bonding and silver doped gold-cysteine supramolecular assemblies to remarkable
noble metal thiolated gold nanoclusters and their ability to be functionalized for specic
detection.

DNA molecule was presented as a unique example of silver trimer protection "shell" with
a wide range of application possibilities. Depending on the nucleotide bases surrounding the
nanocluster, large transition-dipole moments are induced, necessary for the enhancement
of TPA cross-sections. Large TPA cross-sections occurred around 530 nm for the; Agd
(GCGC) nucleotide bases interaction. Since the infrared regime is important for deep tissue
penetration, TPA cross-sections of modest 10 GM are obtained which can also benet to
deep tissue penetration.

The doping strategy was incorporated both for bio-nano hybrids of supramolecular gold-
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cysteine assemblies and thiolated gold catenane nanoclusters resulting in altering the optical
properties, particularly nonlinear TPA spectra. Changing the ligand shell content towards
a ratio with more zwitterionic ligands for Au;2Zw,4 nanocluster resulted in large transition-
dipole moments as well as large TPA cross-sections owning to rigidi cation e ect.

The important research contribution of this thesis is to further stimulate theoretical
and experimental research towards developing tools for early cancer diagnostics, as well as
towards medical diagnostics in general applications. Atomically precise thiolated noble metal
nanoclusters and bio-nano hybrids are an interesting class of nanomaterials with remarkable
features such as low toxicity, good biocompatibility, and suitable for speci ¢ functionalization
aiming toward tumor biomarker recognition. Their optical properties, particularly nonlinear,
enabled the rst time labeling and visualizing nanocluster-tumor biomarkers. Additionally,
recent advances in the molecular diagnostics of cancer with focus on liganded noble metal
nanoclusters are presented in Appendix B [73].

This doctoral thesis illuminated the enormous potential of noble metal liganded nan-
oclusters and bio-nano hybrids in medical diagnostics and sparked new experimental and
theoretical research ahead. With this being stated, it is safe to stay that there is indeed
plenty of room at the bottom. In closing, further exploration of the design of new nanos-
tructured materials will expand more due to the properties of these systems that take their
roles in numerous applications such as catalysis, biosensing, bioimaging, and materials sci-
ence in general. New and improved characterization tools will be required as well as an
improved theoretical approach that already needs adjustment and improvement for the ex-
ploration of large systems measured experimentally. A bright future looms on the horizon

of technology at the nanoscale; a regime where each atom counts.
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Appendix A

Catenane Structures of Homoleptic
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Nanoclusters
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Nanotechnology in Tumor Biomarker
Detection
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