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Abstract

Nonlinear optics (NLO) deals with the interaction of high-intensity electro-
magnetic radiation with mater. It is an active field of research that find ap-
plication in technological areas such as optical storage and all-purpose optical

devices.

Molecular switches are defined as compounds presenting the ability to com-
mute, in a reversible way, between two or more states in response to external
stimulus. These reversible switching processes, and thereby the alteration of
the molecular properties of the compounds, find great interest in many tech-

nological applications that are based on commutation mechanisms.

This work was developed with the objective of combining the highly NLO-
active n°-monocyclopentadienyliron (IT) and ruthenium (II) organometallic
fragment with ligands that intrinsically present adequate spectroscopical and
redox properties to promote switching processes, with the ultimate goal of
obtaining organometallic complexes exhibiting high contrasts of their second-
order NLO properties. Objectively, the work combines the synthesis of new
organic chromophores and their respective organometallic compounds, their
spectroscopical and electrochemical characterization and the evaluation of
their nonlinear optical properties. Density functional theory was also used
as a useful tool for fully understand the underlying electronic properties of the

compounds responsible for their nonlinear optical features.

This thesis is divided in six chapters: In Chapter 1 a brief introduction to
the nonlinear optical phenomenon will be addressed. A short mathematical
description of the nonlinear optical phenomena is presented followed by the
common experimental techniques to evaluate the nonlinear optical properties
of molecules. A state-of-the art in organometallic compounds for nonlinear

optical purposes is made, in particular for nonlinear optical switching. Fi-



nally, quantum chemical methods for obtaining the optical nonlinearities are

presented.

Chapter 2 covers the synthesis, spectrocopic, electrochemical and nonlinear
optical characterization of three novel n°-monocyclopentadienyliron (IT) and
ruthenium (II) organometallic complexes containing the 5-[3-(thiophen-2-yl)-
benzolc]thiophenyl|thiophene-2-carbonitrile ligand(L1). The novel ligand was
achieved by a five step procedure in good yield. The complexes were obtained
by halide abstraction in the adequate organometallic fragment by thallium
(I) hexafluorophosphate. The combination of experimental techniques such
as infrared, linear absorption and nuclear magnetic resonance spectroscopies,
cyclic voltammetry and hyper-Rayleigh Scattering with density functional the-
ory calculations allowed the unambiguous assignement and interpretation of
the electronic properties of the new complexes. The synthesized complexes
present moderate hyperpolarizabilities at 1500 nm (8 = 105 — 164 x 1073°
esu; By = 57 — 87 x 1073 esu). The similarity of the hyperpolarizabilities
of the complexes were rationalized by the density functional theory studies
which clearly showed that the energies and intensities of the lowest-energy
electronic transition, responsible for the nonlinear optical properties, have
mainly intra-ligand charge transfer character. The nonlinear optical switching
of the complexes was investigated by density functional theory calculations.
Results show that upon oxidation or reduction, the compound increased their

hyperpolarizabilities by up-to a 8-fold factor.

Chapter 3 is devoted to the synthesis and spectroscopical characterization of
five 1,2,4,5-tetrazine (s-tetrazine) ligands and three novel n°-monocyclopen-
tadienyl-ruthenium (II) organometallic complexes. Ligands L1 and L2 were
synthesized by a Nucleophilic Aromatic substitution reaction on 3,6-bis(3,5-
dimethylpyrazolyl)-s-tetrazine whereas ligand L3 and the precursor of L4 and
L5 were obtained by Piner’s method, starting from the adequate nitriles. An
unprecedent selective Sonogashira coupling afforded ligands L4 and L5 in
moderate to good yields. Ligand L4 is an unprecedent case of a diethynyl-
s-tetrazine compound. Three novel organometallic complexes were obtained,

one complex bearing L2 and two binuclear complexes bearing ligand L3. The



complexes were synthesized by halide abstraction of the adequate organometal-
lic fragments with thallium (I) trifluoromethanesulfonate in moderate yields.
The electronic properties of the complexes were investigated by spectroscopic
techniques, namely infrared and UV-Vis. and nuclear magnetic resonance
spectroscopies. Density functional theory calculations were used in order to
gain greater insight of the obtained spectroscopic properties for both the lig-
ands and the complexes. Nonlinear optical properties and the redox-switching
abilities were also investigated by density functional theory. Results show that
both the ligands and complexes present low to moderate hyperpolarizabilities,
in the range of By = 0 - 35 x107%° esu for the ligands and By = 15 - 108
x1073% esu for the complexes, in good accordance with perditions made by
the spectroscopic data. Concerning the one-redox oxidation of the complexes,
results show that the behaviour of the hyperpolarizablities depends on the
coordinated ligant to the metal centre. For complex bRuL2, DFT predicts
an enhancement of the estimated hyperpolarizability by a 8- to 31-fold factor
depending on the functional. In the case of complexes aRuL3 and bRuL3,
the one-electron oxidation leads to different results for different funtionals: a
dimishing by of the hyperpolarizability is expected by ca. 2-fold factor for
B3LYP and M06. CAM-B3LYP predicts an enhancement of the hyperpolar-
izabilities of both complexes aRuL3 and bRuL3 by a 11-fold and a 2.5-fold

factor respectively.

Chapter 4 presents other works developed during the time of this thesis. In
particular, the experimental measurements of the nonlinear optical proper-
ties of several n>-monocyclopentadienylmetal (IT) complexes and three density
functional theory studies, the mechanistic study of ring-opening polymeriza-
tion of e-caprolactone by a bis-arene-ruthenium (II) complex and the dissocia-
tion energies and charge decomposition analysis of several n°>-monocyclopenta-
dienyl-ruthenium (II) organometallic complexes bearing heterocyclic compounds

are briefly showed.

Finally, in Chapter 5 the concluding remarks, future prospects and a critical
analysis of the work are made, and in Chapter 6 the general methods for the

synthesis and Density Functional calculations is presented.



Resumo

A Otica Nao-Linear trata da interacao de feixes intensos de luz com a matéria.
Actualmente, é uma area de enorme interesse tecnolégico uma vez que o0s
seus fundamentos sao aplicados em véarias area do conhecimento, desde a in-

formatica a biotecnologia.

Comutadores moleculares podem ser definidos como moléculas que possuem a
capacidade de alterar, de forma reversivel, as suas propriedades fisico-quimicas
por aplicacao de um estimulo externo. A reversibilidade destes processos, em
particular, tém um grande interesse em aplicagoes tecnoldgicas, nomeadamente
no desenvolvimento de dispositivos e memoérias 6ticos que possuem no seu

funcionamento base fenémenos de transmissao de informacao.

Esta tese foi desenvolvida no ambito do desenvolvimento de compostos organo-
metdlicos de ferro (II) e ruténio (II), baseados em n°-monociclopentadienilos
metalicos, contendo ligandos organicos que possuam propriedades espectroscé-
picas e electroquimicas adequadas para promover a comutacao das suas pro-
priedades de 6tica nao linear. Mais objetivamente, este trabalho combina a
sintese de novos ligandos organicos e dos seus respetivos compostos organometa-
licos com a sua caracterizagao espectroscopica e electroquimica, assim como
com a determinacao das suas propriedades de ética nao linear por dispersao de
hyper-Rayleigh. Adicionalmente, estudos pela Teoria da Densidade do Fun-
cional foram aplicados para racionalizar os resultados experimentais obtidos,
em particular as referidas propriedades de 6tica nao linear. Esta tese encontra-

se dividida em seis capitulos:

No Capitulo 1 sera feita uma breve introducao ao fenémeno da ética nao linear.
Sera apresentada uma breve descriccao matematica dos processos de ética nao
linear seguida da apresentagao das técnicas experimentais mais comuns para a

determinacao destas propriedades em compostos quimicos. Far-se-4 também



pequeno estado da arte sobre compostos organometélicos com elevadas pro-
priedades de 6tica nao linear, em particular compostos cujas propriedades
de comutacao molecular foram ja demostradas. Finalmente, serao descritos os
métodos quanticos comummente usados para a determinacao das propriedades
de ética nao linear. Sera dada particular atenccao aos métodos utilizados na

teoria da densidade do funcional.

O Capitulo 2 trata da sintese e caracterizacao espectroscépica e electroquimica
de trés novos compostos organometéalicos contendo fragmentos n°-monociclopen-
tadienilos de ferro (IT) e rutnio (IT) e um ligando baseado em 1,3-ditienilbenzo[c]-
tiofeno. O mnovo ligando foi obtido com bom rendimento em cinco passos
sintéticos. Os respectivos complexos organometdlicos foram sintetizados por
abstragdo de halogeneto com trifluorofosfato de télio (I). A combinagao de
varias técnicas espectroscopicas, nomeadamente espectroscopias de infraver-
melho, ultravioleta-visivel e ressonancia magnética nuclear, electroquimicas
(voltametria ciclica) e de dispersao de hyper-Rayleigh com calculos quanticos
permitiu correlacionar e interpretar todos os dados experimentais obtidos. Os
compostos sintetizados mostraram propriedades de 6tica nao linear moderadas
(8 =105—164 x 1073% esu; By = 57— 87 x 1073? esu) quando comparados com
outos compostos semelhantes ja publicados. A semelhanca dos valores obtidos
para todos os compostos sintetizados foi racionalizada com base em estudos
da teoria da densidade do funcional, onde se mostrou claramente que as en-
ergias e as intensidades das transicoes de menor energia, responsaveis pelas
propriedades de 6tica nao linear dos compostos, possuem essencialmente um
caracter relacionado com o ligando. A comutacao das propriedades de dtica
nao linear dos compostos foram investigadas através da teoria da densidade
do funcional, tendo os resultados mostrado que, apés um estimulo redox, os
compostos sintetizados aumentam até oito vezes o valor das sua propriedades

de Otica nao linear.

No Capitulo 3 sao apresentadas as sinteses e caracterizagao espectroscopica de
cinco novos ligandos baseados em anéis de 1,2,4,5-tetrazina (s-tetrazina), as-
sim como a sinteses e caracterizacao espectroscopica de trés novos compostos

organometalicos. Os ligandos L1 e L2 foram sintetizados em bom rendimento



a partir de 3,6-bis(3,5-dimetilpirazolil)-s-tetrazina por uma reacgao de Sub-
stituicao Nucleofilica Aromatica. O ligando L3 e o percursor dos ligandos
L4 e L5 foram sintetizados pelo método de Piner a partr de compostos con-
tendo nitrilos nas posicoes adequadas. Por sua vez, os ligandos L4 e L5 foram
sintetizados selectivamente por uma reago de acoplamento de Sonogashira em
rendimentos moderados. O ligando L4 é o unico derivado de 1,2,4,5-tetrazina
conhecido na literatura que contém duas fungoes acetilénicas. Foram obtidos
trés complexos organometélicos, um contendo o ligando L2 e dois contendo
o ligando L3, por abstragao de halogeneto com trifluorometanossulfonato de
talio (I) em rendimentos moderados. As propriedades electrénicas dos com-
postos foram estudadas por técnicas espectroscopicas, nomeadamente espec-
troscopias de infravermelho, ultravioleta-visivel e ressonancia magnética nu-
clear. Estudos pela teoria da densidade do funcional foram utilizados para uma
melhor compreensao e correlacao com resultados experimentais obtidos. As
propriedades de 6tica nao linear e de comutacao foram também avaliados por
calculos quanticos. Os resultados obtidos mostram que quer os ligandos quer
os complexos organometdlicos apresentam propriedades moderadas (S = 0 -
35 x1073 esu para os ligandos e S; = 15 - 108 x1073Y esu para os complexos
organometdlicos) quando comparados com outros publicados na literatura.
Estes resultados estao em concordancia com as propriedades espectroscopicas
obtidas. No que respeita as propriedades de comutagao, mostrou-se que as
propriedades de Otica nao linear para estes compostos sao dependentes dos
ligandos coordenados. Por exemplo, apés um estimulo redox, prevé-se que o o
complexo bRuL2 aumente a sua primeira hiperpolarizabilidade por um factor
de 8 a 31 vezes consoante o funcional utilizado, enquanto que os compostos
aRuL3 e bRuL3 apresentam diferentes comportamentos para os funcionais
utilizados: de acordo com o funcional CAM-B3LYP deverao diminuir esta pro-
priedade para metade e de acordo com os funcionais B3LYP e M06 deverao

aumentar a sua hiperpolarizabilidade 11 e 2.5 vezes, respectivamente.

No Captulo 4 mostrar-se-ao outros trabalhos efectuados no decurso deste
doutoramento, envolvendo medicoes experimentais de hiperpolarizabilidades

de compostos organometalicos e calculos pela teoria da densidade do funcional.



Finalmente, nos Capitulos 5 e 6 serao feitas as conclusoes gerais e consideragoes
finais do trabalho realizado e a descricao dos métodos experimetais gerais para

a obtencao e caracterizacao dos compostos.



Contents

Page

List of Figures Xiv]
List of Schemes ix]
List of Tables exil
List of Symbols and Abbreviations il
1 Introduction dl
1.1 Microscopic Theory of Nonlinear Optics . . . . . . . .. ... ... ....
1.2 From the Microscopic to the Macroscopic Domain . . . . . . . ... .. .. (
1.3 Experimental Techniques for Measuring Second-Order NLO Properties [
1.3.1 Kurtz and Perry Powder Technique . . . . . . ... ... ... ... &l

1.3.2  Hyper-Rayleigh Scatterring . . . . .. ... ... .. ... ..... 10

1.3.3 Electric Field Induced Second Harmonic Generation . . . . . . . . . 14l

1.3.4 Solvatochromism . . . . ... ... .. .. ... .. ... .....

1.4 Organometallic Compounds for NLO . . . ... ... ... ... .. .... 17
1.4.1 Metallocenyl Derivatives . . . . . . .. . ... ... ... ... ... 18]

1.4.2 Half-sandwich Complexes . . . . . .. .. ... ... ... ..... 211

1.4.3  Acetylide Metal Phosphine Complexes . . . . . ... ... ..... 29]

1.4.4 Metal Ammine Complexes . . . . . . . .. .. .. ... .. ...,

1.5 Nonlinear Optical Molecular Switching . . . . . . .. ... ... ... ... 3061

1.5.1 Switching by alteration of the donor or acceptor groups - Redox

Switching . . . . . . ... 37

1.5.2  Switching by alteration of the conjugated system . . . . ... ... 40}



CONTENTS

1.5.3 Multi-stimuli Switching . . . . . . . .. ... [43]
1.6 Density Funcional Theory in NLO . . . . . . .. ... ... ... ... ... 43}
1.6.1 The Hartree-Fock Approximation . . . . . ... ... ... ... .. 45
1.6.2 Density Functional Theory . . . . . . . . ... .. ... ... .... 48
1.6.3 Nonlinear Optical Properties from DFT . . . .. . ... ... ...
1.6.4 Comparison of Theoretical and Experimental Hyperpolarizabilities .
1.7 Units and Conventions In Nonlinear Optics . . . . . . . . . ... ... ... 5]
1.8 Motivation for thiswork . . . . . . ... ... oo 60}

Organometallic Compounds Containing Benzo|c]thiophene Derivatives [T3]

2.1 Imtroduction . . . . . . . .. [73]
2.2 The Benzo|[c|thiophene core . . . . . . . . . ... ... ... ..
2.2.1 1,3-Thienyl-benzo[c]thiophene Synthesis . . . . . . ... ... ... 77
2.2.2  Organometallic Complexes Containing Benzo[c] Thiophene based Chro-
mophores . . . . .. L [79)
23 Results. . . . . 821
2.3.1 Synthesis and Spectroscopic Studies of the Ligands . . . . . . . .. 82
2.3.2  Electrochemical studies on the Ligands . . . . . .. ... ... ... 891
2.3.3  Synthesis and Spectroscopic Studies of the Complexes . . . . . . . . 921
2.3.4  Electrochemical studies on the Complexes . . . .. ... ... ... 991
2.3.5 Quadratic Hyperpolarizabilities . . . . . . .. ... ... ... ... 103
2.4 Density Functional Theory Studies . . . . . .. .. ... .. ... ..... 041
2.4.1 Geometry and optical data . . . . . . . ... 104
2.4.2  Redox switching of the second-order NLO responses . . . . . . . .. 119
25 Conclusion . . . . . .. Lo
2.6 Experimental . . . . . ... 136!
2.6.1 Synthesis . . . . . . .. 137
2.6.2  S,S-Di(pyridin-2-yl)benzene-1,2-bis(carbothioate) (1) . . . . . . .. 138
2.6.3  1,3-Di(thiophen-2-yl)benzo[c|thiophene (3) . . . . . . ... ... .. 1401
2.6.4  5-(3-(Thiophen-2-yl)benzo[c|thiophen-1-yl)thiophene-2- carbonitrile
(L1) o 1411
2.6.5 2-((5-(3-(Thiophen-2-yl)benzolc|thiophen-1-yl)thiophene-2-yl)
methylene)malononitrile carbonitrile (L2) . . . . . . ... ... ...
2.6.6 General procedure for the [(n°-CsHs)M(LL)L1]PFs complexes . . . [I43

xi



CONTENTS

2.6.7 [(n°-CsH;)Fe(k?-dppe)L1]PFg (1Fe) . . . . . . . ... .. ... ... 143
2.6.8 [(n°-CsHs)Ru(k?-dppe)L1]PFg (1aRu) . . . . ... ... ... ... T44
2.6.9 [(n°-CsHs)Ru(PPh3),L1]PFg (1IbRu) . . . . .. ... .. ... ...
References . . . . . . . . . 145
3 Organometallic Compounds containing s-Tetrazine Derivatives 157
3.1 Imtroduction . . . . . . . ... 157
3.1.1 Synthesis of 3,6-diaryl-s-tetrazines . . . . . . . .. .. ... 158
3.1.2  Tetrazine Reactivity . . . . . .. .. ... ... ... 162
3.1.3 Tetrazine Applications . . . . . . . . ... L. 164

3.2 Results. . . . . . 170
3.2.1 Synthesis and Spectroscopic Studies of the Ligands . . . . . . . .. 170
3.2.2 Quadratic Hyperpolarizabilities of the Ligands . . . . . . . . . . .. 185
3.2.3 Synthesis and Spectroscopic Studies of the Complexes . . . . . . . . 186
3.2.4 Quadratic Hyperpolarizabilities of the Complexes . . . . . . . . .. 1991

3.3 Density Functional Theory Studies . . . . . . . .. ... ... ... .... 200
3.3.1 DFT studies of the Ligands . . . . . .. ... ... ... ...... 200
3.3.2 DFT studies of the Complexes . . . . .. ... ... ... ......
3.3.3 Redox switching . . . . . . ... ... . L oo 225

3.4 Conclusions . . . . . . . .. 230
3.5 Experimental . . . . . ... 238
3.5.1 Synthesis of ligands L1 and L2. . . . . . ... ... ... ... ... 238
3.5.2 Synthesis of ligand L3 . . . . . ... ... 0L
3.5.3 Synthesis of ligands L4 and L5 . . . . . . ... ... ... ... ... 243
3.5.4  Synthesis of [CpM(PP)(L)]OTf complexes (L=tetrazine ligand) . .
References . . . . . . . . . 250
4 Suplementar published work 261!
4.1 Hyperpolarizability measurement . . . . . . . . . ... .. ... ... ...
4.2 Mechanistic Study of ROP . . . . . . .. .. ... ..
4.3 Estimation of Bond Dissociation Energies . . . . . . . . .. ... ... ... 262
4.4  Charge Decomposition Analysis Studies . . . . . . ... .. ... ... ...
References . . . . . . . . . L 269

xii



CONTENTS

5 Experimental 269!
5.1 Characterization Methods . . . . . . . . . . .. ... ... ... 269
5.1.1 Spectroscopic Techniques . . . . . . . . .. .. .. ... ... .... 269

5.1.2 Hyper-Rayleigh Scattering (HRS) . . . . . ... .. ... ... ... 269)

5.1.3  Cyclic Voltammetry (CV) . . . ... ... ... ... ... .... 2701

5.1.4 Elemental Analysis (EA) . . . . ... ... .. oL 2701

5.2 Density Functional Calculations . . . . . .. . ... ... ... ....... 271
References . . . . . . . . . .

6 Conclusion 276

xiil



List of Figures

Xiv

Page
Chapter 1

Figure 1.1 — Particle-like model for the description of nonlinear optical phe-

NOMIEINIA. .« .« . v v v e e e e e e e e e e e e e
Figure 1.2 — Typical laser set-up for the Kurtz Powder Technique . . . . . . . . O
Figure 1.3 — Typical laser set-up for the HRS experiment . . . . . ... .. .. 11
Figure 1.4 — Generic structures for dipolar, quadrupolar and octupolar systems. [1§]
Figure 1.5 — General structure of metallocenyl organometallic complexes. R

=H or NLO-chromophore, A = acceptor . . . . .. ... ... ... .... 19]
Figure 1.6 — Selected ferrocenyl complexes with high bulk SHG properties . . . [0
Figure 1.7 — Selected ferrocenyl complexes derivatives bearing strong electron

acceptor groups and their molecular first hyperpolarizabilities . . . . . . . 20
Figure 1.8 — Selected ferrocenyl complexes bearing quartenery ion-based groups

and their molecular first hyperpolarizabilities . . . . . . .. .. ... ... 21
Figure 1.9 — Selected ferrocenyl and ruthenocenyl complexes . . . . . . .. .. 21
Figure 1.10 — General structure of half-sandwich organometallic complexes. . . . [22
Figure 1.11 — Selected structures for half-sandwish dipolar nitrile organometallic

complexes . . . . .. 24]
Figure 1.12 — Selected structures for half-sandwich dipolar nitrile organometallic

complexes bearing heteroaromatic ligands . . . . . . . .. ... ... ...
Figure 1.13 — Selected structures for half-sandwich dipolar nitrile organometallic

complexes bearing fused-ring thiophenes . . . . . . ... ... ... ... 251
Figure 1.14 — Selected structures for half-sandwich dipolar nitrile organometallic

complexes . . . .. 20]



LIST OF FIGURES

Figure 1.15 — Selected example of acetylide organometallic complex presenting
a dispersion-enhanced HRS quadratic hyperpolarizability at 1064nm fun-
damental wavelength . . . . . ... ... o oo

Figure 1.16 — Selected example of acetylide organometallic complexes presenting
different transition metals . . . . . . .. ... oL

Figure 1.17 — Selected example of acetylide organometallic complex presenting
different transition metals . . . . . ... ..o o0

Figure 1.18 — Selected example of acetylide organometallic complexes presenting
heterocyclic aromatic ligands . . . . . . . ... .. ... . L.

Figure 1.19 — Selected example of acetylide organometallic complexes presenting
different electron acceptor groups . . . . . . . ... ... L.

Figure 1.20 — Selected example of acetylide organometallic complex presenting
a dispersion-enhanced HRS quadratic hyperpolarizability at 1064nm fun-
damental wavelength . . . . .. .. ... o000

Figure 1.21 — Selected example of acetylide organometallic complexes presenting
diferent co-ligands . . . . . . . ... oo L

Figure 1.22 — General structure of acetylide metal phosphine organometallic
complexes. . . . ..

Figure 1.23 — Selected examples of acetylide metal phosphine organometallic
complexes with increasing length chromophores . . . . . . .. . ... ..

Figure 1.24 — Selected examples of acetylide metal phosphine organometallic

complexes bearing ethylene and imine linkages . . . . . .. ... ... ..

Figure 1.25 — General structure of ruthenium ammine organometallic complexes.

Figure 1.26 — Selected examples of ruthenium ammine organometallic complexes
Figure 1.27 — Selected examples of 2D V-shaped ruthenium ammine organometal-
lic complexes . . . . . . .
Figure 1.28 — Examples of the first synthesized metallo-organic NLO switches
Figure 1.29 — Selected structures of phenylethynyl based Iron (II) molecular
switches . . . . . .
Figure 1.30 — Selected structures of mixed valence phenylethynyl based Fe (II)/Ru

(IT) molecular switches . . . . . . . . . ... ... ...

0]

0]
09

818

140)

Figure 1.31 — 5,5-Dithienylperfluorocyclopentene (DTE) based molecular switches

Figure 1.32 — Examples of Ru™ complexes for protic switching . . . . .. . ..

XV

42



LIST OF FIGURES

Figure 1.33 — Interconvertion between six states of a multi-stimuli Ru™ molec-

ular switch . . . . ..o Lo (44
Chapter 2

Figure 2.1 — Structures of some fused-thiophene compounds . . . . . . . . . .. [76l
Figure 2.2 — Aromatic and Quinoidal Structures of benzo|c|thiophene . . . . . 70
Figure 2.3 — "H-RMN spectra for Lland L2 . . . . ... ... R7
Figure 2.4 — Hypothisized interactions occouring in the benzo[c]thiophene ligands B8]
Figure 2.5 — Cyclic Voltammetry of ligand L1 in acetonitrile (200mV/s) . . . . Q0
Figure 2.6 - "H-RMN spectra for 1Fe, L1 and 1aRu . . . . . . . .. ... .. 95]
Figure 2.7 — UV-Vis. spectra of 1.0x 10™°M chloroform solutions of 1Fe, 1aRu

and 1IbRu . . . . . . 97
Figure 2.8 — Cyclic voltammogram of complex 1Fe in dichloromethane (200

mV/s). Inset: Isolation of the first oxidative processes . . . . . . . . . .. 99
Figure 2.9 — UV-Vis spectra of the oxidation tests of L1, 1Fe, 1aRu, and

1bRu in dichloromethane . . . . .. .. .. ... .. ... ... ... ..
Figure 2.10 — DFT optimized structures for ligand L1 and the monocationic

M1Fe, M1aRu and ¥1bRu complexes . . . . . . . . . . ... ... ... 107
Figure 2.11 — Ground-state resonance structures for the studied organometallic

complexes . . . . .. 109
Figure 2.12 — CAM-B3LYP TD-DFT spectra of L1, ¥1Fe, ¥ 1aRu and ¥ 1bRu

in gas-phase. . . . . . .. 111
Figure 2.13 — Gas-phase HOMO and LUMO molecular orbitals of L1, ¥1Fe,

Mi1aRu and Y1bRu using CAM-B3LYP (contour: 0.03 au). . . . . . . . 114
Figure 2.14 — CAM-B3LYP chloroform solvated optimized structures of #1aRu

(top) and F1bRu(bottom). . . . . . . . . .. ... INE

Figure 2.15 — Molecular Electrostatic Potential (MEP) map distribution for #1Fe
(top), M1Fe’® (middle) and ¥ 1Fe™? (bottom) using CAM-B3LYP. (con-
tour: 0.045 au) . . ... 124
Figure 2.16 — SHOMO and SLUMO molecular orbitals involved in the dominant
optical transitions of L1°%, M1Fe’” 1aRuL1°® and 1bRuL1°® using
CAM-B3LYP. (contour: 0.03 au). . . . ... ... .. ... ... ..... 1261

Xvi



LIST OF FIGURES

Figure 2.17 — Calculated optical spectra for L1°® and ®1Fe® and »1aRu®®

using CAM-B3LYP. . . . . . ..o o 1271
Figure 2.18 — Calculated optical spectra for ML17¢? (=), M1Fe" (-), M1aRu

(-) and MIbRu™ (1) . . ... 1371
Figure 2.19 — CAM-B3LYP molecular orbital for L17*¢ and ¥ 1bRu"*? involved

in the two lower energy transitions. (contour: 0.03 au) . . ... ... ..
Figure 2.20 — CAM-B3LYP molecular orbital for ¥L17¢ and *1bRu"*? in-

volved in the two lower energy transitions.(contour: 0.03 au) . . . . . .. 133

Chapter 3

Figure 3.1 — Structures of the three known tetrazine isomers. . . . . . . . . .. 57

Figure 3.2 — Some examples of HDEM’s based on tetrazine derivatives and their

heat’s of formation. . . . . . .. ... o o [165]
Figure 3.3 — Structures of the 3,6-bis(pyridil)-s-tetrazine and 3,6-bis(pyrimydil)-

s-tetrazine families. . . . . . . .. ..o o 160
Figure 3.4 — Coordination modes of the 3,6-bis(pyridil)-s-tetrazine isomers. . . [[67]
Figure 3.5 — Coordination modes of the 3,6-bis(pyridil)-s-tetrazine isomers. . . [167]
Figure 3.6 — Structures of ferrocenyl tetrazine derivatives. . . . . . .. .. .. 169
Figure 3.7 — Structure of the synthesized s-tetrazine-based ligands . . . . . . . 170
Figure 3.8 — Structures and atom numbering used in the NMR characterization

of the tetrazine ligands . . . . . . . . . .. ... oL e
Figure 3.9 — Proton and 2D correlation spectra for the protonated adduct of L3180
Figure 3.10 — DMSO-d® '"H-NMR spectrum of L3 treated with ~ 1uL of tri-

ethylamine . . . . . . . ... [187]
Figure 3.11 — UV-Vis. spectra for ligands L1-L5 . . . . . ... ... ... ... 183
Figure 3.12 — Structure and atom numbering for the synthesized complexes . . . [193]
Figure 3.13 — "H-NMR spectra for bRUL2 . . . . . . ... ... ... ...... 194
Figure 3.14 — "H-NMR spectra for aRu,LL3 and bRuw,LL3 . . . . . . . . ... .. 195
Figure 3.15 — UV-Vis. spectra for the s-tetrazine complexes in chloroform . . . [197
Figure 3.16 — B3LYP optimized structures of L1-L5. . . . . . . . . ... .. ..
Figure 3.17 — Bond angles and bond lengths of 3,6-bis(diphenyl)-s-tetrazine. . . 202
Figure 3.18 - HOMO-1, HOMO and LUMO densities for ligands L1-L5. . . . .

XVil



LIST OF FIGURES

Figure 3.19 — Energy of the HOMO-1, HOMO and LUMO orbitals for ligands

L1-L5. . . .
Figure 3.20 — TD-DFT simulated spectra for the tetrazine ligands L1-L5 using
B3LYP . . . 208}
Figure 3.21 — B3LYP solvated structures for the studied complexes . . . . . ..
Figure 3.22 — Structural features of the N-bound and C-bound optimized ge-
ometries of ruthenium (II) complexes bearing ligand L2 . . . . . . . . .. 215
Figure 3.23 — B3LYP TD-DF'T spectra of the complexes . . . . . .. .. .. .. 219
Figure 3.24 — Orbitals involved in the relevant optical transitions of complex
bRuL2 obtained by B3LYP (contour: 0.046 au) . . . . . ... ... ... 219
Figure 3.25 — Orbitals involved in the relevant optical transitions of complex
aRuL3 obtained by B3LYP (contour: 0.046 au) . . . .. ... ... ... 2201
Figure 3.26 — Orbitals involved in the relevant optical transitions of complex
bRuL3 obtained by B3LYP (contour: 0.046 au) . . . . .. ... ... .. 2211
Figure 3.27 — Orbitals involved in the relevant optical transitions of complex
aRu2L3 obtained by B3LYP (contour: 0.046 au) . . .. ... ... ... P22
Figure 3.28 — B3LYP optimized geometries for the oxidized complexes . . . . . . 220
Figure 3.29 — TD-DF'T spectra of the oxidized complexes using BSLYP . . . . . 229
Figure 3.30 — Contour plots of the SHOMO and SLUMO orbitals for “*bRulL2
complex . . ... 220
Figure 3.31 — Contour plots of the HOMO and LUMO orbitals for **aRuL3
complex . . ... 23T
Figure 3.32 — Contour plots of the HOMO and LUMO orbitals for “*bRuL3
complex . . ... 232
Figure 3.33 — Contour plots of the HOMO and LUMO orbitals for “*aRuL3
complex using CAM-B3LYP . . . . .. ... ... ... .
Chapter 4
Figure 4.1 — Front page of Silva et al. . . . . . . . . . ... ... ...
Figure 4.2 — Front page of Valente et al. . . . . . . . . . .. ... .. ... ...
Figure 4.3 — Front page of Valente et al. . . . . . . . . . . ... ... ... .. 260
Figure 4.4 — Front page of Madeira et al. . . . . . . .. .. ... ... .. ... 267
Figure 4.5 — Front page of Morais et al. . . . . . . . ... ... ... ... ...

xXviil



List of Schemes

Page

Chapter 1

Scheme 1.1 — Classification of NLO molecular switches . . . . . . . . . .. ...
Chapter 2

Scheme 2.1 — Synthesis of 1,3-dithienylbenzol|c]thiophene by the methods of
Lorcy et al. and Bauerle et al. . . . . . . . . . . . ... ... ... ...,
Scheme 2.2 —  Synthesis of 1,3-dithienylbenzo[c]thiophene by the method of Mo-
hanakrishnan et al. . . . . . . . .. ... oo
Scheme 2.3 — Synthesis of 1,3-dithienylbenzo|c|thiophene by the method of
Kiebooms et al. . . . . . . . . ...
Scheme 2.4 — Synthesis of 1-aryl-3-thienylbenzo[c]thiophenes by the method of
Meek et al. . . . . . . . .
Scheme 2.5 — Attempted Friedel-Crafts reaction for the synthesis of thienyl-
benzo|c|thiophenes. . . . . . . . ...
Scheme 2.6 — Reaction scheme for the synthesis of L1 and L2 . . . ... . ..
Scheme 2.7 — Reaction scheme for the synthesis of benzo|c|thiophene Fe/Ru
derived complexes and numbering scheme for NMR spectral assignments.
Chapter 3

Scheme 3.1 -~ Mechanism of the sulfur catalysed Pinner method . . . . . . . ..
Scheme 3.2 — Synthesis of s-tetrazines by Neat’s methodology . . . . . . . . ..
Scheme 3.3 — Thermal method for the synthesis of tetrazines . . . . . . .. ..
Scheme 3.4 — Synthesis of tetrazines according to Zielinsky . . . . . .. .. ..
Scheme 3.5 — Synthesis of 3,6-bis(styryl)-s-tetrazines by Liu’s methodology

Scheme 3.6 — Aromatic Nucleophilic Substitution on the s-tetrazine ring . . .

XixX

o

(el

SO

92

109
160
160
161l

. 161]
. 162



LIST OF SCHEMES

Scheme 3.7 — Oxidations of the tetrazine ring performed by Chavez . . . . . . 164
Scheme 3.8 — Schematic representation of the [442] cycloaddition reaction be-
tween s-tetrazines and a diene. . . . . . ... ..o 168
Scheme 3.9 — Synthesis of 3,6-bis(3,5-dimethylpyrazol-1-yl)-s-tetrazine. . . . . . 71
Scheme 3.10 — Synthesis of ligands L1 and L2. . . . . . .. ... ... ... ..
Scheme 3.11 — Synthesis of ligand L3 . . . . . . . . . .. ... ... ... 173}
Scheme 3.12 — Synthesis of the precursor of ligands L4 and L5 . . . . . . . . .. 173
Scheme 3.13 — Deprotection reaction of compounds (7) and (8) to afford ligands
L4aand L5 . . . . . . 176l
Scheme 3.14 — Synthesis of L3-based ruthenium complexes . . . . . . . . .. .. 189
Scheme 3.15 — Synthesis of L1-based complexes . . . . . . . .. ... ... ... 189
Scheme 3.16 — Synthesis of the bRuL2 complex . . . . . ... .. ... ... .. 190
Scheme 3.17 — Coordination interconversion of organometallic complexes con-
taining cyanocarbanions . . . . . .. ... Lo 190
Scheme 3.18 — Attempts of syntheses of L4 and L5-based complexes . . . . . . 192

XX



List of Tables

Page
Chapter 1
Table 1.1 — Unit systems and convertion factors for NLO properties . . . . . . hol
Table 2.1 — Uv-Vis absorption maxima for the ligands . . . . . . .. ... ... 891
Chapter 2

Table 2.2 — Cyclic Voltammetry data for ligands L1 and L2 . . . . . . . . . .. OT]
Table 2.3 — Selected 'H-NMR data for the ligand and the complexes . . . . . . 94}
Table 2.4 — Selected ¥*C-NMR data for the ligand and the complexes . . . . . . 96
Table 2.5 — Solvatochromic behaviour of 1.0x10°M solutions of 1Fe, 1aRu

and 1bRu . . . . . ..
Table 2.6 — Electrochemical data for complexes [M(n°-C5H;)(PP)(L1)]PFg] in

CH5Cly and MeCN . . . . . . . . . 100
Table 2.7 — Quadratic hyperpolarizabilities and relevant spectroscopic data for

the complexes . . . . . . . .. 104
Table 2.8 — Selected Bond Distances and Bond Angles for L1, ¥1Fe, ¥1aRu

and M1bRu. . . . . ... 108
Table 2.9 — Relevant TD-DFT results for L, Fel and Rul. . . . . . . .. .. .. 112
Table 2.10 — Gas-phase B¢ and Brprg for L1, ¥1Fe, ¥1aRu and Y1bRu. . . .
Table 2.11 — Bond Distances and Bond Angles for the solvated L1, “1Fe,

MijaRu and M1bRu. . . . . . . . . ... 117
Table 2.12 — Relevant TD-DFT results and Sxgs for solvated ¥ 1Fe, Y 1aRu,

M1bRu, flaRu and #1bRu . . . . . . . .. ... 117
Table 2.13 — Selected DFT structural data for L1°%, ¥1Fe’®, ¥1aRu*® and

MIBRU. . . 1201

xxi



LIST OF TABLES

Table 2.14 — Selected DFT structural data for L17¢¢, M1Fer? M1aRu"* and

M1bRU™™ . . . . . 27
Table 2.15 — By and relevant TD-DFT results for L1°®, M1Fe®, ¥ 1aRu®® and
MIbRU®® . . . .
Table 2.16 — B and relevant TD-DFT results for L™¢, ¥ 1Fe"*?, M1aRu"*? and
MIbRu™ . . 130
Chapter 3
Table 3.1 — Conditions and Yields for the Sonogashira Coupling reactions with
tetrazine (4) . . . . ...

Table 3.2 — '"H-NMR data for compounds (3), (7) and (8) and for ligands L1-L5I78
Table 3.3 -~ "*C-NMR data for compounds (3), (7) and (8) and for ligands L1-L4IR2

Table 3.4 — Uv-Vis absorption maxima for the ligands L1-L5 . . . . . . .. .. 184
Table 3.5 — Selected "H-NMR data for the s-tetrazine complexes . . . . . . . . 1906l
Table 3.6 — Selected "*C-NMR data for the s-tetrazine complexes . . . . . . .. 198]
Table 3.7 — Uv-Vis absorption maxima for the s-tetrazine complexes . . . . . . 1991

Table 3.8 — Selected bond distances and bond angles for the tetrazine ligands 203

Table 3.9 — Relevant TD-DFT results for tetrazine-based ligands . . . . . . . .
Table 3.10 — Hyperpolarizability tensors f(;; and total htperpolarizability S

for the tetrazine ligands . . . . . . . . . .. .. ... ... ... ... 21T
Table 3.11 — Selected Bond Distances and Bond Angles for the studied complexed214]
Table 3.12 — Selected TD-DFT results for the studied complexes . . . . . . . .. 218
Table 3.13 — Hyperpolarizability tensors (;; and total htperpolarizability S

for the tetrazine-based complexes . . . . . . .. .. ... ... ... ...

Table 3.14 — Selected Bond Distances and Bond Angles for oxidized complexes .

Table 3.15 — Relevant TD-DF'T results for the oxidized complexes . . . . . . . . 2301
Table 3.16 — Hyperpolarizability tensors (;; and total htperpolarizability S
for the tetrazine-based oxidized complexes . . . . . . . . ... ... ... 233]

xxi1



Symbols and Abbreviations

In Equations

a;;  Linear polarizability tensor

Bo Zero frequency quadratic nonlinearity

Bijr  Quadratic hyperpolarizability tensor component
vijkt  Cubic hyperpolarizability tensor component
A Wavelength

1L Dipole moment in the i** direction

Wij Frequency

I, Intensity of second-harmonic light

1, Intensity of light

Iz Macroscopic polarization vector component
Acronyms

CC  Coupled Cluster

CI  Configurational Iteration

CT  Charge Transfer

DCM Dichloromethane

DFT Density Functional Theory

xxiil



LIST OF TABLES

DMF Dimethylformamide

EFISH or EFISH Electric field-induced second-harmonic generation
FF  Finite Field method

FTIR Fourier-transform Infrared Spectroscopy
GDA Generalised Gradient Approximation

HF  Hartree-Fock

HRS Hyper-Rayleigh scattering

ILCT Intra-Ligand Charge Transfer

ITN Isothianaphtalene, refering to 1,3-dithienoylbenzo[c|thiophene
KE  Electro-Optical Kerr Effect

KS  Kohn-Shan

LDA Local Density Approximation

MLCT Metal-to-Ligand Charge Transfer

MP  Moller-Plesset

MPF Multi-Photon Fluorescence

NLO Nonlinear Optics

NMR Nuclear Magnetic Resonance Spectroscopy
PE  Pockels Effect

PEDOT Poly(3,4-ethylenedioxythiophene)

SD  Slater Determinant

SHG Second-Harmonic Generation

SONLO Second-Order Nonlinear Optics

XX1v



LIST OF TABLES

SOS Sum-Over-States method

TD-TDF Time Dependent Density Functional Theory
THG Third Harmonic Generation

TLM Two-Level Model

TPA Two Photon Absorption

Uv-Vis. Ultraviolet-Visible Spectroscopy

XC  Exchange Correlation functional

XXV



Chapter 1
Introduction

And God said "Let there be light”, and there was light (Genesis, 1:3). This is probably
the most known reference to light and its origin. Since the beginning of time light always
played a vital role in human and all living beings life. Without light probably the Universe
as it is known would not exist, since many phenomena in Nature are driven by light. Life
itself would certainly not exist. Nowadays, light is a crucial resource for all technological
applications, from simple compact disc players to store’s checkout lines, where laser beams
read bar codes for prices. Digital cameras that capture our world and allow pictures to
be taken also use light. More importantly, light is the basis of the technology that allows
computers and telephones to be connected to one another through fibre optics cables.

Photonics is defined as the generation, manipulation, transport, detection, and use of
light information and energy, whose quantum unit is the photon. Today, the global market
for photonics is estimated to be approximately €300 billion. This market is expected to
grow significantly over the next few years, with the estimated market size approaching
€480 billion by 2015. Europe has an overall share of 20% of this global market and the
annual market growth rate of photonics in Europe is estimated to be between 8 and 10%.
Europe also has particularly strong positions in industrial laser technologies, information
and communications technology and biophotonics."

Not only for these economic reasons but also due to the current and constant need
for the improvement of the available technology, photonics is one of the most active fields
of academic research, namely in energy, information and communication technologies
and in the development of new components for medical and life sciences, imaging and

production technologies. Among these components are new light sources, transistors,
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amplifiers, modulators, storage devices and switches. The current technological advances
are made at the expenses of the development and understanding on the Nonlinear Optics
(NLO) field. Nonlinear optical phenomena and materials can be considered as the basic
elements for all-optical processing systems. Nevertheless, most materials exhibit relatively
weak nonlinear optical properties and need large size devices with high operational power
and cost, making them unsuitable for all-optical integrated devices. Still, when compared
to common electronic devices, these systems are much more desirable due to a much more
efficient and fast energy and information transfers.

This Chapter is divided in four parts: in the first part a brief introduction to NLO will
be addressed and a short mathematical description of the NLO phenomena is presented;
the second part will show the state of the art on the organometallic compounds for NLO
applications, particularly Second-Harmonic Generation (SHG); the third part deals with
Molecular Switching based on molecular entities. A brief description and examples of
compounds that can act as Molecular Switches, and particularly NLO Molecular Switches
are presented; finally, the fourth part is dedicated to Density Functional Theory applied

to NLO phenomena, and how to obtain these quantities by quantum chemical modelling.

1.1 Microscopic Theory of Nonlinear Optics

All-optical phenomena arise from light-matter interactions. In particular, nonlinear op-
tical phenomena arise from the interaction of strong electromagnetic fields, like the ones
produced by laser beams, with matter. Herein, only a brief physical and mathematical
description will be made, in order to give the reader the enough insights to understand
the following sections. A detailed mathematical description of the principles of nonlinear
optics can be found elsewhere.?®

Light, or an electromagnetic (EM) radiation in general, can be described either by
a stream of particles (photons) or by a time- and space-varying oscillating electric (E)
and magnetic (B) fields. A material, in its turn, can be seen as a collection of charged
particles: nuclei and electrons. Hence, two different approaches can be used when one is
dealing with light-matter interactions: a particle-like model and a wave-like model.

In one hand, if light is considered as a stream of photons, where each photon carries a
linear momentum that can be transferred to the molecule, the nonlinear optical properties

can be simply explained as the annihilation (absorption) of n photons of w frequency with



the creation (emission) of a new photons of nw frequency. This process requires that the
energy of the photons is such that the molecule is considered to be excited to pseudo-
energy levels, also known as wvirtual excited-sates. The particle-like model of nonlinear

optical phenomena for the interaction of a molecule with two photons is represented in

Figure [1.1]

U 20

Figure 1.1: Particle-like model for the description of nonlinear optical phenomena.

In another hand, if light is considered an oscillating electromagnetic field, the light-
matter interaction can be described by an acting electric force that perturbs the nuclei
and electrons motion in opposite directions, the positive charges (nuclei) will tend to move
in one direction, whereas the negative charges (electrons) will tend to move towards the
opposite direction. This oscillating movement will occur at the electric field frequency.
According to the Born-Oppenheimer approximation the nuclei have much slower move-
ments than the electrons, and hence only the electron movement is usually considered.
Therefore, when an intense light beam interacts with highly polarizable electrons of a
molecule, its electric field, E , generate a distortion in the electronic cloud of the molecule,
resulting in an induced polarization. Within these interactions the electromagnetic field
components of the incident light beam are modied and new components, differing for ex-
ample in phase, frequency or amplitude, are produced. The induced dipole moment can
be estimated in term of the molecular polarization (p). If the intensity of the incident
light is low, the relation between the polarization and the electromagnetic field is linear,

and its is given by:

p=po+ak. (1.1)
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where 1o is the permanent molecular dipole moment and « is the first-order polariz-
ability, or linear polarizability, at a certain radiation frequency, w. The vectorial forms
of the quantities as well as their frequency dependency were omitted for simplification.
The first-order polarizability is related to linear optical properties, namely the refractive
index. In the presence of intense fields, such the ones produced by lasers, the electrons
movement is much greater than the nuclei movement, especially if the molecule has de-
localized m-electrons. The charge separation its enhanced and new nonlinear terms are

generated. The induced polarization is, thus, given by:

p=pio+aF +BE*+~yE3+ ... (1.2)

where 3 is the first hyperpolarizability (or second-order polarizability or also quadratic
hyperpolarizability) and v is the second hyperpolarizability (or third-order polarizability
or also cubic hyperpolarizability). As before, the vectorial form and the frequency de-
pendence of the polarization and the electric field were omitted for simplification. The
first and second hyperpolarizabilities, § and v, are quantities that are associated with
the second- and third-order NLO phenomena, respectively. In particular, £ is responsible
for phenomena like second-harmonic generation, sum- and difference-frequency generation
and parametric amplification, whereas v is responsible for phenomena like third-harmonic
generation, degenerate four-wave mixing and stimulated Raman scattering, among others.

In equation both the polarizability and the hyperpolarizabilities were treated as
scalar quantities. However, «, § and v are vectorial quantities that are dependent on the
cartesian coordinates of the molecular system. The linear polarizability and the second-
and third-order hyperpolarizabilities are, in fact, first, second and third rank tensors, with
9, 27 and 81 components each, respectively. Hence, o should be denoted «;;, 8 should
be denoted f3;;; and 7 should be denote 7;;i;. These quantities are also dependent on the

frequency of the incident light. Including this frequency dependence in equation the



following general relation is obtained:

p=m+ ) aiy(—w;w)Ejw)
+ Z Biji(—2w; wi, we) Ej(wr) i (wo)
i<k (1.3)
+ Z Yigi (—3w; Wi, wa, ws) B (wr) By (w2) By (w3)

J<k<l

+...

Due to the conservation of energy principle, the sum of the generated and vanishing
frequencies must be zero and therefore —w = w, —2w = w1 + ws and —3w = w1 + wy + ws.
The negative sign arises by the definition that the emitted frequency should be negative.

Equation [1.3] is still an simplification, and can be used only in the static field domain.

Optical fields are time-dependent, and contain an oscillatory term at a frequency w:

B ) )
E(t) = Eycos (wt) + 70 (! 4 e7™1) (1.4)

Substituting equation [1.4] into equation [1.3| and expanding using trigonometric rela-

tions one obtains:

p = o+ %aEOeM + %ﬁEg + iﬁEgeQi“’t + gnygeM + %nyge?’iwt +ce+...  (15)

with c.c. denoting complex conjugate terms. It is evident from the equation above that
the presence of higher-order terms leads to generation of new frequencies of molecular
dipole oscillation: the 7/ term” causes the appearance of frequency doubling (2w) while
the "~ term” gives frequency tripling (3w). In addition, the second-order term generates a
time-independent contribution to the dipole (called optical rectication) and a cubic term,
due to 7, oscillating at the frequency w. Finally, it is shown that the g and ~ tensors are
complex quantities, with real and imaginary parts. For second-order NLO effects, only
the real part is important, but for third-order NLO effects, both real and imaginary parts
have to be taken into account.

Equation provides the fundamental origin of microscopic hyperpolarizabilities that
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govern the nonlinear optical properties at the molecular level.

1.2 From the Microscopic to the Macroscopic Do-
main

The earliest measurements of the linear and nonlinear optical properties of organic crystals
showed that the crystal optical properties mimic the properties of the individual molecules.
However, the response of the bulk material to an electric field is not a simple summation
of all the individual molecular (hyper)polarizations. They are, nevertheless, proportional
and can be obtained by simple scaling. It is, hence, possible to write analogue equations
for the linear (Equation and nonlinear (Equation regime of the polarization. If
instead of an individual molecule, the applied electromagnetic field is interacting with a

bulk material, the dipole moment can now be written as:

P=¢+xVE (1.6)

P =ey+ eoxVE + eoxPE? + eoxPE3 + . ..
= EO(X(DE+X(2)E2+X(3)E3+...) (1.7)
— EO(P(I) + P@ 4 _p(3))

where ¢ is the vacuum permittivity, and y™", x® and y® are the linear and nonlinear
first and second susceptibilities, respectively. As in the microscopic case, the vectorial form
and the frequency dependence were omitted for simplification.

The quantities x® and 8 will be extensively discussed along this work since they are
responsible for the second-order nonlinear optical phenomena. Thus, a relation between

the two quantities is necessary and its given by the following expression:

X =Nfp (1.8)

where N is the number of density and f is the local field factor. It is clear that
and # must have the same dimension and, in fact, they are both second rank tensors.

The local field factor arises from the fact that a molecule that is hosted in a collection



of several other molecules, like the case of a crystal, experiences not only the force of the
applied electric field but also the electric fields generated by its surroundings. In other
words, the electric field at the molecular site is a superposition of the applied electric field
and the electric field due to local fluctuations in charge density of the nearby molecules.
The Lorentz—Lorenz model and the Onsager model are the most used field factors, the
latter being of greater importance to nonlinear optics. Equations and are the

equations resulting from the Lorentz—Lorenz and the Onsager models, respectively.

€, + 2

Jo = 3 (1.9)
_ €o(€oe +2)
A )

where €, is the dielectric constant at frequency w, €q is the dielectric constant of the
surroundings and €, is the internal dielectric constant of the molecule, that is assumed
to be the square of its refractive index.

The orientational average of the molecules in the crystal lattice is also an essential
factor in the macroscopic hyperpolarizabilities. As for all even-order optical phenomena
there is a non centrosymmetric requirement in order to have a non-zero first hyperpo-
larizability, that is, in order to x® be a non zero-quantity, the material has to be non-
centrosymmetric. In the case of crystals, x(? is completely determined by its symmetry,
and therefore, there is a need of knowing the molecular symmetry group in order to cor-
rectly estimate the first hyperpolarizability of molecules. In other words, the molecular
symmetry will determine which of the 27 tensors of either ) or 8 are nonzero values.

Finally, molecular reorientational contributions to the hyperpolarizabilities are also
important for measurements of the second-order hyperpolarizability in solution, and must

be taken into account, particularly for higher intensity fields.

1.3 Experimental Techniques for Measuring Second-
Order NLO Properties

There are several experimental techniques and computational methods that allow to evalu-
ate the NLO properties of chemical compounds. Herein, only the experimental techniques

for obtaining second-order nonlinear optical properties will be discussed. A more com-
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plete description of all the techniques, including the ones for the evaluation of higher order
813 and in the references therein. The computational
methods will be addressed further on the text (c.f. Section [1.6.3)).

The measurement of the NLO response can be performed both in solid state or in

phenomena is described elsewhere

solution. The most popular method for measurements in the solid state is Kurtz and
Perry Powder Technique, whereas for measurements in solution FElectric Field Induced
Second-Harmonic Generation (EFISH), hyper-Rayleigh Scattering (HRS) and the Z-scan
Method are the most used. In this work only HRS and the Kurtz Powder technique will
be discussed in detail. The other techniques will be only briefly described. Although
solvatochromic measurements do not afford direct quantification of the nonlinear optical
properties, they are important for the qualitative estimation of the NLO properties of
organic and organometallic compounds. For that reason, they will be also included at the

end of this section.

1.3.1 Kurtz and Perry Powder Technique

The Kurtz and Perry powder technique was one of the earliest methods to determine
the nonlinear optical susceptibilities of powders, namely the first-order nonlinear optical
susceptibility, x®(-2w; w, w). Samples are prepared by grinding the solids in to small
size particles of thickness, r, (usually 75 <r< 150 um) by the use of standard sieves,
and are loaded into a cell with a known thickness, L, usually 0.2 mm. The same proce-
dure is used for a standard of known nonlinear optical susceptibility. The most common
standards are urea, quartz, zinc oxide and dihydrogenophosphate salts, like ammonium
dihydrogenophosphate (ADP) or potassium dihydrogenophosphate (KDP). In a typical
laser set up, showed in Figure [1.2] the sample is irradiated with a 1064 nm laser beam
of a diameter d and operating at a frequency, w. In order to ensure that a statistically
large number of particles of random orientation are encountered, the laser beam diameter
is much larger than the thickness of the particles.

The generated second-harmonic light is separated from the fundamental laser wave-
length by filters and a monochromator and detected in a photomultiplier tube (PMT).
The readout is made in an oscilloscope. The efficiency of the harmonic generation is

obtained by comparison of the intensity of the sample’s and of the standard’s harmonic
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Figure 1.2: Typical laser set-up for the Kurtz Powder Technique

(adapted from ref.%)

light:

L, (sample)
SHGfficiency = ———— 1.11
[Jiciency =, (standard) (1.11)

Hence, the Kurtz-Perry powder technique is used to compare the intensity of the SHG

of a powder sample with that of a reference sample of known y?:

I, (sample) o der(sample)
I, (standard) — d.f(standard)?

(1.12)

where d.; represents the nonlinear optical coefficient, that is proportional to Y@,
Despite the simplicity of the experimental laser set up, the data analysis and interpretation
of the signal is not straightforward. Factors like the particle size and its packing, the
crystallographic structure of the compound or the phase conjugation of the laser beam can
be critical. Also, re-absorption of the harmonic light in the solid state can also be present,
in particular if compounds have absorption bands nearby the second-harmonic wavelength.
Optical degradation upon irradiation with the laser beam cannot be excluded as well.
Given that the relation between 8 and x(? depends on crystal packing, this technique is
not applicable to compounds crystallizing in centrosymmetric space groups, this being the
case of most of the compounds possessing large dipole moments. For all these reasons,
Kurtz-Perry powder technique results do not have a quantitative significance, and are
used only qualitatively to establish the magnitude of generation of second-harmonic light

of a solid towards a known reference. Although this technique is limited it is a simple and
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rapid method for screening a large number of powder materials.

1.3.2 Hyper-Rayleigh Scatterring

Hyper-Rayleigh Scattering (HRS) is currently the most used technique to estimate the
molecular nonlinearities, 5. The HRS experiment consists in recording the scattered light
intensity of all molecules interacting with the laser radiation as a function of the incident

laser light intensity, as shown by equation [1.13

167

IQUJ = CA4T2Nfﬁf22w <6?{RS> If} (]‘13>

where Iy, is the second-harmonic intensity, N is the number of molecules per unit of

volume, f1 and f2, are local field factors for the linear and nonlinear regime respectively,
1, is the fundamental wavelength intensity, r the distance to the scattering centre, and ¢
the speed of light in vacuum. The brackets indicate the orientational average of the molec-
ular hyperpolarizability. The second-order signal is therefore generated from an isotropic
solution of a solute randomly dissolved in a solvent. Simply speaking, although a solution
is an isotropic medium, the time average of the fluctuating induced dipole response p(r, t)
during the excitation is not, in average, zero. Since HRS is based on fluctuations away
from centrosymmetry in solutions, pulsed lasers and very accurate focusing are needed
to obtain enough intensity of the harmonic generation. The most commonly used laser
apparatus is Q-switched Neodymium-doped Yttrium Aluminium Garnet (Nd:YAG) laser
working at milijoule energy in nanosecond pulses, resulting in megawatt peak power en-
ergy. The fundamental wavelength of the laser is usually 1064nm, although higher wave-
lengths are also common. The changing of the fundamental wavelengths further to the red
is achieved by optical parametric oscillators (OPO’s). The use of these nanosecond lasers
requires also the use of gated integrators (boxcar averagers) to increase the signal-to-noise
ratio of the experiments. Also, since this technique is based on a incoherent scattered
light it is essential to vary the intensity of the fundamental light intensity externally. This
is achieved by the use of a half-wave rotation plate between two polarizers (P). The first
polarizer ensures an 100% intensity of horizontal polarization of light is obtained. The
half-wave plate (HWP) changes the polarization of this light by a few degrees and the
second polarizer defines its exact vertical polarization. By this way, the rotation of the

HWP modulates the incoming light intensity from zero to maximum intensity. The light
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is then splited by a beam splitter (BS) that directs a fraction of this light towards the
sample and the remaining to a photodiode that collects and analyses both its pulse time
and intensity. The scattered second-harmonic light intensity is of very low intensity and
its detection has to be efficient enough to collect very low levels of scattered photons.
This system consists of a photomultiplier tube (PMT) with an interference filter (F) for
the second-harmonic wavelength on one side and a mirror of the other side of the cell to
maximize the number of scattered photons reaching to the photomultiplier. A general

laser set-up of an HRS experiment is shown in Figure [1.3]

PP BS ~
Nd:YAG laser opo || \ Sample |
HWP | E
F F
PD
PMT

Figure 1.3: Typical laser set-up for the HRS experiment

(adapted from ref."?)

Since HRS measurements are done in solution, both the contributions of the solute
and the solvent must be present in the scattered light intensity. It is clear that HRS
experiments might require the knowledge a priori of the solvent’s hyperpolarizability.
However, that is only possible if the solvent has itself a large enough hyperpolarizability.
If that is the case, then a simple plotting of the quadratic coefficient (QC) of different

concentration solutions of the solute is enough to obtain (8% rs) opuse:

QC' = GNiotwent (Birrs) sotwent T GNsotute (Bl ) sotute

(1.14)
= intercept + slope <512L[Rs>

solute

If the solvent in use does not have a measurable hyperpolarizability, it is possible to use
an external reference method. In this case a standard of well-known hyperpolarizability

is used and the obtained slope of a series of different solutions of the standard and the
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solute are compared.

[2w = GNstandar‘d <5?{RS> standard — Slopestandard <ﬁ?{RS > standard ( 1.1 5)

I, = G'Nsoute <B1%IRS>solute = slopesolute <B%IRS>solute (1.16)

Dividing equations by the following relation that allows to determine the

nonlinearity of the solute is obtained:

Slopesolute . <6%—IRS> solute

Slopestandm’d <6%IRS > standard

2 _ [ Sloresonte o
<BHRS>solute Slopestandard <ﬁHRS>standard

Its important to state that, besides second-harmonic generation, there is other sources

(1.17)

of incoherent photon emission at the second-harmonic wavelength. This phenomenum,
called multi-photon fluorescence (MPF), are, in fact, an additional contribution to the
HRS signal, and hence it can result in an overestimation of the hyperpolarizability values.
Since two-photon fluorescence has the exact same wavelength then the second-harmonic
generation, the interference filter itself does not provide any guarantee of a pure HRS
signal. However, it is not necessary the use of other techniques to ensure that the HRS
signal has MPF contamination. A simple methodology was purposed by Song et al. based
on the spectral resolution of the MPF and HRS signals.'® MPF present a very broad band
whereas HRS presents a very narrow peak of only a few wavelengths. When interference
filters are used at discrete wavelengths close to the second-harmonic signal, it is possible to
investigate the presence of the MPF signal, with a simple relation between the fluorescence
intensities of the solute and the solvent and the intensity of the HRS signal it is possible
to subtract the MPF contribution. This relation is:

_ IFluorescence ( 1 18)
IHRS - Isolvent

Other methodology was purposed by Noordman et. al using the different time scales
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of the MPF and the HRS phenomena.™” HRS is considered a time-immediate phenomenon
but MPF have a nano scale time regime. By applying the proper time-gating in the boxcar
averagers, it is possible to differentiate these signals. Other possibility is to change the
laser set-up and its pulse time from nanoseconds to femtoseconds.

(8% rg) 1s strongly dependent of the coordinate system, the polarization state of the
fundamental and second-harmonic light, as well as the geometry of the experiment itself.
Let us define (X, Y, Z) as the laboratory coordinates and (x,y, z) as the internal molecular
coordinate system. In a classic HRS experiment, a 90°-geometry experiment is used, that
is, the fundamental light is propagating in the X direction and is polarized in the Z
direction, whereas the second-harmonic light is collected in the Y direction. The relations
between the laboratory and the internal molecular coordinate systems were determined

by Cyvin et al. and are the following:*®

5ZZZ Z ﬁuz Z 6“1/82]] 35 Z ﬁuj + Z 5z]k (119)

z]k cyclic

BXZZ 35 Z i 105 Z/Bzuﬁz]] 105 Zﬁzz]

105 Z 6“] jkk /Bljk

ijk,cyclic

(1.20)

The first subscripts of equations and (Z or X) refer to the polarization of the

second-harmonic light, and if they are measured with same sensitivity, then:

(Birs) = (B2z2z) + (Bxzz) (1.21)

Most molecular systems are dipolar push-pull systems where the dipole moment is
aligned with the z-axis. On the assumption that, in these cases, ... is much larger than

Be-2, & good approximation is made by:

Ghns =~ (3+ 35 ) ) = o (B2 (1.22)
-5 2
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It is clear, by equations and together with equation that depending
on the symmetry of the molecule, and hence the number of non-vanishing tensors, the
depolarization ratios will be different for a given molecule. For the prototypical push-pull
one dimensional system, where the major tensor is #77z, the depolarization ratio is %
Although the estimation of the depolarization ratio seems to be quite straightforward,
by changing the detection polarizers of the experimental setup, it can still be affected
by the same factors that affect the hyperpolarizability measurement itself, namely the

contribution to the total hyperpolarizability by the solvent and the MPF phenomena.

1.3.3 Electric Field Induced Second Harmonic Generation

The Electric Field Induced Second-Harmonic Generation (EFISH) allows the determina-
tion of the first-order hyperpolarizability, 5(-2w; w, w) of molecules in solution through
the determination of the second-order susceptibility, Y®) (-2w; w, w, 0). In this technique,
alongside the incident polarized laser beam of frequency w, a strong static electric field,
E , is applied to a wedge-shaped cell containing a solution of the sample, which is placed
perpendicularly to the incoming laser beam. The electric field is applied all over the cell
glass walls, and forces the molecules with a permanent dipole moment to partly align ac-
cording to its direction, hence breaking the centrosymmetry of the medium, and allowing
nonlinear properties to be obtained. Because a strong electric field is required to align
the molecules, they should have a permanent dipole moment. For that reason EFISH can
not be applied to measure the second-order nonlinear optical properties of non-polar or
octupolar molecules. Also, EFISH cannot be used with ionic molecules or with a polar
solvent. This is in fact the major drawback of this technique comparatively to HRS, since
it prevents the usage of the vast majority of organometallic complexes to be analysed by
this technique.

The second-order susceptibility is related to the third-order molecular polarizability,

Vijii, by the following relation:

X (=2w;w,w,0) = N fo fou F2ijm (1.24)

where N is the number density of the solute and fy, fo, and f2 are local field factors.

The third-order molecular polarizability, in its turn, has three main terms: an electronic,
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€ ] 3 v ] v
Yijri» @ vibronic term, 7%, and a rotational term, 77,

Yigkl = Vijkr + Vijkt T Vijha (1.25)

In EFISH, it is only the rotational contribution to the third-order molecular polar-
izability that is proportional to the second-order molecular polarizability. The relation

between this two quantities is given by:

v 2 Bvec
ﬁ}/’ijk:l - 5ka

where p is the molecular dipole moment, (3. is the vectorial component of the second-

(1.26)

order hyperpolarizability projected in the dipole moment axis, k; is Boltzmann’s constant
and T is the temperature. Hence, in EFISH, the net second-order effect is dependent on
the p - Byee product. To obtain the value of Sgrrsy it is thus necessary to know the value
of the ground state dipole moment of the molecule. This is in fact another drawback of
this technique: the fact that other quantities are required for the interpretation of the
results, namely the dielectric constant of the solvent, the permanent dipole moment and
the intrinsic second-order hyperpolarizability of the material, that must be obtained by a
separate experiment, makes the EFISH technique very limited and troublesome.

Like in the case of HRS, several reference methods can be used. On one side, the
use of a quartz reference wedge-shaped crystal allows one to use the quartz itself as a
reference. On other side, if the solvent where the experiment is performed has a nonlinear
third-order response, it can also be used as reference for determining the solute molecular
cubic hyperpolarizability and therefore, if the dipole moment of the solute is known, the

molecular quadratic hyperpolarizability.

1.3.4 Solvatochromism

Solvatochromism is defined as the change in position, intensity and also shape of the UV-
Vis absorption band of a molecule in solvents of different dielectric constant. It provides a
quick and simple proof of solvent-solute interactions between the ground and the excited-
state. This solvent-solute interaction can be divided in pure electrostatic interactions,
dispersion interactions and hydrogen-bonding interactions. All of them affect the NLO
properties of a molecule in solution and by this fact it is an important when one wants

to estimate nonlinear properties, especially when working with donor-acceptor push-pull
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chromophores. The change in the nonlinear properties of push-pull chromophores as a
function of the dielectric constant of the solvent can be understood by the changes in the
stabilization of the ground and excited state upon excitation. An electronic transition
from the ground state to an excited state leads to a substantial change in the electronic
density of a molecule, and therefore an alteration in its dipole moment. In its turn, this
change in the dipole moment will lead to an enhanced polarization of both the solvent
in the solvation sphere of the molecule and other solute molecules in its surroundings. If
a red shift is observed in the absorption band of a solute, in solutions of two different
solvents with increasing dielectric constant, the molecules present a higher polarization in
the excited state than in the ground state, pi,<p.. This is called positive solvatochromism.
In this case, solvents with higher dielectric constant enhance the excited state stabilization
and the excitation energy is decreased. Contrariwise, if a blue shift is observed either the
ground state is more stabilized or the excited state is destabilized by the solvent, leading
to an increase the excitation energy, and hence j1.<f14. So, in general, red shifts lead to an
increase of the linear and nonlinear polarizabilities whereas blue shifts lead to a decrease
of these properties.

Hydrogen bonding can affect the energies of the ground and excited states, either
positively or negatively. In the case of transition metal carbonyl compounds, it is known
that hydrogen bonding stabilizes the ground state leading to blue shifts (negative solva-
tochromism). However, in the case of p-nitroaniline, the excited state is stabilized, leading
to a red shift of the absorption band (positive solvatochromism). For these reasons, the
establishment of hydrogen bonds can also affect the nonlinear properties of a molecule.

Donor-acceptor push-pull compounds are known for their large ground state dipole
moment and for possessing low-lying charge-transfer transitions, occurring at the molec-
ular dipole axis. For this fact, they usually have large values of first hyperpolarizabilities.
A simple two-state model was purposed by Oudar and Chemla for describing the hy-
perpolarizability of 1D push-pull chromophores, taking into account their solvatochromic
behaviour through the spectroscopic parameters of the electronic excitation. This model
is now know simply as the Two Level Model (TLM), and is usually expressed by the

equation:!”

3e? Weg fAL
- (—2w: _ cg) Dlleg 1.27
foza( 2w, 0) 2mh (w2, — w?)(w2, — 4w?) (1.27)

where e is the charge of an electron, m is the mass of the electron, f is the oscillator

16



strength of the transition, Ay, is the variation of the dipolar moment between the ground
and excited states and w., and w are the frequencies of the electronic transition between
the ground and the excited states and the frequency of the laser source, respectively. Since
the oscillator strength of the transition is proportional to the transition dipole moment
operator, (g|jile), equation can be re-written as:

FA ey

(1.28)
B3,

Bzzz(_2w; W, CU) X

The TLM has been widely used to extrapolate the resonance-enhanced values of the
nonlinear hyperpolarizabilities to the off-resonance regime. It provides a good approxi-
mation to the experimental hyperpolarizabilities of small molecules that have a dominant
electronic transition along the dipole moment axis of the molecule. However, the TLM is
clearly insufficient to describe properly the behaviour of medium sized molecules, or even
large systems, with more than one dominant electronic transition or with electronic tran-
sitions that have complex absorption bands, with more than two exited-states involved.
Furthermore, the applicability of the TLM to non-polar molecules is also discouraged.
Recently, Perez-Moreno et al. used Thomas-Kuhn sum-rules over the Sum-Over-States
expression to prove that one needs to use models with a minimum of two excited states

in order to obtain good approximations to the nonlinear response.?"

1.4 Organometallic Compounds for NLO

Nonlinear optical materials have been extensively studied for the last three decades. The
vast majority are dipolar or quadrupolar m-conjugated organic or organometallic-based
materials, end-capped with donor and acceptor moieties (the so-called push-pull systems)
for which the nonlinear optical responses are attributed to the highly delocalizable -
electrons, low energy intramolecular charge transfer processes (low HOMO-LUMO gaps)
and highly polarized excited states. Other structures, like octupolar geometries, also
proven to give high NLO responses. The octupolar systems usually consists of molecules
with D3, D3, T4, Doy point group symmetries and can been seen as cubes featuring
donor and/or acceptor moieties on its edges. The NLO response of octupolar compounds
is based on a spatially controlled organization of the low energy intramolecular charge

transfers. Figure [1.4] represents these three architectural systems. This work refers only
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to dipolar complexes.

Dipolar Quadrupolar Octupolar

__an®

Figure 1.4: Generic structures for dipolar, quadrupolar and octupolar systems.

Blue spheres represent donor groups and red spheres represent acceptor groups

The main strategy of the dipolar approach is based on the so-called two-level model
(TLM) purposed by Oudar™. In general lines, this model states that the second-order
nonlinear optical response is correlated to the energy of the charge transfer process, Az,
the transition dipole moment and the difference between the ground- and excited-state
dipole moment. The consequences of these factors lead to a push-pull architecture, where
the molecules are structured as Donor-(m-conjugated system)-Acceptor. Small organic
molecules, typically exemplified by p-nitroaniline, belong to these architectural type and
are known for high nonlinear optical responses. Organometallic complexes, in their turn,
can also be designed to have such a push-pull architecture. Depending on the metal centre,
its oxidation state and the co-ligands present, one can obtain organometallic fragments
with donor or acceptor capability, or even belonging to the conjugation path.

In this section, an overview of the organometallic complexes for second-order nonlinear
optical applications will be addressed. In particular, the focus will be set on Group VIII

metal complexes presenting mainly dipolar architectures.

1.4.1 Metallocenyl Derivatives

Metallocenyl derivatives are among the first and most studied organometallic compounds
for SONLO applications. Their architecture is based on mono- or dissubstituted cyclopen-
tadienyl rings as shown in Figure [1.5

The interest of studying the nonlinear optical properties of such compounds was due to
the initial report of a SHG powder efficiency of 62 times that of urea by the simple cis-1-
ferrocenyl-2(4-nitrophenyl)ethylene (see Figure .@ Since this report by Marder et al.
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Figure 1.5: General structure of metallocenyl organometallic complexes. R =H or
NLO-chromophore, A = acceptor

inumerous experimental and theoretical reviews have been published. It is now well estab-
lished that the moderate electron donation ability of the metallocene organometallic frag-
ment is higher than the typical organic fragments, like tertiary amines or methoxyphenyl
groups. However, the obtained nonlinear optical hyperpolarizabilities are of the same
magnitude than the equivalent organic fragments.*® This behaviour is attributed to a
poor electronic coupling between the metal d-orbitals and the w-conjugated system of
the substituent.*® Furthermore, the typical spectra for push-pull metallocene compounds
presents two bands, one between 300 and 400 nm (assigned to m — 7* transitions) and
the second in the 450 to 600 nm region (assigned to a metal-to-ligand charge transfer
(MLCT)), that can both contribute to the optical nonlinearity, and so the TLM is not
appropriate to calculate the frequency-independent nonlinear hyperpolarizabilities.**

Despite the aforementioned drawback, metallocenyl derivatives, in particular ferro-
cenyl derivatives, present remarkable high bulk quadratic NLO efficiencies due to the
tailorability of the ferrocene moiety, affording noncentrosymmetric crystal packings. The
SHG efficiencies ferrocenyl derivatives containing different substituents on one of the cy-
clopentadienyl rings or in both cyclopentadienyl rings were evaluated by Kurtz powder
technique.*>#% Results show the expected influence of the crystal packing of the com-
pounds, with consequent repercussion on the nonlinear optical properties. Some examples
of ferrocene derivatives with high bulk efficiency are also shown in Figure (1.6

It was purposed that in order to present significative second-order molecular nonlin-
ear optical properties metallocenyl compounds must bear stronger electron-withdrawing
groups than the typical nitro, cyano or dicyanovinyl groups, in a structural arrange-
ment that allows a more effective coupling between the donor and acceptor counter-
parts.“? The most effective electron-withdrawing group was shown to be a tungsten car-
bene organometallic fragment.”® In an attempt to replicate the carbenium ion effect sev-

29131

eral indanones and triaryl carbinols were purposed. Some examples of metallocenyl
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Figure 1.6: Selected ferrocenyl complexes with high bulk SHG properties

derivatives bearing strong electron acceptor groups and presenting high first hyperpolar-
izabilities are shown in Figure [1.7)).
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Figure 1.7: Selected ferrocenyl complexes derivatives bearing strong electron acceptor
groups and their molecular first hyperpolarizabilities

Other recently reported electron-withdrawing groups were pyridinium- and other qua-
ternary ion-based groups, like N-methylquinolinium or N-methylbenzothiazolium.=%4
Like the purely organic counterparts, an increase of the molecular nonlinear optical hyper-
polarizability in the pyridinium-based ferrocenyl compounds is observed with the increas-
ing extend of the conjugated system. The substitution of pyridinium by other quaternary
ions shows that the increasing electron-acceptor character of the substituents lead to an
apparent increase of the observed molecular first hyperpolarizability. In accordance, it
was also shown that the coordination of a second electron-acceptor organometallic frag-
ment, like second- and third-row metallic carbonyls resulted in an increase the molecular
nonlinear optical hyperpolarizability by at least a 2-fold factor, depending on the present
transition metal (Figure [1.8).5

Varying the metal centre of the metallocenyl moiety also affects the molecular SONLO
properties of the complexes. For example, ruthenocenyl compounds were synthesized and

their nonlinear optical properties were compared to parent ferrocenyl derivatives (Figure

1.9). The results clearly show that the substitution of iron by a second-row transition

20



; 7 O 7 ; 7 O 7
Fe n /g\CH3 Fe 7

< <

n=0 ﬁ1oe4nm(HRs, CHzclz) =40x10"30 esu
n=1 B49g4nm(HRS, CH,Cl) =197 x 1030 esu
Nn=2 B4064nm(HRS, CH,Cl5) = 458 x 10730 esu

N_
® "M(CO)s

M=Cr B1gg4nm(HRS, CH,Cl,) = 369 x 1030 esu
M=Mo B4gg4nm(HRS, CH,Cl,) = 448 x 1030 esu
M=W B4064nm(HRS, CH,Cl,) = 535 x 10-3% esu

~ (0

Fe
<

X= -<\s]© B1300nm(HRS, CH3CN) =121 x 10-% esu
N
He @

x
)

N =
-7-@&\ ) B1300nm(HRS, CH;CN) = 317 x 109 esu
— N

S
X= B4300nm(HRS, CH3CN) =139 x 10730 esu
@

Figure 1.8: Selected ferrocenyl complexes bearing quartenery ion-based groups and
their molecular first hyperpolarizabilities

metal lead to a blue shift of the absorption band accompanied with the consequent low-
ering of the measured nonlinear hyperpolarizability.*4*
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Figure 1.9: Selected ferrocenyl and ruthenocenyl complexes

1.4.2 Half-sandwich Complexes

Half-sandwich organometallic complexes and in particular their °-monocyclopentadienyl

derivatives, whose general structure is depicted in Figure [1.10] emerged in the early
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nineties as very promising candidates for overcoming the drawbacks of metallocenes.
This section will focus only on the n°-monocyclopentadienyl family of compounds. Re-
views on other half-sandwich organometallic complexes, namely indenyl and n°-pentame-
thylcyclopentadienyl can be found elsewhere.223¢

By presenting the metal centre in the same plane as the organic NLO-chromophore,
a more favourable coupling between the metal centre and the organic conjugated back-
bone occurs and, therefore, better second-order hyperpolarizabilities are observed when
compared to metallocenyl derivatives. The NLO properties can be tuned by changing the
donor ability of the organometallic fragment (varying the co-ligands and the metal itself),
changing the organic spacer or choosing different acceptor moieties. Furthermore, opti-
mization of the crystal packing can be obtained by introducing chiral co-ligands and/or
by varying the counter ion as well, which itself can additionally introduce chirality.

Group 8 metal complexes are the most studied to date, and several reviews are known

that summarize the synthesis, spectroscopical, electrochemical and nonlinear optical prop-

TTISSHAD

L
Figure 1.10: General structure of half-sandwich organometallic complexes.

erties of theses complexes.

L = Co-ligands, A = acceptor

Two major classes of group 8 half-sandwich metal complexes emerged with relevance
for their NLO properties, in particular second-order nonlinearities: cationic nitrile com-
plexes and neutral acetylide complexes. In both cases, the presence of low-lying, intense
absorption bands, in the visible region, attributed to metal to ligand charge-transfer
(MLCT), are correlated with the obtained high hyperpolarizabilities. Also, these bands
exhibit a positive solvatochromic behaviour, red-shifted by increasing the solvent polarity,
which is characteristic of MLCT transitions that lead to an increase of the dipole moment
upon photo-excitation. Infrared spectroscopy of the normal vibrational modes of the ni-
trile or acetylide linkage allowed the estimation of a high degree of m-backdonation from
the nd metal orbitals to the antibonding 7*-orbitals from the ligands. Evidence for this

phenomenon was revealed by significant negative shifts on vx=¢ (X=C or N) band of the
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ligands, indicating a decrease in the bond order. The magnitude of these negative shifts
depend on the metal, m-system and acceptor group. Further spectroscopic evidence for
m-backdonation was found by Nuclear Magnetic Resonance Spectroscopy (NMR), where
a shielding of the chromophore protons was systematically verified accompanied by a gen-
eral trend in the deshielding of the carbons, upon coordination to the metal, and especially
for the ones close to the metal centre. The magnitude of the shielding effect is metal and

ligand dependant, but solvent polarity can also be an important factor.

1.4.2.1 Half-sandwich Nitrile Complexes

The first studies were performed in 7°-(monocyclopentadienyl) (LL)Fe(H) and Ru'™ nitrile
complexes (LL = k?-dppe, 2 PPhjs, 1,2-diphenylphosphinoferrocene, or other phosphanes
or amines), with the synthesis of 4-nitrophenyl derivatives.****# The complexes showed
very good SONLO properties, with the iron (II) complex outperforming the ruthenium
complexes by a 2-fold factor (see Figure . The extension of the m-conjugated
system from phenyl to biphenyl in both iron and ruthenium complexes was found to lead
to a significant decrease in the measured hyperpolarizability as consequence of the loss
of donor-acceptor conjugation. The significant torsion angles between the phenyl rings
were responsible for this loss. In the case of the Fe™ complexes the introduction of a
vinylene unit in between the phenyl rings lead to an increase in the hyperpolarizability
value, suggesting that the increase in the conjugation length, without affecting planarity,
could be done by inserting of a vinylene unit between aromatic rings.* The analogous
Ru"™ showed a smaller enhancement in the measured hyperpolarizability comparatively
to the biphenyl derivative.

Several Fe™ and Ru™ nitrile thiophene derivatives were synthesized and their NLO
properties were evaluated. These compounds were found to yield higher 3 values than the
phenyl-based derivatives due to a more effective conjugation between the organometallic
donor and the nitro group. In fact, thiophene groups are known to provide a higher level
of electronic coupling than benzenoid-based structures because of their more effective
conjugation, thus yielding high second-order NLO responses. Contrary to that found for
benzenoid-based compounds, quadratic hyperpolarizabilities were found to increase with
the chain-lengthening of the w-bridge in the series of thienyl derivatives. For example,
measurements in a series of [°-(CsHs)Fe(k*-dppe)(N=C{SC,H,},NO,)]" (n =1, 2 and 3)

showed an increase in the nonlinearities with increasing conjugation length, illustrated by
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Figure 1.11: Selected structures for half-sandwish dipolar nitrile organometallic
complexes

the values of Biggs = 455, 710 and 910 x 10739 esu, respectively. However, the less resonant
B1s50 values do not follow this trend, and neither do their derived static hyperpolarizability,
for which only slight variations are verified (Figure . Quadratic hyperpolarizabili-
ties were also found to increase very slightly with the chain-lengthening of the m-bridge in
the ruthenium thienyl derivatives series, [n°-(CsHs)Ru(k*-dppe)(N=C{SC,H,},NO,)]"
(n = 1, 2 and 3). This near constancy of 5y was attributed to a competition between
charge transfer efficiency and growing conjugation length, resulting in a balance of these
contradictory effects, considering oligo-thiophene torsion angles to be too small to be a
significant factor in the observed trend.*® The constancy on the quadratic hyperpolariz-
ability response due to the insertion of a vinylene unit further supports this assumption
(also shown in Figure [1.12]).

Keeping in mind that the exploitation of promising thiophene based ligands for NLO
purposes should not be limited to the chain lengthening alternative, the potentialities of
the benzo[1,2-b:4,3b]dithiophene (BDT) based chromophores were explored. The fused-
rings structure guarantees the rigidity of the ligand to be coordinated on the same plan

of the metal centre, in a family of iron and ruthenium derivatives.*¥ The quadratic hy-
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Figure 1.12: Selected structures for half-sandwich dipolar nitrile organometallic
complexes bearing heteroaromatic ligands

(CsHs)M(k*-dppe)(N=C-BDT)]" (M = Fe and Ru) are negligible

due to weak m-backbonding effect which barely compensates the ligand o-coordination, as

perpolarizability for [n°-

suggested by the spectroscopic and electrochemical data. However, a very weak nonlinear
(CsHs)Fe(k*-dppe)(N=C-BDT-NO,)]*, attributed to
the presence of a red shifted electronic excitation comparatively to the previous parent
compounds (Figure [1.13).
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Figure 1.13: Selected structures for half-sandwich dipolar nitrile organometallic
complexes bearing fused-ring thiophenes

Negligible B4550(HRS,CHCl3) Negligible B4550(HRS,CHCl3)

The effect of different acceptor end groups has been also studied. For example, re-
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cently the well-known good acceptor nitro group has been replaced by the less classical
chromophore N-(3-cyanophenyl)formamide. The compound originated a value of 5y 1500nm
(HRS, CHCl3) = 212 x 1073 esu placing this compound in the best range of values re-
ported in the literature for an organometallic.#* However, the absence of any MLCT
absorption band led to postulate that the high hyperpolarizability value found for this
compound first might be originated by a strong variation of the dipolar moment be-
tween the ground state and the excited state upon photo-excitation. Heterobinuclear
organometallic complexes were also tested as possible electron acceptor groups. In par-
ticular, the good electron acceptor chromium tricarbonyl moiety was used in the series of
bimetallic compounds [°-(CsHs)Ru(k*-dppe)N=C-(spacer)-C=C-(nf-(C¢Hg))Cr(CO) 5]t
showing enhanced nonlinearities relatively to the parent monometallic chromium com-

pounds, but lower than similar compounds with the nitro group as acceptor Figure

m' 45

< j PF é 2 PF < j —lBF4
v TP \ / - IPRe v
opp vRUN=C op prRU—N=C <] o pRUN =c—©—\\_©
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Bg,1500(HRS,CHCl3)= 212 x 103 esu B,1064(HRS,CHCI3) ) = 44 x 100 esu
Figure 1.14: Selected structures for half-sandwich dipolar nitrile organometallic

complexes

1.4.2.2 Half-sandwich Acetylide Complexes

Acetylide complexes probably constitute the most widely studied class of compounds for
NLO applications. The NLO properties of these complexes have also been extensively
reviewed .8 Several transition metals have been used, but this work centre its attention
exclusively on group VIII metals.

Conversely to the nitrile derivatives, the analysis of the measured hyperpolarizabilities
of organometallic complexes bearing acetylene-based chromophores is not straightforward.
In general, a dispersion-enhancement is observed for the majority of measurements of the
molecular quadratic nonlinearities at 1064 nm, as it can be seen for several examples for

which the determined 3 and [y values differ from an order of magnitude. The uncertainty
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of the magnitude of resonance enhancement makes both the analysis and comparison to
other complexes difficult, and care must be taken when one is interpreting the results.

One of the most noticeable examples is demonstrated in Figure [1.15]4047

B1osa(HRS,CHCI;) = 1455 x 1030 esu
: Bo,1064(HRS,CHCI3) = 232 x 1030 esu

_Ru—C=cC O \
»
PhsP ‘ O NO, B1seo(HRS,CHCI3) = 186 x 10730 esu

Ph3P Bo.1560(HRS,CHCI3) =105 x 1030 esu
Figure 1.15: Selected example of acetylide organometallic complex presenting a
dispersion-enhanced HRS quadratic hyperpolarizability at 1064nm fundamental
wavelength

Varying the metal centre in a series of iron (II), ruthenium (II) and osmium (IT) n°-
(monocyclopentadienyl) acetylide complexes, bearing k*-dppe as co-ligand resulted in an
increase of the measured hyperpolarizability when proceeding from the first to the third
row transition metal, as exemplified in Figure [1.16], These results are also suggestive of

higher dispersion enhancement of the iron (II) complexes judging by the magnitudes of

Bioea and fy.

<& < <&

\ \ \
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fi(HRS,CHCI3) = 64 x 1030 esu Bo(HRS,CHCI3) = 161 x 1030 esu Bo(HRS,CHCI3) = 188 x 10-3° esu

Figure 1.16: Selected example of acetylide organometallic complexes presenting
different transition metals

As in the case of the nitrile complexes, structural modications to the m-conjugated
backbone have a similar impact to that observed in purely organic systems, that is, an
increasing of the first hyperpolarizability is observed upon increasing chromophore chain
length. For example, going from the simple phenyl ring to longer conjugated systems, like
biphenyl, 4-phenylethynyl or (E)-4-phenylethene, the first hyperpolarizabilities of the cor-
responding ruthenium 7°-(monocyclopentadienyl) acetylide complexes has the following

trend:
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ﬁ(CGH4) < /B (CGH4—C6H4) < B(CGH4-CEC—CGH4) < B((E)-C@H4CH:CH-06H4)

Again, the biphenyl complex present lower hyperpolarizability than the ethynyl and
ethene linked phenyl compounds due to the torsion effects as examined theoretically for
comparable Ru complexes. The difference on the hyperpolarizabilities of the ethynyl and
ethene linked biphenyl compounds is attributed, in their turn, to an energy mismatch
of the sp-hybridized m-orbitals of the acetylenic carbons with orbitals of sp? hybridized
phenyl carbons.*®

The change in the phenyl rings linkage to heteronuclear linkages, when going from (E)-
C=C to(E)-N=C and (E)-N=N linkages was also evaluated. The results show a decrease

on the second-order NLO response, being the imino linkage the less effective ( Figure

1.18).
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Figure 1.17: Selected example of acetylide organometallic complex presenting different
transition metals

Replacing phenyl by heterocyclic rings results in the expect enhancement of the non-

linearities due to the lower m-electronic delocalization energies of the heterocyclic moiety.



For example, replacing the phenyl ring by thienyl derivatives results in a slight increase on
the second-order nonlinearity. However, as aforementioned, the comparison of the results
obtained for a series of benzene- and heterocyclic-based alkynyls is not straightforward due
to the fact that phenylacetylides were measured at 1064 nm and the complexes presenting
thienyl rings were measured at 1500/1560 nm, and hence a strong dispersion-enhancement
can be present in the case of the former. The above stated behaviour for the chain length-
ening effect on the quadratic hyperpolarizability for the phenyl-based complexes can be
observed for the series of thienyl derivatives 7°-(CsHs)Ru(LL)(C=C-2-Th,-5-NO,)] (LL
— 2 PPhy, k>-dppe; n = 1, 2). 49

Despite the several acceptor groups explored on the m-spacer, the good acceptor nitro
group has been the most widely used across this series of acetylide complexes. Replace-
ment with weaker groups, like the formyl group in its protected of free forms, in the series
of phenylacetylenes results in a decrease of the nonlinearities as can be seen in Figure
[1.19]5 These results are easily justified by a dimishing of the dipolar D-7-A asymmetry.

Conversely, the use of the good electron acceptor N-methyl pyridinium derivatives
leads to an enhancement of the second-order hyperpolarizability, in particular for longer
conjugated systems.

The use of pro-quinoidal ligands was envisaged because this feature leads to the con-
servation of aromatic stabilization energy and can, thereby, enhance the optical nonlin-
earities. This idea had already been exploited with organic molecules by Marder et al.*
The use of indoanilinoacetylide ligands has been examined because in the charge-transfer
excited state the ring closest to the metal centre becomes quinoidal while the second ring
becomes aromatic. Although the quadratic nonlinearity for this complex is large (8y =

159 x1073Y esu), it is lower than the ones determined for similarly sized two-ring ene- and

azo-linked complexes (Figure [1.20])."

1.4.3 Acetylide Metal Phosphine Complexes

Acetylide metal complexes containing bidentate tertiary phosphines is another family
of very well successful organometallic compounds for nonlinear optical applications. A
general structure of these complexes is depicted in Figure [1.22] Most of the studies are
centred on (diphenylphosphane)ethane (k*-dppe) and (diphenylphosphane)methane (k2-
dppm)-ruthenium, platinum or gold complexes. Herein, only the ruthenium complexes

will be presented.?34
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Figure 1.18: Selected example of acetylide organometallic complexes presenting
heterocyclic aromatic ligands

Spectroscopic measurements for these compounds show that they have very similar
nonlinear optical properties to those of the previously mentioned n’-monocyclopentadienyl
compounds, with errors of ca. 10% for both  and ;. They also display the NLO-active
chromophore in the same plane of the metal centre and hence, very low-lying metal-to-
ligand charge transfers are observed. This characteristic transition is also responsible for

their high nonlinear optical properties.
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Figure 1.19: Selected example of acetylide organometallic complexes presenting
different electron acceptor groups
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Figure 1.20: Selected example of acetylide organometallic complex presenting a
dispersion-enhanced HRS quadratic hyperpolarizability at 1064nm fundamental
wavelength

Chain lengthening of the NLO-active chromophore leads of an increase in the measured
hyperpolarizability (Figure . However, the opposite behaviour is observed when
the number of aromatic rings increases over two repeating units, that is, in the case
of the present acetylide bidentate phosphane complexes a saturation of the measured
hyperpolarizability is not observed until the number of repeating units is approximately

twenty units (evaluated theoretically).”® Also, for the cases of high-conjugated length
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Figure 1.21: Selected example of acetylide organometallic complexes presenting
diferent co-ligands

RsP PR

-~

L —lRu —( spacer )— A

Figure 1.22: General structure of acetylide metal phosphine organometallic complexes.

PRs=tertiary phosphine, L=CIl or other NLO-active co-ligand, A=acceptor

ligands, the measured hyperpolarizability do not correlate with the absorption spectra of
the complexes, for which a blue shift is observed with the increasing number of repeating
units.

Replacement of the usual triple bond between the phenyl rings leads to an increase
of the observed molecular hyperpolarizability. As in the previous cases, ethylene linkages
provides higher nonlinear optical properties than imine linkages (Figure .

Control of the crystal packing can be made by inclusion of chiral phosphanes, like

1,2-bis(methylphenylphosphane)benzene.
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Figure 1.23: Selected examples of acetylide metal phosphine organometallic complexes
with increasing length chromophores

1.4.4 Metal Ammine Complexes

Metal amine complexes emerged very recently as interesting organometallic fragments for
nonlinear optical applications. Based on the [(NHs),Ru(L),]" (y=1 when x=5 and y=2
when x=4) fragment, their nonlinear optical properties have been extensively studied by
Coe et q].B#5760

The electron donating character of the organometallic fragment can be tuned by substi-
tuting the axial ammonia ligand by an electron-donating or electron-withdrawing group.
The general structure for these compounds is depicted in Figure [1.26]

The good electron-donating abilities of the ruthenium ammine fragment, that lies
in the same plane of the delocalized aromatic system, gives rise to very low metal-to-
ligand charge transfers that are responsible for the observed molecular nonlinear opti-
cal properties of these compounds. Interestingly, like in the case of the aforementioned
half-sandwish organometallic fragments, attempts to improve the molecular hyperpolar-
izability by extending the conjugated system resulted in maximization of this property
for relatively short conjugation lengths. In fact, longer conjugation lengths lead to a de-
creasing of the measured molecular hyperpolarizability.®Y These results were justified by a

blue-shift of the low-energy transitions with the increasing conjugation length. DFT cal-
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Figure 1.24: Selected examples of acetylide metal phosphine organometallic complexes
bearing ethylene and imine linkages
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Figure 1.25: General structure of ruthenium ammine organometallic complexes.

L=NHj; or other co-ligand, A=acceptor

culations were also used to rationalize the results, showing that, for longer chromophores,
the lowest energy transition are dominated by an intra-ligand charge transfer, clearly af-
fecting the nonlinear optical response of the molecules. Hence, it was showed that for
longer chromophores, the inclusion of the good-electron donor organometallic fragment
is not advantageous comparatively to simpler and less costing organic fragments, like
4-(dimethylamino)phenyl groups.®?

Increasing the number of acceptor units coordinated in the cis-[Ru(NHs),]*" was also
investigated.®¥*¥ The presence of the two electron-acceptor groups cause the complexes to
exhibit several metal to ligand charge transfers making the molecular hyperpolarizabilities
much harder to analyse. Furthermore, the molecules typically belong to the C,, point
symmetry group, for which two main / tensors are dominant, .., and ., (considering

that the ligands are in the yz plane), and hence the TLM is not applicable in these
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Figure 1.26: Selected examples of ruthenium ammine organometallic complexes

compounds. For that reason, these complexes were studied with Stark spectroscopy, which
allows the molecular hyperpolarizabilities associated with each electronic transition to be
estimated. In Figure are depicted the molecular structure of two of these 2D V-
shaped molecules. The presented molecular hyperpolarizabilities were obtained by the

summation of the hyperpolarizability components for all the MLCT bands.
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Figure 1.27: Selected examples of 2D V-shaped ruthenium ammine organometallic
complexes

It is clear that, in the case of these complexes, the molecular hyperpolarizability

increases with the increasing of the conjugated system length. Conversely to the previous
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1D complexes, the energy of the MLCT electronic transitions is not blue-shifted by the
elongation of the delocalized m-system, leading to a gradual enhancement of the molecular

hyperpolarizability.

1.5 Nonlinear Optical Molecular Switching

The development of highly effective materials for NLO is still challenging. More recently,
with the need of new miniaturized technologies, another challenge was brought to light
- the development of nano and molecular-scale devices. The miniaturization processes
of such technologies requires the development of nano and molecular scaled components,
such as circuits, memories and, more importantly, switches.

Molecular Switches are generally defined as molecules that, upon a external stimuli, are
capable of being reversibly interconverted between at least two forms, generically called
the on-state and the off-state. NLO molecular switches are, for that matter, molecules
capable of switching their NLO properties upon one or more suitable external stimuli.
Like any other molecular switch, in order to be useful NLO molecular switches several
requirements must be fulfilled namely: rapid and reversible commutation between the
different forms; be stable both in solution and in the solid state; and display large NLO
contrasts, that is, the hyperpolarizabilities between the different forms must be sufficiently
large.

NLO switchable compounds can be classified by the type of the used external stimuli,
and hence there are pH-, photo- and redox-induced switches. In one of the first reviews
on this subject, Coe purposed a different and broader classification based on the type
of alteration to the basic functional units of the material, rather than the stimuli the
compounds respond to. This classification is based on the alteration on the donor, the 7-
conjugated bridge or the acceptor parts,”® and applies to both organic and organometallic
compounds. Scheme depicts this classification.

In the Type I mechanism, the hyperpolarizability is altered by reducing the ability of
the donor moiety (D) of the on form. This will be done by oxidation (or protonation) of
the donor, which therefore will become a competing acceptor moiety (A) leading to a lower
hyperpolarizability (off form). In the Type II mechanism, the /3 value is changed upon
reduction (or deprotonation) of the acceptor (A) moiety which becomes competitive with

the donor (A changes into D). Finally, in type III mechanism a change in the conjugation
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Scheme 1.1: Classification of NLO molecular switches

length of the m-conjugated bridge. This alteration in the conjugation path can be done,
for example, by isomerization or cyclization in the organic chromophores and lead to a
break in the donor-acceptor coupling.

Organometallic compounds of Group 8 metals are also among the most versatile com-
pounds for obtaining NLO molecular switches, since they can incorporate innumerous
organic compounds as ligands and, more importantly, because the presence of one (or
several) transition metal centre(s) allows a great design flexibility and accessibility of dif-
ferent metal oxidation states. The electronic properties of the ligands directly or indirectly
bonded to the metal centre can be altered, providing a feasible way to fine-tune the prop-
erties of the complexes. Furthermore, organometallic complex can respond orthogonally

to any of the mentioned stimulus, allowing a greater combination of states to be achieved.

1.5.1 Switching by alteration of the donor or acceptor groups -

Redox Switching

The first purposed redox active NLO molecular switch was based on the pentaammine-

Ru™ / Ru™ redox couple.5¥ Combining these organometallic electron donors with pyridyl
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ligands bearing several electron-accepting pyridinium groups, excellent nonlinear optical
properties were obtained. Upon oxidation, a dramatic decrease in the harmonic scatter-
ing intensity was observed, with no meaningful values for 3.° Recently, the modulation
of Langmuir-Blodgett (LB) thin films of ruthenium pentaamine complexes was inves-
tigated.®Y Results showed that oxidation lead to a ca. 50% decrease in the nonlinear
optical response intensity, and that the signal is almost completely restored on reduction.
Albeit this reversible process was possible for two cycles, the signal diminished with fur-
ther cycling. Octamethylferrocene derivatives substituted with an ethynyl nitrothiophene
derivative were also shown as possible molecular switches. Again, upon oxidation of the
Fe™ metal centre, the first hyperpolarizability was reduced by almost 10 times.®” Figure
depicts the examples stated above.

The promising results for these compounds resulted in the burst of several organometal-
lic based molecular switches. Dipolar and octupolar complexes of group VIII metals are
among the most studied compounds for redox-based NLO molecular switching, since
they often present reversible redox processes between the M /M(HI) forms, allowing
the interconversion of the complexes between two oxidation states easily achieved. By
this fact, they are indeed the most promising metals for NLO molecular switching. In-
tuitively, a decrease of the NLO response upon oxidation is expected due to the de-
crease of the electron-donor ability of the metal centre, from the good electron donor
M to the poor electron donor a®-M"D,
lar °-pentamethylmonocyclopentadienylmetal (Metal= Iron (II) or Ruthenium (IT)) and

Metal alkynyl compounds, in particu-

alkynylbis(diphosphine)ruthenium complexes, have attracted attention in this field due
not only their intrinsic large optical nonlinearities, but also to their reversible and well
defined redox properties. As far as this work is concerned no metal alkynyl or nitrile com-
pounds bearing n°-monocyclopentadienylmetal (Metal = Iron (II) or Ruthenium (II))
have been reported.

The synthesis and NLO switching ability of mono-, bi and trinuclear 775—C5Me5(k2—
dppe)Fe(H) organometallic complexes containing phenylethynyl bridging ligands was syn-
thesized and tested for their NLO-switching ability.®*¥ The mononuclear radical cationic
complexes presented a much lower (close to negligible) NLO activity when compared to
their neutral counterpart. The lower NLO activity is attributed to the lowering of the
electron donation ability of the 4 Fe™ alongside an inversion of the dipole moment in

the excited state. The polynuclear compounds were isolated in different oxidation states
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Figure 1.28: Examples of the first synthesized metallo-organic NLO switches

allowing their NLO properties to be investigated separately. The results show that the
polynuclear complexes had an expected increase of the quadratic NLO response by at least
a factor of 3 when compared with the mononuclear complex. The three possible states
for the binuclear complexes (Fe(H) / Fel™ | Fel™ / Fe™ and Fe!™ / Fe(IH)) present different

)

second-order responses in all three forms, being the Fe™ /Fe(III the most active. The

trinuclear complex showed similar nonlinearities for all the forms (Figure [1.29)).
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Figure 1.29: Selected structures of phenylethynyl based Iron (II) molecular switches

Fe®/Fe/Fel) Ryo64 (HRS) = 170 X100 esu
Fel/ Fe / Fel) Byo64 (HRS) = 53 x10%0 esu

The third-order nonlinearities of bimetallic half-sandwich Fe(™” end-capped with an oc-
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taedral trans-Ru'™ (k2—dppe)2 complex across three possible states was evaluated (Figure
[1.30]).53707 The complexes showed different NLO properties in all forms, going from a
low response for the Fe™ / Ru"™ form to a highly active response in the Fe™ / Ru™.
The final Fe™V / Ru"™ form showed the highest third-order response of the three forms,
with values that almost enhance by a almost 2-fold compared with the mixed valence
form. Further enhancement of the conjugated system to an octupolar mixed hexametal-
lic system prove to greatly enhance the nonlinear optical properties of the compounds,
in particular for the Fel' / Ru™ form, for which an enhancement of the third-order

hyperpolarizability by ca 10-fold was observed.
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Fe /Ru™ 7,,59 (Z-Scan) = 320 000 x10-%6 esu

Figure 1.30: Selected structures of mixed valence phenylethynyl based Fe (II)/Ru (II)
molecular switches

PhoP  PPh, PhaP
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1.5.2 Switching by alteration of the conjugated system

Switching the NLO properties by an alteration at the m-conjugated bridge is a common
way to easily investigate the NLO switching ability of a molecule. In fact, the first ap-
proach to the attain the reversible NLO switching of organometallic compounds was by
incorporation of a photochromic organic ligand directly coordinated to the metal(s) cen-
tre(s). A recent review was published.™ To date, there are several families of organic
B spiropy-

rans, ™ anil derivatives, fulgides, azobenzenes, indolino-oxazolidines and flavinium salt,

chromophores studied for their photochromic behaviour, like diarylethenes,
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for which several reviews have been published.™ Y However, the majority of the work has
been performed in the diarylethene family, in particular with the 5,5-dithienylperfluoro-
cyclopentene (DTE) moiety.

DTE possess two light-induced interconvertible forms, as shown in Figure gener-
ically called the open- and closed-forms. The absorption maximum of the open form
presents high energy transition (300-400 nm depending on the substituent) and it is at-
tributed to intra-ligand charge transfers occurring in the independent photochromic units,
whereas the closed form presents low-lying energy transitions in the 500-700 nm range,
characteristic of a charge transition of an enhanced conjugated system. Coordination of
these ligands to different metal centres usually is accompanied with a red shift of these
bands.®!' For these reasons, DTE ligands are the most appealing starting materials for
NLO molecular switching. Surprisingly although innumerous papers are devoted to the
photochromic switching of DTE containing organometallic complexes, only a few exam-
ples report the nonlinear optical properties of such complexes. Ruthenium complexes
bearing bis-5,5-dithienylperfluorocyclopentene (DTE) -2,2’-bipyridine ligands were syn-
thesized and their NLO properties evaluated by HRS.®2 The hyperpolarizabilities at 1910
nm fundamental wavelength of the complexes in open- and close form of the DTE ligand
showed to be different by a factor of ca. 3.4 (Bopen, = 325 x10730 esu; Bupsea = 1113
x1073% esu). Also, iron (II) tris(bipyridyl) complexes featuring six DTE photochromic
units were synthesized and HRS measurements were performed at 1910 nm."#%4 Results
showed again an enhancing of the hyperpolarizability upon photo irradiation (Bope, = 250
x 10730 esu; Baosed = 2000 x 10730 esu).

Changes in the conjugated system can also been achieved by protonation of metal
alkynyl compounds. The presence of the akynyl group allows also the switching to be
achieved by protonation, as shown for example by Hurst et al.°"®3. Figure shows
some examples of NLO protic switches. However, the pH switching abilities of the majority
of these compounds were rather puzzling, since there are no consistent results on the
expectation value of the first hyperpolarizability upon protonation or deprotonation. In
other words, there is not predictability if the pH variation will lead to an increase or a
decrease in the hyperpolarizability value. The impossibility of a systematic analysis of
the results of such complexes was attributed to an unpredictable behaviour of the two-
photon absorption resonance effect, leading to the appearance of large errors, either by

resonance enhancement or absorption of the harmonic light, thus preventing structure-
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Bopen 1910 = 325 x 1030 esu
Beiosed 1910 = 1113 x 100 esu

Ropen, 1910 = 250 x 1030 esu
Reiosed, 1910 = 2000 x 10730 esu

Figure 1.31: 5,5-Dithienylperfluorocyclopentene (DTE) based molecular switches

property relations to be addressed properly. Furthermore, pH-dependent switches are
not suitable for technological applications, since the chemical manipulations involved are
not straightforward. In this sense, electro-reversible Fe(II) and Ru(II) alkynyl complexes,
with mono-, bi- and tri-organometallic centres, seemed to provide a much more suitable

way of achieving systematic NLO switching abilities.

R
P =
PP R P
\: — +H?
: — Cl—Ru=C—
/" P P H
P P 7
PP = DPPM; R = H; Bgg4 = 20 X103 esu; Bg 1064 = 12 x10% esu PP = DPPM; R = H; Byog4 = 24 X100 esu; Bg 1064 = 16 x10% esu
PP = DPPM; R = NOj; Bggq = 767 x10°% esu; By 1964 = 129 x10°% esu PP = DPPM; R = NOy; Byggs = 721 x10°% esu; By 1064 = 127 x10°%0 esu
PP = DPPM; R = -CC-CgH4-NOy; Bos4 = 833 x10°%0 esu; By 1054 = 169 x10% esu PP = DPPM; R = -CC-CgHz-NOy; Byggq = 427 X100 esu; By 10e4 = 122 X100 esu

Figure 1.32: Examples of Ru™ complexes for protic switching
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1.5.3 Multi-stimuli Switching

Multi-stimuli switching of the nonlinear optical properties of compounds can also be
achieved. The multi-stimuli approach is based on both the switching by alteration of
the conjugated system and the electrochemical switching. Together they combine the pH
and/or redox switching abilities of organometallic moieties with the modulation of the
optical properties by photochromic ligands, like DTE derivatives.

Although organic multi-redox NLO switching is known, the switching of the quadratic
hyperpolarizabilities of organometallic complexes has not been reported yet.®* However,
the synthesis and third-order nonlinear optical properties, in particular the nonlinear
absorption, has been recently evaluated for an alkynyl ruthenium containing bidentate
tertiary phosphine and a DTE ligand (Figure [1.33]).5% Results show that the synthesized
complex responds orthogonally to protic (yne-linkage vs. ene-linkage), electrochemical
(metal-centred redox: Ru (II) ws. Ru (III)), and photochemical (DTE ring-opening wvs.
ring-closing) stimuli allowing six possible states to be obtained. The six states are inter-
converted along different pathways according to the applied stimulus and result in distinct

changes to cubic nonlinear optical absorption.

1.6 Density Funcional Theory in NLO

Nowadays, Density Functional Theory (DFT) is probably the most successful formula-
tion of quantum mechanics and has allowed chemists to study a wide variety of com-
plex chemical systems and their properties. In the base of that success is the fact that
DFT provides a sufficiently accurate description of the motion of electrons at low com-
putational costs when compared to other ab initio methods, like Moller-Plesset (MP),
Multi-Configurational Iteration (CI) and Coupled Cluster (CC) methods.

As any ab initio method, DFT is based on the Schrodinger equation, that in its time

independent form, for a system of N electrons and M nuclei, is the following:
HU(21,20,...,x5|R1, Ra, ..., Ry) = EV(xy,29,...,25|R1, Ra, ... Ray) (1.29)

where W is the wave function for the system, E' is the energy and H is the Hamiltonian
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Figure 1.33: Interconvertion between six states of a multi-stimuli Ru™ molecular
switch

operator that is given by:

]f[elec = Te + ‘/;N + ‘/Aee

1 X N M Z,
=_= \Vi . 4
2; Z ;; iA (1.30)
NNy
22
i=1 j=1 " Y

In equation [1.30| 7, represents the kinetic energy operator, V. the electron-nuclei at-
tractive potential (called external potential in DF'T theory) and V.. and Vyy the electron-
electron repulsion and nuclei-nuclei repulsion potentials, respectively. The indexes i and j

represent the sum over electron ¢ and electron j at the r;, r; positions and A, B represent
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the sum over nuclei at positions R4, Rg with nuclear charges Z 4, Zg. Note that the previ-
ous equation includes the Born-Oppenheimer approximation and thus the kinetic energy
and the nuclei potential are not shown. In this case the Hamiltonian operator is called
the electronic Halmitonian operator. However, in order to obtain the total energy of the
system, Fy,, the nuclei potential as to be added to the electronic energy, E..., and hence,

the total energy of the system is given by:

Etot = Eelec + ENuc (131)

The initial quantum molecular problem is to solve the Schrodinger equation in order
to find the nuclear positions, R4, Rg, ..., Ry that lead to the lowest eigenvalue - the
energy minimum. This eigenvalue is the ground state energy, Ey, of the molecule and the
resulting nuclear positions provide the ground state geometry. The fundamental principle
that allow to obtain an approximate solution to the Schrodinger equation, and therefore
Ey, is the Variational Principle, that states that the energy computed by equation for any

given set of trial SO’s is higher or equal to the "exact” energy of the system:

<\Ilreal|ﬁ|\llreal> S <\Iltrial‘ﬁ|‘;[jtrial> (132>

According to the Hellmann—Feynman theorem, once the ground state energy is ob-
tained, all the properties of the system (in its ground state) can be determined by deriving
the energy in respect to other quantities, like the positions of the nuclei or the electric
field. However, the complexity of this N-electron problem is such that there is no exact
solutions for the Schrédinger equation and hence approximations are needed. This work
deals only with the DFT approximation. Other methods will be mentioned only when
strictly needed. This is the case of the Hartree-Fock approximation that will be briefly

presented next.

1.6.1 The Hartree-Fock Approximation

The electronic wave function, 1(z), should contain all the information of the system, but
in order to be a solution to the Schrodinger equation, the electronic wave function must,
among another requirements, be normalized as well as be antisymmetric with respect
to the exchange of any pair of electron. The first requirement results from the Born
interpretation of the wave function that states that the fact that [)?| is related to the
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probability density of finding an electron in a particular region of space at a particular
time, and thus this probability has to be 0 < [1/?| < 1. The latter requirement is related
to the Paulis Exclusion Principle: no two electrons of the same spin can occupy the same
space point at the same time.

The principle of the HF approximation is that the total wave function of a system

of N electrons can be separated as a product of mono-electronic wave functions, called
Spin-Orbitals (SO), ¢(x):

\I’HF(Qil,JJQ, R ,JJN) = gbl(Il) X (ﬁg(l’g) X oo X (bN(xN) (133)

This HF product of wave functions violates the antisymmetric requirement, and hence
the appropriate form to describe a system by means of SO’s is by the use of the Slater
Determinant (SD). The HF method is a single SD method, which means that the entire
N electron system will be described by a single SD. For the HF method, the SD has the

form:

o1(z1)  da(r1) ... On(T1)
\I]SD(xth’-u,xN):L ¢1(:9132) ¢2(:$2) ¢NE$2) (1.34)

o1(zn) d2(zn) ... On(zN)

Once the SD is formed, it is possible to use the variational principle to minimize its
value, and hence obtain the energy minimum. The expectation value of the H operator
over such a SD can be formed by construction of each the individual parts of the H

operator. The result of such operation yields:

N N 1
Eup = (Usp|H|Tsp) = > (¢ilhle) + 5 Z Z (9idil|9jd5) — (didsll@idi)  (1.35)

i

where the index the first sum reflects the one-electron Hamiltonian operator, il, and the
second sum reflects the two-electron operators. The one-electron operator defines the

kinetic and the electron-nucleus attraction for a single electron, and is given by:

(¢ilhlo:) = /Qb;k {—%V2 - Z Za } ¢;0x; (1.36)

n TriA
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As for the two-electron operator can be separated into the form of:
1
(Pigillpj05) = // |¢i’2 i ’¢j’2 Ox;0x; (1.37)

1
(63051 6,60) = / / 16} 6,0.01,01; (1.38)

The term (¢;¢;||¢;¢;) is the Coulombic electrostatic interaction between the electron
1 and the average non-local charge distribution of the other N — 1 electrons, whereas the
term (¢;0;||¢;¢:) is called the Exchange integral and has no classic physical meaning. It
arises from the antisymmetry requirement of the wave function, and its similar to the
Coulomb term, except that it switches (exchanges) the spin orbitals ¢; and ¢;.

In order to solve Equation [1.35] and obtain the minimum of the SD, the SO’s must
remain orthonormal. This is accomplished by Lagrange’s method of undetermined mul-

tipliers, here denoted ¢;, that lead’s to the Hartree-Fock equations:

f¢z’ = €9 (1.39)
where f denotes the Fock operator, and ¢; have the physical meaning of being the

orbital energies. The Fock operator is an one-electron operator that is defined as:

f==sV2=>" 22 4 Vir (1.40)

It is easily seen, that the first two term are the kinetic energy and the electron-nucleus
attraction energies, whereas Vg is, in fact, an one-electron potential that is non less
then the repulsive energy of the N — 1 electron acting on the i’th electron. Hence, the
complicated two-electron repulsion integrals on equation[1.35|are elegantly replaced, in the
HF method, by an average potential given by a one-electron operator. This HF potential
comprises two components: the Coulomb operator, J , and the Exchange operator, K that

are defined as:

Viur = Zn: ( Ji() — fQ(x)) (1.41)

J

Ji(ay) = / (61() Tiwaxg (1.42)
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K1) () = / 0 (02) 0 (22) 0,2, (1) (1.43)

In this case, the Coulomb integral represents the potential felt by an electron at the
x1 position by the presence of another electron, in a SO ¢;, at a distance x5 from it,
weighted by the probability of the second electron be found at the x, position. Since the
J; operator depends only on the value of ¢; at the x; position, this term is also called local.
As for the K ; operator, it has no classic physical meaning and can only be defined when
applied on a SO. it is very similar to the J; operator, but it exchanges the variables in two
SO. For that reason, the exchange operator is a non-local. It should be also noticed that
the double summation on equation |1.35| allows that ¢« = j, that is, it allows a Columbic
interaction of the electron i with itself, and hence a self-interaction error is obtained in
the HF method.

The HF method its a self-consistent field method (SCF) since it relies on an iterative
procedure of finding the best wave functions that lead to a minimum of energy. This
means that, after an initial guess, the spin-orbitals are tested and modified repeatedly
until the input and output orbitals differ by less than a predetermined threshold - the
so-called convergence of the SCF. The machinery behind a SCFHF procedure is not on

the scope of this work and will not be addressed here.

1.6.2 Density Functional Theory

Unlike all the other ab initio methods, the DFT formulation is based on electronic density
rather than wave functions. The earliest form of DFT was purposed by Thomas and
Fermi almost one century ago, but their theories had deficiencies in the approximations
made and were ignored by the scientific community.®**” It was not until 1964, with the
publications of Hohenberg and Kohn (HK) theorems that was proven undoubtedly that
electronic density is of fundamental importance on the quantum calculations of molecular
system properties.®® Moreover, the use of the electronic density reduces the number of
variables from 3N to only 3, allowing large molecular systems to be studied at significant
lower computational cost.

In one sentence, DFT can be understood as follows: for a given system, the electron
density uniquely determines the position and charges of the nuclei, and hence trivially

determines the Hamiltonian, without having the knowledge of any wave function. In
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other words, the electronic density is the fingerprint of the system. This sentence is, in
fact, a different way of stating HK first theorem: The ground state density of a system of
interacting electrons in an external potential uniquely defines this potential, except for an
additive constant, which proof is found is most quantum chemical books. The second HK
theorem introduces the variational principle of DFT theory, and states that there exists
a universal functional for the energy, in terms of the electronic density, F(p), which is
valid for any external potential. For a given external potential, the global minimum of
this functional is the ground state energy of the system, and the corresponding density s
the ground state density. Since this exact functional is not known, any functional will
provides an energy that is higher or equal to the energy of the universal functional.

It is possible to write an equation similar to equation that allows the energy of

the system to be calculated. El[p] is named the energy functional:

Elp] = T[p] + Vear|p] + Veelp] (1.44)

where T'[p] is the kinetic energy functional, V,.[p] is the interaction with an external po-
tential functional and V.. [p] is the electron-electron interaction functional. Unfortunately,
only the external potential functional can be obtained exactly. Kohn and Sham used an
approximation similar to the HF method, treating the N-electron system as a fictitious
system of non-interacting particles, each one moving in an effective potential of all the

other particles. In this case, a similar SD can be written in the form of:

p1(z1)  p2(r1) ... pn(T1)
Os(w1, Ta, . T) = \/% 901(:x2) @2(:962) .. SOme) (1.45)
e1(zn) p2(zn) . pn(TN)

where the terms ¢;(x;) are now called the Kohn-Sham (KS) orbitals. Using this artefact,
it is now possible to compute the kinetic energy of the non-interacting particles in the

system, that is simply the same expression that was used in [I.30}

N

Teslo] = =5 3 (V) (1.46)

7

Still, the kinetic energy of a non-interacting system of particles is not the exact kinetic
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energy of the system, and therefore, Kohn and Sham proposed that the total energy

functional should be written as:

Elp] = Tks[p] + Veat[p] + Exclp] (1.47)

where the term Exc|p] is called the Exchange-Correlation Energy and includes all the
remaining unknown terms (the non-classical electrostatic contributions and the difference
to the exact kinetic energy). In other words the XC functional contains all the errors of
considering the system as a classic non-interacting system of particles, a kind of junkyard

where everything is stowed away. The XC functional is given by:

Exclpl = (Tlp] — Tkslpl) + (Veelp] = Vlpl) (1.48)

The new term, Vi [p], is the Hartree energy, that arises from the classical treatment of
the electron-electron interaction and has a Columbic form that can be written in terms
of the electronic density.

At this point it is important to mention that the KS orbitals are not, by all means,
identical to the HF spin orbitals. The only physical significance is that the sum of the KS
orbitals add up to the exact electronic density of the system. They are, however, more
adequate to be qualitatively interpreted in a molecular orbital scheme than the HF spin
orbitals, since the later neglect the correlation effects as well as the ground state density.
Also, the SD generated by the KS orbitals cannot be related to the SD generated by the
HF theory simply because it does not lead to a true N-electron wave function - it deals
with density orbitals.

Current research in DFT is focused in the development of new methods for improve
the XC functional through different approaches. This active field of research lead to the
development of a myriad of functionals that are in more or less extend appropriate for
particular studies. The ultimate evaluation of a functional is then made in terms of its
results towards the available experimental data or by direct comparison with more accu-
rate quantum theories. There are three main approximations to the XC functional: the
Local Density Approximation (LDA), the Generalised Gradient Approximation (GGA)
and the Hybrid Exchange Approximation.

The LDA approximation is based on the homogeneous electron gas approximation,

where electrons are treated as moving in a constant positive charge distribution. The XC
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functional can be defined, in the LDA approximation, in the form of:

B2 = [ or)exc(pr (1.49)

where €(p) is the XC energy per particle of uniform electron gas of density p. This term
can be separated linearly in the exchange part, ex and in the correlation part, ec. The
exchange part has an analytic expression is known as the Slater Exchange, whereas the
correlation part has no analytic expression

Error of the LDA based functionals are usually related with over-biding energies and
underestimated bond lengths.

In the GGA approximation, the XC functional takes into account not only the elec-

tronic density but also its gradient. The XC functional is, hence, generally described by:

Exc ~ /p(r)exc(p, Vp)dr (1.50)

Within the GGA approximation, a different set of functionals was developed. These
functionals are called meta-GGA functionals and depend explicitly on the semi-local pa-
rameters, namely the Laplacian of the spin density matrix or the local kinetic energy

density. Typically, they are presented in the form:

Exc ~ / p(F)exc (0, Y p, V2p, 7)dr (151)

where 7 is the kinetic energy given by Modern GGA and meta-GGA functionals
greatly improve the LDA functionals and typically predict the ground-state energy with
an error less than 0.3 eV, bond lengths and angles within 1% of experimental values and
atomization energies with an absolute error of less than 0.3 eV .5

Finally, hybrid exchange functionals provide an improvement to the GGA approxima-
tion by including a given percentage of the HF correlation. Furthermore, these functionals
present the correct _71 behaviour of the exchange part. They also use a method that gradu-

ally "turns on” the electron-electron interactions. The XC functional then takes the form:

Bxe =3 [ drdr [ 2 (ool = plr)5lr =) (1.52)

=7

where, r and ' represent electrons with different spin, the term between brackets is the

o1



Chapter 1- Introduction

density-density correlation function and A is the coupling constant of the density-density
correlation function. At A = 0 one is in the HF domain whereas at A = 1 one is at the

GGA approximations. Hence, is reasonable to separate the XC energy in:
Exc ~ aByp + BESSA (1.53)

where o and 3 are constants that must satisfy the relations 0 < a < land 0 < <1
and 0 < a+ f < 1. The parameter o allows the incorporation of a given percentage of
the HF exchange contribution, whereas [ allows the incorporation of a DFT exchange
by a factor of 1 — (o + ). Becke used this approach and developed what is the most
popular and successful functional to date, the BSLYP. Its a and 3 parameters are based
on several experimental data, namely atomisation energies, ionisation potentials, proton
affinities and atomic energies in order to better reproduce the experimental properties of
the molecules. This functional is known as Becke’s three parameter functional and its

Exc¢ is given by:
Exc = EX24 4+ 0.2(BX" — EXPY) + 0.7TAES® + 0.81AESY! (1.54)

1.6.3 Nonlinear Optical Properties from DFT

The nonlinear optical response of a material is still a great challenge for theoretical and
computational chemists, since the problem relies on describing multi photon absorption
processes in the presence of a highly intense external field, with a proper consideration of
solvation effects. Therefore, the computational effort is much more demanding than for
simple linear absorption responses, that can be easily obtained by the TD-DFT formal-
ism. Although ab initio methods have been successfully used for quantitatively calculate
the linear and nonlinear optical properties of molecules, their usage is limited to small
molecules due to high computational cost. Semi-empirical methods, in their turn, are
known to be less computational demanding, but highly dependent on parameterizations,
leading to less accurate results. DF'T methods fall in between these two levels of theory,
giving good quantitative results at a low computational cost.”’ Most of the implementa-
tion of theoretical prediction of the linear and NLO polarizabilities in quantum chemistry
software packages, like Gaussian (G09)®Y has been done in early 1990’s. In the next

paragraphs, a short overview on the theory behind the NLO calculations is made.
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Two main approaches for calculating the molecular hyperpolarizabilities are used:
derivative and perturbation techniques. When a molecule is exposed to an electric field,
its charge density will respond to this perturbation and the overall energy of the system
is thereby different from its initial state. This energy in the presence of the electric field
can be described in terms of a Taylor expansion by (to avoid confusion with energy, F,
the electric field is hereby denoted as F):

(1.55)
T3 Z (8F8F 8Fk> Fib5

PE
< FLF R+ .
4T % (amganw) PRt

where the indexes in summations represent the Cartesian axes and the indexes outside

represent the partial derivatives represent the static domain (if F = 6) or the dynamic
domain (if F #* 6) In accordance to the HellmannFeynman theorem, each of the deriva-
tives can be related to one of the electric properties of the molecules. In other words,
the dipole moment, the linear polarizability and the nonlinear hyperpolarizabilities can

be written as derivatives of the energy with respect to the incident electric field by:

s — (gf:) (1.56)

e ()
Bijk = — (%) (1.58)
Tight =~ (amfyf&w) (1.59)

Therefore, from a practical point of view the electric properties of a molecule can

be obtained by differentiation of the field-dependent energy or dipole moment. This is
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the basis of the finite field method, which is by far the most used method for obtaining
such quantities. Since the dipolar moment operator is the derivative of the energy in
respect to the electric field, the quantum chemical linear and nonlinear responses can
be obtained from similar energy expressions with higher derivative orders. The DFT
scheme enables the determination of the ground-state density, and consequently the dipole
moment, of a molecule with or without external electric fields. After differentiation, it
is then possible to determine the static polarizability and hyperpolarizability tensors,
by performing calculations in small electric fields of varying magnitudes and directions.”
This procedure is the so-called finite-field (FF) approach, where the tensors are determined
from finite differentiation techniques and the energy expression is truncated by the forth
power F'*. The major drawback of FF calculations is that it only provides access to
static polarizabilities and hyperpolarizabilities. The frequency dependent tensors are not
possible to calculate with this method. This is of crucial importance since it makes a
direct comparison with experimental results impossible, especially for hyperpolarizabilities
where it is known that there are substantial differences between the frequency-dependent
and zero frequency results.?? If no analytical derivatives are implemented, FF calculation
have to be solved numerically. Like all numerical derivative procedures, this might lead
numerical problems, especially for lower or higher fields. In the case of the lower fields,
the numerical problem arises from the fact that F' — 0, and usually, for static quantities,
a value of 0.001 a.u. is used. For higher fields, the source of this error arises not only from
the missing terms in the truncated equations, but more importantly from the high energy
of this field that might lead to ionization or a changing in the ordering of the electronic
states of the molecule.

The Sum-Over-States method (SOS) uses a completely different approach to the FF
method, in the sence that it uses Time Dependent Perturbation theory for obtaining the
nonlinear optical responses of a molecule. In SOS, the dipole moment operators and
energies are evaluated and summed. This summation is, in general, infinite leading to
a strong criticism of this methodology since it is well known that only a few states are
involved in the NLO phenomena.?¥ For the first hyperpolarizability, the SOS expression

is given by:

(0lilg) (glile) {elk|0)
(Eg — EO — h(JJU)(Ee — E() — hOJQ)

Bijr(Wo; w1, wa) = Z Z (1.60)

g’e
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where g and e represent the ground and excited state respectively, and j = j — (0|7]0).
The main advantage of the SOS method is that one can directly obtain frequency
dependent properties. However, this equation might lead to inaccurate results, since a
complete description not only the ground state but also several excited sates is necessary.
Moreover, the SOS expression must be also truncated in some manner, since the descrip-
tion of all the excited states of the molecule is impossible. This truncation also leads to
severe problems in the calculation of the SOS values of hyperpolarizabilities, since the

choice of the truncation might affect the final result.

1.6.4 Comparison of Theoretical and Experimental Hyperpolar-
izabilities

The enormous initial success of DF'T methods in obtaining field-dependent and -independent
properties of small molecules led to a rapid burst in the number of papers in this subject.
However, DFT methods are known to fail when trying to predict the amplitude of NLO
properties of long organic and organometallic molecules, specially when a comparison
with experimental values is made. Several problems have been addressed to justify this
failure of the DFT methods.

Computational methods afford the 10 or 18 components of hyperpolarizability tensor,
for the static and field-dependent regime respectively. The remaining 17 or 9 tensors for
each case are obviated due to the Kleinmman symmetry. For comparison with experi-
ment, that only provide the orientational average of the hyperpolarizability tensor, the
components of the hyperpolarizability need to be converted to the so-called total hyper-
polarizability, Biote;. The most used method of obtaining Siq, is the determination of

the norm of the hyperpolarizability vector, that is given by:

Brotal = £/ B2 + By + B2 (1.61)

with

1 . .
Bi=3 D (Bt B+ Biu), with i jk=uxy,z (1.62)

The major drawback of this scaling method is that there it has no physical significance
in relation to the value obtain from any experimental setup. Also, this equation is limited

to the static domain and it has no molecular symmetry dependence. As far as this
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work is concern, the best method to obtain [, is by direct use of equations [1.22| and
5.6 (hereafter called Syrs), after an analysis of the molecular symmetry and usage of
the Kleinmann symmetry to obtain all the non-vanishing tensor components. Finally,
results can then be compared with the experimental value. In this case, both Kleinman
symmetry and the geometric dependence of the hyperpolarizability are included. Also,
if the adequate computational method is applied, it is possible to obtain both the static
and dynamic value of Sipq.

Comparison of the experimental and theoretical values of the hyperpolarizabilities is
only possible if the results are in the same convention. Thus, as stated previously in
Section (1.7} a clear and unambiguous description of both the experimental setup and the
theoretical formulations for obtaining the NLO properties in terms of the used convention
for each case is mandatory. The Gaussian software package, used throughout this work,
uses the nonlinear optical definitions used by Kurtz and Dudis? that is assumed as the
T convention.

The basis set dependence of the quantum estimated hyperpolarizabilities is still a
subject of current investigation. It is well known that, for small molecules, including
both diffuse and polarization functions on the non-hydrogen atoms is essential for obtain-
ing sufficiently converged hyperpolarizability values.”#%? However, there is no systematic
trend that one can follows in order to establish which particular basis set to use. In
fact, many authors suggest that the decision of the basis set to use should take into ac-
count the quality/cost ratio of the calculation, rather than the accurateness of the result.
Also, it is important to state that the basis set is also dependent on the nature of the
system, this meaning that the size and complexity of the chosen basis set should weight
accordingly. For example, the use of small basis sets in the calculation of very large 7-
delocalized systems hyperpolarizabilities was found to be sufficient.”® This is also true
for open-shell systems, were the simple 6-31G+(d,p) basis set proven to be suficiently
accurate to estimate the hyperpolarizabilities of m-delocalized systems.“"

The choice of the functional, and in particular the XC part of the functional, is also
crucial for the correct description of the hyperpolarizabilities. The reliability of several
functionals to evaluate molecular electronic hyperpolarizabilities has been questioned in
a large number of studies. Although early works proven the good performance of both
LDA- and GGA-based functionals in the prediction of the hyperpolarizabilities of small

molecules, it was further discussed that the need for a correct description of the asymp-
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totic behaviour of the XC potential is necessary for more accurate results, especially larger
extended systems.”® The observed deviations were of several order of magnitude when
comparing the calculated and experimental hyperpolarizabilities, and were also attributed
an incorrect electric field dependence of the response part of the exchange potential.”?
The huge success of hybrid functionals, such as BSLYP, arises from the inclusion a certain
percentage of the exact HF exchange, that corrects both the long-range asymptotic be-
haviour and the electric field dependence of the calculations. In fact BSLYP is one of the
most successful functionals for large systems such as organic push-pull m-conjugated sys-
tems and transition-metal complexes.(colocar referencia adequada) However, in the case
of large m-conjugated systems, a fraction of HF exchange remains often insufficient, even
qualitatively.™™ Among the new strategies to circumvent the so-called short-sightedness
of the XC functionals is the development of long-range corrected functionals, like the
Coulomb- attenuating model (CAM).""Y Using these long-range corrected functionals,
such as the CAM-B3LYP functional, better predictions of 3 for extended m-conjugated
push-pull systems are observed.*® However, there is no consensus among the scientific
community on the systematic improvement of long-range corrected functionals over HF
in the determination of the molecular hyperpolarizabilities as well as in the evaluation of
the molecular nonlinear optical switching contrasts.0304

Although the choice of the functional is still very dependent on the system, some
remarks can be made concerning the choice of the functional for the determination of
the molecular hyperpolarizabilities: i) the best functionals are hybrid functionals that
in general include substantial amounts of HF exchange; ii) long-range corrected hybrid
functionals are more suitable to describe qualitatively the evolution of the molecular hy-
perpolarizability in extended systems; iii) octupolar molecules are usually better described
by HF than by popular B3LYP or even CAM-B3LYP functionals. These latter are usu-
ally adequate to satisfactorily describe the NLO responses quasi-pure dipolar character;
iv) the recently developed Minnesota functionals (M05 and MO06) provide slightly larger
deviations for the estimated hyperpolarizability values of dipolar molecules.*

Solvation is another important factor when dealing with the comparison of exper-
imental and theoretical hyperpolarizabilities. In fact, since most of the experimental
techniques are performed in solution, the inclusion of the solvent effects on both the opti-
mized structure and the electric properties obtained by quantum mechanics are needed to

an accurate estimation, and therefore, comparison to the experimental values. Hence, an
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accurate consideration of the solvated geometrical structure and more importantly of the
charge distribution in the NLO chromophore are important aspects on molecular response
properties, that need to be properly modelled by the solvent effects. Nowadays, there are
many alternative solvation models that can be used.’"® However, among the available
approaches, the most popular for this kind of study is still represented by continuum sol-

107108 Ty this solvation

vation models, namely the polarizable continuum model (PCM).
model, like in all continuum models, a molecule (or a few molecules) of the solute are
placed into a void cavity within a continuous dielectric medium mimicking the solvent.
The shape and size of the cavity are differently defined in the various continuum models,
but a common definition is that a cavity should have a physical meaning. In particular,
the cavity should exclude the solvent and must contain within its boundaries the largest

possible part of the solute charge distribution.*’®

1.7 Units and Conventions In Nonlinear Optics

It was shown above that nonlinear optical properties can be obtained by several ex-
perimental techniques. Also, quantum mechanical calculations were showed be used for
the estimation of nonlinear optical properties. It is not uncommon that great confusion
among authors arise when dealing with comparison of several results obtained by dif-
ferent techniques, quantum methods, unit systems or conventions used for defining the
NLO quantities. Therefore, when dealing either experimental or theoretical results it is
necessary a careful analysis of the data.

The unit system is by far the simplest problem to solve when one is dealing with the
comparison of data obtained from different sources. Table shows the typical units
used in the NLO field for both the CGS and the SI systems in experimental and quantum
methods.

A much more complex problem arises when dealing with the convention system used
to describe the NLO quantities. There are currently five different conventions in use for
defining the microscopic and macroscopic NLO quantities. These conventions are used
by different authors, and hence care must be taken when dealing with the comparison of
experimental data between different works. The relation between these conventions was
first made by Willetts et al.*’? and more recently by Kuzyk et al.*tV. Herein, only the two

most used conventions will be addressed. If equation is expanded in a Taylor series
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Table 1.1: Unit systems and convertion factors for NLO properties
Metric System

Parameter Convertion Factor

CGS SI
Electric Field statV.em™1 V.om~! Es; =3 x 10*Eccs
Polarization statV.em™! Cm™2  Pgy =3 x 107" Pegs
L stat.C.cm = statV.em?  C.m psr = 3 x 104 ucas
a cm? m> asr = (47) x 10 %cas
15} statV ~t.em?* = esu V=imt Bsr = %” x 10719805
vy statV ~2cm® = esu V72m® e = %’T x 107 %ycas

fashion, one gets:
1 1
p:#0+aTE+§ﬁTE2+§’yTE3+... (1.63)

where the superscript, T, refers that the Taylor expansion is in use, and obviously this is
called the T convention. A different convention arises from the inclusion of the factorial
terms into the linear and nonlinear polarizabilities themselves, resulting in the so called

the B convention:

p=tio+aPE+BPE* +~PE3 .. (1.64)

Although these two equation appear very similar, the inclusion of the factorial term
in equation results that, in the static limit, the terms  and v differ by % and %
respectively. For second-order nonlinear processes, its is easily seen that the relation

between these two conventions is:

57(0:0,0) = 547 (0:0,0) (1.65)

The transition from the static limit to the frequency-dependent limit involves an addi-
tional factor of %, leading to a factor of 4 for second-order processes. A further uncertainty
is whether or not so-called degeneracy factors are included in the definition of the NLO
parameters. Because SONLO susceptibilities and hyperpolarizabilities are defined for a
given combination of the input frequencies, degeneracy factors arise as a result of sum-
ming over the field amplitudes of fields with the same frequency. For example, the g used
to describe the process of THG and that used to describe nonlinear refraction may differ

by a factor of 3, depending on whether the degeneracy factor is included in the definition
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of G or not. It is usually considered prudent to define the hyperpolarizabilities in such a

way that they collapse to the same value as the frequencies tend to zero.

1.8 Motivation for this work

Despite the great advances in the chemical and physical knowledge of the NLO phenom-
ena of metallo-organic based materials, molecular materials are not yet used in NLO
technologies. The main reason for this fact are the inadequate properties, low stability
but more importantly the fact that cheaper and more efficient inorganic materials still
provide the reliability needed for device fabrication. Nonetheless, organometallic com-
pounds have demonstrated great potential in the NLO field, despite the need for more
systematic measurement and modelling approaches.

In the past few years, great technological achievements, in both synthetic methods and
quantum methods, allowed a greater knowledge of the NLO concepts needed for guiding
the scientific community, and in particular chemists, in the development of tailored made
molecules with high nonlinear optical performances. Within certain limitations, it is
now possible to prepare nonlinear optical materials by design, taking advantage of the
a priori data provided by quantum methods. These include, for example, the bond-
length alternation parameter; the development of new molecular architectures, such as
quadrupolar or octupolar molecular structures, quinoidal and pro-quinoidal and pseudo-
aromatic structures; the deeper knowledge of excited-states properties. All these new
concepts allowed chemists intuition and know-how about the nonlinear response to be
strengthened.

This thesis does not focus on purely organic or inorganic materials neither in the de-
velopment of device assemblies and technologies, but concentrates on the development of
tailor-made organometallic materials and their characterization as possible redox NLO-
active molecular switches. In particular, this work is based on the synthesis and charac-
terization of novel n°-monocyclopentadienyliron (IT) and ruthenium (II) organometallic
complexes bearing two different families of redox active ligands: benzo[c|thiophene and
s-tetrazine. In the case of the first, the usage of a pro-quinoidal structure was envisaged
to significantly enhance the NLO quadratic response, whereas in the case of the latter
the strong electron acceptor ability of the s-tetrazine ring would produce greater donor-

acceptor coupling, resulting also in an enhancement of the NLO quadratic response. In
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both cases, the good redox properties of the ligands would promote the electrochemical

reversibility needed for the complexes to act as redox-NLO switches.
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Chapter 2

Organometallic Compounds
Containing Benzo|c|thiophene

Derivatives

2.1 Introduction

Since the discovery in the late 1970’s of metal-like conductivity by linear polyaromatic
systems such as polyacetylene, polypyrrole and polythiophene, the research on functional
m-conjugated systems has grown rapidly, enclosing many multidisciplinary fields such
as organic, inorganic and organometallic chemistry, electrochemistry, photophysics and
material sciences.™™ Later, in 1990, the work of Friend et. al revealed that polyaromatic
compounds could be used as electroluminescent compounds, resulting in the burst of a
new era for aromatic m-conjugated polymers and oligomers that found new applications
in the fields of liquid crystals, nonlinear optics, electroluminescence and photochromic
materials, among others.”

Thiophene-based materials (polythiophenes, oligothiophenes and fused thiophenes)
and its derivatives are by far the most used compounds for such purposes.*™® There are
two main reasons for this fact. First, thiophene chemistry is very well established, and
probably alongside with benzene chemistry, is one of the most well developed - there are
numerous methodologies for customize the core unit. These structural variations allow
the fine tuning of the electronic and solid state properties, and hence it is possible to easily

achieve stable materials and control their optical and electric properties. Secondly, it is the
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Chapter 2- Benzo[c]thiophene Complexes

presence of an highly polarizable sulphur heteroatom in the five membered aromatic ring
of thiophene that gives these materials their interesting and still surprising properties.
Hence, it is unquestionable why their synthetic versatility, unique aromaticity, relative
chemical stability and polarizability constitute the key features made them so attractive
for the scientific community.

In 1993 it was showed experimentally that the replacement of benzene rings with thio-
phene rings in donor-acceptor chromophores lead to significant enhances of the second-
order nonlinear optical (SONLO) hyperpolarizability.” This work lead to a burst in
thiophene-based materials for NLO applications and other optical applications, and a
myriad of papers appeared since then. The synthesis, properties and optical applications
have been subject of several reviews and books. For examples please see refs 4¢3

Optimizing the NLO properties of thiophene-based and, in general, any other m-
conjugated organic material relies on a fundamental understanding of the relationships be-
tween the chemical structure and the molecular optical nonlinearities. As previously men-
tioned in Section [I.3.4] the development of new, highly SONLO-active chromophores was
initially based on the assumptions of the Two-level Model (TLM), that states that high
NLO responses are obtained in end-capped chromophores with strong electron-donor and
electron-accepting groups at both ends of a m-conjugated bridge.™ In the case of thienyl-
based m-conjugated bridges, several combinations of electron-donors/acceptors were tested
so far. In addition to the usual organic end-groups, transition metal moieties have been
also extensively studied in combination with thienyl chromophores in order to maximize
their NLO properties. Several molecular geometries were developed.*?"%3 In particular,
mono(n°-cyclopentadienyl)metal complexes bearing several thienyl chromophores showed
that the combination of these organometallic fragments with thienyl based chromophores
present very good nonlinear optical properties when couple with strong acceptor groups,
like a nitro group (-NOg).#4##1

However, it is long known that the push-pull strategy is not always effective.®2 Other
factors can directly affect the structural and electronic properties of the chromophores,
such as the position of the substituent in the m-conjugated system, aromatic resonance
energies, conjugation length, planarity and intermolecular interactions, making the fine
tuning of the NLO properties very challenging for chemists. For example, it has been
observed that the nonlinear optical response saturates as the m-conjugated bridge length

is increased in push-pull systems like oligo(phenyleneethynylene) ruthenium complexes.
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The reasons for this saturation remain unclear, but it is hypothesized that, once the
critical length of the ligand is achieved, a breakdown in the interaction between the donor
and the acceptor groups occurs.?#33 Therefore, alternatives to the usual linear dipolar
push-pull molecular geometries were developed. The use of ring-fused aromatic fragments
are a different approach for the enhancement of the NLO properties of organic fragments.
By combining the typical end-capped donor-acceptor architectures with the presence of
pendant cyclic proto-aromatic groups, also known as pro-quinoidal groups, ring-fused
systems allow to promote and conserve the charge separation that is usually achieved
by the use of push-pull systems, without the need of explicit donor or acceptor groups.
Additionally, when compared with "normal” thiophenes, ring-fused thiophenes exhibit
an extended conjugation and a more rigid structure, hence improving its charge transfer
processes and potentially enhancing their NLO activity. The strong quinoidal structure
of ring-fused thiophenes has been recently proven.®* These facts were the motivation for
working with the fused-thiophene systems.

The scope of these chapter is limited to the benzo[c]thiophene family. For the syn-
thesis of other ring-fused thiophene families, like benzo|b]thiophene or thienoacenes,
several reviews can be consulted.®3S0 Tn the next sections, a short introduction to
benzolc]thiophene based compounds will be adressed, followed by the synthetic method-
ologies for obtaining the benzo[c|thiophene core. Its reactivity and main applications
together with uses in organometallic chemistry will be discussed. Finally, the synthe-
ses, characterization and NLO properties of a new family of iron(II) and ruthenium(II)
complexes of general formula [M(n>-CsHs)(PP)(L)][PFs] (M=Fe, PP=x?-dppe; M=Ru,
PP=x%-dppe or 2Phs: L = benzo[c|thiophene based ligand) will be made.

2.2 The Benzo|[c]thiophene core

Ring-fused thiophenes are bicyclic or polycyclic aromatic compounds presenting, at least,
one thiophene ring. Depending on the location and type of the fused ring on the thio-
phene core there can be several types of ring-fused thiophenes. Figure depicts some
examples of their structures.

Benzolc|thiophene, also called isothianaphtalene (ITN), is a bicyclic compound formed
by a 1,3-cyclohexadiene system fused to the C3-C4 bond of a thiophene ring, resulting in

competing aromaticity between the two rings. Depending on the substituents at the C1
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(A) (B) () (D)
Figure 2.1: Structures of some fused-thiophene compounds

: (A) Benzo[b|thiophene; (B) Benzo|c]thiophene; (C) thieno[2,3-b]thiophene; (D)
thienol[3,2-b]thiophene

and C3 positions, benzo|c|thiophene can be stabilized in either the aromatic or quinoidal
form. These two forms are depicted in Figure [2.2] It was recently estimated that, in
polymeric poly (ITN), the quinoidal form is 2.4 kcal /mol lower in energy than the aromatic
form. This difference can be explained by the aromatic stabilization of the benzene ring vs.
the thiophene ring (36 kcal/mol vs. 29 kcal/mol, respectively). In fact, benzo[c]|thiophene

is one of the polymers with lowest band gap nowadays, 1.0 eV.

S S

R4 Rz R4 Rz
Ressonant—— > \ / — -——— Non-Ressonant
-
Non-Ressonant ———> <« Ressonant
Aromatic Form Quinoidal Form

Figure 2.2: Aromatic and Quinoidal Structures of benzo|c|thiophene

The synthesis of benzo|c|thiophene skeleton was first reported by Mayer et al.*® In
the following years, this compound, and some of it’s derivatives, were thoroughly studied

[#94L - However, benzo[c]thiophene is only moderately stable in its unsub-

by Cava et. a
stituted form. The tendency of the fused ring to complete its aromaticity makes the C1
and C3 positions highly reactive towards, for example, Diels-Alder reactions, even at low
temperatures. These reactions were already described in the first papers by Mayer and
Cava."¥3 Hence, in order to obtain fairly stable compounds, the majority of synthesized
benzo[c]thiophenes are obtained in the 1,3-disubstituted form.

The synthesis of 1,3-dichloro-benzo|c|thiophene in a 60% yield, as well as the use

of this compound to achieve other disubstituted derivatives, namely, the asymmetric
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1-chloro-3-methoxycarbonyl (75% yield), dissilylated derivatives (85% yield) and the di-
formylated and dicyanovynilated derivatives (63% and 85%, respectively) has already
been reported.®” Attempts to synthesize 1,3-diiodo-benzo|c|thiophene starting from the
disilylated compounds afforded only the dimer, trimer and tetramer of the initial start-
ing material, showing the reactivity of the 1,3-dihalogenated-benzo|c|thiophenes towards
oxidative polymerization.*!

In order to increase the stability of the benzo|c|thiophene cores, the inclusion of aro-
matic substituents was studied by several groups.#4%% The presence of these aromatic
groups allowed a greater electronic delocalization that resulted in the enhancement of
the stability of the compounds. Among these 1,3-diaryl-benzo[c]thiophenes, the thienyl-

benzolc]thiophene derivatives are the most studied.

2.2.1 1,3-Thienyl-benzo[c]thiophene Synthesis

The synthesis of 1,3-dithienyl-benzo|c]thiophene was reported by four independent groups.
The first two methods appeared simultaneously and were proposed by Lorcy et al. and
Bauerle et al.**** Scheme depicts these methods. They were both based on a
Friedel-Crafts acylation of thiophene, or a thiophene derivative, with phtalic anhydride in
the presence of aluminium trichloride, affording acylated ortho-(2-thienoyl)benzoic acids.
These compounds were then treated with a reducing agent, typically sodium borohy-
dride, to give the cyclic lactone 3-thienyl-3H-isobenzofuran-1-one. In its turn, the lac-
tone was reacted with a Grignard reagent (Bauerle’s method) or a lithiated thiophene
(Lorcy’s method) to afford ortho-aryldiketones, the key intermediate for the obtention
of benzo|c|thiophene skeleton. After cyclization with Lawesson’s reagent, 1,3-dithienyl-
benzo|c]thiophene was obtained. These methods presented a straightforward way for
obtaining both symmetrical and unsymmetrical benzo[c]thiophenes, depending on the
selected nucleophile in the second step.

Later, in 1993, Musmanni et. al proposed a slightly different method, in which
benzene-1,2-dicarbaldehyde was treated with 2-thienylmagnesium bromide to give a diol
intermediate.** This intermediate was then oxidized to the 1,2-di-(2-thenoyl)benzene with
a CrO3:HySO4 mixture and finally cyclized with Lawesson’s reagent to afford the desired
compound in only 32% yield.

The major drawbacks of these three methods were their low yield and the formation

on undesired products in moderate yields, such as 3,3-dithienylisobenzofuran-1(3H)-one.
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Scheme 2.1: Synthesis of 1,3-dithienylbenzo[c]thiophene by the methods of Lorcy et
al. and Bauerle et al.

The synthesis of asymmetric thienyl-benzo[c|thiophenes has also been achieved by Mo-
hanakrishnan et al.#953 Based on the methods by Lorcy and Bauerle, this author treated
phthalic anhydride with several thiophene derivatives such as 2-bromothiophene and
bithiophene in order to obtain the respective ortho-thienoyl-benzoic acids. Afterwards,
the reduction of these benzoic acid derivatives provided the 3-thienyl-3H-isobenzofuran-1-
ones, that were finally reacted with several arylmagnesium reagents, in a typical Grignard
procedure, affording asymmetric diketones. Cyclization with Lawesson’s reagent provided
the asymmetric benzo[c|thiophene derivatives.

In 1997, Kiebooms et. al proposed an improvement to the methods of Lorcy and Mus-
manni.?® He correctly identified that the bottleneck in the synthesis of 1,3-dithienylbenzo[c]-
thiophene was the preparation of the precursor ortho-aryldiketone. He proposed the
use of 2-mercaptopyridine in the initial modification of phthaloyl dichloride to afford
S,S-di(pyridin-2-yl)benzene-1,2-bis(carbothioate). When treated with thienylmagnesium
bromide, this compound afforded only the disubstituted 1,2-phenylenebis(thiophen-2-
yl)methanone. After cyclization with Lawesson’s reagent, the final product is obtained
with high yield. The Kieboom’s method is depicted in Scheme [2.3| Using this method,
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Scheme 2.2: Synthesis of 1,3-dithienylbenzo[c|thiophene by the method of
Mohanakrishnan et al.

the synthesis of 5,6-disubstituted-1,3-dithienylbenzo|c|thiophenes starting from 4,5-dichloro-
phthalic acid was also reported.?

In a different approach, Meek et. al synthesized thienylbenzo[c|thiophenes via acid-
mediated condensation of 2-carboxybenzaldehyde and substituted benzenes to give the
initial cyclic lactone.®” This intermediate was then reacted with a thienyllithium reagent to
afford 1-aryl-3-thienylbenzo[c|furans, that could easily be transformed in benzo|c|thiophenes

through treatment with Lawesson’s reagent. This method is depicted in Scheme [2.4]

2.2.2 Organometallic Complexes Containing Benzo|c]Thiophene

based Chromophores

As aforementioned in Section oligothiophene-based materials are used in a wide range
of applications, where their optimal electronic properties make them adequate for use in
optoelectronics, molecular electronics and nonlinear optical applications. Concerning the
later, work has been done in the development of not only purely organic thiophene-

based chromophores, but also in new organometallic compounds containing a thiophene
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Scheme 2.3: Synthesis of 1,3-dithienylbenzo[c]thiophene by the method of Kiebooms
et al.
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Scheme 2.4: Synthesis of 1-aryl-3-thienylbenzo[c|thiophenes by the method of Meek et
al.
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backbone which is linked directly to the metal center or through a linkage group. However,
organometallic compounds containing benzo|c|thiophene or 1,3-diaryl-benzo|c|thiophenes
are scarce.

The development of new mono- and biferrocenyl acetylides complexes with poly(3,4-
ethylenedioxythiophene) (PEDOT) monomer has been reported.”® The complexes pre-
sented reversible electrochemical behaviour and strong and intense absorption bands in
their neutral and oxidized states, with maxima located around 450 and 1200 nm respec-
tively. A similar bisferrocenyl complex with a benzo[c]thiophene unit linked directly to
the cyclopentadienyl moiety of ferrocene has also been synthesized.?” This complex also
presented well-defined electrochemical reversibility. The synthesis and photovoltaic prop-
erties of a heteroleptic cis-di(isothiocyanato)(2,2’-dicarboxylic acid-2,2’-bipyridyl) ruthe-
nium(II) complex containing two 1,3-dithienylbenzo[c]thiophene units was reported.”®
This complex presented very broad and intense absorption bands over almost the entire
UV-Vis. region, along with an exceptional photovoltaic performance comparing to the
other complexes presented in his work. Finally, derivatives of [Fey(n°-CsHs)2(CO)q(u-
CO)(u-CCH3)]" containing dithienylbenzo[c]thiophene have been synthesized, and their
nonlinear optical properties were obtained.*” The ring-fused thiophene have shown to act
as good donor end-groups but presented lower second-order hyperpolarizablity than its
parent linear thienyl analogue.

It is then quite surprising that, to date, only the four aforementioned organometallic
complexes containing benzo|c]thiophene units are found in the literature, specially taking
into account the fact that they present good optical properties alongside electrochemical
reversibility. This fact motivated the idea that benzo[c]thiophene would be good candi-
dates for SONLO applications, specially if combined with the (°-CsHs)iron(IT) /ruthenium
(IT) fragments, that already proven to be an adequate organometallic fragments for NLO
applications. In fact, organometallic fragments with a different family of ring-fused thio-
phenes, namely hemi-helical thiophenes has already been reported.?®2¥ The results sug-
gested that, despite the low hyperpolarizabilities found, the good electrochemical prop-
erties of the complexes make them promising candidates for NLO-switching applica-
tions. In the next sections, the synthesis and full characterization of a new family of

(n°-CsHjs)iron(IT) /ruthenium(IT) complexes is reported.
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2.3 Results

2.3.1 Synthesis and Spectroscopic Studies of the Ligands

The reactivity of 1,3-dithienyl-benzo[c|thiophenes resembles the reactivity of other thio-
phene oligomers, such as terthiophene. The most active positions are the 2- and the 5’-
positions, and hence electrophilic aromatic substitutions occur mainly at these positions.
However, the presence of the fused aromatic ring increases drastically the 1,3-dithienyl-
benzolc]thiophene reactivity towards electrophiles, when compared with terthiophene.
For this reason, when whenever is possible, the functionalization of the 1,3-dithienyl-
benzo[c]thiophene skeleton should be done prior to cyclization. For this reason the
methodology of Mohanakrishnan et al. was adopted as the initial strategy.4%47

The first attempts to synthesize 1,3-dithienyl-benzo[c]thiophene derivatives were made
by reacting 2-bromothiophene, 2-thiophenecarbonitrile, 2-nitrothiophene and benzenecar-
bonitrile with phthalic anhydride, in dried dichloromethane (DCM), in the presence of

aluminium trichloride at room temperature. Scheme summarizes these reactions.
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Scheme 2.5: Attempted Friedel-Crafts reaction for the synthesis of
thienylbenzo[c]thiophenes.

It is well known that: i) Friedel-Crafts acylations require the use of, at least, stoichio-
metric amounts of the Lewis acid; ii) the nucleophile is usually an electron rich aromatic

compound; iii) aromatic compounds substituted with electron-withdrawing groups tend
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to be inert.”” For these reasons, no reaction was obtained using 2-thiophene carboni-
trile, 2-nitrothiophene and benzenecarbonitrile, since all of them possess mild or strong
electron-withdrawing groups. 2-(5-bromo-2-thenoyl)benzoic acid was obtained as a very
impure mixture and in moderate yield (56%). Several attempts to purify this compound
(recrystallization and column chromatography) were unsuccessful. In order to improve
both the yield and the pureness of the product, other reaction conditions were also tried,
namely the reaction temperature and the addiction rate of the acylating agent. In the
case of the first, the temperature of the reaction was lowered in the initial stage of the
reaction to minimize the formation of secondary products. No significant improvements
were achieved. Addition of aluminium trichloride in two portions of 1 mole equivalent
each, instead of adding 2 mole equivalents at once, was also tried but again no improve-
ment of the reaction yield was achieved. Nonetheless, the resulting impure fractions of
2-(5-Bromo-2-thienoyl)-benzoic acid were combined and used in the subsequent reduction
reaction with NaBH,. Several conditions were tested following the procedures by Lorcy,
Bauerle and Mohanakrishnan. #4434 Addition of 15 mole equivalents of NaBH, to a hot
alkaline solution of NaOH or NaHCOj resulted in only traces of product due to the low
solubility of the starting material. To improve this result, the reduction was tested in 1:1
mixture of ethanol and water, but still only traces of the lactone were obtained.

It is surprising that the direct synthesis of 2-(5-bromo-2-thienoyl)-benzoic acid was
reported by Mohanakrishnan et al. with high yields (84%), and that no other electron-
withdrawing substituted 2-thienoyl-benzoic acids were published using this author’s metho-
dology.?" Furthermore, in his following papers, this author used a completely different
methodology for obtaining asymmetric 1,3-diaryl-benzo[c]thiophenes bearing electron-
withdrawing groups. This new methodology was based on the papers by Kato et. al and
Jensen et. al for synthesis of lactones through metalation of 2-bromobenzoic acid using
a combination of BusMg and n-BuLi under noncryogenic conditions. The lactones were
then reacted in a subsequent Grignard reaction with a second arylmagnesium reagent to
afford the asymmetric 1,3-diaryl-benzo[c|thiophenes.®*¥ Hence, for all the above stated
reasons, the methodology was abandoned.

The method proposed by Kiebooms has shown to be a much more straightforward
method for the obtention of the 1,3-dithienylbenzo|c|thiophene skeleton and was used
by several other authors to obtain different derivatives of this compound.?#576263 Thege

method was then used to synthesize the chromophore’s core.
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The initial reaction of phthaloyl dichloride with 2-mercaptopyridine afforded the S-(2-
pyridinyl) thioester (1) in almost quantitative yields. This first step is crucial for the re-
maining steps, since it prevents the formation of the unwanted 3,3-dithienylisobenzofuran-
1(3H)-one, which is observed in significant yields from the reaction of both Friedel-
Craft-type and Grignard reactions between phthaloyl dichloride, phthalic anhydride or
thiophthalic anhydride with thienyl nucleophiles. Compound (2) was then treated with
freshly prepared thiophen-2-yl-magnesium bromide to afford 1,2-phenylenebis(thiophen-
2-yl-methanone) (3) in very good yields. Finally cyclization of (3) with the Lawesson
Reagent (LR) gave the desired 1,3-dithienyl-benzo|c|thiophene (4) in good yields. This
compound was synthesized at a 3-gram scale and involved a single purification step.

The reactivity of (3) towards several functionalization reactions was tested, namelly
nitration with Claycop, brominations with N-bromosuccinimide (NBS) and finally formy-
lation by the Vielsmeyer-Haack reaction. To date, there are no reports of nitro compounds
of 1,3-dithienyl-benzo[c|thiophene. Nitration with Claycop at low temperatures resulted
in a complex mixture of compounds, which separation was not achievable. The complex
mixture of reaction products is easily explain by the enhance reactivity of 1,3-dithienyl-
benzo|c]thiophene towards highly active electrophiles, such as the nitronium cation, NO;.

The synthesis of 1,3-bis(5-bromothiophen-2-yl)benzo[c]thiophene by reacting 1,3-dithie-
nylbenzo|c|thiophene with NBS at bellow in DMF or a mixture of chloroform:acetic acid
as solvent was recently published.%*% Attempts to reproduce the synthesis of monobromi-
nated 1,3-dithienyl-benzo[c|thiophene were made according to this established procedure.
Treatment of (4) with 1 mole equivalent of NBS in DMF, CHCI; or a mixture of chlo-
roform:acetic acid at room temperature resulted in the formation of two main secondary
products, alongside a significant amount of unreacted starting material. The crude mix-
ture was chromatographed is a silica gel column using hexane as eluent but the difference
in Rf did not allowed the complete separation of the main three components. Lowering
the reaction temperature to bellow 0 °C resulted in longer reaction times, but no im-
provement of reaction result was obtained. Reaction of (4) with NBS in the presence
of yellow mercury (II) oxide resulted in the appearing of a black solid which shown to
be unable to further treatments. This product is probably due to oxidative polymeriza-
tion of the starting material and was not characterized. The oxidative polymerization of
benzo|c]thiophenes has already been observed for other derivatives.%

Finally, a typical Wielsmeyer-Haack procedure using DMF and phosphoryl chloride
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(POCI3) was tested, and 1,3-di(thiophen-2-yl)benzo[c]thiophenecarboxaldehyde (5) was
obtained in very good yield. Noteworthy, is the fact that only the monosubstituted
compound was obtained, even when a great excess of the formylating agent was used
(<2.5 mole equivalents).

Reaction of (5) with hydroxylammonium chloride in pyridine and dehydration with
acetic anhydride afforded 5-(3-(thiophen-2-yl)benzo[c|thiophen-1-yl)thiophene-2-carbonitrile,
L1, in good yield. Malononitrile is known to react with ring-fused heteroaromatic alde-
hydes affording dicyanovinylic compounds.®® In this sense, the aldehyde (5) was thought
as a good precursor for the synthesis unprecedent dicyanovinylic compound based in the
1,3-dithienyl-benzo[c|thiophene core. Hence, treatment of compound (5) with malononi-
trile in DCM with a catalytic amount of triethylamine afforded ligand L2 in good yield.
The syntheses of L1 and L2 is depicted on Scheme [2.6]

The new ligands were fully characterized by FT-IR, 'H and C-NMR and UV-Vis.
spectroscopies.

The solid state F'T-IR spectrum of L1 showed the characteristic stretching vibration of
the nitrile functional group at 2203 cm~!. This value is in the same range of that found for
parent 2,2":5’,2”-terthiophene-5-carbonitrile (2216 cm™!) or for typical push-pull 5”-nitro-
2,27:5" 2" -terthiophene-5-carbonitrile (2190 cm™!).“* The spectrum of L2 presents two
assymmetrical signals for the dicyanovynil group at 2201 cm ™! and 2212 cm™*, being the
latter of higher intensity. Although other dicyanovynil-benzo[c]thiophenes have already
been reported by Meek et. al and Mohanakrishnan et al., no information about the
FT-IR of the compounds is found in the literature.“®2 However, other parent thienyl-
based compounds possessing the dicyanovynil functional group were reported, allowing to
conclude that the stretching modes of L2 are again in the typical range for dicyanovynil
substituted oligothiophenes.®”

The detailed NMR data for both ligands are given in Section . The obtained 'H-
NMR spectra for the ligands and respective atom numbering are showed in Figure [2.3]

The "H-NMR of spectrum of L1 revealed the typical doublets for the disubstituted T1
ring, with proton H3 appearing downfielded relatively to proton H4 due to the proximity
of the electron acceptor group. The usual signals for monosubstituted thiophene ring
(T3) are also present, that is, two doublet of doublets assigned to protons H15 and H17
and third doublet of doublets for H16. The fused-benzene ring (B) presents the typical

signals for this structure, i. e., two doublets assigned to H8 and H11 and two superimposed
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Scheme 2.6: Reaction scheme for the synthesis of L1 and L2
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Figure 2.3: "H-RMN spectra for L1 and L2

triplets of doublets at 7.30 and 7.37 ppm assigned to H9 and H10, respectively. Concerning
ring B, it is noteworthy the fact that protons H8 and H11 appear downfielded when
compared with other alkyl or halogenated disubstituted benzo|c|thiophenes. For example,
in 1,3-dichloro-benzo|c|thiophene and other related derivatives, the H8 and H11 protons
present a resonance bellow 7.50 ppm.2? Hence, it is hypothesized that this deshielding
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effect arises from two causes: first, the ring current anisotropy effect from the heteroaryl
T1 and T3 rings; secondly, the spacial proximity of the electronegative sulphur atom, that

seems originate weak hydrogen bonding. These two interactions are depicted in Figure

2.4

-------

Figure 2.4: Hypothisized interactions occouring in the benzo[c|thiophene ligands

The current anisotropy effect is also present for other 1,3-diaryl-benzo[c]thiophenes,
for which the H8 and H11 protons appear in the same range for the present ligands. The
weak hydrogen bonding effect was tested by measuring the "H-NMR of L1 in deuterated
chloroform. The results show that the signals for the two protons (H8 and H11) appear
deshielded by ca. 0.1 ppm in this solvent. Hence, it is hypothesized that the acidic proton
of chloroform can interact with the sulphur atoms of the T1 and T3 rings, cancelling the
weak hydrogen interaction of this electronegative atom with the H8 and H11 protons and
resulting, therefore, in the upfielded observed shift.

Comparatively to L1, the "H-NMR spectrum of L2 is characterized by an additional
deshielded sharp singlet characteristic of the dicyanovynil functional group. The relative
pattern of the benzo[c]thiophene skeleton is slightly changed when compared to L1 ligand,
in particular the signals for H9 and H10 that now appear as two perfectly distinct triplet
of doublets. The overall deshielding in the "H-NMR of L2 in comparison with L1 is
consistent with the change in the electronic behaviour of the functional group, from a
moderate electron acceptor group (N=C) to a strong acceptor C=C(CN)y group.

The “*C-NMR spectrum of L1 revealed the typical signals for the aromatic skeleton
as well as for the nitrile functional group at a resonance of 114 ppm. This value is in
the same range found for parent terthiophene compounds.?**® For L2 the carbon spectra
show a signal at 115.44 ppm corresponding to both the (N=C) groups, along with two
signals at 75.54 and 135.10 corresponding to the vynilidene carbons of the dicyanovynil
group. In accordance with the "H-NMR spectra, L2 presents a dishielding for all the
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Table 2.1: Uv-Vis absorption maxima for the ligands

A /nm(ex10*(mol tcm™1))
Compound Chloroform DMF
L1 452 (2.1) 443 (1.9)
L2 563 (4.1) 567 (3.7)

carbons due to the presence of a stronger electron acceptor group.

The UV-Vis. spectra of both L1 and L2 are characterized by two absorption bands:
one in the UV region and a second strong and broad absorption band in the visible region.
Since it is the lowest energy band that might be correlated with the NLO properties of
the chromophores, the following discussion will be based solely on this band. The lowest-
energy band of L1 is within the range of that found for benzo[c|thiophene derivatives,
whereas the lowest energy band of L2 is strongly red shifted by c.a. 100 nm compared
to L1.5%0 This fact can be justified by a strong stabilization of the LUMO orbital of this
compound due to the presence of a stronger acceptor group. According to DFT calcula-
tions performed on ligand L1 both bands were assigned to m — 7* electronic transitions
(vide infra).

The solvatochromic behaviour of both ligands was tested in chloroform and DMF and
are summarized in Table [2.1]

The solvatochromic behaviour of the lowest energy band of ligand L1 is characterized
by a blue shift of the maximum of absorption accompanied by an hypochromic shift of
the intensity. The negative solvathocromism behaviour for L1 is attributed to a stabi-
lization of the HOMO orbital accompanied by a destabilization of the LUMO with the
increasing polarity of the solvent. Conversely, L2 presents the opposite behaviour, that
is, a slight positive solvatochromism effect, attributed mainly to the stabilization of the

LUMO orbital due to the presence of the dicyanovynil electron acceptor.

2.3.2 Electrochemical studies on the Ligands

In order to evaluate the electronic richness and the reversibility of the oxidation/reduction
processes, the redox behaviour of the ligands was studied by cyclic voltammetry in

dichloromethane and acetonitrile, between the limits imposed by the solvents. The elec-
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trochemical behaviour of L1 is depicted in Figure as an example of the typical
behaviour of these ligands. The electrochemical data of both ligands is summarized in
Table 2.2
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Figure 2.5: Cyclic Voltammetry of ligand L1 in acetonitrile (200mV/s)

The electrochemistry of the ligand L1 is characterized by an irreversible oxidative pro-
cess and two reductive processes at negative potentials in dichloromethane, and by two
irreversible oxidative processes and two reductive processes in acetonitrile. The reductive
processes are irreversible in dichloromethane but the first one becomes quasi-reversible
in acetonitrile (E;/,=-1.36V). The oxidative waves are attributed to one-electron oxida-
tions on the thiophene moieties, affording the radical and cationic species, L1 and
L1t respectively. The presence of the radical species in solution results in the poly-
merization of the ligand, as shown by the high intensity cathodic counterpart of first
oxidative process, also indicating that the polymer is conductive. The polymerization of
1,3-dithienylbenzol[c] thiophene derivatives is a very well known phenomenon and it is well
reported by several authors.###4 The presence of the electrogenerated polymer was also
confirmed by a deposition of a dark purple film at the electrode surface.

Considering the reduction processes of ligand L1, the first reduction wave affords the
radical L1°*. The lack of the anodic counterpart indicates that these species are rather
unstable in solution, and decompose prior to re-oxidation. A similar electrochemical

behaviour was found for other nitrile substituted oligothiophenes.**#™ However, the
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Table 2.2: Cyclic Voltammetry data for ligands L1 and L2
Comp. Solvent Ep, (V) Ep. (V) E;; (V) AE (mV) ipe

ipa

1.00 - - - -
DCM ] -1.38 ; ; ;
L1 oI ____ 158 T ____ .
1.13 - - - -
ACN 0.98 0.89 0.94 90 0.4
-1.32 -1.39 -1.36 70 0.8
- 171 - - -
1.81 - . _ _
DCM 0.97 0.79 0.88 180 -
o _I_____ 103 T ____ .
L2 2.03 - - - -
1.86 - - - -
ACN 1.10 1.01 1.08 90 -
-0.65 -0.68 -0.72 - _

synthesized ligands present lower redox potentials than the published derivatives due to
their electron-donating inductive effect of the fused cyclohexene. #5064

The electrochemical behaviour of L2 is characterized by two oxidative processes and
one reductive process in dichloromethane, and by three oxidative processes and one re-
ductive process in acetonitrile. All processes are irreversible. The first oxidative process
occurs at E;/,=0.88 V in dichloromethane and E,;/»,=1.08 V in acetonitrile, whereas the
second oxidative process occurs at Epa=1.81 V in dichloromethane and Epa=1.86 V in
acetonitrile. The reductive process, in its turn, occur at Epc=-1.03 V in dichloromethane
and E;/,=-0.72 V in acetonitrile. This reduction process is facilitated by the presence
of the dicyanovynil functional group, that stabilizes the radical anion of L2. As ex-
pected, the reductive process is found at lower potentials (ca. 150mV) when compared
to the first reduction process of L1 due to the better electron acceptor properties of di-
cyanovynil group. Noteworthy is also the fact that, compared to the behaviour found for

L1,L2 does not electropolymerize at the electrode surface.
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Chapter 2- Benzo[c]thiophene Complexes

2.3.3 Synthesis and Spectroscopic Studies of the Complexes

Complexes of general formula [M(n°-CsHs)(PP)(L1)][PFg] (PP = x*-dppe, 2 PPhs when
M = Ru and PP = x%-dppe when M = Fe) were prepared by halide abstraction with TIPFg
starting from the neutral complexes [M(n’-Cs;H;)(PP)X]| (M=Fe(II), X=I; M=Ru(II),
X=Cl), in dichloromethane at room temperature, in the presence of an adequate excess
of the corresponding ligand. In a similar fashion, attempts to prepare complexes of general
formula [M(n°-CsHs)(PP)(L2)][PFs] (PP = k?-dppe, 2 PPhy when M = Ru and PP = x?*-
dppe when M = Fe) were made. However, no complexes bearing ligand L2 were obtained,
despite the several attempts made. For example, using refluxing dichloromethane or DMF
at 80 °C resulted in complex mixture of products that were inseparable by recrystallization
techniques. Attempts to separate the products by column chromatography resulted also
in complete degradation of the product mixtures.

The new compounds are fairly stable towards oxidation in air and to moisture both in
the solid state and in solution and were characterized by analytical data, FTIR and 1H,
B and *'P NMR spectroscopies.

@\ L1, TIPFg

\‘,M—X —_—»
PY oy CH,Cly
\_/P
M=Fe, PP= DPPE: X=I
M=Ru, PP=DPPE, 2PPhj: X=Cl

M=Fe, PP= DPPE: 1Fe
M=Ru, PP=DPPE: 1aRu
M=Ru, PP=2PPh;: 1bRu

Scheme 2.7: Reaction scheme for the synthesis of benzo[c]thiophene Fe/Ru derived
complexes and numbering scheme for NMR spectral assignments.

The analysis of FTIR spectra of organometallic compounds provides a essential tool
for analysing the coordination modes of new ligands to the metal center, as well as their
influence in its electronic properties. Typical FTIR bands confirm the presence of the
cyclopentadienyl coligand (ca. 3000 - 3100 cm™!) and the PFg counter anion (838 cm™!
and 557 cm™!). The coordinated nitrile ligand appears as a medium intensity band
in the 2196-2213 cm™! range for all the complexes. Comparison of (N=C) stretching

frequency upon coordination of the ligand reveals a negative shift of -7 cm™! for 1Fe
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and a positive shift of +8 and +10 cm™! for 1aRu and 1bRu, respectively. In the
case of the present compounds, the nitrile functional group is coordinated in a linear
fashion to the iron (II) or ruthenium (II) metal centres. The bonding of the nitrile group
can be explained by a synergetic effect resulted from: o-donation from the ligand to
the metal and w-backdonation from the metal to the ligand. The o-donation consists
in the donation of the lone pair of the nitrogen orbital to vacant metal orbital. The
m-backdonation, in its turn, results from the overlap between the filled metal orbitals
with the low lying m-antibonding orbitals of the nitrile group. The balance between
these two effects results in the increasing or decreasing of the stretching frequency of
the nitrile group, and is well established that high m-backdonations lead to a negative
shift in the stretching modes of linearly coordinated ligands, such as nitriles, acetylides or
even CO. The negative or positive shifts observed for the complexes are therefore related
with the magnitude of the odonation/ m-backdonation effects. The magnitude of this 7-
backdonation interaction is expected to be higher for the iron(IT) complex considering the
better m-donor ability of the Iron(IT) moiety. The benzo|c|thiophene derivatives seems
to have a more effective m-backdonation interaction compared to the ones possessing
terthiophene units with an acceptor nitro end group on related oligothiophene iron(II)
and ruthenium(II) complexes.“*4? Moreover, a less effective m-backdonation interaction
was found in comparison with parent 1,2-di-(2-thienyl)-ethene iron(II) and ruthenium(IT)
complexes which possesses one vinylidene unit between the two thiophene rings.?”

The detailed NMR data for all the complexes are given in experimental section. Fig-
ure shows the 'H NMR spectra for L1, 1Fe and 1aRu, whereas Table show the
relevant data for the ligand and for the three synthesized complexes.

The 'H NMR resonances for the singlet of the n°-Cs;Hs (Cp) ring are in the range
usually observed for other oligothiophene monocationic Fe(II) and Ru(II) complexes and
also for 1,2-di-(2-thienyl)-etheneiron(II) and ruthenium(II) related complexes.**4%72 The
Cp signal depends on the metal centre and, for the Ru (II) complexes, the phosphane
co-ligand. The effect of coordination on the nitrile ligand is mainly observed on T1 ring
(protons H3 and H4) and B ring (protons H8 to H11). In the case of H3 and H4, the
resonances shift upfield upon coordination to the organometallic moieties, as a result
of the m-backdonation from the metal. The higher shielding effect observed for 1Fe
is consistent with a higher degree of m-backdonation for this compound, in accordance

with the FTIR data. Comparing the two ruthenium complexes, a higher degree of 7-
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Table 2.3: Selected 'H-NMR data for the ligand and the complexes

'H RMN § /ppm ?
Comp. Hg, H; H, Hy Hy Hy Hy, His His Hy,

L1 7.94 7.60 8.02 7.30 7.37 8.05 7.71 7.27 7.56
6.88 7.30 7.81 7.42 7.33 8.04 7.72 7.28 7.55

e 471 106) (0.30) (-0.24) (0.12) (-0.04) (0.02) (0.01) (0.01) (-0.01)
1aRu 506 6.93 7.32 7.82 7.43 7.33 8.05 7.73 7.28 7.55
PO (101) (10.28) (:0.20) (0.13) (-0.04) (0.00) (0.02) (0.01) (-0.01)
756 767 794 744 735 807 773 7.20 7.9
1bRu  4.79

(-0.27)  (-0.04) (-0.08) (0.14) (-0.02) (0.02) (0.02) (-0.07) (0.03)

*in parenthesis the difference between the coordinated and the free ligand resonances (coora) —
6(free)

backdonation is observed for 1aRu due to the presence of the better x*-dppe o-donor.
In the case of H8-H11 protons, the coordination to the metal centre suggests a change in
the electronic properties of the B ring. It is observed that proton HS8 is slightly shielded
upon coordination, whereas proton H9 present a deshielding effect. In the case of protons
H10 and H11 only a minor effect is observe but the general trend is a shielding of proton
H10 and a deshielding effect on proton H11. The behaviour of proton H8 and H11 can be
justified by the m-backdonation from the metal centre. Also, the stronger shielding of HS,
compared with the magnitude of the deshielding of proton H9 for example, can be also
attributed to some effect of the anisotropic ring currents from the phosphane co-ligand,
due to their proximity. Thus, in conclusion, it appears clear that the m-backdonation
effect is extended to the H8 and H9 protons of the B ring. Comparatively to the free
ligand signals , the protons resonances on T3 ring (H15-H17) remain almost unchanged
for all complexes.

In Table are showed the selected '*C RMN data for both the ligand and the
complexes. In general, the *C signals are more sensible to the presence of the metal
center than the 'H RMN signals. The major changes on the carbon resonances upon
coordination were observed in the nitrile group (C1), the T1 ring and in the B ring,
in agreement with the trend observed in 'H RMN spectra. A significant deshielding
effect on the C1 carbon of the ligand was observed upon coordination due to the o-
coordination through this functional group. Not surprisingly, the carbons of the B ring

(C7-C12) present some deviation to the free ligand signals, suggesting a change in the
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17 + DPPE

15 + DPPE
9 10 3
I 8:1 8.|0 719 7.|8 7:7 7.|6 7:5 7!4 7:3 7!2 7.|1 7:0 6:9 ppm
3
9,10 4
15 17 16
8 1 L1

I T T T T T T T T T T T T T

8.1 8.0 7.9 7.8 77 7.6 75 7.4 7.3 7.2 71 7.0 6.9 ppm

1aRu

11 + DPPE

8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 71 7.0 6.9 ppm

Figure 2.6: "H-RMN spectra for 1Fe, L1 and 1aRu
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Table 2.4: Selected *C-NMR data for the ligand and the complexes

13C RMN § /ppm 2
COHlp. C1 CQ C3 C4 C5 CG C7 Cg

L1 114.56  108.09 139.93 126.33 143.34 123.86 136.09 121.76
128.37 108.32 139.82 125.39 143.49 123.78 136.08 121.57

Fe  (1381) (023) (:0.11) (-094) (0.15) (-0.08) (-0.01) (-0.19)
LaRg 12160 10714 14108 12549 14477 12363 136.01 12153
(7.04)  (-0.95) (1.15) (-0.84) (1.43) (-0.23) (-0.08) (-0.23)

bRy 12570 10748 14111 12601 14408 123.70 136.14 121.64

(11.14) (-0.61) (1.18) (-0.32) (0.74) (-0.16) (0.05) (-0.12)

#in parenthesis the difference between the coordinated and the free ligand reso-
nances (coord) — O(free)

electronic features of this ring. The same behaviour was already found in the "H NMR
of the complexes. The deviation are particularly noticeable for carbons C9-C13, where
an alternate behaviour is found on every other carbon. In particular, C10 and C11
present deviation of 5.27 to 5.48 ppm and -3.56 to -4.89 ppm, respectively. The fact that
carbon C8 is not strongly affected corroborate the hypothesis that ring current effects from
the phosphane co-ligand affected H8. The behaviour of the resonance of these carbons
can be justified by an increase of the aromatic character of the B ring motivated by
the m-backdonation from the organometallic fragments. In fact, both FTIR and NMR
spectroscopies suggest a contribution of the quinoidal form of the ligand, especially for
1Fe.

The ground-state quinoidal character of poly(ITN) was already investigated in model
non-aromatic and quinoidal (aromatic) benzo[c]thiophene model compounds by means
of NMR spectroscopy.™ Results showed that the chemical shifts of the quinoidal forms
are higher by 2-4 ppm than the non-aromatic compounds, in good accordance with the
resonances of poly(benzo|c]thiophene) that is known for having a strong quinoidal char-
acter. Hence, for the synthesized compounds, the differences observed for C7-C12 allows
to state that the coordination of ligand L1 to good organometallic electron donors, such
as the [M(n°-C5Hs)(s%-dppe)]” (M=Fe, Ru) fragments seems to enhance the degree of
aromaticity in the fused benzene ring of the benzo|c]thiophene moiety.

*'P_-NMR data showed the typical singlet signal for the phosphane co-ligands revealing

an expected deshielding upon coordination, according to the o-donor character of these
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Table 2.4: Selected ¥ C-NMR data for the ligand and the complexes (cont.)

13C RMN § /ppm 2
Comp. Cy Cio Cu Ci Ciz Ciy Cis Cis Cyr

L1 12774 122.63 126.46 137.13 130.57 135.10 127.66 129.35 128.08
126.53 127.90 122.84 137.04 131.06 134.94 128.32 129.44 127.93

e (191) (5.27) (-4.80) (0.09) (0.49) (-0.16) (0.66) (0.09) (-0.25)
LaRy 12654 12800 122.85 137.12 13230 134.80 127.95 12052 128.37
(-1.20) (5.37) (-3.61) (-0.01) (1.73) (-0.21) (0.29) (0.17)  (0.29)

bRy 12659 12811 12290 137.28 13150 134.92 127.99 13112 127.01

(-1.15)  (5.48) (-3.56) (0.15) (0.93) (-0.18) (0.33) (1.77) (-1.07)

%in parenthesis the difference between the coordinated and the free ligand resonances
5(0007‘d) - 5(f'ree)

ligands.

The optical absorption spectra of all complexes were recorded using 1.0x10°M solu-
tions in chloroform, acetone and DMF. Figure shows the typical behaviour of the
synthesized complexes in chloroform and Table shows the optical data in the three

solvents.

50000
1Fe

1aRu

40000 4 1bRu

30000

(mol'1.cm'1)

200004
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0

250 300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 2.7: UV-Vis. spectra of 1.0x10”M chloroform solutions of 1Fe, 1aRu and
1bRu
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Table 2.5: Solvatochromic behaviour of 1.0x10™°M solutions of 1Fe, 1aRu and 1bRu

A /nm (ex10*(mol 'cm™1))

Compound Chloroform Acetone DMF

1Fe 478 (3.0) 457 (2.1) 464 (2.0)
laRu 473 (3.0) 468 (2.2) 473 (1.8)
1bRu A75 (2.7) 448 (1.7) 452 (1.4)

The electronic spectra of the complexes are characterized by high energetic bands in
the range of 280-290 nm, alongside with intense low energy bands in the range of 452 to
478 nm. The maxima of the low energy absorption bands depend on the organometallic
fragment and resembles the free ligand band, both in shape and intensity, leading to the
assumption that it has strong intraligand charge transfer (ILCT) character. As it will be
shown later in Section [2.4.1] the DFT calculations on the Fe(II) and Ru(II) complexes,
will in fact support this attribution.

When compared to the free ligand, the low-energy band of the complexes appear red-
shifted by 21 to 26 nm depending on the metal centre. This fact is consistent with the
increasing length of the m-conjugated system. Also, the biggest shift observed for the Fe
(IT) complex is consistent with the higher m-backdonation for this complex. Comparison
with similar Fe (II) and Ru (II) thiophene nitrile complexes presenting a nitro acceptor
group show that the present complexes present lower energy transitions by at least ca. 30
nm, thus favouring their NLO properties, according to the TLM.%2%072

The solvatochromic behaviour of the complexes was studied in chloroform, acetone
and DMF'. Results show a similar behaviour found for the free ligand, that is, a blue shift
is observed with the increasing of solvent polarity. The shift is more prominent for 1Fe
and 1bRu, specially when going from chloroform to acetone, where differences of -21 and
-27 nm are observed, respectively. The slight increasing of the \,,4. going from acetone to
DMF can be negectable for all cases. The negative solvatochromism of the complexes is
then correlated with a decrease of the dipole moment of the compound upon excitation.
This type of solvatochromism was also observed for the ligand and in parent Fe(II) and

Ru(Il) complexes with thienyl nitrile ligands, as well as in ferrocenylethenyl-thienyl-2-
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thienylbenzo[c]thiophene.*

2.3.4 Electrochemical studies on the Complexes

The study on the reversibility of the redox processes of organometallic complexes gives an
insight about the stability of the oxidized and /or reduced species, and its study is of major
importance when dealing with the NLO redox-switching ability of these organometallic
compounds. In fact, to be used as molecular switches both on and off forms must be stable
and the switching process must be reversible. Thus, electrochemical studies are helpful
for the screening of molecules able to be used as potential molecular switches. The redox
behaviour of the compounds was studied by cyclic voltammetry in dichloromethane and
acetonitrile, between the limits imposed by the solvents, to evaluate the electron richness
at the active redox centres and the reversibility of the oxidation/reduction processes. As
an example, the electrochemical response for 1Fe in dichloromethane is shown in Figure
[2.8] and the most relevant data exhibited by all the complexes in dichloromethane and

acetonitrile are summarized in Table [2.6]

2,5 2 '1.’5 1 025 0 -0.5 -1 -1’.5 -2
E (V)
Figure 2.8: Cyclic voltammogram of complex 1Fe in dichloromethane (200 mV/s).
Inset: Isolation of the first oxidative processes
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Table 2.6: Electrochemical data for complexes
[M(n5-C5Hs)(PP)(L1)]PFg) in CH,Cly, and MeCN

Comp. Solvent Ep, (V) Epc (V) E;j;; (V) AE (mV) ipca

iPa

1.07 0.99 1.03 80 0.9
DCM 0.77 0.68 0.73 90 0.9
- -1.37 - -
- -1.53 - -
1Fe i - - -
1.09 - - - -
MeCN 0.72 0.64 0.68 90 1
1.34 -1.42 -1.38 80 0.72
- -1.72 - -
1.28 - - -
DCM 0.98 - - - -
- -1.36 - -
laRu - -1.53 - -
77777777 109 - -0
MeCN - -1.38 - -
- -1.70 - -
1.29 - - -
DCM 101 i ) ) )
- -1.38 - -
- -1.55 - -
ibRu 123 - - - -
1.10 - - - -
MeCN 0.97 - - - -
- -1.39 - -
- -1.70 - -

a ipc .

e b very broad wave which contains three oxidative processes
a

The overall electrochemical behaviour for the organometallic complexes are quite sim-
ilar of that observed for other iron(II) and ruthenium(II) complexes presenting related
substituted thiophene-2-carbonitrile ligands.*®™ The voltammograms of the complexes
are characterized by two oxidative and two reductive processes. The oxidative processes
were attributed to an oxidation centered on the ligand and to a MUD /M) oxidation
process, whereas the reductive processes were both attributed to reduction of the coordi-
nated ligand, in accordance with the overall behaviour of the free ligand seen previously.
The ligand-centred oxidative processes of the 1Fe complex is quasi-reversible in dichloromethane
(E1/2 = 0.73 V) but irreversible in acetonitrile (Ep,= 0.68 V). The ruthenium complexes
present a single ligand-based irreversible oxidation process in dichloromethane (Ep,= 1.28

V for 1aRu and Ep,= 1.29 V for 1bRu). The potential of these processes are very similar
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in acetonitrile: complex 1aRu present three superimposed anodic waves (Ep, ~ 1.09 V)
and complex 1bRu presents two distinct anodic waves at Ep, = 1.23 and 1.10 V.

Similarly, the first oxidative process is reversible for the iron complex in both solvents
(Ep/2 = 0.73 V in dichloro-methane; Ep/2 = 0.68 V in acetonitrile), but irreversible for
both the ruthenium complexes (Ep,= 1.28 V for 1aRu and Ep,= 1.29 V for 1bRu in
dichloromethane; Ep, ~ 1.09 V for 1aRu and Ep,= 1.23 V for 1bRu in acetonitrile).
Furthermore, the oxidative processes of the ruthenium complexes occur at higher potential
than that of the iron complex (= +0.21 V), in accordance with the higher electronic
density of the iron organometallic moiety.

Finally the two reductive processes are very similar for all complexes, in both solvents
(Epe~ -1.38 V and Ep.~ -1.55 V for dichloromethane and Ep.= -1.39 V and Ep.~ -1.70
V in acetonitrile ). The presence of cathodic waves without the anodic counterpart clear
lead to the conclusion that these processes are irreversible and that the formed 19 e~
species are quickly decomposed in solution.

As stated previously, the electrochemical behaviour of the complexes can be correlated
to their potential to act as NLO redox-switches. The CV results seem to indicate that
only the reversible iron complex is suitable for NLO switching applications. Attempts
to synthesize and isolate the Fe(III) complex were tested using silver(I) salts, namely
AgPFg and AgBF,, or the nitrosonium salt NOBF,. In all cases, an incomplete oxidation
accompanied by decomposition of the product was obtained, even at low temperatures
(-50°C). Nevertheless, oxidation studies were made by UV-Vis. spectroscopy. In these
studies, a concentrate dichloromethane solution of the complexes (=~ 10><'3M) was treated
with a slight molar excess of AgPFy. Figure show the behaviour found for the ligand
and the complexes.

Results show a shift in the low energy bands of all the complexes upon oxidation.
The ligand presents a red shift of ca. 50 nm that appears after the addition of the oxi-
dizing agent. However, the extinction coefficient of the absorption band clearly indicates
that a complete decomposition occurs after approximately 60 minutes. In the case of
the organometallic complexes, the absorption band is red-shifted by ca. 25 nm and is
accompanied by the appearance of a second low lying electronic transition at 768 nm for
1Fe and 850 nm for 1aRu. Due to the limits of detection of the Uv-Vis. apparatus, the
band for the 1bRu complex was not determined.

Since the present complexes are Type I switches, the oxidation of the metal centres
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14 —T=30min 37 —T=5 min
1,21 ==T =60 min 25 —T=30min
Ly 2
8 038 - 2
< ( 1‘5 -
06
0.4 1 L
0,2 0,5 1
0 ‘ ‘ T ‘ 0 - : - . :
310 410 510 610 710 320 420 520 620 720 820
Wavelength (nm) Wavelength (nm)
31 1aRu 37 1bRu
—T=0 min =—T=0 min
251 —T= 10min 25 - —T=5min
=—T=20 min —T=10 min
5
.g .g 1,5
< <
14
05
0 3 . - - 2 0 § . - - 4‘——55
320 420 520 620 720 820 320 420 520 620 720 820
Wavelength (nm) Wavelength (nm)
Figure 2.9: UV-Vis spectra of the oxidation tests of L1, 1Fe, 1aRu, and 1bRu in
dichloromethane

should lead to a decrease in the nonlinear optical properties. However, the appearance
of a new electronic transition at lower energy suggests an enhancement of the MLCT in
the organometallic complexes, suggesting that the chemical oxidation in solution of the
compounds has a high L1 ligand character, and is not entirely centred at the metal centre
as expected. The new electronic transition can, hence, be related to an enhancement of
the nonlinear optical properties of the complexes, according to the TLM. As in the case
of the free ligand, the stability of the organometallic compounds is very limited, being
observed that the complexes undergo fast decomposition in less than 30 minutes. Since
it was not possible to achieve the oxidized forms of the complexes, it was not possible
to evaluate the molecular switching based on the second-order NLO properties by redox

means.
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2.3.5 Quadratic Hyperpolarizabilities

Since the complexes present absorption wavelengths in the range of 450-470 nm, mea-
surements by hyper-Rayleigh scattering (HRS) at a 1064 nm fundamental wavelength
laser beam should result in the high-resonance enhancement of the measured hyperpo-
larizabilities.Hence, the nonlinear optical data for the complexes was obtained by made
by HRS at a 1500 nm fundamental wavelength laser beam. This laser setup produces
a second harmonic-signal at 750 nm, far from the absorption maxima of the complexes,
where reasonable results can be expected from the TLM analysis.

It is well known that the TLM is a good approximation for estimating the second-order
hyperpolarizabilities of molecules in which only one excited state is strongly coupled with
the ground state by the applied electric field and only one component of the § tensor
governs the NLO response, 7. e. for molecules that present an unidirectional charge-
transfer transition between the ground state and the first excited state. Equation [2.1

summarizes the TLM assumptions:

B x % (2.1)
eg

where Ay, is the difference between the dipoles moments of the ground state (g)
and the excited state (e), f is the oscilator strength of the transition, and E., is the
transition energy. As seen in section an optimal combination of the factors will
provide higher 8 values. In Section Chap2:DFT, it will be showed that DFT calculations
predict a dominant tensor of the molecular hyperpolarizabilities for all complexes. In
addition, TD-DFT calculations also predict a single dominant electronic transition in
the visible region (attributed to a HOMO—LUMO transition). Thus, an analysis of the
results according to the TLM seems to be reasonable for these complexes. In Table
the second-order hyperpolarizabilities are presented, together with other spectroscopical
data that support the following discussion.

The experimental quadratic hyperpolarizabilities are relatively low. This result is ex-
pected considering the molecular feature of these complexes that can be viewed as having
a structure of the type D-w-bridge-D’, in which the well-known electron donor character
of the organometallic fragments was combined with the thienyl-benzo[c|thiophene moiety
that behaves mainly as a donor during the lowest energy transition (vide infra in Section

Chap2:DFT). The results of the TLM suggest some resonant enhancement of the mea-
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Table 2.7: Quadratic hyperpolarizabilities and relevant spectroscopic data for the
complexes

Comp. v(em™1)* A\,..(nm) Bise0” Bo°

1Fe -7 478 164 87
laRu +8 475 147 80
1bRu +10 473 105 57

& Differences on IR upon ligand coordination:
V(N = C)complea) - V(N = C)tigand); b values
x10730 esu.

¢values x1073Y esu corrected using the TLM with

o = 51500(1 - (2?5’6"0"”)2) (1 - (?%”SS)Q)

sured hyperpolarizabilities, although the relative orderings were maintained with TLM
corrected values: 1Fe > 1aRu > 1bRu. In spite of the magnitude of the experimental
quadratic hyperpolarizabilities is relatively similar for all the complexes (the values for
1Fe and 1aRu falls within the experimental error of 15%), it is interesting to note that
experimental quadratic hyperpolarizabilities follow the trend observed for the relative 7-
backdonation interaction of the complexes based on spectroscopic FTIR and NMR data.
The existence of this interaction was found to play an important role on the second-order
NLO response of mono(n®)cyclopentadienyllron, ruthenium nickel and cobalt complexes
with p-substituted benzonitrile chromophores where the high values found for Ru(II) and
Fe(IT) complexes were attributed to the occurrence of m-backdonation.™ The fact that
experimental quadratic hyperpolarizabilities for all complexes are relatively similar is not
surprising considering the spectroscopic data discussed above. In fact, for the low-energy
band, which is the key for second-order nonlinear optical properties, A,qz, is very similar

for all the complexes and no significant solvatochromic effect was observed.

2.4 Density Functional Theory Studies

2.4.1 Geometry and optical data

In order to get a better understanding of the structure and the linear optical and second-

order nonlinear optical properties in the ligand and in the complexes, DFT studies were
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performed using three different functionals.

It is well known that the choice of functionals is crucial to generate reliable and
accurate results. The selected functionals belong to two classes: B3LYP™7% and CAM-
B3LYP™ belong to the hybrid functional class; and the M06 functional is a meta-hybrid
GGA functional.™ The B3LYP functional is one of the most widely used functionals in
computational chemistry because it provides good performance in numerous energy assess-
ments of small molecules and reproduces the geometries of smaller and larger molecules
very well. Despite its success, it is well known that this functional can give unreliable
results for determination of barriers heights, description of van der Waals interactions, iso-
mer energy differences, and, in the case of organometallic compounds, bond energy trends
and spin polarization.™®2 In spite of these shortcomings, this functional is widely used in

83188 and was

calculations of hyperpolarizabilities of organic and organometallic systems
shown to reproduce reasonably well some experimental trends.®®®® One of the limita-
tions of the DFT methods is the so-called ”short-sightedness” of the functionals because
they are based in local terms. For instance, TD-DFT calculations using popular density
functionals, such as B3LYP, often underestimates long-range CT excitation energies, in
particular for donor-acceptor substituted push-pull molecules.®” Underestimation of long-
range C'T energetics is a consequence of incorrect asymptotic behaviour on the part of the
exchange-correlation potential. This fact led to the development of the range separated
functionals, where short-range HF exchange is treated using regular local functionals, like
in the conventional hybrid BSLYP functional, whereas at higher interelectronic distances
the long-range HF exchange is increased. The CAM-B3LYP"™ functional is one of the
most recent versions of range-separated functionals, and it uses variable short-range HF
exchange correlation in order to improve long-range interactions. It was found that this
functional, in many cases, provides reliable results in the prediction of molecular struc-
tures, excitation energies, and hyperpolarizabilities of m-conjugated systems.?"™% MO6 is a
hybrid functional for general-purpose applications and is very suitable for applications in
transition metal chemistry, giving better performance than B3LYP for main-group ther-
mochemistry, barrier heights, and noncovalent interactions.®#%%8 Compared to B3LYP,
the hybrid MO06 functional presents a higher percentage of HF exchange. So far, no
systematic study was executed in the performance of M06 functional for organometallic
compounds, particularly in view of NLO applications, this pioneering the present study

in the use of this functional
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It was recently shown that the use of model complexes, in which the phenyl rings
in the phosphane co-ligands are substituded by hydrogen atoms, provide a much more
computationally affordable method for the estimation of optical and nonlinear optical
properties of n°-cyclopentadienyl iron(IT), ruthenium(II) and nickel(IT) complexes.”? This
simplified method has proven to give similar results than those using phenylated phos-

phane co-ligands. #2101

Hence, in an initial stage, as a compromise between accuracy and
computational effort, three simplifications were used in the calculations: (i) dephenylated
phosphanes were used, i. e., HyPCH,CH,PH, instead of x2-dppe and PHj instead of
PPhgs; (ii) only the first 24 lower excitation states were computed in TD-DFT studies;
and (iii) isolated molecules in the gas phase were used (i.e., no solvent corrections were
employed). Later, the adequacy of the simplifications (ii) and (iii) was checked by a com-
parison between the calculated optical data obtained for the model complexes and "real”
complexes and with experimental data. The adequacy of simplification (i) was checked
by the use of 120 excited states for simulating the electronic spectra, and the results were
compared to those obtained with 24 excited states.

The optimized structures of ligand L1 and the model organometallic complexes ¥ 1Fe,
M1aRu and Y1bRu in gas-phase using B3LYP as functional are shown in Figure .
No significative differences were observed for the other functionals. Table shows the
selected bond distances and bond angles for all the compounds.

The iron and ruthenium complexes adopt a pseudo-octahedral geometry around the
metal centre, where the 1,2-bis(dihydrophosphine)-ethane and thienyl ligand occupy three
coordinating positions and the n°-cyclopentadienyl ring occupies the remaining three po-
sitions. The angles and bond lengths around the metal centers and within the thienyl
system for both ligand and organometallic complexes are consistent with experimental

TOZ103

crystal data for parent iron(II) and ruthenium(II) thiophene derivatives and other

n°-monocyclopentadienylmetal nitriles. %08
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M1Fe
L1

" M{bRu

Figure 2.10: DFT optimized structures for ligand L1 and the monocationic #1Fe,
M1aRu and ¥1bRu complexes
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In general, results show that the bond lengths within the thienyl nitrile ligand are
consistent with an increase of mw-conjugation upon metal coordination. As expected, the
major effect is observed in chemical bonds close to the metal centre. For instance, larger
differences in the bond lengths upon coordination are observed for C1-C2 to C5-C6 (0.012-
0.018 A) than for the remaining bonds (0.001-0.008 A). The small increase of 0.002-0.005
A in the N=C1 bond length upon coordination is consistent with metal-to-ligand 7-
backdonation interaction. This interaction is consistent with the previously discussed
FTIR and HNM data.

The well-known bond-length-alternation (BLA) parameter is defined as the difference
between the average carbon-carbon adjacent bond lengths along a conjugated backbone.
BLA is closely related to the degree of mixing between the ground-state and charge-
separated resonant structures of a molecule, and hence, BLA can be also related to the
linear and nonlinear optical properties of molecules. A positive BLA value is associated
with non conjugated m-systems or with systems that present weak donor-acceptor groups.
A lowering of the BLA parameter is observed with the increasing strength of the donor-
acceptor groups (and hence, of that of the polarization state). A null value of BLA
is obtained for a complete mixing of the ground and charge-separated states. Finally,
negative BLA values are also possible, such as in the case of some zwitterionic species,
where the charge-separated structure is, in fact, the main contributor to the ground-state.
The BLA values for the ligand and organometallic complexes was calculated. Results show
that a lowering of BLA is observed upon coordination of the ligand to the organometallic
fragment, allowing to conclude that an increased contribution of the quinoidal resonance

form in the ground state upon ligand coordination is observed (Figure [2.11]).

PFe PFe

Figure 2.11: Ground-state resonance structures for the studied organometallic
complexes

However, some differences were observed when the results of the different functionals
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were analysed. The use of B3LYP and M06 functionals originates relatively similar bond
lengths and angles, in particular within the conjugate thienyl nitrile framework. CAM-
B3LYP, in its turn, provides shorter bond lengths in case of multiple bonds and stretched
bond lengths for single bonds. Hence, larger BLAs are observed with CAM-B3LYP func-
tional. However, compared these BLA values to the other two functionals, the variation
upon coordination is very similar.

Considering the overall calculated data for the all the complexes, the CAM-B3LYP
functional reproduces more successfully and with better accuracy the experimental struc-
tural data reported for the parent iron(II) and ruthenium(II) thiophene derivatives.102103

In order to obtain the linear optical data of the ligand, gas-phase TD-DFT calculations
were performed in the model complexes. The data is summarized in Table Figure
shows the obtained spectra for all the compounds, using CAM-B3LYP.

TD-DFT calculations predicts a red shift in the electronic transitions upon ligand
coordination to the metal centres. These electronic transitions have low energy and sub-
stantial oscillator strength, and are in good agreement with the overall shape of the
obtained experimental electronic spectra for all complexes. In particular, CAM-B3LYP
functional gives optical transition energies very close to the experimental values, espe-
cially for ¥1Fe, with a difference of only +11 nm. The largest deviation was found for
the ligand where a difference of -21 nm was obtained. B3LYP and M06 functionals under-
estimate the low lying electronic transition energies for all compounds, being the major
differences obtained for B3LYP with an difference of 90 nm for the complexes and 56 nm
for the ligand. Thus, the inclusion of the long range corrected assymptotic behaviour by

CAM-B3LYP is of major importance when dealing with extended 7-conjugated systems.
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Figure 2.12: CAM-B3LYP TD-DFT spectra of L1, ¥1Fe, ¥1aRu and ¥1bRu in
gas-phase.
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The low lying electronic transitions are attributed to HOMO — LUMO charge trans-
fers. The frontier molecular orbitals for ¥L1, ¥1Fe, ¥ 1aRu and ¥ 1bRu, obtained using
CAM-B3LYP, are depicted in Figure (no significant differences were found for the
same orbitals using B3LYP and M06 functionals).

The HOMO and LUMO orbitals for all molecules are relatively spread over the ligand
with only a small contribution of the metal atom in the case of organometallic com-
plexes. An analysis of the electronic transitions in terms of the contribution of groups
atoms involved show that for L1 the charge transfer mainly arises from the donor thienyl
T3 and benzol|c|thiophene (BcT) rings to the acceptor thienyl-nitrile unit (T1). The
character of the main electronic transitions for ®1Fe, ¥1aRu and Y1bRu are very
similar, with fairly the same contribution percentage of the metal centre to the tran-
sition. Thus, the HOMO—LUMO excitation of organometallic complexes generates a
charge transfer mainly within the ligand fragment (ILCT) with some contribution of
metal-to-ligand charge transfer (MLCT). CAM-B3LYP predicts only small contributions
of a MLCT character to the overall electronic transition (5% for 1Fe, 3% forlaRu and
3% for1bRu), whereas B3LYP and M06 functionals predicts larger contributions (20-23%
for 1Fe and 17-18% for both Ru complexes). The overall results allow to state that
the T3 ring, alongside with the BcT ring, can behave as an electron donor group in

14 Considering the well-known electron donor character of the

this m-conjugated systems.
organometallic fragments, these molecules can be viewed as having a structure of the type
D-(m-conjugated system)-D’, as previously mentioned. Because a red-shift of this elec-
tronic transition is observed upon ligand coordination, an increase of the corresponding
hyperpolarizabilities is expected, according to the TLM. In fact, it is well known that
organometallic fragments play an important role in nonlinear optical properties of ben-
zene and thiophene based nitrile derivatives. "> Low-energy MLCT optical transitions
were found clearly to contribute to the experimental molecular hyperpolarizabilities.

The static first hyperpolarizabilities for L1, ¥1Fe, ¥1aRu and Y 1bRu were calcu-
lated and relevant results are shown in Table The ;s and By rs hyperpolarizabil-
ities were estimated using equation [5.2| and equation |1.22]

The [, values of the all molecules are functional-dependent, in particular for the
organometallic complexes. Except for BSLYP, coordination of the ligand to organometal-
lic moieties enhances the second-order NLO properties, particularly using CAM-B3LYP.

MO6 functional give only moderate changes on hyperpolarizabilities upon ligand coordina-
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N

L1 - LUMO “1Fe - LUMO

L1 - HOMO 1Fe - HOMO

M1aRu - HOMO M1bRu - HOMO

Figure 2.13: Gas-phase HOMO and LUMO molecular orbitals of L1, ¥1Fe, ¥1aRu
and Y 1bRu using CAM-B3LYP (contour: 0.03 au).
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Table 2.10: Gas-phase f;; and Brrs for L1, ¥1Fe, ¥1aRu and Y 1bRu.

Comp Biot (x10~3%esu) Brrs(x10~*esu)® Eap'
* B3LYP CAM-B3LYP MO06 B3LYP CAM-B3LYP MO06 ~0
L1 39.94 30.06 36.79  8.65 6.50 8.03
M1Fe 33.54 113.64 49.43 751 23.53 10.39 87
MiaRu  31.52 105.78 57.07  7.13 21.99 12.01 80
M1bRu 62.07 94.60 71.33  14.17 25.39 14.63 57

2 yvalues x10739 esu

tion. When compared to the experimental TLM corrected values, the overall results show
a clear underestimation of the predicted static hyperpolarizabilities using B3LYP and
MO6 functionals. The only exception is observed in the # 1bRu complexe where a over-
estimation in ca. 9% and 25% is obtained with both functionals, respectively. An average
overestimation of 30% is observed using the CAM-B3LYP functional for all complexes.

The Byrs, in their turn, are also functional-dependent and are much lower than S;.
The coordination of the ligand to organometallic moieties enhances the second-order NLO
properties in approximately a three-fold factor, in accordance with the previously struc-
tural and TD-DFT results. CAM-B3LYP provides a greater enhancement upon coor-
dination of L1 of the hyperpolarizabilities compared to B3LYP and MO06 functionals.
However, the best result using CAM-B3LYP is still 2.2 times lower than the experimental
TLM corrected values.

The difference in calculated values for 8, and Sy rs are due to not only the difference
in the expression used to the calculation of 5 but also to the difference in the calculation
method, since Sy rs are obtained by frequency depedent CPHF method. When compared
to the experimental data, ;. provides a lower error than Syrg but the unrealistic phys-
ical meaning of the f;,; values exclude the possibility of a reliable comparison with the
experimental results. However, [, is still used in the majority of the published works by
other authors when dealing with DFT calculation of the nonlinear optical properties of
organometallic complexes. ™’

Recently, the influence on the percentage of HF exchange incorporated in differ-
ent functionals into the excitation energies and the estimated hyperpolarizabilities was
adressed. ™™ Tt was shown that, functionals with low HF exchange energy (less than
50%, such as B3LYP and M06) perform poorly in the prediction of hyperpolarizabilities,

whereas functionals with more than 50% HF exchange, as well as functionals incorporat-
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ing distance-dependent HF exchange (such as CAM-B3LYP) exhibit good performance
in the estimation of the hyperpolarizabilities, at the expenses of blue-shifted excitation
energies. The same behaviour of the three functionals was observed in the study of the
present complexes — a blue-shifted optical excitations and higher hyperpolarizabilities
were found for CAM-B3LYP in comparison with BSLYP and M06. However, as stated
above, the estimated hyperpolarizabilities are still relatively low in comparison with the
experimental TLM corrected results.

It is well known that solvation interactions are, in some cases, critical for obtaining
quantitatively satisfactory results of the calculated electronic excitations in comparison
with experimental data. Thus, theoretical studies taking into account solvation effects
were performed on the ¥1Fe, ¥1aRu and ¥1bRu complexes using CAM-B3LYP as
functional. The polarizable continuum model (PCM)*™ was used to simulate the inter-
action between the complexes with chloroform. Also, to evaluate if the use of model
phosphanes describe the behaviour found with real phosphanes, calculations in solvated
media were extended to the "real” synthesized ruthenium complexes (here denoted *1aRu
and ®1bRu). The iron complex containing the x*-dppe phosphane was not calculated
due a systematic convergence failure in the geometry optimization.

The solvated CAM-B3LYP optimized structures of model organometallic complexes
M1aRu and Y1bRu resemble the previously optimized structures in the gas-phase, and
present only minor differences in the bond distances and bond angles, which are shown
in Table . The optimized structures for complexes #1aRu and #1bRu are shown
in Figure [2.14] and present a difference positioning of the L1 ligand in comparison with
the model complexes. The reason for this new positioning is justified by the presence of
the more bulky phenyl rings of the phosphane co-ligands. Selected bond angles and bond
distances are also shown in Table [2,11]

Comparatively to the gas-phase model geometries, the solvated geometries of the model
complexes present slightly longer M-Cp and M-P bond lengths and sligth shortening of
the M-N=C bond distance. The cumulative effect of these minor structural differences
results in an increase of the BLA parameter for both the solvated and "real” complexes
in the range of 0.001 to 0.007.

These results are consistent with the increased bulky nature and donor abilities of the
"real” phosphanes comparatively to the model phosphanes.

The Bprs obtained for this set of complexes in presented in Table
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Table 2.11: Bond Distances and Bond Angles for the solvated L1, ¥1Fe, ¥ 1aRu and
M1bRu.

Compound M1Fe Mi1aRu Mi1bRu f1aRu F£1bRu

Bond Distances (A)

M-Cp* 1.745 1.867 1.863 1.879 1.877
M-N 1.918 2.076 2.068 2.059 2.062
M-PP 2.256 2.415 2.427 2.422 2.484
N-C1 1.158 1.160 1.158 1.159 1.159
C1-C2 1.409 1.400 1.404 1.404 1.403
BLA¢ 0.053 0.053 0.059 0.060 0.057

Bond Angles(°)

M-N-C1? 177.3 174.2 177.0 175.5 174.8
P-M-N 91.8 89.3 88.5 87.3 88.8
P1-M-P2 85.4 82.7 92.6 83.6 103.1
P-M-Cpa,d 125.9 128.0 124.7 129.0 121.7
N-C1-C2 179.6 179.8 179.4 179.5 179.3
Dh1d 125.9 128.0 124.7 129.0 121.7
Dh2¢ -138.2 -146.2 -145.5 -144.8 -145.4

&M = Fe(II) or Ru(Il); Values refer to the centroid of the cyclopentadienyl
ring; b Avarage M-P bond distance; € Bond Length Alternation;

4 Dh1 refers to the C4-C5-C6-C7 dihedral angle;

€ Dh2 refers to the C12-C13-C14-C15 dihedral angle

Table 2.12: Relevant TD-DFT results and g g for solvated ¥ 1Fe, ¥1aRu, ¥ 1bRu,
R1aRu and f1bRu

Comp. Amaz f Attribution Major Contributions Bars  Ratio

Model Complexes

M1Fe 447 0.852 HOMO—LUMO (93%) B(93), Fe+Cp(7)—»NC-T1(96),P(4)  20.06  0.85
MiaRu 477  1.042 HOMO—LUMO (96%) B(92), Ru+Cp(8)—NC-T1(96),P(4) 24.72  1.12
MibRu 477 0936 HOMO—LUMO (96%) B(95), Ru(5)—NC-T1(100) 26.36  1.04

”Real” Complezxes

RlaRu 465 0952 HOMO—LUMO (96%) B(90), Ru+P(10)—NC-T1(100) 24.73 112
RibRu 475 1.008 HOMO—LUMO (96%)  B(75), Ru+Cp(25)—»NC-T1(100)  29.43  1.16
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Figure 2.14: CAM-B3LYP chloroform solvated optimized structures of #1aRu (top)
and f1bRu(bottom).

It is noticeable that DFT calculations results show that the inclusion of solvent effects
lead to an increase of the electronic transition energy for both the model and the "real”
complexes. In fact, the solvatochromic behaviour of these complexes showed that an
increase of the polarity medium lead to a increase of the energy of the transition. Hence,
the DF'T results indirectly confirm the solvatochromic behaviour for this complexes.

The inclusion of solvation for these compounds also show an underestimation of the
DFT calculated hyperpolarizability values when compared with the experimental two-
level model corrected values. Different reasons for these discrepancies can be conjectured.
For example, the use of averaged configurations of the complexes for the calculations
instead of the minimum energy alone and the inclusion of solvated media with a more
detailed model than PCM could probably lead to more realistic results. These issues
have been discussed, for example, by Jensen and van Duijnen for the case of the widely
studied p -nitroaniline. It is also clear that the substitution of the model phosphanes by
"real” r%-dppe and PPhs originates small differences (up to ca. 10%) in the corresponding

calculated Sggrs, thus proving the adequacy of the model complexes to describe, at least
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qualitatively, the present system.

The use of k*-dppe and PPhs instead of the model HoP(CH,)2PH, and PH; phos-
phanes in DFT calculations can give an additional insight relating to the differences on the
experimental quadratic hyperpolarizabilities of the ruthenium complexes. DFT calcula-
tions on “1bRu predicts an enhanced contribution of the MLCT to the overall excitation
(ca. 25%). For f1aRu, the contribution of the MLCT is lower (ca. 10%). The ILCT
arises from a charge transfer from the T3 and the T2 and B rings to the thienyl-nitrile
unit whereas the MLCT arises from the organometallic moiety also to the thienyl-nitrile
unit. Thus, ILCT and MLCT have opposite directions of the charge transfer. This might
result in less charge transfer efficiency during the electronic excitation for #1bRu (which
has large MLCT contribution) and an expected hampering effect on the experimental

quadratic hyperpolarizability.

2.4.2 Redox switching of the second-order NLO responses

The second-order NLO redox switching abilities of L1, ¥1Fe, ¥1aRu and 1bRu were
evaluated. Unrestricted calculations of the one-electron-oxidized L1°%, and model ¥ 1Fe®?,
M1aRu® and ¥1bRu® and one-electron-reduced L17¢¢, and model ¥ 1Fe™? M1aRu"*?
and M1bRu" species were performed. Geometries were optimized in gas-phase followed
by TD-DFT and hyperpolarizabilities calculations. Tables and show the

structural features of all species upon oxidation and reduction, respectively.
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Chapter 2- Benzo[c]thiophene Complexes

Comparison of Tables and show the following general trends upon oxidation:
(i) slight lengthening of the Cp-M and M-P bonds; (ii) strong shortening of the M-NC
bond (the only exception is compound Y 1bRu® using B3LYP as functional for which a
lengthening of the M-NC bond is observed); (iii) minimal changes on N=C bond length
for ligands and complexes; (iv) decrease in angles around the metal centre, in particu-
lar for M-N=C1; (v) decrease in the N=C1-C2 bond angle (except for complexes with
MO06 functionals); and (vi) increased planarity within the conjugated thienyl system, in
particular for organometallic complexes. The lengthening of the Cp-M and M-P bonds
upon oxidation are consistent with crystal data of piano-stool Fe(III) and Ru(III) com-
plexes. 1S The improved planarity within the conjugated thienyl system upon oxidation
(dihedral angles between thienyl rings for oxidized species close to 180 °, in comparison
with nonoxidized species) is accompanied by the expected decrease in BLA parameter
(Table 4). Thus, an enhanced contribution of the quinoidal resonance forms (cf. Figure
in the ground state upon oxidation is observed (some deviation of N=C1-C2 from
linearity is consistent with this observation). The major changes in the bond lengths
within the conjugated thienyl system, responsible for this behaviour, are observed in the
two thienyl rings farthest from the metal center. Thus, a more effective conjugation length
is observed upon oxidation, in particular for ¥ 1bRu®® that presents a BLA value very
close to zero.

For the reduced species, comparing Tables and [2.14] a different behaviour is
observed. The general trend is the shortening of M-P bonds lengths and the lengthening
of Cp-M bond, accompanied by a strong lengthening of M-NC bond. Also, an increase in
N=C bond length, in particular for organometallic complexes, accompanied with strong
decrease of M-N=C1 angles is observed. This effect is most denoted in the Ru complexes.
However, an increased planarity within the conjugated thienyl system is observed, in
particular for organometallic complexes. As was observed upon oxidation, the improved
planarity within the conjugated thienyl system upon reduction is accompanied by the
expected decrease on BLA parameter. The effect is, now, strongly enhanced. In fact,
the dihedral angles between thienyl rings for reduced species are even closer to 180°; in
comparison with oxidized species, and, for the case of *1bRu", the BLA parameter is
negative proving that a strong charge separation is obtained upon reduction. Similarly, for
M1Ferd and ¥ 1aRu"*? almost an equal contribution of the aromatic/quinoidal resonance

forms are achieved in ground state.
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Summarizing, the major differences between oxidation vs reduction are observed on:
i) M-NC bond length: oxidation originates strong shortening whereas reduction provides
strong lengthening; ii) N=C bond: both increase bond length but reduction process results
in an enhanced effect; iii) M-N=C1 angle: both decrease the bond angle but reduction pro-
cess originates a stronger effect; iv) planarity within the conjugated thienyl system: both
originate enhanced planarity but an improved effect is observed upon reduction. Also,
the overall results show that most significant structural changes upon oxidation/reduction
process are observed on organometallic complexes, in particular upon reduction.

Considering the different studied functionals, the same general observations as those
obtained in the non-oxidized /reduced species are observed in the oxidized/reduced coun-
terparts. Thus, BSLYP and M06 functionals gives similar bond lengths and angles within
the thienyl nitrile framework. In addition, CAM-B3LYP provides somewhat larger BLA’s
than those produced by B3LYP and M06, with the exception of the organometallic re-
duced species. In the case of chemical bonds involving metal atoms, the same general
trends are also observed: 1) major differences are obtained for iron complex; 2) B3LYP
and CAM-B3LYP predict closer bond lengths and angles values and; 3) M06 gives higher
angles and shorter bond lengths when compared to the B3LYP and CAM-B3LYP func-
tionals.

The molecular electrostatic potential (MEP) maps are highly informative concerning
the nuclear and electronic charge distribution of a given molecule. To further investigate
the influence of the redox stimulus on the electronic charge distribution, the molecular
electrostatic potential maps were obtained for all complexes. As an example, the MEP
maps of M1Fe, M1Fe®® and M1Fe™ are given in Figure . Similar results are
obtained for the other complexes.

The MEP results show that Y 1Fe has less positive charge densities (blue region)
mainly located in the T3 and B rings of thienyl ligand and more positive charge densities
(red regions) in the organometallic fragment, in particular on metal and phosphorous
atoms. Upon one-electron oxidation, the organometallic fragment retains its positive po-
tential, with exception of the Cp ring that becomes more negatively charged. In the case
of the ligand, the negative charge seems to appear more delocalized between the B and
the T3 rings, indicating a possible enhanced delocalization of the 7-conjugated system.
Upon one-electron reduction, the major difference to the ¥1Fe™? compound is that the

entire ligand becomes less positive, indicating a greatly enhanced m-delocalization. Thus,
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Chapter 2- Benzo[c|thiophene Complexes

o11f = Jo.22
Figure 2.15: Molecular Electrostatic Potential (MEP) map distribution for ¥ 1Fe
(top), M1Fe® (middle) and ¥ 1Fe™ (bottom) using CAM-B3LYP. (contour: 0.045 au)

both oxidation and reduction appear to lead to a more homogeneous charge density distri-
bution within the molecule, which agree with the enhanced conjugation length discussed
previously, and clearly seen in the BLA analysis.

The static first hyperpolarizabilities were determined and TD-DFT calculations were
performed in the gas-phase to give further insight of the electronic transitions responsible
for the hyperpolarizabilities of the complexes. No solvatated calculations were performed
since the complexes were not enough stable in solution in order to measure their hyper-
polarizabilites. For the same reason, Syrs was not calculated. The presented results will
be discussed simply as trends, and relevant experimental results will be addressed for
comparison only when necessary.

The relevant results of the TD-DFT calculations for the oxidized species have been
listed in Table [2.15] The estimated hyperpolarizabilities were also included.
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Chapter 2- Benzo[c]thiophene Complexes

The main optical feature for all oxidized molecules is the presence of low energy elec-
tronic transitions attributed to HOMO—LUMO charge transfers. The significant molec-
ular orbitals for ¥L1°¢, M1Fe®*, M1aRu®® and Y 1bRu®®, obtained using CAM-B3LYP,
are depicted in Figure [2.16] No significant differences were found for the same orbitals
using B3LYP and MO06 functionals.

7 ) ‘ [y
e ’ &

had

1bRu - BLUMO

.,Q- >3 -
o A .

L1 - RHOMO 1Fe - BHOMO laRu - RBHOMO 1bRu - BHOMO
Figure 2.16: SHOMO and SLUMO molecular orbitals involved in the dominant
optical transitions of L1°*, ¥1Fe**, 1aRuL1° and 1bRuL1°® using CAM-B3LYP.
(contour: 0.03 au)

For LL1°%, the charge transfer associated to the SHOMO— SLUMO transition mainly
arises from the side thienyl rings (T1 and T3) to the benzo|c|thiophene group. For
oxidized organometallic complexes, it is clearly seen that SHOMO orbitals are located
in the organometallic moiety and SLUMO orbitals are spread over the ligand. There-
fore, SHOMO—pBLUMO transitions can be assigned to MLCT. As discussed above,
HOMO—LUMO excitations of Y1Fe, Y1aRu and Y1bRu were assigned as an ILCT
since both HOMO and LUMO clearly have ligand character. Consequently, the SHOMO—
BLUMO transition of the oxidized organometallic complexes lead to an effective charge
transfer from the organometallic moiety to the ligand. This feature is supported by the
almost linear M-N=C1-C2 geometry, which favours metal-to-ligand 7m-backdonation inter-
action, and a more effective conjugation length observed upon oxidation. In fact, the most
significant optical changes upon one-electron oxidation are a strong red shift of the main
electronic transitions and a decrease of the corresponding oscillator strength, as clearly
seen in Figure that depicts the TD-DFT spectra for all the oxidized molecules .
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Figure 2.17: Calculated optical spectra for L1°% and ¥ 1Fe® and Y1aRu®® using
CAM-B3LYP.

The red shift of the lowest energy band upon oxidation was also observed experimen-
tally, as discussed above. In fact, the TD-DFT results clearly predicts the overall trend
for both the ligand and the organometallic complexes, in particular using the B3LYP
and MO06 functionals, for which the NIR transitions are observed with modestly accurate
results. CAM-B3LYP, in its turn, predicts these NIR transitions with almost neglegible
oscillator strength, and for that reason they were not included in the previous Table
2.15]

According to the TLM, the overall effect of the optical data should lead to an increase
of the NLO response upon oxidation for all molecules, in particular for organometallic
complexes. The calculated f;,; are, in fact, in agreement with those expected trends (cf
Table . For instance, using CAM-B3LYP, the transition energies of major molec-
ular orbital transitions decrease in the following order: L1°¢ > M1bRu*® > M1Fe* >
M1aRu® and no significant differences on the corresponding oscillator strength is ob-
served. Thus, B increases as follows: L1°* <<< M1bRu*”* <M1Fe” < M1aRu.
According to CAM-B3LYP results, the ¥ 1aRu® complex seems to be the better candi-
date for NLO switching through an oxidation stimulus. In fact, f;,; of ¥ 1aRu®® enhances
8.27 times relatively to ¥ 1aRu whereas S;; of Y 1Fe’® and ¥ 1bRu®® increase 5.47 and
5.38 times relatively to Y 1Fe and ?1bRu, respectively. Nevertheless, BSLYP and MO06

give opposite results, in the sense that the iron complex seems to be the better candi-
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Chapter 2- Benzo[c]thiophene Complexes

date for NLO switching through an oxidation stimulus. In addition, these functionals
predict a much larger enhancement of (;,; upon oxidation comparing with that obtained
with CAM-B3LYP. As mentioned above, these values seem to be overestimated since they
arise from the unexpected very low energies of FHOMO—SLUMO transition, in the NIR
region. It is well known that the B3LYP functional, with low percentage of HF orbital
exchange, can overestimate molecular hyperpolarizabilities, in particular for large conju-
gated molecules. The reason is related to the self-interaction error in the exchange part

1114*116

of the density functiona , which is responsible for over-delocalization of the electron

density. This result in incorrect screening of the external electric field*” and incorrect

U8 often leading to an underestimation of the

description of the charge transfer processes
energies of excitations with a long-range spatial extent.®*“ The M06 functional, more
suitable for applications in transition metal chemistry, has a fixed percentage of HF ex-
change (as B3LYP) and similar deviations than the observed using B3LYP functional
could be observed. In the case of oxidized complexes, FHOMO—SLUMO transitions
can be clearly assigned to MLCT. Thus, a charge transfer from a low energy occupied
orbital (centred in the organometallic fragment) to a virtual unoccupied orbital located
in another part of the molecule (thienyl moiety) result in a charge separation. There-
fore, a coulombic interaction within this charge separated excited stated should be taken
into account, in terms of an attractive 1/R dependence. CAM-B3LYP, which contains
long-range corrected eects using the Coulomb-attenuating method, can overcome (at least
partially) this problem since corrects the potential energy curves of the charge transfer
state along the orbital separation coordinate, resulting in a better description of the men-
tioned excited state, and hence a better estimation of the charge transfer energy. Thus,
the hyperpolarizabilities obtained with B3LYP and M06 functionals are consistent with
the underestimation of the charge transfer energies, and are by far an overestimation of
such property for the organometallic oxidized molecules.

The fact that oxidation leads to improved hyperpolarizabilities should be commented
here. Most of the metal-organic compounds studied for SONLO switching are typically
push-pull systems in which the metal centre acts as an electron-donor group in a dipolar D-
m-A structure. According to the well-known Type I switching mechanism, upon oxidation
the donor becomes a competing acceptor moiety thus leading to lower hyperpolarizability.
In the case of the present molecules, with a more likely less studied D-n-D’ feature,

the oxidation leads to the achievement of a D-m-A structure and, hence, an expected
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increase on the corresponding quadratic hyperpolarizability. The electronic behaviour of
the thiophene ring farthest from the N=C group, and benzo[c|thiophene moiety is reversed
upon oxidation, behaving as a donor in non-oxidized species and electron-acceptor in
the oxidized form. Thus, the charge transfer in the oxidized molecules resembles the
behavior found in the classic picture of the metal as donor and a ligand with an acceptor
moiety. Some examples of improved hyperpolarizabilities upon oxidation are found in the
literature. 14"

DFT calculations in the reduced forms of the present complexes were also performed.
The B, static first hyperpolarizabilities for the reduced species were determined and
TD-DFT calculations were performed in the gas-phase in order to evaluate the electronic
properties of the reduced compounds. The relevant TD-DFT results and the estimated

first hyperpolarizabilities for all the compounds are listed in Table [2.16]
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Like in the case of the former discussed oxidized species, the main optical feature for
all the reduced molecules is the presence of low energy electronic transitions attributed
to HOMO—LUMO charge transfers. In Figurd2.18| are depicted the TD-DFT spectra
obtained with CAM-B3LYP for L17¢, M1Ferd M1aRu"? and ¥ 1bRu"’.
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Figure 2.18: Calculated optical spectra for ML17¢¢ (-), M1Fe™? (-), M1aRu" (-) and
M1bRu™ (-)

Compared to the parent non-oxidized /reduced compounds, and similarly to the ox-
idized species, a red-shift of the main optical transitions and a decrease in the corre-
sponding oscillator strength is observed. It is also clear that two distinct behaviours are
obtained. On one side, the ligand L™ and the Y1bRu"® complex are characterized
by two low lying electronic transitions, one occurring in the NIR region and the second
in the visible region. Both of these transitions are associated to a SHOMO— SLUMO
transition for the case of the ligand and aHOMO— aLLUMO transition for the case of the
M1bRu"? complex . The CAM-B3LYP molecular orbitals involved in these transitions
are shown in Figure No significant differences were found for the same orbitals
using B3LYP and M06 functionals.

The lowest energy transfer for the L™ is, hence, attributed to a m — 7* transition
that is fully delocalized over the entire molecule, whereas the lower transition of the
M1bRu™? complex is attributed to LMCT, mainly arising from the B and T1 rings

to the organometallic fragment. For the second transition, the molecular orbitals show
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Figure 2.19: CAM-B3LYP molecular orbital for L17¢ and ¥ 1bRu"*? involved in the
two lower energy transitions. (contour: 0.03 au)

that, in the case of the ligand, the transition results mainly of a charge transfer to the
T1 and acceptor group (N=C). In the case of the ruthenium complex, this transition
is mainly attributed to a m — 7* ILCT with some contribution of the organometallic
fragment (LMCT). In accordance with the TLM, the presence of this low lying LMCT
should increase the hyperpolarizability of this complex.

On the other hand, the ¥1Fe™? and ?1aRu"*? complexes present a single low energy
transition that is also attributed to HOMO — LUMO transitions. However, for ¥ 1Fe
additional contribution of a aHOMO—alL+1 or cHOMO—a—L+2 (depending on the
used functional) is also observed. The relevant CAM-B3LYP molecular orbitals for this
transition for these two complexes are shown in Figure No significant differences
were found for the same orbitals using B3LYP and M06 functionals.

According to the orbital densities, the lower-energy electronic transition of the ¥ 1Fe"*?

and M1aRu" organometallic complexes can be mainly assigned to an ILCT with a
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Figure 2.20: CAM-B3LYP molecular orbital for ?L17¢¢ and ¥ 1bRu"*? involved in the
two lower energy transitions.(contour: 0.03 au)

contribution of LMCT. Contrariwise to the case of L1 and Y 1bRu"*?, where, each
FHOMO— SLUMO and cHOMO— aLUMO transitions gave rise to a discrete transition,
the lowest energy transition for ¥ 1Fe™? and ®1aRu"*? result of a superposition in the
« and [ transitions.

The behaviour of the estimated hyperpolarizabilities for the organometallic complexes
is somewhat similar to that found for the oxidation stimulus, that is, a strong enhance-
ment of the estimated hyperpolarizabilities are observed when the molecules are reduced.
When considering the results obtained with B3LYP and MO06 functionals, S, clearly
increases upon reduction, in particular for organometallic complexes. However, for the
CAM-B3LYP f,,; functional the first hyperpolarizabilities diminish upon reduction, con-
trary to what occurred for the oxidative counterpart. For this functional, the role played
by the organometallic moiety on the first hyperpolarizability is less significant than the

observed for oxidized species. In fact, the main optical transition was clearly assigned
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to MLCT with a favourable geometry for metal-ligand interaction for all the oxidized
species. However, only some contribution of a LMCT is observed for ¥ 1Fe™¢, M1aRu"*¢
and M1bRu". Indeed, the character and energies of these transitions are close to those
found for L™, Also, the M-N=C1 angle largely deviates from linearity, which does not
lead to a favourable metal-ligand -interaction in ground state. As a result, the values of
first hyperpolarizabilities of the reduced organometallic complexes are lower than the first
hyperpolarizabilities of the ligand, using CAM-B3LYP.

Comparing the CAM-B3LYP functional to BSLYP and M06 functionals, it is show that
the latter predict a transition energy of 1.52 eV and 1.79 eV, respectively, for ¥ 1Fe™?,
whereas the first predicts an energy of 2.04 eV. The main reason seems to be the un-
derestimation of the main optical transition energies when B3LYP and M06 functional
were used, as was discussed for the oxidized molecules. Furthermore, the character of the
optical transition seems also to play a role, and the differences in the optical transition in-
volving « orbitals can justify the huge difference in the hyperpolarizability results. Using
B3LYP, the al.+1 orbital has a higher contribution of the organometallic moiety when
compared to the al.+2 obtained with CAM-B3LYP. Thus, an enhanced contribution of
LMCT is observed with B3LYP, which could lead to higher hyperpolarizabilities. The
predicted energies of the main electronic transition using B3LYP and MO06 for reduced
species, in the range of 1.52-1.79 eV, are significantly higher than those obtained in oxi-
dized molecules (0.83-1.03 eV) and, consequently, closer to the values found when using
CAM-B3LYP functional. As mentioned above, for reduced species, the main electronic
transitions can be assigned to ILCT with some contribution of LMCT. Therefore, when
compared to the oxidized species, lower charge separation results from the excitations.
Thus, it is expected that BSLYP and M06 functionals could give less unrealistic results.

Summarizing, the results for the hyperpolarizabilities show that f;,: a) are dominated
by Bize tensor; b) are functional-dependent and; c) indicate a clear dependence on NLO
responses from the redox stimulus. In particular, the oxidation of organometallic com-
plexes significantly enhances second-order hyperpolarizabilities: f;; of ¥ 1Fe®® enhances
up to 217 times relatively to ®1Fe, B, of ¥1aRu® enhances up to 67 times relatively
to M1aRu and f,; for Y1bRu® enhances up to 27 times comparatively to ?1bRu,
depending on the used functional. Instead, the oxidation of L gives only moderate en-
hancing effect on f;;. Reduction of the studied molecules originates some subtle results.

As in the oxidation process, the reduction of L leads to a moderate enhancing effect on
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Biot, although the increase of f;, is now slightly higher. For organometallic complexes,
the use of different functionals originates contradictory results. By using B3LYP and
MO6 functionals, an increase on (3, is observed, although more moderate than observed
with the oxidation process: B of M1Fe? M1aRu"*? and Y 1bRu" enhances up to
14 - 17 times relatively to the corresponding non-reduced counterparts, depending on the
functional used. However, by using CAM-B3LYP, f,,; decreases upon reduction, in par-
ticular for the 1aRu"*? complex. The B, of oxidized and reduced species, in particular
for organometallic complexes, using BSLYP and M06 functionals seem to be not reason-
ably. In fact, these values appear to be largely overestimated since they arise from the
unexpected and unrealistic low-energy charge transfer transitions, especially for oxidized

species.

2.5 Conclusion

This chapter dealt with the syntesis and DFT studies of new (1°-CsHj)-iron(I1) and ruthe-
nium(II) complexes containing the 5-(3-(thiophen-2-yl)benzo[c| thiophen-1-yl) thiophene-
2-carbonitrile ligand. Three new complexes have been synthesized and fully characterized,
and their quadratic hyperpolarizabilities have been determined by HRS measurements at
1500 nm. Density Functional Theory and Time-Dependent Density Functional Theory
calculations were employed to achieve a deeper knowledge of the relevant structural and
electronic transitions involved, which was helpful in the discussion of the experimental
quadratic hyperpolarizabilities.

The organometallic complexes presented resonant enhanced hyperpolarizabilities val-
ues in the range of 105 - 164 x1073% esu. Application of the two-level-model, allowed to
obtain corrected values in the range of 57 - 87 x 1073 esu. The nonlinear optical properties
were also computed using DFT calculations. The calculation results, together with TD-
DFT data, showed that TLM could be applied in the rationalization of the experimental
NLO properties of the studied complexes. The observed quadratic hyperpolarizabilities,
almost similar for all complexes, could be explained due to the very similar energies and
intensities of the lowest-energy electronic transition that show to have mainly an ILCT
character. The use of real and model phosphanes to simulate electronic spectra of the
complexes using DFT calculations shows no significant differences on the calculated ener-

gies when compared to experimental data. Therefore, the use of model phosphanes, with
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the obvious gain in computational cost, proves to be a good compromise between accuracy
on the predicted excitation energies and the computational effort. However, the results
show that the use of real phosphanes in DFT calculations can be important to give an
additional understanding of the experimental values of the quadratic hyperpolarizabilities.

Concerning the NLO switching abilities of the complexes, the overall DFT and TD-
DFT results show that organometallic moieties play an important role in the NLO re-
sponse with respect to the redox stimulus. The calculated data using B3LYP and MO06
functionals shows, in general, similar results and/or trends, in particular on structural
and optical data. These functionals predicts (in an unrealistic manner) significant en-
hancement of second-order hyperpolarizabilities of the studied organometallic complexes
through one-electron oxidation/reduction processes. CAM-B3LYP functional, however,
points to a more moderate effect and opposite effects on NLO response upon oxidation
and reduction. For the most of metal-containing compounds that have been studied for
redox NLO switching, the changing on hyperpolarizability properties is, in fact, moder-
ate: the largest experimental second-order NLO response (on form) is approximately 2
to 20-fold greater than the off form. Also, as indicated above, this functional seems to
predict more reliable structural and optical data for the studied molecules in this work
and better reproduces experimental hyperpolarizability trends upon ligand coordination
in parent compounds. Thus, it is reasonable to assume that NLO response trends upon
redox stimulus obtained with CAM-B3LYP functional could be more realistic. There-
fore, the studied complexes can be viewed as acting as redox NLO switchable, both using
oxidative or reductive stimulus. However, the NLO switching is more effective using ox-
idation stimulus since larger differences on [,0t are observed between non-oxidized and
oxidized species. However, attempts to synthesize and isolate the oxidized complexes were
unsucessfull and it is not possible to confirm the assumptions made by the DF'T modelling

studies.

2.6 Experimental

Synthesis of the ligands were performed in standard conditions, unless otherwise stated.
Commercial reagents were used as received and without further purification. Compounds
1 - 3 were prepared following published procedures with some modifications (see details be-
low).#? 5-(3-Thiophen-2-yl-benzo[c]thiophen-1-yl)thiophene-2-carbaldehyde (4) was pre-
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pared following a published procedure with a different purification method.?® All synthesis
involving organometallic complexes, including the Grignard reactions, were carried out
under nitrogen atmosphere using current Schlenk techniques. The details of the synthesis
of the starting organometallic complexes and the characterization methods are described
in Chapter 5.

2.6.1 Synthesis

2.6.1.1 Attemps of synthesis of o-aryl-benzoic acids

COOHO

AICl;, DCM
X =CN, NO,

In a typical procedure, a suspension of anhydrous aluminium chloride (1.8 g, 1.35 mmol)
and phthalic anhydride (1 g, 0.67 mmol) in dry CH,Cly (50 mL) was stirred for 0.5 hrs at
room temperature. A dichloromethane solution of the corresponding thiophene derivative
(0.74 mmol in 10 mL) was then slowly added dropwise (10 minutes). The resulting dark
brown coloured reaction mixture was stirred for 4 h at room temperature, then poured into
ice water containing a 20 % hydrochloric acid solution. The organic layer was separated
and dried over anhydrous magnesium sulphate. Removal of the solvent in vacuum afforded
brownish yellow powders that were analized by NMR spectroscopy. Results revealed a
complex mixture of products with a considerable amount of the desired product. Attempts
to purify the products by column chromatography (silica gel, dichloromethane:petroleum

spirit (1:1) and recrystalization techniques were not successful.
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2.6.1.2 Attemps of synthesis of lactones

Br

COOHO o \
s NaBH4 N

\

A hot solution of 2-bromothenoylbenzoic acid was added to an aqueous solution of sodium
bicarbonate (15.9 g in 2 L of HyO) and was treated with NaBH, (15 egs.) in portions.
After standing overnight, it was heated for 1 hr and was allowed to cool to room temper-
ature. A 12% aqueous hydrochloric acid solution was added cautiously until the pH reach
2. The mixture was then stirred for 2 h at room temperature, and the precipitated solid
was filtered and analysed by NMR spectroscopy showing only traces of the desired prod-
uct. In a different attempts, the bicarbonate solution was substituted by a THF-MeOH
(2:5) solution or by a aqueous sodium hydroxide solution at pH=9. No improvements

were achieved.

2.6.2 S,S-Di(pyridin-2-yl)benzene-1,2-bis(carbothioate) (1)

o o N__SH =

| ° NEt,
cl cl ~

N
\:’ )
CH.Cl, s S
2/ N

To 50 mL of freshly dried THF were added 5 mL of triethylamine and 3.3 g of 2-

mercaptopyridine (30 mmol). After stirring for 10 minutes full dissolution of the 2-

mercaptopyridine was observed, the mixture was placed in an iced cold bath and stirred
at 0 °C for further 15 min. A solution of phthalic acid chloride (2.2 mL, 15 mmol) in dried
THF (50 mL) was added at once and with vigorous stirring. The reaction was quenched
immediately with 200 mL of 2 % HCI (aq) solution and extracted with chloroform. The

combined organic fractions were washed with 10% NaOH (aq.) and water until neutrality,
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dried over anhydrous MgSQO,, and the solvent was evaporated in vacuum. Crystallization
from CHCI3/diethyl ether afforded the desired product as white crystal needles in 80%
yield. '"H NMR (400 MHz, CHCl3, 25 °C): 7.24 (dt, 2H, Hpy), 7.59 (m, 2H, Hbenz), 7.71
(m, 4H, Hpy), 7.82 (m, 2H, Hbenz), 8.57 (d, 2H, Hpy) ppm.

2.6.2.1 1,2-Phenylenebis(thiophen-2-yl)methanone (2)

\:’NS oo @/MQBr / S o 0 s ,
; % ® \ THF Y% \
2/ Y

In a Schlenk flask containing THF (100 mL), activated magnesium turnings (1.2 g, 46

mmol) and a catalytic amount of iodine were added followed by 2-bromothiophene (4.5
mL, 46 mmol). The mixture was heated to a gentle reflux for 3 hrs. until complete
reaction of the magnesium and then left to cool at room temperature. The Grignard
solution was added dropwise through a Teflon cannula to a stirred solution of 1 (7.95 g, 23
mmol) in THF (150 mL) at 0 °C. The resulting mixture was stirred for additional 30 min.
and quenched with 200 mL of 5% hydrochloric acid aqueous solution. After extraction
with several portions of chloroform, the combined organic extract were washed with a
10% sodium hydroxide aqueous solution, followed by a saturated NaHCO3 solution and,
finally, water. After drying with anhydrous MgSQy, the solvent was removed in vacuum.
Crystallization from CHCl3/petroleum ether 40-60 afforded a brownish orange solid in
90% yield. '"H NMR (400 MHz, (CD3),CO, 25 °C): 7.19 (dt, 2H, Hth), 7.59 (dd, 2H,
Hth), 7.78 (m, 2H, Hbenz), 7.83 (m, 2H, Hbenz), 7.97 (dd, 2H, Hth) ppm.
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2.6.3 1,3-Di(thiophen-2-yl)benzo|c]thiophene (3)

Lawesson's Reagent

/ Y4 \ | CH,Cl,

Lawessons reagent (8.13 g, 20.1 mmol) was added in two portions to a solution of 2 (6.0
g, 20.1 mmol) in 100 mL of dichloromethane. After stirring overnight, the solvent was
removed under vacuum, and 100 mL of ethanol was added. This new solution was stirred
with heating for 30 min. The solvent was removed and the brown residue was added to
dichloromethane, washed with 10 % sodium hydroxide aqueous solution and several times
with water. After drying with anhydrous MgSO, and filtered, the solvent was evaporated
in vacuum and the resultant brownish orange solid was then chromatographed on silica
gel. Elution with petroleum spirit ( 40-60) afforded the desired product as orange crystals
in 55% yield. '"H NMR (400 MHz, (CD3)2CO, 25 °C): 7.26 (m, 2H, Hth), 7.51 (dd, 2H,
Hth), 7.64 (dd, 2H, Hth), 8.00 (m, 2H, Hbenz) ppm.

2.6.3.1 5-(3-(Thiophen-2-yl)benzo[c]thiophen-1-yl)thiophene-2- carbaldehyde

(4)

DMF, POCl;

CH2C|2‘ r.t.

A mixture of phosphorus oxychloride (2.42 mL, 26 mmol) and DMF (2 mL, 26 mmol) in
dichloromethane (10 mL) was added to a solution of 3 (1.55 g, 5.2 mmol) in dichloromethane
(50 mL) at room temperature. After stirring overnight, a saturated solution of sodium
acetate (100 mL) was added and stirred for 1 hr. to complete the hydrolysis. The sus-

pension formed was extracted with dichloromethane. The combined organic layers were
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washed with water, dried over anhydrous magnesium sulphate and the solvent was re-
moved in vacuum. The red solid obtained was chromatographed on silica gel. Elution
with petroleum ether 40-60/diethyl ether 7:3 to petroleum ether 40-60/diethyl ether 1:1
afforded the desired product as red crystals in 80% yield. "H NMR (400 MHz, (CD3),CO,
25 °C): 7.26 (m, 2H, H2), 7.51 (dd, 2H, H3), 7.64 (dd, 2H, H1), 8.00 (m, 2H, H4, H5)
ppm.

2.6.4 5-(3-(Thiophen-2-yl)benzo[c]thiophen-1-yl)thiophene-2- car-
bonitrile (L1)

@ °
1) NH30H CI
2) O(AcO),
B
pyridine, reflux

A solution of HoNOH-HCI (2.13 g, 30.7 mmol) in pyridine (10 mL) was added to a stirred
solution of 4 (2.0 g, 6.13 mmol) in pyridine (30 mL) at 0°C. The reaction was allowed to
reach the room temperature. After stirring for 1 hr., acetic anhydride (5 mL) was added
dropwise and the mixture was refluxed for 2 hr.. After cooling to room temperature, the
mixture was poured into a mixture of ice containing 10 % of an aqueous hydrochloric
acid solution. The obtained orange precipitate was dissolved in dichloromethane, washed
with water and dried over anhydrous magnesium sulphate. The solvent was removed
in vacuum and the crude product was purified by column chromatography on silica gel.
Elution with solvent gradient from petroleum ether 40-60/diethyl ether 7:3 to petroleum
ether 40-60/diethyl ether 1:1 afforded the desired product as an orange solid in 72 % yield.

FTIR: v(KBr)/em™!: 2203 (N=C).

"H-NMR (400 MHz, (CD3),CO, 25 °C): 7.27 (dd, *Jyu=3.7 and 5.3 Hz, 1H, H16),
7.30 (ddd, *Jgu=1.0, 6.7 and 8.8 Hz, 1H, H9), 7.37 (ddt,’Jyn=1.2, 6.7 and 9.0 Hz, 1H,
H10), 7.56 (dd, *Jyu=1.0 and 5.7 Hz, 1H, H17), 7.60 (d, *Juu=4.1 Hz, 1H, H4), 7.71
(dd, *Juu=1.0 and 3.7 Hz, 1H, H15), 7.94 (d, *Jyu=4.1 Hz, 1H, H3), 8.02 (d, *Juz5=9.0
Hz, 1H, H8), 8.05 (d, *Jyn=8.9 Hz, 1H, H11) ppm.
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BCNMR (100 MHz, (CD;),CO, 25 °C): 108.09 (C2), 114.56 (C1), 121.76 (C8),122.63
(C10),123.87 (C6), 126.33 (C4), 126.46 (C11), 127.66 (C15), 127.74 (C9), 128.07 (C17),
129.35 (C16), 130.57 (C13), 135.10 (C14), 136.09 (C7), 137.13 (C12), 139.93 (C3), 143.34
(C5) ppm.

UV-Vis.: (CHCl3): Amax/nm (ex10*/ M'em™1): 452 (2.1).

Anal. calc. for L1e0.1CHyCly: C, 61.87; H, 2.79; N, 4.22; S, 28.98. Found for
L1e0.1CH,Cly: C, 61.81; H, 3.01; N, 3.96; S, 27.75.

2.6.5 2-((5-(3-(Thiophen-2-yl)benzo[c|thiophen-1-yl)thiophene-2-

yl)
methylene)malononitrile carbonitrile (L2)

NC “CN |, NEtg
—_—
CHCly 1. t.

To a solution of 4 (2.13 g, 30.7 mmol) in dried dichloromethane (10 mL) was added
malononitrile (2.0 g, 6.13 mmol) followed by 3 drops of dried triethylamine. The reaction
was stirred at room temperature for two hours. After stirring, the mixture was poured
into a mixture of ice and 10 % HCI (aq). The obtained purple precipitate was purified by
column chromatography on silica gel. Elution with solvent gradient from petroleum ether
40-60/diethyl ether 7:3 to petroleum ether 40-60/diethyl ether 1:1 afforded the desired
product as dark purple solid in 90 % yield.

FTIR: v(KBr)/em™!: 2201 and 2212 (N=C).

"H-NMR. (400 MHz, (CD3),CO, 25 °C): 7.30 (dd, *Jyu=3.6 and 5.2 Hz, 1H, H16),
7.36 (ddd, *Jyu=1.0, 6.5 and 9.1 Hz, 1H, H11), 7.45 (dt, *Jyu=1.0, 6.5 and 8.9 Hz, 1H,
H8), 7.63 (dd, *Jyg=1.0 and 3.6 Hz, 1H, H17), 7.74 (dd, *Jgy=1.1 and 5.2 Hz, 1H, H15),
7.76 (d, *Jun=4.2 Hz, 1H, H4), 8.02 (d, *Jyu=4.3 Hz, 1H, H3), 8.10 (t, *Juu=7.5 Hz,
1H, H8), 8.12 (t, *Jyu=7.8 Hz, 1H, H11), 8.42 (s, 1H, H},) ppm.
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B NMR (100 MHz,(CD3),CO, 25 °C): not attributed (C6, C13), 75.54 (C,), 115.44
(C1), 122.14 (C10),123.09 (C8), 126.85 (C4), 126.76 (C11), 128.20 (C17), 128.43 (C15),
128.61 (C9), 129.51 (C16), 131.01 (C2),134.86 (C14),136.40 (C12), 137.58 (C7), 142.25
(C3), 147.74 (C5), 151.83 (Cp) ppm.

UV-Vis.: (CHCl3): Amax/nm (ex10*/ M'em™1): 563 (4.1).

2.6.6 General procedure for the [(n°-CsH5;)M(LL)L1]PF; com-

plexes
N
\\\c
: \ + TIPFg <?_J_
—_—
L/_.-M X CH,Clj, reflux M
5 i~
C L/ N=¢
L

M= Fe, LL= DPPE, X=1
M=Ru, LL= DPPE or 2 PPh; X=Cl

The complexes were synthesized by halogen abstraction of the organometallic precursors
in a Schlenk tube. A mixture of [M(n°-CsHs)(LL)X] (0.5 mmol), TIPFs (1.5 eq.) and
L1 (1.1 eq.) in freshly dried dichloromethane (30 mL) was refluxed overnight under
nitrogen atmosphere. After filtration to remove TI1X formed during the reaction, the
solvent was evaporated under vacuum and the solid residues were recrystallized twice

from dichloromethane/hexane mixture to afford the desired compounds as reddish solids.

2.6.7 [(n°-CsH;)Fe(x*-dppe)L1]PF; (1Fe)

Dark red. 360 mg, 73% yield.

FTIR; v(KBr)/ecm™: 2196 (N=C), 838 and 557 (PFg);

'"H NMR (400 MHz, (CD53),CO, 25 °C): 2.67 (m, 2H, CH,), 2.84 (m, 2H, CH,),
4.71 (s, 5H, n>-C5H;), 6.88 (d, *Jynu= 4.1 Hz, 1H, H3),7.28 (dd, *Jyu=3.7 and 5.2 Hz,
1H, H16), 7.30 (d, *Juu=4.1 Hz, 1H, H4), 7.33 (ddd, *Jyu=1.0, 6.8 and 8.8 Hz, 1H,
H10), 7.42 (ddd, *Jgu=1.0, 6.5 and 9.1 Hz, 1H, H9), 7.55 (dd, *Jgz=1.0 and 3.7 Hz, 1H,
H17), 7.57 (m, 8H, H ohe-Ph), 7.68 (m, 8H, Hyera-Ph), 7.72 (dd, *Jyp=1.0 and 5.1 Hz,
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1H, H15), 7.81 (d, *Juu=9.0 Hz, 1H, H8),8.04 (d, *Jugu=8.9 Hz, 1H, H11), 8.12 (m, 4H,
Hpara-Ph) ppm;

¥C NMR (100 MHz, (CD3),CO, 25 °C): 28.51 (t, 'Jep=42.0 Hz, CH2-x>-dppe),
81.12 (1>-CsHs), 108.32 (C2), 121.57 (C8), 122.84 (C11),123.78 (C6), 125.39 (C4), 126.53
(C9), 127.90 (C10), 127.93 (C17), 128.32 (C15), 128.37 (C1), 129.44 (C16), 130.05 and
130.26 (t, *Jo.p=10.0 Hz, Cpnera-Ph), 131.06 (C13), 131.40 and 131.84 (s, Cpara-Ph), 132.40
and 134.02 (t,>Jo.p= 10.0 Hz, Corno-Ph), 134.94 (C14), 136.08 (C7), 137.04 (C12), 137.60
(t, "Jo,p= 41.0 Hz, Cipeo-Ph), 139.82 (C3), 143.49 (C5) ppm;

2P NMR (161 MHz, (CDs),CO, 25 °C): 96.98 (s, x2-dppe), 144.25 (sept, PFg) ppm;

UV-Vis.: (CHCls): Apay/nm (ex10*/M ™ em™): 478 (3.0);

Anal. Calc. for 1Feel/3CH,Cly: Calc.: C 57.13, H 3.84, N 1.38, S 9.47. Found: C
57.25, H 3.66, N 1.42, S 9.34;

2.6.8 [(n°-Cs;H;)Ru(x*-dppe)L1]PF; (1aRu)

Light Red. 284 mg, 55% yield.

FTIR: v(KBr)/cm™!: 2211 (N=C), 838 and 557 (PF%);

'"H NMR (400 MHz, (CD3),CO, 25 °C): 1.89 (m, 2H, CH,), 2.20 (m, 2H, CH,), 5.06
(s, 5 H, n°-CsHs), 6.93 (d, *Juu= 4.2 Hz, 1H, H3), 7.28 (d, *Jyu=3.5 and 5.2 Hz, 1H,
H16), 7.33 (ddd, overlaped, H10), 7.33 (d, *Jgy=4.2 Hz, 1H, H4), 7.43 (ddd, *Jgu= 1.0,
6.6 and 8.7 Hz, 1H, H9), 7.52 (m, 8H, Hoppo-Ph), 7.55 (dd, *Juu=1.0 and 3.6, H17), 7.65
(m, 8H, Hyeta-Ph), 7.73 (dd, *Jgu=1.0 and 5.2, H15), 7.81 (d, *Jyu=8.9 Hz, 1H, HS),
8.05 (d, *Juu=8.9 Hz, 1H, H11), 8.05 (m, 8H, Hyara-Ph) ppm;

¥C NMR (100 MHz, (CD3),CO, 25 °C): 28.53 (t, 'J¢.p=46 Hz, CH,-r2-dppe), 81.12
(7°-CsHs), 107.14 (C2), 121.53 (C8), 121.60 (C1), 122.85 (C11), 123.63 (C6), 125.49 (C4),
126.54 (C9), 127.95 (C15), 128.00 (C10), 128.37 (C17), 129.52 (C16), 129.86 and 130.09
(t, *Jop= 9.00 Hz, Cpeta-Ph), 131.29 and 131.79 (s, Cpara-Ph), 131.97 and 134.27 (t,
*Jop= 22.0 Hz, Corno-Ph), 132.30 (C13), 134.89 (C14), 136.01 (C7), 136.48 (t, 'Jop=
57.0 Hz, Cipso-Ph), 137.12 (C12), 141.08 (C3), 144.77 (C5) ppm;

3P NMR (161 MHz, (CD3),CO, 25 °C): = 79.08 (s, x2-dppe), 144.26 (sept, PFg)
ppm;

UV-Vis.: (CHCls): Amax/nm (ex10* /M em=1): 475 (3.0);

Anal. Calc. for 1aRue2CH,Cl,: Calc.: C 49.93, H 3.52, N 1.16, S 8.00 Found: C
50.40, H 3.60, N 1.20, S 8.00.
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2.6.9 [(775—C5H5)R11(PPh3)2L1]PF(; (]_lel)

Dark red. 361 mg, 62 % yield.

FTIR: v(KBr)/ecm™!: 2213 (N=C), 838 and 557 (PFg).

'"H NMR (400 MHz, (CD3),CO, 25 °C): 4.79 (s, 5H, n°-C5Hjs), 7.20 (dd, overlaped,
H16), 7.35 (ddd, overlaped, H10), 7.44 (ddd, overlaped, H9), 7.52 (m, 12H, Hono-Ph),
7.56 (d, *Jyu=4.1 Hz, 1H, H3), 7.59 (dd, *Jyz=3.8 Hz, 1H, H17), 7.65 (m, 12H, Hyeta-
Ph), 7.67 (dd, *Jyu= 3.8 Hz, 1H, H4), 7.73 (dd, *Jyu=1.0 and 5.0 Hz, 1H, H15), 7.94
(1H, *Jyn=8.9 Hz, H11), 8.04 (m, 6H, Hyara-Ph), 8.07 (d, *Jyu=8.9 Hz, 1H, H8) ppm.

¥C NMR (100 MHz, (CD3),CO, 25 °C): 85.33 (°-C5Hj;), 107.48 (C2), 121.60 (C8),
122.90 (C11), 123.70 (C6), 125.70 (C1), 126.01 (C4), 126.59 (C9), 127.99 (C15),127.01
(C17), 128.11 (C10), 128.42 (C15), 129.43 (t, *Jop = 9.0 Hz, Cpera-Ph), 129.43 (t, *Je p=
11.0 Hz, Copno-Ph), 131.12 (C16), 131.50 (C13), 134.27 (t, “Jep= 10.0 Hz, Cpara-Ph),
134.92 (C14), 136.14 (C7), 136.49 (t, 'Jop= 44.0 Hz, Cipso-Ph), 137.28 (C12), 141.11
(C3), 144.80 (C5) ppm.

2P NMR (161 MHz, (CD5),CO, 25 °C): 41.72 (s, x2-dppe), 144.06 (sept, PFg) ppm.

UV-Vis. (CHCl3): Apax/nm (ex10*/ M em™1): 473 (2.7).

Anal. calc. for 1bRuel/4CH,Cly: C 59.27, H 3.80, N 1.19, S 8.15. Found: C 59.27, H
4.12, N 1.19, S 7.82.
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Chapter 3

Organometallic Compounds

containing s-Tetrazine Derivatives

3.1 Introduction

Tetrazine refers to a general class of compounds formed by a six-member aromatic ring
possessing four nitrogen atoms and two carbon atoms. There are three known isomers
for the tetrazine ring, the 1,2,3,4-, 1,2,3,5- and 1,2,4,5-tetrazine, whose structures are
depicted in Figure [3.1] The latter, also named s-tetrazine or sym-tetrazine, due to the
symmetric position of the nitrogen atoms, is the most studied and stable of the three

isomers and it will be the focus of this work.

N N

XN W\\N N
PP

1, 2, 3, 4 - Tetrazine 1, 2, 3, 5 - Tetrazine 1, 2, 4, 5 - Tetrazine

Figure 3.1: Structures of the three known tetrazine isomers.

Tetrazines are found various applications, ranging from pyrotechnics®™ and material
sciences® to biological and biochemical sciences. ™4 The versatility of the s-tetrazine

ring is due to several factors. On one hand, the tetrazine ring is the electron-poorest aro-
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matic system of the N-heterocyclic family, and its strong electron-acceptor ability, com-
parable with tetranitrobenzene, together with its electrochemical reversibility (tetrazines
are easily reduced to their radical anions) and tunable fluorescent properties, makes them
suitable for many applications in the field of fluorescent sensors or displays and, of course,
NLO materials. On the other hand, their stability depends strongly on the ring sub-
stituents, and therefore the tetrazines are frequently used in the development of high
energetic materials, namely explosives and other pyrotechnic compounds.

Although several substituents of the s-tetrazine are known, which include alkyl, alkynyl,
aryl, heteroaryl, alkoxyl and alkylmercapto groups, 3,6-dihydro-s-tetrazine and 3,6-dialkyl-
s-tetrazines are rather unstable. Halogenated, aromatic or heterocyclic aromatic 3,6-
diaryl-s-tetrazines are stable and can be stored for long periods, and for this reason, these
compounds are more commonly found as 3,6-diaryl-substituted compounds.

The lack of convenient synthetic methodologies has been considered a roadblock to
the use of tetrazine-based compounds. This fact is easily seen by the dispersion of the
synthetic works.’® For example, only a small number of molecules, such as bis-(pyridyl)-
s-tetrazine family, are found in organometallic chemistry or in metal-organic frameworks

(MOF’s). 76

3.1.1 Synthesis of 3,6-diaryl-s-tetrazines

Synthetic methods prior to 1995 have been extensively reviewed by Neunhoeffe and
by Sauer’® and will not be discussed in this work. The only exception will be made
for the Pinner synthetic method, for which modified procedures were recently proposed.
Furthermore, this method is still one of the most efficient methods for the synthesis of
3,6-diaryl-s-tetrazines.

There are several different procedures for preparing 3,6-diaryl-s-tetrazines, but most
of them results in low yields and its applicability is scarce. Still, the majority of the
methods share a common step - the obtention of a hydro-s-tetrazine ring followed by its
oxidation. In fact, it is this bottleneck step that governs the overall yield of reaction.
The most commonly used method for the preparation of hydro-s-tetrazines ring is by
cyclocondensation of nitrile imines, obtained from the reaction of a nitrile with hydrazine
or hydrazones. Since they can be quite unstable, hydro-s-tetrazines are not often isolated
and its oxidation to the aromatic s-tetrazines is performed immediately without purifi-

cation. Typical mild oxidizing agents can be used in the oxidation step, being the most
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common nitrites, bromine, ferric chloride, hydrogen peroxide, chromic oxide or even air.
The choice of the oxidizing agent depends mostly of the substituent on s-tetrazine ring,
but the formation of sub-products that are hard to separate from the reaction mixture is
also an important factor of choice.

The first report of the s-tetrazine ring synthesis was by Pinner, in 1893.1% In his work,
Pinner reacted several aryl nitriles with hydrazine in aqueous potassium hydroxide solu-
tion and, after oxidation, he obtained red compounds that were identified as s-tetrazines.
Since Pinner’s synthesis there were two main variations of the methodology, which im-
proved the overall yield of the reactions. The first modification was made by Wiley et
al., who carried the reaction in anhydrous methanol and triethylamine which lead to a
small enhancement of the reaction yield.* The second was based on the fact that sulphur
reacts very rapidly with hydrazine, originating an addition product HoN-NH-SH. This
addition product reacts more efficiently with the aryl nitrile originating, after oxidation,
the 3,6-diaryl-s-tetrazine ring in moderate to good yields. Also, this new method pre-
vented the usage of harsh conditions as well as a high excess of hydrazine, and allow more
mild conditions to be used. Scheme shows the currently accepted mechanism for the

sulphur catalysed Pinner method.

HS H
s NH :\N—'/N/
H,N —NH 2) ArcH L _NH, ArCN Ar~< >77Ar
2 2 Ar” °N
EtOH | NH HN
SH

HN —NH

N=N N
Ar*<\N_N/>—Ar [9] Ar—<\N_N/>—Ar

Ar%ﬂfi:g)fAr

NH HN
Scheme 3.1: Mechanism of the sulfur catalysed Pinner method

Pinner’s method, and its variations, have the major drawback that are only useful
for the synthesis of aromatic s-tetrazines.?’ Further improvement allowed the extension
of the Pinner method for the obtention of aliphatic s-tetrazines simply by replacing the
initial nitrile for an aldehyde. Nevertheless, two oxidation steps are needed, which affords

low overall reaction yields.
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The synthesis of bis-alkyl and bis-aryl s-tetrazines was recently developed.?! The
method is still based on the Pinner methodology but it involves a transition metal (Ni
or Zn) as co-catalyst. This extremely versatile methodology allowed also the synthesis
in moderate yields of asymmetric aryl-aryl, alkyl-alkyl and aryl-alkyl 3,6-disubstituted-
s-tetrazines, which were obtained mainly as trace products in other methodologies. The
overall reaction yields are dependent on the nature of the starting materials, and are lower

in the case of the aryl derivatives.

R R 1) 5 mol % Catalyst
1 2 NH,NH, 'Ill T
+

R4
PN
2) NaNO, N_ __N
\(
R2

CN CN

Catalyst = Ni(Otf), or Zn(Otf),

R4, Rz = alkyl, 24 - 90%; R = aryl and R, = alkyl, 40 - 70%; R4, R, = aryl, 10 - 20%

Scheme 3.2: Synthesis of s-tetrazines by Neat’s methodology

Thermal methods have also been seldom used for the synthesis of 3,6-diaryl-s-tetrazines.
The thermal transformation of tetrazoles into symmetrical 3,6-diaryl-s-tetrazines in ben-
zonitrile has been reported (Scheme [3.3)).2? Recently, a series of 3,6-bis(3,4-dialkoxyphenyl)-
s-tetrazines and 3,6-bis(4-alkoxy-phenyl)-s-tetrazines were synthesized by heating an ade-
quate trityltetrazole derivative in benzonitrile at high temperature, albeit no improvement
of the yields was observed.”® The major drawbacks of the thermal methods is their harsh
conditions and the multiple-step procedures, make them less straightforward than the

previous discussed synthetic methods.

NN PhCN, 150°C /N N\
| N R > R R
N < N=N

N

Ph;C

R =H, 65%; R =Cl, 77%; R = OMe, 41%

Scheme 3.3: Thermal method for the synthesis of tetrazines
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Organometallic reagents also shown to be useful in the synthesis of 3,6-diaryl-s-
tetrazines. According to Zielinsky procedure, the treatment of N’-(benzylidene)benzohydra-
zonoyl chlorides with titanium tetrachloride in chloroform, followed by oxidation with ni-
trous acid afforded the correspondent 3,6-diaryl-s-tetrazines in 32 to 56% yield (Scheme
3.4).%% Also 3,6-bis(styryl)-s-tetrazines have been prepared by treatment of cinnamoyl-
hydrazines with Appel reagent (a mixture of triphenylphosphane with a tetrahalogenated
carbon) followed by oxidation with N-bromosuccinimide under air conditions. The yields

of these reactions were again low, 9 to 13%.%

H . 1) TiCl,, CHCI; reflux HN —N N—N
— 2) OH, H,0 NaNO
cl 2
S Ne( N ) e
N—NH N—N

R = Ph, 3-Me-Ph, 3-MeO-Ph, 4-MeO-Ph, 3-CI-Ph
R;=Pr, 3-Me-Ph

Scheme 3.4: Synthesis of tetrazines according to Zielinsky

Diaryl and dialkyl s-tetrazines were also obtained in high yields by Liu’s methodology
starting from p-toluenesulfonyl hydrazones, mediated by [hydroxyl-(tosyloxy)iodo|benzene
(HTIB) as oxidizing agent in the presence of pyridine (Scheme (3.5).“°

HTIB Ts
N—N N=N
NHTs ridine TBAF
RSN L L R4<\ \>—R R4<\ />7R

Ts

R = aryl, heteroaryl, alkyl

Scheme 3.5: Synthesis of 3,6-bis(styryl)-s-tetrazines by Liu’s methodology

It is easily seen that all these recent methodologies are not straightforward nor even
would be the first choice of a synthetic chemist for the synthesis of s-tetrazines. Except
for Liu’s methodology, one could even say that they were lucky strikes, and the low yields

seem to prove that the obtained tetrazines are actually sub-products of the reactions.
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This are some of the reasons why Pinner’s method is still the most effective and used

method for the synthesis of s-tetrazines.

3.1.2 Tetrazine Reactivity

Tetrazine reactivity is quite different from the other heterocyclic aromatic systems due
to its unique electronic properties. In this section only reactions with retention of the
s-tetrazine ring will be discussed. Exception is made for the [44-2] cycloaddition that will
be briefly presented in the following paragraphs. Other ring contraction or expansion,
thermal and photochemical reactions are well described elsewhere.*?

The most important reaction of the s-tetrazine ring is, by far, the Aromatic Nucle-
ophilic Substitution (ArSN - Scheme at the 3 and 6-positions. This reaction provides
alternative routes to new s-tetrazine-based compounds.?” The starting s-tetrazines used in
the ArSN reactions are usually 3,6-dichloro-s-tetrazines, 3,6-bis(methylthio)-s-tetrazines
or 3,6-bis(3,5-dimethylpyrazolyl)-s-tetrazines. Thus, since the initial substituents are
good leaving groups, such as halogens, thiolates, sulphonates or azolyl groups, a nu-
cleophilic attack at the 3- and 6- positions by C, N, O or S- nucleophiles can occur,
leading to the formation of new symmetrical or unsymmetrical s-tetrazines, depending
on the used experimental conditions. For example, recently 3,6-dichloro-s-tetrazine was
used as precursor in the synthesis of the symmetrical 3,6-dimethoxy-s-tetrazine and the
asymmetrical 3-chloro-6-methoxy-s-tetrazine. The first was prepared simply by stirring
3,6-dichloro-s-tetrazine in methanol at room temperature, whereas the latter was obtained
by treating the same precursor in refluxing methanol overnight.*® In a similar fashion, 3-
methoxy-6-methylthio-s-tetrazine and 3,6-dimethoxy-s-tetrazine were prepared starting

from 3,6-bis(methylthio)-s-tetrazine using different experimental conditions.*”

Nuc LG Nuc
'ﬂ ~ f}‘ Nucleophile ’ﬁ ~ ’I‘ Nucleophile ’I‘l ~ ’I‘
N YN Harsh Conditions N YN Mild Conditions N YN

Nuc LG LG

Scheme 3.6: Aromatic Nucleophilic Substitution on the s-tetrazine ring
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The reaction of s-tetrazines derivatives with stronger nucleophiles was also inves-
tigated. Reaction of alkyllithium and Grignard reagents with different dialkylthio-s-
tetrazines afforded addition products to the tetrazine nitrogen — N-alkyl-3,6-dialkylthio-
s-tetrazines.®” This result was quite surprising since a ArSN of the alkylthio substituents
was expected. Other organometallic reagents, like zinc reagents, proved that the affinity
towards the nitrogen atoms by strong C-nucleophiles is due to the highest nucleophilicity
of the carbanions. Depending on the nature of the alkylmetal reagent, a reduction of the
s-tetrazine ring or a simple complex formation were observed.®!. In fact, the incorpo-
ration of C-nucleophiles is less trivial than N- or S-nucleophiles.®#33 However, tetrazine
derivatives bearing an N-heterocyclic carbene (NHC) in the 3-position and a keto in the
6-position, and thus having a quinoidal-like structure, are readily and easily obtained.®%

Despite the fact that reactions of tetrazines with organometallic compounds can be
troublesome, cross coupling reactions of nonsymmetrical chloro-tetrazines under Sono-
gashira and Negishi conditions were investigated.®” The reactions yield of Sonogashira
couplings ranged from 29 to 65%, whereas the highest yield for the Negishi couplings
was only 30%. In either coupling reaction, the higher yields were obtained when a ter-
tiary amine was present at 6-position of the tetrazine. All other substituents (chloro,
methoxy and pyrrolyl groups) lead to decomposition or acetylyde homocoupling reac-
tion products, showing that the cross coupling is strongly dependent on the 6-position
substituent, and is apparently limited to electron-donating groups. Stille cross coupling
reactions between either 3,6-dichloro-s-tetrazine and bis(2-picolyl)amine-s-tetrazine with
4-(trimethylstannyl)-tetrathiafulvalene (TTF) have been recently presented.”® Reaction
yields were moderate to low (49% and 28%, respectively) and clearly show that in this
case, electron withdrawing groups provide the best substracts for palladium cross coupling
reactions.

Oxidation reactions on the tetrazine ring leading to N-oxides can be performed by
the standard oxidizing agents such as peroxymonosulfuric acid, peroxytrifluoroacetic acid
and hypofluorous acid. Complex mixtures are usually obtained since there are several
N-oxidation sites. For example, Chavez et al. reported that the oxidation reaction of
3,6-diamino-s-tetrazine and 3,6-azobis(6-amino)-s-tetrazine originate mixtures of bis-N-
oxides and poly-N-oxides, respectively (Scheme .37’38

Finally, reduction reactions at the s-tetrazine ring are also possible. For example,

reduction of the heterocyclic N=N bond of 3,6-diphenyl-s-tetrazine by hydride transfer
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reactions promoted by scandium triflate were recently performed.”

.06 Q@
N =N N=N®©® N=N®
HOF
H2N4<\ />;NH2 e H2N4<\ />_NH2 + H2N4<\ />_NH2
N—N ®N—N NN
(o} (0]
© ©
©
(0]
S) N

) 4<\ />_NH2 CF3CO0-OH o\[\?:N /514<\ )—NH
2N4<\ />_

Scheme 3.7: Oxidations of the tetrazine ring performed by Chavez

3.1.3 Tetrazine Applications

Tetrazine chemistry had always a relatively fair interest to chemists, but this interest has
grown in the past two decades. This recent grown interest was probably due to novel
applications related not only with material chemistry but also, and by far more impor-
tantly, medicinal and pharmaceutical chemistry. Nowadays, tetrazine find application
in four main research areas: High Energetic Density Materials (HEDM’s), Coordination
Chemistry, Pharmaceutical Chemistry and Material Chemistry.

High Energetic Density Materials (HEDM’s) are organic compounds that possess a
large number of N-N and C-N bonds and a low percentage of carbon and hydrogen.
Therefore, the term HEDM'’s is mainly a posh name for a class of explosives and py-
rotechnic compounds, and its derived from the two main features of such compounds:
very high positive values of heats of formation and high crystal densities. These materials
can be surprisingly insensitive towards friction, impact and electrostatic discharges. Their
reduced stability makes them suitable for explosive and propellant applications. In fact,
tetrazines are one of the best performing family of compounds for this application.

The development of HEDM compounds based on tetrazine has been enormously de-
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veloped by Hiskey et al., which purposed the majority of the known tetrazine-based com-
pounds in this area.*™40 Figure shows some structures of compounds synthesized
by this author. Heats of formation of a series of s-tetrazine derivatives have also been

studied by quantum methods.>4

N//N\
Loy
N—=N
N—=N HN\< N—=N
HZN—<\ />—N N=N
N3 \ />*N3 HN \ />*NH N—N \N NH
N—N N—N —N <\ /> 2
\ N—N
HN\ -N
+1101 kdmol-! + 883 kJmol-"! + 862 kJmol-!

Figure 3.2: Some examples of HDEM’s based on tetrazine derivatives and their heat’s
of formation.

In the past decade, the exploitation of the electronic properties of tetrazine-based
compounds, as well as the advances in their synthetic methodologies, brought them to
light in the scientific community, in particular to the organometallic chemistry area. In
general, the s-tetrazine coordination chemistry is characterized by the ability of these
heteroatom-rich ligands to bridge metal centres in various ways, depending on its sub-
stituents. The complexes usually present highly efficient electron and charge transfer
phenomena, low-energy absorptions, electrical conductivity and stability of paramagnetic
radical or mixed-valence intermediates. The coordination chemistry of tetrazines was re-
cently revised.”? The most frequent tetrazine ligands used in coordination chemistry are
the 3,6-bis(pyridyl)- and the 3,6-bis(pyrimydil)-s-tetrazine families, whose structures are
depicted in Figure [3.3]%344

The 3,6-bis(pyridyl) family presents two pyridyl rings that makes the chelation of
metal centres easily achieved. From the three possible isomers, the 3,6-bis(2-pyridyl)-s-
tetrazine ligand is the most studied and there are several reports of (u? : p?)-complexes
containing this ligand. Several monomeric or heterodinuclear complexes of this ligand
are known.*? It can act as a transoid symmetrically bis-chelating ligand, coordinating
two metal centres per tetrazine unit (Figure [3.4). The 3,6-bis(3-pyridyl)-s-tetrazine, in

its turn, originates both cisoid and transoid structures, providing different coordination
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bis(2-pyridyl) bis(3-pyridyl)
— N N N—
OO G0
\ / N—N N /
bis(4-pyridyl) bis(2-pyrimidyl)

Figure 3.3: Structures of the 3,6-bis(pyridil)-s-tetrazine and
3,6-bis(pyrimydil)-s-tetrazine families.

fashions like zig-zag chains or non-interpenetrated ladder structures. Both structures can
be controlled by choosing the adequate synthetic method, in particular the solvent used in
the reaction.** The counter anion also plays a crucial role in the crystalographic structure
of the final product.? The 3,6-bis(4-pyridyl)-s-tetrazine is the only linearly binding ligand
of the three isomers and it can coordinate to metal centres in the same fashion as pyrazyne
and 4,4’-bipyridine. It is appropriate to form dinuclear complexes, but the formation of
coordination oligomers or polymers is the most frequent product of reaction. There are
known polymeric complexes of tungsten, iron, ruthenium, osmium, silver, copper and
cadmium with the 3,6-bis(4-pyridyl)-s-tetrazine isomer. 4447

The stability of the formed metal complexes is also dependent on the metal centre.
For example, although dinuclear ruthenium (II) containing bridging 3,6-bis(2-pyridyl)-s-
tetrazine complexes are well known and characterized, their iron (II) analogues quickly
decompose and attempts to grow single crystals were not successful 4520,

Coordination to pentaamine—ruthenium(n) through only the s-tetrazine nitrogens has
been observed 552 Both the mononuclear [Ru(NHs)s(tetrazine)]** and the dinuclear
[Ru(NH;)s (tetrazine)Ru(NH;)s]* were successfully synthesized (Figure . The ace-
tonitrile electronic spectrum of the dinuclear complexe presented a very low-energy charge
transfer band (750 nm) assigned to a MLCT, revealing the high coupling between the
metal centre and the tetrazine-based ligand.

Octahedral mononuclear [Ru(acac),(tetrazine)]*" and [Ru(bpy)a (tetrazine),,]*" (acac

= acetylacetonate, bpy = 2,2-bipyridine and tetrazine = 3-amino-6-(3,5-dimethylpyrazol-
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Figure 3.4: Coordination modes of the 3,6-bis(pyridil)-s-tetrazine isomers.

1-y1)-1,2,4 5-tetrazine; n=2 when m=1 and n=1 when m=2) were also synthesized.
Structural studies reveal that the good electron donor acac co-ligands provided better n-

backdonation to the metal centre than the bispyridyl analogues, resulting in lower energy

MLCT transitions and lower redox potentials.

HN  NH, 2+ HN  NH, HN  NH, |4
N— \ N—
H;N—R —N/ H;N—R —N/ —Ru—NH
—Ru N —Ru N U—NH3
: . N\ ° N\ [
B N z
H;N  NH; H, 3 3 NH;

Figure 3.5: Coordination modes of the 3,6-bis(pyridil)-s-tetrazine isomers.

The usage of s-tetrazines, and specially their hydro derivatives, in medicinal and phar-
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maceutical chemistry have also been evaluated. In fact, s-tetrazines had already showed
high potential for biological activity, namely antimalarial activity.”* Since then, other
diarylamino-s-tetrazines with significative antimalarial activity were reported.”® Also, it
was recently demonstrated that the simple 3,6-dimethyl-s-tetrazine and its carboxamide
derivatives showed the good efficacy on the treatment of tumours.5058

More recently, s-tetrazines have been widely used in bioorthogonal reactions through
a [4+2] Diels-Alder addition reaction with biomarkers, fluorogenic compounds like boron-
dipyrromethene (BODIPY) derivatives, nanoparticles or simple strained dienophiles such

as norbornene and cyclooctyne (Scheme [3.8]). These reactions are catalyst free and have

high kinetic constants both in aqueous solutions or serum.t44
N —NH
-N, R,— p R,
_—
R3 R4

Scheme 3.8: Schematic representation of the [442] cycloaddition reaction between
s-tetrazines and a diene.

Over the past two decades there was a enormous burst in the field of molecular mate-
rials, especial in the tailoring of molecular properties for applications such as conducting
polymers, photovoltaic devices or Organic Light-Emitting Diodes (OLED’s) and of course
NLO materials. Over this period several aromatic systems were tested but is quite sur-
prising that only in the past few years s-tetrazines has been tested for such applications.

Due to their unique electronic characteristics, one of the most frequent application
of tetrazine-based compounds is the preparation of n-dopable conducting polymers. Al-
though Soloducho et al. presented one of the first synthetic methodology of s-tetrazine
building blocks for polymerization applications he never synthesized any polymer, and
he only studied the properties of the polymers theoretically. These building blocks were
based on 2-pyrrolyl and 2-thienyl-s-tetrazine.® The first report of an electroconducting
polymer was made by Audbert et al. a few years ago, where he took the building blocks

prepared by Soloducho et al. and performed the electrochemical polymerization of bis[5-
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(2,2-bithienyl)]-s-tetrazine.*The interesting result found by this author is that dipyrrol-
s-tetrazine does not polymerize, and that this feature is common for all s-tetrazines
singly substituted with a heterocyclic ring, like dithiophene-s-tetrazine. However, it is
still not clear why some singly substituted s-tetrazine do polymerize, like difluoropyrrole-
s-tetrazine, di(trifluoromethyl)thiophene-s-tetrazine or di(3,4 -Ethylenedioxythiophene)-
s-tetrazine.”

Being a very strong electron acceptor, the s-tetrazine ring has great potential to make
part of a classical push-pull system for NLO applications. It was also proposed that,
besides this dipolar push-pull systems, s-tetrazine can contribute to the formation of an
octupole linear system. Also, the tetrazine ring can be the attractive centre of symmetrical
quadrupolar molecules, for enhanced third-order hyperpolarizabilities, .

This synthesis of 1,3-bis(ferrocenyl)-s-tetrazine and 1,3-bis(4-ferrocenphenyl)-s -tetrazine,
whose structures are presented in Figure [3.6], have been recently reported and their third-
order nonlinear optical properties were evaluated.®” It was shown that these compounds
present a intramolecular charge transfer interaction between the metal centres, especially
for the shorter molecule. Their third order NLO properties are moderate and show that
the ferrocenyl group does not play a highly important role in the + values. A possible

explanation for the v values could be the fact that ferrocene is not a strong electron donor.

(-
(-

< @

Figure 3.6: Structures of ferrocenyl tetrazine derivatives.

Finally, it was recently shown that simple tetrazine compounds like 3-chloro-6-metoxy-
s-tetrazine or 3,6-bis-(bithienyl)-s-tetrazine can act as electrofluorescent molecular switches. 162
These compounds featured both highly stable reduced anion-radicals and fluorescence in
the neutral state. The fact that the fluorescence of the tetrazine fluorophores can be
switched "on” and ”off” reversibly makes a perfect example that s-tetrazines are suitable

candidates for electroswitchable NLO devices.
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3.2 Results

3.2.1 Synthesis and Spectroscopic Studies of the Ligands

Syntheses of the tetrazine ligands were based in two different methodologies, both of them
involving the formation of the s-tetrazine ring. The structures of the synthesized ligands

are showed in Figure (3.7]

N =N =N CN
=
~ /N4<\ />;NH \ / 4<\ />_<
N N—N —N CN
7 N\
L1 —N L2
B\ N=N — N =N
N—N N—N
L3 L4
N =N
Br—©—<\ )—@%H
N—N
L5

Figure 3.7: Structure of the synthesized s-tetrazine-based ligands

The first method, applied to ligands L1 and L2, was based on nucleophilic aromatic
substitution (ArSN) reactions involving 3,6-bis(3,5-dimethylpyra-zol-1-yl)-s-tetrazine (3),
that, in its turn, was synthesized based on a published procedure with some modifica-
tions. %4 The second method, applied in the synthesis of ligands L3 and the precursor
of ligands L4 and L5, was based in Pinner’s synthetic method as described previously.
Finally, ligands L4 and L5 were synthesized by an unprecedented Sonogashira reaction,
starting from 3,6-bis(4-bromophenyl)-s-tetrazine (6).

Ligands L1 and L2 were both synthesized starting from 3,6-bis(3,5-dimethylpyra-zol-
1-yl)-s-tetrazine (3). This precursor was synthesized according to Scheme [3.9] Initially,

guanidine hydrochloride was refluxed in 1,4-dioxane with a 80% hydrazine hydrate solution
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in water to afford triaminoguanidine (1) in quantitative yield. The obtained white solid
was then condensed with 2,4-pentanedione to afford 3,6-bis(3,5-dimethylpyrazol-1-yl1)-1,2-
dihydro-s-tetrazine (2) as a stable orange solid. The procedure by Coburn then purposed
the use of a sodium nitrite/acetic acid mixture to promote the oxidation of the 1,2-dihydro-
tetrazine to its fully aromatic analogue.®*** However, it was found that the reaction
occurred smoothly in just 4 hours, with no lost in yield, if the 1,2-dihydro-s-tetrazine (2)
was treated with isoamyl nitrite in dichloromethane. Work-up of this reaction was made
by simply washing the dark red solution of the product with water. At this point the
product is good enough for usage in further reactions. Nonetheless, a more pure product
was obtained by performing column chromatography in silica-gel using dichloromethane
as eluent. The final product was obtained in good yield as a dark-red, needle-shaped

crystalline solid.

H H
NH3NH; N__N.
HZNWNHZ - HCl : HN""Y77'NH2 . e
Dioxane, reflux N
NH 'NH,
(1
81
H,0, reflux
H H
= ONO \N —N/
— N=N /N\ — /N\
- ,N—<\ )—N _ CH.ClI,, r.t. — /N—<\ )N /
N N—N N N—N

Scheme 3.9: Synthesis of 3,6-bis(3,5-dimethylpyrazol-1-yl)-s-tetrazine.

The 3,5-dimethylpyrazolyl group is a good leaving group in the synthesis of several
symmetric and asymmetric tetrazines by ArSn reactions.®” Ligands L1 and L2 were hence
prepared by ArSn with the adequate nucleophiles as depicted in Scheme (3.10. The
overnight reaction of (3) with one equivalent of 4-aminopyridine in dried acetonitrile and
in the presence of an excess of triethylamine, followed by column chromatography (silica-
gel/DCM/EtOH (9:1)), afforded L1 in a moderate yield as a bright orange compound.

Reaction of (3) with one equivalent of malononitrile in the presence of 1.2 equivalents of
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triethylamine has already been described.®® The reaction was performed in dry toluene
from which the product precipitates as a dark purple solid. After evaporation of the
solvent and washing of the resulting solid with a 10% hydrochloric acid solution in water,
L2 is obtained in good yield (Scheme [3.10]).

N—=N N
- VAR
- N— )N _
N N—N

()

S

NC CN
NEt3y CH2C|2’ r.t.

H,N @N

NEt; CH4CN, r.t.

N—=N N =N CN
—— —
— /N%\ /) —NH N )
N N—N / \ N N —N CN
_ L2
L1 N

Scheme 3.10: Synthesis of ligands L1 and L2.

Ligand L3 and the precursor of ligands L4 and L5, in their turn, were synthesized by
Pinner’s method. In the case of L3, refluxing 4-cyanopyridine with an 80% water solution
of hydrazine hydrate, in the presence of a catalytic amount of sulphur, afforded the 3,6-
di(pyridin-4-yl1)-1,2-dihydro-s-tetrazine (4) as a quickly air-oxidizable orange compound.
Due to its quick oxidation, compound (4) was immediately treated with isoamyl nitrite in
dichloromethane, as described previously for the synthesis of tetrazine (3), to afford ligand
L3 in good yield (Scheme . In a similar fashion, the precursor of ligands L4 and L5
was also obtained by refluxing the adequate nitrile (4-bromo-benzonitrile) with an 80%
water solution of hydrazine hydrate, in the presence of a catalytic amount of sulphur,
affording 3,6-bis(4-bromophenyl)-1,2-dihydro-s-tetrazine (5) as a yellow solid, in good
yield. Oxidation was then performed by dissolving (5) in dichloromethane containing 10%
acetic acid followed by addition of sodium nitrite (Scheme . The resulting 3,6-bis-

172



(4-bromophenyl)-s-tetrazine (6) was obtained as a purple solid, insoluble in most solvents.
Due to its low solubility, ranging from common halogenated organic solvents, alcohols,

DMF and even DMSO, this product was only characterized by FTIR spectroscopy and

was used without further purification.

H H
N—N —
N/ \ N NHaNHz cat S NC\>_<\ />—<3N
— EtOH, reflux — N —N N\ /
)

(4

>_/—0N0
CH,Cl,

Scheme 3.11: Synthesis of ligand L3
H H
N—N
EtOH, reflux \N N/
(

5)
AcOH /NaNO,
CH,CI,
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N—N
(

6)

Sonogashira
Coupling

N=N N—=N
— — Br >—<: :)4(:
HO : : : \:N —N// :: : OH ©_<\N *N/ OH
(
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Scheme 3.12: Synthesis of the precursor of ligands L4 and L5
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The synthesis of the novel symmetric 3,6-bis(4-ethynylphenyl)-s-tetrazine was envis-
aged by Sonogashira reactions starting from compound (6), as showed also in Scheme
[3.12] In fact, Palladium cross-coupling reactions, namely Negishi and Sonogashira cou-
pling reactions were already described using tetrazine derivatives.?® Sonogashira couplings
have proven to be very limited since only morpholino-substituted tetrazines were found
to be stable in the typical Sonogashira conditions. Furthermore, the initial acetylene had
also huge influence on the outcome of the reaction. More recently, Sonogashira cross-
couplings with 3-(4-iodophenyl)-6-methyl-s-tetrazine using trimethylsylilacetylene were
found to afford 3-(4-ethynyl)phenyl-6-methyl-s-tetrazine in 74% yield.®” As far as this
work is concern, this is the only ethynylaryl-s-tetrazine derivative in the literature, and
therefore a great opportunity was forecasted.

It is well known that Sonogashira cross coupling can be performed in a huge variety of
organic solvents, aqueous mixtures containing organic solvents, water or even in solventless
conditions. Furthermore there are several examples in the literature for which arylhalides
bearing strong electron withdrawing groups provide low reaction yields. For these cases,
it was shown that, depending on the arylhalide substracte, the usage of diisopropylamine
(DIPA) as base or solvent can outperform the typical triethylamine.®®™ Therefore, the
optimization of the reaction conditions for the synthesis of novel ethynylaryl-s-tetrazines
in terms of solvent, base and temperature was mandatory. Due to the strong electron
acceptor characteristics of the tetrazine-based ligands, the palladium catalyst and the
copper co-catalyst loadings were increased from the typical 5-10 mmol% to 20 mmol%.
Also, the solvent-to-base proportion was kept constant in all reactions so that the yields
could be rationalized considering solely the properties of the chosen acetylene, base and
solvent.

The typical conditions for the cross-couplings Sonogashira reaction used in the syn-
thesis of several other heteroaromatic NLO-phores was initially tested.™ Treatment of
compound (6) with two equivalents of trimethylsilylacetylene (TMSA) in THF and in the
presence of triethylamine (TEA) at room temperature did not afforded any reaction prod-
uct. The fact that TMSA is very volatile prevented the usage of higher temperatures in
the reaction, and therefore, 2-methyl-3-butyn-2-ol (MEBYNOL) was tested. This reagent
presents several advantages in comparison with TMSA since, not only allows higher re-
action temperatures, but also because the coupling products can be easier purified by

column chromatography due to the huge different chromatographic polarities between
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Table 3.1: Conditions* and Yields for the Sonogashira Coupling
reactions with tetrazine (4)

20 mol% Pd(PPh,),Cl,

N—N N—=N
5 s . " 20 mol% Cul X —
r r =
— >—<\ / o \ 7
N OH Base, solvent, 80°C N—N OH

overnight

(6) M x= Ho§/+
(8) X=Br
Entry Solvent Base Comp. (71)8 olated Ylél;lilr()%z 8)
1 THF TEA 0 11
2 DMF  DIPA 15 28
3 DMF  TEA 0 14
4 DMF  DIPA 12 48
5P DMF  DIPA 76 3

2. 1 mmol tetrazine; 2 eqs. acetylene; 10 mL solvent; 3 mL base; 20 mol% Pd cat-
alyst; 20 mol% Cul. - 1 mmol tetrazine; 4 egs. acetylene; 10 mL solvent; 3 mL
base; 20 mol% Pd catalyst; 20 mol% Cul.

the products and the starting arylhalides.”™ Results are summarized in Table 3.1}
Increasing the temperature of the reaction to 80 °C maintaining the previous conditions
(solvent and base) resulted in a low yield of the monoacetylenic compound (8) (Entry 1).
Performing the reaction at 80 °C in THF in the presence of the less basic diisopropylamine
(DIPA) lead to the formation of both the di- and monoacetylenic compounds (7) and (8)
in a 1:2 proportion, albeit low yields were obtained (Entry 2). The influence of the solvent
polarity was then investigated. Increasing the polarity of the solvent, going from THF
to DMF, maintaining the reaction temperature at 80 °C and using TEA as base afforded
only product (8) in low yield (Entry 3). Comparatively to the results of Entry 1, minimal
changes of the reaction yield are observed, and thereby it is clear that the selected base
has great influence in the reaction mechanism. Combining the usage of DMF and DIPA
as solvent and base, respectively, an improvement of the reaction yield was observed, in
particular for compound (8) which yield is now 4 times higher than the yield obtained
for compound (7) (Entry 4). It is then clearly noticeable performing the reaction at 80
°C in a DMF/DIPA mixture are more adequate conditions for this particular reaction.
Finally, doubling the loading of the acetylene under the previous conditions resulted in
a high increase of the formation of compound (7) (Entry 5). Therefore, the mono- or

di-ethynyltetrazine compounds (7) and (8) can be obtained in moderate to good yields
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choosing the adequate conditions.

Deprotection of the synthesized protected acetylides to afford ligands L4 and L5
was made by the method purposed elsewhere.”™ Refluxing compounds (7) and (8) with
sodium hydroxide in the presence of sodium triphosphate resulted in a complete removal
of the 2-methyl-3-butyn-2-ol group, affording the symmetrical 3,6-bis(4-ethynylphenyl)-
s-tetrazine (L4) and asymmetric 3-bromo-6-(4-ethynylphenyl)-s-tetrazine (L5) in good
yield (Scheme [3.13)).

X X — H
N\ 7 N
N—N \ / OH toluene, reflux N—N

M-x= Vo = L4-X= H———

(8)- X=Br L5-X=Br

Scheme 3.13: Deprotection reaction of compounds (7) and (8) to afford ligands L4
and L5

The five synthesized ligands were fully characterized by FTIR, NMR and Uv-Vis.
spectroscopies.

The FTIR spectra of all the ligands, as well as the spectra for the ligand precursors (3)
and (6), present the characteristic peaks attributed to the s-tetrazine C=C and N=C ring
vibrations in the 1600—1350 cm™ and 1000—1200 cm™ regions, respectively.™ The ligands
present other characteristic signals, correlated with their functional groups. In particular,
ligand L1 presents a band at 3236 cm™ characteristic for the vyy vibration. Concerning
ligand L2, it presents two sharp signals of equal intensity at 2207 and 2176 cm’ assigned
to the symmetric stretching of the dicyanovinyl group. These values are in the typical
range observed for other NLO chromophores containing dicyanovinyl groups. ¢

Ligand precursors (7) and (8) present the characteristic hydroxyl stretching signal at
3438 and 3285 cm'l, respectively. The differences both in signal position and intensity
((7) shows a broader and higher intensity band than (8)) reflects the presence of one or
two hydroxyl groups, respectively. Noteworthy is the fact that the typical C=C stretching

band is not present or has very low intensity.
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The successful deprotection of the 3-methylbut-3-yn-2-ol group in the synthesis of
ligands L4 and L5 was confirmed by the absence of the previously mentioned hydroxyl
stretching band, and by the presence of the characteristic band for a terminal C=C-H, at
3286 and 3270 ecm™, respectively. Like in the case of compounds (7) and (8) the typical
C=C stretching band is not observed.

The detailed "H-NMR and "*C-NMR chemical shifts and integral of resonance signals
for the L1-L5 ligands are given in Section [3.5] Figure [3.8]shows the structures and the
numbering used in the NMR attributions, whereas Tables and summarize the
collected "H-NMR and "*C-NMR data. The ligands present only moderate solubility in
CDCI; or (CD3),CO, and for the sake of comparison between them DMSO-d ¢ was chosen
as the NMR solvent. Also, ligand L5 presents poor solubility in most deuterated solvents
and hence only "H-NMR is presented.

Figure 3.8: Structures and atom numbering used in the NMR characterization of the
tetrazine ligands

The "H-RMN spectra of compound (3) and ligands L1 and L2 present the character-
istic singlets attributed to the 3,6-bis(3,5-dimethylpyrazolyl) groups. Comparison of the
resonances for protons Hy, Hg and Hy of compound (3) with the analogous protons for lig-
ands L1 and L2 suggest that the substitution of one of the 3,6-bis(3,5-dimethylpyrazolyl)
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Table 3.2: 'H-NMR data for compounds (3), (7) and (8)
and for ligands L1-L5

"H-RMN § /ppm ?
Comp. (3) L1 L2 L3 (7) L4 (8 L5

Ho 8.46 855 855 846 8.47
Hjy 896 770 7.8 791 7.92
Hy 6.37 6.27 6.15

H; 896 770 7.8 791 7.92

Hg/ 2.28 225 221 846 855 7855 8.46 847
H 2.60 2,50 2.37

Hg 4.52
Hio 1.51

Hiy 1.51

H,» 11.45

Hy» 8.46 855 855 852 8.55
Hs» 850 8.96 7.70 7.80 7.69 7.80
Hy» 7.75

Hs/ 775 896 7.70 7.80 7.69 7.80
Hg 850 8.46 855 855 852 8.55
Hg 4.52 4.54
Hig 1.51 1.51

Hi 1.51 1.51

2 all 'H NMR values in DMSO-d 6.

groups leads to a slight change in the electronic properties of the molecules. In particular,
a slight shielding of these protons is observed in both ligands comparatively to compound
(3), indicating a lower electronic donation from this group to the s-tetrazine ring. In fact,
the presence of a very downfield shifted singlet at 11.45 ppm, attributed to the Hy» pro-
ton, suggests a greater electronic coupling between the s-tetrazine ring and the nitrogen
atom of the 4-aminopyridine ring. For L2, the absence of the H;~ signal had already been
described.©®

Due to its Cy, symmetry, the "H-RMN spectra of ligand L3 presents only two doublets
at 8.46 and 8.96 ppm assigned to the aromatic protons of both pyridyne rings. However,
after being stored for some time, the spectra of this ligand becomes different, now pre-
senting four doublets as shown in Figure [3.9] indicating a breaking in the symmetry of
the molecule. It is hence hypothesized that, upon long period of storage in air, a reaction

with moisture should occur, protonating one of the nitrogen atoms of one of the pyri-
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dine rings or the s-tetrazine ring. This assumption is confirmed in the correlation in the
Heteronuclear Multiple Quantum Coherence (HMQC) and Heteronuclear Multiple Bond
Correlation (HMBC) spectra, where "Jen and *Jey correlations are observed (also shown
in Figure . In fact, it is clearly observed from the 2D correlation spectra that the
quaternary carbons are much more affected than the remaining aromatic carbon atoms,
suggesting that an interaction with the s-tetrazine ring is present. In order to confirm
that the observed NMR behaviour is an interaction and not a formal s-tetrazine ring
reduction, a second spectrum of the same sample tube, to which approximately 1ul. of
triethylamine was added, was acquired (Figure . The diminishing of the intensity,
and therefore the integration area, of two of the doublets suggests that, indeed, protona-
tion without ring reduction had occurred. Noteworthy is the fact that the water present
in the deutarated DMSO prevented the complete disappearance of the mentioned signals.

Like the case of L3 and due to symmetry reasons, compound (7) and ligand L4
present only two doublets in the aromatic region. Conversely, compound (8) and ligand
L5 present four doublets in the aromatic region confirming the single substitution of a
bromine atom by the alkyne in the previously described Sonogashira conditions. The
similarity in the obtained chemical shifts in the spectra of the compounds bearing either
protect of free acetylide groups allows to state that the presence of different substituents in
the aromatic rings does not have significative influence on the electronic properties of the
different compounds. However, comparatively to other terminal acetylenes, both ligands
present resonances slightly shifted to upfiled, showing the strong electron withdrawing
effect of the tetrazine ring."™ Also, comparison of the aromatic protons of L3 with both
L4 and L5 shows a significative deshielding of the signals for L3, reflecting the presence

of the more electronegative pyridine rings.
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Figure 3.9: Proton and 2D correlation spectra for the protonated adduct of L3
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Figure 3.10: DMSO-d° "H-NMR spectrum of L3 treated with ~ 1uL of triethylamine

Conversely to the "H-RMN spectra where only a few correlations of the protons of
different ligands can be made, the analysis of C3 and Cg carbons in the BC-RMN for
each ligand can give some insight on the electronic character of the tetrazine ring, since
all the ligands share a common central tetrazine ring. This correlation is important since
the ligands have different donor/acceptor properties, and hence one can infer about the
substituent electronic effects on the tetrazine ring.

Carbons Cs and Cg appear as the most deshielded signals of the carbon spectra of all
the ligands, at ca. 160 ppm, clearly reflecting the presence of the four nitrogen atoms
in the tetrazine ring. The presence of different substituents, with different electronic
properties, does not linearly correlate with the C3 and Cg resonance signals. For example,
compound (3), bearing only electron donating groups, shows a lower resonance than L3
that possess only electron withdrawing groups. However, compound (7) and L4, both
presenting electron donor groups, have resonances closer to L3. It is hence noticeable that
the linkage of the tetrazine ring to its substituents has also great influence in the overall
electronic properties of the compounds. Tetrazines linked to their substituents through
C—C bonds present more downfield resonances for C3 and Cg when compared to tetrazines
linked with C-N bonds. This fact is clearly shown by the signals of L2, presenting both
types of bonds, for which Cs (involved in a C-C bond) has a resonance of 169.93 ppm
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whereas Cg (involved in a C—N bond) has a resonance of 156.39 ppm. The high resonance
for C3 in L2, in comparison with other ligands, is obviously due to the presence of the

good electron acceptor dycianovynyl group.

Table 3.3: "*C-NMR data for compounds (3), (7) and (8)
and for ligands L1-L4

I3C-RMN § /ppm ?
Comp. 3 L1 L2 L3 7 L4 8
Cs 159.16  160.58 169.93 163.45 163.00 163.17 162.94
Cs 159.16 157.21 156.39 163.45 163.00 163.17 162.72

Cy 139.45 126.80 126.27 131.12
Cy 121.69 127.75 128.17 129.51
(02 152.97 151.09 149.70 151.58 132.29 132.19 132.66
Cy 111.37  109.59 108.27 131.32 13241 126.83

Cs 143.49 142.04 141.19 151.58 132.29 132.41 132.66
Cg/ 14.05 1344 1335 121.69 127.75 132.19 129.51

Cr 13.85 1292 12.21 79.96
Cy 99.47  55.31

Cy 63.74

Cior 31.48

Civ 31.48

Cy 139.45 139.45 126.80 126.80 131.29
Cy 145.35 119.90 121.69 127.75 128.18 127.76
Csy 152.97 150.49 119.90 151.58 132.29 132.19 132.30
Cyu 111.37  113.17 131.32 13241 126.75
Csn 143.49 113.17 151.58 132.29 132.19 132.30
Cq 14.05 150.49 121.59 127.75 13241 127.76
Co 13.85 79.96 79.95
Cs» 99.47  55.31  99.51
Cy 63.74 63.75
Cio 31.48 31.48
Civ 31.48 31.48

2 all 13C NMR values values in DMSO-d 6.

The "*C-RMN signals of the substituent groups are consistent with the analysis made
for "H-RMN described previously. In the case of compound (3) and ligands L1 and L2,
the same behaviour found for in Hy, Hg and Hy is observed in carbons Cs:-Cr, that is

a shielding in every carbon going from compound (3) to ligands L1 and L2. Like in the
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case of the proton spectra, this behaviour in the carbon signals reflect the donor/acceptor
properties of the remaining substituents.

The "C-RMN spectrum of L3, in its turn, presents a reduced number of signals due to
the symmetry of the compound. For ligands L4 and L5 and their precursors, compounds
(7) and (8) the assignments of the acetylene carbons were made by heteronuclear multiple-
bond correlation spectroscopy (HMBC), where a clear correlation between both Cy and
Cs» with Cy and Cyr, in the case of L4 and (7), and Cs» and Cz» in the case of L5 and
(6) were observed. The carbon signals from the terminal acetylenes are in the typical
region found for other highly delocalized terminal acetylenes.™

The UV-Vis. spectra for the ligands were performed in 1.0 x10=* M chloroform
solutions and the spectra were collected from the 900 nm to the cut-off wavelength of the
solvent. Figure depicts the obtained spectra for all the ligands, whereas Table

summarizes the collected data.
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Figure 3.11: UV-Vis. spectra for ligands L1-L5

. Inset: Expansion of the 350-700 nm range.

The spectra of the tetrazine-based ligands are characterized by a strong absorption
band in the UV region in the 250-370 nm range, attributed to an allowed m — 7* transi-
tion, alongside a very weak transition in the visible region (450-560 nm), attributed to a
forbidden n — 7* transition. Ligand L1 presents an addicional transition centered at 414

nm also attributed to a m — 7* transition. The relative position and intensity of these
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Table 3.4: Uv-Vis absorption maxima for
the ligands L1-L5

A /nm (ex10*(mol 'cm™1))
Compound Chloroform DMF
300 (2.9) 299 (3.0)
L1 414 (0.09) 407 (2.1)
530 (0.05) 523 (0.05)

349 (2.4) 339 (3.0)

L2 516 (0.09) 525 (0.1)
638 (sh, 0.04) b
L3 274 (3.7) -

544 (0.07) 532 (0.06)

319 (25) 314 (2.4)
549 (0.05) 543 (0.06)

328 (3.7) 325 (3.5)
551 (0.04) 539 (0.04)

2_ gshoulder; P- not observed °mnot observed
due to the solvent cut-off

L4

L5

bands can be correlated to the electronic effect of the different s-tetrazine substituents.
This effect is much more pronounced for the UV band than for the band in the visible
region, for which minor differences are observed either in the peak intensity or in the
energy of the transition. In fact, the lowest energy transition, attributed to a forbidden
n — 7*, is centred at the tetrazine ring and hence it is not greatly affected by the sub-
stituent effects, as shown for other s-tetrazine-based compounds and by DF'T calculations
(vide infra). 8 Concerning this latter transition, it seems, however, that the presence
of both two electron donating or two electron accepting groups lead to a slight red shift
of this band. Also, a small hyperchromic effect seems to be present. This fact can be
justified due to the contribution of both end-groups to the main transition, removing or
adding electron density to the tetrazine ring and hence facilitating the transition.
Contrariwise, the UV band, attributed to an allowed m — x*, transition depends
greatly on the type of substituents of the s-tetrazine ring. It is clearly shown that electron-
donating groups lead to a red shift of this band, accompanied by an hyperchromic effect,

whereas electron accepting groups lead to the opposite behaviour, that is a blue shift
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accompanied by a hypsochromic effect. For example, ligand L3, possessing two electron
acceptor pyridyne groups, presents a higher energy transition than both ligands L1 and
L2, possessing one electron donating and one electron accepting group. Yet, ligand L5,
possessing two electron donating groups, is the ligand with lower energy transition in the
UV region.

The solvatochromic behaviour of the ligands is also shown in Table All the
ligands present negative solvatochromism, when going from chloroform to DMF, indicating
a decrease in their excited state dipole moment upon photo-excitation. In fact, as it
will be shown later in Section [3.3] both the forbidden n — 7* and allowed the 7 —
7* transitions occur with minimum change of the electronic densities or with opposite
directions, respectively, leading to an overall net result of a decrease in the dipole moment

in the excited state.

3.2.2 Quadratic Hyperpolarizabilities of the Ligands

Although the optical nonlinearity of the ligands were not measured, some considerations
based on the obtained spectroscopic data and considering the Two-Level Model (TLM)
assumptions can be made. Since ligands L3 and L4 have (5, symmetry their hyperpo-
larizability will be null. In fact, the goal in the synthesis of these ligands its to create
asymmetric compounds upon coordination to metal centres in order to break the symme-
try of the compounds, hence establishing a quadrupolar architecture.

Due to the nature of the lowest energy transition, it is fair to state that this band will
not have significative influence on the measured hyperpolarizabilities of the ligands. For
that reason, the nonlinearities for this set of compounds will only be discussed in terms
of the higher energy transition. According to the TLM assumptions, low to moderate
hyperpolarizabilities are expected for ligands L1, L2 and L5 for two main reasons: on
one side, the energy transition presented by these ligands is relatively high comparatively
to other organic or organometallic compounds; on the other side, the change in the dipole
moment upon photo-excitation its not expected to be high enough to compensate the pre-
viously mentioned electron transition. Another drawback of ligand L1 is the inadequate
positioning of the acceptor group in relation to the donor moiety, diminishing the charge

transfer efficiency and hence hampering the hyperpolarizability.
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3.2.3 Synthesis and Spectroscopic Studies of the Complexes

Although mononuclear organometallic complexes containing 3,6,-bis(2-pyridyl)-s-tetrazine

I - there is a single example

as ligand have been reported (see for example refs.
of a Os (III) mononuclear complex bearing 3,6,-bis(4-pyridyl)-s-tetrazine, for which its
dymer was also synthesized. Its synthesis involved very harsh conditions (reflux in ethy-
lene glycol for 5 hrs.) and takes advantage of the sterically hindered cis-Os(bpy)oCls
organometallic fragment to prevent the formation of polymeric products.*®! In this sense,
[(7°-C5H5)M(PP)]" organometallic fragments seemed to be adequate for the synthesis of
linear mononuclear s-tetrazine-based complexes, since both the monocyclopentadienyl
ring and phosphane ligands provide the necessary sterical hindrance to prevent polymer
formation.

Complexes of general formula [(°-CsHs)M(PP)(TET)[Y] (PP = x2-dppe when M =
Fe(Il) and PP = k2-dppe or 2 PPhy when M = Ru(Il); TET = tetrazine ligand; Y =
counteranion) were synthesized by halide abstraction starting from the parent neutral
complexes (n°-CsHs)M(PP)X (M = Fe(I), PP = k?*-dppe, X = I; M = Ru(Il), PP =
k2-dppe or 2 PPhs, X = Cl), in an adequate solvent, in the presence of an excess of the
corresponding ligand. In order to establish a working protocol for the new organometallic
compounds, the synthesis of the organometallic complexes were initiated by using lig-
and L3. As seen previously, this ligand is easily obtained in a high-yielding two-step
synthesis, making it the perfect case study for the unprecedent synthesis with the [(n°-
CsH;)M(PP)]" (M = Fe, Ru; PP = phosphane) organometallic fragment.

The o-donation strength of a series of azabenzenes was determined by ab initio calcu-
lations.®? These calculations showed that the ligand o-donor strength decreases with the
increasing number of nitrogen atoms in the aromatic ring, that is, when going from pyri-
dine to s-tetrazine rings. The m-acceptor strength follows the contrary trend, it increases
with the increasing nitrogen content of the aromatic rings. Consequently, the coordi-
nation of s-tetrazines is made by a net result of a small stabilization of empty metal d
orbitals (ligand o-donation effect), and by a significative stabilization of the low lying
ligand-centred LUMO orbitals by filled d orbitals from the metal (ligand m-acceptance
effect). Hence, second and third row transition metals are more capable of taking advan-
tage of the m*-orbitals of the ligands, justifying the scarcity of, for example, mononuclear
iron-based organometallic tetrazine complexes.

Ligand L3 can act both as a monodentate or a bidentate ligand. On one hand, if
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a single [(7°-CsHs;)M(PP)]" organometallic fragment is coordinated to the ligand, the
resulting complex will present the typical Donor-Acceptor (push-pull) architecture. On
another hand, if two organometallic fragments coordinate to the ligand, the product will
present a linear Donor-Acceptor-Donor quadrupolar architecture. This architecture is
known for exhibiting different nonlinear optical properties in comparison to those of the
push-pull architecture.®¥ Thus, attempts to synthesize both products were made.

The coordination of L3 to the Ru(II) metal centre was initially attempted by mixing
(n°-CsHs)Ru(k?-dppe)Cl with the corresponding ligand in dried DCM, at room tem-
perature, in the presence of TIPFg. After work-up, the reaction afforded dark purple
solids, for which the NMR analysis showed the absence of the characteristic (n°-CsHs)
singlet accompained by the appearance of several 'p NMR signals sugestting the decom-
position of the initial oraganometallic fragments followed by a possible oligomerization,
judging by the amount of intractable solid formed. Mantaining the same conditions and
changing the reaction solvent to DMF afforded similar results. Silver (I) salts, namely
silver trifluoromethanesulfonate (AgOTf), are long known for being good halogen ab-
stractor agents in the synthesis of [(7°-CsH;)M(PP)]™ (M = Fe, Ru; PP = phosphane)
organometallic complexes bearing nitrogen-based ligands.®***¥ However, silver (I) com-
plexes bearing s-tetrazine-based ligands, in particular 3,6,-bis(4-pyridyl)-s-tetrazine, are
long known and for that reason the usage of silver salts as halide abstractor agent is highly
unrecommended.*? Thus, thallium(T) trifluoromethanesulfonate (TIOTf) was selected in
the further attempts.

Reaction of ligand L3 with one equivalent of (n°-Cs;H;)Fe(x*-dppe)l afforded a dark
purple solution. Attempts to recrystallize the obtained crude dark purple solid resulted
in decomposition. However, performing the reaction with the parent ruthenium starting
material (7°-CsHs)Ru(x?-dppe)Cl originated a mixture of the mono and dinuclear com-
plexes together with a considerable of amount unreacted ligand. The excess of the ligand
was partially removed by consecutive washings with dried toluene. Selective precipitation
afforded the binuclear complex aRu;L3 in low yield. Further attempts to precipitate the
mononuclear aRuL3 from the remaining supernatant were unsuccessful.

In a similar fashion, reaction of ligand L3 with one equivalent of (7°-C5Hz)Ru(PPh3),Cl
originated a mixture of the mono and dinuclear complexes. Separation of the two species
was again achieved by selective precipitation of the dinuclear complex bRuyL3, as de-

scribed.
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The difference of the ligand solubility in toluene in comparison to the mono and dinu-
clear complexes suggested that toluene could be an alternative solvent for these reactions,
since the formed complexes would precipitate upon formation. Also, in order to prevent
the formation of the dinuclear complexes it was hypothesized that an increase of the
amount of solvent together with a portionwise addition of the ligand or of the halogen
abstractor should be performed. Therefore, ligand L3 and one equivalent of the initial
organometallic ruthenium complexes were reacted in toluene and 10 mol% portions of
TIOTf were added every 2 hrs. After completion of the TIOTf addition the mixture was
left to stir overnight. The reaction afforded both the mono and dinuclear complexes in
a 3:1 proportion (determined by NMR spectroscopy) and a considerable amount of the
unreacted ligand. After removal of the ligand by consecutive washing with toluene, selec-
tive precipitation afforded again the dinuclear complex. The supernatant was dried and
further precipitations were attempted in different solvent mixtures. No pure fractions of
either the mono or dinuclear complexes were obtained.

With the successful protocol established for the L3 ligand, attempts to synthesize
organometallic complexes with the remaining ligands were performed.

The organometallic starting complex (1°-CsHs)Ru(x%-dppe)Cl was reacted with ligand
L1 in DCM in the presence of TIOTf at room temperature (Scheme . After stirring
overnight, a NMR sample of the crude was prepared and analysed showing that no reaction
had occurred. The reaction was placed at reflux temperature and was allowed to stir until
the following day. Again, NMR results of a crude sample showed that only decomposition
of the organometallic starting complex had occurred. The low solubility of the ligand and
the long reaction time has been hypothesized as the causes for the unsuccessful reaction.
Hence, in order ensure the full dissolution of the ligand, a second attempt was performed
using a mixture of dried THF and dichloromethane. Placing the reaction at 50 °C and
allowing it to stir overnight afforded only decomposition products. No further attempts
were made.

The reaction of the xk?-dppe-containing organometallic complexes with ligand L2 was
made by the previously developed protocol. Hence, reaction of (n°-CsHs)M(x%-dppe)X
(M=Fe, X=I; M=Ru, X=Cl) was performed in DCM in the presence of TIOTf. After
stirring overnight, aliquots from both reactions were removed and analysed by NMR.
The mixture presented the signals derived from the decomposition of the organometallic

fragments and the signals from the unreacted ligand.
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Scheme 3.14: Synthesis of L3-based ruthenium complexes
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Scheme 3.15: Synthesis of L1-based complexes

In a similar fashion, reaction of ligand L2 with one equivalent of (7°-C5H;)Ru(PPhs),Cl
in the presence of TIOTf resulted in the formation of the zwitterionic bRuL2 complex
(Scheme . The zwitterionic character of this complex was confirmed by spectro-
scopic data (vide infra).

Organometallic complexes, in particular n°>-monocyclopentadienylruthenium(IT) com-
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Scheme 3.16: Synthesis of the bRuL2 complex

plexes, containing C- and N-bound cyanocarbanions have been recently studied.®® These
complexes present a dynamic exchange in the coordination mode, where N-bound com-

plexes can be interconverted to their C-bound analogues as showed in Scheme [3.17|

Glo o . LD pom

Ru—N= Ru
‘ PhP” ¢

v
PhsP™ ¢ SO,Ph E \
PhsP \N

Ph,P

36

Scheme 3.17: Coordination interconversion of organometallic complexes containing
cyanocarbanions

It was shown that different phosphanes can favour the N- or the C-bound coordination

mode. In particular, PPhs, P(‘Pr)3, dppb and dppf preferentially originate rise to N-
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bound isomers, whereas PMePhy, PMe,Ph, dmpe, dppm, and dppe favour the C-bound
coordination mode. Thus, considering the obtained results for the synthesis of complexes
bearing L2, it is hypothesized that s?-dppe-containing organometallic complexes lead
to the formation of unstable C-bound isomers than the N-bound isomer formed by the
(n°-CsHs)Ru(PPhj3),Cl complex.

Coordination of acetylide ligands to (n°-CsHs)M(PP)X organometallic fragment has

L8088 Reaction of L4 with two equiv-

been previously described using various methods.
alents of (n°-CsH;)Ru(x*-dppe)l in the presence of NH;PFg afforded only the starting
materials. In a similar fashion, reaction of L5 with one equivalent of (n°-CsHs)Fe(r?-
dppe)l in the presence of NH4PFg afforded no reaction. It was then hypothesized that
deprotonation of the terminal acetylene should be performed prior to the coordination re-
action. Both ligands L4 and L5 were then treated with potassium tert-butoxide in dried
THF prior to attempts of the coordination to the metal centre. After stirring overnight at
room temperature, no changes in the reaction were observed. The unsuccessful reaction
was also confirmed by NMR where only unreacted ligand was observed. Although reaction
of tetrazine with alkyllithium are known to afford N-addition products, the deprotonation
of ligands L4 was attempted by the strong n-butyl lithium base. Due to the presence of
a bromine atom in ligand L5, that can suffer substitution reactions, the deprotonation
reaction by usage of n-butyl lithium was not performed. Hence, treatment of L4 with
n-butyl lithium afforded a dark brown solid which was carefully transferred under inert
atmosphere conditions to a Schlenk vessel containing a THF solution of 0.5 eqgs. of (n°-
CsHs)Ru(x%-dppe)Cl and 0.6 egs. of TIOTf. After stirring overnight, NMR results of the
crude mixture shown only decomposition products (Scheme . No attempts were
made with the other organometallic fragments.

It is hypothesized that the unreactivity of ligands L4 and L5 towards coordination
reactions to the organometallic fragments is due to the strong electron-withdrawing char-
acter of the nearby s-tetrazine ring. The deprotonation of the terminal acetylene proton
should, in fact, lead to an electronic delocalization of the generated carbanion towards
the tetrazine ring, hence creating an unreactive anion. The synthesis of organometallic

complexes bearing acetylene-based tetrazine were thus abandoned.

The obtained complexes were then characterized by FTIR, NMR and UV-Vis. spec-

troscopies.
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Scheme 3.18: Attempts of syntheses of L4 and L5-based complexes

The analysis of FTIR spectra provides very useful information about electronic proper-
ties of the synthesized organometallic compounds, in particular regarding the m-backdonation
effect. Typical FTIR bands confirm the presence of the n’-monocyclopentadienyl coligand
(3000 - 3100 cm™1) for all complexes and the OTf counter anion (1200 - 1300 cm™!) for
complexes aR,L3 and bR,L3. The absence of the counter anion band in complex bRuL2
supports the proposed structure showed in Scheme [3.16] All the complexes present the
characteristic signals attributed to the s-tetrazine C=C and N=C ring vibrations in the
1600—1350 cm™.

Complex bRuL2 presents two intense signals at 2209 and 2173 cm ™! attributed to the
N=C stretching frequencies of the dycianovynil group. Comparison of N=C stretching

~1 suggesting a very low 7-

frequency upon coordination reveals a positive shift of 3 cm
backdonation from the metal centre. In fact, o-donating/m-accepting ligands, such as
the case of the present s-tetrazine ligands, are known to lessen the lowering of the N=C
vibration upon coordination.®® Complexes aRu,L3 and bRu,L3, in their turn, do not

present significant diferences in the FTIR spectra comparatively to the ligand, suggesting
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a weak m-backdonation from the metal centre.

In order to enable the comparison with the free ligands, NMR spectra of the complexes
were also obtained in DMSO-d®. Figure shows the numbering used in the NMR
attributions. Figure show the obtained 'H-NMR spectra for bRuL2, whereas
Figure shows the obtained 'H-NMR spectra for complexes aRy;L3 and bR,L3.
The spectrum for ligand L3 was included in the latter mentioned figure for comparison.
Selected "H-NMR data is showed in Tables [3.5]

bRulL2

(OTH)
G i i zree ™ [ gF sx A s
7 \1' 6 3 1Y I ..PPh; 7 \1- 6 31" ’ “PPhy
Ru—N N —Ru Ru—N N —Ru
Php 7 s — N\ 7Ny Phsp ™ : — N\ 7N\
0 v ’; 5" 4 > N " N 5" 4" ﬁ

aRu,L3 bRu,L3

(OTf),

Figure 3.12: Structure and atom numbering for the synthesized complexes

The confirmation of the monodentate coordination mode of complex bRuL2 was
made by the phosphine/Cp integration of the resonance signals, where a 30:5 ratio was
obtained. The singlet of the n°-Cs;Hs (Cp) ring for complex bRuL2 was used to con-
firm the zwitterionic structure of the complex. "H-NMR spectrum for this complex was
obtained using CDCl3 as solvent in order to exclude solvent effects in the comparison of
this resonance with other published monocationic and neutral complexes presenting the
[(17°-C5H5)Ru(PPhs),) ™ fragment. Results show a ¢, = 4.37 ppm resonance for complex
bRuL2. Comparatively to other nitrile-based monocationic ruthenium (II) complexes,
for which the Cp resonance is in the 4.80 -5.10 ppm range, a shielding of the resonance
of the Cp ring for complex bRuL2 is observed. The opposite behavior is observed when

comparison with neutral complexes is made (d¢, for neutral complexes ~ 4.00 - 4.20
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ppm), that is complex bRuL2 presents a shielded Cp resonance. Hence, the Cp reso-
nance suggests that the synthesized complex does not present a ”purely” monocationic
organometallic fragment, as already suggested by the absence of the counteranion sig-
nal in the FTIR spectrum. It is then hypothesized that a zwitterionic structure for this
complex is present, either in solution or in solid state. This fact is corroborated with
DFT calculations (vide infra). Additionally, the "H-RMN spectra of compound bRuL2
presents the characteristic singlets attributed to the 3,6-bis(3,5-dimethylpyrazolyl) group,
protons Hy, Hgr and Hy/, at 0 = 6.21, 2.44 and 2.24 ppm, respectively. Comparison of the
resonances in the complex and in the free ligand shows a shielding of these protons upon
coordination. The results suggest that the coordination of the ligand leads to a dominant
electronic delocalization towards the metal centre as a result of the o-donation. In fact,
the previously discussed FTIR data, clearly showed that no significant w-backdonation is

observed for this complex.
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Figure 3.13: '"H-NMR spectra for bRuL2

For the case of complexes aRu,L3 and bRu,L3 the "H-RMN resonances for the sin-
glet of the Cp ring depends on the phosphane co-ligand and are in the range usually

observed for other dicationic Ru(IT) complexes. 78391 The "H-RMN spectra presents also
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the characteristic doublets attributed to the aromatic protons of the pyridine rings of
the ligand. In the case of complex aRuyL3, a high shielding of these protons is ob-
served. In particular, a deshielding of 1.13 ppm is observed for the protons closer to the
metal centres, Hy, Hy/, Hy» and Hs», as a result from the w-backdonation from the metal
centre. Remarkably, complex bRuyL3 presents no deviation of the aforestated protons.
The similarity between the ligand and the complex FTIR spectra already suggested a
very weak m-backdonation in these complexes. The difference in the NMR behaviour of
the complexes was hypothesized to be related to the presence of the bulky PPhs phos-
phane that lead to weaker M-L bond than complex aRusL3. In fact, the lower stability
of the bRuyL3 complex was observed during the acquisition of the NMR data, where

decomposition of the complex was seen after long periods in solution of the deuterated

solvent.
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Figure 3.14: "H-NMR, spectra for aRuy,L3 and bRu,L3

The spectra of ligand L3 was included for comparison

Table shows the selected "*C-RMN data for the complexes. In accordance with
the "H-RMN data, the major changes on the carbon resonances upon coordination were

observed in the carbons closer to the metal centre.
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Table 3.5: Selected "H-NMR data for
the s-tetrazine complexes

TH-RMN § /ppm ®
Comp. bRuL2 aRu;L3 bRusL3

Cp 1.46 474 193
7.95 8.46
Hy (-1.01)  (0.00)
7.33 8.96
Hy (-1.01)  (0.00)
6.21
He o (Lo.06)
7.33 8.96
Hs (-1.01)  (0.00)
- 2.24 7.95 8.46
¢ (40.03) (-1.01)  (0.00)
2.24
He o (0.03)

23]l '"H NMR values in DMSO-d 6;
bin parenthesis the difference between the
coordinated and the free ligand resonances

5(coord) - 5(free)

To confirm the aforementioned hypothesis that complex bRuL2 present a zwitterionic
structure, the BC.RMN spectrum in CDCl3 was also acquired and the resonance for the
Cp ring was compared with other manocationic and neutral ruthenium (II) complexes.
Results show that the obtained d¢, resonance for the present compound is in between the
typical values for this signal on other monocationic and neutral ruthenium (II) complexes
(6cp(PRUL2) = 83.06 ppm; ¢, ([CpRu(PP)L]") ~ 80 - 82 ppm; d¢, (CpRu(PP)L) ~ 84
- 86 ppm). Hence, the obtained results are in accordance with the previously discussed
"H-RMN data. For complex bRuL2 a general shielding of the carbons of the 3,6-bis(3,5-
dimethylpyrazolyl) is also observed, alongside a shielding of 13.98 ppm in C6. Also for
this complex, both the carbons of the nitrile function of the dicyanomethyl group appear
deshielded, in particular Co» where a deshielding of ca. 16 ppm is observed. These results
are consistent with the coordination of the organometallic fragment to the N=CJ group.
Hence, it is also possible to state that the [(>-CsHs)Ru(PPhs),]” favours the N-bound
coordination mode, in accordance with the data for other zwitterionic ruthenium (II)

complexes. 0
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Comparison of the obtained spectra for complexes aRuy,L3 and bRu;L3 revealed
subtle changes in the resonance of the carbon signals upon coordination to the metal
centre. In general a deshielding effect is observed for all the carbons. For complex
aRu,L3 the highest deshielding is observed for carbons closest to the metal centre (Cs,
Cs and Csv, Csv) for which a deshielding of ca. 8 ppm is observed. Complex bRu,L3
in its turn, present very small differences comparatively to the free ligand, as already
suggested by the "H-RMN. The "C-RMN data is consistent with the electron donating
abilities of the phosphane co-ligands.

The optical absorption spectra of the complexes were recorded using 1.0 x10~° M solu-
tions in chloroform and DMF'. Figure |3.15|shows the typical behaviour of the synthesized

complexes in chloroform and Table shows the optical data in both solvents.
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Figure 3.15: UV-Vis. spectra for the s-tetrazine complexes in chloroform

The electronic spectra of the complexes are characterized by intense high energetic
bands in the range of 250-290 nm, alongside with low energy bands in the range of 300
to 600 nm, depending on the ligand. For complex bRuL2, two low energy electronic
transitions at 357 and 531 nm, resembling the free ligand, are observed. For the higher
energy, occurring at 357 nm, the electronic spectra of this complex show a red shift by
8 nm, comparatively with the free ligand, consistent with a low m-backdonation from
the metal centre, as already suggested by the FTIR spectra and NMR data. The lower

energy band is attributed to the forbidden n-7* transition characteristic of tetrazine-based
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Table 3.6: Selected "*C-NMR data
for the s-tetrazine complexes

I3C-RMN § /ppm ®
Comp. bRuL2 aRu;L3 bRuyL3
Cp 83.60 84.17 86.52
170.37 162.10 163.47

Cs (0.44)  (-1.35) (0.02)
c 170.37  162.10  163.47
6 (13.98)  (-1.35) (0.02)
c . 137.87  139.47
v (-1.58) (0.00)
c 121.31  121.71
¥ (-0.38) (0.02)
c 150.61  159.43  151.60
¥ (0.91) (7.85) (0.02)

109.16

Cu (0.11)
c 141.79 15943  151.60
> (0.60) (7.85) (0.02)
C 1379 121.31  121.71
o (0.44)  (-0.38) (0.02)

12.85

Cr (0.64)
c ¢ 139.47  139.47
v (-1.58) (0.02)
c 103.92 12131 121.71
' ((15.98)  (-0.38) (0.02)
c. 115.38 15943  151.60
3 (-4.52)  (0.91) (0.02)
c 159.43  151.60
5" (7.85) (0.02)
12131 121.71

Cgr

(-0.38)  (0.02)

2all 13C NMR values values in DMSO-
d %, Pin parenthesis the difference be-
tween the coordinated and the free ligand
resonances (coord) — O(free)

°not observed

compounds.

Dinuclear complexes aRu;L3 and bRu,L3 present very broad, low-lying electronic
transitions that consists of, at least, two electronic transitions. The energy of the transi-
tions is in accordance with the electron donating properties of the phosphane co-ligands,

for which x2-dppe provides lower energy transfers than PPhs. These bands, clearly result
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from the coordination of the L3 ligand to the metal centre and, hence, are attributed
to metal-to-ligand charge transfer. In fact, as it will be shown later, DFT calculations
corroborate such assumptions. Characteristic n-7* electronic transition from the tetrazine

ligand are not observed due to overlap with the MLCT bands.

Table 3.7: Uv-Vis absorption maxima
for the s-tetrazine complexes

A /nm (ex10*(mol 'cm™1))
Compound Chloroform DMF
357 (2.2) 353 (2.1)
531 (0.05) 525 (0.09)
266 (0.8) 391 (1.4
aRu,L3 393 (1.2) 461
507 (1.3) 527
481 (sh) 490
371 (0.9) 378

bRuL?2

bRu;L3

The solvatochromic behaviour of the complexes was studied by measuring spectra
in chloroform and DMF. Although complex bRuL2 presents a negative solvatochromic
behaviour, the dinuclear complexes show a slight red shift of the electronic transition with
the increasing solvent polarity. In particular, complex aRuy,L3 shows a red shift by 20
nm when going from chloroform to DMF suggesting an increase of the dipole moment of
the molecule upon photo-excitation. Hence, higher hyperpolarizabilities are expected for
this complex comparatively to the other two, according to the TLM, and the previous

spectroscopic data, 889182

3.2.4 Quadratic Hyperpolarizabilities of the Complexes

Although no hyperpolarizability measurements were performed in the s-tetrazine com-
plexes were made, some remarks can be made concerning the spectroscopic data of the
complexes and according to the TLM.

For complex bRuL2, the spectroscopic data suggests that moderate to low hyperpo-
larizability values should be obtained. Judging from the FTIR and NMR data, no sig-
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nificative m-backdonation is estimated upon ligand coordination to the metal centre and
hence, only moderate improvement of the hyperpolarizabilities are expected. Further-
more, the linear optical data suggests that no significative metal-to-ligand charge transfer
is present. The negative solvatochromic behaviour further corroborates this assumptions.

For complexes aRu,;L3 and bRu,L3, the spectroscopic data also suggest that mod-
erate to low hyperpolarizabilities should be obtained. The determined nonlinear optical
data should, however, be enhanced comparatively to the former complex due to the pres-
ence of low-lying electronic trasitions in the UV-Vis. spectra of the L3-based complexes.
Moreover, the FTIR and NMR data suggest a significative amount of m-backdonation
from the metal centre, that should enhance the nonlinear optical properties of the com-
plexes, in particular for the case of aRu;L3. In fact, DFT calculations show that this
complex provide the highest estimated [ value of the three synthesized complexes (vide

infra).

3.3 Density Functional Theory Studies

As previously stated, the choice of functional is crucial when one is dealing with the
interpretation and comparison of theoretical data with the obtained experimental results.
For that matter DFT calculations on all the tetrazine-based compounds were performed
using the same functionals (B3LYP, CAM-B3LYP and M06) and basis sets (6-31G(d,p)
for light atoms, and LANL2DZ ECP for transition metal and phosphorous atoms) used in
Chapter 2. It has been recently shown that the reliable theoretical study of s-tetrazines
must be performed taking into account solvent-solute interactions, since they have a
direct influence on the estimated UV spectra, in particular in the characteristic n — 7*
transitions.”? Hence, all calculations were made taking into account solvent effects by the

Polarizable Continuum model (PCM) using chloroform as solvent.*

3.3.1 DFT studies of the Ligands

3.3.1.1 Geometry and optical data

The optimized structures of ligands L1 - L5 are shown in Figure [3.16] Table
shows the selected bond distances and bond angles for all compounds. Since the ligands

present different substituents, comparison between the obtained structures will only be
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L5
Figure 3.16: B3LYP optimized structures of L1-L5.

No significative differences were obtained with other functionals.

made by comparing the structural differences in tetrazine ring. Furthermore, since no
crystallographic data was obtained for these ligands, the DFT optimized structures will
be compared to the crystallographic structure of 3,6-bis(diphenyl)-s-tetrazine, obtained
by Ahmed et al. and whose structural data is shown in Figure . Finally, the BLA
parameter is not presented also because of the difference in the ligands structures.

The optimized structures for the ligands show that the molecules present different
symmetries, depending on the substituents in the tetrazine ring. In particular, the asym-
metric ligands L1, L2 and L5 belong to C; symmetry group, whereas ligands L3 and L4
belong to the Csy, symmetry group.

The average carbon-nitrogen bond length in 3,6-bis(diphenyl)-s-tetrazine is 1.345 A,
while the nitrogen nitrogen bond lengths are 1.314 A. An interesting feature of this
molecule is its slight deviation from the regular hexagonal shape presented by pure ben-
zenoid structures, where N-N-C and C-N-N angles of 117.5° and 120.6° are observed,
respectively, together with a N-C-N angle of 121.8°. In general, the three functionals
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Chapter 3- s-Tetrazine Complexes

reproduce very well the average carbon-nitrogen bond length, particularly the M06 func-
tional for which an average carbon-nitrogen bonds of 1.344 A were obtained. B3LYP
overestimates the average carbon-nitrogen bond by ca. 0.003 A whereas for CAM-B3LYP
the opposite behaviour is observed, that is, a slight underestimation of ca. 0.002 A. In
the case of the average nitrogen-nitrogen bond, CAM-B3LYP and M06 functionals un-
derestimate this bond by 0.006 and 0.009 A, respectively, while B3LYP overestimates the
same bond by 0.002 A. The bond angles are also in general well reproduced, although
overestimated for all functionals.

Some remarks considering the ligand substituents can also be made. Comparing L1
and L2, shorter X;-Cg bond length are observed for the latter as a result of the presence
of the strong electron withdrawing dycianovynil group. Conversely, shorter Cs-Xs bond
lengths are observed for L1. However, care must be taken when analysing these results
since they refer to different bond types: C3-X5 is a C-N bond for L1, whereas it is a C-C
bond for L2. The position of the 3,6-bis(3,5-dimethylpyrazolyl) group is also different
for both ligands. The fact that L2 presents a lower Dh; dihedral angle suggests a higher
delocalized system between the s-tetrazine ring and the 3,6-bis(3,5-dimethylpyrazolyl)
group, consistent with the shorter X;-Cg bond length. As expected, ligands L3, L4 and
L5 present planar geometries in good accordance with 3,6-bis(diphenyl)-s-tetrazine, with
both dihedral angles very close to 180° for all ligands. However, much larger X;-Cg and
C3-Xs bond lengths are observed when compared with the model compound, suggesting a
lower electronic delocalization throughout the molecule, even when electron donor groups
are present. This fact is rather surprising since the presence of the alkynyl electron donor
groups in L4 and L5 should promote a higher electronic delocalization towards the s-

tetrazine ring.

Figure 3.17: Bond angles and bond lengths of 3,6-bis(diphenyl)-s-tetrazine.

Double bonds were ommited for clarity
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Chapter 3- s-Tetrazine Complexes

The s-tetrazine family is the most interesting six-membered heteroaromatic ring, since
it presents strong electronic transitions in all three perpendicular directions of the carte-
sian axes. In fact, the electronic spectra of s-tetrazines is, by far, the most studied feature
of these compounds, both theoretically and experimentally.?#%97 For example, the three
isomers of the bis(pyrydil)-s-tetrazine family belong to different symmetry groups: 3,6-
bis(4-pyridyl)-s-tetrazine belongs to the Cy, group; 3,6-bis(3-pyridyl)-s-tetrazine belongs
to either Csy, or Cy, groups (depending on the conformation it adopts) and 3,6-bis(2-
pyridyl)-s-tetrazine belongs to the C; group of symmetry. The difference in the symmetry
of the molecules has enormous influence their electronic spectra, and it is observed that
3,6-bis(4-pyridyl)-s-tetrazine is a purple solid whereas 3,6-bis(2-pyridyl)-s-tetrazine is a
red solid.”™ Another interesting feature of s-tetrazines is that the composition of their
HOMO and HOMO-1 orbitals is dependant on the substituents.”® A systematic study
on the nature of the HOMQ’s orbital of different compounds has proven that, in many
cases, the energy of the orbital containing the four non-bonding electrons of the nitrogen
atoms in the s-tetrazine ring is close to the energy of the orbital of the m-electrons of the
aromatic system of the substituent. It was observed that, in one hand, if the substituent
is a weak electron donor (or eventually an electron acceptor), such as chlorine or alkoxy
groups, the inductive effects are not sufficient for the orbital mixing, the HOMO-1 re-
mains with m-character and the HOMO remains centred on the non-bonding lone pairs
of the nitrogens in the tetrazine ring (n-orbitals). On the other hand, if the substituent
is a good electron donor (such as aromatic systems, amines or alkylthio groups), a high
degree of mixing in this two orbitals can occur, and they rearrange in a form that the
character of the HOMO-1 and HOMO is reversed. As for the LUMO, its energy is only
slightly affected by the nature of the substituents since this 7* orbital its located entirely
in the four nitrogen atoms of the s-tetrazine ring.*%"

In order to get a better understanding of the electronic properties of the synthesized
tetrazine ligands, TD-DF'T calculations were performed in ligands L1-L5. Table

shows the selected optical data and the orbitals involved are showed in Figure (3.18|
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Table 3.9: Relevant TD-DFT results for tetrazine-based ligands

Ligand  Functional ()\ma fP Major Contributions
nm) 2
554 0.0047 HOMO-1-LUMO (65%)
B3LYP 457 0.0130  HOMO—LUMO (94%)
305 1.1109 HOMO—LUMO+1 (87%)
L1 509 0.0058 HOMO-2—LUMO (78%)
CAM-BSLYP 273 1.2131  HOMO—LUMO+1 (87%)
AMOG 604 0.0041 HOMO-1-LUMO (88%)
297  1.1507 HOMO—LUMO+1 (88%)
566 0.0044 HOMO-1—-LUMO (100%)
B3LYP 400 0.0096  HOMO—LUMO (97%)
283 0.7991 HOMO-2—LUMO+1 (95%)
515 0.0056 HOMO-2—LUMO (87%)
L2 CAM-B3LYP 321 0.0230 HOMO-1-LUMO (75%)
257  0.6703 HOMO-1-LUMO+1 (54%)
616 0.0039  HOMO—LUMO (96%)
MO6 295  0.7946 HOMO-2—LUMO+1 (91%)
BILYP 577 0.0045  HOMO—LUMO (100%)
304 1.1731 HOMO-3—LUMO+1 (98%)
526 0.0055 ~ HOMO—LUMO (99%)
L3 CAM-B3LYP 262 0.1207 HOMO-2—LUMO+1 (81%)
251 0.1952  HOMO-2—LUMO (97%)
AOG 629  0.0039  HOMO—LUMO (100%)
300 1.1293 HOMO-5—LUMO+1 (96%)
B3LYP 583 0.0043 HOMO-1—LUMO (100%)
379 1.6386 HOMO—LUMO+1 (99%)
532 0.0053 HOMO-1-LUMO (99%)
La  CAMBSLYP o 8676 HOMO—LUMO+1 (90%)
637  0.0039 HOMO-1—LUMO (100%)
MO06 370 1.6526 HOMO—LUMO+1 (97%)
317 0.1213  HOMO-3—LUMO (99%)
BILYP 533 0.0043 HOMO-1—LUMO (100%)
365 1.4673 HOMO—LUMO+1 (98%)
532 0.0053 HOMO-1—LUMO (99%)
L5 g
CAM-B3LYP g1 16866 HOMO—LUMO+1 (99%)
MO6 637  0.0037 HOMO-1—LUMO (100%)
359 1.4956 HOMO—LUMO+1 (97%)

2 Absorption wavelength of the main transitions;

b Oscillator strength;
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The lowest-energy electronic transition can be attributed to HOMO—LUMO or HOMO-
1—LUMO transition, depending on the ligand. An analysis of the orbitals involved shows
that, for L1, L4 and L5, the HOMO is almost spread over the entire molecule whereas
for L2 and L3 it is mainly located at the pyrazolyl group and tetrazine ring, respectively.
For HOMO-1s subtle changes is observed. For L2, L4 and L5 this orbital is located at
the tetrazine ring whereas for L1 it is mainly located at pyrazolyl group and tetrazine
ring. In case of L3, the electron density is clearly located at pyridine groups. The 7*
LUMO orbital is centred in the tetrazine ring for all the ligands. Figure [3.19|shows the
energy diagram of these orbitals for all ligands. The diagram shows that, as expected,
the energy of these orbitals depends on the groups bonded to the tetrazine moiety. It is
interesting to note that for ligands L2, L4 and L5 the HOMO and HOMO-1 orbitals are
almost degenerate.

Yhe highest-energy electronic transition can be attributed to HOMO—LUMO+1 (for
L1, L4 and L5),

The representative simulated spectra, obtained using B3LYP functional, for all ligands
are shown in Figure |3.20]

The simulated spectra are characterized by a low intensity band in visible region (A4
= 500-620 nm) attributed to a forbidden n—7* transition, characteristic of the tetrazine
ring, and by a dominant strong band in the UV region (A4, = = 250-370 nm, depending
on the used functional) attributed to a 7—7* transition. Ligand L1 presents an additional
transition at 457 nm, predicted only by B3LYP, in good accordance with the experimental
spectrum. The spectra show that the experimental energy and relative intensity of these
bands are dependent on the nature of the substituents adjacent to the s-tetrazine ring,
in particular their donor/acceptor properties. This behaviour is more noticeable for the
UV band rather than for the visible band, which is known to be weakly sensitive to the
substituent effects, as shown for several s-tetrazine-based compounds.™ The DFT results
show that, within the same functional, the UV band is, in fact, much more sensitive
to the substituent of the tetrazine ring. For the three functionals, L4, possessing only
electron donating group, present the UV band red-shifted by ca. 70 nm comparatively to
L3, possessing only electron withdrawing substituents in the tetrazine ring. The energy
of the UV band for L1 and L5 falls in the range of the energy reported for L4 and L3
ligands, since these compounds have electron donating and electron withdrawing groups.

In addition, a general hyperchromic effect is also observed with the increasing character
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e _ LUMO

Energy (a.u.)

_ e —_ HOMO

HOMO-1

L1 L2 L3 L4 LS

n orbital n orbital n* orbital

Figure 3.19: Energy of the HOMO-1, HOMO and LUMO orbitals for ligands L1-L5.

Orbitals with the same character are represented by the same color.

of the electron donation properties of the substituents, where higher oscillator strengths
are observed for L4. Concerning the position and intensity of the band in the visible
region, it is clear that the donor/acceptor properties of the substituents in the tetrazine
ring weakly affects its energy, as showed by the energy of the transition for ligands L3,
L4 and L5 (M nazsryr(L4) = Apae psryp(L5) = 583 nm; Apaz psryp(L3) = 577 nm).
Similar results are observed for the other functionals. Except for ligand L2, the functionals
have a good overall performance in predicting the both the intensity and energy of the
electronic transitions of the ligands, in particular for L1 where dierences of 5 and 3
nm are observed for the B3LYP and M06 functionals, respectively. However, these two
functionals underestimate the energy of the transition for L4 and L5 by ca. 50 nm in
the case of L4 and ca. 35 nm in the case of L5. The energy of the transition for ligand
L2 is overestimated by all functionals, in particular for CAM-B3LYP, which provides
a deviation from the experimental wavelength of 92 nm (B3LYP and MO06 provides a

deviation of 60 nm).
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Figure 3.20: TD-DFT simulated spectra for the tetrazine ligands L1-L5 using B3LYP

3.3.1.2 Nonlinear Optical Properties of the Ligands

The hyperpolarizability tensors and the estimated total hyperpolarizability (G;) for the
ligands are shown in Table [3.10] The hyperpolarizability values are relatively low for
ligands L1, L2 and L5, and null for the case of L3 and L4. The results for the latter
ligands are expected and are a consequence of their symmetry.

In the case of the asymmetric L1, L2 and L5 it is observed that (3, is dominated by
tensor f..., along the conjugated backbone of the ligand. As showed previously, the anal-
ysis of the orbital involved in the lowest energy transition (HOMO, HOMO-1 and LUMO)
for ligand L1 shows that the charge transfer arise from the the tetrazine substituents to
the central tetrazine ring. In the case of L2 results show that mainly the pyrazolyl group
and the tetrazine ring are involved. This fact, suggest that a higher variation of the
transition dipole moment is expected for L2 upon photo-excitation, resulting in a higher
hyperpolarizability value. In fact, the three functionals predict that the hyperpolarizabil-
ity for L2 is higher than L1 by a 2-fold factor. Concerning ligands L3, L4 and L5, the
analysis of the orbitals show that the low lying energy transition occurs mainly centred
at the tetrazine ring, hence resulting in a null variation of the transition dipole moment
upon photo-excitation. The low hyperpolarizability value of L5 could be related to the

asymmetry of the molecule.
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The estimated [, values for the three ligands, using the three functionals, are very
similar, in particular for L1. For ligand L2, B3LYP provides the highest hyperpolar-
izability whereas CAM-B3LYP provides the lowest. Since the tetrazine ligands present
a relatively short charge transfer transitions, the CAM-B3LYP should, in fact, perform
worst, accounting the fact that this functional was developed for correctly weight long

charge transfers in molecules.
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3.3.2 DFT studies of the Complexes

Like in the case of the DFT studies for the tetrazine-based ligands, the formerly used
methods for the DFT studies of the benzo|c]thiophene-based complexes (Chapter 2)
were applied, that is, the same level of theory (DFT and TD-DFT), functionals and basis
sets. It was also shown that the use of model phosphanes provide a good approxima-
tion with lower computational time and effort. For this reason, only model phosphanes
were tested. Also, as aforementioned, the inclusion of solvation models in theoretical
calculations tetrazines were found to be crucial for obtaining adequate results. Hence, all
calculations involving the organometallic complexes were also performed using solvation
methods, namely the polarizable continuum model (PCM) using chloroform as solvent.
The calculations of the tetrazine-based complexes was not as successful as the ligands.
Several SCF' convergence problems were encountered either during geometry optimizations
or during the estimation of the nonlinear optical properties of the complexes. In particu-
lar, the energy minimum for complex bRuy,LL3 was not achieved. Attempts to overcome
these problems were made by the use of a quadratically convergent SCF procedure (QC)
or a double quadratic convergent procedure (XQC). Also, usage of the previously failed
calculations as initial guess for subsequent geometry optimization attempts alongside the
request of force constants at the initial step were tested. None of these additional features
of the calculation resulted in the minimization of the energy of the complex. Hence, since
no optimized geometry was obtained, no results will be presented for this complex. Hy-
perpolarizability calculations on the aRu;L3 complex were also not successfully achieved
due to convergence problems. The same problem was encountered for bRuL3 using the
CAM-B3LYP and MO06 functionals. Extending the number of cycles for the SCF cycle

proved to be insufficient to obtain the required convergence.

3.3.2.1 Geometry and optical data

The solvated B3LYP optimized structures of the model organometallic complexes are
shown in Figure No significative differences were observed for the other function-
als. Table shows the selected bond distances and bond angles for all the studied

compounds.
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bRulL2

aRuL3

bRuL3

aRu,L3

Figure 3.21: B3LYP solvated structures for the studied complexes
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The ruthenium complexes adopt a three-legged piano-stool geometry around the metal
centre, with the n°-cyclopentadienyl ring occupying three coordinating positions. The re-
maining three positions are occupied by the phosphane co-ligand and ligands L2, in the
case of bRuL2, and L3, in the case of the mononuclear aRuL3 and bRuL3 and bin-
uclear aRuy,L3 complexes. The binuclear complex adopt a transoid structure in which
the n°-cyclopentadienyl rings of both metal centre are in opposite plans of the molecules.
In all complexes the Ru-Cp and the Ru-P bond lengths are consistent with other exper-
imental crystal data for parent n°-monocyclopentadienyl-ruthenium(II) complexes, like
the case of the previously studied benzo|c|thiophene derivatives and other found in the
literature.™The structures of the binuclear complexes are also in good agreement with
other dinuclear n°-cyclopentadienylmetal complexes.™ 0V

Comparatively to the complexes bearing ligand L3, the bRuL2 complex present a
longer M-Cp bond length consitent with the less positively charged ruthenium centre.
In order to investigate the structure of this complex, DFT calculations were also made
for the C-bound analogue. Figure shows the B3LYP optimized geometry for the
C-bound complex together with some of its structural parameters. The structure of the
N-bound complex bRuL2 was included for comparison. The tetrazine ligand was omitted

for simplification.

Figure 3.22: Structural features of the N-bound and C-bound optimized geometries of
ruthenium (II) complexes bearing ligand L2

It is clear that the coordination mode of ligand L2 has significative influence on the
structural features of the N- and C-bound complexes. In particular, longer M-Cp bond
distances are observed in the C-bound complex due to the coordination of the ruthenium

centre at the anionic carbon atom of the dicyanomethyl group, hence affording, formally,
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a neutral complex. Also, the N=C bond lengths of both structures are sligthly different.
The N-bound complex shows a slightly shorther N=C bonds when compared with the
C-bound complex (ca 0.007 A). However, both complexes show that N=C bond distances
of the two nitrile groups are identical (only a difference of 0.001 A was found for the N-
bound complex). It was hypothesized that the o donnor effect of the bonded N=C group
to the Ru metal centre is compensated by the m-backdonation, which leads to an almost
unchanged N= bond energy upon coordination. Experimental FTIR spectroscopic data
(vide supra) supports this observation since no significative change on the = stretching
energy was observed upon ligand coordination. DFT calculations also determined that
the N-bound complex is more stable than the C-bound complex by 28.6 kcal/mol, corrob-
orating the hypothesized structure of a N-bound coordination mode for the synthesized
complex.

DFT calculations were made on the carboanionic ligand to further support these ob-
servations. Results show that N=C bond length for the N-bound complex is more similar
to the anionic form of the ligand, than the C-bound complex (N=C for the anionic L2:
1.1711 A; N=C for L2: 1.1593 A). According to the BC-NMR data presented in Section
3.2.3| it was hypothesized that complex bRuL2 presented, in fact, two distinct nitrile
groups.

As a result of the coordination to the organometallic fragments, the bond lengths and
bond angles of the tetrazine ring in the organometallic complexes are slightly different
comparatively to the free ligands. However, for bRuL2 the X;-Cg and C3-X5 bond lengths
are not comparable due to the difference in the structure of the coordinated and free ligand.
For the mononuclear complexes , and as a general behaviour for all functionals, shorter X;-
Cg and C3-X, are observed. In particular, the X;-Cg present a shortening of 0.001 A upon
metal coordination for M06, but remains unchanged for the B3LYP and CAM-B3LYP
functionals. A similar behaviour is observed for the C3-Xs5 bond length. The structural
data suggests that the coordination of a single metal centre to ligand L3 results in a
weak m-backdonation from the metal centre. For the dinuclear complex, the shortening
of the X;-Cg and C3-X5 bonds is slightly more pronounced than for the mononuclear
complexes. For complex aRu,L3 a shortening of 0.002 A is observed for B3LYP and
MO06, whereas CAM-B3LYP provides a similar bond length. The weak m-backdonation
from the metal centre(s) for both the mono- and dinuclear complexes is also observed

in the deviation of the N,,-TET-N,, angle from its full planarity, where differences in
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the 1°-2° and 1°-4° ranges are obtained for the mononuclear and dinuclear complexes,
respectively. Noteworthy is also the fact that the deviations are in accordance with the
well known electron donation abilities of the phosphanes, that is, higher deviations are
observed for the x?-dppe than for PPhs.

Considering the different functionals, B3LYP is the functional that provides higher
bond distances in the organometallic fragment, followed by CAM-B3LYP and M06. This
trend is not observed in the structural data for the ligand, in which M06 now outcomes
CAM-B3LYP providing higher bond distances.

The linear optical data was obtained by performing TD-DFT calculations on the
optimized geometries of the complexes. Table shows the selected optical data
whereas Figure shows the simulated spectra using BSLYP functional as a typical
behaviour for these complexes.

The simulated spectra of the mononuclear complexes (bRuL2, aRuL3 and bRuL3)
resembles those of the corresponding free ligands, that is, are characterized by a very
low intensity band in visible region (A, = 500 - 620 nm) and by a strong band in the
UV region (Apmae = 250 - 370 nm) which energies depends on the coordinated ligands or
phosphane co-ligand. These bands result from a combination of electronic transitions,
close in energy, which difficult the charge transfer analysis based on the involved orbitals.
For this reason, only the orbitals involved in relevant transitions are presented in the
following discussion. These orbitals are showed in Figure - 3.26

The analysis of the orbitals involved in the charge transfer processes (both lowest
energy and highest energy bands) for bRuL2 (Figure resembles almost those of
the corresponding free ligands (see Figure and Table . The main difference
is that the organometallic moiety enhances the m-delocalized system and its contribution
to the excitations leads to changes on the observed band, in particular their energy. The
lowest energy band of this complex can be attributed to a combination of a MLCT and an
ILCT. In both cases the tetrazine ring has clearly higher contribution than the pyrazolyl
group in these excitations. A red shift of this band (48 nm) is observed upon coordination
of the L2 ligand. In the case of the highest energy band, it can be attributed mainly to
an ILCT with an enhanced contribution of the pyrazolyl group. Also, a red shift (ca 60
nm) is observed on this band upon ligand coordination.

For aRuL3 (Figure the lowest energy band can be clearly attributed to an
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Table 3.12: Selected TD-DFT results for the studied complexes

Ligand Functional Amaz fb Major Contributions
(nm) *
602 0.0053 HOMO-1-LUMO (88%)
B3LYP 582 0.0022 HOMO—LUMO (96%)

363 0.0457 HOMO-1-LUMO+2 (31%)
342 0.8774  HOMO—LUMO+2 (84%)

595  0.0024 HOMO—LUMO (93%)
bRuL2 s 357 0.0259 HOMO-1-LUMO+2 (76%)
CAM-BSLYP 305 0.8659  HOMO-1—sLUMO+2 (86%)
326 0.0299 HOMO-2—LUMO+1 (26%)

601  0.0025 HOMO—LUMO (98%)
MO06 376 0.0278 HOMO-2—LUMO+3 (57%)
347 0.8018  HOMO—LUMO-+2 (83%)

521 0.0052 HOMO-3—LUMO (99%)
391 0.0241 HOMO—LUMO+3 (49%)
B3LYP 326 0.0265 HOMO-2—LUMO+3 (36%)
323 0.2662 HOMO-1—LUMO (73%)
302 0.7020 HOMO-2—LUMO (75%)

524 0.0052 HOMO-3—LUMO-+1 (99%)

aRuL3 370 0.0185 HOMO-1-LUMO+5 (41%)
CAM-B3LYP 510 02327 HOMO-1—LUMO (69%)
297 0.6855  HOMO-2—LUMO (76%)

626 0.0036 HOMO-3—LUMO (10%)
465  0.0919 HOMO-1—LUMO+1 (90%)
MO06 434 02770  HOMO-2—LUMO-+1 (98%)
402 0.0182 HOMO-1—LUMO=+4 (90%)
301 0.8808 HOMO-6—LUMO-+1 (92%)

574 0.0042 HOMO-3—LUMO (100%)
467 0.0888 HOMO-1—-LUMO+1 (96%)
406 0.3028 HOMO-2—LUMO+1 (85%)
306 0.8415 HOMO-6—LUMO+1 (91%)

523 0.0052 HOMO-3—LUMO+1 (99%)

387 0.0117 HOMO-1-LUMO-+4 (46%)

CAM-B3LYP 375  0.0269  HOMO—LUMO+3 (59%)

bRuL3 311 03510  HOMO-1-LUMO (78%)
292 0.6775  HOMO-2—LUMO (73%)

626 0.0037 HOMO-3—LUMO (100%)
450 0.1489 HOMO-1—-LUMO+1 (88%)
439 0.0295 HOMO-1—-LUMO+4 (38%)

B3LYP

M06 418 0.2073 HOMO-2—LUMO+3 (74%)
404 00324 HOMO—LUMO+3 (70%)
301 09116 HOMO-6—LUMO-+1 (90%)
572 0.0039  HOMO-6—LUMO (99%)
542 0.1614 HOMO-2—LUMO-1 (97%)
S 464 0578 HOMO-4—-LUMO+1 (97%)

311 0.1451 HOMO-11—-LUMO (67%)
300 0.10564 HOMO-5—LUMO+2 (93%)
281 0.7274 HOMO-13—LUMO+1 (94%)

519 0.0048 HOMO-6—LUMO-1 (99%)
aRu,L3 s 382 0.0403  HOMO-2—LUMO (27%)
CAM-B3LYP 344 05407  HOMO-2LUMO (74%)
319 0.7116 ~ HOMO-4—LUMO (75%)

624 0.0034 HOMO-6—LUMO+1 (100%)
515 0.2574  HOMO-2—LUMO+1 (93%)
481 0.4661 HOMO-4—LUMO+1 (93%)

MOG 302 01021  HOMO-11-LUMO (48%)
298 0.1461 HOMO-7T—LUMO++1 (55%)
295 0.2642 HOMO-9—LUMO+1 (47%)
2 Absorption wavelength of the main transitions; b Oscillator strength;
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Figure 3.23: B3LYP TD-DFT spectra of the complexes

JInset: Expansion of the 400-900 nm range.

LUMO +2

Figure 3.24: Orbitals involved in the relevant optical transitions of complex bRuL2
obtained by B3LYP (contour: 0.046 au)

ILCT involving the tetrazine ring. The character of this charge transfer clearly resembles
that of the free ligand (see Figure and Table [3.9)). The main change observed
on this excitation is a blue shift (45 nm) upon coordination of the ligand to the metal
centre. In the case of the highest energy band, it can be clearly attributed to a MLCT

(from metal centre to the tetrazine ring) with a minor contribution of a transition centred
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at the organometallic moiety. Compared to the highest energy band of the free ligand, a

red shift is observed upon ligand coordination (ca 20-30 nm).

Figure 3.25: Orbitals involved in the relevant optical transitions of complex aRuL3
obtained by B3LYP (contour: 0.046 au)

For bRuL3 (Figure a main difference is observed when comparing the spectra
of the aRuL3 complex. Changing the x2-dppe coligand by 2 PH; leads to the emerging
of a new broad charge transfer process centred at (A4 = 406 nm) which can be as-
signed as a MLCT according to the orbitals involved (HOMO-2—LUMO+1 and HOMO-
1—-LUMO+1). An ILCT involving the tetrazine ring, also present in the bRuL3 complex
and the free L3 ligand, appears at A, = 574 nm. In the case of the highest energy band
(Amaz = 306 nm), it can be attributed to an ILCT involving both tetrazine ring and pyri-
dine groups with some contribution of the metal centres. The character of this transition
resembles that of the highest-energy transition of the free L3 ligand (see Figure m
and Table . Compared to the corresponding energy of the free ligand, this transition
shows a slight red shift (2 nm) upon ligand coordination. It is interesting to note that,
compared to the highest-energy transition of the x*-dppe complex (aRuL3) which has
clearly MLCT character, for the present 2 PH3 derivative this transition became an ILCT.

The simulated spectra of the binuclear complex aRu2L3 using B3LYP shows two
strong and complex bands being one of them in the visible region (A4, = 464 nm) with a
shoulder centred at ca 542 nm and the second in the UV region (A, = 281 nm), also with
a shoulder centred at A4, &~ 305 nm. An analysis of the orbitals involved (Figure
shows that the broad lowest-energy band has contributions of an intense transition clearly
assigned to MLCT excitation (A4 = 464 nm) and a shoulder which has a component
assigned also to MLCT transition (Ae; = 542 nm) and an ILCT (A4 = 572 nm). It
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LUMO+1

Figure 3.26: Orbitals involved in the relevant optical transitions of complex bRuL3
obtained by B3LYP (contour: 0.046 au)

can be seen that the main MLCT transition results in an effective charge transfer from
the metal centres (HOMO-4) to both the tetrazine and pyridine groups (LUMO+1). The
same character is found in the MLCT component of the shoulder. Finally, the ILCT
component of the shoulder is clearly assigned with a charge transfer within the tetrazine
ring which resembles the lowest-energy transition of the free L3 ligand (see Figure m
and Table [3.9)). Compared to the corresponding energy of the free ligand, this transition
shows a slight blue shift (5 nm) upon ligand coordination. In the case of the highest energy
band, the main transition (Ay,q; = 281 nm) can be attributed to an ILCT involving both
tetrazine ring and pyridine groups with some contribution of the metal centres. The
character of this transition resembles that of the highest-energy transition of the free L3
ligand. Compared to the corresponding energy of the free ligand, this transition shows
a blue shift (23 nm) upon ligand coordination. Finally, the shoulder centred at A, =
305 nm has a component assigned as a MLCT (mainly from metal centres to the pyridine
groups) and an ILCT (from pyridine groups to the tetrazine rings) also present in the free
ligand.

Thus, as an overall conclusion it can be assumed that the coordination of the ligand
L3 to the organometallic moieties in the binuclear complex leads to the appearance of
new transitions assigned to MLCT besides the chromophore based ILCTs.

At this point, the overall DFT results should be commented. Comparison with exper-

imental data can only be performed between the linear optical spectra and the TD-DFT
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Figure 3.27: Orbitals involved in the relevant optical transitions of complex aRu2L3
obtained by B3LYP (contour: 0.046 au)

results for both the ligands and complexes bRuL2 and aRu,;L3. For both cases, it is
impossible to establish an unambiguous relation between the functionals performance in
the reproduction of the experimental data. For exemple, analysis of the TD-DFT perfor-
mance for the three functionals for complex bRuL2 shows that no significative differences
are obtained — all functionals overestimate the lowest energy transition by ca. 60 nm and
underestimate the highest energy transition by ca. 10 nm. Concerning aRu,L3, it is clear
that CAM-B3LYP outperforms both the B3LYP and M06 functionals, for which higher
deviations in comparison with the experimental data are obtained. In particular, for the
lowest energy band, CAM-B3LYP slightly underestimates the energy of the transition by
ca 12 nm whereas an underestimation of 35 and 62 nm are observed for the BSLYP and
MO6 functionals respectively. For the highest energy transition, higher overestimations
are observed for B3LYP and M06 (~ 95 nm) than for CAM-B3LYP (~ 45 nm).
Calculations of the nonlinear optical properties of the complexes were performed. As
mentioned previously, no hyperpolarizabilities were obtained for the binuclear complexes
due to successive convergence failure of the SCF procedure. The rst hyperpolarizabilities
of the mononuclear complexes bRuL2, aRuL3 and bRuL3 are shown in Table [3.13]
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The estimated hyperpolarizabilities for all complexes are functional dependent. The
observed trend on f;,; by varying the used functionals is maintained for all complexes:
CAM-B3LYP < M06 ~ B3LYP.

As general behaviour, the calculated hyperpolarizabilities for the organometallic com-
plexes are higher than those for the free ligands. It can be show that, in the case of
bRuL2 complex, the calculated hyperpolarizability is only slightly higher than that of
the corresponding free ligand, 2. On the basis of the analysis of the orbitals involved
in the charge transfer processes for this complex discussed above, the character of both
lowest energy and highest energy bands almost resembles those of the corresponding free
ligands, with a small contribution of the organometallic moiety. Thus, the minor change
on the hyperpolarizability upon coordination for this complex can be related to the small
participation of organometallic moiety in the charge transfer processes. In particular,
the lowest energy band has a small contribution of a MLCT transition and a red shift
was observed upon coordination of the L2 ligand. For aRuL3 and bRuL3 a significant
change on hyperpolarizabilities was obtained upon L3 coordination. Considering that
the symmetric free ligand presents a null hyperpolarizability, it is clear that the observed
hyperpolarizability on the complexes results from the coordination to the metal centres
which breaks the symmetry of the chromophore. In the case of aRuL3, and on the basis
of the analysis of the orbitals involved in the charge transfer processes discussed above, the
observed (;,; cannot be explained by the lowest energy band since it is clearly attributed
to an ILCT involving the tetrazine ring and a blue shift was observed upon coordination
of the ligand to the metal centre. Probably, the highest energy band of this complex,
attributed mainly to a MLCT, plays a role. Also, a red shift of this band is observed
upon ligand coordination which favours the quadratic hyperpolarizability properties.

In the case of bRuL3, the observed ;. can be mainly related with the charge transfer
process centred at (Apq, approx 406 nm) which was clearly assigned as a MLCT according
to the orbitals involved and discussed above. Compared to the main charge transfer
processes contributing to 5, for bRuL3 and aRuL3 it is supposed that former should
give a higher hyperpolarizability value. However both values are quite similar being
aRuL3 with the best value. Probably the highest energy band of bRuL3 also contributes
to the observed hyperpolarizability. As discussed above this band can be assigned as ILCT
for this complex whereas for aRuL3 it is a MLCT. Thus, a somewhat hampering effect on

the observed hyperpolarizability for bRuL3 can be present. It is interesting to note that
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a higher estimated hyperpolarizability for complex aRuL3 had been already suggested by
DFT structural data, in which a higher w-backdonation interaction have been observed.

Some remarks considering the applicability of the well-known TLM to describe the
quadratic hyperpolarizabilities of these mononuclear complexes can be made. For aRuL3
and bRuL3 the observed (3, is clearly dominated by the 8., tensor (along the conjugated
backbone of the chromophore). However, at least two electronic transitions seem to play
a role indicating that (;,; cannot be describe by a single excited state. For bRuL2, also
two electronic transitions seem to govern the observed (. In addition, it is clear from
the hyperpolarizability tensors (Table that all tensors cannot be negligible in the
contribution of the overall hyperpolarizability.

Although no hyperpolarizabilities were obtained for the binuclear complex aRu,;L3,
some remarks can be made. On the basis of the analysis of the orbitals involved in the
charge transfer processes discussed above, the main electronic transitions can be attributed
to MLCT which electronic density change arises from the metal centres to the tetrazine
ring or the overall chromophore, hence being of opposite directions. Hence, null or low

hyperpolarizability is expected for this complex.

3.3.3 Redox switching

The second-order NLO redox switching abilities of the complexes were investigated. The
complexes were tested towards oxidation of the metal centre. Hence, unrestricted calcula-
tions of the one-electron-oxidized species were performed. Geometries were optimized in
condensed phase using PCM solvation method and chloroform as solvent. TD-DFT and
hyperpolarizabilities calculations were performed using the same methodology as previ-
ously described.

Calculations of the one-oxidized complexes have proven to be more hard than for the
non-oxidized counterparts. In particular, similar problems in the convergence of the SCF
procedure was observed in geometry optimization of the dinuclear complexes. Again,
attempts to avoid this problem by the same methods described for the non-oxidized
complexes were performed. None of the attempts resulted in the minimization of the
energy of the complexes. For that reason, no results for the dinuclear organometallic
complexes are presented.

Figure and Table show the obtained B3LYP optimized geometries and

selected structural data for the tested compounds upon oxidation, respectively.
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°XpbRuL3
Figure 3.28: B3LYP optimized geometries for the oxidized complexes
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By comparison of Tables [3.11] and [3.14] it is seen that the oxidized species present

similar structural features of their non-oxidized counterparts. The most distinct features
of the oxidized compounds are the relative position of the Cp ring, which bond is also
lengthened comparatively to the non-oxidized compounds. A similar behaviour is found
for the Ru-P bonds.

For the “*bRuL2 complex, the one-electron oxidation results in the shortening of the
M-N bond length, suggesting a higher coupling between the dicyanomethyl group and
the metal centre. Furthermore, this effect is also noticeable in the dihedral angles of
the ligand, that show improved planarity in both substituents. For the “*aRuL3 and
**bRuL3 a slight shortening of the M-N bond is also observed. However, no significant
improved planarity is observed in the ligand.

Considering the tetrazine ring, “*bRuL2 complex provides shorter X;-Cg and Cs-
X5 bond length than its non-oxidized counterparts, corroborating the hypothesis of an
enhancement coupling of the metal centre with the tetrazine ligand. Shorter X;-Cg and
C3-Xs bond lengths are also observed for the “*aRuL3 and “*bRuL3 comparatively to
their non-oxidized counterparts.

The linear optical data for the oxidized complexes was obtained by TD-DFT calcula-
tions in condensed phase using chloroform as solvent. The obtained spectra for the three
tested compounds, using B3LYP, is showed in Figure whereas the selected optical
data is summarized in Table [3.15]

Compared to its non-oxidized counterpart, the main optical feature of complex “*bRuL2
is the presence of a broad and very low energy band occurring in the NIR region attributed
mainly to a SHOMO—SLUMO transition. Results show that CAM-B3LYP provides the
lowest energy transfer whereas for BSLYP and MO06 similar results are obtained. An anal-
ysis of the orbitals involved, which electronic densities were obtained using B3LYP func-
tional and typifies the behaviour observed for this transition (Figure , this charge
transfer arises mainly from tetrazine ring and pyrazolyl group to the organometallic frag-
ment. Thus, the nature of the lowest energy band is significantly altered upon oxidation.
In fact, for bRuL2, this band was attributed to a combination of a MLCT and an ILCT
whereas for ®*bRuL2 it becomes a LMCT. This fact suggests that, upon oxidation, the
organometallic fragment becomes a stronger o-electron withdrawing group. This feature
is supported by the shorter M-N bond length observed for this complex comparatively to

its non-oxidized counterpart.
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Figure 3.29: TD-DFT spectra of the oxidized complexes using BSLYP

Figure 3.30: Contour plots of the SHOMO and SLUMO orbitals for “*bRuL2 complex

Complexes ““aRuL3 and “*bRuL3 are characterized by the presence an intense band
centred at A &~ 300 nm (for BSLYP). TD-DFT results shows that this band has contri-
butions of several electronic transitions with very similar energy. This fact makes the
analysis of the charge transfer process very complex, and for that reason, the results are

discussed based on the relevant transitions that should be responsible for the nonlinear
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Table 3.15: Relevant TD-DF'T results for the oxidized complexes

Comp. Functional Amaz fb Major Contributions
(nm) *
930 0.4364 BHOMO—BLUMO (96%)
827 0.0153 BHOMO-5—BLUMO (81%)
563 0.0656 BHOMO-4—BLUMO (83%)
B3LYP 408 0.0116 aHOMO-3—aLUMO (66%)
382 0.2285 aHOMO—aLUMO+3 (47%)
323 0.1133 aHOMO-4—aLUMO+2 (14%)
319 0.1625 BHOMO-4—BLUMO (83%)
304 0.1499 BHOMO-10—BLUMO (58%)
1076  0.4906 BHOMO—BLUMO (93%)
414 0.0360 BHOMO-3—BLUMO (56%)
°ThbRuL2 357 0.0123 BHOMO—BLUMO+1 (62%)
CAM-B3LYP 354 0.0635 aHOMO-2—aLUMO+2 (19%)
345 0.0195 BHOMO—BLUMO+4 (43%)
348 0.2187 aHOMO —aLUMO+2 (17%);3HOMO-3—BLUMO (16%)
339 0.0138  oHOMO-5—aLUMO+3 (27%); BHOMO-5—BLUMO+4 (26%)
1351  0.0145 BHOMO-4—BLUMO (27%)
1194  0.0225 BHOMO-4— BLUMO (26%)
887 0.3345 BHOMO—BLUMO (61%)
MO06 530 0.0744 BHOMO-5—BLUMO (89%)
408 0.0139 aHOMO-3—aLUMO+3(58%)
385 0.1534 aHOMO—aLUMO+3 (41%)
371 0.0558 BHOMO—BLUMO+2 (38%)
422 0.0143 aHOMO-4—aLUMO+3 (24%)
417 0.0201 aHOMO-4—aLUMO+3 (38%); BHOMO-4—BLUMO+3 (21%)
406 0.0246 aHOMO-4—aLUMO+3 (48%)
B3LYP 337 0.3143 aHOMO-4—aLUMO (32%)
333 0.3071 aHOMO-4—aLUMO (22%)
329 0.2238 aHOMO-1—-aLUMO+2 (50%)
328 0.1492 aHOMO-4—aLUMO (31%); BHOMO-6—BLUMO+1 (25%)
391 0.0236  oHOMO-4—aLUMO+2 (33%); BHOMO-4—BLUMO+3 (19%)
ox 335 0.0112 BHOMO-11—BLUMO+4+3 (56%)
aRuL3 CAM.B3Lyp 314 00309  aHOMO-7T—aLUMO+2 (17%); SHOMO-5—BLUMO+3 (24%)
g 206 0.0985 BHOMO-3—BLUMO (21%)
294 0.0565 BHOMO-1—BLUMO (49%)
283 1.0694 aHOMO-3—aLUMO (35%); BHOMO-3—BLUMO+1 (37%)
395 0.0269 aHOMO-4—aLUMO+2 (30%)
387 0.0148 aHOMO-4—aLUMO+3 (26%)
380 0.0209 aHOMO-4—aLUMO+3 (35%)
MO06 331 0.0130 BHOMO-11—BLUMO (57%)
294 0.1168 BHOMO-3—BLUMO (54%)
291 0.1050 aHOMO-7—aLUMO+3 (26%); BHOMO-5—BLUMO+4 (22%)
287 1.0592 aHOMO-3—aLUMO (36%); BHOMO-3—BLUMO+1 (38%)
418 0.0352 aHOMO-4—aLUMO (63%)
402 0.0126 aHOMO-2—aLUMO+1 (37%)
B3LYP 364 0.0132 aHOMO-4—aLUMO+3 (70%)
343 0.0795 BHOMO-5—aLUMO+3 (23%)
331 1.1198 aHOMO-3—aLUMO+1 (46%); BHOMO-3—BLUMO+1 (63%)
395 0.0478 aHOMO-4—aLUMO+1 (65%)
orpRUL3 381 0.0113 aHOMO-4—aLUMO+3 (62%)

CAM-B3LYP 320 0.0229 aHOMO-7—aLUMO+1 (21%); BHOMO-5—BLUMO+3 (23%)
295 0.0412 aHOMO-7—aLUMO+3 (24%); BHOMO-5—BLUMO+4 (22%)

283 1.2055 aHOMO-3—aLUMO (38%); BHOMO-3—BLUMO+1 (41%)
445 0.0170 aHOMO-4—aLUMO (40%)
435 0.0154 aHOMO-4—aLUMO+3 (52%)
MO06 348 0.0192 aHOMO-2—aLUMO+1 (43%); BHOMO-5—BLUMO+3 (46%)
332 0.0683 aHOMO-6—aLUMO+3 (33%)
325 1.1665 aHOMO-3—aLUMO+1 (41%); BHOMO-3—BLUMO+1 (46%)
2 Absorption wavelength of the main transitions; b Oscillator strength;

optical properties of the complexes. Figures [3.31] and [3.32] show the orbitals involved
in the dominant electronic transitions for these complexes.
For ®*aRuL3 the mentioned band has two main contributions: a MLCT (from the

metal centre to the ligand, in particular to tetrazine ring and pyridine group bonded to

the metal) and a LMCT (from the terminal pyridine group to the organometallic moiety).

230



The former is also present in the non-oxidized counterpart but with a lower contribution
of the pyridine groups. Thus, the new electronic transition that arises from the oxidation
of the complexes can be assigned to the mentioned LMCT in which the terminal pyridine
group behaves clearly as a donor to the organometallic fragment. No significant change
of the energy of the overall band is observed upon oxidation. For “’bRuL3 the relevant
band can be assigned to an ILCT with some contribution of the organometallic moiety.
A band with similar character is also present in the non-oxidized counterpart at almost
same energy. The main difference from the non-oxidized counterpart is the vanishing of
the MLCT which was observed in the visible region for bRuL3.

Figure 3.31: Contour plots of the HOMO and LUMO orbitals for “*aRuLi3 complex

The optical nonlinearities were computed for the three complexes. Results are showed
in Table The estimated hyperpolarizabilities show that different behaviours upon

one-electron oxidation for the studied complexes are obtained.
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RHOMO-3

Figure 3.32: Contour plots of the HOMO and LUMO orbitals for “’bRuLi3 complex
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For *bRuL2, a high enhancement of the estimated hyperpolarizability is observed
upon one-electron oxidation (up to 31-fold, depending on the used functional). This be-
haviour can be explained by the appearance of a low energy band occurring in the NIR
region attributed to a LMCT, as discussed above. Comparison with the non-oxidized
counterpart indicate that, for this complex, a red shift of the lowest-energy transition
occurs for all functionals. In particular CAM-B3LYP provides a red shift by ca. 730 nm
whereas for B3LYP and M06 a red shift of 588 and 540 nm are obtained. This red shift
is accompanied by a lowering of the correspondent oscillator strength by approximately
50% in all cases. Hence, in the case of complex “*bRulL2, the increasing of the esti-
mated hyperpolarizability upon oxidation is justied by red-shift of the relevant electronic
transition. In fact, the CAM-B3LYP functional provides the higher enhancement of the
hyperpolarizability that correlates with the lowest-energy of this transition.

In the case of complexes “*aRuL3 and “*bRuL3 opposite trends are observed when
using dierent functionals: a diminishing of the hyperpolarizability upon one-electron ox-
idation of the complexes by ca a 2-fold factor is observed for BSLYP and M06 whereas
an enhancement of the hyperpolarizability using CAM-B3LY3P by ca a 11-fold factor for
complex °zaRuL3 and by a 2.5-fold factor for complex “*bRuL3 are observed.

The behaviour observed on the change of the hyperpolarizability upon one-electron
oxidation using B3LYP (and M06) can be easily understood on the basis of the character
of the electronic transitions involved and discussed previously. For “*aRuL3 the decrease
in B, value can be related to the emerging of a new transition assigned to LMCT, which
charge transfer occurs in opposite direction of that of MLCT (also present in the oxidized
and non-oxidized counterpart). The almost unchanged energy of the overall band upon
oxidation further supports this observation. For ®*bRuL3 the decrease in (3;, value can
be due to the vanishing of a MLCT band which was observed in the visible region for
the non-oxidized counterpart. Besides, the presence of an ILCT, a band with similar
character that is also present in the non-oxidized counterpart at almost same energy,
further supports this observation.

Some remarks considering the behaviour found using CAM-B3LYP functional for the
L3 based complexes can be addressed. As stated above this functional gives an enhanced
Biot values upon oxidation in opposite trend of that is observed using BSLYP and M06
functionals. Figure [3.33|shows the orbitals involved in the main electronic transition for

**>aRuL3 (similar orbital contours are observed for ®*bRuL3). It can be observed that
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this transition can be assigned to an ILCT with some contribution of the metal centre.
With CAM-B3LYP, the LMCT, present in “aRuL3 complex using B3LYP (and M06)
functionals and responsible for lowering the hyperpolarizability upon oxidation, is absent.
Thus, an expected enhancing effect on ;. is observed with CAM-B3LYP. For “*bRuL3,
this functional gives almost the same character of the relevant CT than that obtained
with B3LYP (and M06). In this case, a somewhat higher oscillator strength of this band

can play a role on the observed enhancing effect on (3;,; upon oxidation.

RLUMO+1

aHOMO-3 RHOMO-3

Figure 3.33: Contour plots of the HOMO and LUMO orbitals for “*aRuL3 complex
using CAM-B3LYP

Concerning the overall data for the three complexes, the results for complex “*bRuL2
are noteworthy. According to DFT calculations, this complex seems to be the most
promising candidate for NLO-switching by redox means. The fact that oxidation lead
to improved hyperpolarizabilities should be further commented here. It is well-known
that most of the metal-organic compounds studied for SONLO switching follows the well-
known type I switching mechanism. According to this mechanism, in a typical push-pull
D-7-A system, the donor becomes a competing acceptor moiety upon oxidation thus
leading to lower hyperpolarizability. In the case of this complex, with a more likely less
studied D-7-D feature, the oxidation lead to the achievement of a D-m-A structure, in
which the organometallic moiety becomes an acceptor, and hence an expected increase on

the corresponding quadratic hyperpolarizability. As for the case of the previously studied
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benzo[c|thiophene complexes (Chapter 2), this complex present an unusual switching
behaviour in which the on state corresponds to the oxidized form of the complex and the
o form corresponds to its non-oxidized form. However a subtle difference can be envisaged
between these two kinds of complexes. In the case of benzo[c]thiophene complexes, the
oxidation lead to the achievement of a D-m-A structure in which the donor character of the
organometallic moiety is enhanced. In case of the tetrazine based complex, the oxidation
also lead to the achievement of a D-m-A structure but in which the acceptor character of
the organometallic moiety is improved.

The different behaviour found on quadratic hyperpolarizability upon one-electron ox-
idation for L3 based complexes, depending on the used functionals, shows that we must
be careful in the characterization of the NLO-redox switching properties of these com-
plexes. In that sense, only additional experimental work could help in the evaluation of
the accurateness of the DFT calculations and to decide which functional works better
in the studied complexes. In particular, the determination of the optical nonlinearities
of the complexes in their non-oxidized and oxidized forms (of the isolated compounds
or generated in situ during NLO measurements) accompanied with the study of their
electrochemical reversibility towards oxidation are of major importance.

The DFT estimated enhancement /diminishing of the hyperpolarizabilities of the com-
plexes in their non-oxidized and oxidized forms can only be interpreted as trends in the

expected behaviour of the complexes.

3.4 Conclusions

This chapter deal with synthesis, spectroscopical studies and density functional theory
calculations of tetrazine-based organic ligands and their correspondent organometallic
compounds.

Synthesis of the tetrazine ligands L1 and L2 were performed by nucleophilic aromatic
substitution on the initial 3,6-bis(3,5-dimethylpyra-zol-1-yl)-s-tetrazine in good yields.
Ligand L3 was synthesized by Pinner’s reaction starting from 4-cianopyridyne also in
good yields. The unprecedented ligands L4 and L5 were synthesized by Sonogashira cross-
coupling reactions between 3,6-bis(4-bromophenyl)-s-tetrazine and 2-methyl-3-butyn-2-ol.
The developed synthetic procedure allowed the obtention of either one of the ligands by

controlling the experimental conditions.
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Attempts of coordination of the synthesized ligands were performed in the presence
of thalium trifluoromethanesulfonate. Other typical halogen abstractor salts have shown
to be unsuccessful reagents for the synthesis of tetrazine-based organometallic complexes.
Complexes of ligands L2 (bRuL2) and L3 (aRuyL3 and bRu;L3) were obtained in
moderate yields and were spectroscopically characterized. As far as this work is concerned,
complex bRuL2 is the first example of a zwitterionic complexes bearing a tetrazine ring.
The spectroscopic data confirmed the zwitterionic structure of the complex due to the
anionic nature of the ligand and the absence of the counter-anion. Dinuclear complexes
aRu,L.3 and bRu;yL3 are also one of the few examples of non-polymeric linear complexes
bearing tetrazine ligands.

Density functional theory calculations were used in order to give more insight on the
electronic properties of both the ligands and complexes, and more importantly, to esti-
mate their nonlinear optical properties and nonlinear optical redox switching abilities of
the complexes. Results show that the compounds present moderate to low hyperpolariz-
abilities, which are functional dependent (i, = 0 - 35 x107° esu for the ligands; S, =
15 - 108 x1073° esu for the complexes). The complexes presented higher estimated hy-
perpolarizability values in comparison with the free ligands. For complex bRuL2, minor
changes on the hyperpolarizability upon coordination are expected whereas for aRuL3
and bRuL3 significant change on hyperpolarizabilities are predicted. The difference in
the hyperpolarizabilities values of the latter complexes were justified based on the charac-
ter of the electronic transitions involved in the photo-excitaion of the compounds. Density
functional theory calculations allow to clearly state that tetrazine-based complexes present
remarkable potential for nonlinear optical application, and in particular for nonlinear op-
tical redox switching. In particular, complex bRuL2 presents an enhancement of the
first-order hyperpolarizability by 8- to 31-fold (depending on the functional) in compar-
ison with its non-oxidized counterpart. The enhancement of the hyperpolarizability for
this complex is attributed to a very low energy band attributed a ligand to metal charge
transfer electronic transition, caused by the presence of the organometallic fragment. This
complex present an unusual switching behaviour in which the "on” state corresponds to
the oxidized form of the complex and the ”oftf” form corresponds to its non-oxidized form.
For complexes bearing ligand L3, a lowering of the estimated hyperpolarizability is ob-
served for BSLYP and MO06 fucntionals whereas CAM-B3LYP predicts an enhancement

of the nonlinear optical properties, upon electron oxidation.
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3.5 Experimental

Synthesis of the ligands were performed in standard conditions, unless otherwise stated.
Commercial reagents were used as received and without further purification. 3,6-Bis(3,5-
dimethylpyrazol-1-yl)-s-tetrazine and 3,6-di(pyridin-4-yl)-s-tetrazine were prepared fol-
lowing published procedures with some modifications, either in the oxidation step or in
the purification method (see details below).® All synthesis involving organometallic com-
plexes, including the Sonogashira coupling reactions, were carried out under nitrogen
atmosphere using current Schlenk techniques. The details of the synthesis of the starting

organometallic complexes and the characterization methods are described in Chapter 5.

3.5.1 Synthesis of ligands L1 and L2

3.5.1.1 Synthesis of triaminoguanidine monohydrochloride (1)

H H
NH,NH N N
HoN NH 272 o 4 ~
2 \ﬂ/ 2, Haol _ > HoN \“/ NH, . Hel
Dioxane, reflux N
NH “NH,

To a suspension of guanidine hydrochloride (26.1 g, 0.267 mol) in 150 mL of 1,4-dioxane
was added a solution of hydrazine monohydrate at 80% (45 mL, 0.91 mol) with stirring.
The mixture was heated to reflux for 2 hours. During that time a large amount of white
solid precipitates. After cooling to room temperature, the solid were collected by filtration,
washed with dioxane and dried to give pure triaminoguanidine monohydrochloride in
quantitative yield. Due to the low solubility of the product only FTIR analysis was

made.

FTIR: v(KBr)/cm™: 3322 and 3214 (NH), 1682 (N=C), 1330, 1132, 960.

238



3.5.1.2 Synthesis of 3,6-bis(3,5-dimethylpyrazol-1-yl)-1,2-dihydro-s-tetrazine

(2)
O O H H
H H \ /
.N__N. )I\/U\ N—N N
HoN T NHz . Hci = N N/ <
<\ />
N. H50, reflux =,/ —
NH, N N—N

The entire amount of the triaminoguanidine monohydrochloride (1) ( 27 grs.; 0.19 mol)
obtained in the previous step was dissolved in the minimum amount of water (~ 150 mL).
The reaction flask was kept in a cold water bath and 2,4-pentanedione (52.5 mL, 0.506
mol) was added dropwise. The temperature was maintained bellow 30°C during this stage.
After the addition is completed, the reaction is allowed to stir for 30 minutes at room
temperature and then was heated to reflux for 4 hours. During that time, the dark yel-
low 3,6-bis(3,5-dimethylpyrazol-1-y1)-1,2-dihydro-s-tetrazine precipitates. The solid was
collected by filtration, washed with water and dried in vacuum. The desired product was
obtained in 40 % yield.

"H-NMR (400 MHz, CDClj3, 25°C): 2.20 and 2.47 (s, 6H, CH3), 5.95 (s, 2H, CH)
and 8.10 (s, 2H, NH) ppm;

¥C-NMR (100 MHz, CDClg, 25°C): 13.40 (C7" and C7”), 13.74 (C6’ and C6”),
109.77 (C4’ and C47), 142.19 (C3’ and C3”), 145.69 (C5" and C5”), 149.85 (C3 and C6)

3.5.1.3 Synthesis of 3,6-bis(3,5-dimethylpyrazol-1-yl)-s-tetrazine (3)

>_\~ONO

CH2C|2‘ r.t.

H H
— N—N /N\ - =N /N\
_ N—\ ,)—N / _ /N—<\ )—N /
N N—N N N—N
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3,6-bis(3,5-dimethylpyrazol-1-yl)-1,2-dihydro-s-tetrazine (2) (7 g; 0.026 mol) were dis-
solved in the minimum amount of dichloromethane. An excess of isoamyl nitrite (7 mL;
0.042 mol) was then added dropwise. The solution was allowed to stir at room temper-
ature for 4 hrs. to ensure full oxidation. The solution was then washed with water and
dried under anhydrous magnesium sulphate. After evaporation of the solvent, bright red

3,6-bis(3,5-dimethylpyrazol-1-yl)-s-tetrazine was obtained in 56 % yield.

FTIR: V(KBr)/crn'l: 3085 (CH, aromatic), 2993 and 2933 (CH, aliphatic), 1579
(C=C), 1483 and 1425 (C=N), 1079 and 970 (N=N);

"H-NMR (400 MHz, DMSO, 25°C): 2.28 (s, 3H, H7" and H7”), 2.60 (s, 3H, H6’
and H6"), 6.37 (s, 1H, H4’ and H4”) ppm;

¥C-NMR (100 MHz,DMSO, 25°C): 13.85 (C7" and C7”), 14.05 (C6’ and C6”),
111.37 (C4’ and C47), 143.49 (C5’ and C5”), 152.97 (C3’ and C3”), 159.16 (C3 and C6)
ppm;

UV-Vis. (CHCls, Amax/nm (ex10*/M ™ em™)): 300 (2.9); 376 (0.1); 537 (0.04);

3.5.1.4 Synthesis of 6-(3,5-dimethyl-1H-pyrazol-1-yl)-N-(pyridin-4-yl)-s-tetra-

zin-3-amine (L1)

= N—=N /N\ HzN@N _— . N—=N
N—\ )N g y %\ s
\N/ N—N —= NEt3Y CH3CN, r.t. \N N—N

NH
<\/ \>
—N

To 40 mL of dried acetonitrile was added 0.5 g (1,8 mmol) of 3,6-bis(3,5-dimethylpyrazol-
1-yl)-s-tetrazine (3), followed by 0.435 g of 4-aminopyridine (3,7 mmol, 2 eq.) and 3 mL
of triethylamine (22 mmol, 12 eqs). The mixture was heated in an oil bath at 40°C and
allowed to stir overnight. The solvent was evaporated and the bright orange solid was
chromatographed in a short column using neutral aluminium oxide as solid phase and a
mixture of chloroform:ethanol (9:1) as eluent. The desired product was obtained in 72%

yield.
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FTIR (v(KBr)/cm™): 3236 (NH), 3088 (CH, aromatic), 2964 and 2952 (CH, aliphatic),
1596 (C=C), 1479 and 1423 (C=N), 1075 and 1043 (N=N);

'"H-NMR (400 MHz, DMSO, 25°C): 2.25 (s, 3H, H6"), 2.50 (s, 3H, HT’), 6.27 (s,
1H, H4"), 7.75 (d, *Juu=5.92 Hz, 2H, H3” and H6”), 8.50 (d, *Jyu=>5.92 Hz, 2H, H4”
and H5”) and 11.45 (s, 1H, H1”) ppm;

¥C-.NMR. (100 MHz, DMSO, 25°C): 12.92 (C7’), 13.44 (C6’), 109.59 (C4),
113.17 (C4” and C57), 142.04 (C5), 145.35 (C27), 150.49 (C3” and C6”), 151.09 (C3"),
157.21 (C6), 160.58 (C3) ppm;

UV-Vis. (CHCls, Amax/nm (ex10*/ M'em™)): 300 (2.9), 414 (0.09), 530
(0.005);

3.5.1.5 Synthesis of 2-(6-(3,5-dimethyl-1H-pyrazol-1-yl)-s-tetrazin-3-yl)malononitrile

(L2)
N—=N N NC~ “CN N—=N CN
- VAR -
N 4< >7N N 4< >—<
/ \  / / N\ /
\N N—N — NEt3’ CHzclz’ r.t. \N N—N CN

Malononitrile (79 mg, 1.2 mmol) and triethylamine (0.101 g; 1.0 mmol) were added to a
suspension of 3,6-bis(3,5-dimethylpyrazol-1-yl)-s-tetrazine (3) (1.0 mmol) in dry toluene
(15 ml) and stirred for 2 hrs. at room temperature. The solvent was evaporated and the
resulting purple solid was washed by by adding 50 mL of a 10% hydrochloric acid aqueous
solution. The dark-violet precipitate was filtered, washed with water and dry in vacuum,

affording the desired product in 85% yield.

FTIR v(KBr)/cm™: 2207 and 2176 (N=C);

"H-NMR (400 MHz, DMSO, 25°C): 2.21 (s, 3H, H6’), 2.37 (s, 3H, HT’), 6.15 (s,
1H, H4") ppm;

C-NMR. (100 MHz, DMSO, 25°C): 12.21 (C7’), 13.36 (C6’), 108.27 (C4),
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119.91 (C2” and C3"), 139.45 (C17), 141.19 (C5’), 149.75 (C3”), 156.40 (C5’), 156.39
(C6), 169.93 (C3) ppm;
UV-Vis. (CHCls, Amax/nm (ex10*/M ™ em™)): 349 (2.4), 516 (2.4), 638 (2.4);

3.5.2 Synthesis of ligand L3

3.5.2.1 Synthesis of 3,6-di(pyridin-4-yl)-s-tetrazine

1) NH,NH,, cat. S
N =N —
7\ 2) AcOH /NaNO, 7\
— EtOH, reflux — N —N /)

4-Cyanopyridine (2 g; 19.20 mmol) were dissolved in the minimum amount of absolute

ethanol (15 mL). Powdered sulphur (0.45 g; 14.00 mmol) was then suspended in the previ-
ous solution and 7 mL of a 80% solution of hydrazine in water were added carefully. After
stirring at room temperature for 1 hr., the dark-brown solution was refluxed overnight.
The pale yellow precipitated was collected by vacuum filtration and washed with cold
ethanol. After drying, the solid was dissolved in 100 mL of dichloromethane and 20 mL of
glacial acetic acid were added. Sodium nitrite (0.25 g; 3.6 mmol) was then added portion-
wise over the period of 2 hrs. After stirring overnight, vacuum filtration afforded a purple
solid that was purified by column chromatography (silica gel; eluent: dichloromethane).

The desired product was obtained in 56% yield.

FTIR v(KBr)/cm™: 3034 (CH, aromatic), 1590 and 1562 (C=C), 1411 and 1388
(N=C), 1112 and 1056 (N=N);

'"H-NMR (400 MHz, DMSO, 25°C): 8.46 (d, *Jyu= 5.3 Hz, 4H, H2’, H2", HE’
and H6"), 8.96 (d, *Jy = 8.8 Hz, 4H, H3’, H2”, H5 and H5”) ppm;

C.NMR (100 MHz, DMSO, 25°C): 121.69 (C2’, C2”, C6’ and C6”), 139.45
(C1” and C17), 151.58 (C3’, €37, C5’ and C5”),163.45 (C3 and C6) ppm;

UV-Vis. (CHCl3, Amax/nm (ex10*/ M em™)): 274 (3.7), 544 (0.07);
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3.5.3 Synthesis of ligands L4 and L5

3.5.3.1 Synthesis of 3,6-bis(4-bromophenyl)-s-tetrazine (4)

1) NHNH,, cat. S

N—=N
2) AcOH /NaNO,
NC Br Br \ / Br
EtOH, reflux N—N

4-bromobenzonitrile (3 g; 16.47 mmol) was dissolved in the minimum amount of absolute
ethanol (50 mL). Powdered sulphur (0.45 g; 14.00 mmol) was then suspended in the previ-
ous solution and 7 mL of a 80% solution of hydrazine in water were added carefully. After
stirring at room temperature for 2 hrs., the dark-brown solution was refluxed overnight.
The yellow precipitated was collected by vacuum filtration and washed with cold ethanol.
After drying for a few minutes, the solid was placed into a second flask and 100 mL of
dichloromethane were added together with 20 mL of glacial acetic acid. Sodium nitrite
(0.25 grs.; 3.6 mmol) was then added portionwise over the period of 2hrs. After stirring
overnight, vacuum filtration afforded a purple solid, insoluble in all tested solvents. Yield:
67%

FTIR v(KBr)/cm™: 3089 (CH, aromatic), 1588 (C=C), 1406 (N=C), 1106, 1070,
1008 (N=N);
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3.5.3.2 General Procedure for the Sonogashira Coupling Reaction

OH
Pd(PPhj;),Cl,

N—=N Cul N —=N
r =
\N —N/ solvent, 80°C \N —N/ OH

(7) (X = Methylbut-3-yn-2-ol): Solvent = DMF, Base = iprop-amine
Conditions:

(8) (X = Br): Solvent = THF, Base = prop-amine

A degassed two-necked, round-bottomed flask was charge with 1 mmol of 3,6-bis(4-
bromophenyl)-s-tetrazine (4) followed by Bis(triphenylphosphine)palladium(II) dichlo-
ride (20 mmol%). The solvent (20mL) and the base (3 mL) were then added and the
mixture was allowed to stir at room temperature for 30 minutes. Copper (I) iodide (20
mmol%) was then added and the mixture was allowed to stir at the adequate tempera-
ture overnight. After this period, the reaction mixture was filtered, the organic phases
were diluted in 50 mL of dichloromethane and washed with water. The organic phase
was dried with anhydrous magnesium sulphate and evaporated. The purple solid was the

chromatographed (silica gel: dichloromethane) affording the desired products.

e Characterization data for (7)

FTIR v(KBr)/cm™: 3478 (OH), 2983 (CH, aliphatic), 1603 (C=C), 1399 (N=C),
1153 and 1103 (N=N);

'"H-NMR (400 MHz, DMSO, 25°C): 1.51 (s, 12H, CHs), 5.61 (s, 2H, OH), 7.70
(d, *Juu=8.30 Hz, 4H, H3’, H3”, H5' and H5”), 8.55 (d, *Jyu= 8.29 Hz, 4H, H2
H2” H6’ and H6”) ppm;

¥C-NMR (100 MHz, DMSO, 25°C): 31.48 (C10’, C11’ and C10”, C117), 63.74
(C9” and C9”), 79.96 (C7" and CT77), 99.47 (C8’ and C87),126.80 (C1’ and C17),
127.75 (C2), €6’ and €27, C6”), 131.32 (C4” and C47), 132.29 (C3’, C5’ and C3”,
C57), 163.00 (C3 and C6) ppm;
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e Characterization data for (8)
FTIR v(KBr)/cm™: 3285 (OH), 3094 (CH, aromatic), 2993 (CH, aliphatic), 1603
and 1589 (C=C), 1399 (N=C), 1106 and 1069 (N=N);
'"H-NMR. (400 MHz, DMSO0,25°C): 1.51 (s, 6H, CHs), 5.60 (s, 1H, OH), 7.69
(d, *Juu=8.38 Hz, 2H, H3” and H5"), 7.91 (d, *Jyu= 8.57 Hz, 2H, H3’ and H5),
8.46 (d,°Jyu= 8.57 Hz, 2H, H2 and H6’), 8.52 (d, *Juu = 8.38 Hz, 2H, H2” and
H6”) ppmy;
¥C-NMR (100 MHz, DMSO, 25°C): 31.48 (C10” and C11”), 63.75 (C9”),
79.95 (C77), 99.51 (C8”), 126.75 (C47), 126.83 (C4), 127.76 (C2” and C6”), 129.51
(C2" and C6’), 131.12 (C1’), 131.29 (C17), 132.30 (C3” and C6”), 132.66 (C3’ and
C6’), 162.72 (C6), 162.94 (C3) ppm;

3.5.3.3 General Procedure for the Deprotection of Acetylide Tetrazines

N=N — NasPO, / KOH N=N
X — X ——H
\N —N/ \ / OH toluene, reflux \N —N/
(7)-X= BL:‘ L4-X= H——

(8)- X=Br L5-X=Br

In a typical procedure, a 50 mL flask containing 20 mL of dry toluene was charged with the
protected acetylene (1 mmol), sodium phosphate (1 eq. per protective group) and sodium
hydroxide (1 eq. per protective group). The mixture was placed in a pre-heated oil bath
at 120 °C and allowed to reflux (see times bellow). After cooling at room temperature,
20 mL of DCM was added and the mixture was filtered to remove the yellowish inorganic
solids. The organic phase was dried with anhydrous magnesium sulphate and evaporated.
The purple solid was the chromatographed (silica gel: dichloromethane) affording the
desired product.
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e Characterization data for L4
Conditions / Yield: reflux overnight, 43%;
FTIR v(KBr)/cm™: 3286 (CC-H);

"H-NMR (400 MHz, DMSO, 25°C): 1.51 (s, 6H, CHs), 4.52 (s, 1H, H8 and
HS8”), 7.80 (d, *Juu= 7.73 Hz, 4H, H3, H3”, H5 and H5”), 8.55 (d, *Jypu= 7.73
Hz, 4H, H2, H2”, H6’ and H6”) ppm;

¥C-NMR (100 MHz, DMSO, 25°C): 55.31 (C8 and C8), 126.27 (C1’ and
C27), 128.17 (C2” and C27), 132.19 (C3’, C3”, C5” and C57), 132.41 (C2’, C2”, C6’
and C6”) ppm;

UV-Vis. (CHClg, Amax/nm (ex10*/ M em™)): 319 (2.5); 549 (0.05)

e Characterization data for L5
Conditions / Yield: reflux 6 hrs., 76%;
FTIR v(KBr)/cm™: 3270 (CC-H);

'"H-NMR. (400 MHz, (CDCl;),25°C): 4.54 (s, 2H, H8'), 7.80 (d, *Jy = 8.00
Hz, H3” and H5”), 7.92 (d, *Jyu= 8.0 Hz, H3’ and H5), 8.47 (d, *Jyu= 8.0 Hz,
H2’ and H6), 8.55 (d, *Jg = 8.00 Hz, H2” and H6”) ppm;

UV-Vis. (CHCl3, Amax/nm (ex10*/ M 'em™)): 328 (3.7); 551 (0.04)
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3.5.4 Synthesis of [CpM(PP)(L)]OTf complexes (L=tetrazine
ligand)

3.5.4.1 Attempt of the synthesis of complexes of general formula [M(7’-
C;H;)(PP)(L1)]OTf

OTf

A mixture of the adequate [M(n’-CsHs)(PP)X] complex (0.5 mmol), TIOTf (1.5 eq.) and
ligand L1 (1.1 eq.) were placed in a degassed Schlenk. Freshly dried dichloromethane
(25 mL) was added and the resulting solution was allowed to stir at room temperature
overnight. An aliquot was extracted and analysed by NMR showing that no reaction
occurred. The solution was then heated to reflux and was left with stirring for another
16hrs. A second aliquot was extracted and analysed by NMR showing the presence of
only decomposition products.

In a second attempt, a mixture of [M(n°-CsHs)(PP)X] (0.5 mmol), TIOTf (1.5 eq.)
and ligand L1 (1.1 eq.) were placed in a degassed Schlenk. Freshly dried dichloromethane
(15 mL) and THF (15 mL) was added and the resulting solution was allowed to stir at 50
°C overnight. An aliquot was extracted and analysed by NMR showing that no reaction

occurred. No further attempts were made.

3.5.4.2 Synthesis of complexes of general formula [M(7°-Cs;H;)(PP)(L2)]

A mixture of the adequate [Ru(n°-CsHjs)(x*-dppe)Cl] (0.5 mmol), TIOTf (1.5 eq.) and
ligand L2 (1.1 eq.) were placed in a degassed Schlenk. Freshly dried dichloromethane

(25 mL) was added and the resulting solution was allowed to stir at room temperature
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overnight. An aliquot was extracted and analysed by NMR showingthe presence of only
decomposition products.

In a similar fashion, a mixture of [M(n°-CsHs)(PPhs3)Cl] (0.5 mmol), TIOTf (1.5 eq.)
and ligand L2 (1.1 eq.) were placed in a degassed Schlenk. Freshly dried dichloromethane
(25 mL) was added and the resulting solution was allowed to stir at room temperature
overnight. The solvent was then removed under reduced pressure and the resulting dark
purple solid was recrystalized by slow diffusion of a dichloromethane/hexane mixture
afforded complex bRuL2 as a purple solid.

Dark red. 361 mg, 62 % yield. v(KBr)/cm™: 2209 and 2173 (N=C).

'H NMR (400 MHz, DMSO, 25C): 2.24 (s, 3H, H6'), 2.43 (s, 3H, HT"), 4.46 (s,
5H, nP-CsHs), 6.21 (s, 3H, H4), 7.14 (t, *Jun= 4.6 Hz, 12H, Hono-Ph), 7.27 (t, *Jyu=
7.3 Hz, 12H, H,ea-Ph), 7.37 (4, 3JH,H: 7.1 Hz, 6H, Hpura-Ph) ppm.

¥C NMR (100 MHz, (CD3),CO, 25C): 12.85 (C6’), 13.79 (C7"), 83.54 (-
C5H5),103.92 (C27), 109.16 (C4’), 115.38 (C3"), 128.56 (¢, 3JC7P = 9.1 Hz, Cpeta-Ph),
130.06 (s, Cpara-Ph), 133.34 (t, *Jop= 10.3 Hz, Copno-Ph), 136.43 (t, 'Jop= 19.2 Hz,
Cipso-Ph), 141.79 (C5’), 150.61 (C3’), 170.37 (C3 and C6) ppm.

UV-Vis. (CHCl3): Amax/nm (ex10*/ M™em™): 357 (2.2), 531 (0.05) .

3.5.4.3 Synthesis of complexes of general formula [M(r°-C;H;)(PP)(L3)]OTf

A mixture of the adequate [M(n°-CsHs)(PP)X] (0.5 mmol), TIOTf (1.5 eq.) and ligand
L3 (1.1 eq.) were placed in a degassed Schlenk. Freshly dried dichloromethane (25 mL)
was added and the resulting solution was allowed to stir at room temperature overnight.
An aliquot was extracted and analysed by NMR showing that the formation a mixture
of mono- and dinuclear complexes. The solvent was evaporated dark red solid was re-
crystalized by slow diffusion of a dichloromethane/hexane mixture affording aRu,L3 and
bRu,L3.

Attempt ofsynthesizing the mononuclear complexes was performed by mixing the ad-
equate (n°-CsHs)Ru(PP)X (0.5 mmol) and TIOTf (1.5 eq.) in toluene (25 mL). Ligand
L3 was added portionwise every two hours and the reaction was allowed to stir at room
temperature overnight. The solvent was evaporated dark red solid was recrystalized by
slow diffusion of a dichloromethane/hexane mixture affording only the dinuclear aRu,L3

and bRusL3. No mononuclear complexes were isolated.

e Characterization data for aRu,L3
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Dark red, 42 % yield. v(KBr)/cm™: 1283 (OT").

'H NMR (400 MHz, DMSO, 25C): 3.04 and 3.14 (m, 4H, CH,), 4.74 (s, 5H,
7P-CsHs), 7.23 (t, *Juu=8.0 Hz, 4H, Howo-Ph), 7.34 (t, *Juu=8.0 Hz, 8H, Hppeta-
Ph), 7.37 (d, *Juu=4.1 Hz, 4H, H3’, H5’, H3” and H5”), 7.47 (t, *Jyu=8.0 Hz, 4H,
Horo-Ph), 7.63 (t, *Juu=8.0 Hz, 4H, Hyu-Ph), 7.95 (d, *Juu=6.5 Hz, 4H, H2,
H6’, H2” and H6”) ppm.

¥C NMR (100 MHz, DMSO, 25C): 84.17 (1°-C5H;), 121.31 (C3’, C5, €3
and C5”), 128.96 (t, *Jep= 9.2 Hz, Cpea-Ph), 129.21 (t, *J¢ p= 10.0 Hz, Copo-Ph),
130.18 (t, *Jop= 9.2 Hz, Cpeta-Ph), 130.70 (t, *Jep= 11.0 Hz, Copno-Ph), 133.27
(Cpara-Ph), 137.27 (C1” amd C17), 159.43 (€2, C6’, €27 and C6”), 162.10 (C3 and
C6) ppm.

UV-Vis. (CHCl3): Amax/nm (ex10*/ M™'em™): 393 (1.2), 507 (1.3), .

e Characterization data for bRu,L3
Dark brown, 34 % yield. v(KBr)/em™: 1270 (OTF).

'H NMR (400 MHz, DMSO, 25C): 4.93 (s, 5H, n7-C5Hs), 7.09 (t, *Jpu=>5.0 Hz,
12H, Hoo-Ph), 7.34 (t, *Juu=7.1 Hz, 12H, Hyeo-Ph), 7.47 (t, *Jyu=8.5 Hz, 6H,
Hpara-Ph), 8.46 (d, *Jyu=4.1 Hz, 4H, H2, H6’, H2” and H6”), 8.96 (d, *Jy =41
Hz, 4H, H3’, H5’, H3” and H5”) ppm

¥C NMR (100 MHz, DMSO, 25C): 86.52 (1°-C5H;), 121.71 (C3’, C5, €3
and C5”), 128.96 (t, *Jep= 9.8 Hz, Cineta-Ph), 128.73 (t, *Jo.p= 10.0 Hz, Cpara-Ph),
133.81 (s, Coro-Ph), 136.43 (t, 'Jep= 22.0 Hz, Cipeo-Ph), 139.47 (C1’ and C17),
151.60 (C2, C6’, C27, C6”), 163.47 (C3 and C6) ppm.

UV-Vis. (CHCl3): Amax/nm (ex10*/ M em™): 371 (0.9), 481 (0.8).

3.5.4.4 Attempt of the synthesis of complexes of general formula [M(7’-
C;H;)(PP)(L4)]OTf

A mixture of Ru(n’-CsH;)(x%-DPPE)CI (0.5 mmol), NH;PFs (1.5 eq.) and ligand L4
(1.1 eq.) were placed in a degassed Schlenk. Freshly dried THF (25 mL) was added and
the resulting solution was allowed to stir at room temperature overnight. An aliquot was

extracted and analysed by NMR showing that no reaction occurred.
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An first attempt to deprotonate the ligand was made by dissolving the L4 (0,1 mmol)
with 2.5 egs. of potassium tert-butoxide in 20 mL of THF. After stirring overnight, an
NMR sample revealed the presence of only the starting materials. In a second attempt,
ligand L4 (0,1 mmol) was dissolved in 25 mL of dried THF and was placed at -50 °C. n-
Butyllithium was added (3 egs.) and the solution was to stir for 30 minutes at -50 °C and
allowed to warm to room temperature. Additional stirring for 1hr. afforded a yellowish
solution. The solvent was removed under reduced pressure. The resulting yellow solid, was
transfered carefully to a second Schlenk containing 0.5 egs of Ru(n°-CsHs)(k*-DPPE)CI
and TIOTTf (0.6 eq.) in 20 mL of dried THF. The reaction was then allowed to stir at
room temperature overnight. The solvent was again removed under reduced pressure and

the solid was analysed by NMR. Results showed only decomposition products.

3.5.4.5 Attempt of the synthesis of complexes of general formula [M(n’-
C;H;)(PP)(L5)]OTf

A mixture of Ru(n’-CsH;)(x*-DPPE)CI (0.5 mmol), NH;PFs (1.5 eq.) and ligand L5
(1.1 eq.) were placed in a degassed Schlenk. Freshly dried THF (25 mL) was added and
the resulting solution was allowed to stir at room temperature overnight. An aliquot was
extracted and analysed by NMR showing that no reaction occurred. The solution was
then heated to reflux and was left with stirring for another 16hrs. A second aliquot was

extracted and analysed by NMR showing.

In a single attempt to deprotonate the ligand, L5 (0,1 mmol) was dissolved in 20 mL
of dried THF and with 1.2 egs. of potassium tert-butoxide were added. After stirring

overnight, an NMR sample revealed the presence of only the starting materials.
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Chapter 4
Suplementar published work

During the period of this Ph.D., other work was performed in collaboration with other
group members of the Organometalic Chemistry Group of Faculdade de Ciéncias da Uni-
versidade de Lisboa and/or with other national and international groups. These works
resulted in the publications of five peer-reviewed papers in international journals, whose
first pages are reproduced in Figures — In this Chapter, the mentioned works
are briefly presented. Four topics are summarized: the experimental determination of the
nonlinear optical properties; the mechanistic studies of a Ring Opening Polymerization
(ROP) reaction; the bond dissociation energies of Ruthenium (II) organometallic com-
pounds ; and finally the charge decomposition analysis Ruthenium (II) organometallic

compounds containing bidentate N,;O and N ,N-heteroaromatic ligands.

4.1 Hyperpolarizability measurement

Hyperpolarizability measurements by hyper-Rayleigh Scattering was performed in the
University of Hamburg, Germany, under the supervision of Prof. Jiirgen Heck. A to-
tal of 27 compounds were analysed for their nonlinear optical properties. Among the
compounds were the three benzo[c]thiophene complexes discussed in Chapter 1. Sev-
eral other n°-monocyclopentadienyliron (IT), ruthenium (IT) and nickel (IT) thienyl-based
organometallic complexes, alongside n°-monocyclopentadienylruthenium(IT) complexes
bearing 4-butoxybenzonitrile and N-(3-cyanophenyl)formamide) as ligands and the binu-
clear iron(II) complex containing the (E)-2-(3-(4-nitrophenyl)allylidene)malononitrile lig-

and were also tested. Except for the case of the binuclear complex and the ruthenium(IT)
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4. Charge Decomposition Analysis Studies

complexes bearing 4-butoxybenzonitrile, Density Functional Theory calculations were per-
formed in order to get a better understanding of the experimental linear and nonlinear
optical data. The front pages of the two manuscripts are reproduced in Figure§4.1] and
4.2l

4.2 Mechanistic Study of ROP

Several other ruthenium (IT) complexes with general formula [Ru(n-CsHs ) (n5-substituted-
arene)| " [PFg | (substituted arene = 2-phenylpyridine, dibenzosuberone and toluene) were
used for the polymerization of e-caprolactone. DFT calculations were undertaken for the
first time in a Ring Opening Polymerization study. Results show that the polymerization
proceeds via a living Activated Monomer mechanism (AM) involving an 1% -n* change of
the coordination mode of the arene ligand.

The front page manuscript is reproduced in Figure 4.3

4.3 Estimation of Bond Dissociation Energies

Theoretical calculations were performed at the density functional theory (DFT) level using
two different functionals (B3LYP and MO6L) to estimate the dissociation energies (D)
of n°-monocyclopentadienylruthenium(II) complexes with N-coordinated ligands. The
obtained D values of RuLy and RuLp were compared with the experimental data. For
the imidazole-derived ligands the energy trend was rationalized in terms of the increasing
extension of the o-donation/m-backdonation effect. The MO6L functional afforded values
of D closer to the experimental values.

The front page manuscript is reproduced in Figured4.4]

4.4 Charge Decomposition Analysis Studies

Density functional theory (DFT) calculations were performed in a 7°-monocyclopentadienyl-
ruthenium(II) complex in with bidentate N,O-heteroaromatic ligands. DFT results showed
that this compound revealed an enhanced metal-ligand binding, strengthened by an elec-
tronic flow from the metal centre to the ¢ bonded ligand, in good accordance with the

experimental data.
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The front page manuscript is reproduced in Figure 4.5
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ABSTRACT: A series of mono (i cyclopentadienyl)metal-
(1) complexes with nitro-substituted thienyl acetylide ligands
of general formula [M(;-CsHs)(L)(C=C{C,H,S},NO,)]
(M = Fe, L = K-DPPE, = 1,2; M = Ru, L= *-DPPE, 2 PPh;,
n=1,2; M=Ni, L = PPh;, n = 1, 2) has been synthesized and
fully characterized by NMR, FT-IR, and UV—Vis spectrosco-
py. The electrochemical behavior of the complexes was
explored by cyclic voltammetry. Quadratic hyperpolarizabilities
(B) of the complexes have been determined by hyper-Rayleigh
scattering (HRS) measurements at 1500 nm. The effect of
donor abilities of different organometallic fragments on the
quadratic hyperpolarizabilities was studied and correlated with
spectroscopic and electrochemical data. Density functional

M = Fe, Ru or Ni; 1 or 2 thienyl rings; R=Ph; R'=Ph, -CH,~

80-224 x 10 esu

theory (DFT) and time-dependent DFT (TDDFT) calculations were employed to get a better understanding of the second-
order nonlinear optical properties in these complexes. In this series, the complexity of the push—pull systems is revealed; even so,
several trends in the second-order hyperpolarizability can still be recognized. In particular, the overall data seem to indicate that
the existence of other electronic transitions in addition to the main MLCT clearly controls the effectiveness of the organometallic
donor ability on the second-order NLO properties of these push—pull systems.

H INTRODUCTION

Organometallic compounds have given rise to a great deal of
interest owing to their application in the field of nonlinear
optics (NLO)."™™" Organometallic complexes (and organic
molecules) have been shown as potential alternatives to the
traditional inorganics due to fast and large NLO response, high
optical damage thresholds, and structural diversity. In
comparison to organic chromophores, organometallics can
offer additional flexibility due to the presence of metal—ligand
charge transfer excitations, usually at low energy and of high
intensity, which are tunable due to the diversity of metal
centers, oxidation states, ligand environments, and coordination
geometries.

In order to obtain high second-order responses (molecular
quadratic hyperpolarizability, ), strongly asymmetric systems

<7 ACS Publications  © 2014 American Chemical Society 4655

are needed. These systems can be obtained by combining a 7-
conjugated chain with electron donor and/or acceptor groups
(D-z-A) in which metal centers can behave either as acceptor
or donor groups by simply varying the metal and/or its
oxidation state. During the last two decades, it has been found
that high f values could be found for molecules in which the
metal center is coplanar with the 7z-conjugated chain.
Concerning this feature, systematic studies were made by our
group and others on mono(if-cyclopentadienyl)metal and
pseudo-octahedral complexes with benzene- or thiophene-

Special Issue: Organometallic Electrochemistry
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Figure 4.1: Front page of Silva et al.
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A series of new ruthenium(Il) complexes of the general formula [Ru(n>-CsHs)(PP)L)][PFs] (PP DPPE or
2PPhg, L 4-butoxybenzonitrile or N-(3-cyanophenyl)formamide) and the binuclear iron(Il) complex
[Fe(n57C5H5)(PP)(qu)(PP)(nng\H5)Fe][PFE]Z (L (E)-2-(3-(4-nitrophenyl)allylidene)malononitrile, that
has been also newly synthesized) have been prepared and studied to evaluate their potential in the
second harmonic generation property. All the new compounds were fully characterized by NMR, IR and
UV—Vis spectroscopies and their electrochemistry behaviour was studied by cyclic voltammetry.
Quadratic hyperpolarizabilities (8) of three of the complexes have been determined by hyper-Rayleigh
scattering (HRS) measurements at fundamental wavelength of 1500 nm and the calculated static gp
values are found to fall in the range 65—212 x 10~>° esu. Compound presenting 8 212 x 107C esu has
revealed to be 1.2 times more efficient than urea standard in the second harmonic generation (SHG)
property, measured in the solid state by Kurtz powder technique, using a Nd:YAG laser (1064 nm).

®© 2013 Elsevier B.V. All rights reserved.

1. Introduction

There is current research interest in the development of second-
order nonlinear optical (NLO) materials exhibiting large first
hyperpolarizabilities 8 because of their applications in laser fre-
quency conversion, optical parameter oscillators and signal
communication and the inherent employ in electrooptic devices
[1-9]. The most intensively studied NLO chromophores are based
in highly polarizable conjugated backbones presenting an electron
donor and an acceptor group attached to both ends of the backbone
in order to create an asymmetric “push—pull” system. Coordination
of such systems to organometallic moieties bring additional pos-
sibilities te enhance high hyperpolarizabilities due to the eccur-
rence of low energy ligand to metal or metal to ligand charge
transfer. In this frame, the organometallic moiety forms an alter-
native type of donor or acceptor group for the traditional push—pull
system. Additional advantages of complexes are related with the

* Corresponding author. Tel: +351 217500972; fax: +351 217500088.
E-mail address: lena.garcia@fcul. pt (M.H. Garcia).

0022-328X/$ — see frent matter @ 2013 Elsevier B.V. All rights reserved.
http:/fdx.doi.orgf10.1016/j jorganchem 2013.02.028

variation of coligands that can fine tune the energy of these charge
transfer transitions besides the introduction of other variables
related with size, nature and redox ability of the transition metal.

Our approach in the search of organometallic molecular mate-
rials with strong NLO properties has been based on “MCp” piano-
stool structures where the chromophores are linked to the metal
centre (Fell, Rul!, Nil' and Co') by functional groups such as nitrile
(N=C) or acetylide {C=C) that allow interactions of the suitable
metal d orbitals with the two 7 sets of orthogonal = and * orbitals
of the functional group, leading consequently to an extension of the
m-electron system between the metal and the terminal donorf
acceptor substituting group of the ligand. Experimental values of
the hyperpolarizabilities obtained by Hyper Rayleigh Scattering
measurements were corroborated by our theoretical calculations,
showing that “FeCp” and “RuCp” were the best partners for this
kind of interaction, behaving more efficiently as electron donors
than the traditional donor groups (such as alkyl substituted amine
groups) [10]. Within this prospective to search for a large NLO
response in molecular materials, we continue to explore the
field and we repert here our recent results concerning four new
compounds. As new approaches for structural diversity and

Figure 4.2: Front page of Valente et al.

(DOL: 10.1016/j.jorganchem.2013.02.028)
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A series of ruthenium(ll) complexes with the general formula [Ru(n®-CsHs) (m°®-substituted
arene)|*[PFs|~ (substituted arene = 2-phenylpyridine (1), dibenzosuberone (2) and toluene (3)), in com-
bination with isopropyl alcohol were used for the polymerization of e-caprolactone. The polymerization
was found to be quantitative and controlled, with PDI in the range 1.1-1.3. By means of MALDI-ToF analy-
ses, functionalization studies with p,L-lactide and NMR monitoring techniques, it has been found that the
polymerization proceeds via a living Activated Monomer mechanism (AM) involving an m°-m* change of
the coordination mode of the arene. These experimental results were corroborated by DFT studies. The
growth of several polymer chains per ruthenium atom highlights interesting potentialities for molecular
weight control and catalyst economy. The stability of the ruthenium complexes allows their recovery at
the end of the polymerization, which can be viewed as a further advance in a green chemistry frame.

Keywords:
g-Caprolactone polymerization
ROP

Activated Monomer mechanism
Mixed sandwich

Ruthenium(Il) complexes
Density Functional Theory

1. Introduction

Ring-opening polymerization (ROP) of polar monomers has
an important impact in modern polymer chemistry due to the
widespread medical applications, biocompatibility and biodegrad-
ability of the final polymers [1]. The catalysts used more often in
this type of polymerization are mainly based on oxophilic metal
derivatives, containing tin [2], aluminum [3,4], lithium [5], tita-
nium [6] and rare earths [4,7]. Their activity relies on their ability
to form active species, which depends on the involved mechanism.
While in classical living ROP one initiator leads to the growth of
one polymer chain, via Coordination Insertion (CI) [4,8] and Acti-
vated Monomer (AM)[1a,9—17] based ROP several macromolecular
chains can be generated per initiator. In this case the initiator
becomes a true “catalyst”. This is achieved via introduction of pro-
tic compounds in addition to the catalyst, mostly alcohols. Transfer
reactions are then occurring, as reported in the pioneering work
of Inoue et al. [18]. Chain-end functionalization and catalyst econ-

* Corresponding author. Tel.: +351 936269186; fax: +351 217500088.
E-mail address: lena.garcia@fc.ul.pt (M.H. Garcia).

1381-1169/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2011.06.015

© 2011 Elsevier B.V. All rights reserved.

omy can thus be achieved via these pathways. Although ruthenium
based catalysts are nowadays very well established [19], their use
in ring-opening polymerization of lactones is still an emerging
field [20]. It is known that ruthenium complexes display a great
variety of properties, such as high electron transfer ability, high
Lewis acid properties and stability of reactive metallic species
which make this metal a good candidate to this chemistry. The
ability for transfer reactions to alcohols in e-caprolactone poly-
merization was observed using the RuCl,(PPhs);/1,3-propanediol
system (T=150°C; 30h) via a Coordination-Insertion mecha-
nism [20a]. The same authors also studied the ligand influence
in the ruthenium sphere of coordination using TpRuCI(L)(L")
complexes (Tp =HB(pz); = hydrotris(pyrazolyl)borate, L=
L=PPh3 and L' =PHPh,, L=L’'=PMe,Ph, L=PPh3 and L’ =PMe,Ph)
[20Db]. Better catalytic activities were obtained using these catalysts
instead of RuCl,(PPhs);, together with the occurrence of trans-
fer reactions to alcohols. Finally, another research group studied
a more simple catalytic system based on ruthenium(III) chloride in
bulk, which suggested an Activated Monomer mechanism [20c].
In this paper we have performed the ring-opening polymeriza-
tion of e-caprolactone using three Ru(II) cationic complexes of the
general formula [Ru(m-CsHs )(m®-substituted arene)]*[PFs]~ (sub-
stituted arene =2-phenylpyridine (1), dibenzosuberone (2), and

Figure 4.3: Front page of Valente et al.

(DOI: 10.1016/j.molcata.2011.06.015)
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RATIONALE: The gas-phase behaviour of six Ru(ll) cyclopentadienyl-derived complexes with N-coordinated
ligands, compounds with antitumor activities against several cancer lines, was studied. This was performed with
the intent of establishing fragmentation pathways and to determine the Ru-Ly and Ru-Lp ligand bond dissociation
energies. Such knowledge can be an important tool for the postulation of the mechanisms of action of these
anticancer drugs.

METHODS: Two types of instruments equipped with electrospray ionisation were used (ion trap and a Fourier transform
ion cyclotron resonance (FTICR) mass spectrometer). The dissociation energies were determined using energy-variable
collision-induced dissociation measurements in the ion trap. The FTICR instrument was used to perform MS" experi-
ments on one of the compounds and to obtain accurate mass measurements. Theoretical calculations were performed
at the density functional theory (DFT) level using two different functionals (B3LYP and MO6L) to estimate the dissocia-
tion energies of the complexes under study.

RESULTS: The influence of the Ly on the bond dissociation energy (D) of RuCp compounds with different nitrogen ligands
was studied. The lability order of Ly was: imidazole < 1-butylimidazole < 5-phenyl-1H-tetrazole < 1-benzylimidazole.
Both the functionals used gave the following ligand lability order: imidazole < 1-benzylimidazole < 5-phenyl-1H-tetrazole
1-butylimidazole. It is clear that there is an inversion between 1-benzylimidazole and 1-butylimidazole for the experimental
and theoretical lability orders. The MO6L functional afforded values of D closer to the experimental values. The type of
phosphane (Lp) influenced the dissociation energies, with values of D being higher for Ru-Ly with 1-butylimidazole when
the phosphane was 1,2-bis(diphenylphosphino)ethane. The Ru-Lp bond dissociation energy for triphenylphosphane was
independent of the type of complex.

CONCLUSIONS: The D values of Ru-Ly and Ru-Lp were determined for all six compounds and compared with the
values calculated by the DFT method. For the imidazole-derived ligands the energy trend was rationalized in terms of
the increasing extension of the c-donation/n-backdonation effect. The bond dissociation energy of Ru-PPh; was
independent of the fragmentations. Copyright © 2012 John Wiley & Sons, Ltd.

Ruthenium compounds have attracted a great deal of
attention largely because of their ability to inhibit the growth
of cancer cells. Biological studies carried out in vitro and
in vivo revealed that ruthenium-containing compounds were
interesting potential candidates for anticancer drugs."®! An
important topic of research is the interaction of these

. _______________________________________________________|]
* Correspondence to: P. J. A. Madeira, Centro de Quimica e
Bioquimica, Departamento de Quimica e Bioquimica,
Faculdade de Ciéncias da Universidade de Lisboa, Campo
Grande, 1749-016 Lisboa, Portugal.
E-mail: pmadeira@fc.ul.pt

 These authors contributed equally to this work.

compounds with DNA and serum proteins in order to
understand the possible mechanisms of action. A
fundamental issue for these studies is the ligand exchange
chemistry inherent to the Ru-coordination compounds,
knowledge of which will certainly help in the overall
understanding of the process. Thus, studies of the metal-
ligand bond strength together with preferred pathways
for fragmentation of the potential drug candidates can
be an important tool for determining their mechanisms of
action.

Electrospray ionization (ESI) is a useful technique for
the study of organometallic compounds in the gas phase.
This techniquel”® has gained recognition as a versatile
way of transferring intact organometallic complexes from

Rapid Commun. Mass Spectrom. 2012, 26, 1675-1686

Copyright © 2012 John Wiley & Sons, Ltd.

Figure 4.4: Front page of Madeira et al.
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A new family of “RuCp” {Cp =mn°-CsHs) derivatives with bidentate N,0 and N,N'-heteroaromatic ligands revealed
outstanding cytotoxic properties against several human cell lines namely, A2780, A2780CisR, HT29, MCF7,
MDAMB231, and PC3. IC5q values were much lower than those found for cisplatin. Crystal structure of compound
4 was determined by X-ray diffraction studies. Density functional theory (DFT) calculations performed for
compound 1 showed electronic flow from the ruthenium center to the coordinated bidentate ligand, in agreement
with the electrochemical studies and the existence of a metal-to-ligand charge-transfer (MLCT} band evidenced by

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Study of ruthenium organometallic complexes became, in the
recent years, a particular attractive area for the search of new
antitumor drugs. The advantage of ruthenium based pharmaceuticals,
relatively to antitumor platinum(Il} complexes currently used in clinic
[1-4], can derive on the reduced toxicity of ruthenium compounds.
This crucial feature can be originated on the ability of ruthenium to
mimic the iron in binding to biological molecules. Furthermore, the
non-cross-resistance and a novel mechanism of action found for
ruthenium complexes [5,6] in cisplatin-resistant cancer cells together
with the prospect of a different spectrum of activity [7,8], put forward
this promising area of research.

Our studies in this field, pioneered the family of ‘Ru(m>-CsHs )’ based
complexes as presenting potent cytotoxicity against a range of human

* Corresponding author at: Faculdade de Ciéncias da Universidade de Lisboa, Edificio
(8, Campo Grande, 1748-016 Lishoa, Portugal. Tel: +351 217500972; fax: +351
217500088.

E-mgaif address: lena.garcia@fc.ul.pt (MH. Garcia).

0162-0134/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j jinorghio.2012.04.014

tumor cell lines [9-11] together with the extensively studied families of
compounds based on ‘Ru(r\®-arene)’ fragment [12-21]. In addition, the
compounds derived of ‘Ru(1>-CsHs}(COY with pyridocarbazole ligands
revealed strong and selective inhibitors of protein kinases GSK-3 and
Pim-1 [22,23] showing also their potentiality as anticancer drugs.
Therefore, an important prospective is certainly foreseen for ruthenium
half sandwich structured complexes. In fact, the stabilization of the
metal center by an aromatic ligand such as ‘m*-CsHs' or ‘n°-CsHe
occupying three coordination positions, constitutes the base for the
design of these molecules. The remaining coordination sites can be used
by the ligand that can impart the required antitumor activity together
with ligands that can control the electronic properties at the ruthenium
center.

We have been interested in the coordination of N-heteroaromatic
molecules to ‘Ru(m>-CsHs) systems and particularly for the complex
with the N,N'-bipyridyl bidentate ligand we found interesting properties
of stability aside the excellent cytotoxicity against several cancer cell
lines [11], thus suggesting the effectiveness of a chelate ligand for our
purpose. Having this in mind, our strategy was then the selection of
some N,0-heteroaromatic molecules, which present other coordination
sites than nitrogen, as bidentate ligands. We found that this new

Figure 4.5: Front page of Morais et al.
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Chapter 5

Experimental

5.1 Characterization Methods

Commercial reagents were used without further purification. Monocyclopentadiene was obtained by ther-
mal cracking of dicyclopentadiene and used immediately. All organometallic synthesis were carried out
under nitrogen atmosphere using Schlenk techniques. The solvents used were dried and distilled according
to common literature procedures.!! Organometallic starting materials were prepared following the meth-
ods described in the literature: (7°-CsHs)Fe(x2-dppe)l],? (n°-CsHs)Ru(PPhs),Cl and (7°-CsHs)Ru(k2-
dppe)CL.53

5.1.1 Spectroscopic Techniques

FT-IR spectra were recorded in a Mattson Satelite FTIR spectrophotometer in dry KBr pellets. The

1 yesolution.

spectra were obtained by accumulation of 32 scans with a 1 cm™

UV-Vis spectra were recorded in a Jasco V-660 in using quartz cells in the range of 200-900 nm. All
used solvents were spectroscopic grade or dried and distilled prior to use.

'H , ¢ and *'P-NMR spectra were recorded on a Bruker Avance 400 spectrometer at probe tem-
perature using comercialy available deuterated solvents. The 'H and "C chemical shifts (s = singlet; d
= duplet; t = triplet; m = multiplet for 1H) are reported in parts per million (ppm) downfield from the
residual solvent peak and the 3P NMR spectra are reported in ppm downfield from external standard,
85% H3PO,4. Coupling constants are reported in Hz. All assignments were attributed using HMBC,

HMQC and COSY 2D-RMN techniques.

5.1.2 Hyper-Rayleigh Scattering (HRS)

First hyperpolarizabilities () measurements were performed at a fundamental wavelength of 1500 nm as

described elsewhere, using a Q-switched Nd:YAG laser operating in the 10 Hz repetition range.# Fluo-
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5. ELEMENTAL ANALYSIS (EA)

rescence checks were made by replacement of the interference filter at the entrance of the photomultiplier
tube using filters with the transmittances at 650, 700 and 800 nm. The 1072 — 10~® M chloroform
solutions of the complexes were placed into a 4 cm long fluorimetric cell, after being carefully filtered
through a 0.2 pm filter in order to eliminate the white light noise resulting from microburning of any the
remaining dust particles by the incoming laser beam. Disperse Red 1 (DR1) was used as external stan-
dard and was measured also in chloroform solutions. The reference hyperpolarizability of DR1 in CHCl3
was measured by comparison of the slopes of I, vs. concentration plots of the standard in CH»Cl,
and CHCIl3. Using the hyperpolarizability of DR1 in dichloromethane (8pr; (CH2Cly) = 70 x 10—3°
esu the hyperpolarizability of DR1 in CHCl; was estimated to be 80 x 10730 esu, which is very close to
the published value of 74 x 10730 esu.* Assuming that the scattering contribution from the solvent is

negligibly small, this external reference method is used to calculate the 8 values of complexes according
to equation [5.4k

Ssam e
B=1% fl X Bref. (5.1)

where S is the slope of the appropriate I, vs. concentration plot and B,.. is the orientational

average of the first hyperpolarizability of the reference sample.

5.1.3 Cyclic Voltammetry (CV)

Electrochemical measurements were performed on an EG&G Princeton Applied Research Potentiostat-
Galvanostat Model 273A equipped with Electrochemical PowerSuite v2.51 software for electrochemical
analysis, in anhydrous dichloromethane or acetonitrile with tetrabutylammonium hexafluorophosphate
(0.1 M) as supporting electrolyte. The electrochemical cell was a home made three electrode configuration
cell with a platinum-disc working electrode (1.0 mm) probed by a Luggin capillary connected to a silver-
wire pseudo-reference electrode and a platinum wire auxiliary electrode. All experiments were performed
in nitrogen atmosphere at room temperature. All the potentials reported were measured against the
ferrocene/ferrocenium redox couple as internal standard and normally quoted relative to SCE (using
the ferrocenium/ferrocene redox couple Ep; o, = 0.46 or 0.40 V versus SCE for dichloromethane or
acetonitrile, respectively).” The electrochemical grade electrolyte was purchased from Aldrich Chemical
Co. and stored under nitrogen atmosphere. All used solvents were dried, purified by standard procedures

and distilled under nitrogen atmosphere before use.

5.1.4 Elemental Analysis (EA)

Elemental analyses were obtained at Laboratério de Andlises, Instituto Superior Técnico, using a Fisons
Instruments EA1108 system. Data acquisition, integration and handling were performed using a PC with
the software package EAGER-200 (Carlo Erba Instruments).
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5.2 Density Functional Calculations

All calculations were performed at the DFT level using the Gaussian 09 package”. The BSLYP (Beckes
three parameter functional with Lee-Yang-Parr exchange-correlations) CAM-B3LYP (Coulomb-attenuating
method applied to B3LYP) and MO06 functionals were used for the calculations.®4 As a compromise
between accuracy and computational effort we have adopted the 6-31G* basis set (for geometry opti-
mizations) and the 6-31+G* basis set (for the calculation of hyperpolarizabilities) for C, H, N, O and
H and the LANL2DZ effective core potential basis set for S, P, Fe and Ru .*2* In the case of the hy-
perpolarizability calculations the LANL2DZ basis set was also augmented with a polarization function
(exponents of 0.496 and 0.364) and a diffuse function (exponents of 0.0347 and 0.0298) for elements S and
P, respectively. 1415 Geometry optimizations were performed without any symmetry constraints. In all
cases, the Hessian was computed to confirm the stationary points of the potential energy surfaces (PES)
as true minima. In the case of the oxidized and reduced species, spin unrestricted calculations were
done. Condensed phase calculations were performed using the Polarizable Continuum Model (PCM) as
implemented in Gaussian.!® The static first hyperpolarizability, B;o; and Bgrs, for all compounds were

calculated as implemented in the Gaussian 09 program package by using the following equation:

Bro =/ B2 + By + B2 (5.2)

with
1 . ..
Bi = gZ( le+ﬁ1jj +sz;k)a with 27]71{7:1:7:[/72 (53)
and
(Bhrs) = (Brzz) + (Bxzz) (5.4)
with

6ZZZ Zﬁuz Zﬁ”lﬁl]] 35 ZB“] Z ﬁz]k (55)

z;aé] zgk cyclic

BXZZ 35 ZBZ“ - 105 Z/Blllﬁljj 105 ZBHJ
i#j i#£j

e Y BBt aB

ijk,cyclic

Time-dependent density functional theory (TD-DFT)1%18 was used to compute the electronic spectra
of the studied molecules applying the same theory level and basis sets used for the calculation of the
hyperpolarizabilities. The first 24 lower excitation energies were computed in the case of Chapter 2
whereas 120 lower excitation energies was used for Chapter 3. The simulated absorption bands were

obtained by convolution of Gaussian functions centred at the calculated excitation energies using the
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5. Density Functional Calculations

GaussSum (version 2.2.4) software.1? Chemcraft program (version 1.6) was used for the visualization of

the computed results, including the representation of the geometries and the orbitals.
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Chapter 6

Conclusion

The main goal of this thesis was the synthesis, characterization and density functional studies of novel 7°-
monocyclopentadienyl complexes for molecular nonlinear optical switching purposes. Two dierent families
of ligands, benzo[c|thiophene and s-tetrazine based chromophores, were synthesized giving a total of seven
compounds. The further coordination to 7°-monocyclopentadienyliron(II) and/or ruthenium(IT) metal
centres afforded six novel organometallic compounds.

The synthesis of the benzo[c|thiophene ligands have proven to be troublesome in the sense that
the achievement of the core structure was challenging. Subsequent functionalization of the core with the
initially intended acetylene linker was unsuccessful due to a failure in the bromination reactions step. Co-
ordination to the metal centres was hence made by a nitrile linkage. Insertion of an electron-withdrawing
nitro group in view to obtain more asymmetric structures was also unsuccessful. The nonlinear opti-
cal properties of the synthetized complexes, besides a series of other families of complexes mentioned in
Chapter 4, were studied by hyper-Rayleigh scattering in the University of Hamburg during a stay of three
months. Based of density functional theory calculations, all the studied complexes present electronic
features that distinguish them among the existent compounds with nonlinear optical redox-switching
properties. In particular, the results showed that, upon one-electron oxidation, the hyperpolarizabilities
are predicted to be enhanced, contrarily to the usually accepted behaviour that is a diminishing of this
property. Unfortunately the oxidation form of the complexes was found to be unstable to allow the
evaluation of the experimental nonlinear optical redox-switching properties and to confirm the predicted
behaviour from theoretical studies.

Future perspectives in this benzo[c|thiophene based complexes include the synthesis of complexes with
enhanced stability, the determination of the hyperpolarizabilities of both the oxidized and non-oxidized
isolated complexes, or generated in situ during experimental hyperpolarizability determination, and the
measurement of the bulk nonlinear optical properties of both the oxidized and non-oxidized species. The
stability of the oxidized form complexes can be achieved by several ways keeping in mind the stabilization
of the metal centre in a higher formal oxidation state, namely using the n°-pentamethylcyclopentadienyl
moiety, insertion of good electron-donor substituents in the chromophore and fine tune the electron
density at the metal centre by varying the co-ligands.

Tetrazines recently rebirth to the eyes of chemists. Their nonlinear optical properties are fairly un-
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known and a deep exploitation either in their spectroscopic or electrochemical properties is still required.
The present work provided new compounds that are one of the few examples of non-polymeric linear
tetrazine based complexes. As far as this work is concerned, it is the only dealing with the NLO-switching
properties of tetrazine-based organometallic compounds.

The major flaw of this work is the lack of the electrochemical properties of the synthesized tetrazine
compounds which would greatly improve the overall results, in particular the investigation of the re-
versibility of the redox processes that allows to give an insight of the stability of the oxidized species and
enable a switch to be obtained. Also, the experimental hyperpolarizabilities could not be measured. How-
ever, the nonlinear optical redox-switching properties of some of the studied compounds were evaluated
by density functional theory calculations. Results show that NLO molecular switches bearing tetrazine
rings can be developed. As for the benzo|c|thiophene based complexes, the results showed that, upon
one-electron oxidation, the hyperpolarizabilities are predicted to be significantly enhanced, depending on
the chromophore structure, contrarily to the mentioned usually accepted behaviour.

Currently, the classification of the nonlinear optical switching mechanisms by redox means is based
on molecules that possesses highly asymmetric structures in their non-oxidized form. In this work, If
the theoretical data of the present work could be confirmed by experimental results in the near future,
this work could prove that it is also possible to achieve efficient nonlinear optical redox switches based
on symmetric (or less asymmetric) structures in their non-oxidized form. So far, this kind of strategy
is much less studied in this field and future perspectives could be envisaged to keeping efforts in this

strategy, also exploring other m-spacers and/or donor and acceptor groups.
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