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ABSTRACT 

 

DIPOLD, J. Two-photon absorption studies in organic compounds and 

polymers. 2019. 116 p. Thesis (Doctor in Science) – Instituto de Física de São 

Carlos, Universidade de São Paulo, São Carlos, 2019. 

 

High two-photon absorption (2PA) cross-section materials have been frequently 

studied during the latest years due to the wide variety of technological applications, 

such as two-photon absorption microscopy (2PM) and microfabrication. The 

characterization of new materials with high nonlinearities is, therefore, indispensable 

to develop new applications and improve previously existing ones. Here, three 

different groups of novel organic compounds had their nonlinearities characterized 

through two-photon absorption measurements: fluorenone based compounds, which 

are usually used in two-photon absorption microscopy; BF2-naphthyridine (BODIPY) 

complexes, which have a wide range of applications, from solar cells to 

photodynamic therapy; and binaphthalene-based polymers, with structures built to 

generate large nonlinearities through inherent chirality. All compounds had their two-

photon absorption spectra studied through absorptive Z-Scan, with density functional 

theory (DFT) calculations made to interpret the results for the first two groups of 

compounds, and polarization controlled measurements made for the polymers. The 

highest 2PA cross-section presented by the fluorenone-based compounds was of 

224 GM at 710 nm, large and within the wavelength range for 2PM applications; for 

the BODIPYs, the largest observed cross-section was of 268 GM at 990 nm, of the 

same order of magnitude of more complex compounds; and 680 GM at 1100 nm for 

the polymer, showing a high cross-section as expected from its structure. The 

desired applications for the studied molecules were shown valid, and their 

characterization gave a better understanding of how to increase their nonlinearities 

depending on the compound manufacture. 

 

Keywords: Z-Scan. Nonlinear optics. Organic compounds. Two-photon absorption. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

RESUMO 

 

DIPOLD, J. Estudos de absorção de dois fótons em moléculas orgânicas e 

polímeros. 2019. 116 p. Tese (Doutorado em Ciências) – Instituto de Física de São 

Carlos, Universidade de São Paulo, São Carlos, 2019. 

 

Materiais com grande seção de choque de absorção de dois fótons (2PA) tem sido 

estudados com frequência nos últimos anos graças a ampla variedade de aplicações 

tecnológicas, tais como microscopia por absorção de dois fótons (2PM) e 

microfabricação. A caracterização de materiais com altas não-linearidades é, 

portanto, indispensável para o desenvolvimento de novas aplicações e para o 

aprimoramento das técnicas já existentes. Aqui, três diferentes grupos de novos 

compostos orgânicos tiveram suas não-linearidades caracterizadas através de 

medidas de 2PA: compostos baseados em fluorenona, geralmente utilizados em 

2PM; compostos baseados em BF2-naftiridina (BODIPY), que possuem grande 

variedade de aplicações, desde células solares até terapia fotodinâmica; e polímeros 

baseados em binaftaleno, com estruturas sintetizadas para gerar altas não-

linearidades através de sua quiralidade inerente. Para caracterizar o espectro de 

2PA de todos os compostos a técnica de Z-Scan absortiva foi utilizada, com cálculos 

de funcional densidade (DFT) realizados para corroborar os resultados obtidos para 

os dois primeiros grupos de compostos, e medidas com controle de polarização 

foram realizados para o estudo dos polímeros. A maior seção de choque obtida para 

as fluorenonas foi de 224 GM em 710 nm, alta e dentro do comprimento de onda 

necessário para as aplicações de 2PM; para os BODIPYs, a maior seção de choque 

observada foi de 268 GM em 990 nm, da mesma ordem de magnitude que 

compostos mais complexos que os estudados; e 680 GM em 1100 nm para o 

polímero, mostrando um valor alto como esperado por sua estrutura. Com isso, 

demonstramos que as moléculas estudadas possuem as aplicações desejadas, e 

sua caracterização permitiu uma melhor compreensão de como aumentar suas não-

linearidades dependendo da engenharia dos compostos. 

 

 



 

 

Palavras-chave: Z-Scan. Ótica não-linear. Compostos orgânicos. Absorção de dois 

fótons.
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1 Introduction 

 

1.1 Nonlinear light-matter interaction 

 

One of the most significant events in physics during the 20th century was the 

development of the quantum theory of light-matter interaction. In such theory light is 

treated as photons, while matter consists of either molecules or atoms. When they 

interact, there is an energy exchange between them that can be described either by 

photons absorption or emission processes. At first, only one-photon interactions were 

studied since they could be easily seen in regular laboratory conditions and in daily 

life.1 In a general form, the one-photon absorption process can be described as the 

energy of a single photon being absorbed by a molecule (or atom) that makes a 

transition from a lower to a higher energy level. For an emission process, the 

molecule emits a photon upon transitioning from a higher energy level to a lower one. 

Since energy must be conserved, the energy difference between the levels involved 

in these processes has to be the same of the incident or emitted photon.  

This interaction of matter with light can be, in general, described by the 

induced polarization (�⃗� ) in the optical media when an electric field �⃗�  is applied. For 

one-photon processes, the applied electric field is much smaller than the interatomic 

electric field (which has ~ 5.14×10
11

 m/V), and its polarization is given by2  

 

 �⃗� (𝑡) = 휀0𝜒
(1) ∙ �⃗�  (1.1) 

   

 

Such polarization describes the  linear optics regime, in which  it is possible 

to obtain the first order susceptibility 𝜒(1) of the material, which is directly related to its 

refractive index and linear absorption.3 

Another possible situation occurs when the electric field applied to the 

material is of the order of the interatomic field. Under this condition, the charges are 

perturbed in a non-harmonic way, which leads to nonlinear effects that are felt by the 

electric field itself. In this case the induced polarization of the media is no longer 
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linear with the electric field, and the response of the material becomes dependent of 

the electric field as well. This polarization can be described approximately as2 

 

 �⃗� (𝑡) = 휀0(𝜒
(1) ∙ �⃗� + 𝜒(2): �⃗� 2 + 𝜒(3) ⋮ �⃗� 3 + ⋯) (1.1) 

   

in which the first term is related to the linear polarization while the others give rise to 

the nonlinear effects in the material. From Eq. (1.1), the terms 𝜒(2) and 𝜒(3) are the 

nonlinear optics susceptibility of second and third order, respectively. These non-

linear terms act as new electric field generators for the material. 𝜒(2) is a third order 

tensor and its magnitude describe second order processes, such as second 

harmonic generation (SHG) and frequency sum generation. This term generates two 

electric fields contributions, one independent of frequency, which shows that when a 

material with second-order non-linearity is irradiated by light a constant polarization 

should appear, known as optical rectification; and one dependent of 2ω, which is 

responsible for the second harmonic generation. 𝜒(3) is a fourth order tensor, and 

describes third order processes, which may give, for instance, responses with 

frequencies at ω and 3ω. In the first case, the electric field describes a nonlinear 

contribution for the polarization of the same frequency as the incident electric field, 

which gives a nonlinear contribution for the refractive index. A temporary change in 

the refractive index happens, and this effect is called as Kerr effect. The term with 3ω 

is responsible for the third harmonic generation. 𝜒(3) is also related to nonlinear 

absorption, more specifically to the two-photon absorption process, by making the 

absorption coefficient become dependent on the light intensity. 

 

1.2 Nonlinear phenomena 

 

In 1931, after the quantum light-interaction theory was further developed, the 

multi photonic absorption was finally proposed. Marie Göppert-Mayer,4 during her 

phD studies under the supervision of the German physicist Max Born, showed 

theoretically the existence of a new absorptive phenomenon, where two-photons 

caused a transition between two excited states instead of a single one. To prove this, 

she proposed the existence of a virtual intermediate state, based on the quantum 

theory of light-matter interaction.  In this process, two or more photons that do not 
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present necessarily the same frequency are absorbed by a material in the same 

quantum event. The real state accessed by these photons has the energy 

corresponding to the sum of the energy of the incident photons. However, since the 

probability of this effect occurring is small and there is neeed of a high intensity light 

source to observe it, it could not be experimentally observed until the laser 

development in 1960 by Maiman. In 1961, Kaiser and Garret5 reported the first 

observation of a two-photon absorption (2PA) transition, confirming Göppert-Mayer 

prediction. 

The multi-photon absorption efficiency depends on the wavelength and on 

the material itself, being similar to the one-photon absorption. However, for the two-

photon absorption, the transition rate increases with the square of the photon number 

per unity of area and time. This nonlinear dependency with the light intensity is 

responsible for several properties that allows different applications for 2PA. One of 

these properties is the spatial confinement, which is a tridimensional inherent 

property that comes from the nonlinear dependency with the intensity that allows, for 

example, that a process only occurs in the focal volume of a strongly focalized light 

source within a sample. This has given rise to several applications, described in the 

next subsections. 

 

1.2.1 Microfabrication through two-photon polymerization 

 

The 2PA process, thanks to its spatial confinement, allows the possibility of 

activating physical or chemical processes with high spatial resolution. With that, the 

two-photon polymerization technique became extensively studied due to the 

possibility of fabricating microstructures with resolution smaller than the light 

diffraction limit.6-7 The technique consists of a high intensity laser beam focalized in a 

photosensitive resin, which only solidifies at the center of the focal spot of the beam. 

There, the resin is solidified by the interaction with light, which can be moved across 

the xyz axes, making complex shapes with high resolution.8 Examples of structures 

made through two-photon polymerization can be seen on Figure 1.1. The structures 

produced can have resolution below the light diffraction limit, due to the nonlinear 

effects and the polymerization limit.9  
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Figure 1.1 - Scanning electron image of structures made through two-photon polymerization. 
Source: Adapted from KONIG.

10
  

 

1.2.2 Two-photon absorption microscopy 

 

Standard one-photon microscopy uses UV light (around 350 nm) to excite 

fluorophores within materials to collect their fluorescence. The obtained images are 

only of superficial depth, and due to the UV wavelength used, functioning living cells 

can be degraded, pointing out for the development of a new kind of microscopy to 

improve these conditions.11 

Two-photon microscopy was proposed by Webb et al. in 1990,12 and is 

based on generating smaller wavelengths from longer ones to produce high quality 

three dimensional images. Since it uses near infra-red (IR) radiation, the depth the 

light can reach increases and there is no clear damage caused by it, even in living 

cells. This technique consists of adding a fluorescent dye to the sample, which is 

then excited by a laser pulse in the IR region by a focused beam. This focusing gives 

a high intensity to the light source, allowing the fluorophore to absorb two-photons 

instead of one to reach its excited state, emitting light in the visible region. This light 

is collected and processed, and produces a smaller noise-to-signal ratio than the 

one-photon microscopy.13-14 This technique helps to increase the resolution of the 

images thanks to its spatial localization property, which gives more detailed images. 

Also, due to the emission wavelength being very different from the absorbed one, it is 

easier to filter the wavelength that does not belong to the fluorescence signal. 

Advances on two-photon microscopy are only made with the development of high 

two-photon absorption cross-section fluorophores,15-16 necessary to increase the 

fluorescence of the cells and, as consequence, its resolution. Figure 1.2 shows a 

multidimensional two-photon microscopy image of living cells, produced with a 100 
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mW laser focused on a 0.5 μm spot within the sample, with 100 fs pulses every 10 

ns. 

 

 

Figure 1.2 - Multidimensional two-photon microscopy images of (a) an intact lymph node, with B cells 
(red) and T cells (green); (b) T cells moving in a meshwork of reticular fibers; and (c) an in 
vivo proliferation event inside the lymph node. 

Source: Adapted from CAHALAN et al. 
17

 

 

 

1.2.3 Photodynamic therapy (PDT) 

 

 

Photodynamic therapy is a treatment first used to kill carcinogenic cells using 

light and a photosensitizer. In it, carcinogenic cells are doped with a photosensitizer, 

which is then irradiated by a light source at an appropriate wavelength, causing 

cytotoxicity via the generation of reactive molecular species thus killing the sick 

cells.18 This process was at first done with one-photon absorption. Since most used 

photosensitizers have absorption bands between 300-500 nm, it has depth limitations 

that affects the treatment effectivity due to the fact that it is a region that the human 

tissue presents high absorptivity.19 Also, photo damage may occur to surrounding 

cells due to the lack of localization of the one-photon process. Since the two-photon 

absorption excitation uses near infra-red wavelengths, its penetration depth is 

increased 10-100 folds in respect to the UV wavelengths, and the spatial 

confinement allows a more precise cell excitation, causing less photo damage to 
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healthy surrounding cells.20 To increase the PDT capabilities, studies of high two-

photon absorption cross-section sensitizers must be made,21-23 allowing a stronger 

2PA to eliminate the carcinogenic cells more effectively.   

 

1.2.4 Optical Limiting 

 

An optical limiter is a device in which the optical transmission decreases 

when the input signal increases, as illustrated by the plot shown in Figure 1.3. They 

can be used as protectors for the eyes, optical devices or as optical sensors. There 

are two main kinds of optical limiting devices: the energy-spreading type, which is 

based on the spatial changes of the laser beam going through a nonlinear medium; 

and the energy-absorbing type, based on intensity-dependent nonlinear attenuation 

of the laser energy in a nonlinear medium.1 The second type mentioned is the one 

more dependent on nonlinear characteristics, such as the material nonlinear 

absorption or transmission.  

To produce a good optical limiter, some requirements should be met. There 

should be no linear absorption in the working range, making the material completely 

transparent in that wavelength; the nonlinear transmission should be strongly 

dependent of the input light intensity, making sure that the medium is highly 

absorptive for intense signals; very fast temporal response of the nonlinear 

transmission following changes in the input intensity; and the spatial quality of the 

beam should not change after passing through the material.1 

The optical limit process can be done either by linear processes, using the 

reverse saturable absorption (RSA),24-25 or by nonlinear absorption.26 At first, RSA 

was more used since it is based on the one-photon absorption process. However, it 

presented disadvantages since it degrades the beam quality and avoids low intensity 

input signals being detected. This does not happen for multi-photon absorption, 

which has the advantage of reducing fluctuations of the transmittance, as well as 

being able to smooth temporal or spatial profiles of intense laser beams. 

Semiconductors,27 organic materials28-30 and organic materials mixed with 

nanoparticles31 are studied to improve optical limiting applications. 
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1.2.5 Three dimensional optical storage 

 

The need of data storage has been increasing in the past few years, with the 

development of CDs and DVDs to carry on data. These devices use laser beams to 

read and write information. At first, one-photon materials were used in applications, 

being easily manufactured and with low power needed as the absorption is high. 

However, the information density of a material has a limitation depending on the 

resolution of the focusing system, which is directly related to the minimum size of the 

focal spot. For one-photon absorption materials, the beam easily penetrates the 

whole material, making it possible to only create a single layer of information (2D 

information) in the material, which limits the amount of data that can be stored within 

the disks.1 If multi-photonic reactive materials are used instead, higher laser intensity 

will be necessary to write in the material. The fundamental procedure in this kind of 

application is focusing the beam with a high numerical aperture microscope objective 

in the material. Since two-photon absorption is a process dependent of the square of 

intensity, it will be confined within the focal volume of the beam, making the writing 

strongly localized. This allows several layers of information being written in the same 

material, increasing the capacity of data storing in 10 to 100 times in relation to linear 

absorptive materials.32 

 

 

Figure 1.3 -  Optical limit behavior using two-photon absorption properties of an organic compound 
(biofluorene). 

Source: Adapted from MOREL et al. 
33

 

 

There is a strong need for chromophores with high two-photon absorption to 

increase the data storage capability. The four major mechanisms used for this 

storage are the photochromic reaction,32;34-35 photobleaching reaction,36-37 
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photorefractive reaction38 and photopolymerization reaction.39 In Figure 1.4, an 

experimental result of a photobleaching mechanism used for 3D data storage is 

exhibited, exemplifying how the information can be recorded in several layers with 

multiphotonic processes. 

 

 

Figure 1.4 -  Nine frames of an animation stored in different depths of a polymer block doped with a 
two-photon absorption dye. 

Source: Adapted from DAGANI.
40

 

 

Besides these applications, the two-photon absorption is also important in 

spectroscopic studies since it allows transitions that are forbidden by one photon, 

increasing the electronic transition knowledge of the materials.41 

Since all the mentioned applications use two-photon absorption as their main 

process, the development and characterization of materials with high nonlinearities 

becomes necessary to amplify and improve the 2PA process. Among the most 

promising materials are the organic ones, which have proved themselves as an 

important class of optical materials.42 These have many possibilities of applications 

thanks to their simple manufacture and large variety of structures that allows an 

increase of their nonlinear capabilities. Some examples of what can be done is the 

increase in molecules conjugation length, adding strong donors or acceptors along 

the compound structure or adding chiral components to it. 

Studying these new compounds made for nonlinear applications is important 

to indicate which kind of application they can be used for, as well as quantifying their 

two-photon absorption cross-sections and the wavelength range they can be used 
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for. This is what is done through nonlinear spectroscopy, which is the scope of this 

dissertation. 

 

1.3 Organic Molecules 

 

Π-conjugated organic molecules have emerged as important candidates for 

nonlinear optical applications thanks to their chemical stability, molecular 

manipulation possibilities and for having electronic clouds that are highly changed by 

optical fields. This kind of molecules presents delocalized π-electrons, which are 

related to high nonlinear properties, allowing applications in all the areas mentioned 

previously in this chapter. The development of novel applications is only possible with 

the manufacture of new organic compounds which are designed to increase the 

nonlinear properties of previously known ones. In order to design new compounds it 

is important to relate structure with properties for a large number of molecules, both 

organic and inorganic. Some of the techniques used for the synthesis of compounds 

with high nonlinearities are related to high conjugation lengths, push-pull structures, 

high planarity and bond lengths. 

 

1.3.1 Conjugation in organic molecules 

 

Carbon atoms present s and p atomic orbitals , and their bonding is possible 

due to the formation of two kinds of molecular orbitals, σ and π. The σ orbital is 

formed by the spatial superposition of two s orbitals, while the π orbital is formed by 

the interaction between two parallel orbitals. These bondings are allowed because of 

the carbon hybridization, which comes from the linear combination of the atomic 

orbitals 2s and 2p. The hybrid orbitals generated by this combination are sp3, which 

only allows σ bonding; sp2 and sp, forming both σ and π bonds. The π bonding is 

weaker than σ bonding, and allows transitions between the ligand (π) and antiligand 

(π*) states with electromagnetic radiation in the visible and near UV regions of the 

spectrum.42 In Figure 1.5, a representative image is shown for an ethylene molecule 

with a σ and a π bond between the carbons. 
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Figure 1.5 – Schematic representation of the π transversal bonding and the σ internuclear bonding. 
Source: Adapted from PRASAD et al. 

42
 

 

When a structure presents a continuous alternation between simple, double, 

and even triple bonds between adjacent atoms, it is called a conjugated structure, as 

shown in Figure 1.6. These structures allow π electrons to move across the whole 

length of the molecule. This delocalization makes the electron distribution highly 

changeable in the presence of optical fields, which makes polarizability easier even 

outside of the resonance with the excitation field.  

 

 

Figure 1.6 –  Illustrative example of a conjugated molecule. There is an altercation between simple, 
double and triple bonds. 

Source: VIVAS.
43

 

 

Also, the electronic delocalization affects the electrostatic potential of the 

molecules. In a molecule with only carbons bonded by single bonds the charge is 

located near the carbon atoms, while for compounds with double and triple bonds, 

that is, in a conjugated molecule, the charges become more delocalized over the 

whole structure.  

When the conjugated structures are excited by light, there is an 

intramolecular charge transfer that generates an induced electron dipole, 𝑝 , which is 
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proportional to the electronic delocalization. In other words, the movement of these 

electrons generates polarizabilities proportional to the conjugation length of the 

molecule.  

1.3.2 Electron donor and acceptor groups 

 

There is a strong correlation between intramolecular charge transfer and 

nonlinear absorptivity when seen from the point of view of electronic and 

photophysical processes.1 In this sense, both the permanent dipole moment from the 

ground state as well as the dipole moment of the transitions from the ground state to 

excited states, are considered important factors for the multiphotonic processes. 

To synthesize a compound with high nonlinearity, adding electron donor and 

acceptor groups to the π-conjugated material is essential. Since the intramolecular 

charge transfer process leads to polarizability, the addition of elements with electrons 

and others that need electrons is necessary. The conjugation length between these 

added elements is also important, since it leads to a large separation of charges. 

Figure 1.1 shows a representative diagram of a structure containing an electron 

donor (D) group and an electron acceptor (A) group, usually called a push-pull 

structure.44-45 In this diagram, a photon irradiates the molecule and leads to an 

intramolecular charge transfer, which induces a dipole moment in the D-π-A 

direction. This increases the molecular polarizability of the compound, and, therefore, 

increases the multiphoton absorption cross-section.  

 

 

Figure 1.7 – Representative diagram of a push-pull structure irradiated by a photon. 
Source: By the author. 
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Push-pull structures can be divided in two types depending on the direction 

of the intramolecular charge transfer. It is called a type I structure if the charge moves 

from the side groups to the center of the molecule, or type II if it moves from the 

center to the extremities instead.  

Therefore, there are three main components for synthesizing compounds 

with high multiphoton absorption cross-sections: a strong electron donor group (D); a 

polarized π-conjugated structure; and a strong electron acceptor group (A). 

  

1.3.3 Molecular planarity degree 

 

The co-planarity is also a relevant factor for the efficiency of the 

intramolecular charge transfer. For example, the addition of an electron donor or 

acceptor at the extremity of a π-conjugated compound might worsen the nonlinear 

effect instead of increasing it. There might be an influence in the two-photon 

absorption cross-section of a compound depending on the number of para or meta 

(shown in Figure 1.8) bonds in the π-conjugated structure, as studied by Lee et al.46  

in a Donor-π-Acceptor type of structure. They studied four kinds of compounds with 

differences only in the position of the ligand in the π-conjugated structure. Depending 

on the combination between para and meta bonds introduced in the π-conjugated 

structure, a huge difference was noticed in the 2PA cross-section. For a compound 

with a para bond, the cross-section was ten times smaller than for the compound with 

two meta bonds. This is caused by a break in the conjugation generated by the 

introduction of donor and acceptor groups in a non-planar configuration, which 

diminishes the electronic mobility. Although the configurations were calculated, 

external effects such as temperature and the solvent polarity can also change the 

electronic delocalization, changing the dipole transition and the 2PA cross-section as 

a consequence. 

De Boni et al. showed an interesting study on how the temperature might 

affect the 2PA cross-section of azoaromatic compounds. They showed that the 

increase of temperature on a compound with the DR19 chromophore changes the 

angle between the azo and the aromatic ring, which makes the 2PA cross-section get 

smaller. They observed a rate of loss of 2 GM/ºC, and used quantum chemistry 
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calculations to verify that the cause was the change in the angle between the 

components of the molecule. 

 

 

Figure 1.8 – Para, meta and ortho positions on an organic molecule. R is any group connected to the 
benzene. 

Source: By the author. 

 

1.4 Dissertation proposal 

 

During the period of the PhD, we studied the two-photon absorption cross-

section spectra of different organic compounds with particular characteristics. These 

spectra were analyzed quantitative and qualitatively to properly understand the 

nature of the nonlinearity for each set of samples, thus establishing relationships 

between the molecular structure and nonlinear optical properties. Here, we studied 

three different types of compounds. 

The first kind of compound studied is based on a fluorenone. Fluorenones 

are molecules that usually present regular two-photon absorption cross-sections and 

low cytotoxicity, being commonly studied for two-photon microscopy applications. We 

investigated seven new compounds with a fluorenone core and different ligands 

attached to its extremities, comparing their measured two-photon absorption cross-

section maxima with ones calculated by DFT (Density Functional Theory). Since their 

main application also requires high fluorescence, we also present a quantum yield 

study of the compounds.  

Borondipyrromethene (BODIPY) derivatives have been drawing interest 

because of their wide range of applications, such as light-harvesting systems and 

laser dyes. The second kind of compound studied in this dissertation is a set of five 
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different BODIPY-like compounds with short conjugation length, with either a single 

or two electron donor or acceptor attached to its extremities. Their 2PA spectra were 

compared to ones calculated by DFT, which also allowed understanding the 

molecular polarizability within each studied compound and its relationship with the 

optical properties. 

Lastly, four different chiral polymers based on binaphthalene were studied. 

Because of their chirality, such compounds might display different nonlinear behavior  

depending on the light polarization, which can be related to contributions from  

electric dipole moment, electric quadrupole moment and magnetic dipole.47-48 

Therefore, studies with polarization control were performed in these polymers. 

In summary, the dissertation is organized as follows. In Chapter 2, the two-

photon absorption process is described theoretically using a semi-classical 

light/matter interaction treatment. In Chapter 3, the materials studied along the 

dissertation are described, as well as the experimental procedures. Chapter 4 shows 

the results obtained for the fluorenone-base compounds, with the 2PA cross-section 

spectra for each molecule, as well as their quantum yields, which are compared with 

theoretical results carried out by DFT. The BODIPY-like compounds results are 

shown in Chapter 5, which presents the 2PA spectra obtained through the Z-Scan 

measurements, as well as the ones calculated through DFT. In Chapter 6 we present 

the chiral polymers study, specifically their 2PA with linear polarization and the 

circular-linear dichroism measurements. Finally, Chapter 7 summarizes the results 

obtained in the dissertation with the final considerations of this work. 
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2 MULTI-PHOTON ABSORPTION FUNDAMENTS 

 

The multi-photon absorption concept was proposed for the first time by Marie 

Göppert-Mayer4 in 1931. Since the effect only happens with high light intensities, it 

could only be experimentally verified years later, in 1961, after the development of 

the laser. 

Generally speaking, the two-photon absorption process depends on the 

incident light intensity, and has its absorption coefficient described as2 

 

 𝛼(𝐼) = 𝛼0 + 𝛽𝐼 (2.1) 

   

where α0 is the linear absorption coefficient, I is the incident light intensity and β is the 

two-photon absorption coefficient. The β coefficient is important since it is related to 

the two-photon absorption cross-section through 

 

𝜎2𝑃𝐴 =
ℏ𝜔𝛽

2𝑁
 

(2.2) 

 

with N being the number of molecules/cm3 of the sample and ω the angular 

frequency of the incident wave. 

The two-photon absorption cross-section can also be calculated from other 

characteristics of the studied compound, such as its dipole moment, considering the 

number of the states that are accessible through the two-photon absorption. These 

calculations will be detailed in section 2.1. Further on, depending of the molecular 

structure of the studied compound, the cross-section might be dependent on the light 

polarization, which demands the addition of certain conditions that take this change 

in consideration. This shall be studied in section 2.2. 

 

2.1 Two-photon absorption 

 

The two-photon absorption occurs when a sample excited by an 

electromagnetic wave absorbs two photons simultaneously to reach its excited state. 
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Considering that the wave function follows the time-dependent Schrödinger’s 

equation, given by 

 

 
𝑖ℏ

𝑑𝜓(𝑟, 𝑡)

𝑑𝑡
= �̂�𝜓(𝑟, 𝑡) 

(2.3) 

 

We can describe the interaction of the electromagnetic field 𝐴  with the electron 

through the simplified Hamiltonian4 

 

 
𝐻 = 𝐻0 + 𝑉(𝑡) =

𝑝 2

2𝑚
+ 𝑉0 −

𝑒

𝑚
𝐴 (𝑡) ∙ 𝑝  

(2.4) 

 

where m is the electron mass, e the electron charge, 𝑝  is the non-perturbative 

momentum and V0 is the electric potential without the applied field. 𝐴 (𝑡) ∙ 𝑝  is the 

term that represents the momentum that can be transferred from the field to the 

electron. Considering a monochromatic plane wave as the incident field, which is the 

case for a laser beam, 

 

 
𝐴 =

𝐴0

2
𝑒𝑖(−�⃗� ∙𝑟 +𝜔𝑡)ê + 𝑐. 𝑐. 

(2.5) 

 

with A0 being the wave amplitude, �⃗�  is the wave vector, ω is its frequency and 

ê is the versor which describes light polarization. 

If we consider that 𝐴 (𝑡) ∙ 𝑝  is much smaller than the non-perturbative 

Hamiltonian, H0, and that it acts for a very short time (t→0), we can use the time 

dependent perturbation theory to solve Eq. (2.4). 

 

 𝑑𝐶𝑓
(𝑁)

(𝑡)

𝑑𝑡
=

1

𝑖ℏ
∑𝐶𝑖

𝑁−1(𝑡)

𝑖

𝑉𝑓𝑖(𝑡)𝑒
−𝑖𝜔𝑖𝑓𝑡 

(2.6) 

in which 𝜔𝑓𝑖 = (𝐸𝑓
(0)

− 𝐸𝑖
(0)

) ℏ⁄ , and Ci and Cf describe the probability of the particle 

being in its initial or final state, respectively. The sum is over all electronic states of 

the material, that is, over the initial state (g), intermediate states (m) and the final 
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state (f). A scheme showing these states can be seen in Figure 2.1, in which 𝜇 𝑓𝑖 is 

the dipole moment of the transition. 

 

 

Figure 2.1 -  Representative diagram of the one-photon absorption (orange line) and of two-photon 
absorption (blue lines). 

Source: By the author. 

 
 

Obtaining Cf(t) exactly in Eq. (2.6) is, in general, a difficult task and, therefore, 

usually a perturbative expansion is used to solve it; in this case, we approximate 

𝐶𝑓(𝑡) = 𝐶𝑓
(0)

+ 𝐶𝑓
(1)

+ 𝐶𝑓
(2)

+ ⋯. Each term of this expression is related to an 

absorption process. Assuming there are α states allowed by one-photon absorption 

(1PA) and β states allowed by two-photon absorption (2PA), and considering that the 

system is in its ground state |𝑔〉 in the absence of magnetic fields, we have that 

 

 𝐶𝑖
(0)(𝑡) = 1, 𝑖 = 𝑔 

𝐶𝑖
(0)(𝑡) = 0, 𝑖 ≠ 𝑔 

(2.7) 

 

To simplify our calculations, it is convenient to rewrite the term 𝑉𝑓𝑖(𝑡). First, we 

use a dipole approximation by expanding the plane wave term as  

 

 
𝑒−𝑖�⃗� ∙𝑟 = 1 +

𝑖𝜔𝑛

𝑐
�⃗� ∙ 𝑟 + ⋯ 

(2.8) 

 

Then, by rewriting 𝑝  as 𝑟 , Vfi(t) can be written as 

 
𝑉𝑓𝑖(𝑡) =  

𝐴0𝜔𝑓𝑖𝑒
𝑖𝜔𝑡

2
ê ∙ ⟨𝑓|𝑒𝑟 |𝑖⟩ + 𝑐. 𝑐. 

(2.9) 
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We can find the term associated to the one-photon absorption, 𝐶𝛼
(1)

, by 

replacing 𝐶𝑖
(0)

in Eq.Erro! Fonte de referência não encontrada. (2.6), Erro! Fonte 

de referência não encontrada.Erro! Fonte de referência não encontrada. 

 

 
𝐶𝛼

(1)(𝑡) =
𝐴0

2ℏ
∑𝜔𝛼𝑔�̂� ∙ ⟨𝛼|𝑒𝑟 |𝑔⟩

𝛼

(
1 − 𝑒−𝑖(𝜔𝛼𝑔−𝜔)𝑡

𝑖(𝜔𝛼𝑔 − 𝜔)
)

+
𝐴0

2ℏ
∑𝜔𝛼𝑔�̂� ∙ ⟨𝛼|𝑒𝑟 |𝑔⟩

𝛼

(
1 − 𝑒+𝑖(𝜔𝛼𝑔−𝜔)𝑡

−𝑖(𝜔𝛼𝑔 − 𝜔)
) 

(2.10) 

 

The 𝑆𝛼𝑔
(1)

= ∑ 𝜔𝛼𝑔�̂�⟨𝛼|𝑒𝑟 |𝑔⟩𝛼  term is the tensor which describes the one-photon 

absorption process. The sum in α indicates the sum over all electronic states allowed 

by 1PA. 

Analogously we can find the 𝐶𝑓
(2)

 term that corresponds to the two-photon 

absorption process. For this, we consider that there is no linear absorption. In this 

process, the first photon excites the electron to an intermediate virtual state (m), and 

the other one promotes the excitation from the virtual state to the final state (f). 

Therefore, replacing Eq. (2.8) in Eq. (2.6) without the complex conjugated term, we 

have that 

 

 
𝐶𝛽

(2)(𝑡) = (
𝐴0

2ℏ
)
2

∑𝜔𝛼𝑔𝜔𝛽𝛼 

𝛼,𝛽

(�̂� ∙ ⟨𝛽|𝑒𝑟 |𝛼⟩)(⟨𝛼|𝑒𝑟 |𝑔⟩ ∙ �̂�)

𝜔𝛼𝑔 − 𝜔
(
1 − 𝑒−𝑖(𝜔𝛽𝑔−2𝜔)𝑡

𝑖(𝜔𝛽𝑔 − 2𝜔)
) 

(2.11) 

 

where  𝑆𝛽𝑔
(2)

= ∑ 𝜔𝛼𝑔𝜔𝛽𝛼 𝛼,𝛽
(�̂�∙⟨𝛽|𝑒𝑟 |𝛼⟩)(⟨𝛼|𝑒𝑟 |𝑔⟩∙�̂�)

𝜔𝛼𝑔−𝜔
 is the tensor which describes the 2PA. 

The ⟨𝑓|𝑒𝑟 |𝑖⟩ terms are the transition dipole moments, being written as 𝜇 𝑓𝑖. In this 

case, the sum represents the summation over all electronic states allowed by one 

and two photon absorption. 

From these coefficients it is possible to find the two-photon absorption cross-

section, which is a purely molecular parameter. For that, it is necessary to calculate 

the probability (P2PA) of the process occurring, defined as the square of the absolute 

value of the perturbative expansion coefficient. Therefore, 
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𝑃2𝑃𝐴 = |𝐶𝛽

(2)(𝑡)|
2

= (
𝐴0

2ℏ
)
4

|𝑆𝛽𝑔
(2)

|
2

4
𝑠𝑒𝑛2[(𝜔𝛽𝑔 − 2𝜔)𝑡 2⁄ ]

(𝜔𝛽𝑔 − 2𝜔)2
 (2.12) 

 

Considering the probability after the interaction, that is, using the limit for 

𝑡 → ∞, 

 

 
𝑃2𝑃𝐴 = (

𝐴0

2ℏ
)

4

|𝑆𝛽𝑔
(2)

|
2

2𝜋𝑡𝛿(𝜔𝛽𝑔 − 2𝜔) (2.13) 

 

From this probability, we can write the equations that describe the population 

promoted to the excited states 𝑁𝑓(𝑡) = 𝑁𝑖(0)|𝐶𝑓
(𝑁)

|
2

.49 However, it is necessary to 

consider the spectral width of the laser pulse (gL(ω)) and of the populated electronic 

state due to the molecular vibrations (gf(ω)), given by functions that satisfy 

 

 
∫𝑔𝑓(𝜔𝑓𝑔)𝑑𝜔𝑓𝑔 = ∫𝑔𝐿(𝜔)𝑑𝜔 = 1 (2.14) 

 

The promoted population can be written as 

 

 
𝑁𝑓(𝑡) = 𝑁𝑖(0)∬|𝐶𝑓

(𝑁)
|
2

𝑔𝑓(𝜔𝑓𝑔)𝑔𝐿(𝜔)

∞

0

 𝑑𝜔𝑓𝑔𝑑𝜔 (2.15) 

 

Assuming that gL(ω)<<gf(ωfg),  

 

 
𝑁𝛽(𝑡) = 𝑁𝑔(0) (

𝐴0

2ℏ
)

4

|𝑆𝛽𝑔
(2)

|
2

2𝜋𝑡 ∫ 𝛿(𝜔𝛽𝑔 − 2𝜔)

∞

0

𝑔𝛽(𝜔𝛽𝑔)𝑑𝜔𝛽𝑔 =

= 𝑁𝑔(0) (
𝐴0

2ℏ
)
4

|𝑆𝛽𝑔
(2)

|
2

2𝜋𝑡𝑔𝛽(2𝜔) 

(2.16) 

 

It is convenient to rewrite this equation as a rate equation, since it has a linear 

dependence on time, and we know that the cross-section is directly related to it. 

Therefore, 
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𝑊𝛽𝑔
(2)

=
1

𝑁𝛽(0)

𝑑𝑁𝛽(𝑡)

𝑑𝑡
= 2𝜋 (

𝐴0

2ℏ
)
4

𝜔4 |∑
(�̂� ∙ 𝜇 𝛽𝛼)(𝜇 𝛼𝑔 ∙ �̂�)

𝜔𝛼𝑔 − 𝜔
𝛼,𝛽

|

2

𝑔𝛽(2𝜔) (2.17) 

 

We can find the cross-section of the photon absorption by relating the 

transition rate and the photon flux to the power of the number of photons involved in 

the desired multi or single photon process. Since we are exclusively interested in the 

2PA, we have that 

 
𝜎𝛽𝑔

(2)
=

2𝑊𝛽𝑔
(2)

𝜙2
 (2.18) 

 

In CGS, the flux is given by 𝜙 =
𝑛𝑐𝜔2𝐴0

2

8𝜋ℏ𝜔
. Thus, 

 

 

𝜎𝛽𝑔
(2)

= 2
(2𝜋)5

(𝑛ℎ𝑐)2
𝜔2 |∑

(�̂� ∙ 𝜇 𝛽𝛼)(𝜇 𝛼𝑔 ∙ �̂�)

𝜔𝛼𝑔 − 𝜔
𝛼,𝛽

|

2

𝑔𝛽(2𝜔) (2.19) 

 

However, we can see from Eq. (2.19) that its behavior is not physical when 

ω=ωαg. This can be avoided if we add a phenomenological dumping factor, Γfi(ω), 

associated to the line width of the electronic state. Usually a local field factor is also 

added, 𝐿 =
3𝑛2

2𝑛2+1
, which is the Onsager local field factor, where n is the refractive 

index of the solvent used. This factor is used to take the interaction of the 

chromophore with the solvent into account. Therefore, Eq. (2.19) becomes 

 

 

𝜎𝛽𝑔
(2)

= 2
(2𝜋)5

(𝑛ℎ𝑐)2
𝜔2𝐿4 |∑

(�̂� ∙ 𝜇 𝛽𝛼)(𝜇 𝛼𝑔 ∙ �̂�)

(𝜔𝛼𝑔 − 𝜔) − 𝑖Γ𝛼𝑔(𝜔)
𝛼,𝛽

|

2

𝑔𝛽(2𝜔) (2.20) 

 

The cross-section is usually represented in Göppert-Mayer (GM) units, which 

is equivalent to 10-50 cm4.s.photons-1.4 
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2.2 Selection rules 

 

From Eq. (2.19), the intensity of the two-photon absorption transition is given 

by 

 

 
𝑆𝛽𝑔

(2)
= ∑

𝜔𝛼𝑔𝜔𝛽𝛼(�̂� ∙ ⟨𝛽|𝜇 |𝛼⟩)(⟨𝛼|𝜇 |𝑔⟩ ∙ �̂�)

(𝜔𝛼𝑔 − 𝜔)
𝛼,𝛽

  (2.21) 

 

Centrosymmetric molecules have symmetry characteristics that limit the 

transitions accessible by multiphotonic processes. This can be understood 

comparing this kind of molecules to a finite well problem of quantum mechanics. The 

solution for this kind of problem depends of the parity of the wavefunctions of the 

involved states. They can have gerade or ungerade symmetries, and obey the 

following relations41: 

 

 

 

𝜓𝑔 (𝑟) =  𝜓𝑔 (−𝑟) 

𝜓𝑢 (𝑟) =  −𝜓𝑢 (−𝑟) 
(2.22) 

 

There are two possible situations: the ground state has the same parity of the 

excited state, or they have different parities. From Eq. (2.21), it is clear that if the 

intermediate state has the same parity than either the ground or excited state, one of 

the terms will be equal to zero. However, if the intermediate state has its parity 

different from both ground and excited state, 𝑆𝛽𝑔
(2)

≠ 0, the transition will be allowed. 

This shows that two-photon absorption is only allowed if the ground and excited state 

have the same parity, that is, if the transition happens between gerade → gerade or 

ungerade → ungerade. In the dipole approximation, 2PA transitions between states 

of different parities are not allowed. 

For one-photon absorption, the selection rules are the opposite than the ones 

from two-photon absorption. That means that only transitions between different 

parities are allowed, such as gerade → ungerade or ungerade → gerade. This shows 

that 2PA spectroscopy is complimentary to 1PA spectroscopy, allowing the discovery 

of different characteristics of the studied samples. 



42 

 

However, these selection rules are only valid for centrosymmetric molecules. If 

the molecule does not present a center of symmetry, all transitions might be allowed 

for either odd or even multiphoton processes. Also, for centrosymmetric molecules 

there might be some forbidden states that are still weakly allowed, but their 2PA 

cross-section will be much lower than the ones for the allowed transitions.50 

 

2.3 Sum-over-states model 

 

From Eq. (2.20), we can develop a model to analyze the obtained spectra for 

the two-photon absorption cross-section, called the sum-over-states model (SOS). 

For that, we first assume that we have a centrosymmetric molecule whose static 

dipole moment is equal to zero (𝜇 𝑔𝑔 = 𝜇 𝑓𝑓 = 0) in a three energy-level system. In this 

case, we have a ground state (g), a 1PA allowed state (𝛼 = 𝑚) and a 2PA allowed 

state (𝛽 = 𝑓). This system is illustrated in Figure 2.2. 

 

 

Figure 2.2 -  Representative model for the sum-over-states in a centrosymmetric molecule under a 
two-photon absorption process. 

Source: VIVAS et al.
51

 
 
 

With these considerations, Eq. (2.20) becomes 

 

 
𝜎𝑓𝑔

(2)
= 2

(2𝜋)5

(𝑛ℎ𝑐)2
𝜔2𝐿4 |

(�̂� ∙ 𝜇 𝑓𝑚)(𝜇 𝑚𝑔 ∙ �̂�)

(𝜔𝑚𝑔 − 𝜔) + 𝑖Γ𝑚𝑔(𝜔)
|

2

𝑔𝑓(2𝜔) (2.23) 

 

The cross-section is dependent of the light polarization, as will be seen in 

section 2.3. To apply our model, however, we will consider an isotropic mean, like a 
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solution, where the average over all directions of the molecular dipole moment for a 

linearly polarized beam leads to52 

 

 
〈(�̂� ∙ 𝜇 𝑚𝑔)

2
〉 =

1

3
|𝜇 𝑚𝑔|

2
 

〈(�̂� ∙ 𝜇 𝑓𝑚)
2
(𝜇 𝑚𝑔 ∙ �̂�)

2
〉 =

2𝑐𝑜𝑠2(𝜉) + 1

15
|𝜇 𝑚𝑔|

2
|𝜇 𝑓𝑚|

2
 

(2.24) 

 

where ξ is the angle between the dipole moments. Here, we adopted the Lorentzian 

line width, given by  

 

 
𝑔𝑓(2𝜔) =

Γ𝑓𝑔(2𝜔)

𝜋[(𝜔𝑓𝑔 − 2𝜔)
2
+ Γ𝑓𝑔(2𝜔)2]

 (2.25) 

 

Replacing equations (2.24) and (2.25) in Eq. (2.23), we obtain 

 

 
𝜎𝑓𝑔

(2)
=

2(2𝜋)5

15𝜋(𝑛ℎ𝑐)2
𝐿4[2𝑐𝑜𝑠2(𝜉)

+ 1] [
𝜔2

[(𝜔𝑚𝑔 − 𝜔)
2
+ Γ𝑚𝑔(𝜔)2]

|𝜇 𝑚𝑔|
2
|𝜇 𝑓𝑚|

2
Γ𝑓𝑔(2𝜔)

[(𝜔𝑓𝑔 − 𝜔)
2
+ Γ𝑓𝑔(𝜔)2]

] 

 

(2.26) 

The term  
𝜔2

[(𝜔𝑚𝑔−𝜔)
2
+Γ𝑚𝑔(𝜔)2]

 of Eq. (2.26) shows that when there is a real 

intermediate state allowed by one-photon absorption, if the transition energy is close 

to the incident photon energy, there will be a pronounced effect called resonant 

enhancement. Usually we consider that the dipole moments are parallel, in other 

words, ξ = 0, giving  

 

 
𝜎𝑓𝑔

(2)
=

2(2𝜋)5

5𝜋(𝑛ℎ𝑐)2
𝐿4 [

𝜔2

[(𝜔𝑚𝑔 − 𝜔)
2
+ Γ𝑚𝑔(𝜔)2]

|𝜇 𝑚𝑔|
2
|𝜇 𝑓𝑚|

2
Γ𝑓𝑔(2𝜔)

[(𝜔𝑓𝑔 − 𝜔)
2
+ Γ𝑓𝑔(𝜔)2]

] (2.27) 

 

Now considering non centrosymmetric molecules, whose energy level model 

can be seen in Figure 2.3, they will have ground and final states with static dipole 

moments different from zero, that is, 𝜇 𝑔𝑔 ≠ 0, 𝜇 𝑓𝑓 ≠ 0. Therefore, Eq. (2.20) becomes 
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𝜎𝑓𝑔

(2)
=

2

5

(2𝜋)5

(𝑛ℎ𝑐)2
𝜔2𝐿4 |

(�̂� ∙ 𝜇 𝑔𝑔)(𝜇 𝑓𝑔 ∙ �̂�)

−𝜔
+

(�̂� ∙ 𝜇 𝑚𝑔)(𝜇 𝑓𝑚 ∙ �̂�)

(𝜔𝑚𝑔 − 𝜔) + 𝑖Γ𝑚𝑔(𝜔)

+
(�̂� ∙ 𝜇 𝑓𝑔)(𝜇 𝑓𝑓 ∙ �̂�)

(𝜔𝑓𝑔 − 𝜔) + 𝑖Γ𝑓𝑔(𝜔)
|

2

𝑔𝑓(2𝜔) 

(2.28) 

 

 

Figure 2.3 -  Representative model for the sum-over-states of a non centrosymmetric molecule under 
a two-photon absorption process. 

Source: VIVAS et al.
51

 
 

 

The permanent dipole moments  𝜇 𝑔𝑔 and 𝜇 𝑓𝑓 are different from zero in this 

case, just as 𝜇 𝑓𝑔. We can simplify the equation by considering that the final energy 

level will never be resonant with the excitation photons in a degenerate 2PA process, 

in other words, 𝜔𝑓𝑔 − 𝜔 ≫ Γ𝑓𝑔(𝜔). In a degenerate process, 𝜔𝑓𝑔 − 𝜔 = 2𝜔 − 𝜔 = 𝜔, 

and assuming ∆𝜇 𝑓𝑔 = 𝜇 𝑓𝑓 − 𝜇 𝑔𝑔, Eq. (2.28) becomes 

 

 
𝜎𝑓𝑔

(2)
=

2

5

(2𝜋)5

(𝑛ℎ𝑐)2
𝜔2𝐿4 |

(�̂� ∙ 𝜇 𝑚𝑔)(𝜇 𝑓𝑚 ∙ �̂�)

(𝜔𝑚𝑔 − 𝜔) + 𝑖Γ𝑚𝑔(𝜔)
+

(�̂� ∙ ∆𝜇 𝑓𝑔)(𝜇 𝑓𝑔 ∙ �̂�)

𝜔
|

2

𝑔𝑓(2𝜔) (2.29) 

 

Developing the squared absolute value, we have 

 

 𝜎𝑓𝑔
(2)

=
2

5

(2𝜋)5

(𝑛ℎ𝑐)2
𝜔2𝐿4

[
 
 
 
 
 (�̂� ∙ 𝜇 𝑓𝑔)

2
(∆𝜇 𝑓𝑔 ∙ �̂�)

2

𝜔2
+

(�̂� ∙ 𝜇 𝑚𝑔)
2
(𝜇 𝑓𝑚 ∙ �̂�)

2

(𝜔𝑚𝑔 − 𝜔)
2
+ Γ𝑚𝑔(𝜔)2

+

2
(𝜔𝑚𝑔 − 𝜔)

𝜔

(𝜇 𝑓𝑚 ∙ �̂�)(�̂� ∙ 𝜇 𝑚𝑔)(𝜇 𝑓𝑔 ∙ �̂�)(∆𝜇 𝑚𝑔 ∙ �̂�)

(𝜔𝑚𝑔 − 𝜔)
2
+ Γ𝑚𝑔(𝜔)2 ]

 
 
 
 
 

𝑔𝑓(2𝜔) 
(2.30) 
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Each term from Eq. (2.30) can be associated with a different phenomenon. 

The first term describes a two-level transition between the ground and final state, 

with a change in its permanent dipole moment related to the lowest energy 

multiphotonic transition, called a polar term. The second term represents a three-

level transition, between the intermediate state (m) with the ground (g) and final (f) 

states,  in which the intermediate state is allowed by both one and two-photon 

absorption. This term shows the contribution of the resonant enhancement. The third 

term describes interference between the two previous contributions, becoming null 

when the intermediate state is halfway between the final excited state and the ground 

state. 

We can find the dipole moments through the linear absorption of the studied 

material through the formula53 

 

 
|𝜇 𝑖𝑓|

2
=

3 × 103 ln(10) ℎ𝑐

(2𝜋)3𝑁𝐴

𝑛

𝐿2

휀𝑚𝑎𝑥

𝜔𝑖𝑓𝜃𝑖𝑓
 (2.31) 

 

in which εmax
 is the maximum molar absorptivity, NA is the Avogadro number and 

𝜃01 = √4 ln(2) /𝜋Γ𝑖𝑓
2  is the maximum value of the normalized Gaussian line width. 

 

2.4 Nonlinear Dichroism (Linear-circular and circular) 

 

The study of the two-photon absorption with polarization control allows 

discovering sample properties that would not be observed using only linearly 

polarized light, such as the angle between dipole moments,52 symmetry between 

excited states54 and, for chiral samples, it enables obtaining information about the 

electric dipole and magnetic quadrupole.47-48,55 

The two-photon absorption circular-linear dichroism (2PACLD) is a third order 

effect dominated by the electric dipole, and is given by 

 

 
Δ𝜎𝐶𝐿𝐷

2𝑃𝐴 =
Ω𝐶𝐿𝐷

𝐴2𝐹 − 1

Ω𝐶𝐿𝐷
𝐴2𝐹 + 1

 (2.32) 
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in which 

 

 
Ω𝐶𝐿𝐷

2𝑃𝐴 =
𝜎𝐶𝑃

2𝑃𝐴(𝜆)

𝜎𝐿𝑃
2𝑃𝐴(𝜆)

 (2.33) 

 

and  𝜎𝐶𝑃
2𝑃𝐴(𝜆) is the 2PA cross-section of the sample under circularly polarized light 

and 𝜎𝐿𝑃
2𝑃𝐴(𝜆) the 2PA cross-section under linearly polarized light. 

Differences have been previously observed56 in samples submitted to 

circularly polarized light and linearly polarized light. These differences are associated 

with 2PA tensor elements and can be related to the electronic states symmetry, as 

well as to the angle between electric dipole moments. 

The way that the 2PACLD spectrum behaves brings information about the 

bands allowed by two-photon absorption. According to Vivas et al.56 for a sample that 

has only a single accessible electronic state for 2PA, Ω𝐶𝐿𝐷
2𝑃𝐴 will be constant along the 

spectrum (Figure 2-4a), while for two or more electronic states Ω𝐶𝐿𝐷
2𝑃𝐴 varies between 

two constant values (Figure 2-4b), having an intermediate region where the value 

either increase or decrease depending of the symmetry between these states. If the 

variation is negative, the final state has the same symmetry as the ground state, and 

if it is positive, they have different symmetries. 

 

 

Figure 2-4 -  𝛀𝑪𝑳𝑫
𝟐𝑷𝑨

 for samples with (a) a single allowed electronic state and (b) two or more allowed 

electronic states. 
Source: VIVAS et al.

56
 

 
 

When one considers light polarization in two-photon absorption, this must be a 

part of the simulation and used models, such as the sum-over-states model. 

a) b) 
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Following the perturbation theory used in section 2.1, it is necessary to make an 

orientational average over all the possible directions of the dipole moment. 

Therefore, using the Euler formula, the factor 𝑆𝛼𝛽
(𝑛)

 from Eq. (2.16) becomes 

 

 𝑆𝛼𝛽
(𝑛)

=
1

8𝜋2
∫ 𝑑𝜙

2𝜋

0

∫ 𝑑𝜓
2𝜋

0

∫ 𝑠𝑖𝑛(𝜃)∑(ê. 𝜇𝑓𝑔
𝛼𝛽⃗⃗ ⃗⃗ ⃗⃗  ⃗

) (ê. 𝜇𝑓𝑔
𝛼𝛽⃗⃗ ⃗⃗ ⃗⃗  ⃗

)
∗

𝛼,𝛽

𝜋

0

(Δ𝜇𝑓𝑔
𝛼𝛽⃗⃗ ⃗⃗ ⃗⃗  ⃗

. ê) (Δ𝜇𝑓𝑔
𝛼𝛽⃗⃗ ⃗⃗ ⃗⃗  ⃗

. ê)
∗

𝑑𝜃 
(2.34) 

 

where 𝜇𝑓𝑔
𝛼𝛽⃗⃗ ⃗⃗ ⃗⃗  ⃗

 is the magnetic dipole moment between the ground state g and the final 

state f, ê is the versor that indicates the direction of the polarized light and θ is the 

angle between the dipole moments. Depending on the number of states, the number 

of terms in the sum varies, just like the integral over the angle θ. If the sample is 

centrosymmetric, the integral will become null, and there will not be an allowed two-

photon absorption band. For the centrosymmetric case, there are mainly two kinds of 

systems studied, one of two-energy levels and one of three-energy levels. 

For two energy-level systems there are only the final state f and the ground 

state g. Therefore, the sum presents two terms and the cross-section can be written 

as 

 

 
𝜎𝑓𝑔

2𝑃𝐴(𝜔) =
2(2𝜋)5

30(𝑛ℎ𝑐)2
𝐿4𝑃 (𝜃�⃗⃗� 𝑓𝑔Δ�⃗⃗� 𝑓𝑔

) |𝜇 𝑓𝑔|
2
|Δ𝜇 𝑓𝑔|

2
𝑔𝑓𝑔(2𝜔)      (2.35) 

 

Where 

 

 𝜂 = 𝑃𝐿𝑖𝑛𝑒𝑎𝑟 = 2(2𝑐𝑜𝑠2 (𝜃�⃗⃗� 𝑓𝑔Δ�⃗⃗� 𝑓𝑔
) + 1) 

𝜏 = 𝑃𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟 = (𝑐𝑜𝑠2 (𝜃�⃗⃗� 𝑓𝑔Δ�⃗⃗� 𝑓𝑔
) + 3) 

(2.36) 

 

Applying Eqs. (2.35) and (2.36) on Eq. (2.33), we obtain 

 

 

Ω𝐶𝐿𝐷
2𝑃𝐴 =

𝑐𝑜𝑠2 (𝜃�⃗⃗� 𝑓𝑔Δ�⃗⃗� 𝑓𝑔
) + 3

2 (2𝑐𝑜𝑠2 (𝜃�⃗⃗� 𝑓𝑔Δ�⃗⃗� 𝑓𝑔
) + 1)

 

(2.37) 
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From Eq. (2.37) it is possible to notice that Ω𝐶𝐿𝐷
2𝑃𝐴 must be within 0.667 and 1.5 

for any angle and is independent of the wavelength. Therefore, for a two-level 

system, the expected Ω𝐶𝐿𝐷
2𝑃𝐴 will have its behavior as seen in Figure 2-4a. 

For a three level system, we will have transitions between the ground state g 

(0) and an intermediate final state e’ (1), as well as a possible transition between the 

ground state g and the final state f (2). Therefore, 

 

 

𝜎02
2𝑃𝐴(𝜔) =

2(2𝜋)5

30(𝑛ℎ𝑐)2
𝐿4𝜔2 |∑(

(ê. 𝜇 01)(𝜇 02. ê)

(𝜔01 − 𝜔) + 𝑖Γ01(𝜔)
𝛼𝛽

+
(ê. 𝜇 02)(Δ𝜇 02. ê)

𝜔
)|

2

𝑔02(𝜔) 

(2.38) 

 

Using the Euler integral for each term of Eq. (2.38), we have that 

 

 𝜎02
2𝑃𝐴(𝜔)

=
2(2𝜋)5

30(𝑛ℎ𝑐)2
𝐿4 [𝑃(𝜃�⃗⃗� 02Δ�⃗⃗� 02

)|𝜇 02|
2|Δ𝜇 02|

2 + 𝑅(𝜔)𝑃(𝜃�⃗⃗� 01�⃗⃗� 12
)|𝜇 01|

2|𝜇 12|
2

+ 2𝑅(𝜔)
𝜔01 − 𝜔

𝜔
𝑃(𝜃�⃗⃗� 01�⃗⃗� 12�⃗⃗� 02Δ�⃗⃗� 02

)|𝜇 01||𝜇 12||𝜇 02||Δ𝜇 02|] 𝑔02(𝜔) 

(2.39) 

 

where R(ω) is the resonant enhancement factor given by 

 

 
𝑅(𝜔) =

𝜔2

(𝜔01 − 𝜔)2 + Γ01
2(𝜔)

 (2.40) 

 

and the angles for linearly polarized light are given by 

 

 𝜌 =  𝑃𝐿(𝜃�⃗⃗� 02Δ�⃗⃗� 02
) = 2(2𝑐𝑜𝑠2(𝜃�⃗⃗� 02Δ�⃗⃗� 02

) + 1) 

𝜅 =  𝑃𝐿(𝜃�⃗⃗� 01�⃗⃗� 12
) = 2(2𝑐𝑜𝑠2(𝜃�⃗⃗� 01�⃗⃗� 12

) + 1) 

𝜉 =  𝑃𝐿(𝜃�⃗⃗� 01�⃗⃗� 12�⃗⃗� 02Δ�⃗⃗� 02
) = [2(cos(𝜃�⃗⃗� 02Δ�⃗⃗� 02

) cos(𝜃�⃗⃗� 01�⃗⃗� 12
) + 

cos(𝜃�⃗⃗� 12Δ�⃗⃗� 02
) cos(𝜃�⃗⃗� 01�⃗⃗� 02

) + cos(𝜃�⃗⃗� 01Δ�⃗⃗� 02
) cos(𝜃�⃗⃗� 02�⃗⃗� 12

))] 

(2.41) 
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while for circularly polarized light Eqs. (2.41) are written as 

 

 𝜓 =  𝑃𝐶(𝜃�⃗⃗� 02Δ�⃗⃗� 02
) = 𝑐𝑜𝑠2(𝜃�⃗⃗� 02Δ�⃗⃗� 02

) + 3 

𝜆 =  𝑃𝐶(𝜃�⃗⃗� 01�⃗⃗� 12
) = 𝑐𝑜𝑠2(𝜃�⃗⃗� 01�⃗⃗� 12

) + 3 

𝜐 =  𝑃𝐶(𝜃�⃗⃗� 01�⃗⃗� 12�⃗⃗� 02Δ�⃗⃗� 02
) = [−2 cos(𝜃�⃗⃗� 02Δ�⃗⃗� 02

) cos(𝜃�⃗⃗� 01�⃗⃗� 12
) + 

3cos(𝜃�⃗⃗� 12Δ�⃗⃗� 02
) cos(𝜃�⃗⃗� 01�⃗⃗� 02

) + 3cos(𝜃�⃗⃗� 01Δ�⃗⃗� 02
) cos(𝜃�⃗⃗� 02�⃗⃗� 12

)] 

(2.42) 

 

Through Eq. (2.39) it is possible to notice that there are three different 

contributions for the 2PA cross-section in a three-energy level system; one transition 

in a two-level sub-system, with Δ𝜇 02 ≠ 0, one transition in three levels with a final 

excited state (S2) and an intermediary state (S1), responsible for the resonant 

enhancement and the interference between the two other excitation possibilities, 

whose contribution is very small if the photon energy is close to the real intermediary 

state. These three possibilities are exactly the same as in the sum-over-states model 

mentioned in section 2.3. In this case, the behavior of Ω𝐶𝐿𝐷
2𝑃𝐴 is the one shown in 

Figure 2-4b, and the equation that describes it becomes 

 

 

Ω𝐶𝐿𝐷
2𝑃𝐴 =

𝛼𝜂𝑔01(𝜔) + [𝛽𝜅 + 𝑅(𝜔)𝜒𝜌 + 2𝑅(𝜔)𝛾
𝜔01 − 𝜔

𝜔 𝜉] 𝑔02(𝜔)

𝛼𝜏𝑔01(𝜔) + [𝛽𝜓 + 𝑅(𝜔)𝜒𝜆 + 2𝑅(𝜔)𝛾
𝜔01 − 𝜔

𝜔 𝜐]𝑔02(𝜔)
    (2.43) 

 

where 

 

 𝛼 = |𝜇 01|
2|Δ𝜇 01|

2 

𝛽 = |𝜇 02|
2|Δ𝜇 02|

2 

𝜒 = |𝜇 01|
2|𝜇 12|

2 

𝛾 = |𝜇 01||𝜇 12||𝜇 02||Δ𝜇 02| 

(2.44) 

 

Parameters α, β, χ and γ can be obtained either from solvatochromic curves or 

from their linear absorption spectra,53; 57 with 
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|𝜇 𝑔𝑓|

2
=

3. 103 ln(10) ℎ𝑐

(2𝜋)2𝑁𝐴

𝑛

𝐿2

휀𝑔𝑓
𝑚𝑎𝑥

𝑔𝑔𝑓
𝑚𝑎𝑥𝜔𝑔𝑓

𝑚𝑎𝑥 (2.45) 

 

  
|∆𝜇 𝑔𝑓|

2
=

5𝑁𝐴ℎ𝑐

6. 103(2𝜋)3 ln(10)

𝑛

𝐿2

𝜔𝑔𝑓
𝑚𝑎𝑥

휀𝑔𝑓
𝑚𝑎𝑥 𝜎𝑔𝑓

𝑀𝑎𝑥2𝑃𝐴(𝜔𝑔𝑓) (2.46) 

 

where h is the Planck constant, c is the speed of light, n is the refractive index of the 

used solvent, L is the Onsager factor (𝐿 = 3𝑛2 (2𝑛2 + 1)⁄ ), NA is Avogadro’s number, 

휀𝑔𝑓
𝑚𝑎𝑥 is the maximum molar absorptivity of the material, 𝑔𝑔𝑓

𝑚𝑎𝑥 is the line width of the 

transition corresponding to the largest molar absorptivity, 𝜔𝑔𝑓
𝑚𝑎𝑥 is the frequency 

where 휀𝑔𝑓
𝑚𝑎𝑥 occurs and 𝜎𝑔𝑓

𝑀𝑎𝑥2𝑃𝐴(𝜔𝑔𝑓) is the maximum 2PA cross-section for the 

frequency of the studied transition. 

For optically active molecules, another nonlinear dichroism property might 

appear, which is the two-photon circular dichroism (2PA-CD). It is defined as56 

 

  ∆𝜎𝐶𝐷
2𝑃𝐴(𝜔) =  𝜎𝐿

2𝑃𝐴(𝜔) − 𝜎𝑅
2𝑃𝐴(𝜔) 

 
(2.47) 

 

in which 𝜎𝐿
2𝑃𝐴(𝜔) is the 2PA cross-section for left circularly polarized light and 

𝜎𝑅
2𝑃𝐴(𝜔) is the 2PA cross-section for right circularly polarized light. This value is very 

low for most molecules since it depends on the magnetic transition dipole moment 

and the electric transition quadrupole moment,48,58 both much smaller than the 

dominant electric dipole moments in nonlinear transitions.  
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3 MATERIALS AND METHODS 

 

The two-photon absorption study of organic compounds allows to characterize 

samples and find their possible nonlinear applications. 

During the development of this dissertation, three different kinds of materials 

had their nonlinear properties studied: Fluorenone and BODIPY-like molecules, both 

with short conjugation length and few donor or acceptor components, and chiral 

polymers based on binaphthalene, which have long conjugation length and several 

donor or acceptor components around its main core. 

 

3.1 Studied Molecules 

 

3.1.1 Fluorenones 

 

Fluorenone-based compounds have been advancing as replacement for 

fluorene compounds, which are known for large 2PA cross-sections.59 Even though 

fluorenones compounds present, in general, lower 2PA cross-sections60-61 than 

fluorene-based ones, their low cytotoxicity62 and usually high fluorescence still make 

them interesting candidates for biological systems applications, such as fluorescent 

molecular probes to indicate nucleic acids, nitric oxide and pH, as well as to 

investigate living organelles in cells. 

Since fluorenones also present high 2PA cross-sections in the near infra-red 

region63 together with their previously mentioned characteristics, they have promising 

applications for two-photon fluorescence microscopy.12 This tool has been valuable in 

the study of cell organelles since it provides high resolution three-dimensional 

images, being a non-invasive method that allows high quality images of living cells. 

These cells are stained by chromophores that present two-photon absorption in the 

spectral range of 700 – 1000 nm that are then submitted to the 2PA microscopy. 

Therefore, to increase the precision of the method, it is necessary that the 

chromophore presents a large 2PA cross-section within this range. 

Here, we present five symmetrical fluorenone derivatives, with structures 

shown in Fig. 3.1. The fluorenone core is composed by the three rings shown in 
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black in Fig. 3.1, which has ligands attached to it to form the different compounds 

studied. F-benzothiophene (2,7-bis(benzo[b]thiophen-2-etinil)-9H-fluorenone), which 

has the fluorenone core connected to benzothiophene ligands on its extremes; F-

cyano (4,4'-(9-oxo-9H-fluorenone-2,7-diil)bis(ethine-2,1-diil)dibenzonitrile), with CN 

connected to a phenyl group; F-phenyl (2,7-bis(feniletinil)-9H-fluorenone) , with only 

the phenyl groups on its extremes; F-thiophene (2,7-bis(thiophen-2-etinill)-9H-

fluorenone), which has a thiophene group instead of a phenyl one; and F-methoxy 

(2,7-bis((4-methoxyfenil)etinil)-9H-fluorenone), that has a OCH3
 group connected to 

the phenyl group on each side. The compounds were provided by professor A.M. 

Simas group from Universidade Federal de Pernambuco. 

 

 

 

Figure 3.1 - Structures of the fluorenone compounds. 
Source: By the author. 

 

3.1.2 BODIPYs 

 

Borondipyrromethene (BODIPY) derivatives have been drawing interest in the 

last years due to their wide range of potential applications,64 such as light-harvesting 

systems,65 agents in photodynamic therapy,66 biomolecular labels,16,67 laser dyes68 

and sensitizer for solar cells,69 among several others. This large amount of 

applications comes from the BODIPYs-like inherent features, such as chemical and 

photochemical stability, easy solubility, high fluorescence yields and molar absorption 

coefficients, long excited-state lifetimes and sharp fluorescence peaks, which range 

from the blue to the infrared region.70 

Molecular systems with 1,8-naphthryridine derivatives have also been used to 

construct BF2 compounds in the last years because of their good fluorescence 
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properties and biocompatibility.71 These molecules present an attractive tool for 

identification of novel biological potential with their heterocyclic moiety.72 The BF2 

organoboron compounds based on 1,8-naphtyridine heterocycles are used as 

fluorescent dyes due to their high photochemical stabilities16,73 and fluorescence 

quantum yields.74-75 Their large Stoke shifts76-77 and fluorescence properties78 have 

been extensively reported in the literature. 

Usually BODIPYs structures do not present high two-photon absorption cross-

sections, having an average value in the range of 50 GM79-82 in visible wavelengths. 

However, since these compounds present other promising characteristics, especially 

their high fluorescence quantum yields, methods have been developed to increase 

their 2PA capabilities. For instance, increasing the conjugation length79 improved the 

2PA cross-section to up to 150 GM, while changing the conjugation length and 

adding electron-donating and electron-withdrawing groups to the BODIPY-like main 

structure83-84 have enable an increase to the order of 400 GM. Such approaches 

result in large molecules with complex structures, composed of several electron 

withdrawing and electron donating groups. 

We studied seven BF2-naphthyridine molecules76 with either one or two 

electron donating or electron withdrawing groups attached to the core, therefore 

keeping their structures small and simple as seen in Figure 3.2. 

 

 

 

Figure 3.2 - Molecular structures of the BODIPY-like studied compounds. 
Source: By the author. 
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Compound I presents the simplest structure, with only the BODIPY-like core 

and a phenyl added to it. Compounds II, III and IV have an electron withdrawing 

group in one of the core extremities, while compound V has an electron donor group 

instead. Compounds VI and VII present a longer structure, having either two electron 

donor groups (VI) or an electron donor and an electron withdrawing group (VII). The 

compounds were provided by Prof. B. A. Iglesias, and were made by Prof. H.G. 

Bonacorso group at Universidade Federal de Santa Maria. 

 

3.1.3 Chiral Polymers 

 

A molecule is considered chiral if it has a mirror image that is not 

superimposable with the original one. Therefore, the symmetry of the molecule is 

what defines if it has chirality or not. If it does not have this property, it is called an 

achiral molecule, and has the characteristic of getting the exact same molecule after 

a rotation and reflection on a perpendicular plane to its rotation axis.85  

There are three different ways of finding chirality in a compound. The first one 

is if it has a carbon atom bounded to four different groups, which generates a center 

of chirality (Figure 3.3a). The second one is looking for a chirality plane (Figure 3.3b), 

which breaks the plane symmetry of the molecule (imaginary plane that divides the 

molecule in two, with one half being the specular image of the other).86 This type of 

molecule is known as chiral-plane. The third element used to find chirality in a 

molecule is a chirality axis in the molecule, called chiral axis (Figure 3.3c). In these 

kinds of molecules, the distribution of ligands around the axis will define if there is 

symmetry or not. Some compounds are chiral due to their geometry, like helicoidal 

molecules such as DNA, which present rotation to the right or to the left. The case for 

our studied compounds is the last one, since the polymers have a rigid, rodlike, 

helical binaphthalene structure. 
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Figure 3.3 – Types of chirality: a) C bounded to four different groups; b) planar chirality and c) axis 
chirality. 

Source: a,b) KENNEPOHL et al.
87

; c) ZIYU et al.
88

 

 

 

Chirality in nonlinear optics has been thoroughly studied theoretically,89-90 and 

revealed some interesting properties, including a natural increase of the nonlinear 

optical response of the material.91 Few chiral polymers with helical structures have 

been made to have their nonlinear properties investigated,92-95 and even less with a 

binaphthalene basis.96-97 In these studies, the main nonlinear optical responses come 

from the backbone, since they use low hyperpolarizability chromophores that limit 

their capabilities.  

G. Koeckelberghs et al.98 proposed a new kind of chiral binaphthalene-based 

polymers for nonlinear optical studies. They are designed from chiral binaphthalene 

units, connected to rigid triphenylamine groups, which generates a rigid, helical 

structure. Flexible chromophores with high hyperpolarizabilities are added to this rigid 

rod-like backbone, creating a tree-like architecture of the molecule. This kind of 

structure allows a very high chromophore density since it diminishes and almost 

excludes any dipolar interaction between the chromophores, allowing a higher 

nonlinear response than random coil polymers have.99 A previous study100 has 

shown that this class of polymers is in fact interesting for nonlinear applications, as 
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they have both the inherent chirality, as well as no dipole interaction between its 

chromophores.  

The structure of the polymers studied in this dissertation is shown in Figure 

3.4. Four different kinds of chromophores were added to the binaphthalene 

backbone, and will be called as Polymer 1, 2, 3 and 4 along the text. The different 

polymers are built by connecting different groups to the R position of the main 

structure shown in Figure 3.4 in the left.  

 

 

Figure 3.4 - Polymers main backbone structure (left) and the chromophores added to it (right). 
Source: Adapted from KOECKELBERGHS et al.

98,100
 

 

Polymer 1 has the simplest chromophore added to it, which is a 

nitrocyclohexatriene ligand. The synthesis of this polymer is described in reference.98 

Polymers 2 and 3 have approximately the same complexity, as well as conjugations 

lengths, being expected to have similar absorption spectra. Polymer 4 has the most 

complex structure, as well as the longest conjugation length between the four studied 

chromophores. The synthesis of polymers 2, 3 and 4 is described in reference.100 

They were provided by Prof. G. Koeckelberghs group from Katholieke Universiteit 

Leuven. 

 

3.2 Z-Scan technique 

 

The Z-Scan technique was proposed by Sheik-Bahae101 in 1990 as a simple  

method for measuring both nonlinear refractive index and nonlinear absorption 

coefficient. In this technique, a sample is translated across the waist of a focalized 
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Gaussian beam while its transmittance is measured in the far-field. To measure the 

nonlinear refractive index, an iris must be added to the experiment, such that the 

induces an amplitude change that can be observed in the far field. Nonlinear 

refraction measurements were not carried out during this study, and will not be 

further discussed. 

To measure the nonlinear absorption coefficient, all light should be collected 

by the photodetector and, therefore, this method is called open-aperture Z-Scan. Its 

measurement procedure can be visualized in Figure 3.5a-e, as well as in the graphic 

obtained from it. To avoid linear effects from the sample, what is actually measured is 

the normalized transmittance (Figure 3.5f) given by 𝑇(𝑧) = 𝑃(𝑧) 𝑃(𝑧∞)⁄ , which is the 

transmitted power at the focus divided by the transmitted power far from it, where 

nonlinear effects are not present. 

 

 

 Figure 3.5 - Procedure of the Z-Scan experiment process. 
Source: Provided by DE BONI. 
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3.2.1 Theoretical approach 

 

To be able to do the fitting shown in Figure 3.5f, it is necessary to understand 

the fundamental aspects of the Z-Scan technique. Since we did not study any one-

photon resonant effects or other multiphoton absorption processes, we will focus the 

theory around the two-photon absorption measurement only.  

As we have seen before (Chapter 1), when the laser electric field is of the 

order of the interatomic electric field, the absorption becomes dependent of the 

intensity and its coefficient is written as 𝛼 = 𝛼0 + 𝛽𝐼 + 𝛼3𝐼
2 + ⋯+ 𝛼𝑛𝐼𝑛−1. The 

propagation equation on a two-photon absorption medium is given by 

 

 𝑑𝐼(𝑧, 𝑟, 𝑡)

𝑑𝑧
= −𝛽𝐼2(𝑧, 𝑟, 𝑡) (3.1) 

 

Equation (3.1) can be solved through 

 

 
∫

𝑑𝐼(𝑧, 𝑟, 𝑡)

𝐼2

𝐼𝑜

𝐼𝐼

= ∫ −𝛽𝑑𝑧
𝐿

0

 (3.2) 

 

where II is the intensity of the beam entering the sample, Io is the intensity of the 

beam in the exit plane of the sample, and L is the length of the sample, giving 

 

 
𝐼𝑜(𝑧, 𝑟, 𝑡) =

𝐼𝐼(𝑧, 𝑟, 𝑡)

1 + 𝛽𝐿𝐼𝐼(𝑧, 𝑟, 𝑡)
 (3.3) 

 

Considering that the beam used for the measurement has a Gaussian profile  

 

 
𝐼(𝑟, 𝑧) = 𝐼0 (

𝑤0

𝑤(𝑧)
)
2

𝑒𝑥𝑝 (
−2𝑟2

𝑤(𝑧)2
) (3.4) 

 

equation (3.3) can be rewritten as 
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𝐼𝑜(𝑧, 𝑟, 𝑡) =
𝐼0 (

𝑤0

𝑤(𝑧)
)
2

𝑒𝑥𝑝 (
−2𝑟2

𝑤(𝑧)2)

1 + 𝛽𝐿𝐼0 (
𝑤0

𝑤(𝑧)
)
2

𝑒𝑥𝑝 (
−2𝑟2

𝑤(𝑧)2)

 (3.5) 

 

where z is the position of the sample, r is the radial coordinate of the beam, 𝑤(𝑧)2 =

𝑤0
2(1 + 𝑧2 𝑧0

2⁄ ) with w(z) being the width of the beam in a position z of the sample and 

w0 is the radius of the beam in the focus of the lens, also known as the beam waist. 

To obtain the power (P(z,t)) it is necessary to calculate Io for an area, which 

will be considered circular (2πrdr). Therefore, 

 

 

𝑃(𝑧, 𝑡) = ∫
𝐼0 (

𝑤0

𝑤(𝑧)
)
2

𝑒𝑥𝑝 (
−2𝑟2

𝑤(𝑧)2)

1 + 𝛽𝐿𝐼0 (
𝑤0

𝑤(𝑧)
)
2

𝑒𝑥𝑝 (
−2𝑟2

𝑤(𝑧)2)

2𝜋𝑟𝑑𝑟
∞

0

 (3.6) 

 

Solving the Eq. (3.6), the beam power in the exit of a sample with two-photon 

absorption is  

 
𝑃(𝑧, 𝑡) =

𝜋

2
𝐼0𝑤0

2𝑒−𝛼0𝐿
ln (𝑞0 + 1)

𝑞0
, 𝑤𝑖𝑡ℎ 𝑞0 =

𝐼0𝛽𝐿𝑤0
2

𝐼0𝑤0
2/𝑤(𝑧)2

 (3.7) 

 

We can then obtain the normalized transmittance by integrating Eq. (3.6) over 

time using the following relation  

 

 
𝑇𝑛(𝑧) =

∫ 𝑃(𝑧, 𝑡)𝑑𝑡
+∞

−∞

∫ 𝑃𝑖(𝑧, 𝑡)𝑑𝑡
+∞

−∞

 (3.8) 

 

where P(z,t) is the power at the sample exit given by Eq. (3.7), and Pi(z,t) is the input 

power on the sample, which is measured by a power meter. Equation (3.8) can be 

written in a simple way as 

 

 
𝑇𝑛(𝑧) =

1

√𝜋𝑞0(𝑧, 0)
∫ 𝑙𝑛[1 + 𝑞0(𝑧, 0)𝑒−𝑡2

]𝑑𝑡
∞

−∞

 (3.9) 

 

where 
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𝑞0 = 𝛽𝐼0𝐿 (1 + (
𝑧2

𝑧0
2))

−1

 (3.10) 

 

with z0 being the Rayleigh length, which corresponds to the distance along the 

propagation direction of a beam from the waist to where the area of the cross-section 

is doubled. Equation (3.9) is used to do the fitting of the experimental data obtained 

during the open-aperture Z-Scan measurements. From the experiment, we know I0, z 

and L, and from the fitting we obtain β and z0. However, 2PA absorption is usually 

quantified by its cross-section, which is an area unit factor that is constant for linear 

processes. For nonlinear processes this value depends on the intensity, and can be 

written for two-photon absorption as102 

 

 
𝜎 = 𝜎2𝑃𝐴

𝐼

ℎ𝜈
 (3.11) 

 

where 𝜎2𝑃𝐴 is the two-photon absorption cross-section, which is an absolute value 

that only depends on the material, and 𝐼 ℎ𝜈⁄  is the photon flux with energy h𝜈 and 

intensity I. Knowing that 𝜎 = 𝛼𝑁0 for 2PA, where N0 is the concentration of molecules 

(number of molecules/cm3), and 𝛼 = 𝛽𝐼 when considering only the 2PA, we can 

obtain 𝜎2𝑃𝐴  

 

 
𝜎2𝑃𝐴 =

𝛽ℎ𝜈

𝑁0
 (3.12) 

 

Since from the Z-Scan measurement we can obtain β value, the 𝜎2𝑃𝐴 can be 

easily obtained from the method as well. 

 

3.2.2 Experimental setup 

 

The experimental setup is shown in Figure 3.6. The system basis is a 

Ti:Sapphire Clark-MXR, which emits 150 fs pulses in a repetition rate of 1 kHz with 

wavelength of 775 nm. It is used as an excitation source for a Topas Optical 
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Parametric Amplifier (OPA), which generates pulses with 120 fs of duration and 

wavelengths from 460 nm up to 2200 nm.   

The OPA is able to generate such a wide range of wavelengths due to 

nonlinear effects, as described in Chapter 1. To assure the Gaussian beam profile 

needed for the Z-Scan, a spatial filter is added in the beam path. 

 

 

Figure 3.6 - Z-Scan experimental setup. 
Source: By the author. 

 

Before the beam reaches the sample, a beam splitter is placed to send around 

10% of the light to a photodetector, which is placed to eliminate fluctuations caused 

by laser instabilities. This also helps in attaining a higher resolution during the 

experiment. The average power used in the measurements ranges between 0.06 

mW to 0.1 mW. The Z-Scan setup itself is constituted by a convergent lens of focal 

length of approximately 13 cm, and a stage that translates the sample along the 

beam focus.The stage is controlled by a computer software made in LabView. The 

sample is placed within a 0.2 cm cuvette made from either quartz or glass, which 

presents very small nonlinearities in comparison to the studied sample. After the 

sample, another photodetector is placed and its signal is sent to the same software. 

The program plots the variation of transmittance with the z position of the sample, 

allowing direct observation of the valley formed by the 2PA in the focus. From these 

graphics, which are taken every 10 nm, we fit the experimental points with Eq. (3.9) 

and calculate the 2PA cross-section from it. 
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3.3 Measurements with polarization control 

 

To evaluate the two-photon linear-circular or circular-circular dichroism of the 

studied polymers, measurements with polarization control were used to illuminate the 

sample with either linear or circularly polarized light. 

 

3.3.1 Experimental setup 

 

 The experimental setup is essentially the same as the standard Z-Scan. 

However, for the polarization controlled measurements the sample was not 

translated along the focus of the lens, but placed exactly at the focus where its two-

photon absorption is maximum. This is necessary since the 2PA circular-circular 

dichroism is a small effect, and can be better studied with large 2PA cross-sections. 

To obtain different light polarizations before reaching the sample, a polarizer 

and a quarter-wave plate are added before the stage, as shown in Figure 3.7 . The 

first polarizer is used to control the power with which the sample will be shone, while 

the second one keeps the linear polarization constant for all wavelengths. The 

quarter-wave plate is connected to a motor, which makes it rotate 360º, stopping 

every 2º for 300 ms, giving a sequential linear → elliptical → circular polarization four 

times. The photodetector and the quarter-wave plate motor data are sent to a 

LabView program, which gives a signal to obtain one point each 2º of movement. 

This measurement is repeated for each studied wavelength. 

 

 

Figure 3.7 - Z-Scan setup with a rotating quarter-wave plate to control light polarization. 
Source: By the author. 
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3.3.2 Data analysis 

 

The 2PA for linear light polarization is stronger, in general, than for circular 

light polarization, since it aligns with the dipole moment of the compounds. Therefore, 

with the rotating quarter-wave plate generating linear and circular polarization in 

sequence, we obtain graphics of maxima and minima like in a sinusoidal curve, 

which we can normalize for easier evaluation. An example of the obtained curve is 

shown in Figure 3.8. 

 

 

Figure 3.8 - Example of the curves obtained by the polarization control experiment. 
Source: By the author. 

 

As it was shown in Eq. (2.32), the 2PA linear-circular dichroism is given by  

 

 
Δ𝜎𝐶𝐿𝐷

2𝑃𝐴 =
Ω𝐶𝐿𝐷

𝐴2𝐹 − 1

Ω𝐶𝐿𝐷
𝐴2𝐹 + 1

,𝑤ℎ𝑒𝑟𝑒 Ω𝐶𝐿𝐷
2𝑃𝐴 =

𝜎𝐶𝑃
2𝑃𝐴(𝜆)

𝜎𝐿𝑃
2𝑃𝐴(𝜆)

 (3.13) 

 

Since Ω𝐶𝐿𝐷
2𝑃𝐴 is calculated by the relation between the 2PA cross-section with 

circularly polarized light and the cross-section with linearly polarized light, this value 

can be directly calculated from the obtained curves. Knowing that the maxima values 

from the curves after normalization are related to linearly polarized light, the minima 

values are already the relation between transmittance for circularly and linearly 

polarized light, and, therefore, it gives Ω𝐶𝐿𝐷
2𝑃𝐴 without any further manipulation. Since 

we have four different minima values, the average between them is taken to increase 

the precision of the measurement.  
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It is also possible to observe circular-circular dichroism from these 

measurements directly. Since the quarter-wave plates rotate 360º, it will provide in 

sequence light circularly polarized to the right→left→right→left. If the 2PA is different 

for each case, we would see a difference in the minima values between them, and 

would be able to calculate the two-photon absorption circular dichroism from it. 
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4 FLUORENONES 

 

As previously mentioned, fluorenones usually present low two-photon 

absorption cross-sections, but their high fluorescence and low cytotoxicity still make 

them promising compounds for applications in 2PA microscopy. Here, we 

characterized the two-photon absorption cross-section of five different fluorenone-

based compounds, obtaining their spectra from 560 nm to 800 nm. We found 2PA 

cross-sections of up to 220 GM for F-benzothiophene, and the smallest value of 130 

GM for F-cyano. Through a sum-over-states modeling, we could also obtain the 

compounds spectroscopic parameters, such as the dipole moments for each 

transition, their wavelengths and width. Density Functional Theory (DFT) calculations 

were made in collaboration with prof. Daniel L. Silva from UFSCar, which provided 

the HOMO-LUMO transitions, as well as the expected two-photon absorption cross-

section for each possible transition. Comparing these values with the maxima 2PA 

cross-section of each studied molecule we could observe a good agreement between 

theory and experiment. These results have been published in a scientific paper, 

which can be found in reference.103 

 

4.1 Linear absorption 

 

All compounds were diluted in Dimethylformamide (DMF) with concentrations 

of ~10-5 M. The linear absorption was measured by a commercial UV-1800 Shimatzu 

Spectrometer. The spectra for the compounds are shown in Figure 4.1, along with a 

zoom around the smaller energy band. 

All compounds present similar features, with two strong absorption bands at 

300 and 350 nm, and a weaker one around 450 nm. The band centered on 350 nm is 

related to the fluorenone group, while the one around 450 nm is caused by an intra-

molecular charge transfer processes.104-105  
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Figure 4.1 - Linear absorption spectra for the fluorenone compounds with an inset showing in detail 
the band around 450 nm. 

Source: By the author. 

 

 

F-benzothiophene has its first peak (375 nm) shifted 25 nm in relation to F-

phenyl due to its longer conjugation length. The other three compounds, F-methoxy, 

F-thiophene and F-cyano have their first absorption band around 360 nm, shifted 10 

nm in relation to F-phenyl for the same reason, though their conjugation lengths are 

smaller than the one for F-benzothiophene. The molar absorptivity for this transition 

is approximately the same for the five compounds, approximately 5 x 104 Lmol-1cm-1, 

while for the transition at 450 nm this value is about ten times smaller. This indicates 

that the compounds in the DMF solution have quasi-planar geometry, as expected 

because of the triple bonds in their structures. 

 

4.2 Quantum Yield measurements 

 

The fluorescence measurements were made with a HITACHI F7000 

fluorimeter. To obtain the molecules quantum yields (φ), disodium fluorescein was 

used as the reference material. Since its quantum yield is known for methanol 

(0.97),106 it is possible to find φ for other compounds through 
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𝜑𝑓 = 𝜑𝑓𝑟𝑒𝑓

∫ 𝐹(𝜆)𝑑𝜆
𝜆𝑓

𝜆0

∫ 𝐹𝑟𝑒𝑓(𝜆)𝑑𝜆
𝜆𝑓

𝜆0

𝑓𝑟𝑒𝑓

𝑓

𝑛2

𝑛𝑟𝑒𝑓
2
 

(

(4.1) 

 

in which 𝛗𝐟𝐫𝐞𝐟
 is the quantum yield of the reference, F(λ) is the fluorescence 

spectrum, f is the absorption factor given by 𝑓 = 1 − 10−𝐴(𝜆𝑒𝑥𝑐), in which 𝐀(𝛌𝐞𝐱𝐜) is 

the absorbance at the excitation wavelength and n is the refractive index of the 

solvent. 

The samples were excited at 450 nm, and their absorbances were kept lower 

than ~0.1 to avoid fluorescence reabsorption. Their fluorescence spectra can be 

seen in Figure 4.2, showing that they are all similar and have peaks between 550 

and 600 nm. Using Eq. 4.1, the quantum yield for each sample was calculated, and 

the results are shown in Table 4.1. 

 

 

Figure 4.2 - Normalized fluorescence spectra for the studied compounds. 
Source: By the author 

 

Table 4.1 - Quantum yield for the fluorenone samples. 

Sample Quantum Yield 

F-phenyl 0.17 

F-methoxy 0.05 

F-thiophene 0.06 

F-cyano 0.31 

F-benzotiophene 0.19 

Source: By the author 
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4.3 Two-photon absorption results 

 

For the nonlinear measurements, the samples were diluted in DMF with a 10-3 

M concentration. The Z-scan measurements were performed between 560 and 800 

nm to obtain their two-photon absorption cross-section spectra, since no signal was 

seen above this wavelength. The shortest wavelength chosen was 560 nm since the  

samples absorb linearly up to 500 nm, avoiding resonant effects that could happen 

due to one-photon absorption close to the linear band. An example of a Z-scan curve 

obtained is shown in Figure 4.3 for F-benzothiophene at 710 nm. The dots are the 

experimental points and the black line is the fitting made from Eq. 3.9, from which we 

can obtain the 2PA cross-section for each wavelength.  

In Figure 4.4, we show the 2PA cross-section spectra for the five studied 

compounds. For comparison purposes, the linear absorption spectrum is also shown 

for each sample in the left axis (black dashed line). A similar behavior is observed for 

all compounds, with a peak near 700 nm and a resonant enhancement when nearing 

the linear absorption region, with exception of F-phenyl and F-thiophene that present 

a non-resonant peak near 600 nm.  

 

 

Figure 4.3 - Typical open-aperture Z-scan curve. 
Source: By the author. 
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Figure 4.4 -  2PA cross-section (black dots), SOS fitting (red line) and linear absorption (dashed 
black line) for a) F-benzothiophene, b) F-cyano, c) F-phenyl, d) F-methoxy and e) F-
thiophene. 

Source: By the author. 
 
 

For F-benzothiophene, the highest 2PA cross-section is seen at 710 nm, with 

220 GM, which is the highest value between the compounds as expected due to its 

higher intra-charge transfer. F-cyano presents their maxima 2PA cross-section at 720 

nm, with 130 GM, which is the smallest cross-section obtained for these compounds. 

F-phenyl has two peaks, one at 650 nm with 188 GM, and the other at 720 nm with 

100 GM. Since we are considering applications for two-photon absorption 

microscopy and the usual wavelength range for it is from 700 – 1000 nm, we just 

considered the 2PA cross-section for the 720 nm peak for the rest of this study. F-

methoxy has its highest 2PA value at 710 nm, with 200 GM, a value similar to F-

benzothiophene since they have similar conjugation length. F-thiophene also 

presents two peaks, one at 600 nm with 190 GM, and the other one at 710 nm with 

F-benzothiophene F-cyano 

F-phenyl F-methoxy 

F-thiophene 
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154 GM. It is interesting to notice that no bands were observed around 900 nm, 

which would be correspondent to the 450 nm band seen on the linear absorption 

spectra. This shows that this transition is basically two-photon forbidden since it 

wasn’t measured on our experiment. 

The sum-over-states (SOS) model as presented on Chapter 2 was used to fit 

the experimental data, whose results are shown by the red line in Figure 4.4. To 

model these compounds we used a four energy-level diagram based on their one 

and two-photon absorption spectra, using μ01 calculated through Eq. (2.31). Since we 

considered a single state for the calculation of the dipole moments, the values 

obtained are likely overestimated, as seen by the high values shown in Table 4.2, 

which summarizes the parameters determined and used by the fitting. From Figure 

4.4 it is clear that the SOS model describes the measured spectra very well, showing 

that the energy-level diagram chosen is consistent with the experimental results.  

 

Table 4.2 - Spectroscopic parameters for the compounds. 

Molecule F-phenyl F-benzotiophene F-cyano F-methoxy F-tiophene 

λ01 (nm) 430 444 410 441 434 

λ02 (nm) 366 366 361 359 360 

λ03 (nm) 326 300 323 300 311 

Γ01 (10
14

 Hz) 1.2 1.5 1.7 2.1 1.5 

Γ02 (10
13 

Hz) 9.7 14.5 9 9.5 10.5 

Γ03 (10
13 

Hz) 8.0 14.0 9.6 18.0 9.0 

μ01 (D) 3.3 3.3 3.2 3.05 3.09 

Δμ01 (D) 1.56 1.25 1.42 1.29 1.42 

μ02 (D) 20.0 35.5 29.0 29.2 29.0 

μ03 (D) 19.0 27 30.0 26.9 19.6 

Source: By the author 

 

To help interpret the experimental results, quantum chemistry calculations 

were performed by prof. Daniel L. Silva from UFSCAR. Comparing the theoretical 

maxima two-photon absorption with the experimental ones, as shown in Table 4.3, 

we can see that the wavelengths obtained theoretically are slightly blue shifted 

compared to the measured ones, which is within expectations for the used method. 
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Table 4.3 -  Experimental and calculated maxima 2PA cross-sections and their wavelengths for the 
studied compounds. 

 Experimental 
Theoretical 

 Quantum Chemistry 

Molecule 𝛌𝟐𝐏𝐀
𝐩𝐞𝐚𝐤

(nm) 𝛔𝟐𝐏𝐀
𝐩𝐞𝐚𝐤

(GM) 𝛌𝟐𝐏𝐀
𝐩𝐞𝐚𝐤

(nm) 𝛔𝟐𝐏𝐀
𝐩𝐞𝐚𝐤

(GM) 

F-benzothiophene 710 220±50 684 456 

F-thiophene 720 210±40 688 340 

F-methoxy 710 200±40 696 279 

F-phenyl 655 200±40 650 289 

F-cyano 720 130±30 642 66 

Source: By the author 

 

The 2PA cross-section values (𝛔𝟐𝐏𝐀
𝐩𝐞𝐚𝐤

), however, present larger values and 

variation between the theoretical calculations and the experimentally observed ones. 

Even though the absolute values differ, Figure 4.5 shows that the behavior between 

the compounds 2PA cross-sections are in good agreement. The increasing tendency 

of the 𝛔𝟐𝐏𝐀
𝐩𝐞𝐚𝐤

 from F-cyano to F-benzothiophene seems to be related to the 

conjugation length and the strength of the different electron-acceptor and electron-

donor groups of each molecule. 

To understand how the charges move within the molecules, we also calculated 

the main molecular orbitals (with the highest probability to contribute to the transition) 

involved in the 2PA transition showed in Table 4.3, which are presented in Figure 4.6. 

The calculated transitions for F-benzothiophene (a), F-phenyl (c), F-cyano (e) present 

a charge transfer character, while F-thiophene (b) has a backbone character. For F-

methoxy (d), charge transfer and *characters are both present in the mainly 

involved orbitals.  
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Figure 4.5 -  Experimental (left axis – squares) and theoretical (right axis – circles) values of the 2PA 
cross-section peak values. The error bars for the experimental values is of 10%. 

Source: By the author. 

 

 

Figure 4.6 -  Molecular orbitals involved in the electronic transitions of (a) F-benzothiophene, (b) F-
thiophene, (c) F-phenyl, (d) F-methoxy and (e) F-cyano. 

Source: SILVA.
103

 

 

d) 

HOMO-1 
LUMO 

HOMO-1 LUMO 
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Through analysis of the molecular orbitals of the compounds, we observe that 

F-benzothiophene presents the largest 2PA cross-section due to its larger 

conjugation length, which allows a large movement of charges from the center to the 

sides of the molecule (Figure 4.6a). Since F-thiophene differs from F-benzothiophene 

by two aromatic rings, their 2PA cross-sections are comparable, and there is a clear 

π→π* charge movement within it (Figure 4.6b). F-methoxy and F-phenyl have shorter 

conjugation length than the two previously mentioned one, and have similar 2PA 

cross-sections since they only differ by the OCH3 groups. F-phenyl presents charge 

transfer characteristics, moving from the center to the sides of the molecule (Figure 

4.6c). For F-methoxy, two different LUMO-HOMO transitions have a high chance of 

happening: The first one shown in Figure 4.6d, where there is a large charge transfer 

from the sides to the middle, and the second one, where a π→π* transition happens. 

Since it presents similar 2PA cross-section to the F-phenyl, it is likely that the 

transition we observe is the one caused by the charge transfer. F-cyano presents a 

lower 2PA cross-section than the others due to its very low charge movement within 

the molecule, clear from Figure 4.6e.  

4.4 Final considerations 

 

In this chapter we reported the two-photon absorption study for five different 

fluorenone-derived compounds. We not only obtained their spectra but also did 

quantum chemistry calculations to understand their transitions deeper.  

The compound that displayed the largest 2PA cross-section was F-

benzothiophene, with 224 GM at 710 nm, while the one with the smallest cross-

section was F-cyano with 129 GM at 720 nm. A comparison with the theoretical 2PA 

cross-sections obtained through quantum chemistry calculations was made, 

reaffirming the ordering of the synthesized molecules in terms of their 2PA cross-

sections. From these calculations we also extracted the main molecular orbitals, 

which showed that F-benzothiophene was expected to have the largest 2PA cross-

section due to its largest conjugation length and charge transfer compared to the 

other studied compounds. 

Since all compounds presented large two-photon absorption cross-sections 

within the 700 nm range, as well as reasonable fluorescence quantum yields, they 
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can be interesting options, for example, for two-photon microscopy, allowing high 

resolution imaging of intracellular organelles or living tissues. 
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5 BODIPYS 

 

Simple BODIPY structures usually present low two-photon absorption cross-

sections, of the order of 50 GM as mentioned in Chapter 3. Their high fluorescence 

quantum yields and other inherent properties, led to searching for manners to 

increase their 2PA properties to enable more nonlinear applications to this class of 

compounds. We determined the 2PA spectra of seven BF2-naphtyridine molecules 

with simple and short structures, presenting either a single or two electron donating 

or electron withdrawing groups attached, looking to increase the previously 

measured average 2PA cross-section without changing the compounds main core 

drastically. Two-photon absorption cross-section values as high as 270 GM were 

observed, corresponding to an increase of about five times in comparison to the 

average cross-section reported for compounds with similar conjugation lengths.  

 

5.1 Linear absorption 

 

The compounds were diluted in dichloromethane (DCM) with a concentration 

of 10-4 M for the linear measurements, which were done in a commercial UV-1800 

Shimatzu spectrometer. We divided the compounds (shown in Figure 3.2) in three 

groups for the analysis: Compound I, which is the simpler structure, was studied 

alone at first; then the single electron acceptor or donor, composed by compounds II, 

III, IV and V, and finally compounds VI and VII which have two elements each. 

In Figure 5.1 the linear absorption spectrum of compound I is shown. It 

presents a peak around 270 nm and two narrow bands around 400 nm. The first 

peak can be related to the intraligand 𝜋 → 𝜋∗ transition, while the ones around 400 

nm come from the 𝑛 → 𝜋∗ transition (𝑆0 → 𝑆1).76 The peaks around 400 nm show 

vibrational progression, which is associated with transitions between non-localized 

conjugated states (S1), with a spacing of ~170 meV in agreement with the C=C and 

C=N vibrational modes of the naphthyridine in the complex.77 
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Figure 5.1 - Linear absorption spectrum of compound I. 
Source: By the author 

 

Since compound I structure repeats itself in all other studied compounds, it is 

expected that the basic shape of the linear absorption remains similar to it for 

compounds II, III, IV and V as they only have one different component. From Figure 

5.2, it is possible to see that this assumption is correct except for compound V.  

 

 

Figure 5.2 - Linear absorption spectra from compounds II, III, IV and V. 
Source: By the author. 

 

The linear absorption spectrum of compound V, which is the only one 

presenting an electron donor group instead of an electron acceptor one, differs from 

the compound I spectrum at the 400 nm peaks since it does not present a vibrational 

progression as clear. 

Compounds VI and VII present a different linear absorption from the previous 

ones, as seen in Figure 5.3. Both have small absorption peaks from 260 to 390 nm, 
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and a stronger peak around 480 nm. Such molecules also present a red shift in their 

spectra in comparison to the other ones, possibly due to an intra-molecular charge 

transfer (ICT) band related to its strong push-pull structure.77 The absorption band 

around 480 nm is attributed to a  𝑛 → 𝜋∗ transition, which has a more meaningful 

contribution for compound VII, which contains NO2 and NMe2 groups, which also 

generate a strong ICT that makes its spectrum more red shifted than for compound 

VI. 

 

 

Figure 5.3 - Linear absorption spectra for compounds VI and VII. 
Source: By the author. 

 

5.2  DFT calculations 

 

The quantum chemistry calculations were all performed by me using density 

functional theory (DFT).107 First, the molecular structures of the compounds were 

optimized through the Becke’s three parameter exchange, Lee, Yang and Parr 

correlation (B3LYP) hybrid functional108-110 and the standard Pople’s 6.31G(d,p) basis 

set111 employing the Gaussian 09 package.112 Solvent effects were taken in 

consideration during the optimization process. 

The two-photon absorption transition probabilities calculations were carried out 

using time dependent density functional theory (TD-DFT) in DALTON 13.113 Solvent 

effects were considered using the polarizable continuum model (PCM).114-115 The 

hybrid B3LYP functional was employed in combination with the Pople’s 6-311G(d,p) 

basis set. The lowest twenty states were calculated for each compound. The actual 
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excited states used for the analysis were obtained after removing weaker oscillator 

strength states, as well as states that were out of the wavelength range used during 

our measurements. Since the laser beam used for the experiments had a ~10 nm 

bandwidth, we convoluted states in this range into a single excited state. With this 

approach, we used the oscillator strength and predicted wavelength to build 

Gaussian curves around each excitation band with a width of 0.2 eV, originating a 

predicted spectrum for the 2PA cross-section of each sample. 

This part of the work was done in collaboration with prof. F. Eloy Hernandez 

from the University of Central Florida, with the help of Dr. Julie Donnelly and Eduardo 

Romero who provided the codes used for these calculations. 

 

5.3 Two-photon absorption 

 

The solutions for the nonlinear measurements were prepared in DCM with a 

concentration from 10-2 to 10-3 M. Open-aperture Z-Scan measurements were made 

in different wavelength ranges for each compound in order to obtain their two-photon 

absorption cross-section spectra. We fitted the obtained data through a sum-over-

states model as mentioned in Chapter 2, and compared it and the experimental data 

with the theoretically predicted 2PA cross-section spectra. 

For these compounds, we used three different energy diagrams depending on 

their linear absorption spectrum, from which we can obtain the Δμ01. Since for some 

of the samples the first band of the linear absorption spectrum did not present a 2PA 

transition, the dipolar term of Eq. (2.30) was not considered as in this case Δμ01 can 

be neglected. Otherwise, Δμ01≠0 and the dipolar term was considered for the SOS 

fitting. 

In Figure 5.4 the two-photon absorption spectrum for compound I is shown. 

The open circles correspond to the measured 2PA cross-section for each 

wavelength, presenting two peaks as well as the resonant enhancement region 

starting around 500 nm. The first peak is around 530 nm, with a 2PA cross-section of 

47 GM and the second one is located at 580 nm with a 2PA cross-section of 58 GM, 

which are both of the same order as previously measured BODIPY-like compounds 

of similar conjugation length. To describe the 2PA spectrum of this molecule a four 

energy level diagram was employed for the SOS model, shown as the red line in 
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Figure 5.4, not considering the dipolar term since the first peak is not related to the 

first linear absorption band, which can also be seen in Figure 5.4 as the black dashed 

line. In Table 5.1 the fitting parameters obtained for compound I can be seen in the 

first line.  

The 2PA spectrum is directly related to the high energy band of the 

compound’s linear absorption. Therefore, we can assume they come from the 

intraligand 𝜋 → 𝜋∗ transition band. The dot-dashed blue line in Figure 5.4 

corresponds to the theoretically calculated spectrum determined through DFT 

calculations. The written values near each peak are the magnitude of the 2PA cross-

section calculated for that band. As it can be seen, there is a good agreement 

between the shape and the spectral position of the 2PA bands. In Figure 5.5a, the 

low energy electronic transition (HOMO→LUMO) is shown for compound I. It shows 

a small charge transfer character between the extremity rings towards the center, 

almost negligible, explaining the low observed 2PA cross-sections for it. 

 

 

Figure 5.4 -  Measured 2PA cross-section (opened black circles) spectrum for compound I, along 
with its SOS fitting (red line) and theoretical prediction (blue dot-dashed line), as well as 
its linear absorption spectrum (black dashed line). 

Source: By the author. 
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Table 5.1 - Spectroscopic parameters obtained from the SOS fitting for the BODIPY compounds. 

Compound 
μ01 

(D) 

Δμ01 

(D) 

λ01 

(nm) 

Γ01 

(10
14 

Hz) 

μ12 

(D) 

λ02 

(nm) 

Γ02 

(10
14 

Hz) 

μ13 

(D) 

λ03 

(nm) 

Γ03 

(10
14 

Hz) 

μ14 

(D) 

λ04 

(nm) 

Γ04 

(10
14 

Hz) 

I 5.9 - 394 0.9 6.0 294 0.9 3.3 268 0.9 2.5 227 1.0 

II 5.7 - 395 0.9 5.2 294 0.8 3.4 267 0.8 2.2 234 1.0 

III 5.7 - 397 0.9 5.0 318 0.8 5.0 280 0.9 3.6 231 1.0 

IV 6.9 - 393 0.9 7.2 294 0.6 4.0 268 0.8 3.8 231 0.8 

V 7.9 4.8 426 0.8 7.3 337 0.8 3.1 270 0.9 2.3 240 0.8 

VI 8.6 8.7 482 0.7 7.8 385 0.9 6.5 300 0.8 - - - 

VII 10.5 13.0 492 0.8 6.1 368 0.8 3.8 303 0.8 - - - 

Source: By the author. 

 

 

Figure 5.5 - Orbital HOMO→LUMO transitions for compounds (a) I, (b) II, (c) III, (d) IV, (e) V, (f) VI and 
(g) VII calculated for the highest 2PA transitions through TD-DFT. 

Source: By the author. 

 

Figure 5.6 shows the spectra for compounds II, III, IV and V. Since the linear 

absorption spectra of compounds II, III and IV are similar, it was expected that their 

2PA cross-section spectra would also present similar shapes. These spectra are also 

similar to the one seen for compound I (Figure 5.4). Compound II (Figure 5.6a) has 

two peaks of about the same magnitude, one at 530 nm and the other at 580 nm, 

both with a 2PA cross-section of 46 GM. Compound III (Figure 5.6b), which presents 

Br, exhibits a larger 2PA cross-section, with a peak of approximately 53 GM at 560 

nm and a smaller one of 32 GM at 630 nm. The opposite behavior happens for 

compound IV (nitro group, Figure 5.6c), with a larger peak at 590 nm with 156 GM 

and a smaller one at 540 nm with 83 GM. For compound V (Figure 5.6d), which has 
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a donor group (HCO3) in its phenyl ring, a third peak is observed at 850 nm with 24 

GM, which corresponds to the electronic state at 400 nm observed in its linear 

absorption spectrum. This feature arises possibly due to the dipolar characteristic of 

this compound, and it also occurs for compounds VI and VII as will be shown later. 

Compound V has a larger peak at 670 nm with 120 GM and a smaller one of 88 GM 

at 540 nm. Compounds IV and V present 2PA cross-sections of the same order of 

previously measured molecules with larger conjugation lengths.82 

 

 

Figure 5.6 - Measured 2PA cross-section spectra (black circles) for compounds a) II, b) III, c) IV and 
d) V, along with its SOS fitting (red line) and theoretical spectra (blue dot-dashed line), as 
well as their linear absorption spectra (black dashed line). 

Source: By the author. 

 
Since compounds II, III and IV (Figure 5.6a-c) display three 2PA peaks that 

are not related to their first linear absorption band, a four energy-level diagram 

without the polar term was used for the SOS fitting, shown as a continuous red line in 

all graphics in Figure 5.6. For compound V, the dipolar term had to be considered so 

a five energy-level diagram was used for the SOS. The parameters of the SOS found 

through fitting for these four compounds can also be seen in Table 5.1 - Spectroscopic 

parameters obtained from the SOS fitting for the BODIPY compounds.. 
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In this context, compound I presents a similar maximum 2PA cross-section to 

compound II, followed by compounds III and IV. From Figure 5.5, the charge transfer 

that happens in the HOMO→LUMO transition for compounds II (Figure 5.5) and III 

(Figure 5.5c) are similarly negligible, both happening from the rings towards the 

center of the compound. Compound IV (Figure 5.5d) presents a small charge transfer 

into the nitro group from the right to the left side of the molecule, which explains the 

largest 2PA cross-section observed in it. Compound V (Figure 5.5e) presents a 

comparable maximum 2PA cross-section to compound IV due to its push-pull like 

transition, which happens between the two extremities of the molecule. Since the 

electron density is pulled more efficiently by the nitro group in compound IV than 

given by the methoxy in compound V, we observe a larger 2PA cross-section in 

compound IV.  

The 2PA spectra for compounds VI and VII are shown in Figure 5.7. They 

present similar shapes, with two 2PA peaks. Compound VI has a peak at 770 nm, 

with 148 GM, and the second peak at 960 nm with 80 GM, while for compound VII 

the peaks are at 730 and 990 nm, with magnitudes of 210 and 268 GM. This result 

shows an increase of about five times in the value of the 2PA cross-section in 

comparison to previously studied BODIPY compounds with similar length, and are of 

the same order of recently studied BODIPYs83 with larger conjugation lengths and 

more than two electron acceptor or donor groups. 

For these compounds a four energy-level diagram was used for the SOS 

fitting, presented in Figure 5.7 as a red continuous line, with their parameters shown 

in Table 5.1. 

For both compounds the lowest energy 2PA peak corresponds to the 480 nm 

band of the linear absorption spectrum. Such transition is attributed to a 𝑛 → 𝜋  

transition, having a more meaningful contribution for compound VII, which contains 

NO2 and NMe2 groups. The high energy peak is red-shifted for compound VII, which 

is related to its strong ICT, once strong donor (NMe2) and acceptor (NO2) groups are 

bonded to the para-position of phenylene aromatic rings (like push-pull systems) of 

this compound.  

From compound VI and VII HOMO-LUMO transition, presented on Figure 5.5f 

and Figure 5.5g, it is possible to see a difference between the moving charges 

pattern for both compounds. On compound VI there is an evident charge transfer 

from the dimethyl amine into the first half of the molecule during the transition, while 
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for compound VII there is a large charge transfer from the NMe2 group to the NO2 

group, creating a push-pull structure since the two ligands are located in opposite 

sides of the molecule. Since the charge transfer is much larger for compound VII, it 

presents a larger 2PA cross-section value than compound VI. 

 

Figure 5.7 -  Measured 2PA cross-section spectra (black circles) along with its SOS fitting (red line) 
and calculated spectra (blue dot-dashed line), as well as their linear absorption (black 
dashed line) for compounds (a) VI and (b) VII. 

Source: By the author 

 

We also compared the maxima 2PA cross-section measured with the ones 

calculated with quantum chemistry, which are summarized in Table 5.2. The 

wavelengths of the measured spectra for the compounds are blue-shifted from 50 to 

60 nm, which is within the usual deviation from theory. For compounds I to VI the 

difference between measured and calculated wavelengths was no larger than 35 nm, 

while for compound VII this difference goes up to 75 nm. This bigger difference 

between the values, both for the wavelength and the 2PA cross-section, happens 
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due to the zwitterionic character and the charge transfer characteristics for this 

compound. Examining the obtained data, we can conclude that the inclusion of 

donating or accepting groups into the molecule increases its 2PA cross-sections 

considerably, and this increment depends on the capacity of such groups to withdraw 

or donate electron density towards the 𝜋 system of the molecule. 

 

Table 5.2 -  Comparison between the maxima 2PA cross-section calculated through DFT and 
measured for the BODIPY compounds. 

Compound λ2PA theo. (nm) σ2PA theo. (GM) λ2PA exp. (nm) σ2PA exp. (GM) 

II 615 154 580 46 

III 540 154 550 53 

IV 612 191 590 156 

V 670 226 670 120 

VI 796 344 770 133 

VII 1065 182 990 268 

Source: By the author 

 

To verify our measured data further, the dipole moments for each compound 

were also calculated through DFT, and their values are compared to the ones 

measured experimentally in Table 5.3. 

 

Table 5.3 – Comparison between calculated and measure dipole moments for all compounds. 

Compound Measured 

μ01 (D) 

Theoretical 

μ01 (D) 

Measured 

μ12 (D) 

Theoretical 

μ12 (D) 

Measured 

μ13 (D) 

Theoretical 

μ13 (D) 

Measured 

μ14 (D) 

Theoretical 

μ14 (D) 

I 5.9 6.7 6.0 4.0 3.3 1.9 2.5 1.7 

II 5.7 3.2 5.2 2.9 3.4 1.1 2.2 1.8 

III 5.7 4.0 5.0 4.0 5.0 2.3 3.6 1.0 

IV 6.9 8.6 7.2 10.15 4.0 1.9 3.8 2.4 

V 7.9 6.8 7.3 12.2 3.1 3.6 2.3 2.3 

VI 8.6 17 7.8 12.6 6.5 2.0 - - 

VII 10.5 30.9 6.1 5.9 3.8 1.3 - - 

Source: By the author. 

 

Compounds I to V show good agreement between the experimental and 

theoretical dipole moments, all of them being of the same order of magnitude and 

with differences under 5 D. However, for compounds VI and VII the differences are 

much larger, particularly for the first dipole moment (μ01). This is due to the previously 

mentioned issues with the amount of charge transfer present in these compounds, 
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which led to an overestimation of their 2PA cross-sections as well as of their dipole 

moments. 

5.4 Final considerations 

 

Seven new BF2-naphthyridine compounds developed to have a larger 2PA 

cross-section than previous ones of the same conjugation length were studied. The 

compounds that presented the larger 2PA cross-section were compound VII, with 

268 GM at 990 nm, and compound IV, with 156 GM at 590 nm, both having NO2 as a 

substituent. The smallest observed 2PA cross-section was 46 GM for compound II at 

580 nm. Considering previously studied BODIPY compounds, most of them present 

intricate structures and several substituents to increase their conjugation length and 

internal charge transfer to enlarge the 2PA cross-sections to up to 350 GM in the 

visible region. The compounds studied during this dissertation revealed cross-

sections of the same order of magnitude with a simpler structure, demonstrating that 

these compounds have a good potential for nonlinear applications in the visible and 

near infrared spectral regions. 
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6 CHIRAL POLYMERS 

 

Chiral structures have their nonlinear properties inherent to their basic 

characteristics. Adding chirality to a polymeric structure is supposed to generate 

even higher nonlinear properties, since it also increases the compound conjugation 

length and amount of added chromophores. The chiral polymers studied present a 

main binaphthalene backbone rod, with a high concentration of chromophores added 

as branches. Four different polymers were studied, with differences only on the 

chromophores, as seen in Figure 3.4. 

Two different kinds of studies were carried out in these polymers. The first one 

was a study of their two-photon absorption spectra with linearly polarized light 

through open-aperture Z-Scan measurements. The highest 2PA cross-section 

obtained in this case was for polymer 2, with 680 GM at 1100 nm, while the smallest 

one was polymer 1, with 349 GM at 890 nm.  

The second study was a polarization controlled 2PA measurement, where we 

looked for the linear-circular dichroism, as well as the circular dichroism for the four 

polymers. Three of the polymers presented a single allowed transition level for their 

first absorption peaks, while for the second peak two or more allowed states have 

been observed. Polymer 3 had the opposite behavior. Small circular dichroism for 

particular wavelengths were observed in two of the polymers.  

 

6.1 Linear absorption 

 

The four studied polymers were diluted in tetrahydrofuran (THF) in 

concentrations of 10-5 M for the linear absorption measurements. The spectra were 

obtained with a commercial UV-1800 Shimatzu spectrometer and are shown in 

Figure 6.1. 

All polymers present two linear absorption peaks: the first one around 350 nm 

for all studied samples, related to the binaphthalene backbone,98 while the second 

peak is related to the different chromophores of the polymers composition. For 

polymer 1, which has the smallest chromophore, the second peak is located around 

440 nm. Polymers 2 and 3 have chromophores of similar conjugation length, and 

their second absorption peaks are close, being at 550 nm for polymer 2 and 560 nm 
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for polymer 3. Polymer 4 has the longest conjugation length on its attached 

chromophore and, therefore, has a larger wavelength for its second peak, around 

600 nm.  

 

 
Figure 6.1 - Linear absorption for the studies polymers. 

Source: By the author 

 

6.2 Two-photon absorption with linear polarization 

 

For the two-photon absorption measurements, the polymers were diluted in 

concentrations of 10-4 to 10-3
 M in THF. The measurements were made through the 

absorptive Z-Scan technique, and the wavelength range was different for each 

polymer, considering their distinct linear absorption spectra ranges. A sum-over-

states model was then applied with four energy levels for all compounds, following 

Eq. (2.30) seen in Chapter 2. 

In Figure 6.2, the 2PA spectrum for polymer 1 is shown. There are two 2PA 

cross-section maxima, one at 890 nm with 349 GM, and the second one at 650 nm 

with 340 GM. The shortest wavelength peak is mixed with the resonant enhancement 

since it is close to the last band of the linear absorption, and is related to the 

binaphthalene backbone of the polymer. The SOS model applied for this compound 

has four-energy levels, and can be seen as a red line in Figure 6.2, and the fitting 

parameters obtained from it are shown in Table 6.1. 
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Figure 6.2 -  Linear absorption spectrum (black dashed line) along with two-photon absorption 
measurements (circles) and its SOS fitting (red line) for polymer 1. 

Source: By the author. 
 

 
Table 6.1 - Spectroscopic parameters obtained from the SOS for all polymers. 

Polymer 
μ01 

(D) 

Δμ01 

(D) 

λ01 

(nm) 

Γ01 

(10
14 

Hz) 

μ12 

(D) 

λ02 

(nm) 

Γ02 

(10
14 

Hz) 

μ13 

(D) 

λ03 

(nm) 

Γ03 

(10
14 

Hz) 

1 8.5 22.1 442 1.1 13.1 336 1.6 30.0 231 1.8 

2 13.2 16.7 545 0.8 7.0 430 0.8 20.0 333 0.7 

3 11.7 15.6 559 1.3 10.7 432 1.8 20.0 303 1.6 

4 14.2 11.2 612 1.6 8.6 517 1.4 11.5 416 1.6 

Source: By the author 

 

The two-photon absorption spectrum shape for polymer 2 is similar to polymer 

1, with two 2PA cross-section peaks as seen in Figure 6.3. The smaller peak around 

850 nm shows a cross-section of 422 GM, while the largest peak at 1100 nm has a 

maximum 2PA cross-section of 680 GM. Both peaks are red shifted in respect to 

polymer 1, which was expected since the conjugation length of its chromophore is 

larger, and its linear absorption is red shifted in respect to polymer 1 as well. The 

SOS model for four-energy states was applied to the 2PA spectrum, and is shown as 

a red line in Figure 6.3. The spectroscopic parameters obtained from the fitting are 

reported in Table 6.1. 
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Figure 6.3 -  Linear absorption (black dashed line) and two-photon absorption (black circles) spectra 
for polymer 2, along with its SOS fitting (red line). 

Source: By the author. 

 

Polymer 3 has a small red-shift in respect to polymer 2, as seen in Figure 6.4. 

Since the wavelength we started measuring for this polymer was farther from its 

linear absorption, the resonant enhancement is not apparent in the 2PA spectrum. A 

four-energy level system was used for the SOS fitting, which is shown as a red line in 

Figure 6.4, while the fitting parameters are listed in Table 6.1. There are two maxima 

2PA cross-sections for polymer 3 as well, one at 860 nm with 618 GM, and the other 

at 1140 nm with 563 GM.  

Polymer 4 also presents two maxima 2PA absorption peaks, one at 1020 nm 

with 537 GM, and the second one at 1230 nm with 362 GM, as seen in Figure 6.5. 

The resonant enhancement for this polymer was the strongest one between them, 

and the peaks are the farthest to the red. This was expected since the chromophore 

added to the binaphthalene backbone of this polymer has the longest conjugation 

length. A four energy-level system was used for the SOS fitting, and the parameters 

obtained from it can be seen in Table 6.1. 
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Figure 6.4 -  Two-photon (black circles) and linear (black line) spectrum for polymer 3, along with the 
SOS fitting (red line). 

Source: By the author. 

 

 

Figure 6.5 -  Linear (black dashed line) and two-photon (black circles) absorption spectrum for 
polymer 4, as well as its SOS fitting (red line). 

Source: By the author. 

 

Although the spectra for the four polymers are similar in shape, their values 

and the wavelength position of their maxima are different. Also, for polymers 1 and 2, 

the second peak has the largest 2PA cross-section, while for polymers 3 and 4 the 

highest 2PA cross-section occurs at the shortest wavelength. This means that for the 

first two polymers, the chromophores have a bigger influence on the two-photon 

transitions, while for polymers 3 and 4 the largest influence is given by the 

naphthalene backbone. The maximum 2PA cross-section and its wavelength for 

each polymer are summarized in Table 6.2. 
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Table 6.2 - Summary of the 2PA maxima cross-sections for all polymers. 

Polymer λ2PA(nm) σ2PA (GM) 

1 890 349 

2 1100 680 

3 860 618 

4 1020 537 

Source: By the author. 

 

Polymer 2 shows the largest 2PA cross-section among the studied polymers, 

with 680 GM at 1100 nm, while the smallest cross-section is given by polymer 1 at 

890 nm. This shows that the chromophore used in the polymer 2 synthesis probably 

allows a larger charge mobility along the polymer structure than the others, which 

can be endorsed by its dipole moment value (13.2 D), smaller only than the one of 

polymer 4 (14.2 D). 

 

6.3 Two-photon absorption with polarization variation 

 

Because these are chiral polymers, it is interesting to study their 2PA as a 

function of light polarization. For that, we used the procedure described in Chapter 

3.3, adding a rotating quarter-wave plate before the Z-Scan setup to obtain the 

transmittance variation between linear, elliptical and circular polarizations. Examples 

of the obtained curves for Polymer 2 can be seen in Figure 6.6. In this figure, the 

peaks correspond to the linear polarization transmittance, while the valleys 

correspond to the circular polarization. We measured 360º to obtain four different 

transmittances for both linearly and circularly polarized light, which also allowed us to 

see two circularly polarizations, i.e,  light circularly polarized to the right and to the 

left.  

It is possible to obtain the factor Ω𝐶𝐿𝐷
2𝑃𝐴 directly from these plots using Eq. (2.33) 

(Ω𝐶𝐿𝐷
2𝑃𝐴 = 𝜎𝐶𝑃

2𝑃𝐴(𝜆) 𝜎𝐿𝑃
2𝑃𝐴(𝜆)⁄ ). Since the 2PA cross-section is directly related to the 

sample transmittance and we need the relation between the 2PA cross-sections for 

circularly and linearly polarized light, Ω𝐶𝐿𝐷
2𝑃𝐴 is calculated by dividing the valley 

transmittance by the peak transmittance for each wavelength. Since there is a series 

of four peak-valleys, we then take the average to obtain a final value for Ω𝐶𝐿𝐷
2𝑃𝐴 and 

plot its spectra. 
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Figure 6.6 - Examples of polarization variation measurements in four different wavelengths for 
Polymer 2. 

Source: By the author 

 

Before starting the measurements with polarization control, we reevaluated the 

wavelength to start the spectra by removing the resonant enhancement, by 

subtracting such effect according to the SOS model. This allows us to obtain the first 

two-photon absorption peak more clearly. Since Polymer 3 did not present resonant 

enhancement in the measured spectral range, this process was not performed for it. 

For Polymers 1, 2 and 4, the spectra without the resonant enhancement are shown 

as blue circles in Figure 6.7. 

For Polymer 1, the Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum is shown in Figure 6.8a-b, with two 

separated spectral regions since there are two two-photon absorption peaks in two 

different wavelengths. It is also possible to observe that the Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum presents 

two different behaviors: an approximately constant value, considering the 

experimental error, from 630 nm up to 700 nm (Figure 6.8a), and two different values 

separated by a slope for higher wavelengths (Figure 6.8b). 
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Figure 6.7 -  TPA cross-section spectra with (black circles) and without (blue circles) the resonant 
enhancement, as well as their linear absorption (dashed black line) and SOS fittings 
(red and blue line) for Polymer (a) 1, (b) 2 and (c) 4. 

Source: By the author. 

 

 

Figure 6.8 -  Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum in (a) the first 2PA peak region and in (b) the second 2PA peak region of 

polymer 1. The red dashed lines are for shape comparison purposes. 
Source: By the author. 

 

In Figure 6.8a, the behavior is approximately constant, within the experimental 

error, with Ω𝐶𝐿𝐷
2𝑃𝐴 = 0.45. The red dashed line shown in the picture is plotted only to 

guide the eye, not being a theoretical fitting for the spectrum. Considering the shape 

of this part of the spectrum, one would argue that there is a single level allowed for 

the 2PA transition, as it would occur for molecular non polymeric systems in a two-
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level approximation. However, in such case it would be expected that   0.67 ≤ Ω𝐶𝐿𝐷
2𝑃𝐴 ≤

1.5, which is not the case for the observed results.  A possibility to explain such result 

may be related to the complexity of polymeric systems, in which the symmetry of 

involved states is not precisely defined, such that the  theory presented on Chapter 3 

is not absolutely applicable here, since it considers molecules completely non-

centrosymmetric with defined parity. Even so, since the same type of behavior has 

been observed, in general, we believe it can be used to give some indications about 

details of the nonlinear spectrum. 

Figure 6.8b shows the Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum in the region of the second peak of the 

2PA cross-section spectrum. There are two regions where Ω𝐶𝐿𝐷
2𝑃𝐴 has a constant 

value, one between 700 and 850 nm with Ω𝐶𝐿𝐷
2𝑃𝐴 ~ 0.5, and the other between 960 and 

1020 nm with Ω𝐶𝐿𝐷
2𝑃𝐴 ~ 0.44. This suggests that there are, at least, two different states 

allowed for the 2PA transition in this wavelength range. By verifying the energy 

difference between the constant values, the energy difference between these two 

energy-levels is of approximately 0.17 eV. From Eq. (2.32), the circular-linear 

dichroism can be calculated, being Δ𝜎𝐶𝐿𝐷
2𝑃𝐴 = -0.33 for the first constant wavelength 

range, and Δ𝜎𝐶𝐿𝐷
2𝑃𝐴 = -0.39 for the second value. The fact that Δ𝜎𝐶𝐿𝐷

2𝑃𝐴 < 0 within this 

spectral range points out that the excited states responsible for the 2PA band have 

the same symmetry as the ground state.116 This is only an absolute true if we had a 

centrosymmetric sample, since its states parities would be well defined, while for 

non-centrosymmetric the electric dipole selection rules are relaxed and do not allow 

the affirmation of the states parities.41 Since the polymer has a very long chain and 

there is no way of knowing its exact symmetry, we cannot affirm the validity of the 

symmetry assumptions from the negative circular-linear dichroism but, again, the 

similarity of such results with the ones observed for non-polymeric molecular systems 

can give an indication of such spectral features, as in an effective type of model. 

The red dashed line shown in Figure 6.8b is also not a theoretical fitting for the 

plot. Equation (2.43) would give a theoretical fitting for the spectrum. However, since 

the sample is a polymer, applying the equation becomes difficult since it would be 

difficult to obtain the angles between the dipole moments from quantum chemistry 

calculations.  

From the value obtained for Ω𝐶𝐿𝐷
2𝑃𝐴 and the spectra obtained for linear 

polarization shown in Figure 6.7 -  TPA cross-section spectra with (black circles) and without 
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(blue circles) the resonant enhancement, as well as their linear absorption (dashed black line) and 

SOS fittings (red and blue line) for Polymer (a) 1, (b) 2 and (c) 4.Figure 6.7, it is possible to 

calculate the TPA cross-section spectrum for circularly polarized light and verify their 

magnitude difference. From Figure 6.9, we can see that the linearly polarized light 

cross-section is more than twice the value of the circularly polarized light, showing 

that for Polymer 1 the incident polarization is an important parameter to be 

considered for its application. 

 

 

Figure 6.9 -  2PA cross-section spectrum for Polymer 1 with incident linearly polarized light (black 
circles) and circularly polarized light (red circles). 

Source: By the author. 

 

Polymer 2 Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum has again two different behaviors, both shown in 

Figure 6.10ab. It was measured between 830 and 1340 nm, which is the wavelength 

correspondent to its 2PA cross-section spectrum without the resonant enhancement 

as shown in Figure 6.7b. 
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Figure 6.10 - 𝛀𝑪𝑳𝑫
𝟐𝑷𝑨 for the (a) first and (b) second peaks of the 2PA absorption of Polymer 2. The red 

dashed lines are for eye guides. 
Source: By the author. 

In Figure 6.10a, an apparent constant behavior can be observed, with Ω𝐶𝐿𝐷
2𝑃𝐴

 = 

0.55. However, just like for Polymer 1, the Ω𝐶𝐿𝐷
2𝑃𝐴

 value is lower than what was 

predicted theoretically, which, as mentioned before may be related to the lack of well-

defined symmetry of the molecular states for polymeric systems. Figure 6.10b shows 

the behavior of the second 2PA absorption peak. By looking at the red dashed line, 

which is a sigmoidal-shaped curve meant to guide the eye only, we can see that 

there are two constant values of Ω𝐶𝐿𝐷
2𝑃𝐴 separated by a slope towards a higher value. 

This shows that this 2PA transition is accessible for two or more states, with Ω𝐶𝐿𝐷
2𝑃𝐴 = 

0.64 for wavelengths between 1220 and 1340 nm and Ω𝐶𝐿𝐷
2𝑃𝐴 = 0.54 for wavelengths 

between 940 and 1020 nm. The energy separation between these two levels is ~ 0.2 

eV, which is larger than the energy separation for the accessible states of Polymer 1. 

Calculating Δ𝜎𝐶𝐿𝐷
2𝑃𝐴, we obtain Δ𝜎𝐶𝐿𝐷

2𝑃𝐴 = -0.30 for 940 – 1020 nm, and Δ𝜎𝐶𝐿𝐷
2𝑃𝐴 = -0.22 for 

1220 – 1340 nm, both values smaller than zero. If Polymer 2 had defined parities, 

this would mean that the accessible 2PA states have the same symmetry as the 

ground state. However, since it is not possible to define the Polymer symmetry 

properly, this cannot be taken as certain, but only as an indicative. 

With the Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum and the 2PA for linearly polarized light, it is possible to 

calculate the two-photon absorption cross-section spectrum for incident circularly 

polarized light, shown in Figure 6.11. For Polymer 2 the difference between the 

cross-sections in the linear and circular cases is less than 50% for all wavelengths, 

with the largest differences near the 2PA absorption peaks.  

The spectrum for Polymer 3 is shown in Figure 6.12, presenting its two 

different behaviors separately from 760 to 1410 nm. Differently from Polymers 1 and 
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2, Polymer 3 does not show a constant behavior on its Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum related to the 

first 2PA peak, as shown in Figure 6.12a. It shows instead two constant values, one 

between 770 and 830 nm with Ω𝐶𝐿𝐷
2𝑃𝐴 = 0.6, and another one between 900 and 960 

nm, with Ω𝐶𝐿𝐷
2𝑃𝐴 = 0.57, which can be better noticed by the sigmoidal curve exhibited as 

a red dashed line of Figure 6.12a. That means that this energy transition has two or 

more accessible states, with an energy difference of ~0.12 eV. For 700 – 830 nm, 

Δ𝜎𝐶𝐿𝐷
2𝑃𝐴 = -0.25, while for 900 – 960 nm, Δ𝜎𝐶𝐿𝐷

2𝑃𝐴 = -0.27. Since both calculated Δ𝜎𝐶𝐿𝐷
2𝑃𝐴 

are smaller than zero, this may indicate that the parity between ground and the 

accessible excited states are the same. However, since the symmetry of the polymer 

is not well-defined, this is just an assumption. 

 

Figure 6.11 - 2PA cross-section spectrum for incident linear (black circles) and circular (red circles) 
polarized light for Polymer 2. 

Source: By the author. 

 

 

Figure 6.12 - 𝛀𝑪𝑳𝑫
𝟐𝑷𝑨 related to the (a) first and (b) second peak of the 2PA cross-section spectrum for 

Polymer 3. The red dashed lines are for eye guiding only. 
Source: By the author. 
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Figure 6.12b shows the Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum related to the second peak of the 2PA. 

Differently from the previous studied polymers, Polymer 3 exhibits a constant 

behavior for its second peak, with Ω𝐶𝐿𝐷
2𝑃𝐴 = 0.59 between 970 and 1410 nm. This would 

lead us to consider a single state accessible by two-photon absorption in this case. 

However, since Ω𝐶𝐿𝐷
2𝑃𝐴 is smaller than the theoretically calculated values expected for 

this case, there must be more than one accessible state for the transition, causing 

interference between them and making the Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum look constant but with a 

smaller value. 

From the Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum and the linearly polarized light 2PA spectrum, it is 

possible to calculate the 2PA cross-section for circularly polarized light, shown in 

Figure 6.13. The first 2PA peak has a difference close to 50% in cross-section 

values, while for the second peak the difference is smaller. This was expected since 

the Ω𝐶𝐿𝐷
2𝑃𝐴 value for the second peak is smaller than for the first one, which shows that 

the difference between linearly and circularly polarized light 2PA cross-sections is 

also smaller. 

 

 

Figure 6.13 – 2PA spectrum for linearly (black circles) and circularly (red circles) polarized light for 
Polymer 3. 

Source: By the author. 

 

Polymer 4 has its Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum shown in Figure 6.14. By removing the 

resonant enhancement (Figure 6.7c), the measurements were taken from 960 to 

1460 nm, and present two different behaviors as the previous polymers.  
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Figure 6.14 - 𝛀𝑪𝑳𝑫
𝟐𝑷𝑨 related to the (a) first and (b) second peaks of the 2PA spectrum of polymer 4. The 

red dashed lines are for reference only. 
Source: By the author. 

In Figure 6.14a the Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum related to the first 2PA peak (950 – 1060 

nm) is shown. From it, we can see that it shows an approximately constant behavior, 

with Ω𝐶𝐿𝐷
2𝑃𝐴 = 0.58. Similarly to Polymers 1 and 2, this would show a single accessible 

state by 2PA transition, but the value is smaller than the theoretically predicted for 

this case. For the second 2PA peak related curve (Figure 6.14b), there are two 

constant Ω𝐶𝐿𝐷
2𝑃𝐴 values separated by a slope. The first level has Ω𝐶𝐿𝐷

2𝑃𝐴 = 0.61 between 

1140 and 1230 nm, while the second one has Ω𝐶𝐿𝐷
2𝑃𝐴 = 0.57 between 1360 and 1460 

nm. This gives an energy difference of ~0.1 eV between the two or more accessible 

states, which is the smallest among the four studied polymers. Calculating Δ𝜎𝐶𝐿𝐷
2𝑃𝐴, we 

have Δ𝜎𝐶𝐿𝐷
2𝑃𝐴 = -0.24 for the first region, and Δ𝜎𝐶𝐿𝐷

2𝑃𝐴 = -0.27 for the second one, both 

values smaller than zero. If the polymer had a defined symmetry, this would allow us 

to say that the parity between the ground state and the 2PA accessible states is the 

same. However, since this affirmative is not certain, this remains just a hypothesis. 

With the Ω𝐶𝐿𝐷
2𝑃𝐴 and 2PA for linearly polarized light spectra, we calculated the 

2PA cross-section for circularly polarized light, comparing it with the linearly polarized 

light spectrum without the resonant enhancement (Figure 6.15). The difference 

between both is smaller than 50% for the whole spectrum, with the largest 

differences on the first peak where Ω𝐶𝐿𝐷
2𝑃𝐴 is smaller.  
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Figure 6.15 – 2PA spectrum for linearly (black circles) and circularly (red circles) polarized light for 
Polymer 4. 

Source: By the author. 

 

One interesting aspect regarding polarization control studies on the 2PA of 

chiral materials is to study the difference between the 2PA cross-sections for light 

circularly polarized to the right and to the left. However, since these differences are 

usually very small (differences of the order of 1 GM),117-119 it would be necessary to 

have a more sensitive experimental system.  

For Polymer 2 and 3, there were wavelengths with two-photon absorption 

circular dichroism (TPCD), as shown in Figure 6.16. The difference between 

circularly polarized light to the right and to the left can be seen by the difference in 

height of the valleys from both graphics, where we have two lower values and two 

higher values intercalated. 

 

 

Figure 6.16 - 𝛀𝑪𝑳𝑫
𝟐𝑷𝑨 measurements for (a) Polymer 2 at 1000 nm and (b) Polymer 3 at 790 nm. 

Source: By the author. 
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For Polymer 2 (Figure 6.16a), Ω𝐶𝐿𝐷
2𝑃𝐴 = 0.59 for the first circularly polarized light, 

while for the second Ω𝐶𝐿𝐷
2𝑃𝐴 = 0.51. This is a 15% difference considering the average 

value of the Ω𝐶𝐿𝐷
2𝑃𝐴 for 1000 nm, which can be considered enough to indicate the 

existence of TPCD for this wavelength. Calculating the 2PA-CD from Eq. (2.47), we 

have ∆𝜎𝐶𝐷
2𝑃𝐴(𝜔) = 21 GM, which is a high value compared to previously measured 

2PA-CD ones.  

For Polymer 3 (Figure 6.16b), Ω𝐶𝐿𝐷
2𝑃𝐴 = 0.6 for the first circularly polarized light, 

while for the second Ω𝐶𝐿𝐷
2𝑃𝐴 = 0.62, which is a 3% difference between both values. This 

difference is about the same as the experimental error, not allowing a conclusion 

about the actual existence of TPCD for this wavelength. Calculating the 2PA-CD, 

∆𝜎𝐶𝐷
2𝑃𝐴(𝜔) = 9 GM, of the same order of magnitude as previously measured 2PA-CD. 

This effect was not seen in Polymer 1 or 4, possibly for lack of sensitivity for the 

detection, or for low concentration of the studied samples during the measurement. 

6.4 Final considerations 

 

Four new binaphthalene-based polymers were studied. They had large 

conjugation lengths and different cromophores added to their main backbone to 

present different nonlinear properties. The largest 2PA cross-section was given by 

Polymer 2, with 680 GM at 1100 nm, while the smallest is of Polymer 1 with 349 GM 

at 890 nm. Still, all four studied samples have a high 2PA cross-section, enough for 

nonlinear applications. 

Polarization controlled measurements were also taken in order to search for 

two-photon absorption circular dichroism. This effect was seen for Polymers 2 and 3 

for 1000 and 790 nm respectivelly, with intensities of 15% and 3%. However, the 

most interesting information taken from this measurement was the circular-linear 2PA 

dichroism, which gave us information about the number of accessible states for the 

two-photon transitions, which were two or more for the four polymers, and it would 

also provide information on the states parity if the symmetries of the polymers were 

known. Since their structure is too long and it might not be completely non-

centrosymmetric, it was not possible to make statements about the parities between 

states. 
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7 CONCLUSIONS 

 

Two-photon absorption studies on three different kinds of organic molecules 

were carried out along this dissertation.  

The first study was made on five novel fluorenone-based compounds on 

Chapter 4. Both absorptive Z-Scan measurements and DFT analysis were made for 

these compounds, allowing a direct comparison between them. Quantum yield 

measurements were also made for these molecules, in order to verify their possible 

applications in two-photon absorption microscopy. F-benzothiophene presented the 

largest 2PA cross-section, with 224 GM at 710 nm, with a quantum yield of 0.19, 

showing promising nonlinear properties for applications. Comparing the ordering of 

the 2PA cross-sections obtained through experimental measurements with the 

theoretically calculated ones revealed good agreement, and also allowed a better 

understanding of the charge movement within the compounds through its HOMO-

LUMO transitions. Overall, the five samples presented reasonable 2PA cross-section 

and quantum yields, showing promising value for two-photon microscopy in living 

tissues.  

Seven new BF2-naphthyridine compounds were studied, as shown in Chapter 

6. These compounds present small conjugation length and simple structures, and 

were designed to have competitive 2PA cross-sections compared to larger and more 

complex compounds of the same kind. Absorptive Z-Scan measurements were 

made, as well as DFT calculations to obtain the theoretical 2PA cross-section spectra 

for these compounds. Both compounds that presented higher 2PA cross-section had 

a strong donor as a substituent (NO2), which were compound VII with 268 GM at 990 

nm, and compound IV, with 156 GM at 590 nm. These values are of the same order 

of magnitude from previously measured BODIPY molecules with much longer 

conjugation length and more substituents, showing that it is possible to have simpler 

molecules with high nonlinearities as well. With the theoretical calculations, it was 

possible to observe the HOMO-LUMO transitions to understand the charge 

movement within the molecules and verify that they corroborate with the observed 

results. It was also possible to calculate the dipole moments for each sample and 

compare them with the experimentally obtained ones, as well as use the calculated 

cross-sections and oscillator strengths to make theoretical 2PA cross-section 
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spectra. Comparing these data with our measured ones, it was possible to verify their 

good agreement, corroborating our experimental results even more. 

In Chapter 7, four new binaphthalene-based polymers were studied. Since 

these compounds presented inherent chirality, two different kinds of two-photon 

absorption studies were done: one with linearly polarized light to obtain the 2PA 

cross-section spectra, and one with polarization control to verify differences between 

circular-linear and circular-circular polarized light. The largest 2PA cross-section was 

given by Polymer 2, with 680 GM at 1100 nm, measured through absorptive Z-Scan 

with linearly polarized light. All four polymers presented high 2PA cross-sections, 

above 300 GM, showing that they have promising nonlinear properties for 

applications. For the polarization controlled measurements the Ω𝐶𝐿𝐷
2𝑃𝐴 spectrum was 

obtained for each polymer, which is capable of showing properties that the regular 

2PA measurement is not able to, such as the number of accessible states and the 

parity between the ground state and the excited state. All four polymers presented 

more than one accessible state for each 2PA transition, with the ground state having 

the same parity of the excited states. However, this last affirmation is not completely 

certain as the symmetry of the polymers are not well-known. Differences between 

circularly polarized to the right and to the left were also seen for polymers 2 and 3, 

with a 15% difference for the first one and 3% for the latter one. Since the sensitivity 

of the measurement is not high enough, we could not verify the same effect for 

polymers 1 and 4 or other wavelengths for polymers 2 and 3, showing the difficulty of 

measuring the two-photon absorption circular dichroism through this method. 

During this dissertation we presented three groups of molecules with large 

nonlinear properties, showing their two-photon absorption spectra. From this 

information, it is possible to decide which kind of application fits each sample better, 

and from the comparisons between each different compound within the groups, it 

was also possible to show which characteristics matter most for increasing their 

nonlinearities.  
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