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Abstract

0.1 Abstract in English

Phenylene-ethynylene dendrimers show astonishing properties and are systems to be likely used
in opto-electronic devices such as light emitting diodes and conductive molecular wires. They are
in the spotlight because they show excellent photostability and high excitation energy transfer
efficiency. The excitation energy transfer in phenylene-ethynylene dendrimers is ultrafast and
unidirectional. It occurs from the periphery of the molecular system to the core thanks to an
excitation energy gradient that extends along the system.

During this PhD, phenylene-ethynylene dendrimers have been studied through a pseudo-
fragmentation scheme in which the phenylene-ethynylene dendrimers is decomposed in various
subsystems (pseudofragments). The phenylene-ethynylene dendrimers behaves as if the pseudo-
fragments (oligophenylene-ethynylene) were weakly interacting together.

Two isomers (the single-trans isomer and the cumulenic isomer) of oligophenylene-ethynylene
co-exist in their first adiabatic electronic excited states.

Two diabatic excited states are then considered for each oligophenylene-ethynylene, the ones
which are associated to the Lewis structures of the isomers. The potential energy surfaces of
phenylene-ethynylene dendrimers and their conical intersections have been rationalised in terms
of diabatic states localised on the pseudoframgments.

I have used density-based descriptors that are built from the attachment and detachment
densities involved in the electronic transitions. Such descriptors are used to characterise the
electronic excited states that are involved in the pseudofragmentation scheme of phenylene-
ethynylene dendrimers .

This global strategy allowed us to suggest an alternative excitation energy transfer mech-
anism that involves both trans-bending and cumulenic-streching deformations on each of the

pseudofragments of a phenylene-ethynylene dendrimers .

Gabriel Breuil (ICGM-CPTM) vi
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0.2 Abstract in French

Les dendrimeres de phénylene-ethynyléne possedent des propriétés photo-induites remarquables
et ils peuvent étre utilisés en tant que composants opto-électroniques tels que les diodes électro-
luminescentes et les fils conducteurs moléculaires. Les dendriméres de phénylene-ethynyléne
présentent une photo-stabilité importante et un transfert d’énergie d’excitation ultra-rapide et
unidirectionnel. Il va de la périphérie du systéme moléculaire vers son centre grace a un gradient
d’énergie d’excitation qui s’étend le long du systéme.

Durant cette these, les dendrimeéres de phényléne-ethynylene ont été étudiés a l'aide d'un
schéma de pseudo-fragmentation dans lequel les dendrimeéres de phénylene-ethynyléne sont dé-
composés en différents sous-systeémes (pseudofragments). Les dendrimeéres de phényléne-ethynyléne
se comportent comme si les pseudofragments (oligophényléne-éthynylénes) étaient en faible in-
teraction.

Deux isomeéres (le simple-trans et le cumulénique) des oligophényléne-éthynylénes co-existent
dans leur premier état adiabatique électronique excité.

Deux états diabatiques excités sont alors considérés pour chaque oligophényléne-éthynylénes,
ceux qui sont associés a la structure de Lewis des isomeéres. Les surfaces d’énergie potentielle des
dendrimeres de phényléne-ethynylene et leur intersections coniques ont été rationalisées a l'aide
des états diabatiques localisés sur les pseudofragments.

Jai utilisé des descripteurs basés sur la densité électronique qui sont construits depuis
la densité d’attachement et de détachment impliqués dans les transitions électroniques. Ces
descripteurs sont utilisés pour caractériser les états électroniques excités qui sont impliqués dans
le schéma de pseudofragmentation des dendrimeres de phényléne-ethynyléne .

Cette stratégie globale nous a permis de suggérer un mécanisme alternatif du transfert
d’énergie d’excitation qui implique a la fois une déformation par un pliage trans et par un étire-

ment cumulénique sur chacun des pseudofragments d’un dendrimeéres de phénylene-ethynyléne

Gabriel Breuil (ICGM-CPTM) vii
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Introduction

0.3 Introduction in English

Photoinduced processes in molecules play a crucial role in the case of biological and chemical
reactivity, and properties concerning either natural and synthetic systems. One can easily name
the natural photosynthesis that concerns living species (chlorophyll-bearing plants), chemical
reactions that are induced from a photoexcitation, and the use of artificial photosynthesis in
devices such that dye sensitized solar cells and organic light-emitting diodes [3-6].

Amongst various photoinduced processes, the light-harvesting (LH) properties of macro-
or supramolecular systems hold our attention in this work. Natural and synthetic systems may
show LH properties [7-22]. Studies have been made on the link between the structure of the sys-
tems and the excitation energy transfer (EET) process [23-29]. Concerning natural systems, one
can name the case of LH properties that arises from photosynthetic abilities of pigment-protein
complexes [7-11].

The systems mentioned in the previous refs [7—11] are pigment-protein complexes of the
purple bacteria. It is one of the first studied systems that show LH properties but it is not the
only one. The complexes have a crystal structure which are an assembly of proteins that surround
pigment molecules. The light energy is absorbed by protein-pigment pairs and the excitation
energy is transferred to the chemical reaction center of the bacteria which is the junction center
of the protein-pigment pairs. The global EET process that occurs through the entire system
lasts about 100 ps with a quantum yield (ratio of emitted photons over absorbed photons) of
95% while the EET from a unique protein-pigment pair to the chemical reaction center occurs
within the subpicosecond time range. [30,31].

The term of "LH complexes" has been chosen, for the latter exemple, to characterise the
complexes of purple bacteria as the excitation energy is captured on several specific locations
on the system (the pigment-protein pairs) and is driven to a unique point of the species (the
chemical reaction center).

Organic compounds that have such LH properties give rise to a significant set of applications
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within biomedical uses for instance: photodynamical therapy [32,33] and within opto-electronic
applications for organic photovoltaic technologies [22,34-36].

The highly efficient and ultrafast EET process is an incentive for designing artificial mo-
lecules that show similar LH properties.

Dendrimers are highly structured LH artificial systems, they are promising with respect
to their efficient EET properties. [22,35-37] The word dendrimer refers to a tree-shaped-like
molecular system. It is composed of a major branch that can be viewed as a trunk. At the edge
of this trunk, branches (building blocks) are linked to a common node that allows to connect
them together. At the edge of these first building blocks, others branches are again linked to
each other and so on. Such building blocks can then be associated to the picture of the branches
of a tree. The size of branches can be the same or different. There are two types of dendrimers:
compact dendrimers and extended dendrimers. The two classes of dendrimers are depicted in fig.

1.

(a) (b)

Figure 1: Schematic representation of an extended dendrimer (a) and of a compact dendrimer

(b).

The schematic representation of an extended dendrimer is labelled (a) on the left of fig. 1. The
length of branches increases from the periphery to the core of the dendrimer. The compact
dendrimer is labelled (b) on the right on the same figure. The length of the branches is the same.
Concerning the class of extended dendrimers, the EET goes from the periphery to the core of
the dendrimer because of energy. It goes from the center toward the periphery in the compact
dendrimer class because of entropy. Moreover a dendrimer can be functionalized with electron
donor (D, blue disk in fig. 1) and acceptor (A, red disk in fig. 1) groups. The donor groups
are fixed at the periphery of the system while the acceptor group is fixed to the trunk of the

dendrimer to increase the amount of energy that is absorbed and transferred [34,38]. According
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to fig. 1, the EET for the class of compact dendrimers now also goes from the periphery to the
core of the system.

In this thesis we are focused on the study of extended phenylene-ethynylene dendrimers
(ePE-D) that are highly w-conjugated systems. The building blocks are oligo(phenylene-ethynylene)s

(oPE) of various sizes. One of the most famous ePE-D is the nanostar (see fig. 2).

Figure 2: The nanostar.

The nanostar shows astonishing EET properties. Around 99% of the excitation energy is tran-
ferred and the EET is unidirectional (from the peripherical branches to the perylene group) and
almost ultrafast (270 ps along the system). [39-41] The consecutive building blocks of 2, 3 and 4
phenylene rings give the peculiar structure of the nanostar and are responsible of the presence of
an energy gradient which allows the LH properties and the highly efficient intramolecular energy
funneling mechanism. The perylene group can eventually emit. [42]

It has been shown in [40] that steady-state absorption and emission spectra of the nanostar
are matching with the superposition of the steady-state spectra of the phenylene-ethynylene
building blocks that are the branches of the system. An LH dendritic molecule is then viewed as
an array of weakly coupled chromophores (in our case, phenylene-ethynylene building blocks of
various sizes). The system absorbs light at wavelengths that depend on the structural properties
of the branches. [42]

The meta-position of building blocks on common phenylene nodes breaks the m-conjugation
from one oPE to another. The electronic properties of the nanostar, and more generally of exten-

ded dendrimers, is governed by the electronic properties of its building blocks. The EET ability
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is defined by the properties of its chromophores.

Such a hierarchical description motivates us to apply a multiscale method that is based
on a pseudofragmentation scheme [43]. In such a method, all the pseudofragments are the oPE
branches of the PE dendrimers. The shared phenylene group between two oPE branches is then
taken into account twice and so it is not possible to consider the oPE branches as real fragments.

The ePE-D behave almost as if their pseudofragments were weakly interacting together.
Since an ePE-D has similar electronic properties as its pseudofragments, the potential energy
surfaces of ePE-D are studied in this thesis within the pseudofragmentation scheme, in which
the potential energy surfaces are rationalised with respect to the ones of the oPE branches.
This pseudofragmentation scheme, summarised below (fig. 4), has been explicitly explained for
1,3-bis(phenylethynyl)benzene (m-BPEB, see fig. 3) in ref. [43]

o~ O

Figure 3: 1,3-bis(phenylethynyl)benzene (m-BPEB).

The energy minimum in the ground state of m-BPEB belongs to the Co, point group. The Franck-
Condon (FC) point (the first optically active state at the ground state equilibrium geometry)
lies around 4 — 5 eV. The four frontier orbitals of m-BPEB at the FC point are gathered in the
middle of fig. 4.

The four frontier orbitals are delocalised over all the molecular system. The 7 orbitals
that lie on the two ethynylene groups and on the two peripherical phenylene groups are similar
up to a phase considering the HOMO-1/HOMO and LUMO/LUMO+1 pairs while the central
phenylene group of each four frontier orbital differs. The pairs of delocalised HOMO-1/HOMO
and LUMO/LUMO+1 are quasi degenerate. The "sum" combination of the two non-degenerate
HOMO-1/HOMO gives a localised HOMO orbital on the left branch of m-BPEB and the "sum"
combination of the two LUMO/LUMO+1 gives a localised LUMO orbital on the left branch of
m-BPEB as well. In contrast, the "difference" combination of the delocalised orbitals gives loc-
alised orbitals on the right banch of m-BPEB. The localised HOMO orbitals are degenerate and
so are the localised LUMO orbitals. The localised orbitals on the right and on the left branch of
m-BPEB involve a different set of atoms (left and right part) and share a common set of atoms

(the phenylene ring) and this is the actual reason why we called the branches of an ePE-D,
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Figure 4: Localised molecular orbitals resulting of the sum and the difference of the frontier
molecular orbitals m-BPEB.

pseudofragments. The four delocalised frontier orbitals of m-BPEB are then non-degenerate due
to the weak interactions between the two pseudofragments that is related to the overlap between
the two localised orbitals of the pseudofragment. In other words, the larger the overlap is, the
stronger would be the interaction between the pseudofragments. meta-diphenylethynylphenylene
behaves almost as two diphenylene-acetylene weakly interacting together.

Adiabatic and diabatic states are defined such that: the adiabatic electronic states are eigen-
vectors of the electronic Hamiltonian while the diabatic electronic states are not eigenvectors of
the electronic Hamiltonian and there is no nuclear kinetic coupling between them. The diabatic
states can be pictured as if they characterised some electronic properties of the system. More
details are given on the interpretation of adiabatic and diabatic electronic states in chapters 1
and 2. We define then, in this context, diabatic states that are related to the localised frontier
orbitals on the pseudofragments. The diabatic localised-on-the-pseudofragments states of an
ePE-D match then with the adiabatic delocalised states of the isolated pseudofragment.

Within this thesis, 1,3-bis(phenylethynyl)-3-(1,4-bis(phenylethynyl)benzene)benzene mb-
DPABPERB is studied and analysed within the framework of the pseudofragmentation scheme.

Three pseudofragmentation schemes are considered. They are (see fig. 5):
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Figure 5: The pseudofragmentation scheme of mb-DPABPEB.
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e Scheme 1: Two diphenylene-acetylenes (DPA) and one 1,4-bis(phenylethynyl)benzene (BPEB)

weakly interacting together;
e Scheme 2: One m-BPEB and one BPEB weakly interacting together;

e Scheme 3: One 1-(phenylethynyl)-3-(1,4-bis(phenylethynyl)benzene)benzene (m-DPABPEB)
and one DPA.

Refs. [39-47] suggest that the EET within an ePE-D involves only the first optically active
electronic state (S,e¢) of each pseudofragment and streching modes that are localised on the
ethynylene groups. In figure 6 is represented an oPE that can be pseudofragmented in three
pseudofragments: DPA, BPEB and m-DPABPEB. The adiabatic potential energy of the oPE is
schematically represented in plain line and the diabatic localised-on-the-pseudofragments states
are represented in dashed colored lines (green: DPA, purple: BPEB, and yellow: m-DPABPEB).
If the wavepacket is initially localised on the localised-on-DPA diabatic state, some EET will
occur from the latter diabatic state toward the localised-on-BPEB diabatic state then to the
localised-on-m-DPABPEB diabatic state via internal conversion (IC) through conical intersec-

tions between electronic states.

In this thesis, a second EET mechanism is suggested. We proposed that the transfer mechanism
involve optically inactive states in addition to optically active states. Indeed, close in energy to
the first optically active state there is an optically inactive state which involves a trans-stilbene-
shape-like geometry for linear oPE on a unique ethynylene group. These two states for both
systems have been accurately studied for DPA and BPEB. [48-53] The ground state (GS) of
DPA and of BPEB belong to the Doy, point group (PG). The equilibrium geometries are planar
and the phenyl groups are separated from each other by single-triple-single bonds (see fig. 5)
in the GS. In the Do, PG, the minimum in the first optically active state is characterised by a
cumulenic structure for both systems: the phenyl groups are quinoidal and are separated from
each other by three double bonds (see fig. 7).

The first optically active states for DPA and BPEB are of By, symmetry (using Mulliken’s
convention with z along the long axis). C. Robertson and G. A. Worth [51] have shown that,
according to the level theory of the electronic structure calculations, S,.; may not be the first

electronic excited state but it is among the first three. The cumulenic minimum is associated to
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Figure 6: Schematic representation of the EET on a ePE-D branch along a stretching mode of
the ethynylene groups of the three pseudofragments: DPA, BPEB and DPABPEB.
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Figure 7: cumulenic isomer of DPA (on the left) and of BPEB (on the right).

a mr* single excitation.

The cumulenic structure is not a unique equilibrium geometry in the first excited adiabatic
electronic state. The optically inactive states which minima correspond to the trans structures
(see fig. 8) belong to the Cop PG and are of A, symmetry (for DPA) and to the Cs PG and are
of A’ symmetry (for BPEB). The trans structure is associated to a mo™* single excitation, the
antibonding orbital is localised on the acetylenic bond and corresponds to the in-plane 7-system.
The trans isomer of DPA is lower in energy than the cumulenic one and the energy barrier
between them is of hundreds of cm™! [48-51] while the ¢trans isomer of BPEB is higher in energy

than the cumulenic one and the energy barrier is of 5000 cm™1!. [52,53]
O O=07Y
Figure 8: trans isomer of DPA (on the left) and ¢trans isomer of BPEB (on the right)

No experimental information has been found on the trans isomer of BPEB but the trans
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isomer of DPA has been characterised experimentally [54-61]. A photoisomerization process that
involves the optically active and inactive states has been suggested and experimentally charac-
terised by Hirata et al. [54]

The photoinduced isomerization process is: Sy LN GG TN T according to Hirata et al..
notations. In this scheme, the state denoted Sy is the ground state. The state X is a transient
short-lived optically active state (7 = 8 ps and Ay = 500 nm, where 7 is the species lifetime and
A¢r 18 the transient wavelength). This optically active state intersects the optically inactive state
Y which equilibrium geometry is the trans isomer. The optically inactive state is a transient
long-lived state (7 = 200 ps and Ay; = 435 nm and 700 nm). 77 is the lowest triplet state that
interacts with Y.

When the degeneracy between two adiabatic electronic states (i.e. they have the same en-
ergy) is lifted up, the crossing between both potential energy surfaces has the shape of a cone.
Such a topological feature is called a conical intersection (Coln). In the case of a two-states
crossing, only two directions lift the degeneracy. They are called the Gradient Difference (GD)
and the Derivative Coupling (DC) and they constitute together a plane that is called the branch-
ing space (BS). They play a crucial role [39,62—68] in photoisomerisation processes. More details
are given on Coln, the effect of crossing between two electronic states, and on the DC and GD
in chapter 2.

Hirata et al. [54] explain that the population transfer between the optically active and in-
active states is radiationless and so it includes at least a Coln. Having access to the Coln of
mb-DPABPEB that involve optically active and inactive localised-on-the-pseudofragments dia-
batic states and characterizing them is one of the major interests of this thesis.

Several methods exist to get access to the geometry of the system for which there is a Coln
between two states [2,69-74]. Many of them use algorithms that are based on Lagrange multi-
pliers. Refs. [70-73] use analytic gradient methods that are constrained by Lagrange multipliers
and ref. [74] uses an algorithm that needs to compute the Hessian of the Lagrange multipliers
which involves a second constraint.

The program developed by Harvey et al. in [2] based on the work of Bearpark et al in [69]
was used in this work. It is a method based on analytical energy gradients to determine the
locus of the minimum energy of the crossing seam of two adiabatic potential energy surfaces. In
our case the non-interacting surfaces correspond to two surfaces of states of different symmetry.

However, this method is not as accurate as it could be if one has to find a Coln that involves two
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electronic states of same symmetry. To do so, an extension to this program has been developed
during this thesis which involves the numerical energy gradients in the branching space. The
numerical calculation of the two vectors of the branching space is determined by the use of the
approach developed by Gonon et al in [75].

The conical intersections that have been studied in this thesis occur among electronic ex-
cited states. Excited states for a molecular system can be characterised as a first approximation
by the occupied and virtual molecular orbitals involved in the transition: for exemple n7* trans-
itions, m7* transitions etc. However, the electronic excitation for periodic systems are viewed as
a quasi-particle, an exciton, which is often represented by the hole-electron model. ePE-D are
large m-conjugated molecular systems and so they can be described in between the "molecular'
picture and the "solid state" picture. Several studies have been performed to understand the LH
properties of dendrimers by the use of excitons [76-78] and by characterizing the electronic prop-
erties of the excited states by determining the local character of the electronic excitation. [39]

Two types of electronic excited states can be involved in the EET [39]: a charge-transfer
(CT) state and a locally-excited (LE) state. A CT state is a covalent state with apparent charges
that are created afer the photoexcitation. An LE state is characterised by a biradicaloid prop-
erty. [79-83] One needs to evaluate quantitatively and qualitatively the nature of the electronic
excited states that are involved in the EET. To do so, several methods have been developed in
the past decades to design computational tools in order to characterise the electronic properties
with "indices" taking characteristic values. Guido et al. have defined an index that is based on
the charge centroids of the natural transition orbital pairs. [84] Plasser et al. have generalized a
theory based on natural orbitals to characterise excited states. [85-88] Ciofini et al. have built
an index Dcr that is calculated from the difference density matrix. This index provides the
spatial distance between the center of charges of the density distribution. [89-92] In this thesis,
descriptors that are derived from the attachement and detachment density matrices have been
used. They give a measure of the overlap between the attachement and detachment density
functions and the effective amount of net charge transferred in the electronic transition.

Such tools to characterise adiabatic electronic excited states (i.e. density based descriptors
and the software to determine conical intersections) are used to get a better understanding of
the EET in PE-D.

In the case of the wavepacket is localised onto the cumulenic localised-on-the-DPA pseudo-

fragment diabatic state of mb-DPABPEB, the cumulenic localised-on-the-BPEB pseudofragment
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diabatic state can be easily populated. However, we suggest in this thesis that the wavepacket
can be propagated at first from the the cumulenic localised-on-the-DPA pseudofragment dia-
batic state toward the trans localised-on-the-DPA pseudofragment diabatic state then from the
trans localised-on-the-DPA pseudofragment diabatic state toward the cumulenic localised-on-
the-BPEB pseudofragment diabatic state (see fig. 9). A specific study of the diabatic states of
the o-PE and of the diabatic states of PE-D is carried out.

Theoretical details are given in the first chapter on adiabatic electronic excited states and

Potential A
energy

=

@
\

A -
'
R normal mode that

promote the EET

Figure 9: New pathway that could be used by the wavepacket during the EET in a PE-D after
a photo-excitation

on approximations that are made. Then the second chapter is addressing on conical intersections,
when two adiabatic electronic states are degenerate. The third chapter develops the concept of
the electron density and density-based descriptors that are used to characterise adiabatic elec-
tronic excited states and conical intersections. In the fourth chapter, the computational method
to determine the density-based descriptors is validated, the determination of a conical intersec-
tion and the behavior of the density-based descriptors in the vicinity of the conical intersection

is studied. Finally, in the last chapter, an alternative mechanism of EET is suggested. To do so,
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the first optically active and inactive electronic states of the pseudofragments of mb-DPABPEB
and of the molecule itself are studied by the use of peudofragmentation scheme. In the general
conclusion, an alternative excitation energy transfer mechanism, involving dark states, compared

to the received mechanism in the literature is suggested for the nanostar.
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0.4 Introduction in French

Dans les systémes moléculaires naturels et artificiels, les processus photo-induits jouent un role
crucial en ce qui concernent leur réactivité chimique et biologique. On peut citer par exemple : les
réactions chimiques qui sont induites par une photo-excitation, la photo-synthese dite "naturelle"
pour les végétaux chlorophylliens mais aussi la photo-synthese dite "artificielle" dans le cas des
cellules solaires et des diodes organiques électro-luminescentes [3-6].

Parmi les divers processus photo-induits existant dans les systémes supra- et macro-moléculaire.
Nous nous sommes intéressés aux propriétés collectrices de lumiere dans ce travail. Les propriétés
collectrices de lumiere sont présentes a la fois pour des sytémes naturels et pour des systemes
artificiels [7—22]. Des études ont montré le lien entre la structure des systémes et le processus
de transfert d’énergie d’excitation (TEE) [23-29]. En ce qui concerne les propriétés collectrices
de lumiére pour des systémes naturels, on peut citer par exemple les complexes de pigments-
protéines [7-11].

Les systemes présentés dans les références [7—11] sont des complexes pigments-protéines de
la bactérie pourpre. Il s’agit 1a d’un des premiers systémes moléculaires qui a été étudié pour ses
propriétés collectrices de lumiére. Cependant, ces complexes-ci ne sont pas un unique exemple
de systemes moléculaires présentant de telles propriétés.

La lumiere est absorbée par la paire pigment-protéine et I’énergie d’excitation est trans-
férée vers le centre de la bactérie ou a lieu une réaction chimique. Ce lieu est la jonction entre
I’ensemble des paires de pigments-protéines. Le TEE global s’étend sur toute la bactérie durant
une période de 100 ps avec un rendement quantique de 95%, le rendement quantique étant défini
comme le rapport entre la quantité de photons émis et la quantité de photons absorbés. Le TEE
d’une unique paire pigment-protéine vers le centre de la bactérie est quant a lui en dessous de
Iéchelle de temps de la picoseconde. [30,31].

Le terme de complexes "collecteurs de lumiere" a été choisi, pour I’exemple précédent, afin
de caractériser les complexes de la bactérie pourpre. En effet, I’énergie d’excitation est capturée
sur différents sites spécifiques (les paires pigment-protéine) et est redirigée vers un point unique
du systéme moléculaire (le centre de réaction chimique).

Les composés organiques qui possedent une telle propriété que de collecter la lumiere puis
de la transférer ont permis de donner lieu a des applications telles que les thérapies photo-

dynamiques dans la biomédecine [32,33] mais aussi dans les technologies photovoltaiques orga-
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niques pour des applications opto-électroniques [22,34-36].

Les processus de TEE ultra-rapides et hautement efficaces sont alors des conditions né-
cessaires dans la recherche de nouvelles de molécules artificielles qui présentent des propriétés
collectrices de lumiere.

Les dendrimeéres sont des systemes moléculaires tres structurés; ils sont prometteurs
afin d’étre utilisés comme antennes collectrices de lumieére. [22, 35-37] Le mot dendrimeére
fait référence au fait que le systeme moléculaire a une structure similaire a celle d'un arbre.
Un dendrimeére est composé d'une branche principale que ’on peut comparer & un tronc. A
I'extrémité de cette branche principale, des branches secondaires, plus petites, sont reliées en-
semble a un noeud commun afin de connecter la branche principale aux secondaires. De méme,
a lextrémité de ces branches secondaires, d’autres branches, plus petites encore, y sont reliées
et ainsi de suite. Ces différentes branches (primaire, secondaire, etc.) sont appelées "blocs de
construction”. Ces blocs de contruction peuvent donc étre comparés aux branches d’'un arbre.
Ces blocs peuvent étre de taille similaire ou différente. Il existe ainsi deux types de dendrimeéres :
les dendrimeres compacts et les dendrimeres étendus. Les deux types de dendrimeéres sont réunis

dans la figure 10.

(a) (b)

Figure 10: Représentation schématique d’un dendrimere étendu (a) et d’un dendrimere compact

(b).

La représentation schématique d’un dendrimeére étendu est appelée (a) a gauche de la figure 10.
La longueur des des blocs de construction augmente de la périphérie au centre du systéeme. Le
dendrimere compact est appelé (b) a droite de la méme figure. Les blocs de construction sont
tous de méme longueur. Concernant les dendriméres étendus, le TEE va de la périphérie au
centre du systeme grice a un gradient d’énergie, alors que le transfert se fait de maniere inverse

pour un dendrimere compact: du centre du systéme a la périphérie a cause de I'entropie. De
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plus, un dendrimeére peut étre fonctionnalisé a I'aide de groupes donneurs d’électrons (D, disque
bleu sur la figure 10) et de groupes accepteurs d’électrons (A, disque rouge sur la figure 10).
Les groupes donneurs sont fixés a la périphérie du systeme tandis que le groupe accepteur est
fixé au centre du dendrimere. Ainsi, la quantité d’énergie qui est absorbée puis transférée est
augmentée [34,38]. D’apres le schéma représentatif d’'un dendrimere compact dans la figure 10,
le TEE est alors dirigé de la périphérie vers le centre.

Dans cette these, nous nous sommes intéressés a I’étude de dendrimeres étendus de phénylene-
ethynyléne (De-PE) qui sont des systémes 7 conjugués. Les blocs de construction sont alors des
oligo(phényléne-ethynyléne)s (oPE). L'un des dendrimeéres des plus connu de cette classe-ci est

la nanostar. Elle est représentée sur la figure 11.

Figure 11: La nanostar

La nanostar présente des propriétés de TEE remarquables. Environ 99% de ’énergie d’excitation
est transférée. Le TEE est unidirectionnel (de la périphérie de la nanostar vers le groupe péryléne
en son centre) et est quasi ultrarapide (270 ps le long du systéme) [39-41]. Le groupe péryléne
émet la lumiere absorbée. Les blocs de construction de deux, trois et quatre phényles donnent une
structure particuliere a la nanostar et sont responsables de la présence d’un gradient d’énergie
d’excitation qui donne lieu aux propriétés collectrices de lumiere et au TEE. [42]

Il a été montré dans l'article [40] que les spectres stationnaires d’absorption et d’émission
de la nanostar correspondent a la superposition des spectres stationnaires de ses blocs de con-
struction. Une molécule dendritique collectrice de lumiere présente alors les propriétés opto-

électroniques de chromophores faiblement couplés (dans notre cas, les blocs de construction de
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tailles différentes). Le systéme absorbe la lumiére a des longueurs d’onde qui dépendent des
propriétés structurales de ses branches. [42]

La position en meta des blocs de construction sur un méme phényle brise la conjugaison m
entre un oPE et le suivant. Les propriétés électroniques de la nanostar, et plus généralement des
dendrimeéres étendus, sont gouvernées par les propriétés électroniques des blocs de construction.
L’aptitude de transférer ’énergie d’excitation est donc définie par les propriétés des chromo-
phores, donc des blocs de constructions, d’un dendrimere.

Une telle description hiérarchisée nous a intéressés afin d’utiliser une méthode multi-échelle
qui est basée sur un schéma de pseudofragmentation [43]. Les pseudofragments de cette méthode
sont les blocs de construction d’'un De-PE. Les phényles en commun entre les différents blocs de
construction sont pris en compte plusieurs fois puisqu’ils appartiennent aux différents blocs de
construction : c’est pourquoi il n’est pas possible de considérer les branches d’oPE, les blocs de
construction, comme de véritables fragments.

Les De-PE se comportent comme si les pseudofragments étaient faiblement interagissants. Dans
cette these, a I'aide de schémas de pseudofragmentation, les surfaces d’énergie potentielle de De-
PE sont rationnalisées a ’aide de 1’étude de surfaces d’énergie potentielle des pseudofragments.

Un schéma de pseudofragmentation est détaillé ci-dessous (fig. 13). Il a été détaillé pour le

1,3-bis(phenylethynyl)benzene (m-BPEB, voir fig. 12) dans 'article [43].

sl

Figure 12: 1,3-bis(phényléthynyl)benzéne (m-BPEB).

Le minimum d’énergie de I’état fondamental du m-BPEB appartient au groupe d’espace Co,.
Le point Franck-Condon (FC, I’état optiquement actif & la géométrie d’équilibre de ’état fonda-
mental) est vers 4—5 eV. Les quatre orbitales frontieres de m-BPEB au point FC sont rassemblées

au milieu de la figure 13.

Les quatre orbitales frontieres sont délocalisées sur tout le systéme moléculaire. Les orbitales
7 qui s’étendent sur les deux groupes éthynylénes et sur les deux phényles périphériques sont
similaires & une phase preés. Les orbitales moléculaires qui s’étendent sur le phényle central en
commun sont toutes différentes. Les paires délocalisées HOMO-1/HOMO et LUMO/LUMO+1

sont ainsi quasiment dégénérées. La "somme" des deux non dégénérées HOMO-1/HOMO donne
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Figure 13: Le schéma de pseudofragmentation de m-BPEB.

une HOMO localisée sur la branche de gauche de m-BPEB et la "somme" des deux non dégénérées
LUMO/LUMO+1 donne une LUMO localisée sur la branche de gauche de m-BPEB, de méme que
la "différence" des paires HOMO-1/HOMO (resp. LUMO/LUMO+1) donne une HOMO (resp.
LUMO) localisée sur la branche de droite. Les deux HOMO localisées & gauche ou a droite sont
dégénérées, il en est de méme concernant les deux LUMO localisées. Les orbitales localisées a
gauche ou a droite de m-BPEB impliquent un jeu d’atomes différents (branche de gauche et de
droite) et partagent un jeu d’atomes en commun (le phényléne central). C’est justement pour
cette raison que 'on appelle les blocs de construction des pseudofragments. En d’autres ter-
mes, plus grand est le recouvrement entre les deux orbitales moléculaires localisées, plus grand
serait l'interaction entre les deux pseudofragments. m-BPEB se comporte alors comme deux
diphényle-acétyleénes faiblement interagissant.

Les états électroniques adiabatiques sont définis tels qu’ils sont les vecteurs propres de
I’hamiltonien électronique. Les états diabatiques sont quant & eux définis comme n’étant pas
des vecteurs propres de I’hamiltonien électronique et comme ayant un couplage cinétique nuc-
léaire nul entre eux. Les états diabatiques peuvent étre vus comme s’ils caractérisaient une
propriété électronique du systéme moléculaire. Plus de détails sont donnés sur l'interprétation

des états électroniques adiabatiques et diabatiques dans les chapitres 1 et 2. Dans cette these,
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on détermine un jeu d’états diabatiques tels qu’ils décrivent les orbitales frontieres localisées sur
les pseudofragments d’un De-PE. Les états diabatiques localisés sur les pseudofragments d’un
De-PE correspondent aux états électroniques délocalisés adiabatiques des pseudofragments isolés.
Dans cette these, le systéme 1,3-bis(phényléthynyl)-3-(1,4-bis(phényléthynyl)benzeéne)benzéne
mb-DPABPEB est étudié et est analysé a I'aide de divers schémas de pseudofragmentation. Trois

schémas de pseudofragmentation sont étudiés. Ils sont (voir fig. 14) :

e Schéma 1: Deux diphényle-acétylénes (DPA) et un 1,4-bis(phenylethynyl)benzene (BPEB)

faiblement interagissants ;
e Schéma 2: Un m-BPEB et un BPEB faiblement interagissants ;

e Schéma 3: Un 1-(phényléthynyl)-3-(1,4-bis(phényléthynyl)benzene)benzene (m-DPABPEB)

et un DPA faiblement interagissants.

Les articles [39-47] proposent que seulement le premier état électronique optiquement actif (Sget)
de chaque pseudofragment est impliqué dans le transfert de 1’énergie dans un De-PE. De plus
ils suggerent que le TEE se fasse principalement entre les modes de vibrations d’étirement des
groupes éthynylénes. Dans la figure 15 est représenté un oPE qui peut étre pseudofragmenté en
trois pseudofragments : DPA, BPEB et m-DPABPEB. L’energie potentielle adiabatique de 'oPE
total est représentée schématiquement par une courbe pleine et les états diabatiques localisés sur
les pseudofragments sont représentés par une courbe en pointillés (vert: DPA, violet: BPEB et
jaune: m-DPABPEB). Si le paquet d’onde est initialement localisé sur I’état diabatique localisé
sur le pseudofragment DPA, un TEE va avoir lieu de cet état diabatique vers I’état diabatique
localisé sur le pseudofragment BPEB puis vers ’état diabatique localisé sur le pseudofragment
m-DPABPEB via conversion interne (CI) a travers des intersections coniques entre états élec-

troniques.

Dans cette these, un second mécanisme pour le TEE est proposé. On suggere que le mécanisme
de transfert implique des états optiquement inactifs en plus des états optiquement actifs. En
effet, proche du premier état optiquement actif des oPE, il existe un état optiquement inactif
qui implique une géometrie trans pour les oPE linéaires sur un groupe éthynyléne. Ces deux
états ont été caractérisés pour DPA et BPEB. [48-53] L’état fondamental de DPA et BPEB
appartient au groupe de symétrie Doy,. Dans ’état fondamental, les géométries d’équilibre sont

linéaires et les phényles sont séparés par une alternance de liaisons simple-triple-simple (voir
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Figure 14: Les schémas de pseudoframentation de mb-DPABPEB
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Figure 15: Représentation schématique du transfert d’énergie d’une branche d’un De-PE le long
d’un mode d’étirement des groupes éthynylénes des trois pseudofragments : DPA, BPEB, m-
DPABPEB.

figure 14). Dans le groupe de symétrie Doy, le minimum du premier état optiquement actif est
défini par une structure cumulénique pour les deux systemes : les phényles ont une structure

quinoidale et sont séparés par trois liaisons doubles (voir figure 16. Le premier état optiquement

o—0 OO0

Figure 16: Isomere cumulénique de DPA (& gauche) et de BPEB (a droite).

actif pour DPA et BPEB est 1! By, (en utilisant la convention de Muliken avec I’axe z selon le
plus grand axe de la molécule).

C. Robertson et G. A. Worth [51] ont montré que selon le niveau de théorie utilisé dans les
calculs de structure électronique, S, peut ne pas étre le premier état électronique excité mais il
fait cependant partie des premiers. Le minimum cumulénique est associé & une excitation wr*.

Le minimum a la géometrie cumulénique n’est pas un minimum unique. L’état optiquement
inactif dont le minimum est associé a une structure trans sur un unique groupe ethynyléne d’un
oPE linéaire (voir fig. 17) appartient au groupe de symétrie Cop, et est 11 A, pour le DPA, et
appartient au groupe de symétrie C; et est 1' A’ pour le BPEB. Le minimum de cet état optique-

ment inactif est associé & une excitation wo*. L’orbitale anti-liante est localisée sur la liaison
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ethynyléne et correspond a un systéme 7 dans le plan. L’isomere trans du DPA est plus bas
en énergie que son isomere cumulénique, avec une barriere énergétique de quelques centaines de
em ™! [48-51] alors que l'isomére trans du BPEB est plus haut en énergie que Iisomére cumulé-

nique avec une barriere énergétique d’environ 5000 cm ™. [52,53]

OO

Figure 17: Isomeére trans de DPA (& gauche) et isomeére trans de BPEB (& droite).

Aucune donnée expérimentale n’a été trouvée sur I'isomere trans de BPEB mais I'isomeére
trans du DPA a été caractérisé expérimentalement [54-61]. Un processus de photoisomérisation
qui implique les états optiquement actif et inactif a été proposé et caractérisé expérimentalement
par Hirata et al. [54]

Le processus d’isomérisation photoinduit est : Sy hex S5y - Ty selon les notations de
Hirata et al. Selon ce processus, I’état Sy est ’état fondamental, I’état X est un état optique-
ment actif transitoire de faible durée de vie (7 = 8 ps et Ay = 500 nm, ou 7 est la durée de
vie de l'espeéce et Ay, est la longueur d’onde transitoire). Cet état optiquement actif croise ’état
optiquement inactif Y dont la géométrie d’équilibre est celle de I'isomere trans. L’état Y est un
état transitoire de longue durée de vie (7 = 200 ps et Ay = 435 nm et 700 nm). 77 est un état
triplet de plus basse énergie qui croise I’état Y dans le groupe de symétrie Cop

Quand la dégénérescence entre deux états adiabatiques (i.e. ils ont la méme énergie) est
levée, les surfaces d’énergie potentielle des deux états presque dégénérés ont 'apparence d’un
cone. Une telle particularité topologique est appelée intersection conique (InCo). Seulement
deux directions levent la dégénérescence : elles sont la différence des gradients (DG) et le couplage
dérivatif (CD). Ces deux directions constituent un plan qui est appelé I'espace de branchement.
Ces deux directions jouent un rdle crucial [39,62-68] dans les processus de photoisomérisation.
Plus de détails sont donnés sur les InCO, la raison de croisement entre deux états electroniques
et sur les directions DG et CD dans le chapitre 2.

Hirata et al. [54] expliquent que le transfert de population entre les états optiquement actif
et inactif est non radiatif et qu’il implique au moins une InCo. Avoir accés aux InCo de mb-
DPABPEB qui impliquent les états optiquement actif et inactif des états diabatiques localisés
sur les pseudofragments et les caractériser est I'un des intéréts majeurs de cette these.

Plusieurs méthodes existent pour avoir acces a la géometrie d’un systéme pour laquelle il y
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a une InCo entre deux états. [2,69-74] Plusieurs d’entre elles utilisent des algorithmes qui sont
basés sur les multiplicateurs de Lagrange. Les articles [70-73] utilisent des méthodes de gradient
analytiques qui sont contraints par les multiplicateurs de Lagrange et l'article [74] utilise un
algorithme qui a besoin de calculer la hessienne de multiplicateurs de Lagrange, ce qui implique
une seconde contrainte.

Le programme développé par Harvey et al. dans l'article [2], qui est basé sur le travail de
Bearpark et al. [69], a été utilisé durant cette theése. Cette méthode est basée sur I'obtention
d’énergies via le calcul de gradients analytiques afin de déterminer la géometrie de la couture
de plus basse énergie entre deux surfaces d’énergie potentielle non interagissants. Dans notre
cas, les surfaces non interagissantes correspondent a deux surfaces de deux états de symétrie
différente. Cependant, cette méthode n’est pas suffisament précise dans le cas d’un croisement
entre deux états électroniques de méme symétrie. Une extension de ce programme impliquant
le calcul d’énergie de gradients numériques dans ’espace de branchement a été développée dans
cette these. Le calcul numérique des vecteurs de I'espace de branchement est déterminé par
l'utilisation d’une approche développée par Gonon et al dans [75].

Les InCo qui ont été étudiées dans cette these impliquent des états électroniques excités.
Les états électroniques excités d’un systéme moléculaire peuvent étre caractérisés en premiere
approximation par les orbitales moléculaires occupées et virtuelles impliquées lors I’excitation
: par exemple une excitation n7*, une excitation nw7*, etc. Cependant, les excitations électro-
niques pour les systémes périodiques peuvent étre vues comme une quasi-particule, un exciton,
qui est souvent représentées par le modele trou-particule. De-PE sont de larges systéemes 7-
conjugués et ils peuvent étre donc décrit a la fois par une vision "moléculaire" et une vision
"périodique". Plusieurs études ont été faites pour comprendre les propriétés collectrices de lu-
miere des dendrimeéres avec un modele excitonique [76-78] et en caractérisant les propriétés des
états excités en déterminant le caractere local de lexcitation électronique. [39]

Deux types d’états électroniques excités peuvent étre impliqués dans le TEE [39] : un état
a transfert de charge et un état localement excité. Un état a transfert de charge est un état
covalent avec présence de charges apparentes qui sont crées durant la photoexcitation. Un état
localement excité est caractérisé par des propriétés biradicaloides. [79-83] Nous avons besoin
d’évaluer quantitativement et qualitativement la nature des états électroniques excités qui sont
impliqués dans le TEE. Ainsi, plusieurs méthodes ont été développées durant la derniere décén-

nie afin de développer des outils computationnels pour caractériser les propriétes électroniques
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avec des indices prenant des valeurs caractéristiques. Guido et al. ont défini un indice qui est
basé sur les centres de charges des paires d’orbitales naturelles de transitions. [84] Plasser et al.
ont généralisé une théorie basée sur les orbitales naturelles afin de caractériser les états élec-
troniques excités. [85-88] Ciofini et al. ont construit un indice Dop qui est calculé a partir de
la matrice différence de densité. Cet indice donne la distance entre les centres de charges de
la distribution de la densité. [89-92] Dans cette these, des descripteurs sont construits a l’aide
des matrices de densité d’attachement et de détachement. Ces descripteurs sont utilisés afin de
donner une mesure du recouvrement entre les fonctions densité d’attachement et de détachement
et la quantité de charge effective qui est transférée durant 'excitation électronique.

De tels outils sont utilisés afin de caractériser les états électroniques adiabatiques excités
(i.e. descripteurs basés sur la densité électronique et le logiciel de détermination d’intersections
coniques) et d’obtenir une meilleure compréhension du TEE dans les D-PE.

Dans le cas ou le paquet d’onde est localisé dans 1’état diabatique cumulénique localisé
sur le pseudoframent de DPA du mb-DPABPEB, 1’état diabatique cumulénique localisé sur le
pseudofragment de BPEB est facilement peuplé. Cependant, nous proposons dans cette these
que le paquet d’onde peut se propager tout d’abord de I’état diabatique cumulénique localisé sur
le pseudoframent de DPA vers I’état diabatique trans localisé sur le pseudoframent de DPA puis
vers 1’état diabatique cumulénique localisé sur le pseudofragment de BPEB (voir figure 18). Une
étude précise est donc portée sur les états diabatiques des o-PE and des D-PE.

Des détails théoriques sur les états électroniques excités adiabatiques sont donnés dans
le premier chapitre. Le second chapitre traite des intersections coniques lorsque deux états
adiabatiques sont dégénérés. Le troisiéme chapitre porte sur le concept de la densité électro-
nique et des descripteurs utilisés pour caractériser les états électroniques. Le quatriéme chapitre
présente la validation de la méthode computationnelle qui a été utilisée afin de calculer les
descripteurs, la détermination d’intersections coniques et du comportement des descripteurs au
voisinage d’une intersection conique. Enfin le dernier chapitre suggere un second mécanisme
de TEE. Pour ce faire les états optiquement actifs et inactifs de systémes dendritique et de ses

pseudoframgents ont été étudiés.
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Figure 18: Nouveau chemin potentiel pour le paquet d’onde durant le TEE dans un D-PE apres
une photo-excitation.
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Chapter 1

Electronic states

1.1 Introduction

In quantum mechanics, any system is characterized by what is called a state. Its abstract
vectorial representation in the Hilbert space is named ket and is denoted: |¥(t)) at any time.
The evolution of a state from its knowledge at ¢ = 0 |U(¢ = 0)) (initial condition) is governed by

the time-dependent Schrédinger equation,
N 0
H|Y(t)) = zha [P (t)) (1.1)

where H is the Hamiltonian and % the reduced Planck constant. The time-dependent Schrodinger
equation is useful to have access to ultra-fast phenomena such as non-adiabatic processes, pho-
toisomerizations, radiative and non-radiative processes etc. [93-96]

A quantum system is described both as a particle and as a wave. Due to the wave description,
when |W(t)) is an eigenstate of eq. 1.1, the state can be stationary: |¥(t)) = e i |¥), and so
the time dependency of eq. 1.1 vanishes.

Considering a stationary state, one has the time-independent Schrédinger equation (TISE):
H|V) = E|D) (1.2)

The energy FE is associated to the stationary state.
The two previous equations can only be solved explicitely for very small systems (e.g. H and
H). It is computationally challenging to get an approximate solution for systems made of many

particles. Many approximations have been developed to get approached solutions. [97] The three
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following chapters present approximations that are made to solve and to compute the TISE (eq.

1.2), the limits of the approximations, and how to analyse the results of the TISE.

1.2 From the molecular Hamiltonian to the electronic Hamilto-
nian

The systems that have been studied in this thesis are molecular systems that are composed of
N.- electrons of mass m.- (fermions) and of Ny, nuclei (either bosons or fermions), the mass of
the I'*" nucleus is denoted M.

The electronic coordinates are (r,o.-) = {ri,0;}icp1,n__], where r denotes the electronic
spatial coordinates such that the i" element r; lies in R3 and o.- denotes the electronic spin
coordinates such that the i element o; lies in Ye- = {«, B}, where a and [ are the values
associated to a spin up |1) and a spin down ||}, respectively.

The nuclear coordinates are (R, onu) = {Rr, 07} 1¢[1;N,,], Where R denotes the total nuclear
spatial coordinates such as the [ th element Ry lies in R? and o, denotes the total nuclear spin
coordinates.

It may seem difficult to understand the meaning of a ket due to its abstract definition. One
can project |¥) onto the Hilbert basis vectors related to the position and spin representation.

The coordinate representation is related to |r, 0., R, opny). We have:
(ryoo-,R,o0|¥) =V(r,0.-,R,00) (1.3)

Ir,o.—, R, o) and |¥) span the same "abstract" Hilbert space (kets). ¥(r, 0., R, o) belongs
to the Hilbert space of wavefunctions that are square integrable (£2) when integration is per-
formed over the coordinates.

Equation 1.3 gives the spatial and spin representation of the state that is called a wave-
function ¥(r,o.-,R,0n,). In other words the wave-function is the coordinate representation,
which is the projection of the ket |¥) onto |r,o.—,R,0p,). The meaning of this projection is
a probability amplitude and the square of its modulus means a probability density of being at

(r,o.—,R,0n,). The TISE now reads

A

H(I‘, o-e* I R7 UHU)\Il(rv O'e— ) Ra Unu) = E\I/(I’, Ue* ) R7 O-Illl) (14)
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Equation 1.4 is then the coordinate representation of the eigenvalue problem expressed in equa-
tion 1.2.

Hereafter, molecular systems will be considered isolated. The interaction between charges
is considered as being electrostatic, in other words they interact "instantaneously" together.
The particles are considered here as non-relativistic and the molecular Hamiltonian is spin non-
dependent. Then, one can solve the TISE within only the spatial coordinates representation
IR, r) (accounting implicitly for the total spin, in particular of the electrons). Equation 1.4
can be expressed with the total molecular Hamiltonian and the wave-function is then called the
molecular wave-function.

The molecular wave-function can then be expressed only with electronic and nuclear spatial
coordinates such that

(r, R|¥ o) = ¥iol(r, R) (1.5)

The total molecular Hamiltonian operator reads:

2 2 2
~ (§ € Z]ZJ € Z[
Huot = Y o + -
© ;].47‘&'60 || r,—ry || ;47{'60 || R[—RJ || %47‘(60 H R]—I'i ||
(1.6)
V2 n*Vi,

721.: 2Mme

R
The constitutive terms of the total molecular Hamiltonian are:

e The electrostatic repulsion between the electrons:

2

Vet = (17)

i<]‘47r€0 H r;—r; H’

e The electrostatic repulsion between the nuclei:

~ 62Z[ZJ
Viu— = § B (18)
T Sdmeo || R — Ry ||

e The electrostatic attraction between the electrons and the nuclei

Viweem = =22 <z (1.9)

—“4meo || Rp — 1 ||
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e The kinetic energy term for the electrons:

R h2V?
T, =— L 1.10
=T, (110
e And the kinetic energy term for the nuclei:
. Vi
Tow=-—) — =+ 1.11
. ; o, (1.11)

respectively, where e is the elementary charge, ¢y the permittivity of vacuum, r; the position
operator associated to the it electron spatial coordinate, Z; the atomic number of the I*" nuc-
leus, I the reduced Planck’s constant, and V,, the Nabla operator associated to the ith electron
spatial coordinate.

The expression of the different terms in the total molecular Hamiltonian operator are nuc-

lear coordinate dependent (Vnu,nu, Tnu), electronic coordinate dependent (\A/e__e_, Te_) and

A,

depending on both electronic and nuclear coordinates (V,,_q-)-

The Hamiltonian cannot be explicitely separated into an electronic part and a nuclear part
because of ‘A/nu,e_. The total wave-function cannot be expressed then as a single product of a
nuclear wave-function and an electronic wave-function. One must find specific approximations
to breakdown this co-dependency.

It is possible to re-write the total molecular Hamiltonian operator as the sum of an elec-

tronic Hamiltonian operator and a nuclear kinetic operator:

Hyo = Ho +Tn (1.12)
Witha ﬁe— = Ve—fe— + Te— + Vnufe— + ‘A/nufnu (1'13)

A

IA{ef denotes the electronic Hamiltonian. It is the sum of three local operators (Vnu_nu, Ve

A

V.- _o—) and of one differential operator (7,-) according to the electronic coordinates. From now
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on, the nuclear coordinates R are viewed as parameters for the electronic Hamiltonian. The

total molecular wave-function can be recast as:

\Ijmol(ryR) = iiCﬁ](R)%(F»R)
i 1

(1.14)

= Zq)i (R)llh (I‘; R)

where (9,(r;R));en is an infinite orthonormal basis set of electronic wave-functions which de-
pends parametrically of the spatial nuclear coordinates and (¢, (R))en is an infinite orthonor-
mal basis set of nuclear wave-functions and C; is the expansion coefficient on the i*" electronic
wave-function of the I'** nuclear wave-function. The total molecular state can be represented
in the state space but [|¢;) is known for a given set of nuclear spatial coordinates. The nuclear
wave-functions cannot be represented in the state space anymore, they are considered as nuclear

"factors".

|\Ijm01> = EOO:EOO:C;(bI(R
i I
(1.15)

- Yo®))

As |1;) has a given value for each R, one should write |1;; R) or [¢;(R)) but the generic expres-

sion |1);) is kept for simplicity. Including eq. 1.15 in eq. 1.4, we get:

ZHmolq) |¢Z> = Emoliq)l(R)|d)l> (116)

where E,o is the total molecular energy. By multipling on the left by (¢;| eq. 1.16 and since

(1,(r;R));en is an infinite orthonormal basis set, we have:

Z ¢1|Hmol|wj ( ) = 5ijEmol(I)j(R) (117)
J

Eq. 1.16 describes the action of the molecular Hamiltonian onto the nuclear factors. To get a
better understanding of eq. 1.16 let us consider a system composed of only two electronic states

and two corresponding nuclear factors respectively labelled: |¢1), [12), and @, (R), ®,(R) such

Gabriel Breuil (ICGM-CPTM) Electronic states 31



Breuil - Time-dependent topology of the molecular electron density

that the molecular state reads:

[Wimol) = @, (R) [¢1) + ®,(R) [¢h2) (1.18)

Then, one gets the coupled equations:

(1] Hunot [11) @, (R) + (01| Hinot [1h2) 2,(R) = Eai®, (R)
(1.19)
(W] Hinot [1) @, (R) + (2] Hinot [2) @, (R) = Einoi®,(R)
Eq. 1.19 expresses the action of the molecular Hamiltonian onto the first and the second electronic
states: (1| Hmot [101) and (1)a| Hyor [t02), and the coupling between the two electronic states:
(1] FImol |p2) and (s leImol 1)

The molecular Hamiltonian is the sum of the electronic Hamiltonian and the nuclear kinetic
operator, the action of the two operators onto the electronic kets can be expressed as follows:
Hij = (i Hy- |1bj) and Tij = (03] Tou [1;). The electronic wave-functions are often supposed to
be real and it is supposed that they are in this work. We have then, IA{M = iji for i # j. ﬁij
and Tij remain operators since they act on the nuclear coordinates.

The total molecular Hamiltonian expressed in the electronic basis set and acting on the

nuclear factors is equivalent to write the Hamiltonian operator matrix depending on the nuclear

coordinates. We then get the matrices of operators and the corresponding coupled equations as

f:-rn + 1?11 1?21 + 1?21 o (R) _ B ®(R) (1.20)
Hio +Tia Hop + Tho ®>(R) ®2(R)

Until now, no approximation has been performed to separate the nuclear part from the electronic
part in the total molecular Hamiltonian. That is why eq. 1.19 gives us coupled equations and a

full matrix in eq. 1.20. To have decoupled equations, one should have:
Hip+Tip=Hy +To =0 (1.21)

We are going to make several assumptions and approximations in the following sections and

discuss on the pros and the cons of the approximations which are not always valid.
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1.2.1 Adiabatic basis set

According to previous notations, the matrix representation of the electronic Hamiltonian operator

in the electronic basis set (|¢1), |12)) reads:

Hi1(R) Ha(R
H.-(R) = nR) e (®) (1.22)
Hi2(R) H2(R)
Here, the electronic potential elements of the matrix are multiplicative operators and not dif-

ferential operators as in eq. 1.20. Since the electronic matrix is Hermitian, it can be unitarily

diagonalized. Typically, for two real states, there is a unitary matrix (here, orthogonal) ® such as:

Of(R)H,- (R)®O(R) = (1.23)
The unitary matrix ® reads:

o — cos (A(R)) sin ((R)) 7 (1.24)
—sin (O(R)) cos (6(R))

where the §(R) angle satisfies:

tan (20(R)) = — 2 (] He- [2) (1.25)

(V2| Ho [t2) — (t01] Hunor [21)

tan (20(R)) is not defined when (1ho] Hiol [t02) = (1] Himol [#1). We are going to see in the
following sections that it is not possible to define the angle §(R) when two electronic states are
degenerate. Further details are given in the end of this chapter.

The two electronic states that are eigenvectors of H.- (R) are commonly called adiabatic

‘fd> , §d>) such that

electronic states (

i) = cos (O(R)) [12r) + sin (O(R)) [¢é2)
(1.26)

31) = —sin (O(R)) [¢1) + cos (A(R)) [¢2)
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The adiabatic electronic states are the eigenvectors of the eigenvalue problem of the electronic

Hamiltonian operator:
Ao (R)[uid) = Vi.(R)[¥13) (1.27)

radv The gdiabatic word is used because in an

The "adiabatic" term is referred in the superscript
adiabatic transformation or during an adiabatic evolution, the transformation is considered infin-
itesimally slow. Here the nuclear spatial coordinates are viewed as parameters for the electronic
Hamiltonian and for the electronic wave-functions (i.e., the nuclei are moving infinitesimally
slowly) and so the electronic system adapts immediately. For each nuclear spatial coordinate,
one can determine distinct adiabatic electronic states with respect to the validity of eq. 1.25.

Even though the electronic potential coupling is zero for an adiabatic electronic basis, the

coupled equations in eq. 1.19 remain coupled through the adiabatic nuclear kinetic coupling

31) # 0 and 731! = (3| T [030) # 0.

A

Tnu

A

Tnu

operator: T = < ad

The coupled equations give:

(V, + 17 @, (R) + T3 02(R) = Ena®(R)
(1.28)
T5®, (R) + (V, + T55) 22 (R) = Ema®(R)

The full operator matrix in eq. 1.20 written in an electronic adiabatic basis set reads now:

V + Tad Tad PR Pad(R
1 ) 11 ) 21/\ 1 ( ) _ Em01 1 ( ) (129)
iV, + 13 3%(R) 3%(R)

In the next section, we are going to see under what circumstances one can neglect the

adiabatic nuclear kinetic coupling terms within the adiabatic point of view.

1.2.2 The Born-Oppenheimer Approximation

The Born-Oppenheimer approximation (BOA) is one of the most famous approximations used
in quantum chemistry calculations: we assume that the nuclear masses tend to infinity.
Such an approximation is consistent with the physical picture of an atom in a molecular

system which mass is almost equal to the mass of the nuclei. In this thesis we studied systems
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based on carbon and hydrogen and so we have ﬁ?C) =5.0107% and . (H) =5.010"%. In this
subsection, we are going to study the effect of the BOA on the coupled equations in eq. 1.19.

The nuclear masses occur in the nuclear kinetic operator (see eq. 1.11). For a two-electronic-
state approximation, the effect of the nuclear kinetic operator over the total molecular ket ex-
pressed in an adiabatic electronic basis gives:

Ton ) = 2~ o Ve, o) o) + a3'() [o3) | (1.30)
The adiabatic picture is such that for each spatial nuclear coordinates ®*4(R) ‘wi"d> and 24(R) ‘w3d>
are continuous and vary smoothly, except around crossings.

Mathematically speaking the first and the second derivative terms of the nuclear factors
and of the adiabatic wave-function are significantly lower than the nuclear masses and so we
can approximate the action of the nuclear kinetic operator over the molecular wave-function as
acting only on the uncoupled nuclear factors (Tnuq)?d(R)).

Chemically speaking the nuclei are "viewed" as being static according to the electrons. For
each coordinate there is a unique electronic and nuclear state that characterizes a molecular

state.

The coupled equations (see eq. 1.28) become uncoupled and read:

<wTd,BOA’ Hoo ?d,BOA> (I)?d,BOA(R) _ Erl?lglA(I)?d,BOA(R)
(1.31)
<wgd,BOA’ Hoo ¢;d,BOA> (ng,BOA(R) _ EllioolA(D;d,BOA(R)
Using the operator matrix in eq. 1.29 yields
TEOA + VIBOA 0 q)ad BOA(R) soa (I)ad BOA(R) L
0 TBOA 4 [7BOA pIBOA(R) = Tmol pLBOA(R) '

The uncoupled equations (eq. 1.31) allow us to determine two single-product molecular states
such that
A ad,BOA ad,BOA
|WFON) = EPON(R) [y BON) (1.33)

and
‘\IJ2BOA> _ q)gd,BOA(R) ’w;d,BOA> (1.34)
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More generally, the total molecular ket is now reduced to a single product of an adiabatic nuclear

wave-function and an adiabatic electronic wave-function:

PBOA(r R) = $24BOA(R)yad:BOA (1, R) (1.35)

mol

which gives in ket representation:

)\Ilad,BOA> — grdBOA(R) ’wad,BOA> (1.36)

mol

Such an expression shows that the BOA is an adiabatic approximation.

Thus, within the BOA, ViBOA(R) represents a potential energy for the nuclei associated to
the i electronic adiabatic state. Even though the nuclear coordinate vector R spans in R3Nm
but the potential energy is invariant along translation and rotation displacement. It maps then,
a 3Np, — 6-dimensional hypersurface for a non-linear molecular system and a 3N,, — 5 for a
linear molecular system. Such a hypersurface is called a potential energy surface (PES) for the

motion of the nuclei.

1.3 A vibrational point of view in the case of the Born-Oppenheimer
approximation

1.3.1 Study of a unique potential energy surface

In this section we consider the i** electronic state as a unique adiabatic electronic state and the
Born-Oppenheimer approximation being valid.

As it has been explained in the end of the previous section, the adiabatic electronic energy
ViBOA(R) maps a hypersurface of 3/V,, — 6 dimensions but the nuclear spatial coordinates belong
to a space of 3N, dimensions. In this thesis, we are focused on the exploration of PES and
on the characterization of it. In our case it is then useful to reduce the 3Ny, nuclear spatial
coordinates to a set of 3N, — 6 nuclear spatial coordinates that describes only the "vibrations".

The general nuclear spatial vectors (Rj)psna. are chosen without any specific assumption.
The reference frame in which the vectors are expressed is assumed to be Galilean and is called
laboratory fixed (LF). Within the LF frame, the molecular Hamiltonian is explicitly separated
within electronic and nuclear spatial coordinates. The first transformation that can be made

is to translate the origin of the LF frame at the total molecular center of mass. The center of
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mass is often approximated to the nuclear center of mass as the nuclei are much heavier than the
electrons. The deviation from the total molecular center of mass to the nuclear center of mass
is call the mass polarization.

The orientation of the axes of the LF frame is invariant along this transformation. The new

reference frame is called space — fized (SF). The new nuclear spatial vectors are built such that

1

Rigp =Ri = Y. My
7

> MyRg (1.37)
K
The coordinate transformation can be summarized as

(RlSF,...,RNn — (7ZMKRK,R2,...,RNM) (138)

uSF)

Thanks to the latter transformation, the translational kinetic energy can be separated from the
total LF kinetic energy. The molecular Hamiltonian of eq. 1.6 expressed in the SF reference
frame is called rovibronic Hamiltonian.

The molecular system is supposed to be in the rotational ground-state J = 0 and the elec-
trons are moving adiabatically with respect to the nuclear displacements; there is no Coriolis
effect. One can built a third reference frame such that the kinetic energies are invariant according
to any rotational displacement of the nuclei. Such a reference frame is called body — fized (BF).
Its origin is also at the total molecular center of mass. The directions of the axes are "attached

to the nuclei" via some constraints. The new coordinates read

R;,, = CRy,, (1.39)

where C(«, 8,7) is a rotation matrix that depends on three Euler angles (o, 3,7) and so it de-
pends on three parameters. The BF frame rotates then with the nuclei.

In the BF reference frame we have defined 3N, — 6 internal coordinates where the rotations
and translations have been removed. These internal coordinates can be viewed as vibrational
coordinates. Then, the associated vectors are called vibrational normal modes and they are

defined at an equilibrium geometry.
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1.3.2 Photoexcitations

The electronic and vibrational ground state of a molecular system (again, assuming J=0) is the
lowest solution of the eigenvalue problem associated to the molecular Hamiltonian. Within the

BOA the ground state is characterized by the molecular state:

‘\IIOBOA> _ (I)gd,BOA ‘wgd,BOA> (1.40)

and by the ground state adiabatic electronic energy: ESCA(R).

Electronic excited states of a molecular system are then eigenvectors of the electronic
Hamiltonian for which the eigenvalues are higher than E(])BOA(R). Eckart’s conditions are sup-
posed to be fulfilled so the nuclear factors can be written as the product of translational, ro-
tational and vibrational contributions. [98] The translational energy can be high compared to
the electronic energy but the system potential energy is invariant along a translational displace-
ment. The rotational energies are considered here to be too small to be taken into account. The
vibrational nuclear factor ®,(R) is then only described by 3Ny, — 6 vibrational wave-functions
within the harmonic approximation.

The excitation from the ground state (or an excited state) toward a higher excited state
is governed by the electric dipole moment operator which acts on the electronic and on the

vibrational wave-function. The transition dipole moment between |¥’) and |¥”) is defined as
prir = (W' [0y = (W] finy + fro- |07 (1.41)

where fi is the dipole operator, fi,, the nuclear dipole operator and fi.— the electronic dipole

operator such as:

fo=fing + fle- =Y _eZiR; = er (1.42)
1 i

Within the BOA, thanks to eqs. 1.36, 1.41 reads:

/ AR N " "
o = <q)BOA lejad,BOA oo + flo- HBOA d)ad,BOA > (1.43)
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The term <(I)BOA 77Z}ad BOA/

" . . . . .
‘@BOA s JBOA’ > is equal to zero since two adiabatic electronic

states are orthogonal to each other. The second term <<I>BOA 2 BOA/

‘@BOA”,(/}ad BOA”>

remains. The electronic transition dipole is defined such that:

e

— / ~
pe = <¢ad,BOA Q

wad,BOA”> (1.44)

The total transition dipole moment can then be expressed as

(V| ] w") = {

A”> (1.45)

The analytic formula of ug,. (R) is still unkown. The next approximation is called the Franck —
Condon approximation (FC approximation). The motivation for introducing a new approxim-
ation is that the photoexcitation occurs in such a short time that the transition is "static" for
the nuclei. The first step of the FC approximation is to expand the electronic transition dipole

moment in a Taylor series, at the equilibrium geometry of the initial adiabatic electronic state:

— ’ o R ’ /
pir ) = i R+ () R Ry)
R'=R/,
o2 T(R) ’ ’ ’ ’ .
;ZZ( aT{R ) ~ (R;—Rg)(Rk —Ry) (1.46)
J K R =R.,
+...

The transition dipole moment can then be recast as:

(W] |0") = pg, (Re,) (650N

B A/I
9rOA")

(RII - R/eq)

ops, (R/)> BOA/ BOA”
+3( ) (e o)

I =Ry

(R:] - R;q)(RIK - R,eq)

l a He— t’I‘(R )) BOA/’ BOA/
@;( 3y - (o $EON")

+..
(1.47)
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The FC approximation corresponds to an expansion of the transition dipole moment limited to
the zeroth order term of eq. 1.47. When a transition is said as being fully-allowed, the electronic
transition dipole u¢, (R'eq) is large. The main transition occurs from the initial vibrational
nuclear state to the final vibrational nuclear state which overlaps it the most. The overlap
between the two vibrational nuclear wave-functions is called the FC integral. The associated

FC factors are | <¢,],30A/ ¢J§OA”> |2. The transition is then "observed" for large FC factors, the

transition is termed allowed.

But if | uf, (R;q) |~ 0 the transition is no longer "observed" anymore and is termed weakly-
allowed or even forbidden. For us, in practice, allowed and forbidden transitions, the oscillator
strength is actually computed by the software that performs electronic structure calculations.
For a zero or close to zero oscillator strength, the state is called an optically forbidden state or a
dark state. For a significantly non-zero oscillator strength value, the state is called an optically
active state or a bright state. The oscillator strength formula for a transition from the electronic

ground state |¥g) to the nt" electronic excited state |¥,,) is

8Tmec
= (W] |, 2 1.4
[ = S (Wl ) | (1.49)

where c is the speed of light, ¥ the excitation energy in wavenumber.

1.4 Polarisable continuum model

The polarisable continuum model is a computational method that allows to describe the solvent
effects on a molecular system. This method was used in this thesis due to its low computational
cost and its qualitative efficiency for non-specific solvant-solute interactions [99-102].

It is based on the determination of a cavity around the molecular system (see fig. 1.1). The
molecule is located inside the cavity while the solvent is considered as being continuous outside
the cavity and is represented by an external potential V' (r).

To determine the external potential, let us consider two charge densities p and p’ of the
molecular system. The interaction energy of the two charge densities of the molecule inside the

cavity and surrounded by the continuum reads:

Eint(p,p') = | p'(x)V(r)dr (1.49)
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continuum: W(r)

cavity

molecular system

Figure 1.1: Schematic representation of a molecule inside a cavity and surrounded by a solvent
that is associated to an external potential.

where Eint(p, p') is the interaction energy.

The external potential V' (r) is determined by Poisson’s equation:

~ V|e(r)VV (r)| = 4mp(r) (1.50)

where €(r) is the dielectric constant and we have ¢(r) = 1 inside the cavity and €(r) = €5 outside
the cavity and is equal to the dielectric constant of the solvant. Solving the Poisson equation we
obtain:

e Inside the cavity:

— V2V (r) = 47p(r) (1.51)

e Outside the cavity:

— ViV (r)=0 (1.52)
Since the solvent creates charge on the surface of the cavity, the electrostatic interaction between
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the solvent and the molecule can be rewritten such that:

V(r) = Vi(r) + Vo(r) (1.53)

where V(r) is the electrostatic potential generated by the charge distribution in the molecule
and V,(r) is the electrostatic potential generated by the polarisation of the continous solvent.

Vy(r) reads:

V,(r) = / o) g3y (1.54)

The polarisation continuum method consists in the determination of the surface o(r’) which

defines the potential V,(r). The surface o(r’) reads:

es—li
47w On

o(r) = [Va(x) + Vi (r)] (1.55)

where n is a unit vector that is applied at the surface of the cavity.

1.5 The limits of the Born-Oppenheimer Approximation

Eq. 1.25 gives us a hint of a problem within the adiabatic representation. There is an issue when
two adiabatic electronic states are degenerate.

If we project Tnu |W101) onto the adiabatic electronic wave-function basis we get:

. K2 .
ad gad _ .. ad
Tilai(R) = > —M[@]v;l@j ®)

+2 (y2d
+ (092, 030) e (R

Vi, 034) Vg, G34(R) (1.56)

From this general formula, the sum can be written as three terms:

The zeroth-order term, the kinetic energy that is acting on the nuclear factors:

Aij(R) = 6,V 0¥ (R) (1.57)
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The first-order term (first-order non-adiabatic coupling):

Fij(R) = (v

@R¢?d> (1.58)

The second-order term (second-order non-adiabatic coupling):

Giy(R) = (3

v2yet) (1.59)

The first and second-order non-adiabatic couplings diverge when two adiabatic electronic states
become degenerate.
For the i** and the j** adiabatic electronic state we have:

(v A,

¥y = Vi(R), (1.60)

and

¥it) =0 (1.61)

for i # j.

As the electronic coupling terms are equal to zero for every nuclear spatial coordinates, the

A

gradient of it VR(<@/}?‘1 H.- 1/)?d>> is equal to zero as well. We have:
= ad| £ ad ad| & & ad ad| 7 = ad\ __
(VR Ao i) + (03| Vr Ao [02?) + (03| Ao [VR2) = 0 (1.62)

Since

¢?d> and ‘w?d> are eigenvectors of the electronic Hamiltonian, we get:

Vi(R) <@R ad VrH,-

?d>_|_< ?d

The adiabatic electronic wave-functions are orthonormal to each other, we can write that:

2+ ViR (u

VRyid) =0 (1.63)

0=Vgr <¢?d

¢?d> = <@R¢?d

v + (o

Vryit) (1.64)

That is to say:

<@R¢?d

Up) = — (g

VR (1.65)
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This allows us to write eq. 1.63 as:

(V;(R) = Vi(R)) (3

Veyp) + (v

VRH,- \¢§d> =0 (1.66)

We recognize the first-order non-adiabatic coupling in the previous equation (F;;(R) = <w§‘d

Vri)).
The latter equation provides the expression for the first-order non-adiabatic coupling which is

also called the Of f — diagonal Hellmann — Feynman theorem:

(| Ve~ [p30)
PoR) = R )

(1.67)

As it can be deduced from the off-diagonal Hellmann-Feynman theorem, the first-order non-
adiabatic coupling diverges when two adiabatic electronic states are close to each other in terms
of energy. In conclusion, the BOA is valid and so the kinetic coupling terms can be neglected as
long as the adiabatic electronic states are "far from each other": as long as V;(R) # V;(R) signi-
ficantly. We get back to the adiabatic approximation which considers to describe the molecular
state with a single product of adiabatic electronic and nuclear states.

When two or more adiabatic states have the same electronic energies, they cross and are degener-
ate. The locus of a crossing is called a conical intersection. The behavior of adiabatic electronic

energies in the vicinity of a conical intersection will be explained in chapter 2.
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Chapter 2

Conical intersections

2.1 Introduction

The present chapter is based on materials presented in several books. [93,103-105]

Within the Born Oppenheimer approximation (BOA), the nuclear spatial coordinates are
considered to be parameters of the molecular system. Minima on PES are associated to equilib-
rium molecular geometries while saddle points of various order are associated to unstable station-
ary geometries (a 1%%-order saddle point is commonly called a transition state). From the adia-
batic representation arises transition state theory to describe reaction mechanisms in the ground
state. Transition state theory "allows us" to determine the pathway that connects reactants to
products passing by on transition states. Such reactions are called thermally activated: temper-
ature supplies enough kinetic energy to cross the energy barrier of the transition state. [106-108].

Transition state theory is valid in the study of adiabatic chemical processes, when a unique
adiabatic state is involved. However, non-adiabatic effects can be involved in a chemical process
and transition state theory is not valid. Non-adiabatic effects have to be taken into account
when the BOA reaches its limit. The limitations of the BOA have been noticed for fast chemical
reactions [109,110] but also for photoinduced processes such as photoisomerizations. [62]

In this thesis, we are focused on photoexcited molecular systems. They can de-excite by
emitting light toward the singlet ground state either by fluorescence if the excited electronic state
is a singlet or by phosphorescence if the excited state is not a singlet. The light-emitting response
from a photoexcitation can vanish if there has been some nuclear reorganization and electronic
such that the molecular wave-packet has relaxed radiationlessly to the ground state. Bright and
dark states can be involved in the relaxation of the molecular wave-packet. To relax efficiently

from one state to another, the adiabatic states have to be close in energy and to be degenerate
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or almost at some point - the PES have to cross and the BOA is not valid anymore. The adia-
batic representation (when the electronic states are eigenvectors of the electronic Hamiltonian)
and the diabatic representation (when the electronic states are not kinetically coupled and they
are defined according to a peculiar electronic property that is conserved) are then useful to un-
derstand the topology of the PES and what are the pathways that link one electronic state to
another.

When two adiabatic electronic states are degenerate, the PES cross along 3Ny, — 8 direc-
tions and the degeneracy is lifted to first orderalong two directions. The shape of the PES is a
double cone and the locus of a crossing is the apex of the double cone. The crossing of two PES
is called a conical intersection (Coln) and the two-dimensional space that lifts the degeneracy
to first order is called the branching space (see fig. 2.1).

Different types of Coln can be classified as:

A

Espace de
branchement

Energie relative

>
R

Figure 2.1: Schematic representation of a Coln between two adiabatic electronic states along a
vibrational mode (R)) that allows the relaxation of the molecular wave-packet

— Specific case: The non-Abelian groups intersections due to the Jahn-Teller effect in-
volving two degenerate states of the same symmetry and a degenerate pair of non-totally
symmetric displacements that lifts the degeneracy and lowers the point group of the mo-
lecular system (in a two- or three-dimensional irreductible representation). [111] We can
mention the benzene cation which states ?E1, (or 2Ea,) are degenerate in the Dgp, point

group. [112]
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— Specific case: The Abelian groups intersections where two electronic states of different
symmetry cross (in one-dimensional irreductible representation). For exemple in article [43]

the crossing 11 A1 /1! By of meta-di(phenylethynyl)phenylene has been studied.

— General case: The accidental intersections. Two electronic states of same symmetry
can cross. For exemple, the crossing between two singlet states 11 A” /21 A” for HaS or the

crossing between two triplet states 23A47”/33A” for CHy. [113]

2.2 Non-adiabatic couplings and conical intersections

For simplicity reasons, in this chapter the adiabatic electronic states are labelled, within the
two-state approximation |¢1) and |t¢2), and their relatives energies are Vi(R) and V2(R). We
suppose that V5(R) > V3(R). In this chapter we are going to study the critical case when
V2(R) = Vi(R). The two adiabatic electronic states are supposed to be singlet states. The case
in which two adiabatic electronic states have different spin multiplicities has not been studied in
this thesis.

With these new notations, the 1%¢ order non-adiabatic coupling reads:

Fia(R) = (¢1|VRY2) <‘772(|§)Rf1€/; (|§2)> (2.1)

Similarly as in chapter 1, the 1%!-order non-adiabatic coupling diverges when V5(R) = V4 (R).
The electronic Hamiltonian matrix in eq. 1.23 can be written as the sum of two diagonal

matrices such that:

Vi(R)+Va2(R) 0 Vi(R)-V2(R) 0
2 2

H.-(R) = 0 VARV (R) - 0 V@) Vi(R) 22

To simplify the previous equation, we determine two functions of R, A and X, such that:

V2(R) - Vi(R)

A(R) = .

(2.3)

and
V1(R) + V»(R)

S(R) = ;

(2.4)
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Then eq. 2.2 reads:

Y(R) 0 -A(R) 0
H.-(R) = + (2.5)
0 Y(R) 0 A(R)
The second term on the right-hand side of eq. 2.5 is traceless.

Let ‘1&1> and ’1/~)Q> be two non-adiabatic electronic states. ([¢1),[¥2)) and (‘1;1>,

)

span the same Hilbert space. The non-adiabatic electronic Hamiltonian matrix reads:

A (R) - A (R) Hip(R) (2.6)
) Hy(R) Hxn(R) .

(|¥1), [¥2) ) is the basis in which the electronic Hamiltonian matrix is diagonal. There exists a ro-

tation matrix ®(R) (for real-valued states or unitary matrix in the more general case) such that:

H, (R) = ©"(R)f, (R)O(R) (2.7)

The analytic expression of the rotation matrix and of ¥(R) is given in egqs. 1.24 and 1.25

7752>) to

in chapter 1. The rotation matrix allows us to rotate the electronic basis (’@/;1>,

( [¥1) , [¢2) ) such that:

Y1) = cos(0(R)) ‘1/;1> +sin ((R)) ‘1/;2> (2.8)
6(R)) |4s)

(
lpe) = —sin(A(R)) ’¢1> + cos (

As in eq. 2.5 one can write the Hamiltonian matrix of eq. 2.6 as the sum of two matrices:

a,m - |00 | AR el (2.9)
0 %(R) Hy(R)  A(R)
where A and ¥ are:
AR) = Hy(R) g Hi1(R) (2.10)
and . .
S(R) = Hi1(R) + Hoa(R) (2.11)
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Again, the second matrix on the right-hand side is traceless. The trace is conserved for a unitary

transformation, so we have:

Hy(R) + Hii(R) = Vi(R) + Va(R) (2.12)
which leads to
Y(R) 0 ) _ Y(R) 0 2.13)
0 (R) 0 S(R) '
and ) i
A(R) 0] _gT ®) (R) Hiz(R) OR) (2.14)
0 AR) Ti2(R)  A(R)

Eq. 2.14 leads to the following coupled equations:

AR) = A(R)cos(20(R)) + Hia(R)sin (20(R)) (215)
0 = —A(R)sin(20(R)) + Hia(R) cos (20(R)) '
We can deduce analytic formulae of cos (20(R)),sin (26(R)), and tan (20(R)) such that:
e cos(20R)) = ig?{;
: Hi3(R)
2 = - 2.16
e sin(20(R)) AR) (2.16)
e tan (20(R)) — H}Q(R)
A(R)
with signs consistent with assuming A(R) > 0.
As the sum of the square of cos and of the square of sin is equal to 1 we have:
A(R) = /AR)? + Hip(R)? (2.17)

According to the definition of A(R) (see eq. 2.3), if two adiabatic electronic states are degener-

ate at R = Rgorn then A(Rgorm) = 0. The domain of the square root function is RT. A(R)
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and Hy3(R) are both real. To fulfill A(R¢corn) = 0, the only possibility is to have simultaneously:

Hi1(Reorn) = Ha(Reorn)

) (2.18)
HlQ(RCoIn) = 0

To first order, the function A(R) behaves as the generic function: f : (z,y) — /(az)? + (by)?,

where a, b, z, y are real numbers. The local derivatives are not continuous at z = 0 and y = O:

xli%h f(z,0) ; f(0,0) = |a| (2.19)
lim. f(z,0) ; f(0,0) _ _lal (2.20)
and
lim+ f(oa y) - f(07 0) — |b| (2.21)
y—0 )
lim f(O,y) B f(O’ O) — —|b| (2.22)
y—0— Yy

Both local derivatives are ill-defined at (0,0), and so are the local derivatives of the function
A(R) when the conditions in eq. 2.18 are fulfilled. However the functions X(R) and %(R) are
well defined and continuous, their first local derivatives are as well.

Due to the behavior of A(R) in the vicinity of Reorm, the two PES are characterized by a
two-dimensional cusp (the apex of a double cone).

There are then two specific directions that characterize a Coln: the direction that allows
H 12(R) to have a non-zero value, the direction that couples the two adiabatic electronic states
and the direction that allows ﬁu(R) — HQQ(R) # 0. As a PES is an hypersurface of 3Ny, — 6
dimensions, two PES can intersect along 3N,, — 8 directions. It is call a seam. There are two
directions that lift the degeneracy to first order at R = Rgory, @ the derivative coupling (DC)
and the gradient dif ference (GD).

@:%(@;2

ﬁR:RColngef "Ir/)~Q> - <¢1| @R:RCoInFIe* |<751>) (223)

DC = (31| VR=Rey, Ho |32) (2.24)

The two vectors result from the action of the Nabla operator on A(R) and on Hip(R) at

R = Reon thus the two vectors lift the degeneracy at the first-order only. They span a two-
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dimensional-space which is called the branching space.
The two vectors have been determined for an arbitrary pair of degenerate adiabatic elec-
tronic states (|@1),|@2) ). The two adiabatic states can be mixed together to form another pair

of degenerate adiabatic states (|Pmiz1),|Pmiz2)) with a mixing angle T

@mix,l (RCoIn) _ cos ﬁmzx sin ﬁmix 8271 (RCoIn) (2.25)

Pmiz,2(Rcorn) —$in Uiz COS Uiz ®2(Reorn)

The vectors of the branching space associated to the new pair of degenerate adiabatic electronic

states are:

ﬁmiz = cos 215,”@-11? + sin 21§mm@
(2.26)

@mix = —sin 219mm§8 + cos 21§mw@

One notices that the vectors of the branching space rotate twice faster than the electronic states.
If the mixing angle is ¥y, = %[’/T], the derivative coupling vector ﬁmix = @ and the gradient
difference Cﬁmm = lﬁ .

Choosing the working basis of diabatic states can be tedious because one does not know the
diabatic states everywhere. We only get adiabatic electronic states from quantum calculations at
a conical intersection. Let us consider a pair of adiabatic electronic states (|ocorm,1) , [¥corm.2) )
and a working basis of diabatic set ( Wco 1n’1> , '1;(;0 1n,2> ) at R = R¢ory, such that the condition
in eq. 2.18 are fulfilled then get:

"J}Coln,l> = |<PCoIn,1> (2.27)

and

"J}Coln,2> = |<PCoIn,2> (2.28)

The two diabatic electronic states are then eigenvectors at the apex of the conical intersection but
they are not necessarily eigenvectors for other values of R. But as they are diabatic states, they
vary smoothly around R¢ory,. Around the apex at R = Reoor, + R where 6R is an infinitesimal
variation of the nuclear spatial coordinates we assume that the working basis of diabatic states

do not vary, so that:

|@corn+oRr,1) = |PCorn,1) (2.29)
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and

|¢C’oln+6R,2> = |¢Coln,2> (230)

Such diabatic states are called crude adiabatic states, they are adiabatic states at the apex of

the cone and do not vary at first-order around it.
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Chapter 3

Electron density

The present chapter is based on a selection of seminal references [97,114-118]. As it has been
explained in chapter 1, for a given geometry the adiabatic electronic wave-function within the
BOA holds information of an adiabatic electronic state. The adiabatic electronic properties can
be described by the use of adiabatic electronic wave-function. However, to have access to the
adiabatic electronic wave-functions is not an easy task. The Hartree Fock (HF) method is the
simplest quantum-chemical methods to find an approximate solution to the electronic problem.
This method is the basis of most of quantum wave-function based methods. In the HF method,
the electronic wave-function (depending on the number of electrons, N,-) is approximated to an
antisymmetrized product of N,- single-particle functions (spin-orbitals). Such a wave-function is
a single determinant (called a Slater determinant). The approximate wave-function is the exact
solution of a system composed of N,- non-interacting particles (or interacting via mean fields).
As the total energy is not exact, the deviation between the exact energy Fexact and the energy
Epr is called the correlation energy E.or and is defined such that Eeorr = Fexact — Frr-

In order to calculate an approximate correlation energy, one can build a multi-determinantal
wave-function. Post-Hartree Fock methods are based on the results of the mono-determinantal
wave function from HF calculations and additionnal determinants are added to the initial mono-
determinantal wave-function. One can list configuration interaction methods, perturbative meth-
ods, coupled-cluster methods etc. In any case the electronic wave-function that is computed
depends on N, electrons and each electron is associated to three spatial coordinates and one
spin coordinate. [97,118] The number of basis functions that are necessary to compute a multi-
determinantal wave-function to have good accuracy can become huge for large molecular system.
That is why we have studied our systems with density functional theory (DFT) and its time-
dependent extension (TDDFT) that are based on the one electron density function. It depends
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on only three spatial coordinates. Moreover the electronic wave-function is not an observable
while electron density profiles can be measured. [119-122]

The square modulus of the electronic wave-function is a probability distribution function.
Due to the laws of quantum physics, it is only possible to describe the system probabilistically.
The electron density is defined for N,- electrons but it is computationally challenging to obtain
it because one does not know the analytical expression of the V.- particle density and it de-
pends on too many variables. An alternative is too use the one particle reduced density, even if
the analytical formulation is not known, it depends on only two variables, the spatial and spin

coordinates of one electron. It contains enough information to describe the system adequately.

3.1 From the N.--particle density operators to the one-particle
density function

The words "density" or "electron density" are commonly used as generic terms for electron dens-
ity matrices, electron density functions, N-body density functions, the one-body reduced density
functions etc. In this subsection, an explanation will be given on the considerations used to

manipulate electron density entities and the link between them.

The system is treated under the same assumptions regarding the Ny, nuclei and N -
electrons as in chapter 1. The ket of the n'* electronic adiabatic state denoted ‘w%d’BOA> is
now abbreviated [¢;,) unless otherwise stated. As in chapter 1, the electronic coordinates are
(r,o0-)={ri,oi}1,n_ |, where the ith coordinate of the i*" electron is denoted q; = (r;,0),
where r; is the spatial vector of the i*? particle and o; its spin coordinate. Within the coordin-
ate representation, we have (r;|r}) = d(r; — r;) where 6(r; — r}) is the Dirac distribution and
(oiloly = 05,01 Where 6,5 is the Kronecker symbol.

The N,--particle electron density operator of the n'” electronic adiabatic state is defined

as:

%) = 1) (o (3.1)
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The N,--dimensional kernel of the N,--particle electronic operator is defined as (in the case of

real values wave-functions):
N,
Bl ) = (e fun) (e ol

= @b(l‘, Oe- )¢(r/’ o-(lr)

The expectation value of an N, -particles operator A acting on a N,--particle state is defined by :

(A)n (Wnl A |thn)

>

o1 ON _
e

A N__ / / / /
{AFH( . )(r1,0'1-~-1°Nefa0'Nef |ri, 00 ry Lol

)} dri_n
e r=r',o, =o' e

) (3.3)
Where drl_N( =dr;--- dI‘Ne,- The issue of computing eq. 3.3 is that the IN,--particle density
matrix or the kernel of the N,--particle density operator is in general impossible to obtain due
to the large amount of variables. But the operators we are dealing with are the five operators
that compose the molecular Hamiltonian: f[mol = VCf e —|—ch + Vnu_nu + Vnu—e* —|—Tnu. Among
them, the operators Vnu_nu and Tnu do not depend on the electronic coordinates, they are called
zero-electron operators. The action of the operator Viunu on the electronic wave-function is
reduced to a simple product but it is not the case of the nuclear kinetic energy operator which
deserves a specific treatement within the nonadiabatic context, i.e., when we want to go beyond
the Born-Oppenheimer approximation. The operators Te- and Vnu_c- depend on the coordinate
of one electron, they are called one-electron operators. The last operator is f/; _e— Which depends

on the distances between any two electrons, is a two-electron operator.

The one-particle reduced density kernel (1-RDK) v,,(q1 | q}) is defined as:

[ d) = Ne- > /¢n(r1701~-.I‘Ne,70Ne,)¢n(1"'170/1~-~I‘Ne,70Ne,)dr2—Ne,

020N _
e

(3.4)
where drg_Ne_ =dry-- -drNe_
The 1-RDK of eq. 3.4 is defined for computing one electron properties/quantities. It has

been arbitrarily chosen that the 1-RDK (and later the one-particle reduced density matrix) have
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been built by fixing the coordinates to the electron labelled "1". One could have defined the
1-RDK such that 7, : (ri,04) = Yn(ri, 04 | v}, 0}) for instance. Electrons are undistinguishable
so the 1-particle reduced density object are well-defined for every electron.

The 1-RDK is defined as the continuous trace over N — 1 particles of the N,- dimensional
kernel of the N_--particle electronic operator.

One can define the one-particle reduced density matrix (1-RDM). Let (]¢;))ien be a single-
particle real function basis. It is defined as: ¢;(q;) = xi(rj)&(oj) where y; is the i" spatial
orbital, & the spin function of the i*" orbital such that & = « or 3 and q; refers to the coordinate
of the j** electron. If two spin-orbitals are said to be orthogonal to each other, they have to be
orthogonal according to the orbital and the spin function simultaneously: (p:[p;) = 0y, x;0¢;¢;-

The formula of ij* element of the 1-RDM:
(Wn)ij = Z/R?’ /]R?’ @i(r1)m(r1, 01 | 11, 07)p;(r})dridry (3.5)
[-51

In the previous equation the symbol * is not written on the spin-orbital ¢; because the spin-
orbitals are real here. So the 1-RDK and the 1-RDM are symmetric: v,(q1 | q}) = v(d} | a@1)
and (Vn)ij = (Yn)ji-

The elements of the 1-RDK and the 1-RDM have physical meanings. The diagonal elements
Yn,; means the probability of finding the particle within the i** spin-orbital when all of the other
particles occupy the remaining spin-orbitals and the product 4,(q; | q1) x dr; where drp is an
elementary volume in R? x > -, where >, is the electron spin space, means the probability of
finding one electron within the elementary volume dr in the vicinity of q;.

The spin-orbitals in which the matrix representation of the reduced density operator is
diagonal are called natural spin-orbitals. The density matrix is symmetric, so it is possible to
find an orthonormal single-particle function basis set {u;(q)} and an orthogonal matrix U such

that:

ei(q) > Uigpr(a)
k

pi@) = > Ukivr(q)
k

Let us write the i*? eigenvalue of the 1-RDM: \; and A = diag(\,---, Ay). We have:
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UTAU=A (3.7)

The new set of one-particle functions in which the matrix representation of the reduced
density operator is diagonal are then the natural one-particle functions. The eigenvalues
can be viewed as an occupation number and their sum is equal to the total number of electrons

in the system.

N
;/Rg Vn(r170-1 | r1>al)dr1 - ;’Yn” - Ne_ (38)

Then the electron density function is defined such that:

n(r1) =Y Ya(ri, o1 | r1,01) (3.9)
g1
3.1.1 The electronic transition density kernel

In the same way, it is possible to define the N,--particles transition density operator between

the n'" and the m!" electronic adiabatic state:

P ) (W, (3.10)

(n—m) —

The 1-particle transition density kernel (1-TDK) reads:

Ynomy(d1 | d1) = Ne- Z /7/171(1‘1,0'1 < IN_LON_)Ym(ry,of .t 0N )draon

20N _
e

(3.11)

The spin-orbitals in which the matrix representation of the reduced transition density op-

erator is diagonal are called the natural transition spin-orbitals.

3.1.2 Useful and direct applications of the reduced density kernel

In subsection 1.3.2, details are given on the transition dipole moment which depends in our case

on the electronic transition dipole moment u‘(a;) (see eq. 1.47). The electronic dipole moment

Gabriel Breuil (ICGM-CPTM) Electron density 57



Breuil - Time-dependent topology of the molecular electron density

operator is a local operator (see eq. 1.42 ). The permanent dipole moment can be expressed by

the use of the electron density function:

(A = Wnl A0, [¥n)
N,-
= (Wnl—e ) riftn) (3.12)
i=1

= —e/rln(rl)drl
R3
In the same way, it is possible to determine the formula of the transition dipole moment

between the nt" and the m!" electronic state:

(e >(n—>m) = (Ynlp [thm)
(3.13)
= —e; /R3 r'1Ynom(ri, o1 | ri,00)dry

The expectation values of the contribution to the electronic Hamiltonian (see eq. 1.13) read:

A

Ve ) = » Ve _pun(r1)dr (3.14)

(To-) = Z/Rs |To-~(ry, 00 | 14, 0%)] dry (3.15)

JE—— — !
ri=r}|,01=0]

Vere) = Y s Ve T®(r1, 01,12, 02 | 11, 01,12, 02)dr 1 drs (3.16)

01,02

3.2 Practical determination of adiabatic electronic energies

This section handles the theory that is used to solve the eigenvalue problem of the electronic
Hamiltonian within the Born-Oppenheimer approximation (BOA) by the use of electron density
functions. We are going to discuss how the ground state and excited states can be calculated.
Unfortunately excited states cannot be computed in the exact same way as the ground state has

been obtained. In this thesis, the determination of excited states depends on the accuracy of the
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determination of the ground state. The ground state is determined by DFT and excited states
by the TDDFT. In the two following subsections, these two methods are briefly described. The
reader is kindly referred to refs. [97,116,118] (DFT) and to refs. [123,124] (TDDFT) for further
details.

3.2.1 Density functional theory

The DFT principles are based on two theorems that have been proved by Hohenberg and
Kohn. [125]

The first theorem stipulates that the interacting many-particle density of the non-degenerate
ground state is determined by a unique external potential v induced by the nuclei. The ground

state density is a functional of v and v is a unique functional of the ground state density.

The second theorem stipulates that the exact energy of the non-degenerate ground state is
a unique functional E[ng] of the exact ground state density ng. Such an electron density is the

one that minimizes the energy functional E[n]. We have:
E[no] = min E[n] (3.17)
The energy of the non-degenerate ground state reads:
Elnol = (ol Te- + Vaue- + Ver —e- [th0) (3.18)

Te_ and f/e__e_ are said "universal", they depend only on the electron coordinates. But Vnu_e_
depends on the nuclear and on the electron coordinates, since it is a multiplicative and a local

operator, we have:

Vaw-o o] = [ vlra)n(rr)ary (3.19)

where © = V,_.— The electronic energy reads:

Elno] = Flno] + /R w(en)n(ry)dry (3.20)
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where F[ng] is the universal functional such that F[ng] = (¢o| To- + Vo _o— [t0).
However, the problem is that the universal functional F'[ng] is not know and so the difficulty
to find the electron density functions is such that of the electronic ground state is due to the

determination of F[n].

3.2.2 The Kohn-Sham approach

To simplify the problem, Kohn and Sham proposed that instead of studying a system of V.-
interacting electrons, one can study an auxiliary system of N,- non-interacting electrons by
assuming the following hypothesis to be true: there exists an external potential v for an N,-
non-interacting electron system such that the electron density function gives the same exact
energy as the one of a system of N,- interacting electrons. The spin-orbitals, here, are called the
Kohn-Sham orbitals (KS spin-orbitals). The electronic wave-function is a Slater determinant of

KS spin-orbitals:

) = Ne—!det((pg(s(rj’Uf))(i,j)e[[l,zve,ﬂz (3.21)

The electron density function then reads:

Ne
2

n(ry) =23 | xF5(ry) 2 (3.22)
i=1
We have to keep in mind that the electronic kinetic energy Telfs [n] is exact for a system of

N,

.~ non-interacting electrons and is not equal to the electronic kinetic energy T,-[n] which is

unkown.

The electronic repulsion potential energy V- _.- reads in the KS hypothesis:
VES _[n]= /IA/e_fe_n(rl)(n(rg) + ¢ (ry | rg))drldrg (3.23)

where v%¢(ry | r2) is the exchange density function between two electrons. The electronic re-
pulsion potential energy can be written as the sum of a Coulomb and a exchange-correlation

functional, J[n] and K[n], such that:

A,

J[n] = /Vef_efn(rl)n(rg)drldrg (3.24)
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and

K[n] = / Voo n(r1)7"(r1 | r2)drdrs (3.25)

The total energy of a Kohn-Sham approximation remains a density functional:
EXS[n) = / K8 (e)n(ry)dry + TS [n] + J[n] + Epel(n) (3.26)

where Eyc[n] = T, [n]—T/X%[n]+K|[n] is the exchange-correlation functional. This term embraces
the remaining kinetic term that is not obtained within Telfs [n] and the exchange-correlation
term. E%5[n] is unfortunately not know and is approximated in DFT calculations. Minimizing
the exchange-correlation functional allows to get an electron density function close to the exact
density of a system of .- interacting particles.

As the electronic wave-function is written as a Slater determinant of KS spin-orbitals, one

can write a one-electron Hamiltonian A%S (the Kohn-Sham operator):

RS =T 4 oK (3.27)
with
55 =6+ O 4 Dae (3.28)

e?n(ry)
dmeg|ri—ra|

dr; is the Hartree potential and v, = 6@’”(‘;(3)

where v is the external potential, vy = /
is the exchange-correlation potential. One can solve the Kohn-Sham equation with a self-

consistent method to determine optimal KS spin-orbitals.

To approximate the exchange-correlation potential, various functionals have been developed. We
differenciate three type of functionals:

e The functionals obtain from the local density approximation (LDA) for which the electron
density is assumed to be uniform and is computed locally.

e The functionals obtain from the generalized gradient approximations (GGA). The electron
density is considered non-uniform. The functionals that are built over this approximation are
called exchange functionals.

e The last type of functionals are the hybrid exchange-correlation functionals. They are built
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such that there is an exchange-correlation part which result from GGA and there is an exchange

part which results from the Hartree-Fock method.

3.3 TDDFT

As explained before, the Hohenberg and Kohn theorems are valid only for the non-degenerate
ground state. The DFT method does not allow to compute excited state energies in its standard
form. This thesis is focused on the understanding of the photoexcitation in molecular systems.
Therefore, one needs to compute excited state energies and properties of molecular systems.

To compute excited state with a density-based method, the global idea is to understand how
the ground state density reacts when the system is perturbed (i.e. when the system is excited).

The response of the ground state to the perturbation has been studied in many ways. In our
case, we are focused on the linear response of the ground state to a time dependent perturbation.
The linear-response of the DFT is based on two theorems proved by Runge and Gross [126] and
by van Leeuwen [127].

Runge and Gross proved that if two external potentials differ only from a time dependent
constant there is a correspondence between these potentials and the electron density.

Van Leeuwen proved that if an external potential is applied to a system that is described
by a wave-function, there is another external potential applied to another system and that is
described by another wave-function such that these two systems have the same electron density.

Let us consider a system of N,- electrons in its ground state from ¢ = 0 to ¢t = ¢y described
by an electron density function ng(r;) and by an external potential vo(r1). At ¢ = ¢, an external
interaction is applied such that it leads to an electronic transition. The response of the external

potential and the electron density is studied at the first-order, hence, linear-response. We have:
v(ry,t) = vo(ry) + dv(ry, t) (3.29)

and

n(ry,t) = no(r1) + on(ry,t) (3.30)

where dv(ry,t) and dn(ry,t) are defined such that:
I' // (SU I'l,
1t on( rl,t’

Gabriel Breuil (ICGM-CPTM) Electron density 62

on(r},t)dr)dt’ (3.31)

v=vg




Breuil - Time-dependent topology of the molecular electron density

// on(ry,t
n(r
LY dv( rl,t’

The first-order response of the external potential within the Kohn-Sham approximation reads:

and

6’0(1"1, t")dr) dt’ (3.32)

no

oS (r1, 1) = S (11) + 5055 (11, 1) (3.33)

where v (r1) is expressed in eq. 3.28:
2, ([
KS e“no(r) ;, 9Eqc[no]
= d 3.34
vo (1) = volre) + dmeg | T — 1) | it ono(ry) (3:34)
The first-order term in eq. 3.33 reads:
5UKS(I‘1, t) = (51)(1'1, t) + (51}H(I'1, t) + (5vm(r1, t) (3.35)
where dv(ry,t) is given in eq. 3.31,
e?0
5’UH(I'1,t) = wd 1 (3.36)
dmeg | r1 — 1) |
and
0Vge(ry,t // g fggC v, ¢t t)on(r ' )dr'dt’ (3.37)
Jue(r, ¥’ t,¢') is the exchange-correlation kernel and reads:
Foelr,x/ 4, 1) = 0 Eqeln] (3.38)
e dn(r,t)on(r’ ) '
n(ri,t)=np(r1)
The Fourier transform of f.(r,r’, ¢, ') gives:
KS ) 1
fre(r, ¥, w) = 5KSEF1’§ - (;}Erl,w; - ﬁ (3.39)
" T, W vES (ry w)=vf S (r1) I, w v(r1,w)=vo(r1) T
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where w is the angular frequency of the Fourier transform. The linear-response theory leads to

the following coupled equations that are known in the literature as Casida’s equations [124]:

A B 1 0 X
—w =0 (3.40)
B* A~ 0 -1 Y

where

e The ij'" element of the matrix A:

Iy

Aij = b5 =" + Ne- fil, (3.41)
with d;; the Kronecker symbol, €; the eigenvalue associated to the ith KS spin-orbital and }cjc =
J 5 (r) @5 (x') fae(r,x") 7 (r) @7 (r')drdr’.

e The ij'" element of the matrix B:

Bij = N, f% (3.42)

e The it" element of the column matrix X:

(&3] Veat | 1)

X, =— 3.43
! 2(62' — 80) — 2hw ( )

e The it" element of the column matrix Y:

Veat |

2(e; — o) + 2hw

TDDFT calculations are then based on the resolution of Casida’s equations and the evalu-
ation of the elements of the matrices X and Y.The i element X; corresponds to the coefficient
associated to the single excitation from the spin-orbital ¢; toward the spin-orbital ¢; and the
i element Y;; correspond to the coefficient associated to the single deexcitation from the spin-

orbital ¢; to the spin-orbital ¢;.

3.4 Characterization of electronic adiabatic states

As it has been explained in the previous sections an electronic state can be characterized by

two kinds of representations. The adiabatic representation is based on electronic states that are
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eigensolutions of the electronic Schrédinger equation and the diabatic representation for which
electronic states are labelled according to their chemical "nature". If the electronic states are
energetically far from each other we might suppose that the adiabatic states match with the
diabatic ones. Finding diabatic states can then help to get a better description of the system.
The usual representation is the adiabatic one. It is labelled according to an energy classi-
fication. The adiabatic states are what one gets from quantum chemistry calculations. It is less
direct to get a diabatic picture of the system because it can be difficult to find an appropriate
electronic nature classification. One can use the symmetry, the oscillator strength, molecular
orbitals, natural transition orbitals etc. to sort diabatic states. However these characteristics
are not universal; the electronic states might have the same symmetry, they might have a null
oscillator strength, they might result from a strong mixing between molecular orbitals, they
might be coupled to each other and the natural transition orbitals can then differ. A diabatic
wave-function is almost constant with respect to variations of the geometry (nuclear coordinates)
and so is the electron density. Here, a method based on electron density based descriptors to

characterize electronic adiabatic states is explained.

3.4.1 Attachment and Detachment density matrices

Let {i}icqi;n,] be a complete basis set of spin-orbitals. In the case of a single determinant, the
complete spin-orbital basis set can be decomposed into two subsets of spin-orbitals: one called
occupied and the other virtual. {p;};cp1;n,] being the occupied subset and {¢;}c[n,+1;n,] Deing
the virtual subset.

As said in the previous subsection, the 1-RDM of the n*” electronic adiabatic state is defined

as follows:

= T [etnonnen o, ofdndr) (3.45)
o1
R3 R3

The one-particle reduced difference density matrix 1-RDDM is defined as being the difference of
the 1-RDM of the nt" state and the 1-RDM of the ground state:

v =" =0 (3.46)

The 1-RDDM is a symmetric matrix due to the fact that 4" and 4° are symmetric. It is always
possible to find a orthogonal matrix U which diagonalizes the 1-RDDM. The basis set which
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diagonalizes 42 is then made of natural difference orbitals. We have:

UTHy2U=A (3.47)

where A=diag(A1, -+, An,). We now define A_ and A :

A- = L(WVA2Z-Q)
(3.48)

A = L(WVA2+A)

The two matrices A_ and Ay are positive semi-definite and are associated to the negative
and the positive eigenvalues of the 1-RDDM., respectively.

These two diagonal matrices are backtransformed in the basis set of spin-orbitals in which
~2 has been written, leading to two square matrices which are called attachment and detachment

madtrices:
~¢ = UA_UT

(3.49)
~* = UA,UT
The previous equations can be expressed in terms of electron density functions,
A1) = Y3 (), i) )
]
= A9 pi(r)p(r
;Zj;(v 70),;%i(x)p;(x) (350)

= n"(r) —n'(r)

= n%r) - ni(r)

with
Ne N

n(r) = Y03 ()0 r) (351)

N¢ N

EOEDB) BICONRIEIE (3:52)
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n?(r) corresponds to the net change of density due to the photoexcitation between the density

of the excited state from the density of the ground state.

3.5 Density based descriptors

The attachment detachment picture can be viewed as the rearangment of electron density that
occurs dues to the photoexcitation. The attachment (resp. detachment) space is defined as being
the space built on the subset of spin-orbitals in which the A; (resp. A_) matrix has non-zero
value. As there is conservation of the charge during the photoexcitation, one can thus write the
following equality:

U= Jos n®(r)dr = /R3 n?(r)dr (3.53)

Two density-based numbers can then be defined to get information on the charge displace-
ment during the photoexcitation. The first one is labelled ¢g. It is the overlap between the
attachment and the detachment densities. The second one is labelled y and characterizes the

amplitude of the charge transferred within the detachment-attachment space:

pg =071 RB\/na(r)nd(r)dr (3.54)

Y= %/RS | nA(r) | dr (3.55)

The two descriptors are dimensionless and their values lie between zero and one. If ¢g is
close to one that means the detachment and the attachment densities are similar and so the
electronic excited adiabatic state is considered to be locally excited while a ¢g value close to zero
means the two densities do not overlap and so the electronic excited adiabatic state is considered
to be a charge transfer state. In the same way, if x is close to one it means that a net charge is

moved in space during the photoexcitation.

3.5.1 Evaluation of the attachment and detachment density matrices in TD-

DFT calculations

In the case of TD-DFT calculations (as in this work), it is actually not necessary to diagonalize
the entire 1-DDM to obtain the attachment and the detachment density matrices. It is possible

to obtain the latter two density matrices by the use of elements of the transition density matrix.
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The TD-DFT method is a single reference method and thanks to Casida’s equations, one can

write the 1-TDM between the ground state and the n*" electronic adiabatic excited state as:

0, Y
Y0—n = xT 0 (356)

Grossly speaking, he X can be viewed as the coefficient matrix of single excitations where its
il"" element is seen as the single excitation from the i** spin-orbital toward the I*" spin-orbital,
while the Y is the coefficient matrix of single deexcitations and so its il*" elements is the single

1" spin-orbital toward the i*" spin-orbital. Moreover X is a rectangular

deexcitation from the
matrix of size N, x (N; — N,) and Y is a rectangular matrix of size (Ny — N,) X No. Yo—n 1S
composed of two other blocks filled with zeros of size N, x N, (0, matrix) and (N¢—Ny) x (Ny—N,)
(0, matrix). Reference [128] demonstrates how to link the difference density matrix to the two

rectangular matrices X and Y by the use of Wick’s theorem. Only the main result is written

here:
—(XXT+YYT 0,
~A = ( ) ‘ (3.57)
() (XTX+YTY)
We know from before that:
¥2 =UAUT = UA_UT —UA_UT =42 — 44 (3.58)

The A4 matrix is built such as its diagonal elements are greater or equal to zero and the A_
matrix is built such as its diagonal elements are greater or equal to zero. Moreover, it is possible
to organize the eigenvectors such as the diagonal of A, is at first filled with zeros and then
non-zero elements. If so, the diagonal of A_ is at first filled with non-zero elements and then

zeros. The two matrices read:

A+:;%@+A) (3.59)

and

A_:Q%@—A) (3.60)
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The attachment and detachment density matrices have then the following shape:

0, O D 0
7a _ o ot ,yd _ ot (361)
Oto A Oto Ot

As v2 = 4% — 4% we must have that:

0, () (XXT+YYT) 0,
yo— A4 = (3.62)
0/ (XTX+YTY) 00 0,

Only the matrix elements of X and Y have to be calculated to obtain the attachment and

the detachment matrices.

Gabriel Breuil (ICGM-CPTM) Electron density 69



Breuil - Time-dependent topology of the molecular electron density

Gabriel Breuil (ICGM-CPTM) Electron density 70



Breuil - Time-dependent topology of the molecular electron density

Chapter 4

Computational detalils

In this thesis, electronic structure calculation were performed with the functional CAM-B3LYP
which is a hybrid exchange-correlation functional [129]. Such a functionnal has been considered
because it takes into account the qualities of the functionnal B3LYP and long-range corrections
that allow to compute accurately Rydberg states and charge transfer excitations. The 6-31+Gx
basis was used. The choice of such a level of theory is based on previous articles [61,130] in which
vibrationnaly resolved absorption spectra of oligophenylene ethynylene have been computed and
compared to experimental absorption spectra. Theoretical absorption spectra are in good agree-
ment with the experimental ones and so one can assume that DFT and TDDFT calculation
with CAM-B3LYP/6-314+Gx reproduce efficiently the experimental data. Electronic structure
calculations were performed with the Gaussianl6 (revision A.03) package [131].

The vibrational normal modes have been determined in this thesis by the use of the software
Gaussian16 within the harmonic approximation at the equilibrium geometry of the ground state
and at all stationary points previously optimised.

Another aspect that deserves specific attention regarding computational settings is the cal-
culation of descriptors (see their definitions in chapter 3). Attachment and detachment densities
were computed with a numerical integration. That is to say, the space is discretised and the elec-
tron density are computed on a grid. The numerical integration was performed on a Cartesian
grid by the Cubegen utility from the Gaussianl6 package. The thickness of the Cartesian grid
has been evaluated since the efficiency of the spatial discretisation depends of the latter thick-
ness. Then, the Cartesian grid was chosen built such that 6 points/bohr are considered.

The density-based descriptors were computed with the Mesra software that has been de-
veloped by T. Etienne [132].

In figure 4.1 is represented a flowchart of the hierarchy of the various calculations that were
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performed in this work. At first, minima, saddle points and conical intersections were determined
by the use of electronic structure calculations then, in the case of minima: vibrationally resolved
absorption and emission spectra were obtained wihtin the Franck-Condon approximation with
the FCHT module of Gaussian 16 [133] and in the case of conical intersections: the branching
space (BS) vectors were determined with the approach presented in ref. [75]. The last calcula-
tions were the attachment and detachment densities and density-based descriptors calculations

at minima, saddle points and conical intersections.

DFT-TDDFT: Born

R Photoinduced processes i ipti
Oppenheimer and beyond p Density based description
Determination of minima Determination of absorption

and normal modes and emission spectra.

- Determination of the
attachment / detachment
densities
- Characterization of BS
vectors with ¢ and @s.

Determination of saddle
points of several orders

- Characterization of the

Determination of the lowest DC and GD vectors
—> (angles and lengths)
Coln at a seam 1
- Mapping of the PES around
the apex.

Figure 4.1: Flowchart of calculation hierarchy
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Chapter 5

Development of numerical tools

5.1 Evaluation of two computational methods for describing the
densities of electronic excited states

The analytic formulae of the two electron density-based descriptors that we have been focused
on (x(R) and ¢s(R)) are given in eqs. 3.54 and 3.55. The nuclear spatial dependence is
explicitely written as we study in this section the variation of the two descriptors along R. Both
descriptors involve the integration of electron spatial coordinates over the Euclidean space. The
attachment and detachment matrix elements are known but we do not know the primitives of
the electron attachment and detachment functions nor the primitives of the electron density
functions. Unfortunately, the two descriptors are based on these functions. Two computational
approaches are compared in this section to calculate the two descriptors at any geometry: the
numerical integration (NI) and the population analysis (PA) methods.

The NI method, that is based on the projection of the 1-RDM in the Euclidean space by
using a Cartesian grid, is supposed to be exact in the condition that the grid is fine enough
in infinite dimensions. The issue of this method is that it is computationally expensive. An
alternative is then to use another method, the PA method. We want to know if this method, which
is less computationally expensive, is a good approximation and if the results are in adequation
with the chemical and physical properties of various molecular systems.

An extended set of various molecules is used (see fig. 5.1). The set of molecules have
not been chosen arbitrarily: We want to evaluate the influence of the size of the system (S1,
S2, S3, S10, S11), the nature of the excited state: long-range charge transfer or locally excited
(S1, S2, S9), the basis set (S1, S2, S3) and the functional (S3, S4, S5, S6, S7, S8, S9, S10)

on the descriptor values. In reference [134], the set of molecules S1 have already been used to
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characterize the efficiency of the computational methods used to calculate y(R) and ¢g(R). The
set of molecules S2 to S10 have already been used in ref. [135] to calculate the overlap between the
modulus of occupied and the virtual orbitals and to evaluate the locality of the electronic photo-
excitation according to the choice of the basis set and the exchange-correlation functional. For
this wide set of molecules, the computational validity of the descriptors has been tested as well
on the oligo-phenylethynylene (oPE) studied in this thesis (set S11). In the first research paper
S1: oligo-push-pull o S6: Tripeptide S11: oligo-phenylethynylene

ot e S <9

DPA, BPEB, BPEDPA

bDPA-BPEB

S2: oligo-acetylene S7. DMABN
/
Rl\[\/\tRz N}@N\ ll
Pz I X =
S3: acenes S8: N-phenylpyrrole Z N S |
_ ® ®
D) O porep I
=
n
=
S4: Dipeptide S9: Pyridinium phenolate “ |
)CJ)\ § 4 \r@y DPA-BPEB
N -
NI O
(o] \\
S5: B-dipeptide _
o] o] )= 7 \_—_ ¢ N\
PN W S10: N,, CO, HCl, H,CO = =

N N
H H

H
XZ@, @ @1 @ @ R1-R2=NO,-NO, NMe,-NMe, NO,-NMe, H-H

Figure 5.1: Set of molecules used to validate the computational method of the electron density-
based descriptors in reference [1], the set written in red is studied in this section.

published in the context of this PhD [1], a precise evaluation of the descriptors according to the
previous criteria is explained. The PA method is efficient for medium and large sized molecules.
Usually, the values of ¢g are trustful if they range between 0.50 and 0.90. If they range under
the lower limit or above the higher limit, one needs to compute the descriptors by the use of
the NI method. Ref. [1] showed that the size of the basis set does not have an influence on the
efficiency on the PA method. The reasoning of this research paper is not developed in the present
manuscript and so the reader is kindly referred to this reference for a more exhaustive analysis on
the validity of the descriptors. The aim of this thesis holds on the understanding of the potential

energy surfaces and the excitation energy transfer within a phenylethynylene dendrimer. Many
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oligophenylene-ethynylenes of various size are studied in chapter 6 and their adiabatic electronic
excited states are characterized by the use of the density-based descriptors and the attachement
the detachment density matrices. Since the size of an oligophenylene-ethynylene can vary from
24 atoms (DPA) to 60 (bDPA-BPEB) the validity of the PA method according to the size of the

systems will be evaluated here.

5.1.1 The numerical integration

Numerical integration is the reference computational method for the set of molecules in fig. 5.1.
It is used to generate density cubes of the attachment and the detachment electron densities
ng and ng. What is called a density cube is the space discretisation of the electron density on
a grid. A discrete sum is then performed to calculate the electron density-based descriptors as

approximate integrals.

5.1.2 The population analysis

Population analysis (PA) is based on the decomposition of the electronic density into atomic
contributions related to a set of atomic orbitals.
According to the notations in chapter 3, the electron density function for a single Slater determ-

inant reads over occupied spatial orbitals:

N, /2

n(ry) =2 Z | Xi(r1) |2 (5.1)

where y;(ry) is the ith spatial part of the j* canonical occupied spin-orbital. In the basis of
atomic orbitals such that ¢, (r) is the o' atomic orbital, we have:

N, /2

)= 3 [S(Clatalrn)] (5.2)

7 «

where (C)y; is the linear coefficient of the atomic orbital contribution. By integrating over the

space, we have:

/ n(ry)dr; = tr(PS) (5.3)
R3
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where N /2
(Pap =2 Z (C)ai(C)si (5.4)
and
(S)ap = (daldp) (5.5)

(P)ap is 1-RDM element and (S),p is an overlap matrix element between the o' and the "

atomic orbitals. The o gross orbital population is defined such that
Ma = (ST7°PS?) 0a (5.6)

where = € [0, 1]. In the case of z = 0 and = = 1 the PA is called the Mulliken PA and in the case
of x = % the PA is called the Lowdin PA and the o' Léwdin gross orbital population is defined
such that:

lo = (S'?PS'?),4 (5.7)

It has been demontrated in Appendix C of [1] that the Lowdin PA does not give unphysical
values of orbital populations. Other than 0.5 values of x, the gross orbital population can have
negative values. Only with Lowdin PA, we have [, € [0, 2].

The Lowdin PA applied to the detachment (n?(r)) and the attachment (n%(r)) electron
density functions expressed in eqs. 3.54 and 3.55 gives the following alternative expression to

the electron density-based descriptors:

R M T T M 9

and

1
XPA _ 3 Z | (81/27asl/2)aa _ (Sl/2fydsl/2)

(03

(5.9)

OéOé|

In practice, ¥ is always strictly greater than zero, v, and -4 are positive definite. The contribution
of the attachment and detachment densities are decomposed on the atomic orbitals. The two
formulae look like the expression of the two descriptors in eqs. 3.54 and 3.55 which are suitable

for the NI method but here the contributions are taken into account differently.
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5.1.3 Results

The descriptor values are presented in tables 5.1, 5.2, 5.3, 5.4 where they are rounded to two
decimal places. The values of the two descriptors obtained with the PA method are shown (Q%D A
and x"4) and the deviation of the two descriptors to the one obtained by the NI method are
labelled A¢g and Ax. In the manner of ref. [134] the deviation of the two methods is tolerated
if it is lower than 0.05.

The influence of the size of the systems on the deviation between the NI and PA methods

is heterogeneous.

n BS ol Ads oI Ads  oFN Ads oI Ads TN Ags

phenyl pyrrole furane thiophene selenophene

1 0.55 0.05 0.69 0.02 0.68 0.03 0.70  0.03 0.72 0.04

1 2 0.09 0.40 0.48 0.36 0.48 0.36 0.48 0.39 0.48 0.38
3 0.82 0.02 0.34 0.14 0.52 0.40 0.51 0.41 0.54 0.03

1 0.41 0.04 0.57 0.01 0.60 0.03 0.58 0.02 0.68 0.02

2 2 0.47 0.03 0.49 0.42 0.48 0.35 0.76  0.25 0.52  0.25
3 0.74 0.01 0.40 0.03 0.71 0.04 0.72  0.00 0.60 0.12

1 0.31 0.02 0.48 0.01 0.53 0.02 0.51 0.02 0.62 0.02

3 2 0.54 0.01 0.73 -0.01 0.78 -0.02 0.75 -0.01 0.79 -0.01
3 0.72 -0.02 0.63 0.01 0.69 0.00 0.70 -0.01 0.74 -0.01

1 0.31 0.02 0.39 0.00 0.47 0.02 0.52 0.01 0.57 0.01

4 2 0.54 0.01 0.60 0.00 0.77 -0.02 0.75 -0.02 0.78 -0.01
3 0.72 -0.02 0.71 -0.03 0.66  0.00 0.70 -0.01 0.74 -0.01

1 0.23  0.00 0.34 0.01 0.42 0.01 0.47 0.00 0.53  0.00

5 2 0.66 -0.03 0.52  0.00 0.75 -0.02 0.73 -0.02 0.76  -0.02
3 0.68 -0.03 0.71 -0.04 0.65 -0.01 0.68 -0.02 0.72 -0.02

Table 5.1: gbéj 4 values from PA calculations and their deviations from NI calculations: A¢g =
gbév r_ ¢§ 4 obtained for the first three electronic excited adiabatic states of the oligo-push-pull
series S1 with the level of theory PBE0/6-311++4G(2d,p).

The first set of molecules is S1, the oligo-push-pull (oPP) molecules. The oPP systems have
a nitro-group and a dimethyl-amine group on each side, they are electron acceptor and donor

goups, respectively. Such functional groups have been chosen to ensure that a charge transfer
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n ES N Ags N Ags  oFr Ags  oF1 Ags

NOQ—NOQ NMGQ—NMGQ NOQ—NMGQ H-H
1 0.04 0.37 0.29  0.06 0.14 0.34 0.01 0.31
1 2 0.04 0.48 0.31 0.01 0.60 0.05 0.16 0.18
3 0.05 0.49 0.33 -0.03 0.17  0.37 0.92 -0.11
1 0.08 0.41 0.28 0.09 0.60 0.07 0.94 -0.09
2 2 0.08 0.41 0.21 0.08 0.09 0.40 0.01 0.31
3 0.09 047 0.15 0.13 0.09 0.42 0.04 0.24
1 0.08 0.40 0.18 0.12 0.62 0.05 0.97 -0.10
3 2 0.08 0.39 0.53 0.02 0.13 0.33 0.01 0.31
3 0.84 -0.06 0.29 0.05 0.13 0.38 0.02 0.24
1 0.86 -0.06 0.84 -0.06 0.63 0.05 0.98 -0.11
4 2 0.07  0.39 0.20 0.10 0.06 0.39 0.98 -0.05
3 0.07 0.39 0.48 0.01 0.63 0.05 0.02 0.24
1 0.88 -0.08 0.91 -0.08 0.64 0.04 0.98 -0.12
) 2 0.07 0.38 0.27  0.07 0.12 0.33 0.98 -0.05
3 0.07  0.38 0.29 0.07 0.87 -0.01 0.02 0.24

Table 5.2: gbéj 4 values from PA calculations and their deviations from NI calculations: A¢g =
gbév I QSISD 4 obtained for the first three electronic excited adiabatic states of the oligo-acetylene
series S2 with the level of theory PBE0/6-311++4G(2d,p).

state is involved in the first three electronic excited states. The repetitive units on set S1 can
be a phenyl, a pyrrole, a furane, a thiophene and a selenophene group. We see on table 5.1
that for a same amount of repetitive unit the deviation is similar for each system. In the case
of n =1 and n = 2 we note that the density-based descriptors are very sensitive to the compu-
tational method. The deviation is not acceptable if ¢g has value under 0.52. Considering the
selenophene (third electronic excited state) and thiophene (second electronic excited state) with
two repetitive units, we see that qﬁg 4 is equal to 0.60 and 0.76, respectively, and the deviation
is not acceptable. But for larger systems (n = 3 to n = 5) all of the deviations are acceptable.
The second set of molecules is S2, the oligo-acetylene (0A) molecules. The size of 0A varies and
the two functional groups on each side of the oA thus it influences the locality of the excited
states (NO2 and NOgz, NO2 and NMez, NMey and NMeg, H and H). The results on this set

differ in some aspects to the results of set S1. The results are gathered in table 5.2. We see
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n E-S QSéDA YANOS XPA Ax

1 0.92 -0.06 0.13 0.14
1 2 0.98 0.00 0.15 0.00
3 0.88 -0.07 0.21 0.11
1 0.90 0.08 0.12 0.18
2 2 0.98 -0.01 0.13 0.02
3 0.91 -0.06 0.18 0.09
1 0.90 -0.09 0.10 0.18
3 2 0.97 -0.01 0.12 0.03
3 0.90 -0.06 0.24 0.07
1 0.90 0.10 0.09 0.19
4 2 0.89 -0.05 0.25 0.05
3 0.97 -0.01 0.12  0.03
1 0.90 -0.09 0.09 0.18
5 2 0.90 -0.06 0.27 0.06
3 0.89 -0.05 0.27 0.09

Table 5.3: Descriptor values from PA calculations and their deviations from NI calculations:
Agg = ¢é\7 I_ ¢§ Aand Ay = xN — xP4, obtained for the first three electronic excited adiabatic
states of the oligo-acenes series S3 with the level of theory B3LYP /cc-pVTZ.

that the deviation is acceptable for every system if the descriptor does not have extreme values:
close to one or close to zero. If the qﬁg 4 values lie between 0.3 and 0.8 the PA method is in
good agreement with the NI method. But in the case of a pure charge transfer state where an
effective charge is displaced from one site to another of the molecule, for example, considering
two repetitive units (n = 2) and for the second excited state (ES= 2) for NOy and NMey as
functional groups, ¢§ A4 = 0.09 and the deviation is equal to 0.40. In the same way, in the case
of a pure locally excited state where the attachement and detachment densities are localised in
the exact same area, the deviation is not acceptable. Indeed in the case of n = 3, ES= 1 with
H and H as functional group we get ¢§ 4 = 0.97 and the deviation is —0.10. The third set of
molecules S3 is a series of oligo-acenes. Due to the high conjugation of the m-system, the excited
states are delocalized over the whole system. The results of the set S3 are gathered in table 5.3.
No trend is observed within the results of this set. The extreme values of the descriptors (close
to 0 or 1) lead to both acceptable and non-acceptable deviations. For example in the case of

n=4, ¢4 = 0.90 and A¢g = 0.10 for the first electronic excited state while ¢£4 = 0.97 and
S S
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n E-S gzﬁé)A Adg XPA Ay
1 S 0.98 -0.12 0.14 0.22
2 S1 0.99 -0.13 0.12 0.26
3 S 0.99 -0.14 0.11 0.28
m-BPEB S1 0.98 -0.12 0.14 0.22

m-DPABPEB S1 0.99 -0.25 0.12 0.26
m-DPABPEB So 0.98 -0.12 0.14 0.22

bm-DPABPEB 5 0.99 -0.13 0.12 0.26
bm-DPABPEB  Ss 0.98 -0.11 0.16 0.20

Table 5.4: Descriptor values from PA calculations and their deviations from NI calculations:
Agg = d)éw — qﬁgA and Ay = YN — x4, obtained for the first electronic excited adiabatic states
of the oPE series S11 with the level of theory CAM-B3LYP/6-314+G(d).

A¢pg = —0.01 for the third one. Here, the highest value of c;&g 4 Jeads to the acceptable deviation
which is totally different than the study of the S2 set.

In addition to that, the PA method is characterized by similar efficiency on the xy©'4 val-
ues and its deviation. If the deviation is acceptable (or not) for one of the two descriptors, it
is for the second. The last set of molecules is the set labelled S11. It is composed of oligo-
phenylene-ethynylenes (oPE) that have been studied in this thesis. The results are gathered in
table 5.4. The trend is obvious here: gzbéj 4 is overestimated and x©4 is underestimated for to the
descriptors calculated by the NI method. The deviation for every system is non-acceptable as it is

higher than 0.05 and is around —0.12 for the ¢g descriptor and is around 0.22 for the y descriptor.

The population analysis calculation method does not give enough similar qualitative and
quantitative results to the one of the numerical integration calculation method. Even though
the population analysis method gives acceptable results for the sets S1, S2, S3 if ¢§ 4 takes
values between 0.50 and 0.80, the population analysis method is not acceptable for the set of
oligo-phenylene-ethynylene S11. ¢g is over-estimated and x is under-estimated. From now on,

the calculations of the descriptors will be perfomed with the numerical integration method.
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5.2 The behavior of the descriptors in the vicinity of a conical
intersection

The two descriptors x and ¢g have been developed with the goal of characterizing the nature
of electronic excited states and precisely to get a systematic picture of the locality of electronic
excitations. Considering a chemical point of view, diabatic states are chosen to be conservative
according to electronic properties. It can be the symmetry of electronic excited states, the oscil-
lator strength and descriptors may also be used to characterize diabatic and adiabatic electronic
states. In this section, descriptors are then studied as functions of R.

A conical intersection (Coln) is the locus where two adiabatic electronic states are degener-
ate and so where the BOA is not valid. The branching space (BS) is the two-dimensional space
in which the two adiabatic states are not degenerate to first order. The two BS vectors are the
gradient difference (GD) and the derivative coupling (DC) vectors.

Typically, according to an arbitrary choice of diabatic states based on the conservation of
an electronic property, the GD vector is the direction that swaps the diabatic assignment of the
adiabatic electronic states. The direction of the GD vector is the direction of the maximum pre-
servation of chemical nature. Along this direction there is a swapping of the electronic properties
of two states that cross. This is why it is also called the "tuning mode".

The DC vector is the direction along which the two adiabatic electronic states are the most
mixed with respect to the diabatic ones. It is also called the "coupling mode".

Coln are then the locus around which an electronic property can vary significantly to first
order. Since x and ¢g are functions that characterize the locality of an electronic excitation, we
study the variation of the two functions in the vicinity of Coln.

The two descriptors are studied in the vicinity of two major types of Coln of this thesis (see

fig. 5.2). They are labelled Qxif/’i and QXZ:BPEB

. The first Coln, ijji is a Coln for the first
two electronic adiabatic excited states of diphenylacetylene (DPA). It involves the first optically
active state 1' B, and the first optically inactive state 1'A, in the Co, point group (PG). The
energy minimum of the optically active state is associated to the cumulenic isomer of DPA (see
fig. 5.3) and belongs to the Dy, PG, the state is of By, symmetry. The energy minimum of the
1' A, state is associated to the trans isomer of DPA (see fig. 5.3) in the Co, PG.

A B3, deformation from the cumulenic isomer leads to the trans isomer (see fig. 5.3). The

direction of the GD vector has been chosen such that it conserves the PG and allows the sym-
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Figure 5.2: Conical intersection 1'B,/1'A4, of diphenylacetylene labelled Qxij: (on the left)

and conical intersection 1! A; /1! By of 1,3-bis(phenylethynyl)benzene labelled QX:::BPEB (on the

right).

metry swapping between the two electronic adiabatic excited states. The GD vector is then of
A symmetry. Due to symmetry reasons, the DC vector is of B, symmetry and it is orthogonal
to the GD vector. Along the DC vector, the molecular geometry belongs to the C; point group
and the crossing involves the 1' A4, and the 2' A, states for such distorted, out-of-plane geomet-

ries. The second Coln is QXZ_BPEB which involves the first two electronic adiabatic excited

O o
OO <2 O—O
Figure 5.3: Trans isomer of DPA (on the left) and cumulenic isomer (on the right).

states of 1,3-bis(phenylethynyl)-benzene (mBPEB). This crossing has already been deeply stud-
ied in the article [43] since it is at the center of the study on the pseudofragmentation scheme of
phenylethynylene dendrimers. The Coln belongs to the Cy, point group and it results from the
crossing between the two optically active states 1' By and 1'A;. The two states are delocalized
states that can be characterized by single excitations HOMO-1—LUMO and HOMO—LUMO+1.
The lowest energy points of these two states within the Ca, point group are two first order saddle
points which belong to the PES of the first electronic adiabatic excited state. In addition, this
PES shows two minima of same energy (4.12 eV) (see fig. 5.4). These two minima belong to the
1' A’ state of the C; point group. The GD vector has been chosen such that the crossing involves
the first two optically active states 1' A; and 1'B,. The GD vector conserves the symmetry of
the system and is then A;. Due to symmetry reasons the DC vector does not preserve the Coy
point group and is orthogonal to the GD vector. The DC vector is determined such that the two
electronic adiabatic excited states involved in the crossing are 1' A’ and 2' A’ in C;. The relative
energy of the first two electronic adiabatic excited states of DPA, the first three electronic adia-

batic excited states of mBPEB, the associated oscillator strengths, ¢g and y are plotted along
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Figure 5.4: Localized cumulenic isomers either on the left or on the right pseudrofragment (on
the left and on the right, respectively).

the two vectors of the branching space which have been determined above (see fig. 5.5 and 5.6).

m—BPEB

Eventhough the Coln pr ; involves only the first two electronic adiabatic excited states,
there are two avoided crossings between the second and the third electronic adiabatic excited
state and so the three electronic adiabatic excited states have been plotted for clarity. In the
plots, the abscissa is dimensionless. The unit x along the abscissa corresponds to a displacement
along = x ag x 5.010~* the branching space vectors to ensure the 1% order lifting of degeneracy.
ag is the Bohr radius.

The GD vector of the Coln Qxiji have been chosen such that it is A, and it allows the
first two singlet states to swap their symmetries. On fig. 5.5 we notice that the first singlet state
is 1' B, from —7 to 0 and is 1' A, from 0 to 7 and the second singlet state is 1' A, then 1'B,
along this coordinate. The 1'B, state (1131u in the Dy, point group) is known to be the first
bright singlet state and the 1! A, state is known to be an optically forbidden state [51]. As the
GD vector is the direction that swaps the symmetry between these two states, we observe as well
the swapping of the oscillator strength on fig. 5.5.

The DC vector has the direction that mixes the first two electronic adiabatic excited states
such that they have the same symmetry along this direction, they are 1'A, and 2'A4,. At 0, at
the apex, the adiabatic states are degenerate so undetermined which explains the brutal vari-
ation of the oscillator strength while on the right and on the left of the apex, the two states are
maximally mixed with each other (normalised sum and difference) and so the oscillator strengths
of both states are similar.

Along these two directions, the two density-based descriptors vary in the same way as the
oscillator strength according to the arbitrary choice of the diabatic states. Along the GD dir-
ection there are abrupt variations of ¢g and x. The first electronic adiabatic excited state is
characterized by ¢g values around 0.85 and by a x value around 0.35 when the first electronic
adiabatic excited state is of 1' B, symmetry and when it is of 1' A, symmetry, it is characterized

by ¢g values around 0.55 and by a x value around 0.70. At a Coln, ¢g and x are undetermined
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but they have been calculated in the vicinity of the

have values around 0.70 and 0.55 respectively.
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Figure 5.5: Relative energy in eV, oscillator strength, ¢g and ¢ are plotted along the two vectors
GD and DC in the vicinity of the Coln Qxipi for the first two electronic adiabatic excited states.
The first singlet is plotted with line in blue and the second singlet is plotted with line in orange.
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m—BPEB

The GD direction of the second Coln, pr ; , allows the symmetry swapping between
the first two diabatic states: 11Bs and 1'A4;. Both of these diabatic states are optically active
states. The 1' By state is characterized by an oscillator strength which value is almost constant
at 1.70. The values of ¢g and x vary from 0.72 to 0.76 and from 0.39 to 0.34 respectively. The
second diabatic state, the 1'A; state, is characterized by oscillator strength values around 0.37.
The values of the descriptors are almost constant such that ¢g ~ 0.77 and x ~ 0.33. Along this
direction, we see that the two descriptors and the oscillator strength evolve in the same way.
There is a swapping of the oscillator strengths and descriptors values on the first and the second
adiabatic singlet states according to the swapping of the symmetries of the two states. The DC
direction is the one that mixes the two adiabatic singlet states 1'A’ and 2' A’ and on the left
and right of this Coln the two adiabatic states have the same oscillator strength value (around
1.00). Moreover, there are two avoided crossings between the second and the third excited singlet
states around —18 and 18 (see fig. 5.6.). The way the oscillator strength varies when considering
the second and the third electronic singlet excited states, we observe a variation of its value
from 1.00 to 0.00 and so the direction of this DC vector is a direction that swap the oscillator
strength between 2'A’ and 3'A’. The variation of the two descriptors along this direction is
more complicated. The drastic variations of ¢g and x from —20 to —10 and from 10 to 20 of the
second and third electronic adiabatic excited states match with the avoided crossing. However it
not possible to characterize this DC direction as a direction that mixes these two density-based
descriptors. Between —5 and 5 we see that the oscillator strength of the first and the second
electronic adiabatic excited states are equal to each other and the second electronic adiabatic
excited state does not interact significantly with the third electronic adiabatic excited state and
so we can consider that within this interval, only the first and the second electronic adiabatic
excited states interact with each other. On the right and on the left of the Coln, ¢g of S; and S,
have both similar values (around 0.74) and x of both states have values around 0.36. They vary
as the oscillator strength and so it seems that this DC direction is a direction that mixes the
density-based descriptors. However, it is difficult to be certain since the third electronic adiabatic
excited state has a strong effect on the variation of the two density-based descriptors. In addition,
at the Coln, along the DC direction the oscillator strength rises or falls drastically according to
the first or the second electronic adiabatic excited state. Similar variation is observed on fig. 5.5
on the study of the Coln QXCD;:; considering the oscillator strength, ¢g and x but on the study

m—BPEB

of the second Coln pr ; , the two density-based descriptors do not vary in a similar way.
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They both rise drastically.
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Figure 5.6: The oscillator strength and the two electron density-based descriptors x and ¢g are
plotted along the GD vector and the DC vector of the Coln d22.
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To understand why the two density-based descriptors behave oddly in the vicinity of the

m—BP A

Coln pr ; "% while they behave as the oscillator strength in the vicinity of the Coln Qxif/’

tr’
one needs to get a writing of the adiabatic descriptors and of the oscillator strength by taking
into account diabatic electronic excited states.

For simplicity we consider that the ground state does not cross at all the first adiabatic
electronic excited states and that the ground state is approximately diabatic. We supposed that
we are in the two-excited-state approximation where ’w‘i‘d> and ’¢§d> are two adiabatic electronic

excited states and that there is two strictly diabatic states ‘wfia> and ’wgia>. In the vicinity of

a conical intersections we can rotate from an adiabatic set to a diabatic set:

wid) = cos (O(R)) [u) +sin (O(R)) |vg)

’¢Sd> = —sin (Q(R)) ‘¢iiia> + cos (Q(R)) ‘wgia> (5.10)

The adiabatic N, -particle electron density operators of the first (I'%9) and the second (I'3)

adiabatic electronic excited states are defined as:

o= fug) (ot
yto= ot (v

(5.11)

The diabatic N,--particle electron density operators are defined similarly. We would get
the same equations as 5.11 by substituting the upperscript "ad" by the upperscript "dia". The
adiabatic N,--particle transition density operators between the first and the second adiabatic
electronic excited states, and between the second and the first adiabatic electronic excited states
are defined such that:

e = Jusd) (ug
fwad _ ‘wad>< ad
21 = 2 1

The diabatic N,--particle transition density operators are defined similarly. We would get

(5.12)

the same equations as 5.12 by substituting the upperscript "ad" by the upperscript "dia". Egs.
5.10, 5.11 and 5.12 give then:

13 = (cos (9(R)))2f§“a + (sin (0(R)))2fg‘ia + cos (A(R)) sin ((R)) (DS + I'di2)  (5.13)
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and
rad = (sin (Q(R)))Qf“lﬁa - (cos (G(R)))Qfgia —cos (O(R)) sin (A(R)) (I'{> - Tdl)  (5.14)

Since we are working with real wavefunctions, we have I'{{* = I'§i* then:

rad — (COS (G(R)))Zf“lﬁa + (sin (G(R)))Qf‘gia + 2cos (A(R)) sin (A(R)) T (5.15)
and
fad — (sin (e(R)))Qﬁfia + (Cos (e(R)))zfgia — 2cos (A(R)) sin (O(R))Ddia (5.16)

using trigonometric relations, the two previous equations read:

~ 1 A ~ 1s 1 ~ 1s A 1 ~ 1

= g(F‘f"“ +19%) + 5 cos (20(R)) (1™ — T5™) + sin (20(R)) T (5.17)
and

fad — %(fg‘ia + gy — %cos (20(R)) (D& — 1) — sin (20(R)) T2 (5.18)

The latter equations are written for the N,--electron densities however, they can be repres-
ented in the one-electron space coordinates. Thus it gives us access to the one-particle adiabatic

electronic density functions:

B(R) = 2 (n(R)T +n(RIF) + 2 cos (20(R)) (n(R)F —n(R)$) +sin (26(R))7 (R) (5.19)
and
AR = (R +n(R)F) 2 cos (20(R)) (n(R)F —n(R)F*) —sin (20(R)) (R)E (5.20)

where n(R)34 and n(R)34 are the adiabatic electron density functions of the first and the second
adiabatic electronic excited states, n(R){#* and n(R)$® are the diabatic electron density func-
tions of the first and the second diabatic electronic excited states, and y(R){¥ is the diabatic
transition density function between the first and the second diabatic electronic excited states.

The adiabatic density-based descriptors x and ¢ depend explicitly of n(R)34 or of n(R)3q,
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depending if they are obtained for the first or the second adiabatic electronic excited states, be-
cause of the difference density function. The adiabatic descriptor ¢g depends on the attachment
and detachment densities function which are obtained from the difference density matrix. The
three adiabatic descriptors depend then explicitly or implicitly on the diabatic electron density
function (n(R){*® and n(R)$®) and on the diabatic transition density function (y(R){&) which
is related to the coupling between the two diabatic states.

Let us consider an observable that varies little with the nuclear coordinates, for example the
electric dipole 1. For simplicity, we consider a single vector component and we denote it fi. The
adiabatic transition dipole moments between the ground state and the first adiabatic electronic
excited state, and between the ground state and the second adiabatic electronic excited state are

defined as:

1l = (ol

) (5.21)
33 = (Yol it |[v5*) (5.22)

The oscillator strength f24 is defined such that is proportional to the square modulus of the

adiabatic transition dipole moment. According to the rotation equations of eq. 5.10, we have:

pEI(R) = cos (O(R)) i + sin (O(R)) gl 5.23)
HE(R) = —sin (O(R)) it + cos (O(R)) e
and
SR = (cos(OR)) Al + (sin (B(R))?) ft + cos (B(R)) sin (B(R)) (i s + pedfp
2 N s . L
BR) = (sin(0(R))) fsi* + (cos (O(R))?) fi* — cos (O(R)) sin (0(R)) (i il + gy
(5.24)

Since pdi* and pdl® are vectors that are here not along the same axes their product is equal

to zero. Then we get:

2 . 2
fUR) = ECOS(H(R)))Zf((Jilla‘F(Sin(Q(R))) e (5.25)

BWR) = (sin(O(R))) glia—f—(cos(G(R)))Q dia
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Using trigonometric relations, we can get a simplifed writing of eq. 5.26 as we did for eq.

5.12:

d _ 1 pdi di 1 1( pdi di
SR = S+ o) + 3 cos (0(R)F (o1 — fo5) 520
d _ 1 ¢di di 1 1( pdi di '
s (R) = 3(foi" + fi2") — 5 cos 20(R)) 3 (for" — fiz")
5.2.1 In the vicinity of a conical intersection
Along the GD-type coordinate R;
Potential
9 energy
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Figure 5.7: Schematic representation of the mixing angle (), the adiabatic potential energies
(V4 and V), the ¢g adiabatic descriptors (¢84 and ¢3%), and the ¢ adiabatic descriptors (34
and ) along the GD-type coordinate Rgp.

The GD-direction is chosen to be the direction that swaps the diabatic electronic excited
states (see fig. 5.7) such that:

For all Rgp < 0 we have 0 = 3:

w3d) = |u)

(5.27)
wsd) = |ug®)
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and for all Rgp > 0 we have 8 = 0:

wad) = |ug)

. (5.28)
i) = fui)

Along this direction, the adiabatic states are equal to a unique diabatic state, there is then no
mixing between diabatic states that could appear in the expression of the adiabatic states and
so the density-based descriptors are not affected by the values of the diabatic transition density

function.

Along the DC-type coordinate R;

The DC-direction is chosen to be the direction that mixes the diabatic electronic excited states
with each other (see fig. 5.8) such that:

For all Rpc < 0 we have = 7:

‘wad> — |¢§ia>+|¢gia>
' N di v2 diz (5.29)
gy = bl
2 o V2
and for all Rpc > 0 we have 6 = 3{:
zZ}dia>7|,{/}?ia>
gpd) = P
o = b o

ug?) = |w?m>ﬁ

Along this direction, since the diabatic states are mixed with each other and so the diabatic
transition density function can indeed affect the behavior of the density-based descriptors in the

vicinity of a conical intersection.
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Figure 5.8: Schematic representation of the mixing angle (#), the adiabatic potential energies
(V4 and V), the 15 adiabatic descriptors (gb‘gdl and z/}‘é‘%), and the ¢ adiabatic descriptors (@44

and goad) along the DC-type coordinate Rpc.
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A sign study

The density-based descriptors are expressed with a square-root (¢g) or with a modulus (¢ and

X). We can then defined six subdomains of R3: A1, By, Ag, By, Eq, Ey such that:

AUBIUE, = R3 AUB, UE; = R?
Aq mBl = O Ay ﬂEm = o
and (5.31)
A1 NE; = g Ay NE; = O
B1 ﬂEl = o BmﬂEQ = o

The adiabatic electronic densities are defined as follows in these sub-domains:

e Vrc Ay, nf(r;R) <0

e Vrc Ay, nP(r;R) <0

o Vr € By, nf(r;R) >0

o Vr € B, n5(r;R) >0

e VrcEy, nf(r;R)=0

e Vr ¢ Ey, n5'(r;R) =0

Such domains actually depend on R and then are different for each coordinate values. E;
and Eo must be manifolds of dimension 2 at maximum because in these two domains we have
nf(r;R) = 0 and n% (r; R) = 0. Analytic functions cannot be constant over an open set.

In the subspaces: E; and Ey, the density differences n%(r;R) = 0 and n8(r;R) = 0.
The density differences cannot be equal to zero over an open set in R3. It would mean that

nf(r;R) = ng(r; R) and ng (r; R) = no(r; R) for a finite interval of electronic coordinates. In

Gabriel Breuil (ICGM-CPTM) Development of numerical tools 93



Breuil - Time-dependent topology of the molecular electron density

other words, two states cannot have the same wave functions over a finite-size domain physically.
However it is possible that the difference density be equal to zero over manifolds of dimension
two or less. Thus the following sub-domains are sets of surfaces at most.: By (Es, Ay [ Es.

In these subdomains, x can be rewritten such that:

xiR) = 3] [nP(5R)|dr

N

- TZAI" r TZAI" r
( ( /| nf(r;R)d +A1AE21(,R)d +A1ff]lﬁ%

a1 ()42 nt (r; R)dr> (5.32)

m

+ | 2f@R)dr+ | nf@R)dr+ S nf(r;R)dr)
By [ Az B1 () E2 B1 () Bm

We see from eq. 5.32 that the signs of the density-based descriptor x; (and to some extent
¢, depend on subdomains that are associated to the n" and m'" simultaneously. Moreover
the subdomains depend on the nuclear coordinates because they are defined according to the
positive, negative and null values of the difference density at a certain geometry. It must be
stressed out that even the domains Ay, Ay, B1, Bo depend on the nuclear coordinates. So it
seems quite impossible to establish any systematic relationship. If x; and x2 are to be expressed
in terms of diabatic contributions, cosine and sine will have erratic signs. The reason why the
two density-based descriptors behave oddly in the vicinity of some Coln is that the square-root
and the absolute-value functions somewhat remove the distinct roles of the signs of positive and
negative contributions of diabatic densities differences within the adiabatic ones. The diabatic
contributions in vicinity of Coln are then difficult to consider in a systematic manner. Unlike the
electronic properties as the oscillator strength, the transformations (see eqs. 1.23, 2.7, 2.8, 2.25,
and 2.26) are not linear anymore with respect to expansion coefficients because of the square-root
and the absolute-value functions. To treat the descriptors adequately, one needs to study them

within various subspaces for each nuclear and electronic coordinates.

Gabriel Breuil (ICGM-CPTM) Development of numerical tools 94



Breuil - Time-dependent topology of the molecular electron density

5.3 Determination of the minimum energy of a seam

In chapter 2, it has been explained that two adiabatic electronic states can be degenerate along
3N, — 8 directions. The two directions that lift the degeneracy to the 1%¢ order are the @
(gradient difference) and the D?’ (derivative coupling) vectors, and they span the branching
space (BS). The 3Ny, — 8-dimensional hypersurface is called a seam and the energy value of a
seam is not constant and so it has a global minimum see fig. 5.9. To evaluate the efficiency of
the population transfer at a conical intersection (Coln), one has to determine the minimum of
the seam, which is the most representative, and characterize it by estimating the non-adiabatic
coupling between the two states. Arbitrary choices of vectors of the branching space for two Coln
have been represented in fig. 5.9. One has to keep in mind that they are not well determined at
the apex of the Coln but they are around the Coln and they "rotate" arbitrarily around the apex

of a Coln. The minimisation of a seam used in the present work is based on the program

Figure 5.9: Schematic representation of two conical intersections along the seam (black line) and
their respective branching space vectors.

developed by Harvey et al [2] which has been inspired by ref. [69].

Harvey et al have developed a seam minimization algorithm for states of different spin-
multiplicity (see. section 2.1). This algorithm is also adequate for a seam minimisation of
states of different symmetry. For a pair of two adiabatic electronic states {|¢1),|¢2)} of two

different symmetries that are implied in the Coln, the @, that is perpendicular to the seam,
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is totally symmetric due to the fact that the gradient of the Hamiltonian is totally symmetric.

The Hellman-Feynman expression of the half-difference gradient vector (@) is such that

o (Wl Vel ln) — (s] Vel i)
2

(5.33)

The gradient of the seam (C@ ) is defined as being the projection of the energy gradient of
|1b2) (J31)) respectively) onto the seam in ref. [69] (in ref. [2] respectively). As GD is orthogonal
to Cﬁ , on does simply defined Cﬁ as:

GS = (1| VRA [91) — [ (¢1] VRIT [9) - GD)| || ?Hz (5.34)

The total gradient (ﬁ) along which the energy of the seam and the energy difference have
to be minimized together is then the weighted sum of the two previous gradients (see fig. 5.11)

such that

TG =GD +GS (5.35)

Similarly to the expression of the @, the D?’ is defined as

Figure 5.10: Schematic representation of two potential energy surfaces of two different symmet-
ries.

DC = (| VRl o) (5.36)
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In the case of Coln where the two states have different symmetry, if the gradient of the
seam if totally symmetric, we have the D? orthogonal to the @ and to the C@ (see fig. 5.10).
The algorithm minimizes then the norm of @ and of l% . However in the general case of Coln,
the accidental intersections, the two adiabatic electronic states of same symmetry can cross. The
(?ﬁ and the ]_78 may or may not be orthogonal to each other but can always be made orthogonal
to each other if required. However, the ﬁ may or may not be orthogonal to the total gradient
but it is orthogonal to the gradient of the seam by definition. The ﬁ is then the sum of the
three vectors (see fig. 5.11) such that

TG = aGD + BGS +~DC (5.37)

where «, 3, 7y are coefficients. The actual definition of the 1%¢-order non-adiabatic coupling
—_— —_—
GD dir. GD dir.
—_—
,,,,,,,,, TG
| TG
— —
GS dir. LT GS dir.
DC' dir. DC dir.

Figure 5.11: Vectorial representation of the total gradient in the case of Coln where the two
states have different symmetry (on the left) and in the case where the two states have the same
symmetry (on the right).

(1I-NAC) between two states {|¢p1),|d2)} is
Fip = <¢1WR¢2> (5.38)
and its Hellman-Feynman expression is
(1] VRH |¢2)

Fip = m (5.39)
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The expression of the gradient difference (eq. 5.33) and of the derivative coupling (eq. 5.39)
are valid for adiabatic states but they cannot be calculated exactly when we do not know the
exact expression of the wave-functions such as here. A numerical method is proposed in ref. [75]
to compute branching space vectors which are orthogonal to each other by the use of Hessians.
To tackle the fact that ﬁ depends on the 58, I have merged the algorithm from ref. [75] and
from ref. [2] in order to minimize the energy of the seam along the three directions that compose
the total gradient.

To evaluate the efficiency of the merged algorithm on seam minimisation, it has been com-
pared to the algorithm developed by Harvey et al [2]. The values obtained by the use of the
latter algorithm are considered as being the reference one because this algorithm has already
proven its efficiency.

We expect that the two algorithms would give the same relative energies for crossings that
involve states of different symmetry since it is not needed to include the ﬁ within the ﬁ For
crossings that involve states of same symmetry, we expect that the merged algorithm would give
lower relative energy values or at least same relative energy values than the algorithm developed
by Harvey et al. Coln have been determined for systems of various size: diphenylacetylene
(DPA), 1,4-bis(phenylethynyl) benzene (BPEB), 1,3-bis(phenylethynyl) benzene (m-BPEB), and
1-(phenylethynyl)-3-(1,4-bis (phenylethynyl) benzene) benzene (DPABPEB) and are gathered in

table 5.5: Coln of DPA, BPEB and m-BPEB gathered in table 5.5 involve for each crossing
DPA BPEB m-BPEB m-DPABPEB
1By, /11 Ay, 11471147 1A /11 A 11A /1A 11A /1By 1A’ /2t A
A(E) 0.001 -0.002 0.003 -0.005 0.002 0.002
Eag.ref 4.444 4.187 4.440 4.437 4.289 4.291

Table 5.5: Values of the minimized energies from the algorithm from ref. [2] (Ejjgref) and en-
ergy difference between the minimized energy with algorithm from ref. [2] and with the merged
algorithm (A(F)). The energies and energy differences are expressed in eV.

two states of different symmetry. Since they are different symmetry crossings, the algorithm
of Harvey et al provides us the supposed-minimal energy of the seam according to the level of
theory. Since the 58 vector is orthogonal to the gradient of the seam, in this case, we should
not need to take into consideration the component of ﬁ along D?
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As the merged algorithm needs to calculate numerically the Hessians of the two states that
cross at each step along the seam, it has a non-negligible computational cost, while the algorithm
from ref. [2] needs only to compute the gradient for each step.

Coln of DPABPEB gathered in table 5.5 is a crossing that involves two adiabatic elec-
tronic states of same symmetry (1'A4’/2'A’). Then the total gradient has three components
(see fig. 5.11) and the minimization energy algorithm should be more efficient with the merged
algorithm. However, the difference between the minimized energy of the two algorithms is low:
A(FE) = 0.002 eV. It is not possible to conclude on the efficiency of the merged algorithm with
only one result which shows that the two algorithms give the same value. We would expect that
the merged algorithm gives better results (i.e. minima of lower energy). DPABPEB is a molecule
of 48 atoms and so the gradient that is computed during an electronic structure calculation has
144 elements and the Hessian has 10440 elements that have to be calculated. The algorithm
to compute numerically the coordinates of an orthogonal pair of vectors of the BS has been
tested on two smaller molecules: benzene (666 elements in the Hessian) and 3-hydroxychromone
(1485 elements in the Hessian). The algorithm from ref. [2] has been tested on a smaller mo-
lecule as well: the phenyl cation (33 elements in the gradient). The minimization of the seam of
DPA-BPEB could have been miscalculated due to error accumulation as the amount of matrix

elements is higher than these calculated to validate the algorithm.

To conclude this chapter, the two density-based descriptors ¢g and x are computed from
now on with the numerical integration method since the population analysis approximation is not
good enough to obtain reliable results according to the locality of the electronic photo-excitation
for the systems of interest in this study.

Conical intersections are determined with the merged algorithm since it gives similar results
than those obtained with the algorithm from ref. [2] and it should improve the energy minimiz-
ation in the case of a same-symmetry crossing.

Eventhough the two density-based descriptors behave oddly in the vicinity of a conical in-
tersection, this behavior has been rationalised and their use as electronic excited state descriptors

is not discarded but they have to be handled carefully.
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Chapter 6

Dendrimers and their building blocks

6.1 Introduction

The nanostar dendrimer (see fig. 2) has been tremendously studied in the past decades [40,45,
46,68, 78,136-145]. Phenylene-ethynylene dendrimers (PE-D) show astonishing properties and
are systems to be likely used in opto-electronic devices such as organic light emitting diodes
(OLED) and conductive molecular wires. The nanostar seems to be one of the best candid-
ate for these devices. If PE-D, and so the nanostar, are in the spotlight for such devices it is
because they show an excellent photostability and high energy excitation transfer (EET) effi-
ciency. The EET in PE-D is ultrafast and unidirectional. It occurs from the periphery of the
molecular system to the core. Indeed, it is possible to locally excite the peripheral branches
of a PE-D and the EET occurs thanks to an excitation energy gradient that extends along the
system [41,45,46,68, 78,136, 138,139, 142-145].

The EET in PE-D have been studied in various ways: A Foérster model has been developed
but it has limitations since it neglects dynamical effects and it underestimates the rate of the
EET [40,136,137]; the local excitations on the various branches have been studied by an exciton
model that gives a description of the optical properties of the nanostar and information on the
energy transfer within various PE-D [140, 144]; non-adiabatic dynamics have been performed
on building blocks of the nanostar and the studies concluded to the fact that the EET implies
mainly the stretching of the triple bonds of diphenylacetylene (DPA) [45, 46, 68, 139, 142, 145];
Kirkwood et al [143] have studied the propagation of the exciton density matrix along PE-D,
and steady-state and time-resolved spectroscopy [41,78,141] have concluded that the EET occurs
from branch to branch and does not occur directly from the periphery of PE-D to the core of the

system. However, at low temperature (T" = 10 K) the excitations are localised on the branches
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but at higher temperature there is an energy shift to the lower wavelengths which leads to a
superposition of the different contributions to the absorption spectra [41,68].

To supplement these studies, a pseudofragmentation scheme [43] is used in which the PE-D
is decomposed in various subsystems (pseudofragments). The PE-D behaves as if the pseudo-
fragments were weakly interacting together. The pseudofragmentation scheme explained in the
general introduction (see ch. ) and developed by Ho and Lasorne [43] allows to study a PE-D
as if its branches (oligophenylene ethynylene — oPE) were weakly interacting together. In this
chapter, we are going to see how we can build and characterise the potential energy surfaces
(PES) of a PE-D by studying the PES of the oPE that compose it.

The first section of this chapter will show chacterizations of the first adiabatic electronic
excited states of oPE by the use of the density-based descriptors, equilibrium geometries, saddle
points and conical intersections (Coln). The second section will handle how two pseudofragments
are coupled with each other when they are actually linked together at a common phenylene ring in
meta-position. Two examples are studied: the case when the two pseudofragments are the same
(two DPA), and the case when two pseudofragments are different (one DPA and one BPEB).
The third section will explain how we can study and understand the PES of the smallest PE-D,
named d223.

6.2 oligophenylene ethynylenes

In this section, three oPE are studied as they are the main three branches of the nanostar:
DPA, BPEB and DPABPEB. The Lewis structure of the equilibrium geometry for each in their
ground state is represented in the left side of fig. 6.1. The three systems are highly m-conjugated,
the aromatic phenyl groups are spaced by an alternation of single-triple-single bonds that is an
ethynylene group. These three structures belong to the Dy, point group. In this chapter, the
convention of Mulliken is used for Dy, such that the z axis is fixed as being the major axis of
the molecules, most of atoms are invariant along the C5 axis, and the x axis is fixed as being
orthogonal to the molecular plane (see fig. 6.1). The ground state of the three systems is then

11Ag since they are closed shell.

6.2.1 Characteristics of the potential energy surfaces

The first optically active adiabatic electronic excited states of DPA have been experimentally

and theoretically characterised [48-51,54,58,60,61,146-151]. It has been observed that at the
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Ground state Lewis structures

DPA
L
e O—=0
z

DPABPEB

Figure 6.1: Lewis structures of DPA, BPEB and DPABPEB in the ground state and of their
isomers in the first adiabatic excited electronic states.

ground state equilibrium geometry (also called the Franck-Condon — FC — geometry), the first
optically active state is 1'Bj,. However, there is no consensus on the energy ordering of this
state [49,51,58,61,150,151]. This state lies around 4 —5 eV but it might not be the first adiabatic

electronic excited state. Within this range of 4 — 5 eV, five adiabatic electronic excited states

Excited-state Lewis structures
of different isomers

cDPA

t-DPA

O—0—0

c-DPABPEB

Oo—C—C—C

peri t-DPABPEB

7N/ \/ —

mid -DPABPEB

have been noticed (1' By, 1! Bay, 1lng, 1'4,, and 21Ag).

The energy minimum of the 1' By, state is associated to a cumulenic structure: there are
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three double bonds instead of the ethynylene group and the two benzenes have a quinoidal struc-
ture (see fig. 6.1). The geometry of the system at the energy minimum of the 1' By, state is
named as the cumulenic isomer.

This optically active state is the precursor of an optically inactive state which energy min-
imum is associated to a trans structure (see fig. 6.1). One needs to differenciate equilibrium
geometries and Lewis structures: equilibrium geometries to which isomers are associated cor-
respond to the nuclei position while Lewis structures correspond to the bonding pattern of the
electrons.

From their experiments, Hirata et al. [54] have proposed a transfer mechanism that involves
the two previous adiabatic electronic excited states and is labelled Sy — X — Y — T} in which
the state Sy is the singlet ground state, X is the optically active state, Y is the optically inactive
state, and 717 is the first triplet state.

The optically inactive state which belongs to the Co point group has been characterised
theoretically as well [48-50,60,149]. This state is 1' A, and its minimum is lower in energy than
the minimum of 1' By, in Day. In the Cyp, point group the 1' By, state is labelled 1' B,. Accord-
ing to the literature [48-51,60,149] and depending on the level of theory, the optically inactive
state lies between the fifth and the ninth adiabatic electronic excited state at the ground state
geometry.

We used the CAM-B3LYP/6-31+G(d) level of theory for oPE in this work. The energy are
given relative to the energy minimum of the ground state. Considering DPA, the 1' By, is the
first adiabatic electronic excited state at the FC point and lies at 4.476 eV (see table 6.1). The
energy minimum of this optically active state is at 4.144 eV. The 1! By, state is characterised
by a non-zero oscillator strength value for these two structures: f = 0.93 (at the FC point) and
f=0.96 (for the equilibrium geometry of the cumulenic structure), see table 6.2 while the min-
imum of the optically inactive state lies at 3.716 eV and so is lower in energy than the minimum
of the 1' By, state. Less information is given in the literature on the cumulenic and on the trans
isomers of BPEB [52,53]. Here we must differenciate two types of trans isomers: the single-trans
isomers that we label t-BPEB and which Lewis structure is represented on fig. 6.1, only a single
ethynylene group of BPEB is trans-bent and the double-trans isomer is the molecular system
such that the two ethynylene groups of BPEB are trans-bent. Moreover, there are two types
of double-trans isomers: both peripheral phenyls can be on the same side of the central axis of

the benzene in the middle of BPEB and the two peripheral phenyls can be on opposite sides.
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FC point cumulenic isomer trans isomer
DPA 1'Byy : 4.476 1By : 4.144 114, : 3.716
BPEB 1'B;y : 3.896 1By : 3.624 11A”: 3.685

1'A” : 3.687: peri t-DPABPEB

1 . 1 .
DPABPEB 1" By & 3.626 1*Byy : 3.376 1A, : 3.652: mid -DPABPEB

Table 6.1: Relative energies (eV) of the Franck-Condon point, the cumulenic isomer and the
trans isomer according to the minimum of the ground state of DPA, BPEB and DPABPEB.

We are only focused on single-trans isomers because double-trans isomers can in fact be viewed
as isomers that arise from a doubly-excited electronic state which are not our focus here. Such
consideration on the double-trans isomer will be explained further in this section.

The cumulenic structure and the FC point belong to Dy, and the single-trans structure be-
longs to Cs. Both references [52,53] have determined that the minimum of the optically inactive
state (11 A”) is higher than the minimum of the optically active state (11 By,). Fujiwara et al. [52]
have found that the energy minimum of 1! By, state is at 3.25 eV and the energy minimum of the
11A” is at 3.51 eV while Hodecker et al. [53] have localised the two minima at 3.90 eV and 4.25
eV, respectively. Our level of theory places the energy minimum of the 1' By, state at 3.624 eV
and the energy minimum of the 1'A” state at 3.685 eV (see table 6.1). Eventhough the energy
values differ, the three levels of theory (TD-BP86/cc-pVDZ [52], CAM-B3LYP/def2-TZVP [53],
and CAM-B3LYP/6-314+G(d) for us) give similar results according to the relative positions of
the two minima: the energy minimum of the 1' A” state is higher than the energy minimum of
the 1By, state.

The 1! By, is characterised by high oscillator strength values: f = 2.00 at its energy min-

imum, see table 6.1 while the 1! A” energy minimum has a null-oscillator strength.

cumulenic structure trans-structure
DPA 0.96 0.00
BPEB 2.00 0.00

0.00: pari t-DPABPEB

DPABPEB 2.94 0.00: mid -DPABPEB

Table 6.2: Oscillator strength (f) of the cumulenic and trans structures at their energy minima
in the first adiabatic electronic excited state.

No data have been found on the isomers within the first adiabatic electronic excited states
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of DPABPEB. The equilibrium geometry of the minimum of the ground state energy belongs to
Doy, as well and the first singlet state is the optically active state 1! By, which lies at 3.626 eV.
The equilibrium geometry of the energy minimum to the 1! By, state belongs also to Doy and
lies at 3.376 eV. The Lewis structure at the latter equilibrium geometry is represented in fig. 6.1
and the cumulenic isomer is labeled c-DPABPEB.

Since there are three ethynylene groups, it may be considered that the single-trans, the
double-trans and the triple-trans structures could be associated to equilibrium geometries. How-
ever, single-trans minima and so single-trans isomers exist in the first adiabatic electronic excited
states which is consistent with the fact that the double- and triple-trans structures correspond
in fact to multiple excitations. There are two different single-trans isomers: the peripheral-trans
isomer (peri t-DPABPEB) and the middle-trans isomer (mid t-DPABPEB). Their Lewis struc-
tures are gathered in figure 6.1. The geometry of the peri --DPABPEB isomer belongs to the Cg
point group and is associated to an optically inactive state (see table 6.2) which is 1'A”. The
geometry of the second single-trans isomer (mid t-DPABPEB) belongs to Cop, point group. The
mid t-DPABPEB isomer is associated to the equilibrium geometry of the 1' A, optically inactive
state and is lower in energy (3.652 eV) than the relative energy of the 1 A” minimum (3.687 V).

For each system, the first optically active state is associated to a cumulenic structure for which
the cumulenic isomers have been defined: ¢-DPA, ¢-BPEB and ¢-DPABPEB. We will refer to
the energy minimum of the optically active state as the cumulenic energy minimum and the
equilibrium geometry as the cumulenic geometry and the cumulenic isomer. The first optically
inactive state is associated to a trans structure on a single ethynylene group and so the single-
trans isomers have been defined: t-DPA, t-m-BPEB, peri t-DPABPEB and mid t-DPABPEB.
We will refer to the energy minimum of the optically inactive state as the single-trans energy
minimum and the equilibrium geometry as the single-trans geometry or the single-trans isomer.
In the following subsections we are going to define for each system diabatic states which are
consistant with the cumulenic structure and with the single-trans structure. The potential

energy surfaces of the first adiabatic electronic excited states will be investigated.

6.2.2 The bright cumulenic diabatic state

The three systems in the first adiabatic electronic excited state at the FC geometry and at the

cumulenic geometry are characterised by a large oscillator strength (see table 6.2). The first
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excited state at these two geometries is mainly described by a HOMO/LUMO transition, the
weight of the HOMO/LUMO transition is of 0.94. The molecular orbitals at these geometries are
much alike, the HOMO/LUMO from the cumulenic geometry of the three systems are gathered
in fig. 6.2. The cumulenic geometry is defined by an elongation of the benzenes which have
quinoidal shape compared to their shape in the ground state. The four carbons that are between
two benzenes are bound to each other by an alternation of single-triple-single bonds (ethynylene
group) in the ground state while the four carbons are bound to each other by a sequence of three
double bounds (cumulenic group). The geometry variation corresponds to the normal coordinates

of a totally symmetric mode and is represented in figure 6.3. Such a modification of the

LUMO o‘ ’Q LUMO Q‘

b

HOMO

HOMO

c—cC c—C
\> == </
C cC—CcC—cCc—C C
\ /
c—cC c—C
c=CcC cC==cC c=cC c=cC
/ \ / \ \
C c—C=c—CcC C > o C c=Cc=cCc=CcC Ce
N\ 7 N7 /
c— C c—~cC c==cC c=CcC

Deformation along an A; mode
Figure 6.3: Dominant variation of the geometry from the FC geometry to the cumulenic geometry
of DPA.

geometry can be explained by the electronic transition within the 7 system of oPE. To understand
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the isomerisation of the ethynylene group into a cumulenic structure, the HOMO of DPA are
reduced to the molecular orbitals of the ethynylene groups which are defined by the 7, system
which is represented in figure 6.4. The two p, atomic orbitals localised on the triple bond, that
are out of the plane of the molecule, bind with each other while they anti-bind with the two p,
atomic orbitals localised on the two benzenes due to an opposite phase. Such a configuration of
the p, atomic orbitals on the carbons is the reason why the equilibrium geometry in the ground
state is characterised by an ethynylene group.

The electronic transition from the ground state toward the first optically active electronic
state in the Dyj, point group is a transition from the 7, molecular orbitals toward the 7} molecular
orbital. The 7} molecular orbital results from a switch of the phase of two p, atomic orbitals
localised on the carbons between two benzenes (see fig. 6.4). Such a switching on the atomic
orbital phases allows the molecular system to be characterised by a cumulenic group.

The m,m}; transition includes in fact all the p, orbitals of the carbons of the ethynylene
groups and also over the benzene rings thus the cumulenic conformation is delocalised over the
molecular systems. This leads to the fact that the cumulenic BPEB is lower in energy than the
cumulenic DPA and the cumulenic DPABPEB is lower in energy than the cumulenic BPEB (see
table 6.1) due to more extended m-conjugation.

On fig. 6.5 the attachment density (in blue) and the detachment density (in red) are gathered
c=C¢cC c=C¢cC
/ \ / \ .
Ne %:@_—@)w{ oo,
C/ c=C¢cC

' SN TR
b el e

cC—C C—C

=cC

Figure 6.4: Atomic orbitals representation of the m; and m} molecular orbitals reduced to the
ethynylene group involved in the first optically active adiabatic electronic excited state.

for the three molecular systems at the cumulenic geometry in the first adiabatic electronic excited
states. First of all, the shape of the attachment and detachment densities are almost identical to
the HOMO/LUMO of each molecular system. This means that the electronic transition could
be pictured approximately as if an electron of the HOMO were excited to the LUMO. Since

the attachment and the detachment densities are delocalised over the system, and so are the
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HOMO/LUMO, the overlap descriptor ¢g, defined in chapter 3, is equal to 0.86 in the case of
DPA, 0.85 for BPEB and for DPABPEB. The three overlap descriptor values are thus almost
the same. This can be explained by the fact that the attachment and detachment densities are
similar and lie over the whole systems which leads to a high overlap. Finally the descriptor y
gives similar values for the three systems. x is approximately 0.4 for all case (see fig. 6.5) which
means than the net charge involved in the photoexcitation is low. This is due to the fact that
in this configuration, the displacement of charge density is delocalised over the system. The
attachment and the detachment densities lie on a similar region in space which is noted by a
high overlap and a low x thus this electronic excited state is strongly locally excited.

To conclude this subsection, one can define one excited diabatic state of cumulenic type for
9 9

9 9

$,=0.86, X=0.36 $,=0.85, ¥=0.38

oo eses]

Py )0“0”0( o

,=0.85,X=0.39

Figure 6.5: Attachment (in blue) and detachment (in red) densities obtained for the three cu-
mulenic isomers of DPA; BPEB and DPABPEB.

each molecular system (DPA, BPEB and DPABPEB). This diabatic state is labelled S, as it
involves an electronic transition from the m, toward the 7} molecular orbital of the system. It is
a singlet, characterised by a significantly high oscillator strength and is of By, symmetry in the
Dsp, point group. The two density based descriptors show that this diabatic state is delocalised
over the system. The equilibrium geometry of the energy minimum of this diabatic state implies

quinoidal shape for each benzene and cumulenic groups between those benzenes.
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6.2.3 The dark single-trans diabatic state

The trans isomerisation is possible at the ethynylene group that results from an excitation from

the 7, molecular orbital to the 7 one localised on the carbons of the ethynylene group (see fig.

Y

6.6). The 7

, molecular orbitals are in the plane (yz) of the molecule and so from a symmetry

point of view, the 7} might be seen as o*. Considering two ethynylene groups of an oPE (BPEB

y
and DPABPEB) that can be trans isomerised, they can be associated to two additive electronic

excitations m,7". In the same way, if the three ethynylene groups of DPABPEB have a trans

-
conformation, the associated minimum in an adiabatic electronic excited state would be described

by three electronic excitations from the 7 to the 7y molecular orbitals.

- %
&

S
N
\

<<

\
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y|—
x® c=¢cC
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Figure 6.6: Atomic orbitals representation of the 7, and mj molecular orbitals reduced to the
ethynylene group involved in the first optically inactive adiabatic electronic excited state.

The equilibrium geometries of the single-trans minima are characterised by a HOMO/LUMO
pair that differ from the HOMO/LUMO pair of the cumulenic isomer (see fig. 6.7).

Although there is a structural distortion on an ethynylene group due to a trans bending, the
HOMOs of the oPE in the case of the cumulenic structure and single-trans structure are similar
because the initial state in the electronic excitation is the same. The LUMOs of the cumulenic
and trans isomers are significantly different since they involve the 7} molecular orbital and the
m, molecular orbital, respectively. The LUMOs of the single-trans isomers are localised on the
bent ethynylene group.

The m, 7 transition is localised on a single ethynylene group for single-trans isomers. Thus,

this leads to the fact that the minima associated to the four single trans isomers are at almost

the same energy (see table 6.1). As the minimum energies of the diabatic state S,.; of the three
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oPE decrease if the size of the oPE increases, only the trans isomer of DPA is more stable, than
its cumulenic isomer while the trans isomers of BPEB and DPABPEB are higher in energy than
their cumulenic isomers.

The structure of the trans-isomers which are gathered in figure 6.1 shows one electron on
each side of the trans double bond which is slightly misleading. In fact, it is an orthogonal
bi-radical since the two unpaired electrons are in two orthogonal 7 orbitals. This state is nor a

locally excited state nor a charge transfer state, it is an orthogonal bi-radical.

LUMO

HOMO

Figure 6.7: HOMO and LUMO representation of DPA, BPEB, and DPABPEB associated to the
single-trans isomers.

On fig. 6.8 are gathered the attachment and the detachment densities at the single-
trans geometry. The shape of the attachment and detachment densities are similar to the

HOMO/LUMO pairs associated to each oPE. The attachment density does not change com-
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pared to the LUMOs but the detachment density is localised only on the ethynylene group that
is isomerised while the HOMOs are delocalised over the molecular system. Such shapes of the
two densities lead to the fact that the overlap descriptor values are lower than those of the
cumulenic isomers: ¢s(tDPA) = 0.54, ¢5(tBPEB) = 0.53, ¢s(p-tDPABPEB) = 0.53, and ¢g(m-
tDPABPEB) = 0.53 while the x descriptor shows value around 0.73 which means that almost
one electron is transferred in the excitation. Low overlap values and high x values are typical of
a charge-tranfert type state (for which the excitation occurs from one site to another in the same
plane) but in our case the excitation occurs from one plane to another and so it is not possible
to characterise this electronic excited state as a charge-tranfert state.

The minima associated to a single-trans isomer can be viewed as a single excitation toward
the 7 molecular orbital on an ethynylene group. Since the detachment densities "contract" them-
selves around the excitation site compared to the HOMOs, one can assume that the electronic
transition cannot be reduce to a simple HOMO/LUMO transition otherwise the attachment and

detachment densities would have been similar to the HOMOs and LUMOs.

To conclude this subsection, one can define a second diabatic state for each molecular

*

system. This state is a singlet, optically inactive, which results from a m )

single excitation,
localised on one ethynylene group of each oPE. These diabatic states are labelled Styqns.

Strans 18 of Ay symmetry for DPA and DPABPEB when the ethynylene group in the middle
has isomerised since they both belong to the Cop point group and is of A” symmetry for BPEB
and DPABPEB when the ethynylene group on the left or on the right has isomerised since they

both belong to the Cs point group.

6.2.4 Potential energy surfaces

In figure 6.9, four rigid scans are gathered. The scans are performed along a v angle that has
been defined such that it is the bending angle on the middle of a cumulenic group. For the scans
a) and d), it is a Bsg deformation (from Dy, to Cyp,) and fo the scans b) and c), it is a Bay
deformation (from Dy, to Cs) to get a single-trans conformation for each of the three oPE.
The energies have been sorted according to the state symmetry of the systems. The S,
state for DPA and DPABPEB is of B, symmetry in Cy, and is of A’ symmetry for BPEB and
DPABPEB in C,. Only the energies of the state 1' By, is plotted since it has been associated
to the Sy diabatic state. They are plotted in dashed lines. The optically inactive states of

each systems are plotted in plain lines. The color blue is associated to DPA, the color purple is
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$.=0.53, X=0.75

Figure 6.8: Attachment (in blue) and detachment (in red) densities obtained for the four single-
trans isomers of DPA, BPEB and DPABPEB.

associated to BPEB and the color green is associated to DPABPEB.

We observe in fig. 6.9 that for each rigid scan, the potential energy surface of the first
adiabatic excited state actually shows three energy minima. For each oPE, at v = 180°, the
energy minimum is a global minimum and the associated equilibrium geometry is the cumulenic
geometry. On the left and on the right of the cumulenic minimum for each scan, there are two
minima: they are all located at v = 133° and at v = 227° while the optimisation calculations

which gave us the relaxed trans isomers are all defined by an angle of v = 128° and v = 232°
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Figure 6.9: Rigid scans along the v trans-bending angle from the equilibrium geometry in the
first optically active state.

(the relaxed geometries are the ones presented in table 6.1).

For the scan a) the relative energy of the two minima is 4.155 eV which is higher by 0.439
eV than the relative energy of -DPA. For the scan b) the relative energy of the two minima
is 4.276 eV which is higher by 0.591 eV than the relative energy of --m-BPEB. For the scan c)
the relative energy of the two minima is 4.406 eV which is higher by 0.719 eV than the relative
energy of peri -DPABPEB. For the scan d) the relative energy of the two minima is 4.190 eV
which is higher by 0.538 eV than the relative energy of mid --DPABPEB (see table 6.1 and fig.
6.9). The two apparent minima of the rigid scans are associated to two single-trans isomers that
are equivalent by symmetry. However they are not the global minima associated to the relaxed
single-trans geometries since they differ a little from the v values and a lot from the relative
energies. The geometry relaxation occurs along totally symmetric coordinates that relax the

bond lengths. One can admit that these apparent minima are good approximations to the global
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single-trans minima.

There are four, equivalent-by-symmetry, single-trans isomers considering the molecular
system t-m-BPEB and peri --DPABPEB because each of the two ethynylene groups lead to two
equivalent {rans isomers. In the same way, there are two equivalent single-trans for t-DPA and
m-t-m-BPEBDPA since there is only one ethynylene group involved in the {rans isomerisation.
The equivalent single-trans isomers of DPA, BPEB and DPABPEB are gathered in figures 6.10
and 6.11.

Figure 6.10: Equivalent isomers of DPA and DPABPEB in the Cy, point group.

Due to the many equivalent single frans isomers, there are indeed more than one diabatic
state Syrans for each system. There are as many equivalent Sy..ns states as there are equivalent
single-trans isomers. There are two Sirans states for DPA, BPEB is characterised by four Sirans
states and DPABPE is actually characterised by six Sirans States. Among these six states, four
are equivalent with each other and belong to the Cy;, point group and two are equivalent, they
belon to the Cs point group. To differenciate the different Syrqns states of DPABPEB, those
associated of the peri --DPABPEB are labelled peri t-Sirqns and the two associated to the mid
t-DPABPEB are labelled mid t-Siqns

Rigid scan  Merged algorithm
t-DPA 4.523 - 150° 4.443 - 152°
t-m-BPEB 4.393 - 142° 4.189 - 148°
peri t-DPABPEB  4.439 - 137° -

mid t-DPABPEB  4.258 - 140° -

Table 6.3: Relative energies (eV) and v values of the Coln between the first and the second
adiabatic electronic excited states from the rigid scan and from the minimized Coln with the
merged algorithm.
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Figure 6.11: Equivalent isomers of BPEB and DPABPEB in the C; point group.

We notice for each rigid scan the diabatic states Siqns are crossing with the diabatic Sy
state. The energy values and the ~ values of the crossings obtained from the rigid scans and
from the optimized Coln with the merged software are gathered in table 6.3. Considering DPA,
this crossing is the one presented in section 5.2 in figs. 5.2 and 5.5.

Fither for the rigid scans or for the optimized Coln, the v values are very similar. So, the
relaxation from the rigid geometries toward the relaxed one is almost along a totally symmetric
coordinate that relaxes the lengths of the bonds and to a lower extent, in-plane bending angles.
These rigid conical intersections are then good approximations to the optimized ones. However,
we know that an increasing size of oPE tends to lower in energy the diabatic state S, leading
to the fact that the v values associated to the crossing decrease when the size of an oPE increase
since the diabatic states Sirqns are not affected by the size of the systems. Figure 6.12 represents

the relative position of the diabatic states S, according the increasing size of the oPE.

As it has been explained in this section and in section 5.2 the crossing between the first
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Figure 6.12: Schematic representation of the influence of the size of an oPE on the relative
position of the S, diabatic states.

and the second adiabatic electronic excited states involves the optically inactive and active dia-
batic states in the Cop, point group considering DPA and DPABPEB in the case of the mid
t-DPABPEB isomer and in the Cs point group considering BPEB and DPABPEB in the case of
the peri t-DPABPEB isomer.

The direction that goes from the cumulenic isomer toward the trans isomer of the three
systems is Bsg from a Dyp, origin and A’ from a C, origin. Within the Cy, and the Cy point
group, this direction is totally symmetric. It is chosen as being the gradient difference direction
since the two adiabatic electronic excited states swap their symmetries along this direction. The
derivative coupling direction (l%) is, due to symmetry reasons, orthogonal to the @ vector.
For the two Coln that belong to the Co;, point group, the ﬁ is of By symmetry and for the
two Coln that belong to the Cs point group, it is of A” symmetry. The 58 vector involves
out-of-plane movements such that the ¢rans double bond rotates around the (Oz) axis. Along
the By or the A” directions, for each trans isomer, there are two equivalent transition states
that link the cumulenic and the trans minima since the trans double bond can rotate clockwise
or anti-clockwise. The transition states are in the first excited adiabatic state and so it can be
determined an adiabatic reaction path in S7. The transition state of DPA is represented in figure
6.13. Since BPEB, due to symmetry reasons, is characterised by four equivalent ¢rans isomers,
there are eight transition states. Similarly, there are eight transition states associated to the four
equivalent peri --DPABPEB isomers.

The transition state of DPA is characterised by a dihedral angle of abde = 139° and a y

value of 156° while the two phenylene groups are in the same molecular plane cgf\g = 0° (see
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figure 6.13). However, it is computationally challenging to determine the transition states of lar-
ger system and our calculations have not converged but it is expected that the transition states
results from an out-of-plane movement and exist for each oPE, due to their close relation with

the crossing between similar optically active and forbidden states.

Figure 6.13: Transition state of DPA in the C; point group in the first electronic adiabatic excited
state. N.B.: The nuclei do not lie within a single plane.

We can notice an avoided crossing at 180° that involves the 2' A, and the 3' A, states in the
rigid scan of DPA. The two states are actually the 5! and the 6! adiabatic electronic excited
states and they are, in the Dy, point group, the 11 Bz, and the 2! A, states. This avoided crossing
leads to a Coln in the Dqy, point group which is located at 5.742 eV. It has been minimized by
the use of the merged software. At this Coln, the vector D? has been chosen such that it is
the vector that mixes the two equivalent diabatic states Si.qns and is of B3, symmetry. @ is
orthogonal to D?’ due to symmetry reasons, is the one that conserves the total symmetry of
the system and so it is of A, symmetry. The B3, direction is then the one that mixes the two
diabatic states Syrqns and also the one that allows the first and the second adiabatic electronic
excited states to swap their symmetry in the case of the crossing between the diabatic states
Strans and Sgei.

The respective magnitude of the branching space vectors at the Coln S5/Sg are: 0.20 Enag !

for @ and 0.10 Ehag ! for D?’ . The length of the derivative coupling vector and gradient differ-
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ence vector are the same order of magnitude. The coupling between the two adiabatic states is
strong such that it can be noticed when studying the coupling between the two adiabatic states
at the avoided crossing. We have previously seen that the 1'A’ state at the equilibrium geo-
metry of its energy minimum is mainly described by a HOMO/LUMO transition. Their weight
of the HOMO/LUMO transition is 0.93. In this case, the first pair of right/left natural trans-
ition orbitals (NTO) are similar to the HOMO and to the LUMO. However at the equilibrium
geometry of the energy minimum of the 1 By, state, the 5t and the 6" excited adiabatic states
are described by various single electronic excitations and so these states cannot be reduced to a
HOMO/LUMO transition. To characterise the nature of these two electronic excited states, the
NTO have been computed. In figure 6.14 the first pair of NTO of DPA of the 5" and the 6!
singlet states and those associated to the minima of the two equivalent single-trans isomers are

depicted.

We see that the ethynylene group is characterised by the 77?“; molecular orbital when con-
sidering the left NTO of the 5! singlet state while it is characterised by a totally symmetric
Rydberg orbital when considering the left NTO of the 6" singlet state. In figure 6.15 a schematic
representation of the sum and of the difference of the molecular orbitals on the ethynylene group
of an oPE is depicted. We see that either the sum or the difference allows us to localise the mo-
lecular orbitals onto the ethynylene group that characterises the two equivalent trans isomers.
The two equivalent diabatic states Si.qns can be viewed as the result of a mixing between the
pair of right /left NTO of the 5** and the 6! adiabatic electronic excited states. This explains the

nature of the two optically inactive states on both sides and why they correspond to clockwise

and anticlockwise bent geometries at their minima (see fig. 6.14).

The adiabatic electronic excited states have different symmetries in the Dy, point group,
they are the 2' 4, and the 1! Bs, states and they have very low oscillator strength values. Along
the Bsg direction (the direction of 58) the two states mix together and become both of A4,
symmetry. In this case, the study of the density-based descriptors is well suited to understand
the coupling between the 5* and the 6! adiabatic electronic excited states since we cannot
differenciate them thanks to the symmetry nor their oscillator strength.

Along the derivative coupling and the gradient difference directions, the relative energies,
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Figure 6.14: Natural transition orbital (NTO) mixing between the 5" and the 6" singlet states
at the minimum of 1' By, of DPA along the trans Bsg displacement 1.

the oscillator strength, y and ¢g have been computed and gathered in figure 6.16. The 5 (blue),
6" (orange) and 7" (green) adiabatic electronic excited state energies are plotted in plain lines.
The 7% adiabatic electronic excited state is 1' 4, at the Coln geometry.

Along the gradient difference direction, we notice in figure 6.16 where the relative energies

are plotted that the crossing between the 5* and the 6" singlet states are centered in 0 and there
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Figure 6.15: Schematic representation of the sum and difference of the frontier molecular orbitals
(Rydberg and m, on the ethynylene group.

is an avoided crossing between the 6/ and the 7% adiabatic electronic excited states. According
to the scan of y and ¢g, this direction is the one that swaps the electronic properties of the
two states because we observe a drastic swapping of the density-based descriptor values in the

vicinity of the conical intersection at 0. Similar behavior is observed at the avoided crossing

6th 7th

between and 7*". Moreover, we observe simultaneously between 5 and 6 on the plots of the

7" singlet state seems to swap with a higher adiabatic electronic excited

two descriptors that the
state. In subsection 6.2.3 the diabatic states have been associated to optically inactive states but
in fact the oscillator strength is not strictly zero, it has value between 0 and 1.50-1073 and so the
swapping of the oscillator strength is observed as well in the vicinity of the conical intersection

7th

at 0. However, it is strictly equal to 0 concerning the adiabatic electronic excited state

and so no information is given about the avoided crossing between the 6! and the 7% excited

7th singlet state and a higher

state between 1 and 2 nor about the crossing that involves the
excited state. Moreover, since the oscillator strength is almost zero, even a small variation due
to computational error can induce significant variation on the behavior of the oscillator strength.
Indeed at 4, the 5" adiabatic electronic excited state seems to swap its oscillator strength with

another state but here, this state does not interact either with the 4** nor with the 6

singlet
state.
Along the derivative coupling direction, we observe on the plot of the relative energy that

there are two crossings between the Sg and the S7 adiabatic electronic excited states. According

Gabriel Breuil (ICGM-CPTM) Dendrimers and their building blocks 121



Breuil - Time-dependent topology of the molecular electron density

to the cut along this direction, we observe indeed that the 5" and the 6" couple with each
other at 0 and at -4 and 4. This direction is the one that swaps the electronic properties of the
descriptors and the oscillator strength. Eventhough the oscillator strength has very small values

(between 0.00 and 2.00 - 10~3) we observe the coupling at 0 and the swapping at -4 and 4.

In figure 6.17 the first left NTO of the 9", 10t", 12t" and 14*" states for BPEB and of the
12t" and 14*" for DPABPEB are shown. As it has been explained previously, BPEB is character-
ised by four equivalent Sy.qns diabatic states and we can observe in fig. 6.9 for its rigid scan that
there is an avoided crossing between four adiabatic states which are the 3'A’, 4'A’, 51 A’ and
the 6' A’ states in the C; point group. This avoided crossing couples the four adiabatic electronic
excited states at the cumulenic isomer geometry of BPEB (1lng, 21B1g, 1! Bs, and 21Au) for
which the four left NTO are gathered in fig. 6.17. The four right NTO are not shown here as
they are similar to the HOMO of the one of ¢-BPEB while the four left NTOs can be related
to in-phase and out-of-phase combinations of NTOs shown in fig. 6.14. The four-state conical
intersection has not been searched because the program which minimizes the energy of a seam
has been developed only for two-state conical intersections. The NTO of the four diabatic states
Strans Tesult in equivalent mixing of the first pair of the previous NTO.

Since there are two equivalent mid t-DPABPEB, we can notice as well an avoided crossing
at 180°. The avoided crossing involves two adiabatic electronic excited states: the 12" and the
14" singlet states. Only the left NTO of these two singlet states are gathered in fig. 6.17 because
the right one are also similar to the HOMO of c-DPABPEB. We see that the distribution of the
NTO at the ethynylene group is similar as the left NTOs in fig. 6.14.

Considering the rigid scan of DPABPEB in which the trans bending is performed at one
peripheral ethynylene group (see fig. 6.9), it is not possible to determine exactly the adiabatic
electronic excited states involved in the avoided crossing at 180° because they are too high in
energy and so the adiabatic electronic excited states are too much mixed and entangled (high
density of states) with each other. However we still can notice the presence of the avoided cross-

ing.

To conclude this section, two diabatic electronic states have been defined for each oPE.
The S, diabatic state results from the electronic transition from the 7, to the 7 molecular

orbitals. It is characterised by a high oscillator strength value and its minimum is associated to
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Figure 6.16: Relative energies, oscillator strengths, x and ¢g scans along the branching space
directions of the conical intersection S5/Sg of DPA.
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Figure 6.17: Natural transition orbital (NTO) mixing between the 9", the 10", the 12" and
the 14" singlet states at the minimum of 1! B, of BPEB and the NTO between the 12" and
the 14" singlet states at the minimum of 1' By, of DPABPEB.

the cumulenic isomer of each oPE. The second diabatic state is the Sirqns state. It is defined

*

» molecular orbitals. This state is characterised by

by the transition between the 7, and the =
a zero oscillator strength and its minimum is associated to a single-trans isomer of each oPE.
This Sirans state is not unique: there are actually as many Sy.qns states as there are equivalent
single-trans isomers for an oPE and each ethynylene group allows to get two equivalent single-
trans isomers. They are mixed with each other and cross which is reflected by the presence of

a conical intersection high in energy. As the two states are of the same symmetry in the Cyp

and in the Cs point group. They have very low oscillator strength values, one cannot use them
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to characterise the conical intersection and so the density-based descriptors were well suited in
this case. In figure 6.18 a schematic representation of the relative position of the diabatic states
is shown. The minimum of the S,.; state is higher in energy than the one of the Si.4ys of DPA
while it is the opposite for BPEB and DPABPEB. The electronic delocalization of the cumulenic
isomer (7m-conjugation) increases when the size of the system increases whereas the single-trans

diabatic states remain localised on a unique ethynylene group.

Relative energy

Relative energy
Relative energy

trans deformation trans deformation trans deformation
Figure 6.18: Schematic representation of the diabatic states Sy and Sirans for DPA, BPEB and
DPABPEB.
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6.3 Solvent effects and steady-state spectroscopy on oPE

In this section we now report on the influence of solvents on oPE. The polarisable continuum
model is used such that only the dielectric contribution is taken into account. We chose five
different environments defined by their relative dielectric constant &,: acetonitrile (¢, = 35.69),
cyclohexane (g, = 2.02), dichloromethane (g, = 8.93), hexane (&, = 1.88) and in vacuo (&, = 1).
Results in vacuo are considered as being the reference. Table 6.4 gathers the relative energetic
positions of the ground-state minima according to those in vacuo, table 6.5 gathers the relative
energetic positions of the minima associated to the cumulenic isomer according to those in
vacuo, table 6.6 gathers the relative energetic positions of the minima associated to the trans
isomers according to those in vacuo and table 6.7 gathers the adiabatic transition energies (i.e.
the relative energies between the minimum in the ground-state and those of the first adiabatic

electronic excited states).

in vacuo acetonitrile dichloromethane cyclohexane hexane

DPA 0.000 -0.156 -0.133 -0.058 -0.052
BPEB 0.000 -0.223 -0.190 -0.083 -0.076
DPABPEB 0.000 -0.290 -0.247 -0.108 -0.098

Table 6.4: Energy shifts in eV between the energy minima of the ground states in vacuo and
with solvents.

in vacuo acetonitrile dichloromethane cyclohexane hexane

c-DPA 4.144 -0.303 -0.267 -0.133 -0.122
c-BPEB 3.624 -0.276 -0.245 -0.127 -0.116
«-DPABPEB 3.376 -0.227 -0.203 -0.107 -0.100

Table 6.5: Adiabatic transition energies in eV of oPE in vacuo between the ground state energy
minima and the first optically active state energy minima, and energy shifts of the adiabatic
energies between the ones in vacuo and the ones in solvent.

in vacuo acetonitrile dichloromethane cyclohexane hexane

t-DPA 3.716 +0.025 +0.021 +0.009 +0.007
t-m-BPEB 3.685 +0.042 +0.036 +0.015 +0.014
peri t--DPABPEB 3.687

mid --DPABPEB 3.652 +0.056 +0.047 +0.020 +0.016

Table 6.6: Adiabatic transition energies in eV of oPE in vacuo between the ground state energy
minima and the first optically inactive state energy minima, and energy shifts of the adiabatic
energies between the ones in vacuo and the ones in solvent.

From tables 6.4, 6.5, and 6.6, we observe that the solvents lower the relative value of the
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in vacuo acetonitrile dichloromethane cyclohexane hexane

c-DPA 4.144 3.841 3.877 4.011 4.021
c-BPEB 3.624 3.348 3.379 3.497 3.508
c-DPABPEB 3.376 3.149 3.173 3.270 3.276
t-DPA 3.716 3.585 3.604 3.667 3.671
t-m-BPEB 3.685 3.727 3.721 3.700 3.699
peri t-DPABPEB 3.687

mid t-DPABPEB 3.652 3.708 3.699 3.671 3.668

Table 6.7: Adiabatic transition energies in eV of oPE in solvent and in vacuo between the ground
state energy minima and the first optically active state energy minima (¢-DPA, ¢-BPEB and c-
DPABPEB), and between the ground state energy minima and the first optically inactive state
energy minima (¢t-DPA, t-m-BPEB, peri t-DPABPEB and m-ctDPABPEB).

ground state minimum energies and the more the size of the system increases the more the sys-
tem is stabilised. Acetonitrile and dichloromethane have similar stabilisation effect on the oPE
as they have both high relative dielectric constants and cyclohexane and hexane have as well
similar stabilisation effect on oPE.

Similarly, the relative energies of the cumulenic isomers is stabilised by the solvent but the
c-DPA seems to be more stabilised due to the solvent than longer oPE.

The relative energies of trans isomers in solvent are higher than those in vacuo. However,
the variation is small: the highest is of +0.056 eV (m-t-DPABPE in acetonitrile) and the lowest
is +0.007 eV (¢t-DPA in hexane). So we may conclude that the solvent has not significant effect
on the relative energy of the trans minima.

The adiabatic transition energies of each oPE that are gathered in table 6.7 show that the
relative energetic position of the minima of each diabatic states is conserved. Concerning DPA
the minimum of S, is always higher in energy than the one of Sy.4ns and concerning BPEB and

DPABPEB, the S, is always lower in energy than the one of Styqns.

The absorption and emission spectra are gathered in appendix in figures 8.1, 8.2, 8.3, 8.4,
8.5, and 8.6. They are the spectra for the three oPE in solvent and in vacuo. Only absorption
and emission spectra between the ground state and the minimum associated to the cumulenic
isomer have been computed since the cumulenic isomers belong to optically active states while
the trans isomers belong to optically inactive states. As the adiabatic energies for each oPE

are similar between cyclohexane and hexane and between acetonitrile and dichloromethane, the
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spectra are gathered in the same plot. Since there are solvent effects on the relative energy of
the minima, we note that the first absorption and emission peak is shifted to higher wavelength

for an increase of the relative dielectric constant.

vibrational mode in vacuo acetonitrile cyclohexane dichloromethane hexane

DPA n°56 2185 2193 2163 2194 2192
BPEB n°87 2020 1986 2008 1992 2010
n°88 2268 2245 2260 2249 2260
n°118 2155 2128 2145 2132 2146
DPABPEB n°119 2155 2134 2146 2136 2147
n°120 2290 2270 2282 2273 2282

Table 6.8: Frequencies in cm™! associated to the stretching vibrational mode of the ethynylene

groups of DPA, BPEB and DPABPEB.

No solvent effects are noticed on the vibrational progression for each absorption and emission
spectrum and so the ground state and the diabatic state S, are characterised by the same
vibrational description. In table 6.8 are gathered the frequencies associated to the stretching
vibrational modes on the ethynylene groups of oPE. The stretching vibrational modes on the
ethynylene groups are the ones that drive the geometric deformation from the FC geometry
toward the cumulenic geometry for the three systems. We are then focused on the vibrational
mode n°56 for DPA, n°87 and n°88 for BPEB, and n°118, n°119 and n°120 for DPABPEB,
they are represented in figure 6.19. We see that the frequencies of these vibrational modes are
of the same order of magnitude within the five different environments (in vacuo, acetonitrile,

cyclohexane, dichloromethane and hexane), see table 6.8.

In conclusion, solvents have indeed effect on the systems, the higher is the dielectric constant,
the more stabilised is the cumulenic isomer but solvents seem not to have strong effect on
the stabilisation of the trans isomers. Moreover, the solvent has no effect on the vibrational
progression either in the ground state or in the first electronic adiabatic electronic excited state.

In the next sections, theoretical calculations are given in vacuo.
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mode n°87

mode n°56 : : : :
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O O

Figure 6.19: Schematic representation of the stretching vibrational modes of DPA, BPEB and
of DPABPEB.
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6.4 Association of two oligophenylene ethynylenes

In this section, we study how we can provide a rational understanding for the potential energy
surfaces of molecular systems that can be described within the pseudofragmentation scheme
in which pseudofragments are two similar oPE or two oPE of different size. We are focused
on m-BPEB and m-DPABPEB, their pseudofragments are two DPA, and one DPA and one
BPEB, respectively. The prefix "m" for m-BPEB and m-DPABPEB refered to the meta position
between the two oPE. In a molecular system with two similar pseudofragments, there is no
excitation energy transfer (EET) because there is no excitation energy gradient [43] but one
can understand how the "localised-on-the-pseudofragment" diabatic states mix with each other.
In a molecular system with two different pseudofragments, there are two, non-equivalent by
symmetry, equilibrium geometries that are associated to two minima of different energies and
belong to two different "localised-on-the-pseudofragment” diabatic states. Since the two diabatic
states are not equivalent and so they do not lie at the same energy, m-DPABPEB is the smallest
molecular entity in which EET can occur due to an excitation energy gradient.

Below, the potential energy surfaces of m-BPEB and of m-DPABPEB are characterised
and studied with the use of the information we have on the potential energy surfaces of DPA

and BPEB.

6.4.1 Association of two equivalent oPE: the case of m-BPEB

m-BPEB has been deeply studied in ref. [43] for which the pseudofragmentation scheme has been
explained. The information from ref. [43] on the pseudofragmentation scheme and the potential
energy surface are now recalled and expanded. The pseudofragment scheme of m-BPEB are
represented in figure 6.20

Pseudofragmentation scheme:

Y7~ weak interactions

Figure 6.20: Pseudofragmentation scheme of m-BPEB into two DPA that are weakly intersecting
together.

The first two optically active states of m-BPEB in the Cy, point group (1'Bs and 1'A4;)
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m-BPEB DPA
min Sge 1147 : 4.123 1'Byy : 4.144
v =127.90° | v = 232.02° v =127.89° | v = 232.11°

min Strans 11A”: 3.728 | 11A”: 3.726 114, : 3.716

114, : 4.123 —
TS Ca 1By : 4.247 —
QumBPED 1'A1/1'By : 4.288 -
Q- BPEB v =151.80° | v = 208.12° v = 152.32°

cuftr 1PA7 1Y A7 4.437 | 1PA7 /1L A7 ¢ 4.440 1B, /1 A, : 4.444

Table 6.9: Relative energies (in eV), state symmetries and « values associated to minima (min),
1%"-order saddle points (TS) and conical intersections (Qx) of m-BPEB and DPA.

are both delocalised states and they involve electronic excitations between the frontier orbitals
and the next pair (HOMO-1, HOMO, LUMO and LUMO+1). We will call them the four fron-
tier orbitals for simplicity. The four near-frontier orbitals are gathered in figure 6.21. At the
ground-state equilibrium geometry, 1! By is the first optically active state and lies at 4.429 eV.
Its oscillator strength is f = 1.71 and this state is characterised by two electronic transitions (the
weight of the electronic excitations are given next within brackets): HOMO—LUMO+1 (0.43)
and HOMO-1—LUMO (0.51). The second optically active state (f = 0.37) is the 1! A4; state
and lies at 4.473 eV. This state is mainly characterised by two electronic transitions such that
HOMO—LUMO (0.76) and HOMO-1—LUMO+1 (0.16), see figure 6.21. In the Cy, point group,
the lowest energy-points of these two states are associated with two respective transition states.
The two transition states will be now referenced as TS4, and TSp,. They are localised at 4.123
eV and 4.247 eV, respectively (see table 6.9). It can then be defined two diabatic states that
match with the 1! By and the 11 A; states, respectively. They are labelled S4, and Sp, and they
cross at 4.288 eV minimum-energy Coln in the Cy, point group. The Coln is labelled QXZ}_B PEB
(see table 6.9). Since these delocalised diabatic states are characteristics of m-BPEB, one cannot
find similar diabatic states for the system DPA then table 6.9 shows energy values in the rows
"TS Cy," and "QX;’}_BPEB " for the system m-BPEB only.

At TS 4, and TSp,, the two density-based descriptors have been calculated, we get: ¢g(TSp,)
0.86, x(TSp,) = 0.36 and ¢s(TS4,) = 0.87, x(TS4,) = 0.35. Since the two adiabatic electronic

excited states are combinations of single excitations among the four frontier orbitals that are
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delocalised over the whole system, the overlap density-based descriptor ¢g is close to 1 for both
states. The net charge density-based descriptor x is low for both adiabatic electronic excited
state because the electronic excitation occurs on the whole system and so the displaced charge

is delocalised over the whole molecular system.

.
f;“‘,& LUMO +1
L )
s2°% wwo
. 99, .
N % HOMO

V.
,A;‘:O'OI“: HOMO -1

Figure 6.21: The four near-frontier orbitals at the ground state equililbrium geometry for m-
BPEB.

The conical intersection QXZ;:B PEB has been characterised in section 5.2. The branching

space is defined such that the Cﬁ vector preserves the Cs, point group. Since the Cﬁ vector
conserves the group representation, it is totally symmetric (A;). The direction of the (Tﬁ vector
is the direction that swaps the symmetry between the two adiabatic electronic excited states
(11 A; and 1'By). In section 5.2, it has been observed that this direction swaps the oscillator
strength and the values of the density-based descriptors as well. The diabatic states S4, and
Sp, conserve then the electronic properties that are associated to the oscillator strength and the
density-based descriptors. The l% vector lies in the direction where the two adiabatic electronic
excited states couple the most. The derivative coupling direction is the one that breaks the in-
plane symmetry of the system and leads to the Cs point group. In this point group, the first two
adiabatic electronic excited states are 1'A’ and 2'A’. Due to the symmetry of the states, the
58’ vector is By. The first adiabatic electronic excited state is characterised by two equivalent
minima where each minimum is associated to locally excited states respectively on the right or

on the left of the system. The Lewis structure at the equilibrium geometry of the locally excited
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states are such that one of the two ethynylene group of the branches has cumulenic bonds and
the two phenyls have quinoidal shape while the ethynylene group on the other branch remains
unchanged. The equilibrium geometry of these two equivalent minima are labelled c-m-BPEB
(see figure 6.22).
m-BPEB c-m-BPEB
Z O X

it-m-BPEB

Figure 6.22: Lewis structures at the equilibrium geometry of the ground state (m-BPEB) and
of the first adiabatic electronic excited state (c-m-BPEB, it-m-BPEB and ot-m-BPEB).

The pseudofragmentation scheme for m-BPEB has been explained in ref. [43] and has been
developed in the general introduction (see chapter ). The sum and the difference of the HOMO-1
and HOMO (LUMO and LUMO+1 respectively) give localised molecular orbitals on either of the
two branches of m-BPEB. They are similar to the HOMO and LUMO associated to c-m-BPEB.

The attachment and detachment densities have been computed at the geometries associated
to TSp,, TS4, and c-m-BPEDB. We see that both of the densities are very alike for the two trans-
ition states because they result from a combination of the four near-frontier orbitals that are
very similar for the two transition states. Computing the sum and the difference of the attach-
ment and detachment densities would not give us localised sum and difference densities since the
attachment and detachment densities are similar up to a phase so it would give an almost vanish-
ing density (for the difference) and a non-zero density (for the sum). However, the attachment
and detachment densities for c-m-BPEB are localised on the branch that has adopted the cu-

mulenic and quinoidal shape concerning the ethynylene group and the two phenyls (see fig. 6.23).

The similarities between the isomers c-m-BPEB and ¢-DPA are encountered with the shape

of the localised HOMO/LUMO on the left or right branch of m-BPEB and the HOMO/LUMO
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Figure 6.23: Attachment and detachment densities of the transition states TSp,, TSa, and of
the equilibrium geometry in the first adiabatic electronic excited state in the C; point group.

of DPA and with the relative energy values as well. The relative energy of the two equivalent
minima lies at 4.123 eV and the cumulenic isomer of DPA is associated to a relative energy of
4.144 eV. m-BPEB behaves in fact in the region of the cumulenic equilibrium geometry much as
c-DPA. The two density-based descriptors computed for c-m-BPEB and ¢-DPA give the same
value as well: ¢g(cBPEB) = 0.86, x(cBPEB) = 0.36 and ¢s(cDPA) = 0.86, x(cDPA) = 0.36.
Since there are two equivalent cumulenic isomers, one can define two equivalent diabatic states
which minima correspond to the minima of the 1'A’ state and are labelled S, as it has been
done in subsection 6.2.2 for DPA, BPEB and DPABPEB. Eventhough m-BPEB is composed
of 36 atoms which form two ethynylene groups and three phenyls, its cumulenic isomer cannot
be compared to the cumulenic isomer of BPEB because the cumulenic bonds are delocalised
over the whole system (for BPEB) while it is limited to only one branch of m-BPEB due to
the meta position of the ethynylene group. Such a difference between the two systems leads to
the fact that the two cumulenic isomers are associated to the relative energy values: 4.123 eV
(c-m-BPEB) and 3.624 eV (¢-BPEB). A schematic representation of the potential energy surface
of the first two adiabatic electronic excited states of m-BPEB and of the two diabatic states that

are localised on the pseudofragments in the Cs point group is given in figure 6.24.

In figure 6.25 are superimposed the absorption and emission spectra of m-BPEB and DPA
from the ground state toward the first optically active state. Eventhough there is a small shift
toward higher wavelengths according to the spectra of m-BPEB, we see that the vibrational
progression of the two spectra is conserved and that the first peak associated to the 0-0 transition

at 307 nm is present in both spectra. In ref. [152], Chu et al have shown that the experimental
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Figure 6.24: Schematic representation of the first two singlet states (S; and S2) and of the two
diabatic states localised on the pseudofragments of m-BPEB.

absorption and emission spectra do not overlap because the 0-0 transition seems almost forbidden
apparently. However the first most intense peak in the experimental absorption spectrum is
localised at 301 nm while the first most intense peak in the experimental emission spectrum is
at 327 nm. The first intense peak of the absorption spectrum seems to be very similar to the one
in our theoretical absorption spectrum which allow us to think that the 0-0 transition is allowed
according to the absorption but is forbidden or weakly allowed concerning the emission. Work

is in progress to explain such a Stokes-shift between the two spectra.

mBPEB DPA
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Figure 6.25: Theoretical absorption and emission spectra of m-BPEB in vacuo within the Franck-
Condon and harmonic approximations.

Since c-m-BPEB behaves as ¢-DPA, there are equilibrium geometries in the first adiabatic
electronic excited state that are associated to single-trans isomers. Since the two ethynylene

groups are equivalent by symmetry, each of them can be trans-bent while the second ethynylene
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group remains unaltered. However, due to symmetry reasons, the four single-trans isomers are
not equivalent as it has been explained for BPEB.

An inward single-trans bending (leading to the isomer it-m-BPEB, see fig. 6.26) is different
from the outward single-trans bending (leading to the isomer ot-m-BPEB, see fig. 6.26). But
an inward (resp. outward) single-trans bending on the ethynylene group on the left or on the
right are equivalent.

The isomer ot-m-BPEB is located at 3.728 eV with a bending angle of v = 127.90° and the
1t-m-BPEB isomer is located at 3.726 eV with a bending angle of v = 232.60°. The trans isomer
of DPA, t-DPA| is defined by a relative energy of 3.716 eV and a bending angle of v = 127.89°
(see table 6.9). First of all we see that the relative energies of the three different isomers differ

from only thousandth of eV. Then the variation of the trans bending angle is such that:

e ot-m-BPEB: A~y =| v(e-mBPEB) — v(ot-mBPEB) |=| 180.00° — 127.90° |= 52.10°

e it-m-BPEB: Ay =| v(c-mBPEB) — ~(it-mBPEB) |=| 180.00° — 232.60° |= 52.60°

o t-DPA: Avy =| y(cDPA) — v(tDPA) |=| 180.00° — 127.89° |= 52.11°

The variation of the trans-bending angle from the cumulenic isomer differ from only tenth
of degrees. The density-based descriptors of the three single-trans isomers are gathered in table

6.10.

t-DPA  ot-m-BPEB it-m-BPEB
X 0.73 0.73 0.73
¢s 0.54 0.54 0.54

Table 6.10: Density-based descriptors computed at the equilibrium geometries of the single-trans
isomers t-DPA, ot-m-BPEB and it-m-BPEB.

From table 6.10 we see that the three different isomers are described by the same value.
Such similarity between the single-trans isomers of DPA and m-BPEB allows us to define as we
did in subsection 6.2.3, diabatic states which minima are associated to the single-trans isomers
of m-BPEB. We define the two diabatic states itStqns and otSi-qans Which respective minima,
are associated to 1t-m-BPEB and ot-m-BPEB. One has to notice that there are actually two
equivalent itSt,qns and ot Si.qns diabatic states because each of the two ethynylene groups on the

left and right branches can be trans-bent.
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Rigid scans have been performed on m-BPEB and are gathered in figure 6.26. Two rigid
scans have been performed along the single-trans bending angle at one ethynylene group of
m-BPEB and DPA at their equilibrium geometries in their ground state (scan a) and b) in fig.
6.26) and at their cumulenic equilibrium geometry in their first adiabatic electronic excited state
(scan ¢) and d) in fig. 6.26).

In the scans a) and c), only the 1! B, state energy is plotted in blue with dashed line while
the three first A, state energies are plotted in blue with plain line as in fig. 6.9. In the rigid
scan a), the geometry at 7 = 180° corresponds to the equilibrium geometry in the ground state
and in the rigid scan c¢), the geometry at v = 180° corresponds to the equilibrium geometry of
the cumulenic isomer ¢-DPA. Both of these geometries belong to Doy, point group. The trans
bending coordinate v involves a displacement of B3, symmetry and so all of the geometries
obtained, except the two at v = 180°, belong to Ca, point group. The 1'B, state at v = 180°
is then obsviously of B, symmetry and corresponds to the FC-point in scan a). We know from
subsection 6.2.1 that the FC-point of DPA lies at 4.476 eV and the minimum of the 1' By, state
lies at 4.144 eV. We see in figure 6.26 that the 11 A, state crosses the 1! B, state at (y = 152°,
4.827 €V) in scan a) and at (150°, 4.523 €V) in scan c¢). The two minima in the rigid scans are
located at v = 133°, 4.381 eV for scan a) and at (y = 132°, 4.155 eV) for scan c¢). These two
minima are actually apparent minima but not global minima associated to the trans isomer of
DPA, t-DPA (see table 6.9). Although the difference of reference geometries for these scans, they
look much alike and one can get a qualitative picture of the exact potential energy surface of
DPA along the trans bending coordinate.

In scans b) and d), the first two optically active states are plotted in brown with dashed line
(1'A” and 2' A’ in the Cs point group and 1' By and 1'A4; in the Co, point group). The optically
inactive states of "A” in the Cs point group are plotted in brown with plain line.

The rigid scan b) is performed with the ground state equilibrium geometry as a reference
geometry. The ground state equilibrium geometry belongs to Ca, and so at v = 180° the two
optically active states are 1'By and 1'A;. Along the trans bending displacement, it appears
that there is an avoided crossing between the 1' By and 1'A; states at v = 157°. Since a trans
bending displacement lower than 180° or higher than 180° leads to two different by symmetry
geometries, that is why there is no avoided crossing between the two optically active states for
~ values higher than 180°. However we see on the scan b) that there are two crossings between

the 1'A” and the 1' A” states at v = 152° and v = 209° and the two apparent minima of scan b)
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are located at (y = 134°, 4.395 eV) and at (y = 229°, 4.399 eV).

Scan d) is different from b) because all of the geometries used to perform the scan belong to
Cs. The reference geometry that is used is the equilibrium geometry associated to the cumulenic
isomer: c-m-BPEB. The first two optically active states are 1' A’ and 2' A’ and they correspond
to a locally excited state on the cumulenic branch and on the other branch, respectively. The
crossings between the 1' A’ and the 1' A” states are located at v = 150° and v = 211°, and the
apparent minima on the scan d) are located at v = 134°, 4.172 eV and v = 229°, 4.176 eV. We
see that the apparent minima of the two scans are similar according to the v values and so are
the global minima associated to the two single-irans isomers. As the scans of DPA, BPEB and
DPABPEB, we can consider the rigid scan of m-BPEB as a good approximation of the potential

energy surfaces.
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Figure 6.26: Rigid scans along the v trans bending angle from the ground state equilibrium
geometry and from the first adiabatic electronic excited state equilibrium geometry of m-BPEB
and DPA.

Since there are two pairs of different Si.q,s diabatic states and each pair are equivalent
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by symmetry, there are actually four equilibrium geometries associated to two equivalent by
symmetry ot-m-BPEB and two equivalent it-m-BPEB. Figure 6.27 is a two-dimensional rigid
scan. The coordinates are the v trans-bending angles on either the branch on the left (v;) or
on the right (72) of m-BPEB. The scan has been performed from the ground state equilibrium
geometry. Then the minimum that is observed in the middle of the rigid scan is not the actual
global minimum of the 114’ state (i.e the cumulenic isomer). This apparent minimum in the
middle is surrounded by four minima which are associated to rigid single-trans isomers.

The potential energy surface of the first adiabatic is then composed of at least six energy min-
ima. Two of them are the cumulenic minima, they are related to the equilibrium geometry of the
two equivalent cumulenic isomers. The four remaining minima are the ¢rans minima, they are
associated to the equilibrium geometry of the two equivalent ot-m-BPEB and the two equivalent
it-m-BPEB isomers. Moreover the two cumulenic minima belong to two equivalent localised

excited states that cross in Co,.

Y; - trans angle 160

Q O O

Figure 6.27: Rigid scan along the v1 trans bending angle (trans bending angle on the left branch)
and along the 2 trans bending angle (trans bending angle on the right) from the ground state
equilibrium geometry.

v
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6.4.2 Association of two different oPE: the case of m-DPABPEB
The pseudofragmentation scheme

At the ground state At the 1° excited state At the 2" excited state
equilibrium geometry equilibrium geometry equilibrium geometry

Figure 6.28: Lewis structures at the equilibrium geometries in the ground state, in the first and
in the second optically active electronic states.

The system labeled m-DPABPEB is an oPE and its Lewis structure in the ground state is
represented on the left of figure 6.28. This sytem can be pseudofragmented into two smaller
oPE. The two pseudofragments are DPA and BPEB (see fig. 6.29).

Pseudofragmentation scheme:

Figure 6.29: Pseudofragmentation scheme of m-DPABPEB into DPA and BPE B that are weakly
interacting together.

m-DPABPEB BPEB DPA
min SPPA 21 A" 4170 - 1'By, : 4.123
min SEPEB 114’ 3.606 1'Byy @ 3.624 -
Qxpf 11A"/21 A 4.293 - -

v =127.73° | v = 232.20° -

: . _QBPEB 1A» . 1A» . _
min mid t-S;;;,.° 17A”: 3.690 | 1" A” : 3.693 = 127.97°

v =127.98° | v =232.01° 1'A”: 3.685 -

min peri t-SEPEB 1147 3.690 | 1'A” : 3.691 —

trans

Table 6.11: Relative energies (in €V), state symmetries and v values associated to minima (min),
1%'-order saddle point (TS) and conical intersections (Qx) of m-DPABPEB and DPA.
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As it has been developed for m-BPEB, m-DPABBPEB possesses the same characteristics
as it pseudofragments. There is an equilibrium geometry in the first adiabatic electronic excited
state (1'A’) which is characterised by the Lewis structure that is represented in the middle
of fig. 6.28. The system is then characterised by cumulenic groups and quinoidal phenyls on
the branch that is associated to the BPEB pseudofragment. This is an optically active state
and corresponds to an HOMO/LUMO excitation that is localised on the BPEB pseudofragment
(see fig. 6.30). The weight of the HOMO/LUMO excitation is 0.91. One can then define the
diabatic state SZPEB and its minimum lies at 3.606 eV (see table 6.11). It is the same order of
magnitude as the minimum of the S, of BPEB (3.624 €V, see table 6.11). The attachment and
the detachment densities are computed at the equilibrium geometry of this state and are shown
in figure 6.31. We see that the two densities are very alike as those that have been computed at
the equilibrium geometry of the S, of BPEB (see fig. 6.5). The first optically active state of
m-DPABPEB shows not only similarities according to the transition energies, attachement and
detachment densities, HOMO/LUMO transition and Lewis structure with the optically active
electronic state of BPEB, it shows similar vibrational progressions according to the theoretical

absorption and emission spectra (see 6.32).

Similarly, we can define a second diabatic electronic state SPP4 that is associated to a local

act
excitation at the DPA pseudofragment of m-DPABPEB. The corresponding Lewis structure is
represented on the right of figure 6.28. It is characterised by a cumulenic group and two quinoidal
phenyls on the DPA pseudofragment branch. Its minimum lies at the same order of magnitude
as the one of the S, of DPA (4.170 eV for m-DPABPEB and 4.123 eV for DPA, see table
6.11). However, the equilibrium geometry of a such cumulenic isomer does not exist in the first
adiabatic electronic state but it exists in the second adiabatic electronic excited state (2'A’).

A schematic representation of the first two adiabatic electronic excited states and of the two

diabatic states that are localised on the pseudofragments are shown in figure 6.33.

The equilibrium geometry in the second adiabatic electronic excited states is characterised
by transitions between the four frontier orbitals (see fig 6.30): HOMO —1 — LUMO (0.09),
HOMO — LUMO +1 (0.10), HOMO —1 — LUMO + 1 (0.30) and HOMO — LUMO (0.44).
Such mixing between the near orbitals frontiers shows that this state at this equilibrium geometry
cannot be characterised by a single HOMO/LUMO excitation onto the DPA pseudofragment
branch of m-DPABPEB. However, the NTO of the excitation have been computed and gathered
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Figure 6.30: Frontier orbitals computed at the equilibrium geometry in the first and in the second
optically active electornic state of m-DPABPEB.
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Figure 6.31: Attachment and detachment densities of m-DPABPEB computed at the equilibrium

geometry of the SEPEE diabatic state and the S2P4 diabatic state.

on figure 6.34. We see that the first pair of natural orbitals that characterise the electronic
excitation are similar to the HOMO/LUMO of DPA (see fig. 6.2). The singular value of the first

pair is 0.85 while the singular value of the second pair is 0.1 so we can assume that only the first
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Figure 6.32: Absorption and emission spectra of m-DPABPEB between the ground state min-
imum and the first optically active electronic state.

Diabatic states associated
E A to the Lewis structure

Sz
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\
>
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Figure 6.33: Schematic reprensentation of the first two adiabatic electronic excited states (11 A’
and 2'A’) of m-DPABPEB and of the two diabatic states that are localised on the pseudofrag-
ments.

pair of NTO characterise mainly the electronic excitation. The shape of the NTO of the second
optically active state are almost identical to the shape of the attachment and the detachment

densities (see fig. 6.31).

Figure 6.34: Natural transition orbitals computed at the equilibrium geometry of the second
optically active state.
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Finaly, we see that the vibrational progression of the second optically active state is similar
as well to the vibrational progression of the first optically active state of DPA (see fig. 6.35).
However, we see that some transitions are less significant for m-DPABPEB than they are for
DPA. For instance, the transition at 380 nm for m-DPABPEB that corresponds to the transition
119} and at 387 nm for DPA and it corresponds to the transition 56j. The normal mode n°119
for m-DPABPEB and n°56 correspond to a stretching onto the ethynylene groups. They are
shown in figure 6.36. Such a decrease of the intensity can be explained by the fact that the
second adiabatic electronic excited states is defined by more thant one electronic excitation and
so it cannot be explicitly defined as a HOMO/LUMO excitation.

mDPABPEB DPA

2.00
1.20

1.50 -

. 1.00
- 0.00

0.80

0.40

Intensity (10°)
Intensity (10%)

0.00

wavelength (nm) wavelength (nm)

Figure 6.35: Absorption and emission spectra of m-DPABPEB between the ground state min-
imum and the second optically active electronic state.

mode n°119

mode n°56

O—C0

Figure 6.36: Normal mode n°56 of DPA and n°119 of m-DPABPEB.

The second adiabatic electronic excited state of m-DPABPEB is not described by a single elec-
tronic excitation onto the DPA pseudofragment branch but the NTO, the attachment and de-
tachment densities show that contributions onto the DPA pseudofragment branch remain the
most significant.

We can then assume that the first two optically active states of m-DPABPEB can be defined as
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two localised transitions on the BPEB pseudofragment branch and on the DPA pseudofragment
branch respectively. We have defined then two diabatic states: SEPFB and SPPA. The Coln
between the first and the second adiabatic states lies at 4.293 eV (see table 6.11). Since the 21 A’
state results of a mixing of single excitations, we can assume that the two diabatic states are

strongly mixed with each other. It is due to the fact that the energy minimum in the 2' A’ (at

4.170 eV) state is close to the conical intersection between the two states (see table 6.11).

Single-trans isomers of m-DPABPEB

According to the pseudofragmentation scheme m-DPABPEB behaves as a DPA and a BPEB
that are weakly interacting together. We know that there are two equivalent DPA trans isomers
and four equivalent BPEB single-trans isomers. All of the single-trans isomers of m-DPABPEB
are not equivalent by symmetry. m-DPABPEB possesses three ethynylene group and so there are
six non-equivalent single-trans isomers. The Lewis structure associated to the six single-trans
isomers are gathered in figure 6.37.

No equilibrium geometry has been found in the first and in the second adiabatic elec-
tronic excited states associated to trans isomer which the DPA pseudofragment branch is trans-
bent. This may be due to the fact that the diabatic state S24 that is localised on the DPA
pseudofragment branch does not correspond to a single HOMO/LUMO excitation onto the DPA
pseudofragment branch so it is difficult to obtain an equilibrium geometry for which the DPA
pseudofragment branch is trans-bent. However we still consider two non-equivalent diabatic
state SPP4 which are optically inactive and are defined by the two Lewis structures on the top
of figure 6.37.

Four equilibrium geometries associated to the four non-equivalent single-trans for which
one of the two ethynylene groups of the BPEB pseudofragment branch has been trans-bent,
have been found. Since the four single-trans isomers are non-equivalent the v trans-angle and
the relative energies are not the same but yet they are very similar (see table 6.11 and figure
6.37). Four non-equivalent diabatic states are considered SZLEB | they are optically inactive and

correspond to the four Lewis structures that are in the bottom of figure 6.37.
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Non-equivalent single-trans isomers
on the DPA pseudofragment branch

Non-equivalent single-trans isomers
on the BPEB pseudofragment branch

y=127.98°, 3.690 eV y=232.01°, 3.691 eV

Figure 6.37: Non-equivalent single-trans isomers of m-DPABPEB
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Rigid scans on m-DPABPEB

Rigid scans have been performed for m-DPABPEB and are gathered in figures 6.38 and 6.39.
Figure 6.38 gathers the trans-bending rigid scans for DPA and m-DPABPEB. The reference

geometries are the equilibrium geometries in the SPP4 diabatic state for both systems. Figure

act

6.39 gathers the trans-bending rigid scans for BPEB and m-DPABPEB. The reference geometries
BPEB

=2 77 diabatic state for both systems. Two rigid scans are

are the equilibrium geometries in the S
perfomed for BPEB peudofragment branches since the two ethynylene groups are not equivalent

by symmetry (scans b) and c) in figure 6.39).
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Figure 6.38: Rigid scans along the v trans bending angle at the second adiabatic electronic
excited state equilibrium geometry of m-DPABPEB and at the first adiabatic electronic excited
state equilibrium geometry of DPA.

The rigid scan a) of fig. 6.38 is the same as the one presented in figure 6.9. The plain
blue lines correspond to the optically inactive states of A, symmetry and the dashed blue line
corresponds to the optically active state 1'B,. Details on this rigid scan are given in subsection
6.2.4. The potential energy curves of the rigid scan b) are captioned as follow: the dashed red
line corresponds to the first optically active state 1' A’ that is associated to a local excitation on
the BPEB pseudofragment branch, the SZPF® diabatic state. The dashed blue line corresponds

to the second optically active state 2! A’ that is associated to a local excitation on the DPA

pseudofragment branch, the SPP4 diabatic state. The plain blue line corresponds to the first

act

optically inactive state 1'A”. In the vicinity of the two apparent minima, one can associate
this adiabatic state to the two non equivalent diabatic states SPI4. Then the green plain lines

correspond to higher states of A” symmetry.
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Since the reference geometry of the rigid scan is the equilibrium geometry in the 2' A state,
the minimum of the 2! A’ state at 180° is indeed the global minimum of this state but the min-
imum at 180° for the 1'A’ state and the two minima at v = 134° and v = 228° are not real
minima but they are only apparent minima. The two apparent minima associated to trans-bent
isomers on the DPA pseudofragment branch are at a relative energy of 4.187 eV and 4.192 eV.
The two equivalent apparent trans minima of scan a) are localised at 133°, 4.155 eV. So even
within the rigid scans, the electronic excited states that are localised on the DPA pseudofragment

branch of m-DPABPEB behave as the electronic states of DPA.
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Figure 6.39: Rigid scans along the v trans bending angle from the first adiabatic electronic
excited state equilibrium geometry of m-DPABPEB and BPEB.

Similarly, the rigid scan of BPEB in fig. 6.39 is the same as the one detailed in fig. 6.9.
The plain red lines correspond to the optically inactive states of A, symmetry and the dashed
red line corresponds to the optically active state 1'B,. Details on this rigid scan are given in
subsection 6.2.4. The scan b) and c) are captioned as the rigid scan of m-DPABPEB in fig.
6.38. The reference geometry is the equilibrium geometry at the minimum in the 1'A’ state
and so the associated relative energy is the one at v = 180° for the 1! 4’ state in the scan b)
and c) in fig. 6.39. All of the other minima in the two rigid scans are then apparent minima.
However the apparent minima associated to the single-trans isomers (228°, 4.277 eV), (132°,
4.279 eV) in the scan b),and m-DPABPEB (228°, 4.290 e¢V) and (132°, 4.290 eV) in the scan

c) are at the same order of magnitude according to the v angle and the relative energy of the
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four equivalent trans minima of the rigid scan a) in fig. 6.39 which are localised at 133°, 4.276 V.

We see that for the rigid scans of m-DPABPEB, in both cases of a local excitation on the
DPA pseudofragment branch or on the BPEB pseudofragment branch, the diabatic state S2I4
is always higher in energy than the SZPFB diabatic state. In addition to that we see that both

diabatic states (SEPFB and SPPA4) are crossing the first optically inactive state which minima
are associated to the single-trans isomers. In the case of a rigid scan which reference geometry
is the equilibrium geometry at the 2! A” state (the DPA pseudofragment branch is characterised
by its cumulenic isomer Lewis structure), the optically inactive diabatic states are S22A4. Tn the
case of the two rigid scans which reference geometry is the equilibrium geometry at the 11 A’ state

(the BPEB pseudofragment branch is characterised by its cumulenic isomer Lewis structure), the

optically inactive diabatic states are SELEB.

6.5 Association of three oligophenylene ethynylene

The pseudofragmentation of mb-DPABPEB

Thanks to the Cs, symmetry this case will be, in fact, simpler than the previous one despite a
larger size. In the introduction (chapter ), details on the pseudofragmentation scheme of mb-
DPABPEB are given in fig. 5. For simplicity, this figure is put again in this section (see fig.
6.40). In section 6.4, one has compared the relative energies, the geometries and the potential
energy surfaces of oPE with their pseudofragments. Here, we are going first to validate the dif-

ferent pseudofragmentation schemes in fig. 6.40, and then an EET mechanism will be suggested.
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mb-DPABPEB m-DPABPEB  m-BPEB BPEB DPA
sphra 1TA": 4.142 2147 4170 1A 4.123 - 1'Byy: 4.144
11A”: 3.737 1147 3.726
DPA 1 .
Strans 11A”: 3.736 1147 3.728 1 Au: 3.716
SBPEB  114,: 3.591 11A’: 3.606 - 1'By,: 3.624 -
147 .
LA™ . 3.699 11A”. 3.690
SBPEB 1"A”: 3.693 _ 11Av - 3.685 _
trans 147 . + I
T TR A7 : 3.690
C 1'A” : 3.691

Table 6.12: Relative energies (in €V) and state symmetries of significant features of the potential
energy surfaces of mb-DPABPEB, m-DPABPEB, m-BPEB, BPEB and DPA.
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Figure 6.40: The pseudofragmentation schemes of mb-DPABPEB.
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The ground state equilibrium geometry of mb-DPABPEB belongs to the Co, point group.

The equilibrium geometry is associated to the Lewis structure that is represented on the left in

figure 6.41.
At the ground state At the 1% excited state At the 2" excited state
equilibrium geometry equilibrium geometry equilibrium geometry

Figure 6.41: Lewis structures at the equilibrium geometries of the ground state, the first and the
second optically active electronic states for the molecular system mb-DPABPEB.

The first optically active state which minimum exists in the Cy, point group belongs to the
1'A; state and lies at 3.591 eV. This energy minimum is at the same order of magnitude than
the energy minima of the first optically active states of m-DPABPEB and BPEB: they lie at
3.606 eV and 3.624 eV (see table 6.12). The Lewis structure of the equilibrium geometry at this
energy minimum is represented in the middle in figure 6.41. We see that this Lewis structure is
composed of two cumulenic groups and three quinoidal phenyls that lie onto the BPEB pseudo-
fragment branch while the structure of the two DPA pseudofragment branches remain similar
to their strucures when mb-DPABPEB is at the ground state equilibrium geometry. Moreover
the two molecular orbitals HOMO/LUMO have been computed at the minimum of the first
three optically active states of mb-DPABPEB, m-DPABPEB and BPEB. They are gathered in
figure 6.42. The weight of the HOMO/LUMO excitation are the numbers on the top of each
LUMO. We see that the weight of the excitation is high for the three systems and so they are
characterised by a HOMO—LUMO excitation that is localised only the BPEB pseudofragment
branch (mb-DPABPEB and m-DPABPEB) and on the whole system (BPEB). As before, we

can then define a diabatic state SEPEB that is associated to a local excitation on the BPEB

act

pseudofragment branch of mb-DPABPEB.
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Figure 6.42: HOMO/LUMO of mb-DPABPEB (on the left), m-DPABPEB (in the middle), and
BPEB (on the right) computed at the equilibrium geometry in the first optically active state.

In the C; point ground, the second optically active state of mb-DPABPEB has an energy
minimum that lies at 4.142 eV and belongs to the 1' A’ electronic excited state. This energy min-
imum is at the same order of magnitude as the energy minima of the 2' A’ state of m-DPABPEB
(4.170 eV), the 11 A’ state of m-BPEB (4.123 eV) and the 114, state of DPA (4.144 eV), see
table 6.12. The Lewis structure associated to the equilibrium geometry of the energy minimum
of the 1'A’ state of mb-DPABPEB is represented on the right in figure 6.41. We see that the
structure is defined by a cumulenic group and two quinoidal phenyls on a single DPA pseudo-
fragment branch while the other DPA and the BPEB pseudfragment branches remain similar
to their structure at the ground state. The 1'A’ state at this equilibrium geometry is charac-
terised by many excitations between the four frontier orbitals (HOMO-1, HOMO, LUMO and
HOMO+1). They are gathered on figure 6.43. The main excitations are HOMO — LUMO
(0.44), HOMO —1 — LUMO + 1 (0.19) and HOMO — 1 — LUMO (0.16). The number into
the brackets are the weight of the excitation. The four frontier orbitals are delocalised over the
molecular system but if we compute the NTO (see fig. 6.43), we observe that only the first pair
is dominant with a singular value of 0.85. The two NTO are localised only onto the DPA pseudo-
fragment branch which is defined by a cumulenic Lewis structure. In addition to that we see that
the detachment and attachment densities are localised only on the same DPA pseudofragment
branch. So even if this state cannot be characterised by a single HOMO/LUMO excitation, we

still can define as before a second diabatic state SPPA that is associated to a local excitation on

act

the DPA pseudofragment branch of mb-DPABPEB.
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Figure 6.43: The four frontier orbitals (HOMO-1, HOMO, LUMO and LUMO+1), the first pair of
NTO, and attachment and detachment densities of mb-DPABPEB computed at the equilibrium
geometry of the 21 A’ state.

A schematic representation of the 11 A;, 21 A’ and the 3! A’ states and the associated diabatic
states SPPA and SBPEB is shown in figure 6.44. There is a charge transfer state between the
second and the fifth adiabatic electronic states in the C,; and in the Csy, point group. Since charge
transfer states are not well described in TDDFT calculations, we have not characterised this

charge transfer state.

Scheme 2 shows the possibility to consider mb-DPABPEB as BPEB and m-BPEB weakly
interacting together. In the previous paragraph, we have discussed the fact that mb-DPABPEB
and m-BPEB are both characterised by a diabatic state that is associated to a localised transition
onto the DPA pseudofragment branch. However we have studied in subsection 6.4.1 that the

first two optically active states in the Cs, point group of m-BPEB are two delocalised states and
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Figure 6.44: Schematic representation of the first adiabatic potential energy surfaces of mb-
DPABPEB and the diabatic excited states SPP4 and SBPEB,

act act

are of By and A; symmetry. They are characterised by two transition states TS4, and TSp,
at 4.289 eV and 4.247 eV. Like m-BPEB, there are two delocalised adiabatic electronic excited
states for mb-DPABPEB that correspond to a combinaison of virtual and right NTO that have
similar shape than the four orbital frontier of m-BPEB (see fig. 6.45). There are the third
and the fourth adiabatic electronic excited states and they are of By and A; symmetry. As for
m-BPEB, the By state of mb-DPABPEB possesses a transition state that lies at 4.222 eV while
the A; state possesses an energy minimum at 4.319 eV but it lies at the same order of magnitude

than TS4, of m-BPEB.

The schemes are not only valid on the optically active states. Indeed, the various single-
trans isomers of mb-DPABPEB have been investigated. The Lewis structure that characterises
the various single-trans isomers of mb-DPABPEB are gathered in figure 6.46.

There are two non equivalent single-trans isomers for which the ethynylene group at the
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Figure 6.45: The four frontier orbitals of m-BPEB and the first two pairs of natural transition
orbitals of mb-DPABPEB computed at the ground state equilibrium geometry.

DPA pseudofragment branch has been trans-bent. We see in table 6.12 that relative energy
associated to these two isomers is similar to the one of the isomers of m-BPEB and of DPA. and
so we can define once again the diabatic states SPE4 for the system mb-DPABPEB.
Considering the single-trans isomers for which one ethynylene group of the BEPB pseudo-
fragment branch has been trans-bent, there exist two pairs of equivalent single-trans isomers.
We see in table 6.12 that relative energies associated to these two pairs of equivalent isomers are
similar to the one of the isomers of m-DPABPEB and of BPEB. and so we can define once again

the diabatic states SEPEB for the system mb-DPABPEB.

trans

To conclude this first part, the three pseudofragmentation schemes in figure 6.40 have been
confirmed and so one can expect to detect similar topography between the potential energy
surfaces of mb-DPABPEB and those of m-DPABPEB, BPEB and DPA. We can then draw a
Jablonsky diagram of mb-DPABPEB which is built with the localised-on-the-pseudofragment
diabatic states (see fig. 6.47).
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Figure 6.46: Lewis structures at the equilibrium geometries of the first optically inactive elec-
tronic states for the molecular system mb-DPABPEB.
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Figure 6.47: Jablonsky diagram of mb-DPABPEB that involves the localised-on-the-
pseudofragments diabatic states
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Rigid scans on mb-DPABPEB

The rigid scans in figure 6.48 have been performed from the reference geometries that are the

equilibrium geometries of the diabatic states SPP4. They correspond to a localised excitation on

act
the DPA pseudofragment branch which is defined by a cumulenic structure. The Lewis structures
associated to the reference geometries are gathered in the same figure as the rigid scans. The ri-
gid scans a), b) and c¢) have been already studied in detail in previous subsections 6.2.4, 6.4.1 and
6.4.2. As a reminder: the dotted blue line corresponds for each of the rigid scans to the diabatic
states that are associated to the local excitation on the DPA pseudofragment branch. The plain
blue lines are optically inactive states for every systems. The two energy minima of the first
optically inactive state match with the single-trans diabatic states that are local single-trans-
excitation on the DPA pseudofragment branch. In the case of a oPE that can be pseudofragment
into at least two DPA (the case of m-BPEB and mb-DPABPEB) and if the electronic excitation
is localised onto one of the two DPA pseudofragment branches, the second optically active state
corresponds to a local excitation onto the other DPA pseudofragment branch. This electronic
state is labelled in dotted brown line for scan b) and d). The dotted red lines correspond to
local excitation onto the BPEB pseudofragment branch. The plain brown, green and dark lines
correspond to forbidden states of m-BPEB, m-DPABPEB and mb-DPABPEB, respectively.
We see on the scans a) to d) in fig. 6.48 that each state SPF4 crosses the first optically

inactive electronic state. The crossings are actually crossings between the SPP4 state and the

DPA
Strans

state. The v values of these crossings are gathered on table 6.14. For the systems DPA
and m-BPEB, the crossings involve the states 1' A’ and 1' A” while for the systems m-DPABPEB
and mb-DPABPEB they involve the states 2! A" and 1 A”. We see that the crossings are localised
at the same order of magnitude. In the case of the scan c) and d), the state SEI'F5 is the first

act

optically active state for both scans and then lie under the SPP4 state. So it crosses the first

act
optically inactive state for smaller v values (in the case of v > 180°) and for higher v values (in
the case of v < 180°).

The energy-minimised conical intersections between the SPP4 and the SPPA states are
gathered in table 6.13.

To evaluate the mixing between the states Sgey and Sirqns, the magnitude of the derivative
coupling vector is calculated and compared to the magnitude of the gradient difference vector.

In both tables 6.14 and 6.13, the magnitudes of the derivative coupling vector (|| DC ||) and of
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the gradient difference vector (|| D ||) for each crossing are gathered in both tables. From the
results of the rigid scans and so from table 6.14 we see that for conical intersections between
the SPPA state and the SPP4 state the magnitude || aD || is 0.09 Fhag' and 0.08 Enag’, and
the magnitude || DC || is 0.04 Fynag! and 0.03 Eyag' which give a ratio H%—[SH approximatively
equal to 2. Eventhough the magnitude of both vectors are different for the minimised crossings
11 A’/11A” for DPA and m-BPEB in table 6.13, the ratio remains close to 2.

However from the ref. [43], we know that the two states 1!By/1'A; are strongly coupled
with each other and that is proved by the fact that || GD ||=0.03 and || DC ||= 0.14, where the
ratio is equal to 0.2.

The coupling between the SPP4 state and the SPP4 state may be then interpreted such
that it is ten times weaker than the coupling between the 1' B, and the 1'4; states. Eventhough
it is a weaker coupling, it is a non-zero coupling. Such a weak coupling between these two states
can then explain why the cumulenic structure is observed predominantly after a photoexcitation
and few picoseconds after, the trans structure is observed predominantly in DPA studies [54].

The magnitude of the branching space vectors have been computed as well for the crossings
between the SPPA and the SBPEEB states (see table 6.14). The magnitude of || GD || increases
and the magnitude of || DC || decreases which means that the coupling between the two states

decreases. It can be explained by the fact that the two states are associated to two localised

states onto two different pseudofragment branches.

Syst. v |IGD|| ||DC |
DPA  1'A’/1'A” 152.00° 0.15 0.08

BPEB  1'A’/1'A” 148.00°  0.18 0.07

1By /11 A4 - 0.03 0.14
m-BPEB 151.88°  0.15 0.08

1 A7 /11 pA»
14/1°4 208.20° 0.15 0.08

Table 6.13: ~ values and magnitudes of the branching space vectors in Eya L at the conical

intersections between the S2P4 state and the SEI’4 that have been minimised in energy by the

use of the merged algorithm.

The rigid scans a) to e) in figure 6.49 have been performed for the systems BPEB, m-
DPABPEB and mb-DPABPEB. The reference geometries are the equilibrium geometries in
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Figure 6.48: Rigid scans of DPA, m-BPEB, m-DPABPEB and mb-DPABPEB at the equilib-
rium geometry associated to the energy minimum of the diabatic state localised on the DPA
pseudofragment branch.

the first adiabatic electronic excited states which is associated to a cumulenic structure onto

the BPEB or on the BPEB pseudofragment branch for the systems m-DPABPEB and mb-
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Syst. v |IGD|| || DC ||
DPA 1tA’/1t A7 150.00°  0.09 0.04

149.72° 0.08 0.04

_ 1 A7 /11 p»
m-BPEB PA/EA™ o073 0.08 0.04

150.83° 0.09 0.03

11A//11A77 .
m-DPABPEB 210.48° - 0.09 0.03
21A’/11A” 148.92 0.13 0.01
212.96° 0.13 0.02
11A’/11A” 150.83 0.09 0.03
150.62° 0.09 0.04
21A//11A77
210.91° 0.09 0.02
mb-DPABPEB .
llA’/llA” 148.50 0.13 0.01

213.18° 0.13 0.02

Table 6.14: ~ values and magnitudes of the branching space vectors in Eynag L at the conical

intersections between the SPPA state and the SPP4 on the rigid scans in figure 6.48.

DPABPEB. The plain red line in the scan a) correspond to optically inactive states of BPEB
while in scan b) and ¢) it corresponds to the first optically inactive states of m-DPABPEB where
the minima are associated to the rigid equilibrium geometries where the BPEB pseudofragment
branch has adopted a single-trans structure. The diabatic states associated to the single-trans
structure is labelled SEPEB The two dotted purple lines in the scans d) and e) are By and
the A; singlet states in both cases that correspond to delocalised excitation onto the m-BPEB
pseudofragment branch on the mb-DPABPEB system. Else, the same caption as the one used
in the scans 6.48 is applied.

We see that in the five rigid scans the state SBPEB

P is clearly the lowest optically active state for

any 7 values and cross the SPIPEB states around v = 142° and v = 218°.

trans
The magnitude of the branching space vectors from the conical intersection of the rigid scans
are gathered in table 6.15. We see that the magnitude of || aD || is constant for every systems
(0.11 Epagy ') and the magnitude of || DC || lie between 0.03 Fyag ' and 0.04 Eyag ' which leads

to a ratio equal approximatively to 4. According to the previous study, such value is equivalent

to a weak coupling between the SEPEB and the SBIPEB

o P states. Due to the weak coupling, since

the reference geometry is associated to a cumulenic structure onto the BPEB pseudofragment
branch and since the energy associated to these structures are lower than the minimum energy

of the single-trans structure, one can conclude that if the excitation is localised onto the BPEB
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pseudofragment branch, it cannot be transferred onto the DPA pseudofragment branch through

a single-trans bending onto an ethynylene group on the BPEB pseudofragment.
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Figure 6.49: Rigid scans of BPEB, m-DPABPEB and mb-DPABPERB at the equilibrium geometry
associated to the energy minimum of the diabatic state localised on the BPEB pseudofragment
branch.
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Syst. v [IGD] ||DC ||

BPEB 1A /11 A7 142.06°  0.11 0.03

Closest ethynylene to the shared phenyl

141.61° 0.11 0.03
218.12° 0.11 0.03

m-DPABPEB  1'A4’/1'A”
mb-DPABPEB  11A’/1'A”  141.49°  0.11 0.03
Furthest ethynylene to the shared phenyl

141.69° 0.11 0.03

1 A/ 1 A»
m-DPABPEB  1'A'/1'A” o0 ') 0.04

mb-DPABPEB  1'A’/1'A” 141.33°  0.11 0.04

Table 6.15: v values and magnitudes of the branching space vectors in Eya, L at the conical

intersections between the SPP4 state and the SEZPEB on the rigid scans in figure 6.49.

Since the coupling between the states SPP4 — SPPA and between the states S2P4 — SEPEB
is non zero, we can suggest a supplementary mechanism to the one that has been already sugges-
ted. Indeed, refs. [39-47] suggested that the EET along a PE-D is driven by stretching vibrations
on the ethynylene groups of the various pseudofragment of a PE-D. We suggest here that the
EET can also be driven by a trans-bending motion thanks to the wavepacket that is localised

onto the SPPA diabatic state and can be transferred to the SPP4 diabatic state. Since the

act trans

SDPA

ranis State is optically inactive there cannot be de-excitation through fluorescence. Then the

wavepacket can be transferred to the SEPEB

i 07 state since it is coupled with the previous optically

inactive state.

We thus propose a perhaps more complicated but richer de-activation mechanism involving
bright /bright and bright /dark crossings (see fig. 6.50). This awaits confirmation from dynamics

calulations.
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Figure 6.50: New de-activation mechanism that is involved in the TEE of mb-DPABPEB.
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Chapter 7

Conclusions and outlooks

The opto-electronic properties of phenylene ethynylene dendrimers have raised our attention.
The dendritic shape of these systems induces an excitation energy gradient which leads to an
excitation energy transfer from the periphery toward its core. A transfer mechanism has been
already suggested that would involve stretching of the ethynylene groups of PE-D. Within this
thesis, we tried to answer to the questions that are: "Is the stretching motion of the ethynylene
groups, the only motion that is involved in the EET?" and "how should we characterise the
adiabatic electronic excited states that are involved in the excitation energy transfer 7".

The smallest threefold phenylene ethynylene dendrimer is mbDPABPEB. It is the smallest
system with a node in which there is an excitation energy gradient. Thus it is an efficient model
to determine how the EET can occur along PE-D.

Ho et al [43] have suggested a pseudofragmentation scheme for mBPEB such that this sys-
tem behaves as two DPA which are weakly interacting. In the manner of this pseudofragment-
ation scheme we have studied mbDPABPEB according to three pseudofragmentation schemes:
mbDPABPEB behaves as two DPA and one BPEB which are weakly interacting, one mBPEB
and one BPEB which are weakly interacting, and one DPA and one mDPABPEB which are
weakly interacting.

To study mbDPABPEB we needed then to study first small oligophenylene ethynylenes and
association in meta position of two such oligophenylene ethynylenes to determine the validity of
the three pseudofragmentation schemes.

Computational tools have been defined to compare oligophenylene ethynylenes with each
other and to validate the pseudofragmentation schemes. Two density-based descriptors have
been used to characterise the adiabatic electronic excited states of oligophenylene ethynylenes.

The two descriptors inform us on the locality of the photoexcitation; there is the density-based
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descriptor ¢g which determines the overlap between the attachment and the detachment densit-
ies and there is the density-based descriptor x which determines the net charge transferred in the
photoexcitation. For conical intersections, a merged algorithm has been written: It combines a
seam-energy optimisation algorithm and a software which computes a numerical branching space
along the seam. Such a merged algorithm had to be written because conical intersections of some
oligophenylene ethynylene involve electronic excited states of same symmetry and we needed to
find the geometry of lowest-in-energy conical intersections.

The latter computational tools were used in addition to natural transition orbital determin-
ation, oscillator strength determination and symmetry sorting of electronic states. These various
tools allow us to define diabatic states for each oligophenylene ethynylene. The Sy .+ diabatic
state which describe a 7,7} transition onto the ethynylene groups is an optically active state
and the energy minimum of this diabatic state is associated to the equilibrium geometry of a
cumulenic isomer of oligophenylene ethynylene. The second diabatic state that has been defined
is an optically inactive state and is referred to as the Sﬂxﬂé diabatic state. It corresponds to
a m,m, transition onto a single ethynylene group and its energy minimum is associated to the
equilibrium geometry of a trans isomer such that the ethynylene group is trans-bent. The longer
is the oligophenylene ethynylene, the more ethynylene groups there are and so the more possibil-
ities there are to determine trans isomers where only one ethynylene group is trans-bent, either
clockwise or anticlockwise.

We found out that the energy minimum of the Sy -« state is lower than the energy minimum
of the Sr,x: state only for DPA. It is the contrary for longer oligophenylene ethynylenes. The
ordering of these diabatic states in systems that can be pseudofragmented is conserved according
to the pseudofragment, i.e. the ordering of the diabatic states in oligophenylene ethynylenes.

So we suggested that in a case where the wave-packet is initially localised onto the diabatic
state Sr,r: that describes the DPA pseudofragment branch of mbDPABPEB, a trans-bending
on the ethynylene group of this branch can occur thanks to a population transfer from the state
Sr,nz toward the state SMW; of the DPA pseudofragment branch. Then a population transfer
can occur from this previous SWM; state toward the Sy« state that describes the BPEB pseudo-
fragment branch. Such a population transfer is possible because the magnitude of the derivative
coupling vectors are non zero.

Very preliminary adiabatic (only on the first singlet state) quantum dynamics have been

performed but they were not very conclusive, they are not presented here in this thesis. However,
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non-adiabatic quantum dynamics have not been done to validate the excitation energy transfer
mechanism. Dynamical studies could be performed in the case of reduced-systems and would be
helpful to validate the suggested mechanism above in further studies.

In the very beginning of the general introduction, we have explained that one of the most
promising candidates in opto-electronic devices within the phenylene ethynylene dendrimers is
the nanostar. mbDPABPERB is only a pseudofragment among others in the pseudofragmentation
scheme of the nanostar but it is the first with a threefold node. The complete pseudofragmenta-
tion scheme of the nanostar is proposed in figure 7.1. The nanostar can be indeed pseudoframen-
ted into: tertiobutyl-DPA, DPA, BPEB, DPABPEB and a perylene group that are all weakly
interacting together. However, in this thesis we do not have taken into account the tertiobutyl-
DPA that are considered as the antenna of the nanostar and the perylene group that is the
energy trap of the nanostar. We expect the tertiobutyl group to have very weak effect on optical
properties. Three calculations have been performed in addition the whole study of this thesis to
determine the energy minima and the associated equilibrium geometries of the tertiobutyl-DPA
and the perylene. At the equilibrium geometry of the ground state of the tertiobutyl-DPA, the en-
ergy of the first optically active state lies at 4.482 eV and the minimum energy at the equilibrium
geometry in the first optically active state of the perylene group (to which an ethynylene group
and a benzene have been added, see fig. 7.1) lies at 2.716 eV. It allows us to draw the schematic
representation of a suggested excitation energy transfer mechanism within the nanostar in fig-
ure 7.2. We suggest that sixteen tertiobutyl-DPA are locally photo-excited thanks to a specific
wavelength that is energetically adequate to such an excitation. The tertiobutyl-DPA are likely
to be isomerised into cumulenic isomers and then a population transfer occurs from the Sy«
state toward the Sﬂxﬂ; state of the antenna. Then the population transfer occur from the previ-
ous S”I”Z state toward the Sy .« state of the DPA pseudofragment branch and toward its Sﬂﬂ;.
After that the DPA can trans-bent, the population transfer occurs only between the S+ states
of the various oligophenylene ethynylene pseudofragment branches to reach the lowest diabatic
state that is associated to a local excitation onto the perylene group which will then emit. The

population transfer that occurs between different diabatic states is done via internal conversion.
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Pseudofragmentation scheme

I + I + O +

O
O
===
O
S3S=C

Figure 7.1: Pseudofragmentation scheme of the nanostar.
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Figure 7.2: Mechanism suggestion of the EET in the nanostar.
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Chapter 8

Appendix

8.1 Absorption and emission spectra of oPE
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Figure 8.1: Theoretical absorption spectra of DPA in acetonitrile (blue), cyclohexane (orange),
dichloromethane (green), hexane (red), and in vacuo (purple) within the Franck-Condon and
harmonic approximation.
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Figure 8.2: Theoretical emission spectra of DPA in acetonitrile (blue), cyclohexane (orange),
dichloromethane (green), hexane (red), and in vacuo (purple) within the Franck-Condon and
harmonic approximation.
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Figure 8.3: Theoretical absorption spectra of BPEB in acetonitrile (blue), cyclohexane (orange),
dichloromethane (green), hexane (red), and in vacuo (purple) within the Franck-Condon and
harmonic approximation.
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Figure 8.4: Theoretical emission spectra of BPEB in acetonitrile (blue), cyclohexane (orange),
dichloromethane (green), hexane (red), and in vacuo (purple) within the Franck-Condon and
harmonic approximation.
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Figure 8.5: Theoretical absorption spectra of DPABPEB in acetonitrile (blue), cyclohexane (or-
ange), dichloromethane (green), hexane (red), and in vacuo (purple) within the Franck-Condon
and harmonic approximation.
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Figure 8.6: Theoretical emission spectra of DPABPEB in acetonitrile (blue), cyclohexane (or-
ange), dichloromethane (green), hexane (red), and in vacuo (purple) within the Franck-Condon
and harmonic approximation.
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