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ABSTRACT

Part 1. Semi-empirical caleulations on polyveyelic aromatic hydrocarbon networks
The aim of the work performed at Ochanomizu University (Tokyo) was the

study and analysis of electron transter processes in polycyclic aromatic hydrocarbons
(FAH). Our research was orented more specifically to the case of “abnormal’ electron
transter or * Turmelling Eleciron Transfer® (TET) which corresponds to the transport of a
large amount of 7 electrons from a remote site of the network to an electronegative
nitrogen atom. In a first step this phenomena has been analysed by means of diagrams
representation based on Kekule structures representative of the elementary units of the
network. The limits of the ‘organic eleciron’ model in the understanding of the transfer
properties in conjugated hydrocarbons have been put in evidence by means of molecular
orbitals calculations (Hickel theory) In particular, this simple model was unable to
explain the observed changes at the level of the = electrons transfer when replacing a
carbon atom by a nitrogen atom, The electronic structure of different classes of PAH
networks (parallelograms, perylene, coronene) has been investigated by means of
semi-empirical methods PM3 (Paramerric Model 3), AMI (Austin Model 1) et MNDO
(Modified Neglect of Differential (verlap). The trends related to the amount, type and
routes of electrons transfer in the network in term of groups of atoms pairs have been
deduced from these calculations.

Omn the basis of this approach it has been possible to extend our investigations to the
graphite and carbon nanotube. The aim of this work 15 to understand the role of the
metal catalyst in the growth mechanism of the nanotube.

Part Il. Theoretical study of the spectroscopic and photophysical properties of
ruthenium (11) complexes used as luminescent probes by intercalation in DNA.

The goal of this research project is the determination of the electronic and
structural properties of the [Ru(bpyhdppz]® (bpy = 2,2"-bipyridine ; dppz =
dipyndo[3,2 :a-2",3" .c]-phenazine) complexes used as molecular switches by specific
intercalation in active sites of DNA double helix. The access to spectroscopic and
photophysical properties of the isolated metal complex and in its biological environment
will help at analysing the mechanism of control of the luminescent probe.

The experiments reported in this field of research in the early 90°s have shown that the
vield of luminescence, null in agueous solution, 15 functien of DNA conformation at the
intercalation site at the level of the dppz bases pair imteraction. Recent experniments of
flash photolysis reported for [Ru(bpyladppz]” (bpy = 2,2°-bipyridine . dppz =



dipyrido[3,2 :a-2",3" .c]-phenazine) in aqueous solution and in different nucleotides
point to a mechanism implving a coupled electron / proton transfer process.

The structures of the [Ru(TAP)dppz]”, [Ruiphen):dppz]’ and [Ru(TAP):]" (dppz =
dipyndo [3,2-0 2" 3'-c]-phenazine ; TAP = 145 B-tetraazaphenanthrene ; phen =
1,10-phenanthroline) complexes have been optimized in the vacuum by means of DFT
(B3LYP) The results have been validated by the theoretical and expenmental structures
of [Ru{TAP]-,]I'. The theoretical absorption spectra of [Ru({TAP }zd]:lpz]:' and
[Ruiphen).dppz]” have been analysed on the basis of TD-DFT calculations. The
theoretical spectra are very different for the two complexes. In the presence of the phen
ligand the spectrum 15 characterized by a series of MLCT states between 423nm and
378 nm corresponding mainly to excitations from the ruthenium to the phen ligands
with a MLCT state (Ru — 7 yppe) calculated at 410 nm with an oscillator strength of
01747 This state has been put in  evidence experimentally. The first
Ligand-to-Ligand-Charge-Transfer (LLUT) state with a significant oscillator strength is
calculated at 303 nm and corresponds 10 & % gppe — 7 dppe €xcitation, This spectrum is
very ditferent from the one calculated for the complex with TAP ligands characterised
by the presence of Intra-Ligand (IL) and LLCT states between 429 am and 372 nm.
The first MLCT (Ru — 7y} states with significant oscillator strengths are calculated
between 323 nm and 304 nm. Moreover calculations have been performed in order to
take into account the solvent effects (Polarized Continuum Model) as well as the
biological environment within the QM/MM approach.

Part 111, Electronic structure and spectroscopy of XAgY (X=Y=F ; X=CI, Y=Br).

The electrome structure of the ground state and low-lying spectroscopic states
of neutral and ionized AgCIBr have been investigated by means of ab imitie methods
(HF, CASSCF/CASPTZ, CCSDY) and Density Functional Theory (DFT, TD-DFT). A
detailed study of the basis sets (all-electrons or valence) and pseudopotentials (ECP:
Effective Core Potentials or AIMP; Ab Inito Model Porentialsy influence has been
performed in order to determine the best computational stratezy.  We have shown that
the HF or DFT methods were not able to describe correctly the doublet electronic
ground state of the neutral species, five open shell states being nearly degenerate. This
wrong description of the bonding has been correlated to an erroneocus charge
distnbution on the three centres (Ag, Cl, Br). This effect is even more dramatic in the
case of the use of AIMP.  In order to descnbe correctly these molecules we have shown
that it 15 necessary to introduce electronic correlation at the CASSCF/CASPT2 level.
A comparative study of the AgClBr and AgF: molecules has been performed.



RESUME

Partie 1. Calculs semi-empiriques sur des hydrocarbures polyeycliques
aromatiques

Les travaux réalisés a |'université de Ochanomizu (Tokyo) avaient pour but
I"étude et I'analyse de processus de transtert d'électrons dans un réseau d'hydrocarbures
polycycliques aromatiques (PAH). Nous nous sommes intéressés, en particulier, au cas
du transtert d’électron dit “anormal” ou “Tunnelling Electron Transter’ (TET) qui se
traduit par le transport d'une grande quantité d’électrons = des régions les plus
cloignées du réseau vers un atome d’azote électronégatif.  Ce phénomeéne a été analysé
dans un premier temps a aide de diagrammes sur la base de structures de Kekulé
représentant des modules du réseau. Les limites du modéle de [éleciron orsamique,
proposé pour expliquer les propriétés de transfent dans les hvdrocarbures conjugués
avant |'avénement de la chimie quantique, ont été mises en évidence par des calculs
d'orbitales moléculaires (theorie de Hickel), En particulier ce modéle trés simple n'a pu
expliquer les modifications observées au niveau du mode de transfert des électrons =
lorsqu'un atome de carbone était substitué par un atome d'azote. La structure
electronique de differents types de réseaux PAH (parallélogramme, peryléne, coronene)
a e¢te etudice par les methodes semi-empinques PM3 (Parametric Mode! 3), AMI
(Anstin Model 1) et MNDO (Modified Neglect of Differeniial Cherlap). Ces calculs ont
permis d'estimer et de donner des tendances concernant | importance, la nature et le
parcours des transferts d'électrons dans le réseau en terme de groupes de paires
d atomes.
Cette approche nous a permis d'étendre  nos investigations 4 1"émde du graphite o
enfin au nanotube de carbone. L'objectif’ de ce travail est de comprendre le role du
catalyseur métallique dans le mécanisme de croissance d un nanotube

Partie 11. Etnde théorique des propriétés spectroscopiques et photo physiques de
complexes du ruthénium (I1) utilisés comme sonde luminescente par intercalation
dans les hélices d’ADN

L'objectif de ce projet de recherche est la détermination des caractéristiques
electroniques et structurales des complexes de type [Rll{bpy}zdpp:]z' ibpy =
2.2-bipyndine ; dppz = dipyndo[3.2 :a-2" 3" :c]-phenazine) utilises comme
interrupteurs moleculaires par intercalation specifique dans les sites actifs des helices
d’ADN.  L'accés aux propnétés spectroscopiques et photophysiques du complexe
métalligue 1solé et dans son environnement biologique permet d’analvser le mécanisme
qui controle le fonctionnement de la sonde luminescente. Les expénences menées dans



ce domaine de recherche i partir des années 90 ont montré que le rendement de
luminescence du complexe, nul en solution aqueuse, est fonction de la conformation de
I"ADN au site d'intercalation, c'est-d-dire au niveau de I'interaction entre le ligand dppz
et la paire de bases. De récentes expériences de photolyse éclair reportées pour le
complexe [Ru( TAP).dppz]”” (TAP = 1,4.5 8-tetraazaphenanthrene) en solution aqueuse
et dans différents nucléotides ont mis en évidence un mécanisme impliquant un
processus de transfert d’électron / proton couple.

Les structures des complexes [Ru(TAPLdppz]™. [Ru(phenkdppz]™ et [RuiTAP)]*

(dppz = dipyvndo [3,2-0 12", 3" -¢c]-phenazine ; TAP = 1,45 B-tetraazaphenanthrene ;. phen
= 1,10-phenanthroline)} ont ét¢ optimisées dans le vide au niveau DFT (B3LYP). Les
résultats ont ¢t¢ validés a partir des structures théonques et expénmentales de
[RTAP)K]" . Les spectres d absorption théoriques ont été analysés sur la base de
calculs TD-DFT pour [Ru(TAP):dppz]’" et [Ru(phen)dppz]’”. Les spectres théoriques
sont trés différents dans les deux complexes. En présence du ligand phen le spectre est
caractérisé par une série d'états MLCT entre 423 nm et 378 nm correspondant
principalement & des excitations du ruthénium vers les ligands phen avec un état MLCT
(Ru —» & g} caloulé & 410 nm avec une force d'oscillateur de 0.1747, Cet éat a é1é mis
en evidence experimentazlement. Le premier etat Ligand-to-Ligand-Charge-Transfer
(LLCT) avec une force d’oscillateur significative apparait a 303 nm et commespond a une
excilation Mgy —» @ g (e spectre est trés différent de celui calculé pour le complexe
avec les ligands TAP caractensé par la présence d’etats Intra-Ligand (IL) et LLCT entre
429 nm et 372 nm. Les premiers etats MLCT (Ru — rl:'.ll,r.,} avec des forces d oscillateur
significatives sont calculés entre 323 nm et 304 nm.
La poursuite de ce projet passe par la pnse en compte des effets de solvant et de
I'environnement biclogique, Des calculs sont en cours en e qui concerne les
optimisations de géométrie des complexes et dans le modéle de solvant PCM (Polarized
Continuum Model) pour Iacétonitrile et Ueaw.  Parallélement des calculs QMMM ont
éte entrepris pour prendre en compte | environnement biologique.

Partie 1Il. Einde de la structure élecironique et de la speciroscopie de composés
XAgY (X=Y=F : X=Cl, Y=Br)

La structure électronique de 1"état fondamental et des états spectroscopiques de
basse energie des especes neutre et ionisée de AgClBr a eté étudiée par les méthodes ab
imitio (HF, CASSCF/CASPT2, CCSD) et de la fonctionnelle de la densité (DFT,
TD-DFT). Une étude détaillée portant sur le choix des fonctions de base (tous-électrons
ou de valence) et des pseudopotentiels de type Effective Core Potentials ({ECP) ou Ab
Initio Model Potentials (AIMP) a été réalisée afin de déterminer la meilleure stratégie



de calcul. 1l a été montré que les méthodes de type HF ou DFT ne pouvaient décrire
correctement |"état fondamental doublet de I'espéce neutre, cing éfats a couche ouverte
étant trés proches en énergie, Cefte mauvaise description des liaisons a pu étre corrélée
a une distribution de charge erronée, en particulier dans le cas de ['utilisation des AIMP
et bases associées. Afin de décnire comrectement cette molécule 1l a été nécessaire
d'introduire la corrélation electronique au niveau CASSCF / CASPT2. Une étude

comparative des molécules AgClBr et AgF; est en cours.
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Introduction

Quanmm chemistry has emerged as an important tool for investigating a wide range
of problems in chemistry,  Recently, due to the development of computational methods
and more powerful computers, it has become possible 1o solve chemical problems that
only a few wears ago seemed for ever bevond the reach of a ngorous
quantum-mechanical treatment. Today quantum mechanical methods are routinely
applied to problems related to molecular structure and reactivity, and spectroscopic
parameters calculated quantum-mechanically are often useful in the interpretation of
spectroscopic measurements. [t 15, in principle, possible to use one very accurate
method and apply it to the molecules. However such methods are well-known and
avallable i many programs, the computational cost of their use grows factonally with
the number of electrons. Therefore, a great number of approximate methods strive to
achieve the best trade-off between accuracy and computational cost.

It brings to calculate large molecules such as carbon nanotubes and biomolecules even
the small molecule high precisely,

The discovery of single-walled carbon nanotube has promised a new field of science
and technology with their elongated fullerene structure and good mechanical properties
and unique structural, electronic, thermal, and optical characteristics. It has attracted
intense interest in recent years due to their suitability for a wide range of applications
though there 15 no large-scale and the effect of the edge which corresponds to catalyst
have been developed [1]. In this study proposes a model containing graphene to
account for the growth of carbon nanotubes considenng the eftect of the periphery

struciure.



The integration of chemistry and physics was almost complete, with chemical
properties explained as the result of the electronic structure of the atom. However,
though some principles deduced from quanfum mechanics were able to predict
qualitatively some chemical features for biclogically relevant molecules, they were
more a collection of rules and recipes than rigorous ab initio quantitative methods. This
kind of approach culminated in the physical modelling of the DNA molecule.

Therefore photobiology 15 the study of the effects of light on the field which
encompasses many biological phenomena, including photosynthesis, visual processing,
circadian rhythms, and ultraviolet radiation effects. It makes that the metal complex
such as a Ru(ll) complexes intercalating DNA pay much attention to the
photobiclogical field [2].  Interestingly enough the DNA structure which the metal
complexes intercalated depends on the ligands

The transition metal dihalides MX; pose fascinating structural problems which are at
the limit of present day experimental and theoretical techniques. LExperimental data
were obtained for several of these molecules almost 30 years ago and confidently
interpreted in terms of a ligand field model, which was very much in vogue at the time,
However, the quality of the data was poor and it is not surpnising to discover, with the
benefit of hindsight, that many aspects of these early interpretations are erromeous.
Furthermore MX; form high temperature molecules which are generated in the gas
phase well above 1000 K. Under these conditions, many vibrational and rotational
levels are populated. They result in extremely complex electronic and wvibration —
rotation spectra, which are difficult to solve and to interpret.

In addition the calculation by ab iwitte methods of the ligand field splitting in
transition-metal complexes continues to be a challenge for quantum chemistry,  AgXs
is considered as an example of MX [3]

The purpose of this thesis is to exploit the theoretical methods from semi empincal to
highly correlated approaches for elucidating the structure, spectroscopy, svnthesis of
electronic structure of ground and excited states and of trnatomic silver compounds with
complex electronic configurations.

We aimed at reaching the limit of the correlated strategies available nowadays able to
overcome difficulties such as the size of single determinant, description of excited states
at long range in biological environment, and near degeneracy effects.

In this manuscript the major work dedicated to the analysis of excitedstates properties
appears 1n Chapter 2 and Chapter 3.

The purpose of this thesis 15 to apply the quantum chemistry from semi empincal
approaches to highly correlated methods for elucidating structures, spectroscopy, and
physico-chemical properties in various chemical systems. Within this context we have
to handle a variety of theoretical difficulties such as near-degeneracy effects (AgXs),



excited states calculations (Ruill) complexes), physico-chemical properties in large
systems (nanostructures) and biological environment

The absorption of a photon in the visible/UV domain of energy leads to the exitation of
an electron from lower electronic energy level to higher one.  The excitation of a single
electron from its spin-paired singlet ground state to an empty orbital results in the
formation of an excited state having electrons in two orbitals, each of which now
contains a single unpaired electron. The excitation process may involve an allowed
transition whereby the electron being transferred from the lower energy to the higher
cnergy orbital does so without undergoing spin flip. Such an excitation pathway
results in the formation of an excited singlet where the spins of the electron are in
opposite directions in the two singly occupied orbitals.  Alternatively, excitation
process may involve a forbidden transition whereby the electron being transferred to the
higher energy orbital does so by a pathway that involves a spin flip.  Such an
excitation pathway leads to the formation of an excited state tnplet where the spins are
now in the same direction in the two orbitals.  The reverse deexcitation processes from
these excited states back to the ground state can be understood on the basis of the Pauli
principle. The deexcitation from singlet excited state is an allowed process with the
resulting ground state having the electron spins paired in a single orbital. As a
consequence, the lifetimes of singlet excited states are short.
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By contrast, the deexcitation of a triplet excited state is a forbidden process because
direct electron transfer from higher level orbital will result in a ground state having two
clectrons in the lower level orbital that have parallel spins, violation of the Pauli
principle.  As a result the lifetimes of triplet excited states are long,

A state energy diagram shows the relative energy levels of ground state S, the excited



singlet states 5;. and the excited triplet states T, of the molecule. The metal
compounds measurement of the absorption and emission spectra either at low
temperatures or under the influence of a magnetic field may be necessary to make these
assignments. Allowed transitions are restricted to singlet-singlet or triplet-triplet
excitations within the limit of a non-relativistic description which does not include
spin-orbit effects.
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Transitions between ground and excited states: 1. singlet-singlet absorption: 2. fuorescence; 3.
singlet-triplet absorption; 4. phosphorescence; 5. intersvstem crossing.

Allowed transitions are identified by large extinction coefficient, and forbidden
transitions by small extinction coefficient values.

Considenng the spectrochemical series and group theory, the energy level of the d
orbitals in a hexacoodinate octahedral transition metal complex such as Ruthenuimi{ll}
and Ag(l) depend on both the individual metal and the ligands.  In the free atom in the
gas phase the five d arbitals dy,. dw. dye. iz, and dea are degenerate in energy.  In an
octahedral ligand field these orbitals spilit in the degenerate ty, (dy, de. di2) and eg
(diza2, dez) sets of orbitals.  The energy gap between these sets of degenerate orbitals is
the ligand field spliting A.  The value of A increases by approximately 40% as one
maoves from the first (3d) o the second (4d) to the third row transition metal ions. A

molecular orbital diagram for an octahedral complex incorporates the energy levels of
both the metal ion and ligand orbitals [2].
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Computational Methods

Quantum mechanics provides the possibility for the complete descniption of the

electronic properties of molecular systems, their structure, reactivities, and so on.
Therefore semi-empirical method and ab initio molecular quantum mechanics have
developed into separate and distinct areas of investigation. The first & electron
systems is the famous Hickel method. The overlap between orbitals on different
centers is neglected.  Afier the Hickel method the various semiempirical methods
were soon tollowed by a series of more sophisticated all-valence-electron methods
which include electronic repulsion explicitly in addition to a specification of the core
attraction integrals.
Meanwhile for application of ab initic and DFT methods, modeling techniques that are
used in studying photochemical mechanisms are mitiated by light rather than thermal
energy and limited to those that can descnbe excited states commeclty.  Understanding
photochemical mechanisms requires the knowledge of the molcular geometry on both
the excited and ground states.  From the point of view of computational chemistry, this
force field is usually expressed in terms of the excited and ground state potential energy
surfaces. The goal of a computational approach to the photochemical mechanisms is
the complete description of what happens at the molecular level from the absorptive act
to the product. The goal presents a considerable challenge for computational
chemistry and has been implemented in widely distributed programs such as Gaussian
[4] [5] and MOLCAS [8].



I. Variational methods

Hartree-Fock Theorv. The Hartree-Fock wave furction is the comersione of
ab initio electronic structure theory. 1t is obtained by minimizing the expectation value
of the electronic energy with respect to the orbitals occupving a single Slater
determinant or more generally a single CSF, containing several such determinants in a
fixed linear combination. The Hartree-Fock wawve function vields total electronic
energies that are in a error by less than 1% and wide range of impoertant molecular
properties such as dipole moments, electromic polanzabilities, electromic excitation
energics. magnetizabilities, force constants and nuclear magnetic shieldings which are
usually reproduced to within 5-10%% accuracy.  Molecular geometries are particularly
well reproduced and are mostly within a few picometers of the equilibrium structure,
The Harree-Fock wave function is often used in qualitative studies of molecular
systems, particulary larger systems.  Indeed, the Hartree-Fock wave function is still the
only wave function that can be applied routinely to large systems, and systems
containing several hundred atoms have been studied at this level of approximation,
For accurate, quantitative studies of molecular systems, the Hartree-Fock wave function
is by itself not useful but it constitutes the starting point for more accurate treatments.
The nonvariational Maller-Plesset and coupled-cluster approaches, for example, are
both based on the premise that the Hartree-Fock function represents a good zero-order
approximation to the true wave function and may in fat be viewed as yielding
corrections to the Hartree-Fock state.
The Slater determinant appears to be a reasonable approximation for the manv-clectron
wave function. However, the orbitals that define this wave function still have to be
determined. We therefore apply the variation principle to the energy expression obtained
with such a wave function, with the tact assumption that the orbitals leading to the
lowest energy are the best in a general sense.  As usual when extremum values are
sought, we may suspect that differential calculations will lead to the desired goal, and
we therefore change the orbitals by a small {infinitesimal ) amount, ¢, —@ + . This
leads to a change in the total wave function ¥ —% + 4% as well as in the energy
expression [8 - 10,12,13].

CASSCF. We consider here the generalization of the Hartree-Fock wave function
to  systems dominated by more than one electronic  configuration:  the
multiconfizwrarionad self~consisteny field (MCSCF) wave function.  This flexible
model may be useful for describing the electronic structure of bounded molecular
systems, in particular for excited states. Perhaps more important, however, is its ability



to describe bond breaking and molecular dissociation processes.  In MCUSCF theory,
the wave function is written as a linear combination of determinants or CSFs, whose
expansion coefficients are optimized simultanecusly with the MOs according to the
vanation principle.  The MCSCF wave function is well suited to studies of systems
involving degenerate or nearly degenerate configurations, where static correlation is
important.  Such situations are usually encountered in the description of reaction
processes where chemical bonds are being broken, but sometimes also ground-state
molecular systems at the equilibnum geometry. MCSCF wave functions are therefore
indispensable in many situations, although there are often considerable difficulties
associated with their optimization. Moreover, it has proved difficult to generalize
MCSCF theory in such a way that dynamical correlation effects can be calculated
accurately for multiconfigrational electronic systems. although the application of
second-order perturbation theory to MCSCF wave function has been quite successful.
Usually, the greatest difficulty faced in setting up an MCSCF caleulation is the selection
of configuration space.  The bonding and antibonding configurations are the only ones
contribute appreciably to the wave function in the course of the dissociation.  For more
complicated molecules, however, the selection of a suitable configuration space can be
very difficult — indeed, even for rather small systems, it is often impossible to generate
an MCSCF configuration space sufficiently flexible to describe the physical process and
vet sufficiently small to be computationally tractable. The selection of MCSCF
configurations 1s usually not carmied out by inspection of the individual configurations.
Instead, whole classes of configurations are simultaneously selected according to
subspaces containing the inactive, active and secondary (virtual) orbitals.  Whereas the
inactive orbitals are doubly occupied and the wirtual orbitals unoccupied in all
configurations, the active orbitals have variable occupancies of 0, 1, or 2. The
MCSCF expansion is then obtained by disturbing the active electrons in all possible
ways among the active orbitals. In the final optimized state, the active orbitals
therefore have nonintegral occupancies between O and 2. This method 15 known as
Complete Active Space SCF (CASSCF) method.  Note that a CAS wave function may
ke regarded as FCI wave function in a limited but variationally optimized active orbital
space. when the active space is empty, the CAS wave function reduces to the
Hartree-Fock wave function.  As for any full Cl expansion, the CASSCF becomes too
large even for quite small active spaces. A vanation of the CASSCFEF procedure is
Hestricted Active Space Self=Consistent Field (RASSCF) method. Here the active
MOs are further divided into three sections, RAS], RASZ, and RAS3, each having
restrictions on the occupation numbers (excitations) allowed.  The RAS] space
consists of MOs which are doubly occupied in the Hartree-Fock reference determinant,
the RAS2 has both occupied and unoccupied orbitals, while the RAS3 space consist of



MOs which are empty in the Hartree-Fock determinant,  Configurations in the RAS2
space are generated by a full CI, analogous to CASSCF approach, and additional
configurations are generated by allowing for example a maximum of  two electrons 1o
be excited from the RAS] and maximum of two electrons to be excited to the RAS3
space. In essence, atypical RASSCF procedure thus generate configurations by a
combination of a full Cl in a small number of MOs (KAS2) and a CISD in a somewhat
larger MO space (RAS] and RAS3). The full Cl expansion within the active space
severely restnicts the number of orbitals and electrons that can be treated by CASSCFE
method.  In a CASSCF type wave function the Cl coefficients do not have the same
significance as for a single reference CI based on Hartree-Fock orbitals [11-14].

CIS. C-Simgles dreory is an adequate zeroth-order treatment for many of the excited
states of molecules. Treatments of large molecular systems cane beal forded by the
avoidance of integral storage and transformation, and thus the Cl-singles method has a
wide range of applicability. A satisfactory exploration of potential energy surfaces and
accurate electronic properties of excited states are possible by the use of analytic
Cl-singles gradients. We can further conclude that the success of the Cl-singles
method often depends critically on the chosen basis set.  Diffuse (Rydberg like) excited
states usually require the addition of one or two diffuse functions to split-valence basis
set.  Without these functions excitation energy may be much higher than expenmental
results. The effect of adding polarization functions often decreases the accuracy of
adiabatic and vertical transition energies while increasing the accuracy of excited state
potential energy surface.  This can be traced to the fact that the presence of these
functions causes the ground-state reference energies to be lowered to a greater extent
than the excited state energies. Even though the energy difference between two states
may not correlate well with experiment the resultant potential energy surface for one of
these states may be increased in accuracy. Some of finer details of exited-state
electronic structure can be resolved by a second-order perturbation correlation to the
Cl-single energy

Caution needs to be exercised in applying this level of theorv. It can be useful in
calculating accurate excited-state energy differences at elucidating subtle features in the
excited-state potential enengy surface [12-15].



I1. Perturbational methods

MP2. Unlike the Cl case, where for a long time there has been general agreement as
to what treatment to use, unfil recentlv there were several different approaches to the
use of perturbation theory.  So far the theory has been completely general. In order to
apply penurbation theory to the calculation of correlation energy, the unperturbated
Hamiltonian operator must be selected. The most common choice is to take this as a
sum over Fock operators, leading to Moller-Plesser perturbation theory,  The sum of
Fock operators counts the electron-electron repulsion twice. The operator associated
with this difference is often referred to as the fluctuation potential.  From a techmcal
point of view, we note that the identification of the MP2 quadruples a disconnected
products of doubles was not easy, requinng a fair amount of tedious algebra.  Clearly,
it would be convenient if the identification of connected and disconnected terms in the
Maller-Plesset wave functions could be made directly, without having to go through
extensive algebraic manipulations in cach case [12 - 14, 16 - 20].

CASPT2. The method Campleie Aetive Space Second Ovder Periurbation Theory
(CASPT2) 1s based on perturbation theory, which has turned out to be accurate in a wide
varety of applications, in particular in electronic spectroscopy.  Its basic principles are
simple.  Starting from a CASSCF reference function the remaining correlation effects
are estimated using second order perturbation theory.  This is a well known and widely
used approach in single configurational quantum chemistry and we have all reasons to
believe that it should work even better when we extend the reference function to include
the configurations with the largest coefficients. The CASPT2 method 1s size-extensive
and the weight of the reference function will consequently depend on the number of
electrons, which are correlated, ultimately approaching zero for an infinite number of
correlated clectrons.  With the intruder states we shall mean states in the YVep (SD: all
singly and doubly excited CSF's with respect to the CAS reference) space that have a
zeroth order energy, which is close to, or even below the reference energy.  In ordinary
MPZ such states rarely occur, since there is a large separation in energy bebween
occupied and external molecular orbitals.  However, in the CASPT2 method, this 1s not
always the case. The diagonal elements of the Fock matrix are related to ionization
energies (IP) for mactive orbitals and to electron affinities (EA) for external orbitals.
For active orbitals one obtains an average berween IP and EA. Weakly occupied
orbitals may thus have energies close to those of external orbitals and strongly occupied
orbitals close to inactive orbitals.  Since active orbitals may both excited out from and
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intg, it may happen that the energy denominators become small.  If his happens we say
that there is an inmtruder state in the Vgp space. The comesponding first order
coefficient may then become large and a freatment based on perturbation theory 15 no
longer wvalid.  There are now several different implementations of MP2Z type
expansions based on CASSCF reference, denoted CASPT2.  Experience of its
performance 15 still somewhat limited. The CASPT2 method can be applied to any
problem in electron structure theory. The great advantage of the approach is its
general validity. It can be applied to any tvpe of ground or excited state, independently
of the complexity of the electromic structure. For this reason, multiconfigurational
perturbation theory has been particulary useful in studies of excited states and transition
metal complexes, where open shells and near degeneracies are common. Especially
Muliistare CASPT2 performs that read number of root states, and a list of which Cl
vector from the CASSCF calculation to use for each state. A level shift technique is
suggested for removal of intruder states in CASPTZ.  The first-order wavetfunction is
first caleulated wath a level shift parameter large enough to remove the intruder states.
The effect of the level shift on the second-order energy is removed by a back comection
technique [12 - 14, 21 - 24].

HI. Cluster expansion methods

COCSID, The idea of Coupled Cluster (CC) methods is to include all comections of a
given type to infinite order  The first term of CC wave function generates the
reference HF and the second all singly excited states. The first paretthesis generates
all doubly excited states, which may be considered as connected or disconnected. The
second parenthesis generates all tnply excited states which again may be either true or
product triples. The quadruply excited states can similarly be viewed as composed of
five terms, a true quadruple and four product terms. The coupled-cluster method
represents the most successful approach to accurate many-electron molecular wave
functions. It can be applied to relatively large systems and i1s capable of recovering a
large part of comrelation energy. It is size-extensive and presents few if any problems
with respect to optimization. It does, however, require the existence of reasonably
accurate single-determinant wave function and cannot — at least in its more common
formulation — be applied to systems with degenerate or nearly degenerate electronic
configurations.  In practice, therefore, the application of the coupled-cluster method is
restricted to systems that are dominated by a single electronic configuration and the
coupled-cluster wave function is best regarded as providing an accurate cormection to the
Hartree-Fock description [12-14, 25-28]
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I'V. Density Functional Theory

DET. The basis For Density Functional Theory 1s the proot by Hohenberg and Kohn
that the ground-state electronic energy 15 determined completely by the electron density
2. In other words, there exists a one to one correspondence between the electron
density of a system and the energy. The significance of this is perhaps best illustrated
by comparing to the wave function approach. A wave function for an N-electron
system contains 3N coordinates, three for each electron (four if spin is included). The
electron density 15 the square of the wave function, integrated N-1 electron coordinates,
this only depends on three coordinates, independently of the number of electrons.
While the complexity of a wave function increases with the number of electron, the
electron density has the same number of vanables, independently of the system size
The only problem 1s that although it has been proven that each different density yields a
different ground-state energy, the functional connecting these two quantities is not
kinown, The goal of DFT methods is design functionals connecting the electron
density with the energy [12 - 14, 29-31]

TD-DFT. Since Kohn-Sham DFT yields the exact charge density, in the limit of the
exact exchange-correlation functional, properties (such as polanzabilities) which
depend only on the response of the charge density to a stafic, local, applied filed are in
principle obtained exactly in Kohn-Sham DFT.  In practice, good results have been
obtained in the local density approximation (LIDA) for static dipole polarizabilities and
hyperpolarizabilities of molecules using either the finite filed method or the coupled
Kohn-5ham (K5) method which has been implemented by Colwell, Murray, Handy, and
Amos.  However these approaches are limited to the treatment of static electric fields.
The formalism of time-dependent DFT generalizes Kohn-Sham theory to include the
case of a nme-dependent, local external potential. A practical computational
formulation of time-dependent DFT can be developed using time-dependent response
theory. This approach has been vsed successfully both for atoms and for solides.
However, the algorithms involved make essential use of the symmetries inherent to the
type of system considered, and thus are nod suitable for molecular applications [12 - 14,
32-34)

I'V. Semi empirical methods

The cost of performing Hartree-Fock calculation scales formally as the fourth power of
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the number of basis functions. This arises from the number of two electon integrals
necessary for constructing the Fock matrix.  Semi empirical methos reduce the
computational cost by reducing the number of these integrals.  Although linear scaling
methods can reduce the scaling of ab imitio Hartree-Fock methods, this 1s only the
limiting behavior in the large basis set limit, and ab imirio methods will still require a
significantly larger computational effort than semi empirical metheds.  The first step in
reducing the computational problem is to consider only the valence electrons explicity,
the core electrons are accounted for by reducing the nuclear charge or introducing
functions to model the combined repulsion due to the nuclei and core electrons.
Furthermore, only a minimum basis set i3 used for the valence electrons. The large
majority of semi empincal methods to date use only s- and p- funcuons, and the basis
functions are taken to be Slater type orbitals, i e exponential functions.  Within the
framework of Hartree-Fock calculations, some pieces of information (such as
two-elecron integrals) are sometimes approximated or completely omitted. In order to
correct for this loss, Semi empincal methods are parametnzed, that is their results are fit
by a set of parameters in such a way, as to produce results the best agree with
experimental data. Semi empirical calculations are much faster than their ab initio
counterparts. Their results. however, can be very wrong if the molecule being computed
is not similar enough to the molecules in the database used to parametrize the method.
Semi empincal calculations have been very successful in the descnption of organic
chemistry, where only a few elements are used extensively and molecules are of
moderate size.  Semi empirical methods also exist for the calculation of electronically
excited states of polvenes. These methods can provide good estimates of the electronic
excited states, when parametenized well. In contrast to their Hartree-I'ock-based
semi-empirical counterparts (i.e: MOPAC [35]), the pi-electron theories have a very
strong ab initio basis [12].

MMNDCO, The Modified Negleer of Diatomic Cherlap (MNDOQ) has been

parameternized for the elements: H, B, C, N, O, F, Al, 81, P, 5§, Cl, Zn, Ge, Br, 5n, |, Hg

and Pb.  Although MMNDO has been succeeded by the AMI and PM3 methods, it is

still used for some types of calculation where MNDO is known to give better results.
Some known limitations of MNDO model are,

-Stencally crowded molecules, like neopentane, are too unstable,

‘Four membered rings are too stable

“Weak interactions are unreliable, for example it does not predict hydrogen bonds.

‘Hypervalent molecules, like sulfoxides and sulfones, are too unstable.

-Activation energies for bond breaking/forming reactions are too high

‘Mon-classical structures are predicted to be unstable relative to classical structures.
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“Oxygenated substituents on aromatic rings out-of-plane
‘Peroxide bonds are too short

*The C-X-C angle in ethers are sulfides 1s too large.

AN, After some experience with MNDQO, it became clear that there were certain
systematic errors. For example the repulsion between two atoms which are 23 A
apart is too high.  This has as a consequence that activation energies in general are too
large. The source was traced to too repulsive interaction in the core-core potential.
To remedy this, the core-core function was modified by adding Gaussian functions, and
the whole model was reparameterized. The result was called Auswin Mode! f (AMI1) in
honour of Dewar’s move to the University of Austin.  AMI1 was developed by Michael
Dewar and co-workers, and published in 1985, as an attempt to improve the MNDO
madel by reducing the repulsion of atoms at close separation distances. AMI has
parameterized for the elements: H, B, C, N, O, F, Al 51, P, §, Cl, Zn, Ge, Br, | and Hg.
Some known himitations of AM] model are,

-AM1 does predict hydrozen bonds with strength approximately correct, but the
geometry 1s often wrong,

*Activation enegies are much improved over MNDO.

-Hypervalent molecules are improved over MNDO, but still have significantly larger
errors than other types of compound.

*Alkyl groups are systematically too stable by - 2 keal/mol per CH; group.

‘Nitro compounds are systematically too short by ~ 0,17 A,

-Phosphorus compounds have problems when atoms are ~ 3 A apart, producing
incorrect geametries.

~The ganche conformation in ethanol is predicted to be more stable than the srams

PMhA3. The parameterization of MNDO and AM1 had been done essentially by hand.
Since the optimization was done by hand, only relatively few reference compounds
could be mncluded. Stewart made the optimization process automatic, by deriving and
implementing formulas for the derivative of suitable error function with respect to the
parameters.  All parameters could then be optimized simultaneously, including the
two-glectron terms, and significantly larger training set with several hundred data could
be employed. In this reparameterization, the AMI1 expression for the core-core
repulsion was kept, except that only 2 Gaussians were assigned to each atom. These
Gaussian parameters were included as an integral part of the model, and allowed to vary
freelv. The resulting method is Modified Neglect of Diatemmic Overlap, quote-unguote
Parametric Method Number 3 (MKDO-PM3, PM3 for short), and is essentially AMI
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with all the parameters fullv optimized.  In a sense it has the best set of the parameters
for the given set of experimental data. The optimization process, however, still
requires some human ntervention, in selecting the expenmental data and assigning
appropriate weight factors to each set of data. PM3 has been parametenzed for the
elements: H, Li, C, N, O, F, Mg, Al Si, P, 5, Cl, Zn, Ga, As, Se, Br, Cd, In, 5n, 5b, Te, I,
Hg, T1, Pb, Bi, Po and At Parameters for many of the transiion metals are also
developed under the name PM3, which includes d-orbitals

Some known lmitations of A1 model are,

-Almost all sp’- nitrogens are predicted to be pyramidal. contrary to experimental
observation

-Hydrouen bonds are too short by ~ 0.1 A

‘The ganche conformation in ethanol is predicted to be more stable than frans.

‘Bonds between 5i and Cl, Br and 1 are underestimated, the Si-1 bond in HjSil, for
example, is too short by ~ 0 4A

‘H;WNH; 18 predicted to have a (5, structure, while the expenmental is -, and CIF; 15
predicted to have a /25, structure, while the experimental is (s,

‘The charges on nitrogen atoms is often “incorrect” sign and “unrealistic™ magnitude.

Some common limitation to MNDO, AM1 and PM3 are :

‘Rotational barriers for bonds which have partly double bond character are significantly
too low.  This is especially a problem for the rotation around the C-N bond in amides,
where values 5 — 10 kcal/mol are obtained. A purely ad hoc fix has been made for
amides by adding a force field rotational term to the C-N bond which raises the value
20-25 keal/mol, bnngs it in line with expenmental data.  Similarly, the bamer for
rotation around the central bond in butadiene is calculated to be only 0.5 -2.0 kecal/mol,
in contrast to the expernimental value of 5.9 kcal/mol.

“Weak interactions, such as in a van der Waals complexes or hydrogen bonds, are poorly
predicted.  Either the interaction is too weak, or the minimum energy geometry is
WIONE,

‘The bond length to mitrosyl groups is underestimated, the N-N bond in N;Oy, for
example, 15 ~0.7 A too short

‘Although MNDO, AMI1, and PM3  have parameters for some metals, these are often
based on only a few expennmental data. Calculations invelving metals should thus be
treated with care.  The PM3 set of parameters are determined exclusively from
geometncal data (X-ray), since there are very few reliable energetic data available for

transition metal compounds.

Semi-empirical methods are zero-dimensional, just as force field methods are.  There



15

is no way of assessing the reliability of given result within the method.  This is due to
the selection of a fixed basis set. The only way of judging results i1s by companng the
accuracy of other calculations on similar systems with expenmental data  Semu
empirical models provide a method for a calculating electronic wave function, which
may be used for predicting a vanety of properties. There is nothing to hinder the
calculation of say the polanzability of 2 molecule where the second denvative of the
energy with respect to an external electric field, although it is known from ab initio
calculations that good results require a large polarized basis set including diffuse
functions, and inclusion of electron comelation.  Semi empincal methods like AMI or
PM3 have only a minimum basis which is lacked polanzation and diffuse functions,
electron correlation 1s only included implicitly by the parameters, and no polanzability
data have been used for deniving the parameters. Whether such caleulations can
produce reasonable results, as compared to experimental data, is questionable, and they

certainly require careful calibration.

Hiickel. The Hicke! methods perform the parametenzation on the Fock matnx
elements. The Hiickel methods are non-iterative, they only require a single
diagenalization of the Fock (Hiickel) matrix. The approximation of this model are
taken to the limit The Hickel method is essentially only wsed for educational
purposes or for very qualitative orbital considerations. It has the ability to produce
qualitativelv comect MOs, invelving a computational effort which is within reach of
doing by hand.
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OMNIOMN., The Cwr Cwn N-Layvered Imiegrated Molecular Ovbival + Molecular
Mecharics (ONLIOM) method have been proven to be powerful tools for the theoretical
treatment of large molecular systems where different levels of theory are applied
different parts of a molecule. The ONIOM method is a generalized hybrid scheme to
treat different parts of a molecular systems at different level of theory. Its
implementation in the Cranssiaad3 program system allows the defimtion of up to three
arbitrarly shaped layvers with the free choice of the method. In the two-layered
ONIOM method, the total energy of the system is obtained from three independent
hieh s, B and -E"* . make E"™"™?  Real denotes the full
system, which is treated at the low level, while model denotes the part of the system of
which the energy 15 calculated at both the high and low level.  Although ONIOM can
in principle be used for any number of lavers, for which 2N-f subcalculations are

calculations: E

required. The definition of the model system is rather straightforward when there is no
covalent bond between the layers. The ONIOM method can combine different levels
of MO methods into a single integrated calculation of the energv or other electronic
propertics, a unique feature not available in other hybrid methods.  The method
elegantly takes into account both electronic and steric effects of the environment or
substituents on the energy, geometry, and other properties of interest, and can be applied
to excited states, as well as the ground state [36 - 42].

PCM., The polarizable comtimunm model (PCM) has been widely used since its
appearance for the study of many chemical processes. The most recent versions of
PCM allow the ab imifio calculation of the energy and the energy properties of
molecules  dissolved n anisotropic and inhomogeneous solvents, the analytic
optimization of solutes geometry and the calculation of static and frequency dependent
polarizabilities and hyperpolarizabilities in solution.  The choice of the solute cavity is
the most delicate steps in defining a continuum  solvation model. It has been
recognized that the best results are obtained with realistic shapes, mimicking the actual
solute molecule.  In the majority of models such a cavity is built with interlocking
spheres, usually centered on atoms or on atomic groups: this leaves the problem of
choosing suitable atomic or group radii.  Many possible choices for the atomic radii
have been proposed: the most refined treatments link the dimensions of ecach portion of
the cavity to the actual electronic charge inside, or found optimized radii, calibrated on
the solvation energies of a representative set of solutes. The charge dependent radii
can cause some problems when studying chemical reactions, and the optimized radin
refer to a particular salvation methoed, and tend to obscure the actual differences with
other approaches: moreover, there 15 always the nsk that the optimization depends on



the basis set and the level of calculation [13. 43 - 46].
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Chapter 1

Large aromatic hydrocarbon networks
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Ei‘l‘ect of a single nitrogen atom substitution to a number of large polveyelic
aromatic hydrocarbon (PAH) molecules was calculated svstematically, by Huckel
molecular orbital theory, and abnormal electron transfer (called tunnelling electron
transfer, TET) was observed especially in parallelogram-type PAH (see Fig.1.1) [69]

That is, fairly large amount of a-electron is withdrawn to an electronegative nitrogen
atom from almost the farthest end of a conjugated aromatic hydrocarbon molecule,
leaving almost no change in the intenor of the molecule [48 - 51].  This change can be
simulated by the Kekule structure counting for subgraphs of the parent molecule. To
venfy the TET semi-empinical, ab initio, and DFT calculations were carried out.

This 2-dimensional system of graphite sheet was extended to a 3-dimensional system

of carbon nanotubes.
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Fig 1.1 Tunmelling electron transfer 15 shown mn parallelogram-tvpe PAH. It was caloulated by
HMO method.  The largest filled circle ndicates the poston of mirogen atom subsintuton [6%].



The nanotubes consist solely of carbon, sp*-bonded as in graphene strips rolled to
form closed cvlinders, The structure of the nanotubes has been smdied using
high-resolution transmission electron microscopy. Iron group catalysis, such as Co, Fe,
and Ni, produce single-laver nanotubes with diameters typically between 1 and 2 nm
and lengths on the order of micrometers.

The catalyzed growth of nanotubes by chemical vapor deposition which proposes that
their formation and growth 1s an extension of other known processes in which graphitic
structures form over metal surfaces at moderate temperatures through the decomposition
of organmic precursors. Importantly, the model also states that the form of carbon
produced depends on the physical dimensions of the catalyvzed reactions.

The synthesis of molecular carbon structures which was reported Sumio Lijima the
preparation of a new type of finite carbon structure consisting of needle like bes [1].
To produce by an arc-discharge evaporation method similar to the fullerene synthesis,
the needles grow at the negative end of the electrode used for the arc discharge.  In
addition to ininally developed laser-furmace and arc-discharge techniques, catalytic
chemical vapor deposition (CCVIY) method [55 - 58] has been contrived for a scalable,
large-scale production of SWNTs, with vanous carbon-source molecules tested such as
carbon monoxide, methane, or ethanol. It was analyzed with Raman spectrometry,

scanning electron microscopy (SEM) and transmission electron microscopy { TEM){See

Fig.1.2).

Fiz. 1.2 Lower magnication TEM image (panel A) and 3EM image {(panel B} of “as grown” SWHTs.
By catalvtic decomposition of ethanol is over a Fe/Co mixture embedded in seolite an 800 °C. Dark
parts i the left of pancl A 15 zeolite surface. Both in ponels A and B, web-like growth of bundles of
SWHNTs covering seolite particles around 300 wm were observed, nothing else[62).
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Carbon nanotubes are unique tubular structures of nanometer diameter and large
length/diameter ratio which depends on the wrapping graphene.  The various types of
carben family are shown in Fig.1.3

(m}

1111111111111

Fig. 1.3 The various tvpes of carbon family
(a} Single-walled carbon nanotubes (b) Multi-walled carbon nanotube (¢} Carbon nanchom

[di The cupstack type of carbon nansdube {2) Fullerens Cyy, () Fullerens Cy,

Experimentaly, a catalytic metal atom sticking on an open edge of a growing SWNT
wis supposed to prevent the formation of a closure with pentagons by scooting around
the edge[50, 51]. Yudasaka ef ol [539] examined several catalytic metal species and
their alloys in their laser-furnace experiments and discussed in detail the effect of the
choice of catalyst based on their phase diagrams. They suggested a ‘metal-particle
model’, in which droplets of carbon-containing catalytic metal were formed as a
consequence of laser ablation and in the subsequent cooling stage the carbon atoms
were separated out from the metal nuclei to form SWNTs.  Furthermore, Kataura ef
al [60] proposed ‘fullerene-cap model’, where fullerene-like carbon clusters formed
during laser-ablation attach to metal particles that served as nuclei for SWNT growth;
this medel was based on the experimental cbservation that the growth conditions of
fullerene and SWNT were similar and that the diameter distribution of SWNTs was
correlated with that of fullerenes [64-68].

Chemical and physical routes under conditions of moderate temperatures and
pressures  are generally vsed to synthesize nanocrystals and nanostructures  with
metastable phases.  The size effect of nanocrvstals and nanostructures may be
responsible for the formation of these metastable phases at the nanometer size. To date,
there has not been a clear and detailed understanding of the effects causing the



formation of the metastable structures from the viewpeint of thermodynamics.
There is no a clear insight inte which chemical and physical origins leading to the
growth of the carbon nansiube.
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I.1 Graphene

Much attention has been directed to electron transfer in large conjugated n-electron
systems by quantum chemistry methods. The effect of a single mitrogen atom
subsfitution to large polyeyclic aromatic hydrocarbon (PAH) molecule was calculated.
However the molecular mechanism is still not clear at the high level methods of
quantum chemistry.  Using the perturbation technique developed by Coulson and
Longuet-Higgins which is simulated by the Kekulé structure counting for subgraphs of
PAH, Hosoya et al. found anomalous but interesting behavior of the n-electron flow
called tunneling electron transfer, TET, in parallelogram-type PAHs.  This abnormal
electron transfer cannot be predicted by the conventional organmic electron theory.
According to the HMO calculations by Hosoya ef af, TET was observed in PAHs having
a singly-substituted nitrogen atom [69].

IVl
P-type Global

X-tvpe Global X-type Local

O-type Global O-type Local

Fig 1.3 Global mnnelling electron transfer, TET, {see the left side), and local electron transfer {see
the right side) obtamed by Hikckel molecular orbital theory. The largest filled circle indicates the
position of nitrogen atom substitution |69]
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Let us call parallelogram-type PAHs as P-type, X-type, and O-type, respectively and
name the mode of electron withdrawal from the peripheral carbon atoms by substituting
an electronegative nitrogen atom at - and f-positions as Global and Local (see Fig. 1.3).
The Global TET was observed, negatively charged peripheral atoms were situated on
the left and lower edges and while the atoms on the nght and upper edges are positively
charged. The name of local corresponds to the local effect of the electron transfer (see
the right side of Fig. 1.3).

Substitution of a single nitrogen atom at one of the edge carbons of this PAH
network, the n-clectrons are perturbated those on the penipheral carbon atoms.  This
substitution causes a big tide of electron wave comes from the opposite but not the
farthest end of the network.  We have analyzed in detail this electron transfer along the
same shore ai the epicenter indicating that a fairly large amount of excess n-electron is
accumulated.

In this study we carmed out more elaborated semi-empirical and ab initio molecular
orbital (MO) and DFT calculations to elucidate whether its phenomena are observed at
the higher level of theory.

Fig. 1.4 The numbenng of carbon edges
(Farent tvpe)

111 Computational Details

Meolecular orbital calculanions were camed out for P-type, X-type. and O-type PAHs
uging AMI, PM3, and MNDO MO methods which are semi-empincal methods for the
quantum calculation of molecular electronic structure.  All C-C distances were set to
1.39 A to compare the same PAH,

CGreometry optimizations using a hvbrid method, ONIOM{MP2/AM 1), and DFT with
a BILYP functional for P-type PAHs were also performed 1o investigate the effect of
the nitrogen substitution. The systems studied are benzene networks which are
arranged 3 benzenes vertically and 7 benzenes horizontally to investigate the abnormal
phenomena TET.  This is the smallest one, in which TET was obserbed at the Hiickel
MO level.
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1.1.2 Electron Charge Transfer

By applying of the semiempirical and ab infic MO methods to the TET phenomena,
we observed the 5+ charges in the Global PAH at the more precise level of calculations
than Hickel method.  Using the semiempincal method there are a lot of charges in the
Global PAH.  In this level the large &+ charges appear in the opposite shore from the
substituted site, especially, on the left side from the center of the opposite shore,  From
the ab fmitio level calculations we found that the 6+ charges were shown up in the left
side surface of this molecule and they spread out the opposite sites in the Global PAH.
In comparison with Hickel method, the distribution of 8+ charges by ab initio MO
calculations for the Global PAH are more similar than that by semiempirical method.
Furthermore, &+ charges based on semi empirical methods are relative (o those of ab
iitir MO caleulations.  In consequence the TET phenomena are observed by Huckel,
semiempirical MO, and ab inio MO methods.

When the substitution site from carbon to nitrogen are altered to the next left site, at
the [ =ite instead of the « site, i.e., for Local PAH, the effect of its alteration is not so
dramatic by Hiickel, semiempirical MO, and ab intio MO methods. The different 5+
charges depend on the integlation algorythm at the each level of the calculations.

[ :_. 1 I:I [ ..__ 1
ia) HMO e ol 0 N i R L0
'llr- g P
= .'\' ‘ .."I...‘ - “ 3 5 =
SEMmi A ) Y1
b) B (0 0000 LY
empirical YT XX
- i i
(cy @b initie ' -*-: .

Fig. 1.5 The white and black circles show &4 and 8= chorpes, respectivelv.  The scale of the circles
is different in the level of coleulations.  The &+ charpes behavior was shown of Global and Local m
Hiickel method. semiempinical method, and ab e, Lower left benzene value is omitted in

semi-empirical methed,
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Taking into the consideration for the methodological difference we estimated the m
and o charges at semempirical method, and ab imtio Tor compansen with these methods
and Hiickel method. To distinguish the © from & charges, we consider the difference
between Global and Parent or Local and Parent as those charges.

Global Laocal
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Fig. 1.0 = and o electron transfer distribution ai semi empirical level.

Ther and o clectron transfer have been shown in Fig. 1.6, The differences
between Global and Local phenomena were also observed atthe = and o.
Consequently = electron transfer distribution decides total electron transfer
comparing with = and total electron transter.

Figures 1.7(a), (b), and (c) show the difference of charge values between Global and
Parent (See Fig.1.4) and between Local and Parent for AMI, PM3, and MNDO
calculations, respectively. By using AMI, PM3, and MNDO a big difference between
Global and Parent of Mulliken charge value was observed in the opposite shore o the
position of substituted mitrogen. It 1s interesting to note that every type also had a
same tendency of TET phenomena. The Global TET is observed; negatively charged
penipheral atoms were situated on the left and lower edges and while the atoms on the
opposite edges are positively charged. It appears from the 3 and 7 carbon atoms put
perpendicularly and honzontally, respectively. This substitution causes a big tide of
clectron wave comes from the opposite but not the farthest end of the network,  We
have analyzed in detail this electron transfer along the same shore at the epicenter
indicating that a fairly large amount of excess n-electron is accumulated. The strength
of TET behavior depends on the penphery streutre.  In this report the P X, O-type have
been shown that the molecules are arranged 3 benzens vaertically and 7 benzenes
horizontally in Fig. 1.7
The TET phenomena in Global PAH appears on the left side from the center carben
sites at the external 7 carbon sites in veiw of the substitution carbon site by the AMI,
PM3, and MMNDO level calculations. Compared the Global and Local at each streutre
the eclectron transfer is not so remarkable for Local,
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Fig. 1.7ie) Calculated by MNDO.
Fig. 1.6 The difference of Mulliken charges which were placed at the edge of carbons between
Parent and others for the P-type. X-type. and O-type PAHs. See Fig. 1.4 for the numbering of carbon
soms at the edge.
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LI.3 MPZAMT and DFT

The Mulliken charges at MP2/AMI level in Global PAH show on the left side from
the center carbon sites at the external 7 carbon sites in veiw of the substitution. The
TET at Global PAH was observed on the left side of the 7 carbon sites in Fig 1.8

Omn the other hand, the TET is also found at the DFT level. Mulliken charges which
simply takes each two-center term of the density and wavetunction, divides by two and
places 1/2 on each constituent atom. In this case the basis set made more complex
since 0-3 1G* was used for MP2/AM 1 and DFT methods.
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Fig 1.4 {a) Mulliken charges ai the edee of P-type bv QMM (AP2AAML ) See Fig, 14 for the
numbering of carbon afoms ai the cdge.
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Fig. 1% (b} Mulliken chorges at the edge of P<ype by DFT. See Fig, 1.4 for the numbening of
carbon atoms at the edge.



1.2 Carbon Nanotubes

Carbon nanodubes are composed entirely of sp? carbon atoms, similar o graphite.
The sp® carbon atoms found in diamond, this carbon-carbon double bond strongs
structure  provides them with their unique strength. Nanombes naturally align
themselves into “ropes” held together by van der Waals forces. Under high pressure,
nanotubes can merge together, trading some sp? carbon atoms for sp* bonds, giving
areat possibility for producing strong, unlimited-length wires through high-pressure
nanotube linking,

Most SWNTs have a diameter about Inm, with a tube length that many thousands of
tumes larger. The structure of a SWNT can be conceptualized by wrapping a
one-atom-thick layer of graphite (called graphene) into a seamless cylinder. The way of
the wrapping is represented by a pair of indices (n, m) called the chiral vector The
integers n and m denote the number of unit vectors along two directions in the
honeyeomb lattice of graphene. If m=0, the nanotbes are called "zigzag". If n=m. the
nanotubes are called "armchair”. Otherwise, they are called "chiral"(see Fig. 1.9).

v} mrmchair

Fig. 1.9 The (nm) nanctube naming scheme can be thought of as a vector (Ch) in an mfinste
graphene sheel thal describes how o 'roll up' o graphene sheel o make the nanclube, T denotes (he
tube axis, and al and &2 are the wil vectors of graphene 1 real space |T0).
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Carbon nanotubes display either metallic or semiconducting properties which depends
on chiral. Due to the symmetry and unique electronic structure of graphene, the
structure of a nanotube strongly affects its electrical properties. For a given (nm)
nanotube, if 2n + m=3q (where q is an integer), then the nanotube is metallic, otherwise
the nanotube is a semiconductor. Thus all armchair (n=m) nanotubes are metallic, and
the other nanotubes are semiconducting. An alternative (equivalent) representation of
this condition is if (n-m ) 3=integer, then the SWMNT is metallic

1.2.1 Computational Details

The structures of open-end carbon nanotubes have been optimized using the
semi-empinical PM3 method.  First we prepared a series of graphene sheets to make
the SWNT having different chirality. When the graphene sheets are rolled up to make
single layer carbon nanotubes, they have open-end structures, which are similar to pens,
with valley-side and mountainside {see Fig. 1.11). The SWNT has 12 carbon atoms at
the open-end, while the diameter depends on its chirality, Carbon atoms at the open-end
were replaced with an electronegative nitrogen atom one by one. The substituted sites
were denoted asa, b, ¢, d, e, £, g h, 1, ], k. and | as shown in Fig. 1. 10

In this case the length in a direction perpendicular to its diameter of the nanobube
with any chirality will keep the property of carbon nanotubes according to the study by
Ararag ef af. |E. Ararag and K. Takano, private communication. J.

MOPAC program package was used for the PM3 caleulations in this cahpter

a b cdef g hi1 ) k|

Fig. 1.14 The alphabetical sequence of the carbon site replaced with a nitrogen.
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Fig. 1.10(c) (9, 3)
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Fig. 1.11 The graphene sheet (left side) is rolled into SWNT (right side).
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1.2.2 Heat of formation

The thermal properties play an important role in the growth of carbon nanotubes.
Making carbon nanotubes involves the use of a carbon arc to heat graphite to about
5000 °C.  They exhibit extraordinary strength and unique electrical properties, and are
efficient conductors of heat. The syntheses for carbon nanotubes includes the high
conductivity for interconnection and excellent thermal properties which are available for
the function of temperature while carbon nanotubes are found to significantly enhance
the thermal stability of polypropylene in nitrogen at high temperatures. Namely the
modelling of the mechanical, thermal properties of nanotubes via numerical simulations
forms the part of this section, concerned with the nano-scale mechanics and nano-scale

thermodynamics of nanotubes.
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Fig. 1.11 Theorctical encrgy of heat formation.  “a” to °1” have boen shown the sobstitution sites
from carbon to mgtogen at each nanotube.

Chemical formula of all the isomers of the substituted nanobubes studied in this
wiork 15 Cap Has™. The PR3 heat of formation of the substituted nanotubes 15 shown in
Fig. 1.11. The chiral nanotube (10,2} was found to have the lowest heat of formation
except for the case of the site “17 substitution. This suggests that the chiral nanotubes
(10,2) are more stable than the other nanotubes with the other chirality if the synthesis
comtrolled for the chirality is conducted.



I.2.3 Molecular orbitals and energies
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A molecular orbital describes the behavior of one electron in the electric field

generated by the nuclei and some average distribution of the other electrons,

Tt shivws

the orbital interaction, bonding, and guantitative values for the molecular energy levels.
The optimized geometry doesn't have kept the good symmetry of the open end
nangtube but it is wseful to be familiar with inorganic semiconductors to see the HOMO
level When the molecule forms a dimer or an aggregate, the proximity of the orbitals
of the different molecules induce a sphitting of the HOMO and LUMO enerzy levels.
This spliting produces vibrational sublevels which each have their own energy, shightly

different from one another. There are as many vibrational sublevels as there are

molecules that interact together,

the key of the carbon nanotube growth.

It plays an important role to analyze the edge of the
interaction between catalyst and vapor,

It is helpful to search the possibility to extend

Tabkle 1.2.1 Orbital energies of frontier arbitals and HOMO-LUMO gap valnes for the substituted
mamoinbe E1||H32N in eV

(7.5 (7.5 (0. 3n (9.3 (9 3 (10 2 | (102 | (1022 e | (12.00a
LMD A alTT | 456050 | 4 23R | 4 255] | 43530 | 42034 | 42750 | 42430 | 41577
HOMO SSTIAN | S ARTE | S M08 | S5 U042 | S5 BAFE | S5 UA4d | SS9 T0 | S UTIE | -5 423
HOMO- | “B5503 [ 6. T7320 | A 4654 | 4931 | -5 4588 | -A. 1504 | -6 1534 | 6410 | H4263
HOMO-LUMO
LOGT2 | 11173 | 16023 | 16491 | 15803 | 17210 | 16714 | L7288 | 16340
gap

Let us call the inside position of carbon atoms “Valley™ denoted as site a, and the
outside position “Mountain™ denoted as site &, when the graphene sheet was wrapped.

The fposition is opposite to .
As shown n Fig 1,12, the HOMOs were delocahzed one open side.

This feamre of

the HOMOs indicates that nanotubes could grow easier on one side than the others,
since the growth mechanism of carbon nanotube is described the interaction of
attachment between basement and the seed of carbon nanotube.

the interaction happens at one open-end effectively.

Namely, it seems that




35

wo'zl) AZ01) nzon) Bzl PlE'6) Ii's) W6 He'L) ms'L)

e . TS — owon

gy DR EEOND QUERS e MK gmmae —  — onod

— _— — —— —
-~ — N
E — L E i e E- P .....=.. _____..___.._.___1.___._._

Fig. 1.12 The Eigen value and Molecular Crbitals on SWNTs.
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1.2.4 Net Charges
Figure 1.13 shows the Mulliken net charges for the substituted nanotubes CiHaMN,

The charges spread out on the intemal region for carbon nanotubes (9.3), while the
chiral nanotubes (7,5) and (10,2), and zigzag nanotube (12,0) don’t have such charze
distribution. It is noteworthy that 5+ charge appears on the opposite side against the
substituted-mitrogen site for mgzap nanotube (12.0). This is similar to TET for the

Global of the graphene sheet.
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Fig, 1.13 The distribution of mulliken charges depend on the subsirtution site and its chirality,
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1.3 Conclusion

The difference of Mulliken charges was observed in the opposite shore against the
position of the substituted nitrogen atom between Global and Parent by semi-empirnical
MO methods, ONTOM{MP2:AM1), and DFT. This means that the computational
methods of higher accuracy gave similar results of abnormal phenomena "TET," which
had been observed by HMO method.

Moreover we observed the lowest heat of formation for the chiral nanotube (10,2),
We also noted that the HOMOs were delocalized one open side.  This feature of the
HOMOs indicates that nanotubes could grow easier on one side than the others, since
the growth mechamsm of carbon nanotube is desenbed the interaction of attachment
between basement and the seed of carbon nanotube.  Namely, it seems that the

interaction happens at one open-end effectively.
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Chapter 2

Density Functional Theory on Ru(Il) used as intercalators in

DNA
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Tllﬁ::l'ﬁ has been increasing interest in the last decade to the design of transition metal
complexes spectroscopically active as probes of DNA structure and function.  Since
the first report on [Ru (bpyhidppz)]”” (bpy = 2,2' —bipyridine, dppz = dipyrido
[3,2:a-2" 3"¢] - phenazine)operating as a molecular “light switch” for DNA to be a prime
candidate for application as a spectroscopic probe for nucleic acids owing to its shape
and the sensitivity of its excited-state properties to environment [T1].  Sewveral Ru {11}
complexes have been investigated: [Ruf{phen):dppz]”” (phen = 1,10-phenanthroline)
gives substantial increases in luminescence on DNA binding and may prove usetul in
the development of DNA-based diagnostics [72] [73].  In [Ru(phen):dppz]’" dppz is
fully intercalated [74] [75]. Studies reported on [Ruiphenh]” concluded that one phen
ligand is facing the DNA base pairs and is nearly parallel to them as if intercalated.

Moreover  [RuiTAP):dip]” (TAP =  1.4.58-tetraazaphenanthrene,  dip =
4, T-diphenylphenanthroline) tethered to a central nucleotide base have been prepared
and  charactenzed  [70). Additionally  [Ru(phen);PHEHAT]"  and
[R(TAPLPHEHAT] {PHEHAT =

1. 10-phenanthroling|5,6-b]-1,4,5 8 9 12-hexaazatriphenylene) were examined and
compared containing either an extended planar ligand (dppz} or = -acceptor ligands
[85]). Similarly spectroscopic changes similar to the reaction between [Ru{TAP);J
and DNA are found with GMP in oxygen-free pH 5 solution. Likewise
[Ru(TAPLdppz]™ is expected to intercalate into DNA in a fashion similar to that of
[Ru(phen):dppz]*’ [77] [78]

Some of these complexes are remarkable reporters of DNA structures by luminescing
brightly on binding to DNA wheras no detectable photoluminescence 15 observed in
agquecus solution. Appreciable luminescence has been detected in other solvents such as
acetonitrile. The chemical properties of these coordinatively saturated maolecules which
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are water soluble and inert to substitmtion made them excellent compounds as new
diagnostic and therapeutic agents [79]. The luminescent parameters are remarkably
sensitive to the DNA structure and binding modes at intercalation: It is instructive to
consider the metal complex as composed of one symmetric and one dissymmetric part,
the ligand containing the one ligand for C; axis and the two ligands “propeller blades™.
Only the latter, dissymmetric part can give rise to diastereomeric interaction. The
crientation of the complex around the C; axis {roll angle} wall modulate this interaction.
If the roll angle alpha, had been exactly zero for the Ru(ll) complexes, the angle
between the polarized transition moments and the DNA axis should have been +357.
The clockwise roll will cormespond to directions of the polanzed intensity at the angles
(+357 + alpha ) at the relative to the helix axis. Hence the angles around +10° for dppz
ligand is obtained (See Fig.2.6) [75].

Most of the expenimental studies have been devoted to the structural aspects [73] [75]
with a few investigations concerning the photophysical properties of the intercalated
complex [80]. It appears that the key of the mechanism of photoluminescence is the
presence of a low-lying emissive triplet MLCT (Metal-to-Ligand-Charge-Transfer) state,
the lifetime of which being controlled by the environmental effects (site of intercalation,
solvent) and the nature of the surronding phen, TAP, bpy or dmp ligands. Experiments
reported on various Bu (1) complexes have shown that their intercalation induces
efficient cleavage of DNA upon photoexcitation at a wavelength of 400-450 nm [81, 82
23].

Recent  developments have shown  that Ru(ll) complexes of the type
[RUTAPRdppz]™” and [Ruiphen):dppz]’ are very efficient "molecular light switches”
[84] and can block DNA transcription [B1].  Therefore, they have received a
considerable attention as DNA markers and potential anti-cancer drugs.  Recent laser
flash photolysis  experiments have examined the photophysical/electrochemical
properties of [Ru (TAP) :dppz]”", [Ruiphen):dppz]’” and [RuiTAPR{L)]*" (L=bpy, phen,
TAP) in water and with different polynucleotides [B3]; it is sugpested that a
proton-coupled electron tranfer mechanism is operative, but how this phenomenon takes
place at the molecular level is not understood yet. It has been postulated that the initial
electron transfer from the guanine to the metal complex in the case of [['-’.1.1f'L-"..l'-']n;-u:lppnz]E+

could increase the yield of strand cleavage and adduct formation.
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2+
‘/"E G—+G*
A R

[Rui TAPLidppe)]” * + G — [Ru{TAPYTAP -iidppe)]t + Gi-Hy .+ H+ (i)
[BEu( TAPWTAR <Mdpped |+ + Gi-H) . + HY  — |[Ru(TAP)I2{dppe)|24% + G [l }
Fig. 2.1 The both back and forilh reactions (( i ) (i B proceed by proton coopled elecinon iransfer. as this
can explain the isotope effect.  Inthe case of GMPE in is likely that the selvent acts as the proton accepter
whereas in the double standard DN A or polynuckeotide the oytosing probably becomes protonaded,

While direct evidence for electron transfer has been obtained with guanosine
monophosphate, the process in DNA is too fast to be measured using nanosecond
techniques and must occur on a picosecond time scale. A disadvantage of [Ru
["]'A.F]n;phen]z' 15 that the mode of binding is uncertain this is why picosecond
experiments were reported on [Ru{TAP]lg-dppz]z‘. which is expected to intercalate into
DNA in a fashion similar to that of [Ru(phenhdppz]” with comparable oxidizing
properties of those of [Ru (TAP).phen]®”.

Manosecond transient  resonance Raman and  picosecond transient  absorption
spectroscopic  investigations of the two structurally  analogous Ru-polyvpyridyl
complexes, [RuiTAPdppz]” and [Ru(phen):dppz]’", have been reported. This study
points to the different nature of the lowest excited states in the two complexes, and
describes the role of these states within the very distinct photophysical behaviour of
each, both in relation to solvent response and their interaction with DNA (facilitated in
each case through the intercalating dppz ligand) [76, 86]. The active, sclvent-sensitive,
dppz-based *MLCT states involved in the “light=switch”™  behaviour of
[Ru(phcn]:dppz]‘t' are probed, alongside evidence of a progression through a precursor
transient state when the complex 15 in non-aqueous environment. Evidence has been
provided of a photophysical pathway for [Ru{ TAP)zdppz]® . involving formation of a
tap-based lowest "MLCT state. When [Ru{TAP)dppz]™' is bound to DNA through the
dppz ligand, a photo-dnven electron transfer process ensues between the guanine base
of DNA and the lowest "MLCT state,
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Fig. 2.2 The study of the hgands,  Phen: 1 l0-phenanthoreline TAP: 143 8-tetranzaphenanthrene -
dppz: dipvnido [3.2-a (27 37-¢]

The origin of the “light switch™ effect has been believed 1o be removing of the water
malecules surrounding the [Rufphen):dppz]’” complex by intercalation of its large dppz
ligand between DNA base pairs, although the direction of intercalation, i.e., whether the
insertion of the large ligand occurs from the minor groove,

The structural propermty of DNA has two grooves of unequal character. The major
groove is deep and wide, and the minor grove is narrow and shallow.

Major Groove

Minor Groove
Fig. 2.3 Major groove and mimor groove by £-DMA,

As far as the binding modes of Ru (1) complexes to DNA is concerned, there are still
divergences of opinion. For [Ru (phen) 11:||:|-|:r3]2' the classical intercalative mode is
accepted by most scientists, but there are still intense controversies on binding to DNA

with major or minor groove.
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Fig 2.4 Potential curve for the [Rul(phenkdppe]’’ binding B-DNA [87]. Heavily line presents
minor groove intercalation; dashed hne for major groove was camed oot calculation wath the
Amberii.

Molecular modeling methods have been applied recentlv to study the structural
characterization of the interaction of transition metal complexes containing ligands such
as bpy, phen with the oligonucleatide diCGCAATTGCG): [87] Fig 2.4 shows the
potential curve for [Ru (phen) 2dppz])’” binding B-DNA_ In the groove bound region of
the major groove, the global minimum occurs, which indicates that the complex might
have bound hydrophobically against the major groove. In addition, a local minimum is
also observed in the base-pairs region of the major groove.

Also, the potential of the minor groove is generally lower than that of the major groove
in base-pairs region. It the structure comesponding to the global minimum peoint 1s
considered as the optimum binding conformation between complexes and B-DNA. the
[Ruiphen):dppz]”” binding should be a classical intercalation from minor groove with

completely separated basepairs, viewed from Fig. 2.5

Fig. 2.3 [Rul{pnl'll::n‘,lzu::h:l]:lz]1+ was intercalated to minor groove of B-DNA[S7].

The dppz head 1s engaged in stacking interaction with the nucleobases, which s in good
qualitative agreement with experiment description [87].  Although [Ru(TAPhdppz]*
and [Ru(phen):dppz]’” have different photophysical and photochemical behaviours,
their affinity constants for polynucleotides are of the same order of magnimde,
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presumably reflecting the efficient intercalation properties of the dppz ligand, The
structure of the [Ru{TAP)dppz]’ intercalating DNA is adapted the same as
[Ru(phen)adppz]”™

The main objective of the present theoretical smudy based on quantum chemical
calculations is to determine the geometrical structures of the [Ru (L)L)} complexes
with L=L"=TAP; L=phen, L'=dppz; L=TAP, L'=dppz in vacuum as well as in different
solvents and in biclogical environment. The electronic absorption spectroscopy of
[RufL)zdppz]" (L=phen, TAP) is also investigated in order to characterize the low-lying
singlet and tnplet excited states plaving a role in the mecahmism of photoluminescence
observed 1n these compounds. The solvent effects on the absorption spectra are also
comsidered. Hybrid OM/MM methods are used to optimize the structures in the
biclogical environment,

The computational details are given in the next section, whereas the structures and

spectroscopy are analysed in section 2 and the intercalated models are discussed in
section 3.

Fig 2.6 Models illustrating the diastercomeric binding geometries of the [Ruiphen)-Ligand]™
complexes intercalated and onented perpendicular to the DNA helix axis.  For both enantiomenc
forms the spectroscopic results show the complex to be filied from the sdealized intercalative

peometry by a clockwise roll around its Cs acas with o roll angle of about 107 | 73],
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2.1 Compuitational Details

211 Geometry Optimization

The geometries of the molecules in their electronic ground state were optimized at the
DFT{B3LYP) level of theory using a Becke's I-parameter hybrid functional using the
nonlocal comrelation functional due to Lee, Yang, and Par [88]. MWB basis set which
references to neutral atom and Wood-Bonng quasi-relativistic pseudopotentials [89] and
associated valence basis sets (8s, 7p, 6d) contracted to [6s, 5p, 3d] were used for the Ru
(II) atom. Polarized split valence basis sets which can in turn be composed of a fixed
linear combination of primitive Gaussian functions 6-3 1G* [90,91] were used for a (45)
contracted to [2s] for H and a (10s, 4p, 1d) set contracted to [3s, 2p, 1d] for C and N
atoms on the [Ru (L)L) complexes with L=L"=TAP, L=phen, L'=dppz; L=TAP,
L'=dppz.  Preliminary calculations where performed on [Ru (TAPWL™) with
L"=TAP; L"=dppz, by means of D95 basis sets which are Dunning-Huzinaga full
double zeta [92] (4s) contracted to [25] for H and either (95, 5d) set contracted to [4s,
2p] or (108, 5p) contracted to [3s, 2p] for C and N combined to the LANLIDZ [92]
Effective Core Potentials and associated valence basis set on Ru atom

2 1.2 Spectroscopy

Time-dependent density functional theory (TD-DFT) which is a method for the
calculation of excitation energies by svstematic improvement upon the poles of the
K.chn-Sham response function and configuration interaction singles approximation were
used to calculate the transition energies to the electronic excited states in vacuum and
solvents. The solvent effects were investigated by means of the polanzable continuum
madel (PCM) which allows to treat in a single approach dielectrics of different nature:
standard 1sotropic liquids, intrinsically anisotropic medialike liquid crystals and solid
matrices, or ionic solutions and performs reaction field caleulation  using
CHyCN({e=36.64) and HxO{e=7839) environment in TD-DFT, A procedure based on the
PCM has been applied o reproduce solvent effects on electronic spectra in connection
with the TD-DFT.  To account for solute-solvent interactions, a suitable operator has
been defined, which depends on the solute electronic density and can be used o modify
the TD-DFT equations for the calculation of moelecular polarizabilities and electronic

transition energies. The solute-solvent operator has been denved from a PCM
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approach depending on solute electrostatic potential,

2.1.3 Intercalating fo DNA

To analyze the poly [d(G-C)] the X-ray structural data from PDB[93] of 6CG are
optimized by AMI level.  Here the hydrogenbonds was attached by winmostar [94],

For the intercalating to DNA, the structre by Facio [95] at docking area and translate
from the pdb data to gaussian input files using Babel [96] was used. ONIOM is the
hybrid method that enables different levels of theory to be applied to different parts of a
molecule and system which are combined to produce a consistent energy expression.
Energies were obtained via the ONIOM hybrid QM/MM method.  The ONIOM enerzy

for two-layer system is calculated by
E (Real: High) = E{Core: High) + [E{Real: Low) - E{Core: Low)]

where Real and Core indicate the molecular layers, and High and Low indicate the level
of theory.  [Rui TAP)dppz]’" and 2CG was chosen as the ONIOM core, and high level
of theory was the BILYP xc-functional theory and D95 basis set for hydrogen, carbon
and nitrogen, MWB basis set for Ru{ll). The Low level method was UFF {Universal
Force Field) which set of fundamental parameters is based only on the element, its
hybridization, and connectivity.. At the present stage it is difficult to calculate the
Ru(ll) complexes by OM/OM since there is no library of the Ru{ll} on the
semi-empirical  methods. We performed the following methods about
[Ru(TAP)dppz]® intercalating DNA.
The simulation of the complexes bound to 6CG was camed out using docking
methodology [97]. First, the complex was selected to insert into the CiGy'GaCy (C:
Cyvtosine, G: Guanine). The dppz two-fold axis is perpendicular to both the base pair
long axis and the helical axis,
Manually changing the intercalative depth of the complex by MM method, the
structures along the designed pathway were constructed individually, and then
independently minimized 1o obtain the potential value of the interaction system
consisting of the complex and Z-DMNA. To obtain the structure we choose the 3
schemes.
The [Ru{TAP];dppz]z' + 6CG geomtery optimization was carmed out by

[} the MM method for all the atoms. (Non-fixed)

2) OMIMM. (Non-fixed)



3) OMMM, (MM part fixed and single-point caleulation was performed. )

All the calculations reported in this studv have been performed Gaussian03 program
package.



2.2[Ru(TAP) dppz[”, [Ru(TAP)s]*" and [Ru(Phen) dppz]””

2.2.1 Structure af the metal complexes

The optimized geometnies of Ru complexes in vacuum are reported in Table 2.1, Since
the X-ray data for the [Ru { TAP):dppz]® was not obtained we compared the X-ray data
for [Ru{TAP)] . Optimized structures obtained show pseudo-octahedral condition of
RuN; core, with N-Ru-N angles close to 80 degrees, These Ru complexes don't keep
the octahedral symmetry correctly.  The angle of N-Ru-N which is connected with the
TAP, namely N;-Ru-N; and N:-Ru-N; have the same value. Note that the angle which
is connected with dppz ligand becomes somewhat narrower than that of TAP.
Comparison between [Ru (TAP) ;dppz]’ and [Ruiphen).dppz]® indicates that all the
angles which connect TAP/Ru/TAP have almost the same wvalue. The agreement
between experimental data and calculated values for the [Ru{TAP}}]J' complex is rather
good, The calculated geometnies are slightly affected by the basis sets effects as
illustrated by the values reported in Table 2.1,

Tahle 2.1 DFT optimized geometrics of Ru(ll) complexes.  X-rav data for [RuiTAP):),

|Ru{TAP)dppz] |Ruiphen) dppz|” [Rui TAP)]™

Optimization (rptimization Optimization Exp.
BiLYP D95 6-31G* 6-31G* D95 Lanl2DZ  6-31G* Exp.
Bu-M1 210 2.11 211 2.10 2.10 211 2006
Ru-N2 2.10 2.11 2.11 2.10 2.10 2.11 208
Ru-N3 2.09 2.11 211 210 2.10 2.11 2.06
Ru-N4 210 212 211 210 2,10 212 2.05
Ru-MN3 210 2,12 211 2.10 2,10 2.11 2.06
Ru-=N6 2.09 2.11 211 2.10 2.10 211 208
N1=Fu-N2 7o 4 TE T 78.6 301 30.1 TO3 TO4
N1-Ru-N4 1730 172.9 173.2 1732 1732 173.0 175.1
N2-Ru-N3 173.0 1729 173.2 1732 173 4 1730 160 8
M3-Ru-N4 B0 2 704 THR LI 201 a3 R4
MW3-Ru-Ni 174.1 1738 173.2 1734 173 4 1730 172.3

N3-Ru-Né 302 T9.4 78.8 80.1 80.1 704 8016




Fig. 2.7 The optimized structure of [Ru(TAF)dppz|” complex and the numbering of the nitrogen.



(phen)dppz]’’ complex.

Fig, 2.8 Optimized structure of the [Ru



Fig. 210 Surface generated by overlapping van der Waals spheres modelling the cavity scheme
around the [Rui TAP)dppz]” complex.

Tentative optimized geometries taking into account the solvent effects (H:0 or CHiCN)
are reported in Tables 2.2 {a) and 2.2 {b) for [Ru {TAP); dppz]". A severe problem of
convergence inherent to the PCM method occurs for both solvents as compared to the
calculations in vacuum. It could be a consequence of the flexibility of this large
molecular system which cannot be handled by this simple cavity model. At a first
glance the bond Ru-N distances seem to be only slightly affected by the solvent effects.
However further calculations should be performed in order to get more serious
conclusion.  Consequently the TD-DFT calculations including solvent effects and
reported in the next section have been performed on the vacuum optimized geometry of
both molecules in the electronic ground state,

Table 2.2 {a) The Fu-M bond lengths including CH2CM solvent effect,

Ru-N1{A) | Ru-N2{A) | Ru-N3 {A) [ Ru-N4(A) | Ru-N3(A) | Ru-N6 (A) | KS Encrgy (au)
.11 2.11 2.0 211 2.11 2.0 =221 3. 1 393095
2.11 211 X0 Il 211 210 =2213.13903972
2.12 2.12 211 2.12 2.12 211 -2213.13970160
2.11 2.11 201 211 2.11 210 =2213. 13909050
211 211 X Xl 211 0 =2203 13950028
2.11 2.11 8 L 211 2.11 210 =2213 13958783




Table 2.2 (b) The Bu-M bond lengths including H-0 solvent effect.

Ru-N1{A} | Ru-N2{A) | Ru-N3 {A) [ Ru-N4 (A) | Ru-N5(A) | Ru-Né{A) | KS Encrey (au.)

2.11 211 20 2l 211 2.10 -2213. 14789773
2.11 211 X0 LR 211 200 <2213 147H6323
2.12 2.12 211 2.12 2.12 211 ~2213.14796343
2.11 2.11 210 2.11 2.11 200 =2213, 14777980

2.11 211 210 Xl 211 200 =2213. 14749079




2.2.2 Spectroscopy

The expenmental absorption Jemission data for various Ru (IT) complexes in HyO and
CH;CN are reported in Tables 2.3 A comparative analvsis of the UV-visible
absorption data of [Ru(TAP)RL]Y (L= dppz, phen) and [Ruiphen)dppz]® points to a
blue shift of the absorption energies when replacing the phen ligand by dppz with an
absorption at 440 nm for [Ruiphen),dppz]” shifted at 410 nm ([Ru(TAP)phen]* ) or
412 nm ([Ru(TAP):dppz]’'). Both bands are solvent independent and correspond 1o
MLCT (Metal-to-Ligand-Charge-Transfer) excited states. This band has been attnbuted
to a charge transfer from Ru to dppz in [Ru(phenydppz]” whereas the maost
batochromic band observed around 370 nm is assigned to IL (Intra Ligand) transition
comresponding to w a* excitation localized on the dppz [98].

Table 2.3 (a) and {(b) Experimental absorption data and Emission data for the Ru(ll) complexes, At
the cmission data, the |Ru(phen):dppz]™ doesn’t emit in water [85].
Table 2.3 {a)

Complexes / Solvent H-0 CH:CN

[Ru(TAP)dppz]” 204, 230, 278,366, 412, 454 278, 362, 412, 458

[Ru(TAP)phen|* 202, 230, 272, 410, 466 272,412,458

|Ru{phl.:nfl_~_dp]:|z|"' 264, 278, 318, 338, 372, 440 264, 276, 316, 352, 360, 368, 440
Table 2.3 (b)

Complexes / Solvent H.0 CH.CM

[Ru(TAP).dppz]™ 636 621

[Ru{TAP)phen|” 5 26

[Ru(phen).dppz|* - 630

From time-resolved absorption and emission spectroscopy expeniments reported for
[Ruiphen)zdppz]” " it has been postulated that the prompt emission (within ps time scale)
oceurs from a low-lving MLCT state accessible either from the initial 'MLCT
absorbing state or after internal conversion to a low-lving "MLCT state. The proposed
mechanism is solvent dependent [98],  An active solvent sensitive dppz-based "MLCT
state has been probed by means of nanosecond transient resonance Raman and
picosecond transient absorption SPECIrOSCOpY of
[Ruiphen)dppz]” and[Ru{ TAPzdppz]”' [77].
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Fig. 2.10 UVivisible absorption spectra of [Ru{TAP,dppz]” (8 x 10<6 M) in (black line) 10 mM
phosphate buffer and (red line) with the addition of [poly(dG-dC))" (1.6 x 10-4 M nucleotide) [T8].

The UV/visible absorption spectra of [Ru (TAP) adppz]’” , free molecule or in the
biological environment is depicted on Figure 2,10 [78]. It is characterized by a shoulder
between 410and 460 nm and a strong absorption at about 278 nm shifted to the blue in
the biological surrounding.

In order to get a qualitative picture of the absorption spectrum of [Ru(TAPhLdppz]™
preliminary tentative CIS calculations have been performed. The transition energies are
reported in Table 2.4, The first intense band 15 found at 272 nm and corresponds to a
dppz-based IL transition, the next one are calculated above 230 nm with two intense
bands assigned to MLCT states from Ru to TAP. There is no evidence of absorption
between 400 and 500 nm and around 300 nm in contrast to the experimental spectum,
These results which systematically oversestimate the transition energies illustrate the
limit of this simple method based on single excitations. In order to improve the
theoretical results we have performed further calculations based on TD-DFT method.

The calculated TD-DFT {with and without solvent) transition energies to the singlet and
iriplet excited states of [Ru (TAP) Edppz]z_ and [I’tu{phan]n;q:l|:r|:rz]=+ and associated
oscillator strengths are reported in Tables 2.5 to 2.8 the comesponding graphic
presentations are depicted in Fig 211 — 2.15 The theoretical absorption spectra of these
malecules are characterized by a high density of states between 300 and 300 nm.
Whereas the lowest part (between 500 and 400 nm) of [Ru (phen) :dppz]l' spectrum 15
descnbed essentially by MLCT states comesponding to charge transter from Ru to the
low-lying n* orbitals localized on the phen or ddpz ligands the spectrum of the TAP
substituted complex is depicted by a vanety of different excited states such as MLCT
(dpy —» 7*pap), LLCT {dppz — TAP) and IL (dppz — dppz). The calculated spectrum of



[Ru (TAP) »dppz]’” reproduces the main experimental features with a moderate
absorption at 429427 nm assigned to 'IL{dppz —» dppz) "MLCT (Ru —TAP)
absorbing states and a strong absorption starting at 305 nm and corresponding to a Ru to
dppz 'MLCT state. The theoretical spectrum of [Ru {phen) dppz]* differs from the one
of [Ru (TAP) :dppz)” by the presence of an absorption at 411 nm attributed to a singlet
MLCT state corresponding to a dg, —» m%,,, excitation which is rejected to the upper
part of the spectrum in the tap substituted molecule {(at about 300 nm). Finally the
spectrum of [Ru (phen) :dppz]’ shows an intense 'IL (myppe —» ¥ 4pp.) state calculated at
304 nm with an oscillator strength of 08771 which can be attnbuted to the band
observed at 318 nm (H:0) and 316 nm (CH:CN) {ef Fig2.11). This very intense band
does not exist in the spectrum of [Ru (TAP)2dppz]” in agreement with the experiments
[78].

The TD-DFT calculations including solvent correction for the [Ru (TAPhdppz]™
complex are reported in Tables 2.7 and 2.8 for CH:CN and H0, respectively.

Fig. 2.11 Absorption and emission spectra for [Ruiphendppz]™ in CH:CN and H-0 [95).

As far as the solvent effects are concerned we may extract a few siginificant results
concerning some of the excited states of interest. The strongly absorbing state calculated
at 305 nm in vacuum and assigned to the "MLCT (dg, —» ¥ 4ppe) 0bserved at about 278
nm in Ha0 or CH3CN (Table 2.3, Fig. 2.10) is shifted to 296 nm (CH;CN model) and
293 nm (H3;0 model) with increasing oscillator strengths. The 'IL band calculated at
382 nm in vaccum and corresponding to a charge transfer from the myy,. orbital localized
far away from the metal center to a vacant %, orbital localized nearby the metal
center (see figure 2.16) is shifted to 388 nm (CH:CN) and 390 nm (H20). The largest
oscillator strengths are obtained in acetonitrile for both transitions. This transition



entirely localized on the dppz ligand corresponds probably to the band observed at 366
nm (H:0) and 362 nm (CH;CN) which does not exist in the spectrum of
[Ru(TAPLphen]’ . Finally the lowest '"MLCT (dg, — 7% 40) state calculated at 427 nm
in vacuum originates from an excitation of an orbital which is a mixing between dg,, and
Mapp= (Orbital 170 in Figure 2 16) more localized on the metal. When solvent corrections
are taken into account this state becomes 'LLCT calculated at 404 nm (H:0) and 402
nm {CH;CN) and corresponds to an excitation from an erbital which is again a mixing
between dp, and myyp. (orbital 173 in Figure 2.16) but more localized on dppz.

Steady  state  luminescence and  absorption  measurements performed  on
[Ruiphen):dppz]®” in acetonitrile and water strongly suggested that the electronic
character and encrzies of the Frank-Condon singlet excited MLCT (A 0, = 440 nm) and
1 'L (b = 380 nim ) are not significantly solvent dependent [98]



Table 2.4 |[Ru(TAFLdppz]’ ' exited states in vacuum by CIS.

i

il

Singlets i Triplets gV
475 MLCT  {Ru—2TAP) 2.61
474 MLCT  (Ru—2TAP) 261
1 MLCT  (Ru—2TAF) 339
363 MLCT  (Rn—2TAF) 339
363 MLCT  (Ru—2TAP) 341
3l IL {dppe—dppe) 392
314 MLCT  {Ro—+2TAP) 395
291 'L {dppz—sdppz) 0.0324 426
287 MLCT  {Ru—2TAF) 4.32
287 'MLCT  {Ru—s2TAP) 4.32
284 MLCT  (Ru—dppz) 436
244 WMLCT  {Ru—sdppe) 437
277 ‘IL {dppe—dppz) 447
7 'L (dppe—dppz) 04920 4.56
256 'MLCT  (Ru—2TAPF) 002046 485
256 'M[.[T {En—2TAF) 0527 4 B5
252 'MLCT  (Ru—2TAM) 0.0024 493
248 'IL {dppz—dppz) (.0842 5 (M}
245 LLCT  {dppe—2TAP) .06
245 MLCT  (Ru—2TAP) 5.06
243 'LLCT {dppe—2TAP) 0000 510
243 'LLCT  (dppz2TAP) 0. 0096 511
242 'LLCT  (2TAP—ITAP) 00019 512
242 'LLCT  (dppe—2TAP) 00001 5.12
241 1L {dppz—dppz) 5.15
237 YL {dppz—dppz) 0,580 523
234 IL {dppe—dppz) 53
220 'MLCT  (Ruy—2TAP-) 0.4582 =41
226 'MLCT (R —2TAP--) 0.7162 550
220 'L {dppz—dppz) 1 5053 563
219 LLCT {dppe—TAP) 5.65
217 'L [y ry—=lppeEe b 2 433 572
217 LLCT  {TAP—dppz) 572
215 MLCT  {Ru—2TAP} 577
214 "MLCT  (Ru—2TAP) 5.7%
208 'LLCT  (dppe—2TAP) 06894 .05
203 'LLCT  ({TAP—ITAF) .10}
201 '"LLCT  (TAP—ITAF) 0.0199 6. 16
201 LLCT  {dppz—2TAP) 6. 16
201 'L {2TAP—ITAF) 02505 618
2(M) LLCT {dppz—2TAF) &.21
199 'IL {dppz—dppz) 0.4492 .22
19% MLCT  (Ru—2TAP) 6.2%
194 MLCT  (Ru—2TAP) 6.31
1% 'LLCT  (TAP—2TAP) 00044 6.33
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Table 2.5 [Ru{ TAP)dppz]" exited states in vacuum by TD-DFT (ef. Fig 2.12 ). Numbering refers to

Fig.2.16.

M Singlels Trnplels gy
522 ‘MLCT  (Ru—2TAF) 258
518 MLCT  (Ru —+ 2TAP) 2 40
503 'MLCT  (Ru — 2TAF) 247
487 MLCT  (Bu — 2TAP) 2.55
480 'MLCT {Ru— ITAF) 00008 2.5%
477 'MLCT (Rn —2TAP) 0.0002 2.6l
476 "MLCT  (Ru — 2TAP) 260
470 LLCT (dppe — 2TAP) 2 6d
466 'MLCT  (Ru—2TAP} 2.66
455 'LLCT  {dppayss — TAP =) D3 2.73
430 LLCT (dppe — 2TAP) 2.%2
438 “IL (dppz — dppz) 2.83
433 ‘MLCT  (Ru — 2TAF) 2 &6
430 ‘MLCT (Bu — dppz) 2 8%
129 'IL {dppeins — dppe, rs) 0.0118 2.89
427 "MLCT  (Huyq — ITAP:) D03K7 2.90)
427 IL (dppe. — dppe) 2.90
424 "MLCT (Ruys: — 2TAP;) 0002 % 2.93
423 'MLCT  (Ru— 2TAP) 293
413 ‘MLCT  (Ru — 2TAF) 3.00)
411 LLCT  (dppays: — 2TAP) (10154 3.01
410 ‘MLCT  (Ru — ITAP) 3.02
406 LLCT (TAP — 2TAP) 306
41k 'l..-.l..-'CT (dppagas — 2TAF =) ozl 3006
4 'LLCT  (dppasss — 2TAPG) 00578 3009
400 'MLCT  (Ru — 2TAP} 300
40 "MLOT  (Ruye — 2TAP-) 00074 310
306 MO (Ru — Ru) ENE]
394 'MLCT (Rn — dppz) 27 315
393 MO (Ru — Ru) 305
392 ‘MLCT  (Ru — 2TAP) 317
391 'MLCT {Ru — dppz) 0,0005 317
390 'MLCT  (Rn — dppz) {004 7 318
R0 R E] ile
M6 "MLOT  (Rugg — ITAP-) 002068 321
3h4 1L (TAP — 2TAF) 3.23
M3 LLCT  (dppee — 2TAP) 00237 3.24
3 'IL {dppess — dppersh 01779 3.
gl 1L (TAP — 2TAP) 325
380 MLCT  (Ru —dppe) 327
372 'IL (g an —= dppeg =) 0632 333
370 ‘MLCT i Ru — dppe) 336
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Table 2.6 |Ruiphen)-dppz]” exited states in vacwum by TD-DFT (ef. Fig.2.13).

LN

Singlets i Trplsis g
508 "MLCT  (Ru — 2phen) 2.4
503 "WLCT  (Ru — 2phen) 247
492 MLCT  (Ru — 2phen) 2.52
478 MLCT  (Ru — 2phen) 2.59
474 MLCT  (Ru— dppe) 2.62
464 MLCT  (Ru — dppe) 247
462 "MLCT  (Ruo — 2phen) .00 2.6%
461 'MLCT  (Fuo — 2phen) {000 ] 2.04
453 MLCT  (Ru — 2phen) 2.7
454 "IL idppe — dpps) 2.73
451 MLCT  (Ru — 2phen) 2.75
46 MLCT  (Ru — dppe) 0,000 278
436 "WMLCT  (Ru — 2phen) 0,000 1 4 2.84
436 "MLCT (Bu — 2phecn) 2R
436 "MLCT  (Ru — 2phen) 285
435 "™MILCT  (Ru — 2phen) 0.0 014 2.85
432 ‘MLCT (Ru — dppe) 287
427 L idppz — dppz) 291
423 WMLCT  (Ru — 2phen) 2492
423 'MLCT  (Fa — 2phen) 01,0386 2.03
419 "MLCT  (Ru — 2phen) {0 74 2.9
417 “IL (dppze — dppz) 298
416 "MLCT  (Ru — dppz) 0.0316 298
414 "MLCT (R — 2phen) 299
411 "MILCT  (Ru — dppz) 0.1747 i
411 "L idppz — dppz) 00132 302
M2 "WMLCT  (Ru — 2phen) 0.0397 309
394 '"MLCT (R — 2phen) 311
395 MO (Fu — Ru) 312
398 MC (Fu — Ru) a2
304 MLCT  (Ru — 2phen) 318
393 'LLCT idppz — 2phen) i (0 316
392 "WLCT (P — 2phen) (L0726 37
391 'MLCT  (Ru — 2phen) 0.0192 317
35 "MLCT  (Ru — 2phen) i3 3.22
R0 "MLCT (Eu — dppz) 3
g0 "MLCT  (Ru — 2phen) Q.01 84 3.26
378 "MLCT  (Ru— 2phen) i1.(4460 3.2%
374 MO (Ru — Ru} 3.32
37l MO iRu — Ru) 334
68 "WLCT  (Ru — dppe) 340
365 'MLCT  (Ru — 2phen) 3.40
364 'MLCT (R — 2phen) 0.0167 340
63 MLCT  (Ru — dppe) i) (M5 342
363 LLCT (dppe — 2phen) 342
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Table 2.7 [Rn{TAPkdppz]’' exited states by TD-DFT with solvent PCM correction (CHCN). (of

Fig.2.14)
Mm_ Singlets i Triplets eV
550 MLCT {Ru—dppi) 2.25
447 MLCT {Ru—sdppz) 2 Rib
439 LLCT {dppr—2TAF) 283
438 “IL (dppz—dppz) 283
431 'LLCT  (dppan—2TAP,;) 00438 288
429 LLCT {dppe—2TAP) 2.8
425 MLCT {Ru—dppz) 292
421 “IL {dppz—dppz) 2.95
416 'LLCT  (dppew—2TAP ) 00710 2.0%
413 LLCT {dppe—2TAP) 3.0
408 'LLCT  (dppz—2TAP) 00373 304
407 LLCT {dppz—2TAF) 304
403 'L {dppe w—dppe o) 00522 307
402 'LLeT {dppz—2TAR 00866 308
350 MLCT {Ru—2TAR) 318
KL | {dpp# s—dppeg-sh 03077 S0
388 'MLCT  (Ruyn—2TAP ) {0 3.20
378 'MLCT  (Ruym—dppzi) 00023 3.2%
377 'MLCT  (Ruyn—2TAP ) 00008 3.29
376 MLCT {Ru—2TAF) 3.29
376 'MLCT  (Ruyp—dppz ) 00195 330
375 MLCT {Ru—~dppz) 331
368 MLCT {Ru—sdpp#) 337
361 MLCT {Ru—2TAF) 344
361 'MLCT  (Ru—dppz) 0,000 344
TN *M[.{I'I' {Ru—2TAP) 345
350 '"MLCT  (Ru—dppz) {0 345
350 MLCT {Ru—sdppz) 3.54
347 MLCT {Ru—2TAP) 357
344 'MLCT  (Ru—2TAF) 00239 3.60
341 "MLCT  (Ru—dppe) (0TS 363
339 MLCT {Ru—2TAP) 3.66
338 'MLCT  (Ru—2TAP) 00048 367
336 'MLCT  (Ru—dpps) 00267 3.69
334 {2TAP—dpps) 3.71
333 MLCT {Ru—dppz) 373
331 MLCT {Ru—2TAF) 373
331 'MLCT  (Ru—2TAP) 0.000] 3.75
3 'LLCT  (dppz—dppz) 0015013 3.77
324 MLCT {Ru—2TAPF) 3.83
324 "\.-‘Il.l::.'r {Ru—2TAP) IRIEE] ER.K!
i MLCT {Ru—2TAR) 384
322 MLCT {Ru—2TAP) 3.85

322 'MLCT {Ru—2TAP) (10085 385
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Table 2.8 [RuiTAP)Ldppz]’ exited states by TD-DFT with solvent PCM comrection (H.0) (ef

Fig.2.15)

nm_ Singlets I Triplets gV
548 "WMLCT  (Ru—dppz) 2.26
505 'LLCT  (dppe—2TAP) 2.45
484 'LLCT (dppe—2ITAF) T
468 LLCT (dppz—2TAF) 2.68
433 'LLCT idppe—2TAP) (LOCE 2.73
441 MLCT  (Ru—sdppz) 2.8l
433 'LLCT (dppz, s, —2TAP 32} 377 2 86
420 MLCT  (Ru-—~dppz) 291
421 IL (dppe—dppe) 2.95
418 'LLCT idppe;u—2TAP 17} (LOT50 296
414 'LLCT  (dppz—2TAF) 2.99
4 'LLCT (dppe 7 —2TAP 77} (b 1364 3.03
Y 'LLCT (dppe—2TAF) 303
W6 'L (dppey—dppe; b Qb0 24 305
4 'LLCT (dppzms—2TAP ) (L1242 307
3604 LLCT (dppe—2TAF) 315
30 L {dppz—dppe} Ak
391 'LLCT (dppz—2TAP) (053 317
o IL (dppe s —dppeg =) (h.2839 318
3910 IL (dppe—dppz) 318
383 MLCT  (Ru—2TAP) 3.22
381 'MLCT  (Ru—2TAP) 3125
381 'MLCT (Ru—2TAP) (KK 3.26
377 'L idppe—dppe) (LN S 328
373 'MLCT ( Ru—sdppz)} (L 3% 3.33
372 "MLCT  (Ru—sdppz) 333
372 'MLCT ( Ru—sdppz) (b (R 333
371 MLCT  (Ru—dppz) 3,34
37 MLCT (Ru—2TAP) (K24 135
370 WMLCT  (Ru—2TAF) 335
334 MLCT  (Ru—2TAP) 349
3585 'MLCT iRu—+2TAP) (LIS 349
334 'MLCT (Ru—2TAP) (L4 3.51
354 MLCT  (Ru—2TAP) 351
349 IL idppe—dppe) (hENKSS 3.35
348 'MLCT  (Ru—dppz) 356
344 IL (dppe—dppe) 3,60
343 'MLCT  (Ru—2TAP) 3.62
342 'MLCT (Ru—2TAP) 0133 363
337 'MLCT [ Ru—sdppz)} (LIK}S3 367
336 MLCT { Ry 7—dppee 1o} (i34 3,69
334 'MLCT  (Ru—2TAF) 371
334 'MLCT (Ru—2TAF) (LO2S 3.71

331 MLCT  (Ru—dppz) 3.75
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Fig, 215 [Ru(TAP)dppz|” theoretical spectra by TD-DFT using the solvent effect of H.O
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Fig. 2.16 Stereographs of the HOMOs and the LUMOs of [Ru(TAF)-dppz]*".



Far theoretical spectroscopy, although TD-DFT is a formally exact method, one
introduces emrors by using approximated xc-functionals. Charge transfer excitations
between spacially separated entitles will be underestimated by standard xc-correlation
potentials inappropriate for long range interactions. That is to say hypersensitivity of
the TD-DFT to the xc-correlation potential at long range will have dramatic effects on
the determination of charge transfer excited states.  In Kohn-Sham theory, the effective
potential i1s unique and decreases too rapidly as a function of /R, It doesn’t equal at
the asymptote to the electrostatic potential of a simple positive charge that an electron
should feel at long range [99, 100]. In the results reported above 1t could have some
cffect on the LLCT states corresponding to long-range excitations, namely from the tap
or phen ligands to the dpppz. For instance in the case of [Ru(TAPLphen] the transition
energies (o the low-lying LLCT states calculated between 455 nm and 401 nm could be
underestimated. But according to the rather good agresment between the experimental
features and theoretical results we don’t think that this defect of TD-DFT would affect
the present analysis
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Fig 2.16 This is the schematic sketch of a tvpical valence-excited state. in which the transition occurs
on ong of the individual molecules.  They located on the same molecule as compared to a chargs
transfer excited state.  An electron transferred [rom orbatal lefil o eight.  When rnghi and lefl
molecules are spatially separated from each other
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2.2.3 Light switch mechanism

From the analysis of the theoretical spectra reported in the previous section and from
experimental data we can propose the following mechanism describing the

photophysics of the complexes under investigation:

|Rui TAPRdppz|*: after absorption at 400 nm the two low-lying 'IL (Tappe > ®*appe)
states calculated at 406 nm/390 nm (HzO) and 403 nm /388 nm (CH;CN) are populated.
These states which delocalize electron density from the external side of the dppz hgand
to its ruthenium side are available for two deactivation processes: 1) intersystem
crassing to the low-lving tnplet excited states until the lowest one comesponding to dpy
—» M¥yppe calculated at 548 nm (H0) and 550 nm (CH2CN); i1} electron transfer from
surrounding entity to the external site of dppz deficient in electron (Scheme 1)
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From the low Iving "MLCT lumnesence, typical process for this class of conmpound
However in the presence of biological environment the second process may be favoured
due to the presence of guanine. This is consistent with the formation of
[RuTAPRdppz] postulated by recent experiments [76, 81] obtained via electron
transfer from the guanine to the dppz ligand

|Ru{phen };dppﬂh: after absorption at 400 nm the only available absorbing states are
the MLCT states corresponding mainly to charge transfer from Ru to phen or to dppz
with weak oscillator strengths. From this MLCT states the only efficient process should
be intersystem crossing to the corresponding low-lying “MLCT states. From the lowest
*MLCT efficient luminescence could be observed [98] the quantum yield of which will
depend on the experimental conditions  For instance moderately strong emission from
a MLCT species is easily observed in acetonitrile, while in water no significant
emission 15 apparent. Acetonitrile’water solvent mixtures are intermediate in shoulder
[147]. The guestion of MLCT luminescence quenching by water has been extensively
discussed in the literature

The key of the photophysical properties of these Ru(ll) complexes seems to be the
presense of the 'IL localized on the dppz ligand in the lowest part of the absorption
spectrum. Obviously the energetics of this state may be influenced by the environment
effects at the dppz side, in particular the presence of water molecules creating hydrogen
konds could modify completely the mechanism proposed above. We have to specify that
the hydrogen bonds are not taken into account in the simple PCM model. Consequently

we cannot discuss further these effects.
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2.3 [Ru(TAP)dppz)”" intercalates to DNA

ST Structure of fRuf’TAP)ﬂppa’” aid 600

Fig 2. 17 illustrated the perpendicular moleds proposed for the intercalation of the
[RUTAPRdppz)’ in DNA.

Fig. 2.1% [Ru{T.-\P}:dppz]z' intercalates to 6CG of Z-DNA.
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To confirm the electron transfer trends between metal complexes binding to DNA, the
intercalative depth was defined as the distance from Ru(1l) atom to nucleobase N3 atom
(Fig. 2.3). Simultanecusly, on the basis of the initial position of intercalative ligand,
where the head part just contacts with base-pairs, the intercalative depth was partitioned
into minor groove region and base-pairs region (Fig. 2. 3). Next, the potential energy of
intercalative process was plotted according to the above results (Fig. 2. 19). The best
relative position of [RuiTAP).dppz]" complex bound to the Z-DNA was found by
analvzing the potential curve.

Encrgy

Fig. 2. 19 Potential energy for the [Ru(TAP).dppz|” binding Z-DNA.,

Fag 2. 200a) Fig. 2.204b) Fig. 2.20ic)
Fig. 2.200 Geomtery optimization by MM {a). OMMM (bl ond OMMM of single point

calculation(c).
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Fig 2.21 and the Table 2.4 show the structure of [Ru{TAP).dppz]™” intercalating to the
GCG At the MM level optimization, its biolegical system is crumpled; it becomes to
make spherical shape at QM/MM level, the distance of Ru-N is extended by single point
calculation.

Table 24 Companson between the BEu-N distance of imtercalating £-DNA obtamed with MM,
ObMBL

Ru-N1 Ru-N2 Ru-N3 Ru-N4 Ru-N3 Ru-Né&
(A) (A {Ad (A) (A) (A)
MM 213 2.13 213 2.12 212 211
QMMM 1.74 1.67 .85 .62 1.67 .63
LAY B Y| 211 2.11 2.0 212 211 2.11
i Single point)

Clearly OMMM geometry optimization converges to underestimated Ru-N bond
distances, It points to the limit of the method for this large system.  However QMMM
single point calculation leads to Ru-N bond distances very close to those of the Ru
complex in vacuum or solution. MM optimized bond distances seem 1o be reasonable.
Future work should also investigate intercalateive geometry generaleted by chirality.

Fig.2.21 The chiral [Ru{TAP)dppz]” complex intercalates to DNA,
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2.4 Conclusion

The structure and electronic properties of [Ru{TAP):dppz]® and [Ruiphenhdppz)]'
complexes used as luminescent probes by intercalation in DNA have been studied by
means of Density Functional Theory. The geometries of the title complexes have been
optimized and validated by calculation performed on [Ru{TAP);)*" the experimental
struciure of which is available. A tentative investigation of the solvent effects on the
structural properties has failed due to convergence problems which should be solved in
a futur work Prelimimary QMMM calculations modeling the TAP complex intercalated
in six nuclectides have been reported.

The absorption spectra of the two complexes have been analysed on the basis of
TD-DFT calculations.  Whereas the lowest part of the electronic absorption
spectroscopy of the TAP complex is charactenzed by a vanety of excited states sucha as
IL, MLCT or LLCT, the spectrum of the phen system 15 made of MLCT states. In
particular it has been shown that absorption at about 400 nm (experimental wavelength)
will populate the low-lying TL states of [Ru(TAP)dppz]’ with delocalization of the
electronic density from the outside side of the dppz intercalated ligand to the inside site
(nearby the Ru atom). This electronic delocalization should favorize the electron
transfer process from a nearby electron donor such as the guanine leading to the
formation of the G+ radical cation. In contrast absorption towards the low-lying
MLCT states of [Ru{phen};—dppz]: opens the route to efficient luminescent processes
via intersystem crossing to the lowest *MLCT states. The competition between these
two processes is the key point of the mechanism of “light switch™ which characterizes
this class of molecules, the efficiency of which depends strongly on the expenimental
conditions and of the surrounding hgands.  This could be explained by the influence on
these external parameters on the relative position of the TL and MLCT states in the
absorption spectra. When low-lyving IL states are present in the electronic absorption
spectrum the luminescence could be quenched leading to an efficient electron transfer
process. In contrast the presence of MLCT states will increase the luminescence
efficiency. Further work should be oriented towards the study of environment effects
on the proposed mechanism.



Chapter 3

Highly correlated methods on Ag(l) halides
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Silver halides crystals are used as conventional light sensors in photography due 1o
their highly efficient photoinduced electron transfer process occurring from the valence
state to the conduction bands of the crystal. Silver halides can also be used as liquid
semiconductors [101] or solid electrolytes [102].  Because their well known
technological applicability, there has been a large number of studies devoted to the
understanding of these compounds; however, the description of their electronic structure
and spectroscopy has resulted to be not trivial. The calculation of the band-gap of the
solid structures requires fully relativistic pseudopotentials corrected for self-interaction
and relaxation effects. The isolated systems AgX (X=F.Cl Br and I) are not much
gasier to describe. The interatomic distances, vibrational frequencies and binding
energics of these compounds in the electronic ground state have been studied [116,117].
The potential energy curves for the electronic excited states and spectroscopic
properties have been recently investigated by Ramirez-Solis and Dawdey [118-120] and
by Guichemere ef @f.  using highly correlated multiconfigurational and multireference
techniques. The difficulty in these calculations is related with the description of
relativistic effects and the proper inclusion of dynamical electronic correlation with
enough flexible basis sets. The silver halides are characterized by the presence of Ag 4d
orbitals in near degeneracy with the p-valence orbitals of the halogen atoms. In the
electronic ground state the ionic character of the AgX decreases when going down in the
periodic table, from F to 1. As expected, AgF is the most ionic and Agl the most
covalent of the silver halides, with AgCl and AgBr accordingly in between. The
description of the electronic excited states on the other hand, involves a
non-straightforward elucidation of the iomc/covalent character of the corresponding
states which leads to avorded crossings between the ionic and covalent configurations.

The emission of AgF was observed for the first time in 1937 by Mulliken around 280
nm [103].  Lower energy bands (311-343 nm) were vibrationally assigned by Joshi and
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Sharma [104], and the rotational structure was determined by Clements and Barrow
[105]). The dipole moment (6,22 [3) for the ground state and the rotational constants
were also obtained from microwave spectroscopy [106].  The calculation of the ground
and lowest singlet and triplet "“X°, "Il and '"“A excited states have been tackled for
the first time by Ramirez-Solis er al. [107, 108] using self-consistent-field plus
perturbational second order multireference Moller-Plesset configuration interaction
(SCF+CIP5S]) and complete-active space SCF plus second order perturbation theory
(CASSCF+CASPT2) calculations, and later by Guichemere of af [103] employing
Multireference Cl with  singles and  double  excitations (MRCISD) and
equation-of-motion  coupled-cluster with single and double excitations (EOM-CCSD)
techniques. These calculations revealed that it is extraordinanly hard to obtain reliable
electronic excitations and therefore it is very difficult to assign correctly the nature of
the experimental bands [109].

For the AgCl and AgBr several rotational studies have been done.  The absorption of
AgBr has been observed already [110] in 1927, but the spectrum of AgCl and Agl
together with that of AgBr, has been examined using modem fluorescence excitation
and mass reselved excitation spectroscopies only in 1998 by Stueber ef al. [111].  The
electronic ground state and low lving '""E7, “I1 and '~Aexcited states of AgCl and Agl
have been theoretically predicted. As in the case of AgF, it is shown that the large
amount of valence electrons of the Ag and halogen atoms which must be correlated in
the CASSCF calculations, together with the heavy mixing of covalent and 1onic
configurations for Ag and halozen atoms make the calculations very demanding.

In contrast to AgX molecules, silver dihalides, AgXs or AgXY, serve as a paradigm of
transition metals bonded to two—equal or different—halogen atoms. Under light
irradiation it will be interesting to know in which halogen atom the change transfer
occurs, which one will be more efficiently dissociated under different wavelengths and
how the potential energy surfaces look like in comparison to those of silver
monchalides. In passing we note that silver mixed dihalides cryvstals have been grown as
waveguides for transmitting mid-infrared-1R radiation [112].  Opposite to AgX, silver
dihalides are open-shell systems in the electronic ground state, and only the anionic
species presents a closed-shell configuration. As a result, the molecular complexes are
difficult to synthesize and no spectroscopic constants have ever been measured,
furthermore, up to our knowledge. no theoretical results have been published. In this
paper we will treat for the first ime the descnption of the ground and low-lving excited
states of a mixed silver dihalide, exemplanly [AgCIlBr] and its amoni¢c counterpan
[AgCIBr]. Challenging enough, already the ground state doublet configuration 15 not
trivially described using mono-determinantal quantum chemical methods. As it will be
discussed later, our benchmark calculations show that, very large basis sets as well as
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static and dynamical correlation are needed to correctly account for the delicate balance
of the electron charges in both halogen atoms, and the bonding of the Ag atom with the
two halogen atoms,

In addition this study has possiblity to apply for as a model to perform the silver(l)
complex with the DNA base pair.  Also the availability of host matenials that are highly
transparent in developing solid-state lasers that operate in the mid-1R spectral range.
Meanwhile the silver halide crystals can be attractive candidates for extending laser
emission to the mid-IR range which properties of silver halide crystals such as AgCIBr
are highly transparent in the near-IR and mid-1R ranges and have desirable mechamcal
and optical properties. Furthermore considering the redox and Emst formula | the
gilver halides synthesis AgCl + Br — ClAgBr is difficult to make the linear structure,
wiz hazard the making theoretical structure and molecular predict for this molecule,
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3.1 Compuitational Details

I Geometry Optimization

In the absence of experimental data on the structure of AgCIBr and [AgCIBr], we have
started our study by optimizing the eguilibrium geometries emploving ab initio
Maller-Plesset theory (MP2) and coupled-cluster methods including single, double and
perturbative tnple (CCSDYT)), as well as density functional theory based on B3LYP. For
the silver we emploved the MWE relativistic effective core potential (RECP)
implemented by Dolg and co-workers [89] which leaves 19 valence electrons and
associated valence basis sets within the scheme of contraction (6s5p3d)[8s7p6d]. For
the Cl and Br atoms we emploved the Pople basis set 6-311++G(2d) [113 - 116], except
noted otherwise.  The theoretical study extended to AgF: with the same methods.  For
the F atom we uvsed the basis set 6-311++Gi{2d). These calculations have been
performed with the Gaussian03 program package [3].

3.1.2 Single configuration calculations

Using the CCSDI{T) systematic Hartree-Fock and B3LYP calculations have been
performed to elucidate the open-shell electronic ground state configuration of the
AgClBr compound and its bonding properties. For the sake of comparison, the same set
of calculations has alse been performed in the anion, The single determinant
calculations have been carried out with all electrons, relativistic, or non relativistic, ECP
(See table 3.1). The ANO-RCC basis sets are generated similarly to the ANO-L basis
sets, but they are contracted using the Douglas-Krell Hamiltonian and, therefore, they
include scalar relativistic effects, as well as comelation of semicore electrons[117]. All
electron ANO-RCC [17s12p5d4f2g)/(8sTp5d4tf2g), [20s1Tpl 1d4f2g](9s8pod4f2g), and
[14s9pad3 2]/ (8sTpad3f2g) basis sets were used for the Cl Br, and F atoms,
respectivelv.  For the Ag atom the all electron as well different RECPs, and
non-relativistic (NR) ECPs have been used, with different contraction schemes for the
valence electrons. In the all electron basis sets for Ag, we have employved the
ANO-RCC basis set [118), contracted as [21518p]13daf4g2h]i 10s9p8daf4e2h) and the
ANO-DE3 [119] , contracted as [23s19pl12d]es5p4d). The ANO-DK3 basis set
includes scalar relativistic effects using a third-order Douglas-Kroll approximation.
Among the RECPs, we have used two different pseudopotential methods: the RECP of
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Hay and Wadt (LANL2ZDZ) [120] and that of Dolg2] (MWRBY); as well as two model
potential frozen core approximations of the type Ab Initio Model Potentials (AIMP): the
Cowan-Griffin-based scalar relativistic CG-AIMP [121] and the no-pair Douglas-Kroll
NP-AIMP [122] methods. All the RECPs used 19 valence electrons, except for the
CG-AIMP which uses 17 valence electrons. The corresponding schemes of contraction
are [5s6p4d)i3s3p.2d) for the 19e-LANL2DZ [Rs Tp6d)i(6s,5p,3d) for the
19e-MWRB, [131], [115,8p,7d}(15,2p,2d) and the uncontracted [115,8p,7d]){(3s,3p,4d) for
the 17e-CG-AIMP and [11s8p.7d 3f]{(5s4p4d,1f) in the 19e-NP-AIMP RECPE
Additionally, we have also employed the non-relativistic core AIMP, which descnbes 17
elecirons in the wvalence (17e-NR-AIMP) with the schemes of contraction,
[11s8p, 7d]){15,2p,2d) and the uncontracted [11s,8p,7d]){3s 3p.4d). All the employed
basis sets and ECPs are summanzed in Table 3.1, together with the number of
primitives and contracted basis functions that they involve for [AgCIBr| and [AgCIBr]
In the case of [AgF;] and [AgF:] the number of primitives and contracted basis
functions used 440 and 353 respectively. These calculations have been performed
using the MOLCAS 6.0 quantum chemistry software [4]

Assuming Cs symmetry for a collinear geometry (vide infra) and using as a reflection
plane the vz (see Fig. 1), the orbitals 4d.;, 4d.;.; and 4d,, of the Ag atom are of A’
symmetry, together with the np. and np, of the halogen atoms, while the 4d., and 4d,; of
the Ag and the np, orbitals of the Br, Cl, and F atoms belong to the A" irreducible
representation. On the following we will use the notation 4do to indicate the o bonding
orbital between the 4d.; and np, orbitals, and 4da for the 4d,. and 4d.. orbitals. The
electronic structure of the anion [AgCIBr] corresponds to the "A’ (d,2/pC1))’ [d}.,}l
(d2,2) (PABrVPAC)Y (pACH)Y (pABr)) (d2) (el (dy) (p(CHY (pu(Br))’, the
anion [AgF:] is consistent with the 'A" (p(F¥d.2/pF)) (pdFYdo/pFI (pUF)pF)Y
(PFYPAFN (di2,2) (pF)Vdio/p(F)) () (pu(FNdu/puFIY (puFYpuF))’ (dy)’
(P(F)d/pu(F)Y



a9

Br Ag Cl F Ag F

Figure 3.1 Moleoular-fixed omentation of AgClBr and AgF..

Table 3.1. Basis scts and ECPs wsed in this work, with their contraction schemes and number of
primifives and basis functions for AgClBr

Basis scis & ECPs Scheme of contraction #Primitives #BF
All glectron
ANO-RCC (118 (21518p1 346842k V] 10s9pBdoligh) 500 261
ANO-DES [119] (23s19pl2dw]osipdd] i 125
ANO-DE3-u [119] (25522p 12440 1151 1p3d40] 439 181
RECPs
17e-CG-AIMP [121] (11s8p7d)] 152p2d] 366 124
1 7e-CG-AIMP-u [121] (11s8pTdy3s3pdd] 366 241
190-NP-AIMP [122] (11sSpTd3N] Ssdpadif) 387 253
19¢-MWB Dolg [89] (85 Tphd )| 6s5p3d] 355 245
19c-LANLZDE HW [120] | (Ssopddy[3s3p2d) 339 131
NRECPs [115]
17c-NR-AIMP [121] (11s8p7dy]1s2p2d] 366 226
17e-NR-ATMP-u [121] (11s8p7dy[3s3pdd] 366 241

313 Multiconfigurational calculations

To elucidate the bonding properties of AgCIBr and AgF: in the doublet electronic
ground state we have performed state-average SA-CASSCF calculations with 7 or 4
roots equally weighted, for A" and A" symmetry, respectively. The active space
comprises all the 21 valence electrons distributed in the 7 A'+ 4 A™ occupied orbitals,
keeping all other occupied orbitals frozen, ie, it consists of 7 and 4 configurations,
respectively. denoted by  7-SA-CASSCF{21,11) and
4-5SA-CASSCF(21,11), allow the single electron to be allocated in any of the valence

These  calculations,
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orbitals. The dynamical correlation was taken into account by multi-state MS-CASPT2
over the 7 or 4 roots, respectively. In contrast to the single determinant HF and DFT
approaches, as it will be shown in Section 111, this reduced active space 1s able o
descnbe correctly the bonding of AgClBr because of the inclusion of dynamical
correlation. A more proper description {including static correlation) of the electronic
correlation would require at least an active space of 21 electrons in 14 A’ + & A" orbitals.
However, a M53-CASPTZ/ CASSCF(21,22) is beyond the capabilities of our current
computer facilities. Therefore, we have restricted to employ separate active spaces to
treat the states of A and A symmetry Accordingly,
ME-CASPT2/T-8A-CASSCF(13.14) and ME-CASPTZ/4-8SA-CASSCE(7 8)
calculations including ca. 4-10" and 810" spin-adapted configurations for the A" and A”
symmetries, respectively,  have been performed.

The calculation of the quartet electronic excited states have also been done
independently for the A" and A" symmetries, that iz at M3-CASPT2/7-8SA-CASSCF
(13.14) and MS-CASPT2A-5SA-CASSCE(7.8) level of theory, respectively. These set
of calculations have been done using the ANO-RCC basis set for all atoms, with the
schemes of contraction described in Table L.
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Figure 3.2, The active space of AgUIBr which 15 appled for All clectron model. This scheme 1s
applied for AgFa,
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3.2 AgCIBr

221 Structures of the metal complexes

The optimization of the AgCIBr and |AgCIBr[ complexes at MP2, CCSDN{T) and
B3LYP levels of theory resulted in a collinear structure. The nature of the oblained
critical point was verified checking that all frequencies are positive. The equilibrium
bond lengths at the vibrational potential minimum between the metal and the halogen
atoms are collected in Table 3.2, together with the experimental AgX bond distances for
reference. As expected, Br—Ag bond lengths are longer than AgCl ones In
comparison with the silver monohalides, the distances in the dihalides are elongated by
ca.0.02 A for the strong Ag—Cl bond and about double for the weak Ag—Br one. The
calculated bond distances with the different methods agree reasonably well, especially
within the anionic structure and in predicting Ag—C] distances. The exception is the
MP2 value for Br—Ag bond distance in the neutral structure which 15 overestimated by
almost 0.1 A In general, the calculation employing RECPs in all atoms overestimates
Br—Ag and Ag—Cl values by 0.05 A in comparison with the values obtained when all
electron basis sets are used for the halogen atoms. In view of this overall qualitative
agregment, we have chosen the collinear geometry obtained wath CCSD(T) for the
forthcoming calculations using the molecular-fixed onentation shown n Fig 1.
Meanwhile this linear is more stable than co-linear structure in Table 3 2-b.

Tabke 3.2. Equblibrium distances (m A) of the collimear neutral and amon Cl—Ag—DBr at different
levels of theon

peutral AgCIlBr ameon AgClBr
Fag (A Br—AgCl | Brag—Cl | Br—AgCl Brag—Cl
MP2 2526 2,304 2.5005 2379
CCSNT) I443 2299 23500 2401
JLYP 2435 2,300 2 507 2384
BILYPMMWE' 2478 2372 2541 2437
exp.” 2.305° 2.280° — -

‘Calenlation performed using the MWB RECP in all three atoms.

*The cxperimental values are reported for the comesponding AgBr and AgCl diatomics.
123
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Table 3.2-b

The comparison with linear and co-linear energy at HF level. The degree shows
between Br-Ag-Cl.

angle L&D 175
Encrgy {au.) -K37T.026013 -H3TT 021187
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3.2.2. Electronic ground state

Single-deferminants  calcwlaffons. Let wus first discuss the results obtained  with
single-determminant methods. Tables 3.3 and 3.4 show the electrome configuratons and
Mulliken charges of AgCIBr and AgCIBr obtained wsing different basis sets and ECPs,
at HF and B3LYP levels of theory, respectively, The first striking fact is that there is no
systematic link between the HF and DFT electronic configurations obtained using any
basis set. Sometimes the single electron is allocated in the p orbital of the Br atom,
others in the Cl atom. Furthermore, sometimes 1s the p, orbital, others the p, orbital,
This apparent ematic behaviour can be directly mirrored in the charge distribunions
calculated within the Mulliken approach. We are aware the Mulliken charge partition is
as arbitrary as any other but in the present work we solely aim at a quahtative charge
distnbution picture.

The use of relativistic ANO-RCC predicts both at HF and DFT the single ¢lectron to be
in the 4p, of the Br {analogously in the 4p, of the Br—not shown in the Table), which is
associated with a strong iomic bond between the Cl and Ag, and a less iom¢ bond
between the Ag and Br. This is a reasonable result in view of the electronegativities of
the Cl and Br atoms and the expected single determinant configuration (vide supra)
When going from the neutral to the anion, we have a closed-shell structure, ie. the 4p,
(or 4p,) orbital of the Br atom is filled, Accordingly, one would expect the charge
distnbution reflecting the fact that the Cl atom recovers some negative charge in
comparison to the neufral case. Indeed, the Mulliken charges calculated with the
all-electron approaches show an (accidental) symmetric charge distnbution between the
] and Br atoms, both at HF and DFT (see Tables 3.3 and 3 4). The use of ECPs for the
Ag atom does not permit to reproduce the delicate balance of the Br and C] charges. As
a consequence, the differences between the different ECPs cannot be easily rationalized.
At the HF level the results are consistent with the fact that the Cl atom is more
negatively charged than Br atom, maintaining the Ag positive (cf. Table 3.3). Note that
the use of AIMPs systematically underestimates the positive charge in the Ag atom, This
erroneous tendency of AIMPs is even more pronounced in the case of the Kohn-Sham
orbitals where Ag reverses ifs charge from positive 1o negative, The use of uncontracted
AIMP significant enhances this erroneous behaviour (cf. Table 3.4) making the Ag atom
strongly negative. From this results we deduce that to describe comectly the intimate
interplay of bonding and charge distribution in AgCIBr one should describe the Ag and
the halogen atoms on the same footing in an all electron calculation, that is, e.g. using
relativistic ANO-RCC basis sets.

In general, in view of the unsteady results obtained with the single determinant HF and
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K% calculations, we now proceed to include static and dynamical correlation using
multicontigurational perurbation methods. The results are collected in Tables 3610 3.9

Multiconfiguration calcilations.,

In order to determine the lowest “A' A" degenerate states of AgBrCl MS-CASPT2
calculations have been performed on SA-CASSCF correlating 21 electrons in 11 active
orbitals. The results are reported in Table 3.6. The doublet electronic ground state of
ApBrC] corresponds to the ‘A
(P Bripul CD Y (de/ pul C1YY(duy F(pod Brivd, 2/p. CYF (dy 2,2V (e pd CHY (poA BrPACL Y
(P ABEVPCH Y (ped Bryd, pACH) py (Brid/p, (C1Y (pu Bridu/po(Cl)V caleulated  at
837782061 au. nearly degenerate with the A" corresponding to the following
comfiguration
(pu BV poC e/ po CIY (e F(pod BrVd 2/p CLY (2~ 2Pl py (CHY (po BeWPACLYY
(P A BOVP(CHY (pABrvd, IpACHY{py(Bryvd,/p, (COF(pBrido/pdC1))  calculated at
-B377.82242 an. The total energies are not strictly the same due to artefacts of the
CASSCF calculations performed in C, symmetry. MS-CASPT2 calculations based on
restricted symmetry blocked CASSCF including non-dynamical correlation effects are
reported in Table 3.7. These calculations based on different active spaces in the two
symmetries A" and A" cannot reproduce the degeneracy. However they converge to the
same electronic ground state solution, namely ‘A and A7 with the electronic
configuration descnibed above. The results of the same calculations based on ECP are
reported in Tables 3.8 and 3.9 Again the lowest MS-CASPT2 electronic states
correspond  to the abowve configurations with one  single electron in  the
[p}{Br}a‘d_vgp_ﬂ{L‘l}}' and (pBrid/pJdC1)" molecular orbitals for the nearly degenerate
‘A" and TA” states, respectively,
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3.2.3. Speciroscopy

Svereral CASSCF active spaces have been defined for the calculation of the lowest
quatdroplet states of Ag, Cl. Br. Generated single excitations from the A" 1o A7
determined previously. *A" and *A” have been obtained on the basis of 13 electrons 14
actives, 7 electrons 8 actives and 7 electrons 11 actives orbitals CASSCFE space
according to the following the scheme,
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Table 3.3, Elecironic configurations and Mullliken charges obiained ai Harireo-Fock level of thoom
and different basis sets and ECPs

Buosis scls Configurabion Mulliken charges
Meutral AgClBr Br Ap Cl
(3p.C1) (4day (4dn) (4do) (3p,ClY (4p,Br) (4p,Br)’ < <
ANO-RCC {3p.Cl Iy [4de {4dxy [4p1[!r}' 016 039 013
R (ddar{ddn) (4dn) (4p.Bry G3pCU73p, 1Y (4p, Br)' i .
AMO-DES {-Idf:}' (4dny’ prBr]“{Jp{C]}' D20 (i | 043
ANO-DE3 {4da) (4dm) (4dn) {4p.Bry (3pL1) (3p, 1y 4p, Br) ozl ossl| 946
-0 {Jdﬂ}' {-Id.ﬁ:r (4p.Bry’ {1px{'];r ' - '
1 7e- (4da) {4dm) (4dm) (4p.Br)” (Gp.Cly (3p,C1) (4p, Br)’ . .
CG-AIMP | (4dny’ (4dnf (4p,BeV (3p,C1F | ol T T
Co-AlMP-u | (4dal {-ldr:‘.l: (PpCly (4p. B - -
19g- {dda) (dda) (dd=x) (dp, By BpClr{3p,Cly (dp.Br) om | 047! -0s
MP-AIMP {Ada ¥ (dda) (4p.Be) (3p.CIF ' ) -
. (3p.C1)° () (4dn)” (doy (3p,C1Y (4p.Bry (4p, Br)'
19e-MWB (3’ (4dx) (3p,C1Y (4p,Br) 1 06 [ 10T <10
19¢-LANL2D | iddn) (doCly (4dn)’ (3p,C1)° (4p.Bry’(4p,Bry’ (3p.C1Y s | rial s
Z (4dr)’ (ddry (3p.CIY (4p.Br) : ' '
1 7e- (#da)” (4dx)” (4dxT (4p.Br)” 3pClr3p 1Y (4p By
NE-AIMP (4dn)’ (4dny’ {4pﬂﬂr]" {3;}4:1}" 07| 0361 D43
1 7e- {-I:ir:]r {ddr:}r {4day [3prl[‘|] Mpzﬂr] {4p, Br) (3p C1Y 035l om | w6
NR-AIMPu | (dda) {'ld.ﬂ:l'{3|]'x':|_:l' {-lprrJ' o i ]
Amion AgCIBr
- {4-:1-:‘] 14drr}' {4dmy ( Jpgf‘ﬁ (3p.C1)° (4p.Bry’ (4p,Br)
ANO-RCC (ddn)’ (ddx’ (p.C1Y (4p.Br)’ 077 0se| 078
{4day’ Hdn}' {ddny q!-poJ,'l i:’rpl{‘J] {4p.Bry {JﬁBr]
ANO-DK3 (4dny’ (d4dx¥ (p.CIY ( 4p~=Br] SR 061 | 081
ANO-DE3 {-Idl:rll:ﬁd:r} 1:4:1::}* {%mm: (3p,Cly {(4p.Br) (4p,Br) o077 osel o7
-1l {ddmy {-Idﬁr{“*p:l:lr{‘lﬁpxﬁr]' ' ) )
| 7¢- {dda Hdrr} () Gp, LT (3p, Ol (. Br) (4p,Br) ] | 4
CG-ATMP {ddn)’ (ddn) (3p.CIY 14;;113:] i 0el| 032] 07l
1 7e- {-I-:in:r]ll[-h:ln}'\ﬁdn}'{%p:ﬂ“]:l [J:Fl.f_“]]'l[-#p,cﬂr}z (4p,Br) os57| o4l 074
CG-ATMP-u {Jdﬂ}j (4day G3p.CIF (4p.Br)” ' i )
19e- {4dar {ddm)” (4dn) (3p.C1Y° (3p,Cl{4p.Bry (dp,Br)” i R
NP-AIMP | (4 (dd (3p.CIY (dp.Be)’ 066 | 038 072
. (4da ) (4dm)” (4dn)” (3p,ClY7 (3p,C1r(4p.Br)” (4p,Br) ] aoil .
19e-MWB (dd)’ (4df’ Cp.CIF (4pBry 0.71 93] -1.21
19e-LANL2ZD | (dda)iddn) (4dn) (2p.C1Y° (3p.C1r(4p.Bry (dp,Br
z {3y’ (ddsy’ Gp,CIF (UpBrY 07 073 004
I 7e- (4da) (4dn)” (4dn)” (3p,C1)° (3p,Cl(4p.Br)” (4p,Bri 057 03| 074
MNR-ATMP {4dn) (ddn¥ (3p.CI¥ (4p.Br) - - :
1 7¢- (4da i {4dn)” (4dn)” 3p.C1) (3p,C17 (4p.Br) (4p,Br) ] L ,
B AT P l['ldﬂ '1 {'Id.ﬂ_:l: {3["_..':”: {-"[!-_h Br]: 0.6k i34 T
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Table 3.4. Elecironic confligurations and Mullliken charges obfamed wsing B3LYP and different

basis sets and ECPs.
Basis sals | Configuration Mulliken charges
Meutral Ag( 1Br Bir A il
(3p.ClY (ddm) (4dm) (4do) (3p.C1)° (4p.Br) (4p,Br)
ANO-RCC (3p.CIY (4dx) (4’ (4B 032 | 0.55| 087
(4dar{4dn) (4dn) (4p.Bry (4p.Br)’ (4p.Br)” (3p,C1) _
ANO-DK3 | Ll a2 (4o By G CIY 75| 041|054
ANC-DE3 | (ddar(ddr) (4dn)” (3pCly° (3p.C1) (4p.Br)” (4pBry’
- (4dn)’ (ddn) (4p,Br)’ (3p,C1Y it sl M
17¢- {3p.CLY (3p, CLY" dday” (ddw)” (4do)” (4p.Br)” (4p,Br) oss | o3| o7
CG-AIMP (3psC1Y’ (dda)’ (ddm)’ (dp;Bir)’ B '
| Tee (3p.C1) (3p,CIY (4dn)” (4dn) (4da)” (4p.Br)” (4p,Br)
CG-ATMP-u_| (Gp.C1)" (4d)’ (4dw)” (4p.Be)’ 0.85] -0.28 | -0.56
19a- {ddea) {ddm) (ddn) (BpC1 Gp, O (4p,Br)” (dp, Br)
NP-AIMP (4dm}’ {4dny’ (3p,C1Y" (4p,Br)® 0321 0041 156
(ddm)’ I°1-|1':F} (ddmy Gp.C1)° (3p,CTY (4p.Br)” (4p,Br)
19c-MWE (4’ (4ds (B3p.CIY (4p, By | D38| 041 099
19¢-LANL2D | (4p:Bry (4" (4ds)” (4pBry’ (4p.Br)” (3p.CIY° (3p,C1) os3| o7l o
7 (4dn)’ (4dx)’ (4p.Brr” (3p,C1Y o ' :
| Te- {4da) (4dn)” (4dr) (4p.Br) (4p,Br)” (Gp.CIY (3p,Cly o2l ool o
NR-AIMP (4dn)’ (4dn)’ (4p,Br)” (3p,CIF ' o '
17¢- 3p.Cl” (4dn) (4dm) (3p,CLY" (4ddo} (4pBr)’ (4p,Br)’ 080 | 032 | 57
NR-ATMP-u | {3pClY (4dx) (4dn)’ (4p.Br ' ' N
Anion AgCIBr
(4de)” (4dx)’ (4d=) (3p,CIY (3p,CIF (4p.Bry’ (4p,Br’
ANO-RCC (4dx)’ (Y’ G3p.CIY (4p.Bry 068 | 036 | -6k
{4da)” (4dx)” (4d=) (3p.CIF (3p,CIF (4pBr)’ (4p,Bry ] <
ANO-DE3 (dday’ (4 dﬂ} {3mCl}‘ (4B 78| 0se| 078
ANO-DKS (4da) (ddx) (ddx) ﬁprﬂl} -[?p-,.Cl} (4p.Br)” (4p.Bry
- (dd)’ (ddny Gp,CIY (pBey 67| 033 66
| Te- (4do)” (ddx) (ddm)” (3p,CIY (Gp,ClY (dpBr) (dp,Bry
CG-ATMP (4dn)’ (ddn¥ {3[#5':“1 {dp.Br)’ 3T | -004 | 059
| Te- (dda)” (dd=)" (4d=)" (4p,Be)” (3p,ClY (3p,C1)° (4p, By .
CG-AIMP-u__| (4da)’ {4day’ (3p.CIy* (4p,Br)° poul Ml M
1 9e- (dda) (ede)” (dde)” (Ap,Br)” 3pyCl7 Gp.CIY (4p,Bry o4s| ool oss
NP-AIMP {4dny’ {(4d=y (3p.C1Y (4p.BrY’ A A 3
: (dda)” (ddz) (4dw) (dp.Br) Gp,C1Y (Gp.ClY° (4p, Bry
|9e-MWE (s’ (44’ Gp.CIY (4p. By 052 063 | -1
19e-LANLID | {(dda* (ddx)’ (dd=)" np‘cl}- {?Hflr (4pBr)* (dp,Brf
7 (4dm)’ (ddy’ {3|L;CI}' (4p,Br)’ A0 063|053
17¢- {Iif.h:r] fﬂd;ﬂ (4dx)’ L3, cny {-lp,.H-r}l (3, C1Y (dp, Br)
MR-ATMP {4:11:}- {-1-:};1:}' {3|1£I}' {mﬂr]- 031 A0 | <064
| Te- {4dar (4dx) (4d=)’ Gp,C1Y 3p,ClY (4p.Br) (4p.Bry .
NR-AIMP-u | {d4da}’ {4da¥ (3p,CI¥F (4p,Br)° ' ' '




Tahle 3.5-a. CociTicicnt of single occupiod on cach basis set and SCF energy al HF lovel.

bR

Basis sets & ECPs SCF Energy
Br Ag 1

All electron

ANO-RCC Py (088} -BATT.026013

ANO-DK3 P (-078) | due(-0.43) p0.55) -BATTOTITIS

ANO-DK3-u Py (-088) | d (-0.14) | po(-0.14) “B3TT.061955

RECPs

1Te-CG-AIMP Py (088} | d (-0.30) | pd046) -3121 656973

17e-CG-AIMP-u p (028) | d,2(-0.6) pod -0 48) -3121.663797

19e-NP-AIMP PaA0.84) dez (-0.47) | pa(-0.3) -3156.5346232

19e-MWE Dolg pl-07T) | diz (0.35) Pyl 59) 3156273081

19e-LANL2ZDZ HW pA-0.39) 1 d.2 (049) | pA0.59) -3155.080177

NRECPs

1 7e-NR-AIMP 08T} s (0.28) py(-0.48) -3121.384930

17e-NR-AIMP-u pA-0.29) | d(054) |pAd0.56) -3121.390039]

Table 3.5-b. Coeflicient of single occupied on cach basis set and SCF energy at BALYP level

Basis sets & ECPs KS Energy
Br Ag Cl

All electron

ANO-RCC Pl 0.96) -8382.020131

ANO-DK3 Py (0.16) dy: (0.33) | py (-0.94) -8382.014782

ANO-DK3-u p(081) | d, (016) | p,(-0.31) -2382 047948

RECPs

1 Te-CO-AIMP P (-098) |d,(-0.18) |p,(0.07) -3125 888722

1 7e-CG-AIMP-u py (=098) | dy (<0.23) | p, (0.08) =3125.994490

19¢-NP-AIMP py (-096) | dye (-0.32) | py (0.20) -3160 286745

19e-MWE Dolg P (<097) | die (<018) | py (0.20) -3159.600398

19%e-LANLZDZ HW Py (0.09) dy: (0.23) | py (-0.90) -3 158.0600841

NRECPs

17e-MR-AIMP pe (-0.37) | dy (-0.32) | py (0.91) -3125.742052

1 7e-NR-AIMP-u p (097 |d., (0,19} |p,(-0.07) -3125.724297
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Table 3.6. Total cnergics, Mulliken charges and schematic wavelunction in derms of molecular
orbitals corresponding to the low-lving doublet electronic states calonlated ot MS-CASFT2/CASSCF
level of theory by ANO-RCC basis sets for all the atoms corresponding to the “A' and “A” at 21
electrons in 11 active orbitals.

MS-CASPTYT-SA-CAS2L1) A
CASSCF 55- Single occupied hS- Mulliken charge
CASPT2 orbitals CASPT2 Br Ag 1
(au) (A} {a.u.)
SBITT 46830 | -E3TT. 79474 m -837TT7T. 79051 0.4 095 (32
-B3T7.131771 | -8377.812368 = SBATTR2061 | 026 | 069 04
I, =
SBITTO0NGE | -8377.7538914 | (— —_Owl | -8377.738%1 1% (45 31
-RITT.ORR252 | -R377.776011 W I -B3TT.7TO47 | 006 | 040 | 024
- .
-HITT058294 | 8377685880 8 -RITTO8587 | 064 125 | 0,72
HREATTRS21S | Ma77.7121410 . X377 70404 052 1.0l =144
—.'-‘—".'. It
SRATH URDOGR | -E3TTAOTOAZ | @ T T e | X377 A04E2 043 (806 -0.43
MS-CASPTT-8A-CAS(21,11) “A”
CASSCE 55- Single occupicd % Mulliken change
CASPT2 orhitals CASPT2 Br Ag 1
(au) LN {au.)
<E3TT 133113 | -R3T7.811236 _'_._"‘- () ~RITT R2IZ42 | 0213 0.72 144
v
-RITTO84076 | -8377.775559 57 45 -R3TT.7T537 | 022 | 044 4022
RITTMGIIRT | -B377 683336 3_ “BITTORAS6 | <0006 [.24 L) 8
SBATTO2RTIT | -RATRTIAAMY e SRATT 0262 | 056 | 093 137
(sl |!_J!
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Table 3.7. Total cnergics, Mulliken charges and schematic wavelunction in derms of molecular
orbitals corresponding to the low-lving doublet electronic states calonlated ot MS-CASFT2/CASSCF
level of theory by ANO-RCC basis sets for all the atoms corresponding to the “A" at 13 electrons in
14 active orbitals and the “A™ at 7 electrons in # active orbitals,

MS-CASPT2/T-SA-CAS(13,14) A

CASRCF 88- Single occupied M 5- Mulliken charge
CASFT2 Cirbitals CARPT2 Br Mg Cl
(au) (3 {am)

SHATT 236084 | -BITHE 2044492 ST SEITEZ0UOS [ 030 | 058 025

KITT 233719 | 337K 153455 | @ @uely 337510016 | 041|077 A.37

SRETTOIORIEY | -RATRITITOA o » SRATRATA4Z | 006 | 04B (132

HAITTIRURSE | -H37R.16TROS | @ — —@ | -537R 16758 |00 050 | 03]

SHITT 144700 | -83TR093039 ‘ SRATRAOG3GT | <040 | 095 152

R3TT 126680 | -BITRO06247 - SRITROGIR0 | -042 | 08T | 046

BATTORG493 | -BITROT1336 | Ca-aeal-@e | S3TR 06822 | 036 | 077 41

MS-CASPT2/4-5A-CAS{7.8) “A”

CASSCE 55- Single occupicd Ml e Mulliken change
CASPT2 orhitals CASPT2 Br Ag 1
(a.w.) e} {a.u.)

~BITTATI336 | -K3TT. 230008 ' {7 1| -R377.23030 | <006 | 062 =146
L - i

SBITT09T59 [ B3TT. 146152 BITT 14605 | 061 | 1.25 .64

-8377.128674 | -B377. 158504 8 5 -BATTAE4 | 028 | 044 4117

SS3TT 061763 | -B377.117093 e H3TT 117760 | 058 | 096 0142
\_J} U
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Table 3.8, Toial energics, Mulliken charges and schematic wavelunciion in derms of molecular
orbitals mm:;pﬂndhl; b the Jm\'-h'i.n_L_'_ doublet electronie states caleulated at MS-CASPT2/CASSCE
level of theory by MWB basis sets for all the stoms comesponding to the “A"and “A” 21 electrons in

11 actrve arbatals.

MS-CASPTHT-SACAS2] 1) 7A
CASSCE 5. Single occupied | MS- Mulliken charge
CASPT2 orhitals CANPTZ2 Br Ag Cl

(ol (TN (TN

17398879 | 17420494 5‘5«5—'5-" 17421848 | 02| 075| 046

17307834 | -174 21384 | o - | -] T4 2066T k06 .51 143

T3 O5R00 | -I74 15389 | @ o | J] T4 [ T32R k14 0.4tk - 2h

7303657 | 174170 | g~ 17405000 | 02| 03| s

=173 00039 L1740 % 17412253 | a2 0,95 i) 43
i

-1 T3 R6TRS | 17412447 ":'i'—f' 174 11690 [ 042 083 14

I 73E3404 | - 1707600 | e o e | -174.07536 37 07| 03

ME-CASPTHASACAS2111) A"

CASSCFE Lk single occupied | MS- Mulliken chargs

CASFT2 orhilals CASPT2 Br Ag Cl

(.l (. (o d

SIT3UTEER | -1T74.21572 . 17422151 | 012 058 046
e ()

SITFAMEAUG [ ST ] ThdY 87 43 174179493 ) Ola 039 4023

IT3OOTET [ <17 0170 =174 12246 | 442 11.9% <150
\

SITARTION | -174.1 2a49 1T T30 | 041 11,52 41

) [
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Table 3.9, Toial cnergics, Mulliken charges and schematic wavelunction in derms of molecular
orbitals corresponding to the low-lving doublet electronic states calonlated ot MS-CASFT2/CASSCF
level of theory by MWE basis sets for all the atoms to the “A” at T electrons in § active orbitals,

MS-CASPT2/4-5A-CAS(TR) A"
CASSCF 55- single M5- Mulliken charge
CASPT2 occupicd CASPT2 Br Ag Cl

(3] (amw) orhitals (au)
17400943 | 174026118 =174 02042 [ 013 049 <062
17398003 | -173.993754 17300347 [ 47 | D45 002
173 REG]3 | -173 ROR230 1 T3 BURIG | 56 1.25 <116
1 TIRGTAT | =173 KEG3T =1 T3 RE35 | <053 1.15 =[1.6:7
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Transition energies to the low lving *A” and *A” states of AgCIBr are reported Table
310,

This transitions correspond mainly to excitations from the occupied orbitals describe in
previous Tables to the diffuse Rydberg p-orbitals of the silver
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3.3 AgF,

330 Structures of the metal complexes

The optimization of AgF; and AgF: complexes at MPZ, CCSD(T) and B3LYP levels
of theory resulted in a collinear structure.  The nature of the obtained eritical points
was verified checking that all frequencies are positive.  The equilibrium bond lengths
at the vibrational potential minimum between the metal and the halogen atoms are
collected i Table 3.11, together with the experimental AgF; bond distances for
reference. The experimental structure was solved by Paiterson methods.  The
calculated bond distance by MP2 and CCSD{T) methods are in agreement with the
experimental value. Based on these points we have chosen the collinear geometry
obtained with CCSD{T) for the appearing calculations using the molecular-fixed
orientation shown in Fig, 1.

Table 311, Egmhbriom distances (in A) of the collmear newtral and amion F—Ag—F at dilferent

levels of theor.

neutral AgF? | anion AgF2
Feg(A) Ag-F Ag-F
MP2 a1y 2061
CCSINT) 1.924 Ioal
BILYFP |.533 2044
BiLYPMWWE [958 06
exp. -- 20T

"Calculation performed using the MWE RECP in all three atoms
"The cxperimental values are reported by Patterson methods,

“‘Reference [124]
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3.3.2. Electronic ground state

The choice of the computational strategy has been motivated by the results of the
methodelogical study performed on AgBrCl. ANQ-ROC basis sets have been used for
silver and fluorine atoms. Even though the theoretical study of this symmetric
molecule 15 easier than the previous one some nearly degeneracy has occurred at the
CASSCF and CASPTZ level.

HF and DFT results are reported in Table 3.11.  Like in the previous study reported on
AuBrCl the monodeterminantal methods are not adapted to the descniption of the
electronic configuration in this dihalide system. Indeed the HF and KS descniption do
not coincide.

Tahle 3.11a. Electronic configurations and Mullliken charges obtained wsing HF and AWO-RCC

hasis sois

Basis sois | Conliguration Mulliken charges
MNeutral AgF: F21 Ag Fl
(4dn)y'(4da)” (4dm)” (2p,FIF2Y (4dn)’ (2p.FIF2) (ddm)’ .
AMO-RCC (2p FIF2 (2. FIF2) (ddn} (bdz) {067 134 067
Table 3.11b. Electromic conligurations and Mullliken charges oblained using BALYP and ANO-RLC
haziz 2otz
Baziz sots | Configuration Mulliken charges
Meuiral h& F- F? Ag Fl
(2pF1yi2p.F1) (2p,F2)° (ddx) (ddx) (dda)” (ddo)’ ) .
AMNO=RCC (2p.F2 (4 (4 (2p.F1) =32 1.24 | 034
Table 3.11c. Coefficient of single occupied on each basis set and SCF energy at HF and B3LYP
level.
Basis sets SCF/KS Energy
3 Ag F
ANO-RCC (HF) dya(-0.79) -5510 846382
AMNO-RCC (BILYP) d,s (0.69) 2pz(-0.60) -3514. 109475
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In order to determine the electronic ground state configuration CASSCEF/MS-CASPT2
calculations were performed following the same protocol than for AgBrCl The results
are reported in Table X1. The lowest degenerate states “A’ correspond to the (d,;)'
electronic configurations and is calculated at -5511 75580 a.u. In contrast to AgBrCl the
electranic ground state is not degenerate but still very close to the next pair of “A'/ A”
calculated at -5511.75139 au. and -551.75109 a.u. and corresponding to the following
electronic configurations (p.(F)d.2/pAF)Y (pF)¥do/pdE) (pAEYdpAE)) (dy)
(2,27 (pu(EYVPED® (pFVPAE) (pu(ENp(E)) (i)’ (o)’
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Table 3,13 Tolal energies, Mulliken charges and schematie wavelunciion m tgnns of molecular
orbitals mm:;pﬂndhl; b the Jm\'-h'i.n_L_'_ doublet electronie states caleulated at MS-CASPT2/CASSCE
level of theary by ANQ-RCC basis sets for all the atoms to the “A” at 7 electrons in 8 active orbitals

ME-CASPTHT-SA-CAS2L11) A

CASSCF 85- Single accupied M- Mulliken change
CASPT2 orhitals CARFT2 F Ag F
=R () {a.u)
551095461 | -5511,75149 - SSS1L TSR0 | 078 150 | 075
5510.90864 | 551173793 ~ SSILTSI30 | 073 | 14T A7

3510085373 | -5511.63805 -S511.A3R05 | -DRT L75 | -7

+

SSE10THTR | -5511.66884 | (e~ OdlB | -551166ERS 038 0.8 058

SIS10CTMRE [ -S511L 68670 w » 3511 A%ATO .40 .76 040
L G

SARLLTARA0 | -A51 1A TS0 oy | =351 163404 .52 1.0 .52
ey

SS10.71724 | -5511.59669 | @O | -5511.50238 | -0.52 Lod | 052

ME-CASPFTLL-RA-CARILLI A

CASKCF A Single occupied 5 Mulliken charee
CASPT2 orbitals CASPT2 F Ap F
[au.) (au) (an)
SRI091552 | 55117355 $ SENLTAN0O | 74 | L4R -0.74
SS510.86045 [ -5511.63518 g 3511 03518 | A&7 1.73 08T
L,

|
h
&
i

-l

SS510 78806 | -5511 68566 : : :i =551 1.GR3G6 | 4037 (.73

SSSULT5615 | -5311 64653 351162900 | 050 | 099 <050
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Table 3,14, Todal encrzics, Mulliken charges and schematic wavelunciion v derms of molecular
orbitals mn‘:;pl:lndi.n; b the Jm\'ah'i.n_L_'_ doublet electronie states caleulated at MS-CASPT2/CASSCE
level of theory by ANO-RCC basis sets for all the atoms to the “A”™ at 7 electrons in 8 active orbitals.

ME-CASPT24-8A-CAS(T8) “A

CASSCF 85- Single accupied MS- Mulliken charge
CASPT2 orhitals CASFT2 3 Ag K

=R () (o)

SAA100T44] | -A3SNL02TRY & SSRTL027T0 | 0T 1.4] 0,70
SSA10024T5 [ S51097TRD 8 SASI09TTED [ 0.7 1.5% 0,70
SSS1081557 | 351088010 2 R S510.48010 | 032 | 064 | <032
SSE10.TO9250 [ 351083617 ) SARI0ESGIT | 030 0 1,30

0 C




i

3.4 Conclusion

The complex electronic structure problem which charactenzes XMY molecules has
been undertaken under the light of ab mnitio analysis of AgBrCl and AgF; and of their
anionic species, These compounds have been found to be collinear at different levelsof
calculation. The neutral species are characterized by a doublet electronic ground state
described by two degenerate *A' and “A" states in the case of the asymmetric system
and by a “A’ state in AgF;  These electronic structures cannot be obtained by means of
monodeterminantal methods. It 18 necessary  to  treat this  problem by
multiconfigurational SCF methods completed by a perturbational approach including
the dynamical correlation effects. This studv demonstrates that the size of the molecule
15 not necessary the bottleneck of the quantum chemical study and that the investiganion
of three-atomic systems may need very complicated and costly calculations beyond the
present computational capabilities.

Symmetry blocked CASSCF MS-CASPT2 calculations have enabled us to obtain the
low-lying *A' and “A" electronic states describing the electronic spectroscopy of the

neutral molecules.
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Conclusion

The purpose of this work was to investigate the potential of computational tools at
studving vanous problems of chemistry such as electron transport in large polyeyelic
aromatic hydrocarbons {(PAH) networks, luminescence and electron transfer processes
in ruthenium complexes intercalated in biological environment and electronic structure
analvsis in three atomic silver compounds,

In the first case the challenge 15 the understanding of the role of metal-based catalysts in
the growing of nanotubes, The electronic structure of different classes of PAH has been
investigated by means of semi-empirical methods. The trends related to the amount,
type and routes of electron transfer in the network in term of groups of atoms pairs have
been deduced from the theoretical study. The use of semi-empirical methods correctly
parametrized 15 a good compromise when dealing with this type of problem in large
Systems.

The second topics was related to the theoretical study of photophysical properties in
large Rudll) complexes used as intercalators in DNA within the context of molecular
switches research. Previpus studies performed in the Laboratoire de Chimie
Cuantique (Strasbourg) have shown that the Density Functional Theory may help at
analysing absorption spectroscopy in these molecules within the limit of a correct
description of charge franster states which has to be validated by expenmental data. In
the present field, characterized by an intense expenmental activity since the early 90's
TD-DFT was the method of choice. Eventhough ab initio calculations can be perfomred
nowdays on these molecules, the severe compromises which have to be done and their
cost make them inappropriate.  Qur calculations have put in evidence for the first time
the difference between the absorption/emission spectroscopy of the two most studied
complexes, namely [I"!'.LL['TJ"'nF’]l;_q:l|:||:|-z]3 and ['J'{u{phen}:dppz]z'. In particular it has been
shown that the lowest part of their specrra differ by the presence or not of IL (x*dppz —
a*dppz) absorbing states. These states responsible for an electron density deficiency at
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the end of the long intercalated dppz ligand may favonze electron transfer from a
guamne to the Ru(ll) complex quenching the luminescence process. In contrast when
the lowest part of the absorption spectrum is made exclusively of MLCT states the
luminescent process will become more efficient  Further work should be devoted to
environment effects: effects of water, acetonitrile and bilogical environment on the
observed photophysics. Indeed the large number of available experimental data has to
be rationalized. Preliminary calculations have been performed in this direction and
open the route to a new field of theoretical investigations,

In the last part of the thesis the difficult problem of accurate electronic structure
calculations in small three atomic silver compounds has been undertaken. It is shown
that the descnpton of electronic structure in small transition metal molecules cannot
get away from highly comrelated multiconfigurational methods. HF and DFT approaches
based on warious basis sets associated cither to  all-electrons scheme or to
pseudopotentials lead to erratic behaviors. Large Relativistic Atomic Natural Orbitals
are necessary to get some stability in the mono-determinantal response. Moreover
scveral nearly degencrate states nced to be described by large CASSCF/MS-CASPTZ
methods in order to determine without any ambiguity the electromic ground state of the
neutral species. The very scarce experimental data on these coumpounds add some
difficuties. Whereas the asymetnic AgBrll molecule has not been  detected
experimentally, AgF2 does exist. It could be expalined by the description of their
electronic ground states, namely two degenerate *A' and A" {AgBrCl) and a single “A’
state in Agl;

This thesis gives an illustration of the limits of various methods of quantum chemisiry,
not only due to computer facilities, but also to theoretical developments, It 15 especially
very difficult to treat excited states coherently and there is acially no ideal method able
to take up this challenge.
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