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Abstract

During this work, we have addressed two aspects of the properties of the fluorescent
organic nanoparticles made of Adambodipy : their spectroscopy and their production with
controlled sizes.

We have produced micro-crystals (100x10x1um®) by precipitation in solutions of low
supersaturation. We have measured their spectroscopy under microscope in the range
380nm to 900nm. The microcrystals are birefringent and dichroic. By adding polarizers on
a microscope we have measured their refraction index along the two neutral axes according
to the method of Swanepoel.

We have measured the two absorption spectra along the neutral axis. We have
calculated these absorption spectra using the model of the dipolar coupling for Frenkel
excitons. The amplitude of this coupling has been estimated according to the classic model.
Bu t for two particular pairs of the cell, we have compared this estimation with the value
that can be deduced from the quantum calculation of a dimer by TDDFT.

The calculated spectra reproduce the dichroism, the spectral broadening of the
absorption spectra but not the experimental peak shape probably because our micro-
spectrophotometer levels up at high absorbance. The calculated fluorescence spectra
predict a polarized transition along the b direction of the cell. The experiment shows two
other red shifted bands. The study of their polarization, as well as their fluorescence
lifetime allows us to attribute them to defects in the crystal. The spectra of the
nanoparticles produced in the second part of this work are not those of crystals. We have
been able to reproduce them theoretically by introducing an orientation disorder inside the
periodic structure.

The 3D hydrodynamic focusing enables us to produce nanoparticles with controlled
size without precipitation of Adambodipy on the wall. We have used the PDMS
technology and we the moved to a glass tube approach, in order to avoid the diffusion of
fluorescence into the PDMS. By adjusting the flow ratio between the inner organic solution
of the dye and outer aqueous solution, we can control the size of the nanoparticle between
100nm and 300nm. The stability of the colloidal suspension is maintained by the surfactant
CTACI below the CMC. Indeed above the CMC, the nanoparticles exist together with dyes

dispersed in micelles.



We have simulated using COMSOL the precipitation of the nanoparticles. We have
introduced in the calculation the hydrodynamic and mutual diffusion of water and ethanol,
as well as the diffusion of the Adambodipy. From our studies of the solubility of
Adambodipy in water/ethanol mixtures, we have obtained the saturation curve and we have
built the supersaturation maps in the micro-device. We have used Fluorescence lifetime
imaging microscopy to follow in situ the precipitation process. From the decay collected in
different positions can be attributed to the coexistence of three species : the monomers, the
nanoparticles and an intermediate species supposed to be the nuclei. The FLIM shows a
precipitation in the diffusion area of the two solvents as well as a massive precipitation
after a few hundred of millisecond. The FLIM images are very close to the COMSOL

predictions.



Résumé

Pendant cette these nous avons travaillé sur deux aspects des nanoparticules organiques
fluorescentes d’AdamBodipy : leur spectroscopie et leur production avec des tailles
contrdlées.

La structure cristallographique des cristaux d’Adambodipy a ét¢ obtenue par
diffraction-X. Nous avons produit des microcristaux (100x10x 1 pm?) par précipitation dans
des solutions de sursaturation faible. Nous avons mesuré leur spectroscopie sous
microscope dans la gamme 380nm a 900nm. Les microcristaux sont biréfringents et
dichroiques. Nous avons mesuré leur biréfringence en déterminant leurs indices de
réfraction suivant les deux axes neutres par le méthode de Swanepoel.

Nous avons mesuré des spectres d’absorption suivant les axes neutres. Nous avons
calculé ces spectres d’absorption en utilisant la théorie du couplage dipolaire pour les
exciton de Frenkel. La valeur du couplage intermoléculaire a été estimée par le modele
classique. Mais pour deux paires particulaires de la maille nous avons comparé cette
estimation classique du couplage avec la valeur qui peut étre déduite du calcul quantique
du dimére par TDDFT. L’ordre de grandeur est vérifié.

Le programme s’applique a des nanoparticules formées de NxNxN (N<I11) mailles
cristallines. Les spectres calculés reproduisent le dichroisme, 1’¢largissement des spectres
d’absorption, mais il apparait que les spectres expérimentaux sont écrétés par la faible
dynamique de notre spectrophotometre sous microscope. Le calcul du spectre de
fluorescence prédit une bande polarisée selon la direction b de la maille. L’expérience en
distingue deux autres décalée dans le rouge. L’¢tude de leur polarisation ainsi que de leur
dynamique de fluorescence permet d’attribuer ces bandes rouges a des défauts dans la
structure cristalline. Les spectres des nanoparticules produites dans la deuxiéme partie ne
sont pas ceux de la forme cristalline. Nous avons pu reproduire ces spectres en introduisant
un désordre d’orientation a I’intérieur la structure des NxNxN mailles.

La focalisation hydrodynamique 3D, nous a permis de produire des nanoparticules de
taille contrdlée sans qu’il y ait précipitation de I’AdamBodipy sur les parois. En réglant le
rapport des flux entre la solution organique de colorant et la solution aqueuse non solvant,
nous avons pu ajuster la taille des nanoparticules entre 100 et 300nm. La stabilité
colloidale des nanoparticules est assurée par du CTACI en dessous de la CMC. En effet au

dessus de la CMC les nanoparticules coexistent avec des micelles chargées en colorant.



Les spectroscopies d’absorption et de fluorescence des nanoparticules montrent qu’elles
sont amorphes.

Nous avons simulé la précipitation des nanoparticules par COMSOL en introduisant
une I’hydrodynamique de mélange par diffusion mutuelle de 1’eau et de I’éthanol et de
diffusion du colorant dans ce mélange. Nos études de la solubilité¢ de I’Adambodipy dans
des mélanges organiques/eau, nous ont permis de déterminer la loi de solubilité¢ et
d’obtenir des cartes de la super-saturation dans le microdispositif. Nous avons utilisé
I’imagerie de fluorescence pour suivre le processus de précipitation. Les images obtenues
sont semblables a celles calculées par COMSOL On observe une précipitation a ’interface
entre les deux solvants ainsi qu’une précipitation en masse apres un temps de résidence qui
dépend du rapport des flux. Les déclins de fluorescence collectés en différents points du
canal microfluidique peuvent étre attribués a trois especes : le monomere, la nanoparticule

et une espece intermédiaire, un germe.



General Introduction

Fluorescence nano-objects have attracted great attention for decades due to their

potential applications in and labeling and sensing in the fields of bio-analysis'?,
electronic device®, and also photonic*.
Fluorescence nanoparticles are of great interest because they present much brighter
optical properties due to the high local concentration of dyes in particle, but also due
to the high sensitivity with respect to the increased surface-to-volume ratio compared
to bulk materials.

Among the competitive nanoparticles, the pure organic nanoparticles are usually
less toxic than quantum dots and better sensitivity than the dye-doped nanoparticles.
However, compared to the inorganic nanoparticles (semiconductors and metals) that
have been extensively investigated in various fields, the preparation method and

characterization of nanoparticles of organic dyes have not yet drawn many attentions.

This work focused on the nanoparticles made of BODIPY (4-Difluoro-4-bora-3a,
4a-diaza-s-indacene derivative, which are interesting fluorophores due to their
relatively large extinction coefficients (¢> 50,000) and high fluorescence quantum
yields (¢>70%)’. Their properties are described and compared to the other well-
known popular fluorescence organic molecules in Chapter 1. They are widely used in

applications as laser dyes, biological labeling of DNA, proteins and lipids®.

Among the BODIPY derivatives (with boron dipyrromethene), the aim of our
research is to produce Adamantyl mesityl BODIPY (4,4-Difluoro-3,5-di-(adamantyl)-
8-mesityl-4-bora-3a,4a-diaza-s-indacene)  nanoparticles. The molecule was
synthesized in our lab, with the bulky alkyl substituent (Adamantane group), the
Adambodipy can limit the s-it stacking to overcome the fluorescence quenching in
solid state, and also easy to crystallize. The basic spectroscopic properties of the

molecule in solvent were presented in Chapter 2.

In the solid state, the optical properties depend on the molecular packing in the
solid. The abilities to define the optical properties from the geometry of molecular

packing in solid state and to tune the geometry from the fabrication methods represent



a quite important challenge. As Kasha' describe the effect of dimerization on the
absorption spectra according to the different packing types of dimer, the Frenkel
exciton theory® can be applied to solid state. The theoretical studies are suitable for
organic crystals as their bonding are mainly weak Van der Waals interaction. Based
on the crystallography information from X-ray diffraction on the large crystal, the
theoretical model can be built on the molecular crystalline structure.

With the model we computed the optical properties of Adambodipy in
nanoparticles and crystalline structure and compared them with results of emission
polarizations and time resolved fluorescence experiments. We detailed the studies in

Chapter 3.

On the other hand, a suitable nanoparticle preparation method that can well

control the nano-precipitation process using microfluidic system was developed here.
Thanks to the continuous mode with laminar flow, combined with the fluorescence
spectroscopy and microscopy, we can study the kinetics.
After a general introduction in Chapter 1 on the most popular preparation methods
reported in the literature, including the reprecipitation method, the design of the
hydrodynamic microfluidic and the production of nanoparticles are detailed in the
Chapter 4. Chapter 5 was dedicated to the experimental kinetic study using
fluorescence lifetime imaging (FLIM) and its simulation using COMSOL® software.

10
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Chapter 1. Introduction to fluorescence organic molecules and their solid state: crystalline, micro-, nano- particles

1.1. General introduction on the fluorescence of organic molecules

During the last few decades, there has been a remarkable growth in the use of
fluorescence methodology in biotechnology and medical diagnostics'. The key characteristic
of fluorescence detection is its high sensitivity. Fluorimetry may achieve limits of detection
several orders of magnitude lower than most of other techniques. The limits of detection
could be lower as 107'°M for intensely fluorescent molecules, even could reach the ultimate
limit of detection (a single molecule) when reducing the observed volume to
100pm*100pmx10um. With these properties, fluorescence is widely used for the detection of
trace constituents of biological and environmental samples, and is also used to detect non-
fluorescent molecules that have been tagged by fluorescent labels (such as biological tissues

and DNA sequencing?).

Excitation of a molecule doesn’t automatically produce fluorescence, and most molecules
exhibit very weak fluorescence. That makes it important to find intensely fluorescent organic
molecules. Commonly used fluorescence compounds have emission with energies from UV
to near infrared. Among them, blue is less used in biology because of confusion with the
autofluorescence coming from the constituent of the cell (Tryptophan, NADH, flavine), also
red ones have been used only comparatively recently with the development of silicon based
detectors, while green and yellow fluorochromes are widely used in many fields especially in
labeling and sensing. Near-infrared fluorochromes have been used mainly in bioluminescent
imaging,” since the absorption coefficient of tissue is considerably smaller in the near infrared
region. *

The fluorescence spectrum and intensity of a molecule also strongly depend on the
environment, these include pH’, temperature®, the presence of oxidizing agents,” polarity or
hydrogen-bonding ability of a solvent, to name just a few. Thus, the fluorescence
characteristics of probe molecules may be used to make inferences about their immediate

microenvironments.

According to the objective of the thesis, we will give a brief overview of the widely used
organic fluorophore families which usually emit beyond 500 nm, which comprise fluoresceins,

rhodamines, cyanines, and 4,4-difluoro-4-bora-3a, 4a-diaza-s-indacene (BODIPY) dyes.®
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1.1.1. Fluoresceins

Fluorescein (3, 6 —dihydrospiro, [isobenzofuran — 1(3H),9 — [9H]xanthen] -3-one,
Dictionary of Organic Compound, 1996) sodium is a yellow dyes which is widely used as a
fluorescence tracer for many applications’ due to its ease of detection, relatively temperature
insensitive, and relatively low susceptibility to adsorption. It has an excitation maximum at
494 nm, which is closed to the 488 nm spectral line of argon-ion laser, making it an important
fluorophore for confocal scanning microscopy'’, also flow cytometry applications'"'?. The
quantum vyield of this molecule is 0.92 at pH 9", which is relatively high, and it also has a
high molar absorptivity. There is a wide array of fluorescein derivatives and they have found
a lot of applications in biotechnology due to their high quantum yield and relatively good

water solubiliy'?, although they have disadvantages due to their photochemical instability and

15,16
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Figure 1. 1: Fluorescein

pH sensitivity

1.1.2. Rhodamines

Rhodamines (Fig. 1.2) is a diamino analogue of Fluorescein that exhibits spectral
properties similar to those of Fluorescein.'” It is well known as fluorescence tracer dye within
water'® to determine the rate and direction of flow. It was also widely used as laser dye and
fluorescent compounds for labeling proteins and nucleic acids' in biology. Some readily
available and inexpensive rhodamines, for instance, rhodamines 6G, B and 101 are especially
photo- chemical stable, with high fluorescence quantum yields**?' (¢=41%-97%), and emit at
500-600 nm. Like fluorescein dyes, rhodamines dyes also exhibit small Stoke shift, around

20-30 nm™, but they are in general far more stable than fluoresceins®.

Figure 1. 2: Rhodamines
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1.1.3. Cyanines

Cyanine is one of the most commonly used long-wavelength fluorophore with non-
systematic name of a synthetic dye family belonging to polymethine group. Cyanine dyes
have high extinction coefficient (>100000 M"'.cm™)* but moderate quantum yield (usually
$<25%). They are usually long wavelength fluorophore with emission wavelength range
about 500nm to 900 nm. It was characterized by good photostability for the usage in
biolabelling applications and cell imaging®**. Cyanine C3 and Cyanine 5 are the dyes that

are universally used for DNA Bioschips’.

/CHg
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.

CH3;CH; —N CH
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Figure 1. 3: Basic structure of cyanine dye

1.1.4 BODIPYs

4,4-Difluoro-4-bora-3a, 4a-diaza-s-indacene (abbreviated to BODIPY) dyes were first
discovered in 1968 by Treibs and Kreuzer'®, and the name BODIPY was derived from BOron
DIPYrromethenes. The core structure of the BODIPY fluorophore is based on the 4,4-
difluoro-4-bora-3a, 4a-diaza-s-indacene platforms shown in Fig. 1.4. They are relatively
insensitive to the polarity and pH of their environment and are reasonably stable under
physiological conditions,”” its absorption and emission characteristics do not change much by
changing the solvent.

Only since 1980s, certain attentions were given to this discovery. Then these dyes have
steadily increased in popularity over the past two decades and have been considered as
substitute for those fluorophore families that where mentioned above, for their remarkable
properties such as the large extinction coefficients (¢> 50,000), small stokes shifts and high
quantum yield (¢>70%)®, high photostability and chemical stability, sharp emission peak,

also the insensitivity to solvent polarity and pH.

Figure 1. 4: BODIPY core structure.
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Furthermore, the BODIPY platform offers outstanding synthetic versatility that enable
small modifications to their structures tuning their fluorescence characteristics, for instance,
when substituents that yield additional conjugation are added to the parent molecule, both
absorption and emission spectra of the resulting derivatives can shift to significantly longer
wavelengths, with emission maximum extend in 510-800 nm can be now possible obtained.
Such modifications to the BODIPY framework will lead to probes that can be used more
effectively for imaging in living cells and whole organisms.*

Those properties enable BODIPY based fluorophore to be applied in many application, to

32,33 34,35

produce highly fluorescent labels and probes®', fluorescent switches®*>*, chemical sensor’**>,

two-photon exited probes®®>’. It can replace fluoresceins for the design of assays that measure

39

fluorescence polarization®® because of its similarity in absorption and emission

characteristic and long fluorescence lifetime.

1.2. State of art on solid-state fluorescence organic dyes

Solid-state fluorescent organic dyes with m—conjugated structure have attracted a

considerable amount of attention due to applications in electroluminescence (EL) device, such

40-42 43,44

as organic light-emitting diodes and photoelectric conversion systems™™"". They have also
been successfully used for sensing applications of explosives, ions* and DNA hybridization*.

In spite of their numerous uses in analytical and material sciences, however, little is
known about the influence of the molecular packing on their solid-state fluorescence
properties. We shall see that the spectra can be calculated but the fluorescence yield is not
predictable.

For many solid-state fluorescence organic dyes, the absorption and fluorescence
properties are highly dependent on molecular orientation, and usually undergo a red-shifted
emission and a loss of vibrational structure in comparison with the corresponding
fluorescence spectra that are observed in solution®’**. Several fundamental researches on
solid-state photochemistry are done to understand the correlation between solid-state
fluorescence properties and molecular packing structures on the basis of the X-ray diffraction
measurements’ . The research helps to find the key points in designing new strong solid-
state emissive fluorophores, and one of the most important, is to reduce the fluorescence

50-52

quenching, that is due to the strong intermolecular T — 7 interactions™ °~. Theoretical studies
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for the fluorescence properties of fluorescence organic dyes in various solid states are of a
great importance for a better understanding of  -electron delocalization between molecules

in supramolecular structure.

1.2.1. General introduction to fluorescence organic nanoparticles (FONs)

Recently, the nanotechnology has explored unique or improved properties dependent on
the diameter, and the composition of nanometric structures. It is highly desirable to introduce
novel fluorescent composite that possess several superior optical properties, such as a bright
luminescence, high photo stability and a large Stokes shift.

For the detection of single particles, the key parameter is the brightness, which is the
product of the molar extinction coefficient by the fluorescence quantum yield. In an assembly
of fluorescent molecules, the brightness will scale with the number of dyes in the particle. In
case of a strong coupling between the molecules the absorption spectrum can change and can
be bigger than the sum of the constituting molecules™.

The physico-chemical properties of organic dye nanoparticles considerably differ not only
from those of individual molecules, but also from those of bulk crystals.

On the energy stand of point, the decrease in the particle size results in an increase in the
fraction of the surface energy in its chemical potential®*. In this respect, FONs can be
interesting materials bridging the gaps between molecules and bulk materials. For biosensor
application, the key property that makes them ideal for nanosensors is the increased surface to
volume ratio of NPs, depending on surface reactions. As a result, it is very important to be
able to accurately control size and size distributions within NPs suspensions.

In addition, the size of the nanoparticle will become smaller than that of the diffusion
length of the exciton. The diffusion of the exciton toward the surface will make all those
particles react to surface events. This leads to the realization of ultra bright sensors™. In the
case of an exciton moving through FRET (Forster resonance energy transfer) between
molecules dispersed in a matrix, the diffusion length of the exciton is the Forster distance®".
In the case of a strong coupling between the molecules, the diffusion length can be few

hundreds nanometers™*°

The optical properties of the organic dyes depend on their electronic transitions that

reflect molecular geometries and can be tuned by elaborate molecular design strategies™. It
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also helps the developments of the technology in many applications such as bioanalysis®" %%,

photocatalysis®, pharmacology®, photonic® and microelectronics®.

In this thesis, we have studied NPs made of pure organic molecules, while other structures
also exist in competition, among which are quantum dots, fluorescent latex particles and dye-
doped nanoparticles®”®®,

As we are wondering about the Adambodipy molecules, which are widely used as a type
of biosensor, the key property that makes them ideal for nanosensors is the increased surface

to volume ratio of NPs, depending on surface reactions. As a result, it is very important to be

able to accurately control size and size distributions within NP suspensions.

1.2.1.1. Quantum dots

Quantum dots (QDs) are tiny, bright, photostable light-emitting particles on the nanometer
scale, which composed of semiconductor materials. They bridge the gap between individual
atoms and bulk semiconductor solids. It composed of atoms from groups II-VI, III-V, or IV-
VI of the periodic table. Compared to fluorescence organic dyes and proteins, QDs have
unique optical and electronic property such as the broad excitation spectra and size-tunable
photoluminescence (PL) spectra with narrow emission bandwidths that span the visible

spectrum.

QD can be threats to living cells, but are part of the fluorescent toolbox for biological
application where they have shown their non toxicity ®. But because of the public suspicion
against heavy metals, they may not be a clinical solution for improving diagnosis or therapy.

1.2.1.2. FloDots

Another well-known type of FONs is Luminescent dye-doped silica nanoparticles
(FloDots)®, which have been developed for ultrasensitive bioanalysis and diagnosis. Dye
molecules can be either luminescent organic or inorganic molecules dispersed within the
silica matrix. Besides the facts that silica do no swell or change porosity with a change of pH,
FloDots have many advantages over other luminescent probes such as the high emission
intensity, and water solubility and efficient conjugation. It can be easily synthesized through

reverse microemulsion method’® or by Stober method’"’?

. But the density of dyes in the
FloDots is not high, thus the brightness of these particle and the mobility of the exciton are

not expected to be high.
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1.2.2. Method for preparation of crystal and nanoparticles made of pure
dyes

The organic nanomaterial fabrication can be divided in to two types: (1) bottom-up and (2)

top-down methods.”*”*

The bottom-up approach deals with the controlled assembly of small
building blocks, such as atomic and molecular aggregates into larger structures (e.g. clusters,
organic lattices, supermolecular structures and synthesized macromolecules.) This covers the
popular synthetic methods like: chemical synthesis,” laser induced assembly,’® self-
assembly,”’ colloidal aggregation, 2-photon confocal processing’®”’, leading to the formation
of particles, molecules, cosmetics, fuel additives, crystals, films, tubes, displays, atomic or
molecular devices.

Whereas the top-down approach deals with the reduction in structure sizes of microscopic
elements to the nanometer scale by applying lithography technique® (e.g., photolithography,
UV laser,®' electron or ion-beam. Scanning probe, optical near field) laser ablation® and
mechanical techniques (e.g., cutting, etching, grinding, polishing etc.,) giving rise to
electronic devices, chip masks, quantum well lasers, computer chips, MEMS, precision
engineered surfaces, high quality optical mirrors. Mechanical techniques are in principle
unsuitable for the production of narrow size distribution nanomaterials, because with the
decrease in the particle size, it becomes increasingly difficult to use applied mechanical
energy in the form of shearing and cavitation forces for particle milling without
simultaneously inducing particle agglomeration™®. A recent development in Laser ablation
technology may overcome such energy problem although an expensive short-pulse laser
system is required®**,

1.2.2.1. Reprecipitation Method

There are several methods for the preparation of organic nanoparticles including

8586 and solvent displacement methods.”* Among the latest ones,

evaporation, microemulsion
the reprecipitation method would be one of the easiest, size-controllable and widely used
method for the production of a colloidal dispersion of nanoparticles solution of the target dye
compound. This method was first reported by Nakanishi and co-workers in 1992*”. They
demonstrated the possibility to produce nanoparticles with sizes under 100 nm dispersed in
water.*” Since then, this method has been widely used in nanoparticle preparation, especially
to control the size, shape of the resulting organic nanocrystals and dispersity in a medium by

90-92

varying the condition of reprecipitation™ ~. This includes the reprecipitation during the sol-
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gel phase transition where both the change in solubility and in viscosity are used to reduce the
size of the nanocrystals.”

Reprecipitation methods include “Routine Reprecipitation Method”, “Supercritical
Reprecipitation Method”, “Reprecipitation-Microwave Irradiation Method” and also “Inverse

Reprecipitation Method” *%*

. In a Routine Reprecipitation Method, a rapid mixing of a small
amount of the concentrated dye solution (namely, the target dye compound dissolved in a
“good” solvent) with an excess of a “poor” solvent was achieved at a constant temperature.
One of the most popular and simple reprecipitation method used in fluid phase, is to
obtain colloidal dispersions of nano-particles by pouring a saturated solution into a non-
solvent, which has been used for a long time”*. Most of the time, water is used as the non-
solvent in which the BODIPY derivative is weakly soluble. And the nano- or microcrystals
are formed immediately after combining the solutions. The nanocrystal size can be controlled
by varying the concentration of solution, temperature, use of surfactant and mixing
methodology”. However, it is difficult to control the reaction conditions precisely on a large
scale in a liquid-phase synthesis. There is a need for using micro-fluidic-reactor-based
synthetic methods where a better control of a defined size, shape, and crystal structure without

recourse to multipurification steps’®.

1.2.3. Methods of nanoparticle stabilization

Nanoparticles in solution present typical colloidal systems consisting of a continuous
phase (solvent) and a dispersed phase (NPs). They experience strong van der Waals attraction,
which make the particle dispersion unstable and particles intend to aggregate. So far, one of
the most important goals is to raise the stability of nanoparticles during storage and
transportation. For nanoparticles to remain well and stably dispersed in liquid dispersion, a
stabilizing repulsive force must be present between two particles to counteract the attraction

and prevent particle aggregation. This repulsive force can be either electrostatic or steric’’.

To achieve sufficient interparticle separation, the method could be the coating of the
nanoparticle with ionic compounds in order to increase electrostatic repulsion, or coating
them with large molecules, such as polymers or surfactants. The long chain hydrocarbons in
polymers or surfactants greatly increase the steric repulsion when particles get closer,

efficiently preventing them from aggregation.”®
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Various stabilizers are used in many applications, they can be low-molecular organic
compounds such as carbonic acids, alcohols, amides. Or they can be neural polymers
including gelatin, gum Arabic, agar-agar, starch, cellulose”. We have chosen small cationic
surfactants as stabilizers because of their high solubility in water. This allows a fast
equilibrium of the surfactant between the surface of the nanoparticle and the solvent and a fast
equilibrium of the surfactant among nanoparticles'®. Thus if the stability can be achieved, it
will be independent of the preparation history of the sample.

1.2.4. Organic dyes in surfactant micelles.

Surfactants mainly consisting of a non-polar, hydrophobic tail and a polar, hydrophilic
head group, in which the hydrophobic tail is usually a branched or linear long-chain

hydrocarbon residue with a chain length in the range of 8-18 carbon atoms'".

QA)N\/J
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Figure 1. 5: A typical illustration of a surfactant molecule'”.

With this typical structure, when surfactants are dissolved in water at low concentration,
they accumulate at the surface and orient themselves with the polar, hydrophilic head groups
interacting with the water and with the hydrophobic tails removed from the aqueous system.
So the surfactants disrupt the cohesive forces of water molecules at the surface and thus lower
the surface tension.

One important characteristic of surfactant is their tendency to form aggregate, also named
micelle in the solution, since surfactant molecules behave very differently when present as
micelle or as monomer. Only monomers contribute to surface and interfacial tension lowering
and dynamic phenomena'”. An illustration of a micelle's structure is given in Fig. 1. 6. The
concentration at which micelles start to form is called the critical micelle concentration, or
CMC, and at such concentration the surface becomes completely loaded with surfactant, thus
it is also the highest concentration value of surfactant monomer, regardless of the amount of
surfactant added to the solution.

Many physical properties of surfactant are depends on the concentration, and will have

abrupt changes above this critical concentration, which is shown in Fig. 1.7
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Figure 1. 6: An typical illustration of a spherical micelle (dodecyl sulfate)'*.
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Figure 1. 7: Physico-chemical changes around the critical micelle concentration (CMC)

. . 103
dependence of a wide range of concentration .

104
% We have thus chosen to use

Dye molecules can be dissolved as monomer in micelles
the surfactant at concentration lower than the CMC. We expect that, because of the
hydrophobic nature of the surface of the FON, surfactant molecules will be adsorbed at their

surface forming pre-micellar aggregates.

CTACI (hexadecyltrimethylammonium chloride) was used here as surfactant for

Adambodipy nanoparticle samples, and the chemical structure is shown as follow:
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Figure 1. 8: CTACI (hexadecyltrimethylammonium chloride)

In order to stabilize the nanoparticle suspension while reducing the effects of surfactant,
the value of concentration is very important and always kept below CMC. CMC depends on
chemical structure of the surfactant, and according to the list of CMC values of some selected

surfactants at 25 degrees'®, the CMC is 1.47x10” mol/L for CTACL.

The CMC of CTACI has been measured by monitoring the change is the absorbance of
crystal violet as a function of surfactant concentration that gives a value of 1.0+0.3x107
mol/L. ' It has also been measured through conductivity and gave a value of 1.47x107
mol/L'*.

In the thesis, we have used a concentration of 10°mol/L except indicated otherwise (§

4.2.3).

1.3. State of the arts of microfluidic technology

Micro-fluidics was initially developed as a part of microelectromechanical systems
(MEMS), which in turn used the established technologies and infrastructure of
microelectronics'”’. Then the new fluid phenomena that is not possible in traditional device
attracted researchers in many field, etc. chemical synthesis, biosensing (biological analysis),

. . . . . 108.1
drug discovery, basic science and a broad range of applications'**'%,

110’ the

As the microfluidics is defined as fluid flow with the scale in the range 10-1000um
fundamental physics of fluid flow in microfluidics is largely identical to macroscale fluid
dynamics. And one of the characteristics of microfluidics is the large surface area-to-volume
ratio compared to the typical macro flow system. Thus, such systems are dominated more by
interactions of the fluid with the channel surfaces and the viscous interactions with the
surfaces cause very large pressure drops for even modest flow velocities. According to these

. . g . 11 .
surface forces, most flows in microfluidics are laminar ° In order to take the main

advantages of microfluidics, analytical chemists, biochemists and chemical engineers, for
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years working in the field of surface science, came to microfluidics to take advantage of the
new effect and better performance'”’. But the scale is large enough compared to all the
molecules in the system, and the continuum flow assumptions are valid.

The micro-fluidic device demonstrates its ability to achieve rapid diffusion with the cross-

111

sectional dimensions on the order of 10-100 wm ", able of short diffusive mixing time less

than 10us, and predictable fluidic dynamics. This allows the progress of chemical reactions to

112
. We have been

be followed and controlled in a few milliseconds after initiating the mixing
interested by microfluidic since it has allowed us to produce very small inner flow and thus a
rapid mixing. But at the same time, the laminar flow is maintained, that allows a good
reproducibility and an easy modeling'”’.

Also micro-fluidic devices are designed to manipulate fluids in microchannels with
reduced consumption and efficient heat and mass transfer due to the high surface- area-to-
volume ratios, so as to have better control of the synthesis conditions and parameters.

Furthermore, microfluidics has a great potential advantage to approach for chemical
analysis, synthesis by combining processes such as mixing, separation''’, reaction and also

s . 114
detection in one single system.

It has been connected to several spectroscopic probes such
as FTIR'"” and NMR''® in order to reach the spectroscopy of intermediate states in reactions.
Combining a microfluidic device with fluorescence lifetime imaging (FLIM) functions as
“labs-on-a-chip”, builds up a technology to follow the kinetic of a number of physical
processes, such as concentration diffusionm, chemical reaction““, molecular assembly”g.
The fluorescence time-resolved techniques could provide the appropriate lifetime information
to map the molecule’s reactions with its surroundings, as the lifetime is sensitive to pH
changes'"’, Calcium'®’, diffusion'*!, quenching'** and also conformation changes'*.

Valérie Génot and Serge Desportes have been pioneers in the development of a
microfluidic device for the production of FON by precipitation. They have shown that the size
of the rubrene nanoparticle could be controlled by controlling the flow ratio between the good
solvent and the non solvent **. Most of the time, water is used as the non-solvent in which the
BODIPY derivative is weakly soluble. And the nano- or microcrystals are formed
immediately after combining the solutions. The nanocrystal size can be controlled by varying
the concentration of solution, temperature, use of surfactant and mixing methodology’".

However, it is difficult to control the reaction conditions precisely on a large scale in a liquid-

phase synthesis. There is a need for using micro-fluidic-reactor-based synthetic methods
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where a better control of a defined size, shape, and crystal structure without recourse to

multipurification steps”.
In spite of the conventional application fields as mentioned, there are also novel use of

microfluidics for distributed energy supply, distributed thermal management, and chemical

production. It shows the future trend of nanotechnology.
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2.1. General introduction of molecular fluorescence” and absorption

Fluorescence spectroscopy technology has been widely used in the study of the structure
and dynamics of molecules and considered to be primarily tools in biochemistry and
biophysics due to its high sensitivity and universality. As fluorophores play the central role in
fluorescence spectroscopy technology, imaging, and also the main subject in our study, we
will start with an investigation of their manifold interactions with light. So in the very
beginning, an elementary introduction to the various aspects of transition process is presented.

The basic concepts of absorption and fluorescence starts from the definitions of the
processes involved in the electronic transitions and their relations in the presence of electron
transfer, with different types of electronic transitions are presented by the example of

formaldehyde as following Fig. 2. 1.
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Figure 2. 1: Enerztyaijvels of molecular orbitals in formaldehyde.

In Fig. 2. 1, o orbital can be formed either from two o atomic orbitals, or from one o
and one m atomic orbital, or from two 5t atomic orbitals having a collinear axis of symmetry.
The bond formed in this way is called a o bond. A = orbital is formed from two m atomic
orbitals overlapping laterally. The resulting bond is called a 7t bond.

Two important types of orbitals are considered with respect to absorption and
fluorescence spectroscopy, that is the Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO)'. Indeed the LUMO and HOMO are the

orbitals that describe most of the S; state.

The possible transitions processes that occur between the absorption and emission of light
are usually illustrated by the well-known Perrin-Jablonski diagram® in Fig. 2. 2, also called
the electronic transitions diagram. That includes: photon absorption, internal conversion

(denoted as IC), fluorescence, intersystem crossing (denoted as ISC), phosphorescence,

41



Chapter 2. Introduction to BODIPY derivatives

delayed fluorescence and triplet—triplet transitions. The singlet electronic states are denoted Sy
(Fundamental electronic state), S;; Sy; . . . and the triplet states, T;; T,; . . . Vibrational levels

are associated with each electronic state.

S;‘[ z —
- T,
?
— A 5
=,c i 1 o ——— =
A [ —
S, T, X o
[ABSORPTION][FLUORESCENCE| [PHOSPHORESCENC
3 Y 1
; 3 : ;
S A 4 v h v
o So

ABSORPTION FLUORESCENCE PHOSPHORESCENCE
Characteristic times:
Absorption: 10™%s
Vibrational relaxation: 10™° - 10" s
Intersystem crossing: 107°— 10 s

Internal conversion: 107° - 10

Lifetime of the excited state S;: 10°-10"s > Fluorescence
Lifetime of the excited state T;: 10°-1s —>Phosphorescence
Figure 2. 2: Perrin—Jablonski diagram. Most of photophysical pathways to the ground state after an

electronic excitation are shown schematically. Sy, S;, S,, Ty, T, are singlet ground state, singlet first
and second excited state, triplet first and second excited state respectively. Characteristic time scales

of individual pathways are shown behind the diagram.

2.1.1. Molecular fluorescence and competition process*

According to the Perrin—Jablonski diagram, absorption allows a chromophore to absorb a
photon, so the electron of a molecule in the ground state is excited to an orbital with higher
energy level and the electron in the excited orbital is paired (by opposite spin) to the second
electron in the ground-state orbital, that is an excited state S, An excited molecule will return

to the ground state by following two successive steps’:
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1. The molecule at S, returns to the lowest excited state S; by dissipating a part of its
energy in the surrounding environment. This phenomenon is usually called
internal conversion.

2. The de-excitation of molecule in S; occurs through different competitive processes:
fluorescence emission with a radiative rate constant k;, inter-system crossing, with
a rate constant ki, collisional quenching with a rate constant kg, and probably

electron transfer, and energy transfer

Consequently, from the excited state S;, the molecule will reach the ground state Sy during
a spin allowed process and occurs rapidly by emission of a photon, and the emission of a
photon (fluorescence emission process) with a radiative rate constant k; :

1/k; are typically in the range of 10°-107s as in the illustration after Fig.2. 2, thus, the
emission process is a very fast process, and so in order to observe fluorescence emission, the

fluorophore should be excited continuously.

Emission occurs from the excited state Si, and is independent from the excitation
wavelength. Since not all the molecules present at the excited states will participate in the

fluorescence process, a fluorescence quantum yield @, exist and can be calculated as

mentioned in Chapter 6.

2.1.2. Kinetics of fluorescence

Considering a diluted solution of fluorophore A with a concentration of [A] (mol L™),
after excitation by a short pulse of light, a number of excited molecules A remain in the
excited state Si, for a short time before returning to the ground state either radiatively or non-
radiatively. The fluorescence decay rate is the rate of population decay of the Si state. Thus,
the fluorescence decay rate kris the sum of radiative (k) and non-radiative (k»-) decay rate:

kr=ky +kny Eq.2.1

And the rate of disappearance of excited molecules is expressed by the following

differential equation:

d[A*]
dt

= (k, + k,)[A"]  Eq.2.2
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where [A*] represents the concentration of the excited molecules at S; state, and
integration of Eq. 2.3 yields the time evolution of the concentration of excited
molecules[A*]
t
[A*] = [A*] exp (— —) Eq.2.3
Tr
where [A*] is the concentration of excited molecules at time 0 after pulse light excitation.
The fluorescence intensity I; at time t can be given as:
t
I, = k.[A*] exp (— —) Eq.2.4
Tr
with 7y = 1/
f kr + knr
In the case of the fluorescence of solid sample, the fluorescence decay cannot be
described as a simple exponential for most cases. Indeed, in solid samples, each chromophore
defers from the other one by a different local environment and a different distance to the first
quencher. Thus distributions of exponentials are expected, and intensity decays are typically
fit to the multi-exponential model*:

t
I, = z a; exp <— T—) Eq.2.5
l

i

Where the Y}; @; is normalized to unity.

In practice, the numerical analysis of this distribution of exponentials is not possible. On
the reverse this means that most decay-associated spectra can be numerically approximated by
a sum of finite number of exponentials. In our case, the decay can be constructed for

maximum of three species®’.

2.1.3. Electronic transition and transition dipole moment

In the quantum mechanical approach, an electronic transition will occur within the
molecule when the molecule interacts with light of suitable frequency, and here a transition
moment is introduced for characterizing the transition between an initial state and a final state.
The transition moment represents the transient dipole resulting from the displacement of
charges during the transition and it is not strictly a dipole moment.

The classical electrical theory defines the dipole moment of two charges (+¢ and -g) of

the distance 7 as ji = q7. So for multi-electron system, the dipole moment of electrons is
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related to the sum over the electrons (n) in the system: ), e7’,, where e is the charge of one

electron. In quantum mechanics, the transition dipole moment could be expressed as:

(Uai) = (Wgi]we) Eq.2.6

where /i is the dipole moment operator, 1, is the molecular ground eigenstate and v, is
the excited eigenstate.

The radiative transition probability between two electronic states, which determine the
intensities of spectral lines, is proportional to the square of the transition dipole moment and

1s shown as follow:
kr x |<l_jdi>|2 =X |<lpg|ﬁ|¢e>|2 Eq'2'7

if (fig;) # 0, it is called the “dipole allowed”, otherwise if {fiz;) = 0, it is called the
“dipole forbidden”. The proportionality factor is obtained through the Einstein theory®'" of
the absorption/emission of light and the Plank theory of the radiation of black body, under the
vacuum condition it gives:
2w;;3

k., =A; = 3 he I{fai)? Eq.2.8
0

where A;; is Einstein coefficient (s™), w; j 1s the pulsation of the resonant light. &, (C N°
'm™) is the permittivity of free space, h is the Planck’s constant; the unit of transition dipole
fig; is C - m. The order of magnitude of the value is in the range of 10 C - m (1 electron
charge x 1 A).

In the case of a transition in a medium with refraction index n,, the relation becomes:

8ménow;;*

kr = Ay = 3gyhc3

[(da)*l  Eq.2.9

where 8 is a scalar factor and the actual value of which depends on the cavity model'™.

2.1.4. Light absorption and oscillator strength®

The transition dipole also governs the absorption of the light by the molecules in a
dielectric. It can be related to molar extinction coefficient of a solution of molecules.
Experimentally, the efficiency of light absorption at a wavelength A by an absorbing medium
is defined by the absorbance A(A) or the transmittance T(A).

To define the absorption characteristic, as the total energy absorbed per unit length is
proportional to the integral of the absorption cross-section over the atomic frequency response,

the well-known Lambert-Beer law correlates and characterized the light intensity to the
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concentration C of the absorbing species and the thickness d that is passed, relating to

absorption spectrometry of the crystal. And that could be written as:
I
I1(v) = [yxe~*W)*d « Jog <70> = e(v)XCxd Eq.2.10

where a(v) = 2.303%X €(v)XC is defined as absorption coefficient of the medium for
light of the frequency v and €(v) is the extinction coefficient or the molar extinction
coefficient with molarity concentration, and absorptivity is measured as absorbance A, or

optical density (OD).

Chemists prefer to use a dimensionless quantity: the oscillator strength f to express the
probability of absorption or emission of electromagnetic radiation in transitions between
energy levels. f tends toward 1 for a perfectly allowed single electron transition. A perfectly
allowed single electron transition is that expected for an electron oscillating inside a harmonic
potential using classical electromagnetism.

Because the experimentally observed transition probabilities are often close to the
classical spontaneous emission or radiative decay rate y, an emission oscillator strength fj; is
defined by the relation as follow":

Aji = =3f;y Eq.2.11

The relation are given by comparing the emission rate or absorption rate of the atom with
11-13

the emission or absorption rate of a classical, single- electron oscillator "~ °, where
__etwy” Eq.2.12
V= 6meym,C3 4«
Then
2megmecd
f}'i = —WAJI Eq213
and according to Eq. 2.8
ATmewy;\ |, a1 _y N L
fii = EETY [{tigi)*|s; = 4.702X1077 (cm D*)XT;; X |{fiai ) | pebye Eq.2.14

The relationships between A, fj; and [{fig;)?|s; were given'* in SI units, where m, is the
mass of the electron (= 9.109%x10728g), e is the charge (= 1.602x1071°C), h is the Planck’s
constant, and |{fi;)?|s; is in m’C* respectively. Then the value could be calculated with

electric dipole in Debye (D), and ¥;; is the energy of the transition (in cm’™) that is given by
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v = v/ omc- That is because the transition dipole moment is conveniently measured in

units of Debye, where 1 D = 3.336 x 10°°C.m.

Oscillator strength can be expressed in many ways, and it can be calculated from the
experimentally known molar decadic extinction coefficient'” €(%) (L mol'cm™)by integrating

over the absorption band in cgs units in Eq. 2.15

f = MJ E(ﬁ)d(ﬁ) —

Nmnge?

+319x1077 f e(®)d(P) Eq.2.15
0

Where m,, is the mass of an electron, e is the charge of an electron respectively, and n; is
the refractive index of the medium, c is the speed of light; N is Avogadro’s number. ¥ (cm™)
can be given in units of 1/A and denotes wavenumbers. Factor 2303 involves the conversion
from natural logarithms as well as the number of cubic centimeters in a liter required by the
introduction of the molar absorption coefficient. Eq. 2.15 will be used in this thesis to
calculate the oscillator strength of BODIPY from the experimental spectra.

Then combining the classical and quantum-mechanical calculations, the transition
probability can be evaluated from the absorption spectrum by:

9.185x1073

(fa?| = = j e(®)d(®)  Eq.2.16

2.1.5. Quantum yield

Quantum yield is one of the most important photophysical data of a chromophore for
many applications. It is not only the characteristic of a photon emitter but also a good
indication showing the properties of environment and the interaction among chromophore and
environment'.

The quantum yield is defined as the ratio of the rate at which photon are emitted to the
rate at which molecule are excited or desexcited, and it can be expressed by using

photophysical parameters as follow:
Iy Ve ke
Iabs VF + VNR kr + knr

2.1.6. Fluorescence Anisotropy measurements: 2
Fluorescence anisotropy, which was first described by Perrin, 1926, are based on the

principle of photoselective excitation of fluorophores by polarized light. The probability that
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a molecule is excited will be equal to the square of the projection of excitation electric field
along the transition moment. Molecules with their absorption axis aligned parallel to the
electric field of the polarized excitation have the highest probability of excitation. Starting

from an isotropic population we create an anisotropic population of excited molecules.

Emission

Iy y
4

Rotation during
IVs z fluorescence lifetimes IV’ z

Figure 2. 3: Fluorescence anisotropy experiment. The fluorophore is excited by a polarized laser pulse,
and then undergoes rotational diffusion during its fluorescence lifetime. Finally, the dye emits a

photon in a possibly changed orientation.

The fluorescence anisotropy (r) are defined by:

Iy — Iy
Ty

Eq.2.18

The denominator I;,+21[; is due to the axial symmetry of the photoselection in an
isoptropic solution.

In the case of polarized fluorescence of flat crystals, we record I(thetal,Theta2) where
thetal is the angle of the excitation with respect to the long axis of the crystal and theta2 is the
angle of the fluorescence with respect with the same axis.

The intrinsic anisotropy of a fluorophore is related to the angle between the excitation

transition dipole and the emission transition dipole. It is given by:

r0=

2 (3{cos?0) — 1 Ea.2.19
= 5 q.2.

where 6 is the angle between the absorption and emission transitions. According to the

equation, when 6=0°, 1y = 0.4; when 6=54.7°, 1, = 0, and when @ exceeds 54.7, the

48



Chapter 2. Introduction to BODIPY derivatives

anisotropy becomes negative. The maximum negative value -0.2 is found for 8=90°. Since
the transition moment depends on the excited state, studying the variation of 8 as a function

of wavelength can be use to separate excited states in a spectrum.

2.2. BODIPY dye conjugation and their solid phase

Emissive solids are highly demanded for various applications, but difficult to produce.
That 1s due to the general tightly packing structure of fluorophore in crystalline state or
amorphous solid phase leading to a very significant quenching'”'®. Just like most of the other
fluorophores, certain limitations can arise for BODIPY dyes, because of fluorescence
quenching and decreased quantum yields in solid states."” As previously reported for
fluorescent dyes used for solar cells® the strategic placement of very bulky groups on the
BODIPY core structure should hinder n-n stacking of the chromophores, which is likely to be
responsible for the quenching of the fluorescence emission in the solid state for most aromatic

fluorophores.

Advances in imaging technique now make fluorescence one of the most powerful tools for
many applications that were not previously possible. Experiments ranging from
environmental field to biomedical diagnostic connect to interacting protein or with living cells
are now common due to the improvement made on the techniques of the observation of
similar events on a single molecule level. There is a growing realization that the molecular

probes available limit imaging events.

2.3. Adamantyl mesityl BODIPY

2.3.1. Adambodipy synthesis method

Motivated by the attractive potentials of fluorescence organic nanoparticle, we have been
engaged in the synthesis of a new fluorescent BODIPY derivative dye (from Dr.Gilles Clavier
and Dr. Marina Dvorko), Adamantyl mesityl BODIPY (Adambodipy or 4,4-Difluoro-3, 5-di-
(adamantyl)-8-mesityl-4-bora-3a, 4a-diaza-s-indacene). The bulky alkyl subtituent
(adamantine group) is introduced at the periphery of the fluorophore structure (see Fig.2-c).
It limits the m-m stacking and overcome the fluorescence quenching in solid state and also

helps in crystallization.
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Scheme 1. 1 Synthetic method of Adambodipy

The spectroscopic properties of Adambodipy have been first studied in solution. The time
decay, absorption and fluorescence spectra in THF/EtOH (3:7) with CTACI are shown on the
Fig.2. 4.

2.3.2. The spectroscopic properties of Adambodipy in solution

The Fig.2. 4 exhibits the typical spectroscopy of the Adamantyl Mesityl BODIPY in
dichloromethane. The main absorption band, centered at 515 nm, is attributed to the strong
S0->S1 transition. There is also one more absorption band near 490 nm, assignable to
vibrational structure. A second vibrational structure can be guessed at 450nm. The vibration
can also be seen in fluorescence as a mirror image at 555nm. The fluorescence spectrum
shows a main and intense emission band centered at 523 nm due to the transition S1->S0 and

reveals a quite high quantum yield (0.79).

The fluorescence lifetime decay is one of the most important characteristics of a
fluorescent molecule because it defines the time window of observation of dynamic
phenomena.' The decay of Adambodipy in solution can be fitted by mono-exponential decay
law and the fluorescence lifetime is 5.7 ns. From these data a few parameters can be obtained,
such as the radiative deactivation rate (1.2 x 108 s) and the non radiative deactivation rate (3.2

x 107 s).
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Figure 2. 4: Absorption and fluorescence spectra of Adambodipy in THF/EtOH= 3:7&CTACI (10°M)

solvent

In (a), (b) == Absorption spectrum, maximum at 515nm
== Fluorescence spectrum, excited at 515nm, maximum at 523nm
== Fluorescence decay, with mono-exponential fitting

Figure (c) is the structure of the Adambodipy molecule.

2.3.3. Fluorescence Anisotropy measurements:

As the anisotropy can be decreased by extrinsic factors (that act during the lifetime of the
excited state,) such as rotational diffusion of the fluorophore and the resonance energy
transfer, to decrease the rotation diffusion, we can use low temperature or high viscosities
squalane, diluted solution to avoid the energy transfer effect.

We have studied the anisotropy of a solution of Adambodipy in squalane (n’=1,4474)*'.
The largest anisotropy values are observed for excitation at the longest wavelength absorption
band, because the lowest singlet state is generally responsible for the observed fluorescence,
and this state is also responsible for the long wavelength absorption band according to
Kasha’s rule. We have measured a value of 0.14 but not the expected value of 0.4, since the

viscosity of the squalane is not infinite.
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Figure 2. 5: A and B represent the absorption and fluorescence spectra of Adambodipy in squalane
solvent respectively, and one-photon excitation anisotropy spectrum (EXC), emission anisotropy

spectrum (EMS) in squalane are presented in the figure.

The excitation anisotropy is relatively constant within the long wavelength absorption
bands (400-540nm) around 0.14 correspond to the first electronic transition, Sp-> S;. Below
400nm, a gradual decrease in ry is observed as the excitation wavelength is decreased,
indicating the position of the second electronic transition So->S,, and it goes down to -0.07,
that is the negative half of the 0.14. This is the value expected for an angle of 90° between the
excitation and the emission dipole according to Eq. 2.19.

The anisotropy is constant across the emission spectrum, which is typical of emission

anisotropy spectra.

2.3.4 Fluorescence of molecular nanocrystals prepared with Adambodipy

BODIPY derivatives are widely used to design highly sensitive sensors for many fields
such as medicine, biology and environment®. The limitation of this fluorophore would be
fluorescence quenching and decreased quantum vyields in solid state'’. Comparatively
speaking, organic crystals or pigments are quite attractive candidates, since they allow getting
assemblies of fluorescent molecules in micro- or nano-sized particles and such NP may
provide even more responsive sensors due to their high absorption cross-section and their

capability of quenching more than one fluorophore per sensor. The preparation and
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properties of fluorescent micro- or nano-sized particles have given rise to number of
applications. The main benefits of nanoparticle labels are stronger luminescence and also a
better anti-photobleaching due to the fact that each particle contains a lot of luminescent
molecules and are usually protected with a coating layer. Their good photostability and long
fluorescence lifetime make them appropriate labels for long term labeling®.

Many strategies are built to synthesize fluorescent assemblies; one popular method is on a
cast film prepared by evaporation of a droplet of the dye solution in dichloromethane spread
out on a microscope slide. Microcrystals grown right after the synthesis were also studied™.
The fluorescent organic nanocrystals synthesis have been reported using reprecipitation
method, laser ablation, ion sputtering, photochemical synthesis and many other methods™.

Crystal size dependence of spectroscopics properties was also found in several applications.

Our main objective is to build assemblies of the adamantly mesityl BODIPY. This
derivative was obtained in solid state by reprecipitation method. For the comparison the
antisolvent precipitation was done by bulk method and the process was also implemented in a
micro-fluidic device. The products were analyzed to compare their fluorescent properties and
size distribution. We have also prepared crystals by reprecipitation in water. From the
fluorescent properties, we hope to deduce the molecular organization of the molecules in the
NPs. Furthermore we are wondering whether or not the NPs are crystaline or amorphous and

to what extend.

2.3.5. Adambodipy particles obtained by bulk technology

There are many approaches to synthesize NP, and aqueous bulk method is no doubt to be
one of the most traditional (§ 1.2.2.1). In order to compare the size distribution of the NPs
synthesized by different methods, we analysed the samples collected by this bulk method. At
the initial stage when Adambodipy solution (in THF/EtOH with or without CTACI) was
added, a large amount of water (with or without CTACI) was kept in turbulence with vortex
oscillator. As the size distribution of the NPs may be controlled by the concentration and the
surfactant, we changed the volume ratio of the Adambodipy solution and water; the

concentration was also taken into account.

Among several samples, four of them are presented (see Table 2.1). They were obtained
by pouring 100pl of organic solution in SmL of aqueous solution (water with 10°M CTACI

or without surfactant)
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Sample- Conditions Main Range/nm
NO. peak/nm

3 Adambodipy 0.1mg/ml in THF/EtOH (3:7 v/v) No 130 100-200
CTACI

6 Adambodipy 0.1mg/ml in THF/EtOH (3:7 v/v) With 320 200-400
CTACI

8 Adambodipy 0.5mg/ml in THF/EtOH (3:7 v/v) No 520 200-700
CTACI

7 Adambodipy 0.5mg/ml in THF/EtOH (3:7 v/v) With 250 150-600
CTACI

Table 2. 1: Operating conditions to prepared bulk samples and the size distribution of the NPs
obtained (with CTACI 10°M).

However, from the NPs size distribution, we didn’t get a very obvious trend to say
whether or not the surfactant is important to control the size of the NPs. The spectroscopic

properties are more relevant when we compare the samples prepared with and without

surfactant.
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Figure 2. 6: Fluorescence spectra according to the samples from bulk method (Operating conditions in

Table 2.1) the numbers with respect to the curve are related to the samples in Table 2.1.

When no surfactant is added (samples 3 and 8, black lines), the fluorescence intensity is 7
times lower compared to when surfactant is present, the band detected between 525 and 545
nm is red shifted and bands at higher wavelength are detected (600- and 670 nm). The
similarity between the spectrum with CTACI and that in THF/EtOH (3:7 v/v) along suggests
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that in presence of CTACI surfactant Admbodipy molecules are dissolved in micelles since

the CTACI concentration is ten times higher than its CMC.
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Figure 2. 7: Fluorescence decay curves for the sample from bulk method recorded A at 539nm, and B

at 670nm separately.

Fig.2.7 shows typical decays for all the samples collected by bulk method (no matter
with or without surfactant). They look similar to the decay curves recorded for the samples

collected by MFD1. They would be analyzed further in the MFD parts in the next section.

2.3.6. Solubility of Adambodipy in solution

The driving force for nucleation and growth of one-component crystals in liquid solutions
is supersaturation. In order to obtain single crystal of Adambodipy at low supersaturation, a
solubility curve of Adambodipy was produced from a previous work (unpublished data.)

The dissolution of raw Adambodipy crystals was done in several THF-EtOH-water
mixtures. The clear supernatant was then collected, analyzed by spectrophotometry and

compared to a calibration curve. The following graph Fig. 2.8 was done by Dmoore, PPSM.

We are using binary water-ethanol mixture in the simulation, although the solubility
behavior in such binary system is still a challenging area these days. A predictive model to
predict solubility curve of dye Adambodipy in a binary mixture of ethanol and water was

27,2
17,8

describe by the Jouyban-Acree mode with the following form:
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logCeq = flogCy + (1 — f)logCy +] — Afactor Eq.2.20

where Ceq, T, Cg, T, and Cw,T are the solute solubility at temperature T in the mixture
solvent, neat cosolvent and water, respectively. And f denotes the solute free (in the absence

of solute) volume fraction of ethanol, Vg, in the cosolvent (ethanol) and water Vy,:

Vg
f=—-=_ Eq.2.21
Vw + Vg
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Figure 2. 8: Saturation curve obtained by a dissolution process in a THF-EtOH-water mixtures

and the Jouyban-Acree factor is defined as :

] — Afactor = f(1 - f) [72‘;-21 N 485.17(f; 1-1)
JRCLEE At Cier)) I

T

We have adjusted the data that shown in Fig. 2.8 according to the Jouyban-Acree model
as logarithm relation, where T=298K, and the expression would be:
g(f) =exp(Af +BA-f)+fA-f)

72421 48517(f — (1—f)) 19441(f — (1 — f))?
208 298 + 298

*

Eq.2.23

The result of the fit is displayed on Fig. 2.9.

56



Chapter 2.

Introduction to BODIPY derivatives

We obtained for the adjustable parameters values of Eq. 2.23: A=logSEr, B=logSw,

while 4=3.07, B=-10.116 according to the concentration of Adambodipy when percentage of

water equals to 0.
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Figure 2. 9: Experimental solubility points for Adambodipy in the mixture of THF/ethanol =3/7

&water, fitting with Jouyban-Acree model as logarithm relation

Then with the formula we can calculate the saturation solubility of Adambodipy in a

known composition of water-ethanol solvent, where in this experiment, the mass composition

of water-ethanol mixture could be simulated with COMSOL using “Maxwell-Stefan

Diffusion and Convection” module.
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The models discussed in the previous section could well explain the photophysical
properties of isolated small molecules. However, as soon as interactions between molecules
have to be taken into account, they become more difficult to use since many molecular
orbitals and the electron-electron interaction between these molecules need to be included in
the new model. The nature of excited states of organic molecular crystal is mainly determined
by the excited states of the corresponding isolated molecules.

The study always starts from the interaction of two adjacent molecules, the so-called
dimer, as this is the smallest possible aggregate that shows some properties which are
important for crystal formation. It leads to a stabilization of the ground and excited state due

to columbic energy interaction of the two molecules.

3.1. The interaction between molecules

3.1.1. Electronic excitation energy transfer (EET) mechanism

An area of interest in physical chemistry related to polymer chemistry, photosynthesis,
surface photochemistry and molecular crystal is to understand the redistribution process of the
light energy that is absorbed by complex molecular system. An example of the process is
known as the transfer of electronic excitation energy from the excited state of a molecule to
another, it is called electronic excitation energy transfer (EET), and it is an important
fundamental physical process. The EET can have practical application and the EET can be
used as “spectroscopic ruler”' (Stryer and Haugland in 1967) for biological applications. It
has become increasingly important to develop computational techniques that allow us to
calculate the rate of charge or energy transport™ for photovoltaic applications. The research
of the EET process also rigorously elucidates the approximated models that were previously
developed for different strength of coupling.

The relationship between the spectrum of a molecular crystal and the individual molecule
spectra depends critically on the strength of the coupling between molecules. In order to
investigate this relationship, Simpson and Peterson first propose the classification and
criterion for the strong coupling, weak coupling case and intermediate coupling, conceptually
obtained under Born-Oppenheimer framework.* The strong coupling criterion is 2U /Ve >>1,
where 2U is the exciton bandwidth, and Ve is the Franck-Condon bandwidth of the

corresponding molecular electronic transition in the individual molecular unit. While the
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criterion for the weak coupling case is 2U/Ve <<l conversely, and the approximation is
assured if the splitting from the interaction is small with respect to the vibrational energy
increments. The intermediate coupling case is due to the existence of a transition region
between strong and weak coupling where the interaction changes with suddenness. And the
relation is 2U /Ve <1.

In the strong coupling case, the band shift for the exciton states of a molecular aggregate
is observed which is greater than the total electronic band width of the corresponding
transition in the individual molecule. Thus, strong exciton coupling occurs when
chromophores are in close contact’ (Cantor and Schimmel, 1980), and a pair of chromophores,
also called dimer, may share delocalized energy as if they were one unit. Conversely, in the
weak coupling case, the energy can be localized on each monomer at a time such as the
monomer tend to retain their spectra, respectively®.

Later, Foster proposed a slightly modify to the Simpson and Petersons’ designation of the
energy transfer model. Instead of the two coupling cases, he reclassified the criteria as
“strong-coupling” and “medium-coupling”(corresponding to the Simpson and Petersons’
weak-coupling), and then reserved “weak-coupling” as a very weak-coupling term for his
own vibrational-relaxation resonance transfer case, with energy coupling criterion U /Ve'<<I,
and Ve’ is the individual vibronic bandwidth. However, Kasha pointed out the deficient of
Foster’s theory: firstly, the impossibility to distinguish the “weak” and the “very weak”
coupling by direct spectral criterion, and secondly, the theoretical discontinuity in the

transition to the Foster model’.

3.1.2. Molecular orbital theory

A basic approximation of the electronic structure in molecules is known as molecular
orbital (MO) theory, and each molecule can be described by a set of molecular orbitals. MO
theory assumes that the electronic states in a molecule Y, can be expressed in terms of
orbitals of discrete energy, formed through the simple weighted linear combination of the n

constituent atomic orbitals Y. It could be shown as follow:

n

Yuo = z CiYao Eq.3.1

l

Few more details about the theory are presented here, because although more

sophisticated methods for simulating the electronic structure will be employed in this thesis
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for example, TDDFT simulation, but the descriptions of the findings will be explained by MO
theory. Also, in Chapter 2, the electronic transitions among the molecular orbitals illustrated
the spectra properties.

In molecules, without n-bonds, the c-electrons are tightly bound between the nuclei and
cannot interact with adjacent molecules. In contrast, the major characteristic of organic
aggregates 1s the extended m-system, which consists of organic, m-electron conjugated
molecules.

The simple example of ethylene is given here to illustrate the formation of bonding and
antibonding orbitals of n-bond by MO theory. The orbital configuration of ethylene contains
Is-orbitals of four hydrogen atoms and the 2s, 2px, 2py, and 2p:- orbitals of two carbon atoms.
All the orbitals except of the 2p:- orbital contribute to the formation of MOs, which have a c-
bonding character for carbon-carbon and carbon-hydrogen interactions. The 6-bond is formed
coplanar, between the two respective nuclei, and the 2p: orbitals are perpendicular to the
carbon-carbon ¢ bond and antisymmetric with respect to reflection through a mirror plane
containing the bond axis. They are designated as bonding (7r) and anti-bonding (™) orbitals.
Orbitals that are symmetric through this plane are called o and o*orbitals. The figure of

1llustration was shown as follow.

atomic molecular orbitals atomic

orbital 9 a orbital
.“v“ GX "I‘.
T, N

Energy
!

Y)_} Ty

Figure 3. 1: Molecular orbitals of ethylene resulting of the overlap of the carbon p-orbitals (schematic

representation on the left and right)®.
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Usually the MOs with nt-character are the HOMO and the LUMO, which is due to the fact
that the energetic stabilization in the bonding m-orbital as well as the destabilization in the
corresponding anti-bonding orbitals " is small compared to respective c-orbitals. This
m — " frontier orbitals have a strong impact on the optical and electrical properties of the
fluorophore. According to the introduction of fluorescence properties in Chapter 2, lowest
energetic optical excitation leads to a m — m”* transition. The transition dipole moment of
organic conjugated m-systems is usually large and leads to a very high absorption coefficient
in the order of 10° cm ™', without any symmetry restrictions. Thus, an aggregate of an organic
dye with the thickness of only some hundred nanometers is already sufficient to absorb nearly

the complete incident light in its absorption range.

3.1.3. Dimer and fluorophore dimerization effect

The electronic coupling between two adjacent molecules dominates the energy-transport
properties in organic molecular solids. A physical dimer consists of two closely spaced
molecules with purely physical interaction, and no chemical bonding is involved. A weak
interaction of the molecules forming a dimer can be easily described using perturbation theory
as done by Kasha. The theory is applied for dimers in the aggregate state, which result in the
formation of mini-excitons upon excitation state’.

The wavefunction of the dimer in ground state is:

Y6 = P11, Eq.3.2
where Y;and Y, represent the ground state wave-function of molecule 1 and 2 separately.
Taking the non-interacting molecules with their particular Hamiltonian H; and H> as a

starting point, the Hamiltonian operator for the dimer is
H =H1+H2 +V12 Eq33
where the H; and H; are the Hamiltonian operators for the isolated molecules 1 and 2, and

V;, describes the electronic intermolecular interaction.

The energy of the ground state of the dimer according to the Schrodinger equation is:
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Eg =j Y1, H P y,dry T, Eq.3.4

Ec = Eg1 + Eg, +j Y1, (Vip) Y1Pdryt, EqQ.3.5

where the Eg; and Eg; are ground state energies of the isolated molecules 1 and 2, and the
last term represents the Van der Waals interaction energy between the two molecules.
The excited state wavefunction could be described as:
Ve = a1+, Eq.3.6
where 1] and 5 represent excited state wave-functions for molecules 1 and 2,
corresponding to the arrows in Fig. 3. 3, and c¢; and c; are the coefficients to be determined.

Then the Schrédinger equation of the excited state is:

H(c1i, + coap3) = Eg(cipih o 3) Eq.3.7

where Egis the excited state energy, and with an energetic lowering and splitting of the

dimer states, the equation could be solve as follow:

Ef = Egy +Epy + ﬂ Yiv, (Vi)Yi,drit, + j Y1, (Vi) PsdryT, Eq.3.8

Eg =Egy + Epy + ﬂ Y1, (Vi) i,driT, — j Y1, (Vi) sdry T, Eq.3.9

where Eg; is the excited-state energy of isolated molecule 1, which is the same as that of

molecule 2 (Eg,).

Excited state W

ﬁ_{ ] 2%

w
Ground stateﬁ:

Figure 3. 2: Scheme of the molecular and

Monomer Dimer . .
dimer orbital levels

In Eq. 3.8 and 3.9, the third term represents the Van der Waals interaction between the
molecule 1 of excited state and molecule 2 of ground state. In Fig. 3. 2 the W and W*

represent the Van der Waals interaction energy in the ground and excited state. The fourth
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term is the most important energy term that characterizes the interaction energy due to
exchange of excitation energy between molecule 1 and 2. This term is approximated as the
point-dipole-point-dipole interaction between the two exited dyes (Coulomb potential) in

both Forster and Kasha theory.

e = [[ wiv. wpsan, Eq.3.10

In the dipole-dipole approximation, according to the Eq. 3.3-10 V;, represent
interaction energy due to exchange of excitation energy between molecule 1 and 2. The
transition energy for the dimer can be represented as:

AE;; = AE,, + AW + A¢ Eq.3.11
Where AW is the difference in Van der Waals energy between ground and excited states
related to the third term in Eq. 3.8- 9, The exciton splitting term A¢ in the point-dipole
point-dipole approximation, is expressed as:
M, -M, _ 3(My 1)(My 1)
8 r>

Ae Eq.3.12

where M; and M, are the transition moments for the singlet-singlet transition in the
monomer 1 and 2, respectively. r is the centre to centre distance between molecules 1 and 2
(position vector of the dipole 2 from dipole 1 as origin), and is the dot product or scalar
product between two vectors. Fig. 3. 4. This energy is far greater than the Van der Waals

interaction AW, AW < Ae. We can neglect the third term of Eq. 3.8-9.

So the exciton model describes the resonance splitting of the aggregate molecular energy
levels, which were non-degenerate in the individual molecules.

Upon the dimerization, the excited-state levels of the dimer split into two levels of
symmetric (3 ) and anti-symmetric coupling (¥z ), Eq.3.13-14 according to the

arrangements of the transition moments Eq.3.8-9.

1
Vi = \E(Ebiwz +1y3) Eq.3.13

1
Vg = \E(lﬂiwz = P13) Eq.3.14
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Figure 3. 3: a) Chemical structure of Adambodipy molecule. Arrow shows the transition moment b)
The exciton-coupling model explains the spectral shifting related to the molecular packing structure.
Excited-state levels of the monomer split into two levels in dimer, symmetric (1) and anti-symmetric
coupling (Y),) of excitons. Red, blue solid line correspond to red and blue shift, black dash line

correspond to forbidden transition.

With the formation of a dimer, we will observe several spectral changes experimentally,
and they are:

(a) Displacement of emission and absorption bands relative to the monomer,

(b) Splitting of spectral lines with a corresponding change in the polarization properties,

(c) Variation in the selection rules and oscillator strength for optical transitions.

And all these changes increase with the extent of the aggregation. The splitting will
double in infinite stacks of molecules such as J- and H- aggregates. They will be observed in

the crystalline phase of the Adambodipy in our study.

3.1.3.1 J-aggregate and H-aggregate

Some molecular aggregates consisting of organic dyes are remarkable in exhibiting an
intense and very narrow absorption peak, which could be red-shifted compared to the
absorption region of monomer, or else, shifted to higher energies. This red-shifted band are
now usually referred to J-band, after its discoverer Jelly (1936), while H-band (hypsochromic
shift) correspond to the blue shifted band. These appearances were ascribed to the formation
of molecular aggregates. The appearance of J and H-band depends on the angle between the
dipole moments of dye molecule in the aggregate and the long axis in the aggregate. And it is
the strong Van der Waals force that causes aggregation of dye molecules.'” The common
forms of aggregations are J-type, H-type. (Fig. 3. 3)

According to the exciton theory of Kasha and co-wokers, for J-aggregate, only the

transitions to the low energy states of the exciton band are allowed, see Fig. 3. 4 J-aggregate
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are characterized by a high fluorescence rate while H-aggregate are characterized by a large
Stock-shifted fluorescence that has a low fluorescence rate. Assuming a constant non-
radiative deactivation rate, it is often assumed that J aggregates have a better fluorescence
yield than the corresponding H aggregates.

The exciton band splitting in a molecular dimer with parallel transition dipoles oriented
like in Fig. 3.4 is given by Eq. 3.15"

2|M|*

Ae (1 — 3co0s?8) Eq.3.15

Where 6 is the angle between the two dipoles M, ,, 1 is the distance between the dipoles.
The exciton splitting is zero when the value of 8 = arccos% = 54.7°, so the dipole-dipole

interaction is zero for this packing orientation of transition moments.
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Figure 3. 4: Exciton band energy diagram for molecular dimers with coplanar transition dipoles
inclined to interconnected axis by angle 0 as illustrated above. For parallel-aligned dimers the optical
excitation is only allowed from the ground state to one of the two excitonic states depending on the
angle 6. When 6<54.7° the lower energy state is allowed leading to a J-band, while for 6>54.7° the
allowed state is at higher energy leading to a H-band. AE,qw represents the difference in Van der
Waals interaction energies between ground and excited states. (full line: allowed electronic transition
state; dotted line, forbidden electronic state; ovale-shaped object : monomer unit ; double arrow :

.- 11
transition moment)
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So the J- and H-aggregates are distinguished by the different angle 0 between the
molecular transition dipole moments and the long aggregate axis. When 0>54.7, H-
aggregates are formed. In contrast, J-aggregates molecules are arranged in head-to-tail
direction or coplanar displacements with 8<54.7. According to the Fig. 3. 4, for the special
case of an H-aggregate, only transitions to the higher energetic excited state are allowed,

whereas in a J-aggregate only transitions to the lower energetic state are allowed.

3.2. Organic Solids

3.2.1. History of the Exciton theory

We have started by considering the tutorial sample of a molecular dimer, and then have
made the step to multi-molecular systems in one dimension. Excions theory in atomic lattices
was further developed by Frenkel and then extended to molecular aggregate by Davydov
(1948)", for which we deal with the Davydov splitting, and geometry-determined energy
transfer. After, McRae has extended Simpson and Peterson’s analysis of the interaction of

. . . . . 11,1
vibronic excitons in dimers and crystals. '"'?

3.2.2. Exciton theory for organic solids

Excitons are electronic excitations of dielectric solids and clusters that are important as a
participant in phenomena of optical response of these materials, and responsible for energy
transport processes, such as absorption, emission, photoconductivity and photovoltaic effect.
Excitons are usually classified into two types, Frenkel excitons and Wannier—Mott excitons'*.
The difference lies in the typical separation between electron and hole.

As shown schematically in Fig.3. S, for Frenkel excitons, a electron-hole pair occurs on
the same molecule or atom, thus it is a small-radius exciton(<5A) where the molecules are far
apart compared with the orbit of the electron in the exciton state and the binding energy is
large (~1ev).

In contrast, for the Wannier—Mott exciton, the electron—hole pair is delocalized on many
molecules. The radius of the exciton is more than an order of magnitude lager than the
intermolecular separation (~40-100 A), thus the separation is much larger than a single

molecule or atom with small binding energy (~1 meV).

71



Chapter 3. From single molecules to aggregates, and molecule crystal model

For organic crystals, in which the intermolecular bonding is mainly of weak Van der
Waals type, the Frenkel exciton theory is most widely used. In the other case, the Wannier-

Mott exciton is important in inorganic semiconductors with strong bonding.

P ~~.

- N
- .,
s .

©0 06060 e e e

\
1
1
)

0000000 P

1
1
v
\
\

~~o

1

1
1
/7

QQQQOO‘OQQQ

. g
\\\\\\\\\
******

§6©©©©©©©©

Figure 3. 5: Illustrating the limiting cases of small and large excitons radii for Frenkel excitons (a) and
the Wannier-Mott exciton (b). In both cases, there is internal motion of an electron around a hole and

the pair moves through the lattice as a unit.

3.2.3. The Frenkel exciton Hamiltonian

As stated in the introduction, we are interested in the optical properties of organic dye
molecular aggregates, which have large transition dipole moments so that they interact
strongly with light. Due to the strong interactions between the molecules, many molecules
will coherently share an excitation in such an aggregate. In addition, the number of dye
molecules can affect the spectroscopic behavior.

Let us expand the molecular exciton theory from a dimer to aggregate involving N
molecules, by index N=1,2,.....7, j. Then assume that every molecule in the aggregate has only

two states. The general Frenkel exciton Hamiltonian in the Heitler-London approximation is
15,16.

H= 2H+Vu ZE|1><1|+ZJU|1><L| Eq.3.16

i,j=1 i#j

then given by

where |i) corresponds to a state where molecule i is in the excited state while all others are
in their ground state, E; is excitation energy of molecule i in the aggregates neglecting the

dipolar interaction but including the inhomogeneous broadening due to the effect of disorder
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imposed by the surrounding, and V;; is the dipole-dipole interaction operator between
molecules i and . J;; is the coupling element of the matrix that represents V;; in the orbital

base |i).

Assuming point dipoles, the matrix element can be written as:
_ i 'ﬁj _3 (l_il 'Fij)(lzj 'Fij)

|Fi]'|3 |Fij|5

Where (I; = p;é, is the transition dipole moment vector of molecule i with length y;, and

-

7;j = 7; — 7; is the relative position of the molecules i and ;.

The equation could be rewritten in order to express transition dipole moments in Debye:

]i;=Aﬁ"'ﬁj—g(ﬁi'ﬁf)(ﬁf'ﬁj)

—3 —3 Eq.3.18
73] 73]
In which 4=5.04cm'nm’/Debye” is a numerical constant, Jij is expressed in cm™, the

transition moments &, and g, are in Debye (1 Debye =3.33x10"" Coulomb meter), and r in

nanometers, 7;is the vector between the two molecules with a norm |ﬁ- j| equal to their

distance in nanometers.
Diagonalization of the NXN matrix H;; Hamiltonian gives N eigenenergies and

eigenvectors (one transition per chromophore):

N
H=2Ek|k)(k| Eq.3.19
k

|k) are the eigenvectors

N

|k) =zc{‘ i) Eq.3.20

i=1

Then the transition moments of the exciton k are given by

i =zc}<ﬁi Eq.3.21

1
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where [i; is the transition moment of molecule i in the aggregate. The amplitude of the
transition moment as well as the oscillator strengths can be obtained according to Eq.2.14 in

Chapter 2.

3.3. Adambodipy solid phase

3.3.1. Crystallization of Adambodipy derivatives

From a previous work (§ 2.3.6.), we got the curve of solubility of the Adambodipy
molecule in a THF-EtOH-water mixture. The dissolution of raw Adambodipy crystals was
done in several THF-EtOH-water mixtures. The clear supernatant was then collected,
analyzed by spectrophotometry and compared to a calibration curve, and the graph was shown
in (§ 2.3.6. Fig. 2. 9)

Based on this figure we have prepared samples at fixed Adambodipy concentration (0.2,
0.01 or 0.002 mg.mL™") in THF-water mixtures with various amount of water. For each
Adambodipy concentration the water percentages in the mixtures were chosen in order to
reach a low supersaturation. The lines drawn on the graph indicates the water percentage
expected to reach the saturation. For example, for an Adambodipy concentration of 0.2
mg.mL", the supersaturation must be reached for water content over 40% (over 70% for 0.01
mg.mL™", and over 80% for 0.002mg.mL™"). The mixtures were done by adding water, under
vigorous mixing by a vortex mixer, in a solution of Adambodipy in THF.

The Adambodipy-THF-water mixtures were prepared from two mother solutions of
Adambodipy in THF at 1 and 0.2 mg.mL", respectively noted SI and S2. The following
tables indicate the volumes added.

Sample Vg (ImgmL)pL Vigr pL Vyaer pL  WATER w/w %

C1 200 620 180 20
C2 200 526 274 30
C3 200 430 370 40
C4 200 332 468 50

Table 3. 1: Samples prepared to reach an Adambodipy concentration of 0.2 mg.mL"' with water

content from 20% to 50%.
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Sample Vg (02mgmL")  Vigr pL Vywater tL WATER w/w %

pL
1 200 2700 1104 30
2 200 1916 1884 50
3 200 1513 2287 60
4 200 1100 2700 70
5 200 677 3123 80
6 200 244 3556 90

Table 3. 2: Samples prepared to reach a Adambodipy concentration of 0.01 mg.mL™ with water

content from 30% to 90%.

The more diluted solutions samples were prepared from the previous ones.

Sample  Vsamplei (0.0lmgmL") Vg Vyater ~ WATER w/w %
pL pL pL
A Sample 1: 1000 2896 1104 30
B Sample 2: 1000 2116 1884 50
C Sample 4: 1000 1300 2700 70
D Sample 6: 1000 444 3556 90

Table 3. 3: Samples prepared to reach an Adambodipy concentration of 0.002 mg.mL™" with water

content from 30% to 90%.
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Figure 3. 6: Absorbance spectrum of the samples 1~5 and samples A~D, with conditions according to

the tables above.
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For the more diluted mixtures, (samples 1 to 3 and A to C), no micro-sized crystals were
detected in the flask, but the absorption spectrum shows that particles were produced for
samples 4,5 and D, as the baselines drift. The baseline drifts when there are particles with size
in the same order of magnitude than the wavelength. Due to the presence of small particles,
samples 4,5 and D exhibit pink color solution whereas the others still have the typical yellow
color of the Adambodipy solution. The small decrease of the absorbance can be due to a
shadowing effect or sedimentation.

According to the experiments, by pouring under vigorous mixing a volume of water into
Adambodipy organic mixture of THF/EtOH (3/7 v/v) we obtain a 0.2 g.L"' of Adambodipy
solution in a mixture containing water 40% w/w. This low supersaturation favours the
formation of micro-sized needle-shaped crystals, which could be seen in the Fig.3.7 below.

The procedure was reproducible.

2ml Screw Top Vial (12%32mm)

Figure 3. 7: micro-sized needle-shaped crystals samples in 2ml screw top vial.

3.3.2. Description of Adambodipy crystal

3.3.2.1. Single-crystal X-ray diffraction and crystallography

The large Adambodipy crystals suitable for X-ray diffraction analysis were obtained by
evaporation of a solution of Adambodipy in CH,Cl,.

Then collected data are shown in Table 3. 4, also the stereo structure of one unit cell of

this crystal was shown in Fig. 3. 8 (a)

Formula C3sHasF2Na
Mr g.mol™ 578.57
Space Croup P2i/c
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Cell Length (A)

Cell Angles (°)
Volume (A%)

7,7

pcaled g.cm™

m (mm’)

measured reflections

Rint

a 14.0557(3), b 11.4779(3),
¢ 19.3737(13)

a 90.00, b 98.905, ¢ 90.00
3087.9(2),

2:4,2°:0

1.245

0.626. 20448

(2gqmax = 144.2°)

0.0586

Table 3. 4:

Crystallographic data and structure refinement for Adambodipy crystal
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Figure 3. 8: (a) Stereo plot of the unit cell of Adambodiy crystal with the view on the plane hkl=703
defined by the transition moments. (b) herring bone packing structure of the crystal in the front view

of the plane.

The Adambodipy molecules organize in a monoclinic structure with 4 molecules per cell.
The chromophores make dense layers in the (1,0,0) plane separated by adamantane layers that
occupy the centre of the cell. The transition of each molecule is aligned along the vector
between the carbon atoms C3 and C6. Two pairs (yellow with blue, and green with violet) of
molecule in each cell have one common centre of symmetry at the centre of the cell. For each
pair the transition moments are parallel as shown on Fig. 3. 8 (a) and define two directions
in parallel plane with miller index equals to (7,0,3). From the front view of plane (7,0,3),

there is a herringbone organization (Fig. 3. 8 (b)) with an angle of 54.2°. From this
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arrangement, we know that the crystal must be dichroic with its transition moments in that

plane.17

3.3.2.2. Absorption spectra of the crystal

We were able to grow single crystals as thin plates (about 200x20x1 pm®), and we have
recorded the absorption spectra and the images of the micro-crystal (Fig. 3. 12) under the
Microspectrometer set-up (Nikon TE2000+OceanOptics fiber spectrograph).

Both samples show a strong dichroism between spectra Al, A2 in Fig. 3. 12, and Bl1,
B2 in Fig. 3. 14. They are recorded from a light polarized along each neutral axis. That
agrees with the herringbone arrangement of two directions for the transition moments in the

unit cell.

The spectra A and B differ in intensity and broadness because of the “saturation” of our
microscopy absorption setup. The measured absorption ABSy is related to the true absorption
ABSt and the Maximum absorption ABSy;,4 due to the crystal by:

ABS,, = ABS; —logyo(1 + 1074BS7=4BSMax) Eq.3.22

a 1s the fraction of the light that is leaking around the sample. This “saturation” is due to
the small size of the samples compared to the probing area of the spectrometer. Some part of
the light, 10% (for the crystal) to 65% (for cleaved crystal) does reach our detector but does
not pass through the sample. “Saturation” is true for both axes to the same extent. The effect

of “saturation” on the spectra is more important for the natural crystal than for the cleaved one.

3.3.2.3. Neutral axis determinations

Orthorhombic, monoclinic and triclinic crystals are belonging to the biaxial optical class,
and they are known to be birefringent, which means they exhibit two neutral axes with
different refractive indexes. When light is polarized along these two neutral axes, there is no
rotation of the polarization. According to the X-ray crystallography, the Adambodipy micro-
crystal is monoclinic.

The neutral axes of the crystal can be defined by this property, with the crossed polarizer

and analyser shown in the following figure.
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Figure 3. 9: Schematic illustration of a linearly polarized light passing through an analyzer'.

Crystalline materials may have different indices of refraction associated with different
crystallographic directions and propagation direction of light. This optical property of crystals
is what we called Birefringence, and could be simply defined as the difference between the
maximum and minimum refractive index values."”

The refractive index is defined as the velocity of the light in the crystal. According to the
calculation, the crystal in Fig.3. 13, 14 has two refractive indices: one higher,
corresponding to slow propagation for light polarized in which charge can move, and another

lower one is according to the light polarized perpendicular to this.

3.3.2.4. birefringent property

To determine these two axes, we equipped the microscope with a polarizer crossed to an
analyser, with our crystal in between. Through the turning process of the crystal, we obtain
two totally dark images, which correspond to the alignment of the polarization of the light
with the neutral axes of the crystal. (Fig. 3. 11) The transmission images are taken after and

noted as Al, A2 axes with angle of 84.2° separately, and shown as follow.

Figure 3. 10: Transmission images for k) and e) position that are obtained in Fig.10, with angle of

84.2°
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Turn the crystal in
between P

Figure 3. 11: When cross the polarizer and the analyzer, turn the crystal in the middle. Two total black
images k) and e) are obtained with alignment of the polarization of the light with the neutral axes of

the crystal.

3.3.3.3. Dichroism and Refractive index calculation
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Figure 3. 12: a) Oscillations part of absorption spectra for a neat micro-crystal (A1, A2) with Pictures
of the neat micro-crystal aligned according to his two neutral axes with the direction P of the polarizer;

b) Reflection and transmission of light by a single film.
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We see in Fig. 3. 12 (a) the oscillations of the transmitted intensity in a transparent
domain beyond 600nm. This is due to reflections and interferences by the parallel faces of the
crystal, see the Fig. 3. 12 (b). From them, the refractive index and the thickness can be
calculated by using the method described by R. Swanepoel®’. This method is limited to thin
films deposited on transparent substrates several orders of magnitude thicker than the thin
films, as in this study. Fig. 3. 13 (a) shows a magnified part of the transmittance spectrum
for the crystal of Adambodipy along the A2 axis that is displayed in Fig. 3. 12 (a). The first
step 1s to calculate the envelope functions of the maximum and minimum transmittance Ty (A)
and Ty, (A). From these curves the refraction index can be calculated using Eq. 3.23-24.
From the position of the oscillations, we can calculate the thickness of the sample using Eq.

3.25.
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Figure 3. 13: (a) Transmittance spectrum for crystal along A2. The oscillation of the baseline is due to
interferences between the two faces of the crystal. The positions and amplitudes of the Maxima and
minima Ty and Tr,, (Timax(A) and Trin(A) fit) are used to measure the refractive index and a thickness of
880+30nm. (b) Refractive index n as a function of wavelength along the axis A1 and A2. Dashed lines

are fits using Cauchy expression®' n=A+B/A’,

1
n=|N+(N?+s%) "] fe Eq.3.23

Where
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TM_Tm SZ+1
N=2 Eq. 3.24
ST T2 d

s represents the refractive index of the substrate (in our case s=1.4906, for microscope
cover slips No. 1 borosilicate glass, 25 mm x 50 mm, 0.15 mm thickness; VWR, cat. no. 631-
0146), and the film thickness can be obtained through the following expression:

A1,

d=2 Eqg.3.25
2(44ny — A,my) a

where n; and n, are the refractive indexes s at wavelengths A; and A, respectively,
corresponding to two consecutive extrema. We get the thickness of the sample equals to
8204+30nm.

The difference of the two refractive indexes along each neutral axis, An ranges from 0.13
to 0.23 according to wavelength ranges from 560 to 800 nm . This confirms the birefringence.
It was reproducible for other samples with different thickness.
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Figure 3. 14: Absorption spectra for a cleaved crystal (B1, B2) along the two neutral axes. b) Pictures
of the cleaved crystal aligned according to his two neutral axes with the direction P of the polarizer.
The oscillation transmission curves are due to the presence of the tape that is used to cleave the crystal

and that cannot be removed without breaking it.
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Due to the very high absorbance of Adambodipy crystals, we need thin samples. An
“Organic Crystal Cleavage” method was used here to decrease the thickness from hundreds of
nanometres to several tenths of nanometres.*

Indeed the thinner crystals collected were also smaller since the aspect ratio of the crystal
Length/Width/Height is maintained during the crystal growth. In detail, naturally grown
crystals were transferred between two transparent tapes. Then, the tape was torn several times
until the adhesion force cleaves the crystal. The cleaved crystal remains on the sticky
transparent tape. After the determination of the neutral axes by using crossed polarizer and

analyser,” the spectra B1 and B2 of a crystal after cleavage are given on Fig. 3. 14 (a).

The thickness of the single crystal was also examined by intermediate-contact mode AFM,
the method and the equipment was introduced in Chapter 6. The crystal terraces can be seen
on Fig. 3. 15 (a) that shows the observation of the crystal surface. Fig. 3. 15 (b) gives
the thickness plot as a function of the offset (position on the probe in pm). The thickness is

0.68+0.01um, which fits the value calculated by the transmittance spectrum.
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Figure 3. 15: a) Overlay of the transmission and AFM image of an Adambodipy crystal b) the height
profile through the line AB. The measured thickness of 660nm can be compared with one deduced

from the analysis of the interference pattern in Figure 8.

3.4. Computational model of Adambodipy

To calculate the spectra, we apply a model to describe the interaction between the

molecules in the crystal.”* Let us briefly recall here the molecular exciton theory within the
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framework of Frenkel approximation.”” Since Adambodipy has bulky substituents and
despites relatively high oscillator strength of 0.29 (cf. Dipolar coupling calculation), the
electronic intermolecular interactions are weak compared to the electronic transition energies.
As the fundamental theory was introduced in exciton theory where we have Frenkel

Hamiltonian of the aggregates.

3.4.1. Dipolar coupling calculation

The transition dipole moment of Adambodipy is calculated to be 5.6 D from an oscillator
strength that is equal to 0.29 according to the absorption spectrum of adambodipy in
dichloromethane. This differs from the TDDFT calculations that give a value of 0.56 for that
oscillation strength (§ 3.8.2.4)

The discrepancy in the measured and the calculated oscillator strength is usual in quantum
chemical calculation.”®*’ This is particularly true in the case of Bodipy according to Adamo®®
who explain this difficulty by saying the electronic transition in the case of Bodipy is “not
vertical”. However, if the absolute value is not correct, the calculation gives two important
informations : it gives the vector for the transition dipole and it confirms that it is an intense
single transition.

The direction and the magnitude of the transition moment with respect to the molecule can
be calculated from TDDFT calculation, but not its position in the molecule. This would
require additional computations®*. For symmetry reasons, the transition moment has to be in
the plane of the BODIPY chromophore and perpendicular to the B-C13 direction. There is
some uncertainty on its position on the B-C13 line. We have tested various positions around
the center of the chromophore. Moving the position of the transition moment inside the
molecule does change the calculated spectrum. Assuming a quasi C2 symmetry of the
BODIPY chromophore around the C3-C6 axis, we decided to place this position at the middle
of the B-C9 segment.

We constructed the interaction matrixes J using the extended dipole approximation
according to the Eq. 3.17. The positions of the atom have been extracted from the CIF files
as crystallographic fractional coordinates. To calculate dipolar coupling, we need distances in
nanometers. We have used, for the orthogonal Cartesian coordinates, the one with the X
direction along the direction a of the cell and Z direction along c¢*. The transformation matrix
from the crystallographic fractional coordinates to the orthogonal Cartesian coordinates is

given by R.Diamond et al.”
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We have compared the interaction term obtained by the Eq. 3.17 with the energy
splitting of the two first excited states, in a pair of Adambodipy in vacuum. Indeed the
coupling element in the interaction matrix can be calculated independently from the full

calculation of the dimer.>**!

Nine pairs that are in Van der Waals contact in the crystal have
been identified using Mercury 2.4®, and the energy splitting for two of them have been
calculated.’”> We choose the first pair as the one with the strongest H type interaction where
the dipolar interaction may fail due to the importance of higher multipolar terms. This pair
corresponds to blue and violet molecules with the closest distance of 0.64 nm among the cells
(Fig. 3. 10(a)). The second pair was chosen as the one with the strongest J type
interaction.” This pair combines among the cells the closest yellow type molecule and the
blue type with distance of 1.07nm (Fig. 3. 10(a)).

The results are gathered in table and more data and analysis from TDDFT calculation is

provided in the section § 3.8.2.4.

Splitting in cm-1 Dipolar approximation TDDFT calculation
Closest H Pair -513 451
Closest J Pair 99 142

Table 3. 5: The energy of interaction for two close pairs in the crystal calculated by the dipolar
approximation Eq. 18 and by a TDDFT calculation of the splitting of the two first LUMO levels of the

same pairs in vacuum

The dipolar approximation appears to be a good one. We have thus used it for further

calculation.

b)

L o

Figure 3. 16: 7x7x7 Cells crystal model (a) used in the computation, each cell contains 4 molecules in

(b).
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A 7x7x7 Cell crystal model was built and used in the computation. Each cell contains 4
molecules and contributes to 1372 molecules for the simulation. The interaction among those
molecules can be calculated by Eq. 3.18 as coupling term and represent values in matrix

shown in Fig. 3.17.

Then with the coupling values, all the eigenvectors can be obtained as a linear
combination of the localized excited states. Then, the transition dipole moments of the crystal

are calculated from the computed eigenvectors from Eq. 3.21.
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Figure 3. 17: Value matrix from dipole-dipole coupling term over 1372 molecules, with unit (cm™).

According to the Fig. 3. 18 in each unit cell, there are 4 transition moments from C3 to
C6 corresponding to 4 Adambodipy molecules. And all the contributing transition moments

are in the same plane.
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C3 '

Figure 3. 18: 4 transition moments from C3 to C6 in one unit cell of Adambodipy crystal represented
as four-color arrows. The contribution of the molecular transition moments has shown in green solid

line on Cartesian coordinate system.
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Figure 3. 19: The distribution of 1372 exciton states as a function of their energy (50cm™ width bar).

The numerical diagonalization of Hy provides N=1372 eigen energies Ex
In Fig. 3. 19, we summarize the calculated relative energies by plotting the density of
the exciton states as a function of the exciton energy. We have 1372 eigen energies, which are

spread from -800cm™ to +1500cm™.
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Figure 3. 20: The oscillator strength to each state is known from Eq. 7 and are represented their
spectra for the three space directions. X and Y are along the a and b axis for crystal unit cell

respectively. Z is orthogonal to a-b plane.

The oscillator strength can be computed from the eigen vector coordinate using (§ 2.1.4
Eq. 14). Only few of these transitions bear significant oscillator strength. The smaller are the
NxNxN crystals, the stronger are the intensities of the transitions at -400cm™ and +325¢cm™.
The molecules supporting these transitions are indeed at the surface of the nano-crystal (Fig.
3. 21(b)). Increasing the number of cells up to 11x11x11 does not significantly improve the

calculated spectral density

NN\ \
NN\
NN

Figure 3. 21: a) The shape of the exciton at - b) The shape of the exciton at -325cm™ in a

810cm™ in a nanoparticle 4x4x4 with no disorder.  nanoparticle 4x4x4 with no disorder.
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According to the calculation, there are three important excitonic transitions in the
crystal at -745cm™, 326cm™ and 460cm™. Transitions are mainly in the y and z plane. This
agrees with the orientation of the molecules in the cell. The electronic transitions of the
crystal are in the plane defined by the C3C6 directions (Fig. 3. 10).

The absorption spectra are calculated from the transition energies of the perfect crystal
of Fig. 3. 20 by taking into account the spectral broadening that occurs at room
temperature. This spectral broadening is due to the limited lifetime of the phase of the
excited state. This is the homogeneous line width of the transition. In addition, the
fluctuations of the intermolecular interactions in the crystal induce an inhomogeneous

broadening.** Different ways have been proposed to estimate these broadening.

a)

Absorption intensity(a.u.)
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Figure 3. 22: Calculated absorption spectra from the transition oscillator strength. a) Lorentzian
(linewidth =250cm™) convolution to account for the homogeneous and inhomogeneous broadening
b) convolution by the absorption spectrum of the molecule in solution as an estimate of the
broadening in crystal ¢) and adding a “diagonal disorder” in the coupling matrix before

diagonalization. The distribution of the diagonal disorder is that of the molecule in solution.

First, on Fig. 3. 22(a) we have convoluted the oscillator strength spectra by a
Lorentzian with a linewidth of 250cm™ that fits with the width of the experimental
transition at 540nm on spectrum B1 on Fig. 3. 14.%

Second, the molecules in the crystal interact through their transition moment. But in
addition there are steric interactions of the molecule with its neighbors. Assuming that
these steric interactions are similar in the solvent and in crystal, we can use the broadening
of the absorption spectrum of the molecule in solution as an estimate of the broadening in
crystal. We have convoluted the transition probability spectra by the molecule absorption

spectrum.’® (Fig. 3. 22 (b))

Third we can include these steric interactions with neighbors into the calculation by
adding a “diagonal disorder” in the coupling matrix before diagonalization. The diagonal
elements represent the energy of the molecule not described by the dipolar coupling.'® The
energies where randomly chosen so that their distribution fits the absorption spectrum of
the molecule in a solvent. The calculated spectra were then averaged over 500 random
trials. The results are displayed on Fig. 3. 22 (¢) The differences between the different

spectra are smaller than the uncertainty of the experimental spectra.
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Figure 3. 23: Comparison of the absorption spectra along the two neutral axes B1 and B2 of a
sliced crystal with the simulated absorption line shapes. Simulations have been done on a 343 cells
Adambodipy crystal in the two orientations Y and Z. In the simulated spectra we have included the
saturation effect of our microspectrometer using a fraction for a light leakage of 45% deduced from

the measured spectra.

The experimental absorption spectra and the spectra predicted by the Frenkel exciton

theory (from Eq.3.16-21.) at room temperature T=300 K were compared in Fig. 3. 23.

The saturation of the absorption spectra on single crystals prevents to compare
precisely the shape of the spectra that have been calculated. But the comparison between
experiment and theory confirms the magnitude of the broadening due to the dipolar
coupling to a value of 2300cm™ for the Z direction and 500000 cm™ for the Y direction.
Experiment and theory agrees about the dichroism and we can attribute the B1 neutral axis
to the Y direction of the crystalline structure and the B2 direction to the Z direction. The

plane 100 lay flat under the microscope.

After, we use the same formalism to generate the absorption spectrum of amorphous
NPs. To generate the amorphous phase in the computer, we have simply allowed the
molecule to rotate randomly in the plane of the BODIPY molecule around their center of
mass with no translation. This is a simple way to generate amorphous phase with the same

density as the crystal. We obtain the spectrum represented on Fig. 3. 33(d). We see that
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the amorphous spectrum appears as very close to the molecular spectrum (Fig. 3. 33(a))
simply broadened by small dipolar interactions. The big difference between the crystalline
and amorphous spectra can be explained since, even if the dipole density is the same, the
probability to have the close pair with the strong coupling of 513cm™ is much less frequent
in the amorphous than in the crystal.

The calculations within the framework of Frenkel exciton theory give a good

rationalization of experimental spectra

3.4.2. Emission polarization experiments

3.4.2.1. Linear polarized light

Light can be polarized when it passes through calcite material, sheet polarizers, prism
polarizers or miscellaneous polarizers®’.

According to Malus’s law, for a linearly polarized light passing through an analyzer , it
can be written as: I(0) = I, cos” 0, where 0 is the angle between the transmission axis of the
linear polarizer and the polarization axis of the incident light, and I(0) is the intensity of a
linearly polarized light after it passes through the analyzer(polarizing plate) and Iy is the
intensity of the light incident on the analyzer. Fluorescence intensity changes under
polarized illumination.

The two neutral axes from the flat plane of the single crystal with the bottom placed on
the silica substrate were determined from the former study on the basis of the
crystallographic structure of Adambodipy single crystal. Using this crystal we measured

emissions in various directions, also polarized emissions were studied as well.
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Figure 3. 24: Schematic diagram of experimental setup for emission polarization measurement for

Adambodipy crystal.

Fig. 3. 24 schematically shows the experimental setup for the spectrum measurements
of the crystal. The measurement was done with the crystal fixed on the substrate. The
excitation light polarized with a fixed angle along the long crystal axis was incident

perpendicularly on to the flat crystal plane.

3.4.2.2. Emission polarization property

To examine the polarization feature of the emission, the excitation polarization was
fixed at 0°, 90°, and 135° with respect to long axis. The excitation wavelength was set at
343 nm, the third harmonic of our laser. The polarization direction of the polarizing plate,
the analyzer was incrementally rotated from 0° (along the long axis of the crystal) to 180°,
every 11.25°, with the excitation polarization direction disrotated. Below we summarize

experimental results according to these measuring conditions in Fig. 3. 25:
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Figure 3. 25: Polarized emission spectra of the crystal excited with the polarization light at angle of

90°, 135° and 180°. Then for each angle, the fluorescence intensity of the same part of the crystal

with polarization direction 11.25° and 100.25° of the polarizing plate are collected and represented

as dashed line and solid line respectively.
Whatever the excitation polarization, the fluorescence spectra are the same. The band

at 547nm is highly polarized parallel to the long axis of the crystal.
All the emission spectra are composed of two major bands occurring at 547nm and

570nm and a minor one at 620nm from the same part of the crystal.
Fig. 3. 26 shows the emission spectra as a function of the direction of the analyser in

radian for the range of wavelength 485-685nm.
The fluorescence collected through a polarizer making an angle 6 with the axis Al is a

function of the orientation of the transition dipoles in the crystal but also of the

birefringence of the crystal.
The birefringence of the crystal will rotate the polarization of fluorescence by an

amount that depends on the depth at which the fluorescence is produced in the crystal. This

is complex to model. But we want to attribute the fluorescence bands to different emitters

in a range from 560nm to 800nm. The birefringence varies smoothly from 0.13 to 0.23

Thus we shall interpret the abrupt change in polarization to change in emitters.
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Figure 3. 26: Polarized emission spectra of the crystal excited with the polarization light at angle of
90°, Excitation 343nm wavelength. Fluorescence intensities are collected at wavelength between

485 and 685nm as the function of the analyzer angle in radian (0-3.14).

The angular dependence that is observed has been adjusted as:

Iy = Offset(A) + Amp(A)cos2(6 — 0.2) Eqg.3.26
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Figure 3. 27: The fluorescence angular dependent offset and amplitude plotted as the function of
wavelength. Blue-offset, Red-Amplitude, according to the function:
Iy = Offset(A) + Amp(A)cos2(6 — 0.2)

The spectrum of the polarization independent part of the fluorescence shows three

bands at 547nm, 570nm and 620nm. The spectrum of the polarization dependent part of the
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fluorescence shows that these three bands differ in their polarization properties: the 547nm

band is polarized along A1; the 620nm band is polarized along the A2 direction.

3.4.3. Calculation of the fluorescence spectra

The emission spectra can be calculated using the dipolar-coupling model.

Each exciton can contribute to the fluorescence proportionally to its population, which
is given by the Boltzmann equilibrium. Indeed the equilibration time between excitons can
be calculated and is in the range of femtosecond™. On the Fig. 3. 28 the fluorescence
spectrum has been calculated based on the Boltzmann distribution among excitons and the
oscillator strength of the excitons. The broadening of the spectrum has been done using the

convolution of the OK spectrum by the room temperature absorption spectrum.
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Figure 3. 28: The exciton density (red stick histogram), the oscillator strength density that bear
these excitons are represented (black and violet histograms) as well as the fluorescence spectra
(black line for Y polarization and violet line for Z polarization). The fluorescence is dominated by
the lowest exciton that bears significant oscillator strength. The other emissive excitons are not
populated at room temperature. The fluorescence is polarized along Y. By comparison with the
experimental data we can conclude that the Y direction of the crystalline structure is the long axis

of the crystal.
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It can be seen on the Fig. 3. 28 that the fluorescence is dominated by the lowest
exciton bearing some oscillator strength at -800cm™. It is polarized along the Y direction
and has a wavelength of 537nm. The fluorescence observed at 547nm and polarized along
the long axis direction can be attributed to this transition. The difference comes from the
Stokes shift due to the change in Van de Waals interaction AW (Eq. 3.11) that we have
neglected. The shoulder that is predicted at -2000cm™ comes from the choice in the
broadening model. The Franck Condon broadening convolutes the transitions by the
absorption spectrum that contains the vibrational structure. We do not know if this
vibrational structure survives in the crystal.

The model does not predict the band at 570nm. The intensities of emission are nearly
isotropic. We shall assume that it comes from a defect. Since a degeneracy of the
transitions is not probable based on the symmetry of the crystal, this means that the 570nm
transition is polarized perpendicular to the plan of the glass plate.

The model does not predict the band at 620nm either. We shall assume that it also
comes from a defect. The emission intensity is along the A2 direction, the small axis of

the crystal.

3.5. Time resolved fluorescence of the single crystal

The attribution of the emission at 570nm and 620nm to traps can be confirmed by the
time resolved fluorescence spectra.

We have observed the fluorescence decay of single crystals. They have a sufficient
photo stability to allow a recording of their fluorescence lifetime and their time resolved
fluorescence spectra. The FLIM image of Fig. 3.29 reveals some heterogeneity in the
structure of the crystal presented. It agrees with some heterogeneity in the lifetimes that are

observed between different crystals.
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Figure 3. 29: The FLIM image of an AdamBodipy single crystal under excitation at 343nm along
the long axis. No polarization on the detection. The lifetime is estimated from the average arrival
delay of the photons with respect to the laser. The color codes for the lifetime of each pixel of the
image. The brightness code for its intensity. The red area in the center of the crystal has a shorter

lifetime. It could be due to the presence of more quenching sites or less long-lived traps.

By selecting a line in the previous image, with a slit and by spreading the spectrum of the
fluorescence using a grating, it is possible to create an image on the time resolved detector
where the horizontal axis codes for a wavelength and the vertical axis codes for a position
along the crystal. On Fig. 3.30 one can see a very short decay at 540nm, 1.2ns decay at
560nm and a long decay beyond 610nm. At the top of the crystal, the red domain (<0.8ns)

is larger: all three decays seem to be shorter.
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Figure 3. 30: FLIM spectra. A fraction of the fluorescence image is selected by a vertical slit. A
grating is used to spread the spectrum on the detector. The color scale codes for the lifetime of each
pixels, with the color scale on the left, and the brightness codes for its intensity. The abscise codes

for the wavelength and the ordinate for the position in the crystal.

It is possible to extract the time resolved spectra from the data that have been used to
build the FLIM image. This has been done on Fig.3.31, where the fluorescence spectra at

different delay times have been collected.

The time resolved spectra have been normalised to the same area in order to check the
presence of isosbestic points that would show the presence of only two fluorescent states’.
The isosbestic point is not perfect, in particular the spectrum at time Ops is too small at
569nm.

This is confirmed by the analysis of the number of components in this family of
decays. The diagram inserted in the figure shows that two components contribute to 94%
but that two more are contributing to more than 1% of the signal®’. For 94% of the signal
we observe the disappearance of the 547nm emission to the benefice of the 620nm
fluorescence. The 547nm is the fluorescence of the lowest emissive exciton that is
produced by the light absorption. This exciton diffuses toward traps and disappears to the

benefice of the trap emissive at 569 and 620nm.
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The fluorescence decay for a given wavelength can be constructed from the data by
gathering the photons collected in a column of the image. Three typical decays are selected

and shown on Fig. 3.32.
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Figure 3. 31: Fluorescence spectra at different delay times have been collected from FLIM image

of Fig. 3. 30
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Figure 3. 32: Three typical decays at 529 nm, 569nm and 623 nm that are selected from FLIM
image Fig. 3. 30.
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The fluorescence decay at 529nm is biexponential with two lifetimes of 0.7ns (70%)
and 1.6ns (30%). The fluorescence decay of the 569nm emission is almost exponential
with a lifetime of 1.2ns. The 623nm rises in less than 0.17ns and decays in 1.9ns.

The fluorescence spectra obtained from the polarization study (Fig. 3.25) and those
obtained from the FLIM (Fig. 3.31) are quite similar and support a quite consistent
model. The crystal fluorescence is polarized and narrow at 547 nm. The crystal
fluorescence disappears in 0.7ns to the benefit of two types of traps. The traps have

different polarization as well as different fluorescence decays.

By comparing the experimental fluorescence with the calculated one in Fig 3.34, we
can conclude that the Y-axis of the crystalline structure is the long axis of the
microcrystals. The 570nm traps emit orthogonally to the microcrytal plate and the 620nm

traps emit along the short axis.

3.6. Molecular organization from the absorption spectra:
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Figure 3. 33: Measured and calculated absorption spectra of Adambodipy. (a) is a molecular
solution in THF/EtOH=3:7 (b) Adambodipy NPs obtained by MFD; (c) calculated absorption of
an isotropic mixture of crystals; (d) calculated absorption assuming an amorphous phase (See text).

This shows that we have produced amorphous nanoparticles.

A typical adambodipy molecular absorption spectrum in THF/EtOH=3:7 is presented
on Fig.3.33 (a), with the main band at 514nm and a shoulder at 487nm. All the

nanoparticles suspensions that have been produced in the MFD have very similar
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absorption spectra. They all exhibit a main band at 517nm and a shoulder around 493nm.
A typical spectrum is showed on Fig. 3.33(b). The amplitude of the absorbance increases
as the concentration of the Adambodipy in the samples increases (imposed by the flow
rates ratio).

The experimental and the theoretical spectra for amorphous phase exhibit a similar
shape; whereas a red shifted band (due to the coupling for J-aggregate) is expected on the
absorption spectrum of the crystalline phase. This indicates that the nanoparticles that we

have produced are made of Adambodipy gathered in an amorphous phase.

3.7. Molecular organization from the fluorescence spectra:
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Figure 3. 34: Measured and calculated fluorescence spectra of Adambodipy: (a) = molecules
dissolved in THF/Ethanol (Aex=495nm). (b) = crystal (Aex=515nm). (c) Suspension of
nanoparticles (Aex=495nm). (d) is the calculated fluorescence spectrum of Adambodipy
nanoparticles in an amorphous phase. The comparison shows that we have produced amorphous

nanoparticles.

We have overlaid the typical fluorescence spectra of Adambodipy in solution and from
various samples of this molecule in solid states. In Fig. 3. 34 (a) is the typical
fluorescence spectrum for BODIPY derivatives, with an intense band at around 527nm.

The spectrum obtained for the crystal (b) in Fig. 3. 34 is far different from the others:
there is a strong red shift (compared to the main band of the spectrum for solution) and a

doubling of this band between 560 and 580nm. As the X-ray diffraction has confirmed the
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crystalline structure, those bands at 548 and 574 nm can be attributed to the crystalline
phase of the Adambodipy in solid state.

For the sample prepared with CTACI concentration below CMC, in the microfluidic
device (c), The main band was at 537nm, between the spectra of the crystal and that of the
Adambodipy solution.

Finally the simulated fluorescence spectrum (d) was done assuming a disordered
structure at room temperature T=300K and with a linewidth of 250cm™. The main band
was found at 534nm that was close to the experimental spectrum (c), confirming the

nanoparticle amorphous structure.

3.8. Time-dependent density functional theory (TDDFT)*"*

3.8.1. Introduction

Time-dependent density-functional theory (TDDFT) is a density-functional method for
calculating excited states. TDDFT is formally exact, and improves the wavefunction-based
methods that are consuming huge computer time. It is also computationally more efficient
and scales better than ab-initio methods. It can be used in large systems, up to thousand
atoms, though in practice one has to approximate the exchange-correlation functional,
which contains all the many-body effects. And it is a good approach to access the optical

properties of large molecular systems containing hundreds of atoms.

3.8.2. Density Functional Theory (DFT)

The conventional approach to quantum chemistry uses the wave function Y as the
central quantity to solve the Schrodinger equation (SE), however the wave function is a
very complicated quantity for the systems that contain many atoms and many more
electrons. Considering a system of N-electron interacting with each other through Coulomb

potential and subjected to an external potential v, (7). The SE for it could be written as:

Hll)(xl’le e ...’xN) = E'(l)(xl,xz’...’...,xlv) Eq327

Where the x; denotes the space, r; and spin o; variables of the electrons.
Hamiltonian consists of the kinetic energy T, the nuclear-electron interaction V,,, and

the electron-electron interaction V,, respectively as follow
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H=T+Vy + Ve Eq.3.28

Then the SE could be rewritten as:

N N
1 = 1 - = - - = =
_Ez Vlz + z vext (Tl) + zr_ l[)(Tl,T'z, ...,TN) = E(Tl,rz, ...,TN) Eq 3 29
i i Y

i<j

The terms in the bracket are related to kinetic energy, the nuclear-electron interaction
and the electron-electron interaction. Then the difficulty arises mainly due to the electron-
electron interaction, which should be reflected in the wave functions along with it being
antisymmetric. Thus the unmanageable numbers of variables may make a computational
treatment very difficult. The better solution instead of the exact calculation is to get
approximate solutions of the Schrodinger equation.

Density Functional Theory (DFT) is based on this attempts, it is a remarkable theory
that built around the idea of an electron density p(7#), and allows us to obtain information
on the electronic structure of molecules. It was widely used in the condensed matter
physics and quantum chemistry because of its good balance between accuracy and
computational cost.

The electron density p(7) of a molecule represents the number of electrons per unit
volume at some position 7 in a molecule or in an atom. Total electron density due to N
electrons can be defined as N times the integral of square of wave functions over the spin

coordinates of all electrons and over all but one of the spatial variables.

() = Nj---j|¢(x1.x2.---,--~,xN)|2dsldxz,---,.--,dx,v Eq.3.30

p(7) is the probability of finding any of the N-electrons within a volume element d(r)
with arbitrary spin. Unlike the wavefunction, the electron density is observable and can be
measured experimentally, e.g., by X-ray diffraction.

Various theories have been developed starting from Thomas-Ferm, Hartree, Hartree-
Fork now to the modern density-functional theory. Some theories that are related to the
thesis are introduced here briefly.

DFT theory was then developed by Hohenberg and Kohn*' and in the work of Kohn

and Sham™ in 1964. Some of the work is captured as follow.
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3.8.3 Hohenberg-Kohn theory

Hohenberg and Kohn (HK) established the two theorems, which constitute the
theoretical foundation of DFT:

1. Theorem 1: (The Existence Theorem)

For a non-degenerate system of interacting electrons in an external potential v, (7),
(Vext () is the electric potential of the nuclei) there is a one-to-one correspondence
between v, (7) and the ground-state charge density po (7). The total ground state energy
of an electron system can be written as a functional of the electronic density. The useful
consequence is that if py(¥) is known v,,;(#) is known, a Hamiltoninan can be
constructed and all the properties of the system can be calculated. The direct connection
means that the density completely determines all the properties of a given many body
system. This includes the kinetic energy T, and the electron-electron repulsion Ep.

2. Theorem 2: (The Variation Theorem)

The ground state charge density minimizes a variational expression for the ground state
energy. The energy of an interacting-electron system in an external potential v,,.(7) can

be expressed as a function of the electronic density, p(7), of the form:

E,,_[p] = Vo] + Tlp] + Velp] = j Vore ) p(dF + Fuelp]  Eq.3.31

Where V,.[p] and the integral is the electrostatic interaction of the electron with the
nuclei. Fyg[p] is the remaining unaccounted parts of the energy: the kinetic energy T|[p]
and the electron-electron repulsion V. [p] .

In addition to minimize the energy, this density p,(#) has to maintain the total charge

constant and equal to the number of electrons N.
jp(?)d? —-N=0 Eq.3.32

Based on these constraints and theorems, Kohn and Sham have shown REF that the

ground state electron density will be expressed as:

p() = ) melp PP Eq.3.33

L

Where the orbitals 1;(¥) can be obtained by solving the one electron Schrodinger
equation of a fictitious non-interacting system. Where 7 stands for the three dimensions of

space.
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1
b (P) = [‘EVZ + vS(F)] () Eq.3.34

where the KS effective potential v (%) is defined by:

p(r t) _ SE,lpl
~ 8p(0)

v (7)) = + Vot (7)), Eq.3.35

E..[p] is the part of the e-e interaction that is not known and that has to be
approximated.
To complete this equation, the total electronic energy may be calculated from Kohn-

Sham orbitals in the expression as follow:
N

1 - = -
E= e=5 o)+ Eelol - [ e lpl@p@di  Ea.3.36
i=1
Thus the calculation of the energy of the ground state and of his electron density
reduces to the solution of a Schrédinger equation in 3 dimensions.
Different types of DFT can be performed. They differ by the way the electron electron

repulsion E,.[p] is approximated and by the way the orbital )(7) are describe numerically.

3.8.4. Time-dependent density functional theory (TDDFT)

The main limit of standard DFT is that it is a ground-state theory, thus not strictly
applicable to the simulation of excited state properties. A powerful method to solve the
problem is the Time-dependent density functional theory (TDDFT), which has been shown
to consistently give accurate excitation energies and oscillator strength of large molecular
systems containing hundreds of atoms. It is basically an extension of the ground state DFT
to deal with the time-dependent external perturbations, and it was Runge and Gross™™**
who formalized the TDDFT and extended the HK theorems into the time domains. They

proved that two spatially different external potentials could not induce the same time-

dependent densities.
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3.8.5. Analysis of Adambodipy from Molecular orbital theory and TDDFT
results

The calculation of the crystal spectrum using the Frenkle exciton model is based on the
value of the coupling elements given in Eq. 3.17. This coupling element can
independently be obtained from the splitting of the excited state energy of a dimer as
calculated by the TDDFT>'. We have thus calculated the excited state of the monomer and
two representative dimers of the crystal. Computation of small molecular aggregates is a
typical technique to determine inter-chromophore interactions in molecular assemblies, and
this allows determination of aggregation type, that are of H or J type, and electronic
coupling energies*™*°.

The calculation were conducted by using 6-311+g(d,p) basis set. This means that the
orbital 1;(#)that are used to numerically describe p(#) are a linear combination of
Gaussian Type Orbitals (GTOs) as indicated by the “g”. The 6-311g basis sets is a triply
split valence basis set, which is triple-zeta in the balance part but only minimal in the core.
For the atom calculated in this set, the number of primitives required to represent the atom
is 6 GTOs for the core orbitals 1s, then 3 GTOs for inner valence, 2 different GTOs for
outer valence. (d,p) means that a set of p-type functions have been added on the Hydrogen,
d-type functions add on to all other atoms to account for polarization effect. ‘“+” means that
diffuse orbitals have been added for atoms other than Hydrogen for a better description of
the excited state. The e-e interaction operator E,.[p] used is based on two hybrid
exchange-correlation functional, B3LYP and PBEIPBE", including 20% and 25% of
Hartree-Fock (HF) exchange respectively. The theory has been shown to be suited for
determination of spectroscopic properties of organic molecule® using Gaussian03
software.* It has been applied successfully to azabodipy®".

The basics of m-orbitals, the excitation of electrons from m-bonding to anti-bonding
orbitals will be shortly reviewed in the following sections as obtained from the TDDFT

calculation.
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Figure 3. 35: Highest occupied molecular orbital (HOMO, left) and lowest unoccupied molecular
orbital (LUMO, right) of the Adambodipy. The energy of the transition obtained by TDDFT is too
high by 20% with respect to the measured one.

In the ground state, the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the molecules are the n and n* orbitals centered
on the BODIPY dye. Adambodipy with adamantyl groups in the 3,5-position displays

mixed orbital contribution for the lowest energy excitation.

Monomer Dimer 1 Dimer 2
L+2 -0.11 -0.09 -0.19
L+1 -0.18 -2.55 -2.59
LUMO -2.58 -2.59 -2.6
HOMO -5.85 -5.84 -5.86
H-1 -6.92 -5.86 -5.87
H-2 -6.95 -6.77 -6.9
H-3 -7.24 -6.79 -6.92

Table 3. 6: The molecular orbitals of Adambodipy monomer and two of its’ dimers and their
energies (ev), HOMO: the highest occupied molecular orbitals (H) and LUMO: the lowest
occupied molecular orbitals (L). The numbering H-1 is the orbitals with number of HOMO-1 and
the L+1is the orbital with number of LUMO orbital+1 and so on
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Wavelength Oscillator Strength  Major contributions
419 0.5576 H->L (71%)

Table 3. 7: Calculated wavelength, oscillator strength, and principal orbital contribution of the
lowest energy transitions of Adambodipy. Wavelength given in nm, H = HOMO, L = LUMO.
Level of calculate: B3LYP/6-311+g(d,p).

The absorption spectrum of the Adambodipy in vacuum was calculated with TDDFT.
The results are listed in Table. 3. 8 and 3. 9, and convoluted by a Gaussian profile in
Fig. 3. 38.

As expected, the lowest-energy transition has remarkable oscillator strength and
characteristically appears as a main peak in the linear absorption spectra. According to the
table, we have vertical transition 1 at 419 nm (23866 cm™), with an oscillator strength
£=0.56 for Adambodipy. This has to be compared with the experimental values 516nm for
the absorption and the 0.29 for the oscillator strength. The calculations revealed a higher
excitation energy, which means a smaller wavelength.

The experimental energy of the transition is a safe measurement of the transition
energy since Bodipy has very small solvatochromism and the gas phase calculation should
be close to the experimental one. The oscillator strength calculation is based on the
measurement of the molar extinction coefficient. The critical step is the accurate weighting
of less than 10mg of the pure dye. We have not redone these measurements. The
discrepancy could also come from the fact that the Frank Condon factor evaluates the
transition probability between vibrational levels. This discrepancy has been observed by
other authors™®.

For the dimers calculations we use the geometries extracted from the experimental X-
ray crystallographic data. In addition to the single molecule shape, we consider dimers
generated from the coordinates of two nearest neighbor pairs in the unit cell. Two pairs of
dimers with two different signs of the coupling element were chosen. The two pairs have
the largest coupling elements and dominate the spectral properties of the Adambodipy
crystal. The same TDDFT parameters were used then for the monomer. The TDDFT

results are shown as follow.
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LUMO LUMO-1

Figure 3. 36: Spatial plots of selected frontier molecular orbitals of Adambodipy dimer 1 obtained
from TDDFT study

According to Kasha theory, the first excited state of the isolated molecule should split
into a pair of states for the dimer. Depending on the orientation of the transition moments
of the molecules, either the lower or higher energy state would acquire a larger oscillator
strength, and these two classes are classified as J or H aggregate as mentioned in former
section Fig. 3.10

We examine dimer 1 and dimer 2 according to H, and J —aggregate cases separately,
and we list the calculated information in the Table 3.8, and 3.9 and plot the calculated
excitation energies for both the dimers compared to the single molecule excitation energies

in Fig. 3. 38
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Figure 3. 37: Spatial plots of selected frontier molecular orbitals of Adambodipy dimer 2 obtained
from TDDFT study
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Figure 3. 38: Excitation energy of monomer (Blue), dimer 1 (Red) and dimer 2 (Green) as the
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function of wavenumber and convoluted by Gaussian expression separately. Dimer 1 is an H dimer

since the higher transition gains oscillator strength.

From Fig. 3. 38, dimer 1 with parallel orientation of the molecules forms H-
aggregates in crystals exemplified by a blue-shifted first optical states compared to the
corresponding properties of the monomer. The states split up and down from the isolated
molecule. For the dimer 2 the splitting is not seen but an increase of the oscillator strength

(above one) is observed.

Wavelength (nm) Oscillator Strength Major contributions
456 0.0155 HxL (66%) HxL+1 (-18%)
453 0.0029 H-1xL (41%) H-1xL+1 (33%)
429 0.2779 H-1xL+1 (45%) HxL (-17%)
413 0.7081 H-1xL (-31%) HxL+1 (36%)

Table 3. 8: Calculated wavelength, oscillator strength, and principal orbital contribution of the
lowest energy transitions of dimer 1 of Adambodipy. Wavelength given in nm, H = HOMO, L =
LUMO. With method of B3LYP/6-311+g(d,p)

The table list 3.8 and 3.9 show the results of time-dependent density functional theory
(TD-DFT) calculation for dimer 1 and dimer 2; including the corresponding wavelengths

(in nm), the energies (in eV), the oscillator strength (f) and the orbitals involved in the

transitions
Wavelength (nm)  Oscillator Major contributions
Strength
425 0.0387 HxL (87%)
423 0.0883 H-1xL+1 (51%)  H-1xL (29%) HxL+1 (-17%)
422 1.0463 H-1xL+1 (41%)  HxL+1 (18%) H-1xL (-12%)
417 0.0004 H-1xL (35%), HxL+1 (34%)

Table 3. 9: Calculated wavelength, oscillator strength, and principal orbital contribution of the
lowest energy transitions of dimer 2 of Adambodipy. Wavelength given in nm, H=HOMO, L = LUMO.
With method of B3LYP/6-311+g(d,p)

This information shows that the peak of the wavelength of maximum absorption at

wavelength 413 nm for dimer 1 and 422nm for dimer 2.

TDDFT results for dimer H related to exciton splitting:
Vertical transition 3: 429 nm (23310 cm™) with £=0.28
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Vertical transition 4: 413 nm (24213 cm™) with f=0.71
Exciton splitting: 451 cm™ (= (VT2-VT1)/2)

TDDFT results for dimer J related to exciton splitting:

Vertical transition 3: 422 nm (23697 cm™) with £=1.05

Vertical transition 4: 417 nm (23981 cm™) with f=0.01
Exciton splitting: 142 cm™ (= (VT2-VT1)/2)
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3.9. Conclusion

We have successfully prepared Adambodipy micro-crystals by reprecipitation in
solution at low supersaturation. X-ray crystallography firstly helps to understand the
relative orientation of fluorescent molecules in the solid, and the optical properties,
birefringence, dichroism and the fluorescence polarization of a monoclinic crystal were
confirmed by the polarized optical spectroscopy. The slow and fast axes have been
determined under a cross polarizer set up, and the refractive indexes were measured
separately from the transmittance spectra. The difference of An=0.15 confirms the
birefringence property of the crystal. The absorbance shows polarization dependence,
which is associated with the alignment of the Adambodipy molecules in the crystal.

We have shown that the Frenkel exciton theory is convenient to calculate the
absorption lineshapes of the Adambodipy crystal with dipolar coupling approximation.
TDDFT method did not provide the transition energy or the oscillator strength of the
molecule. But it provides the direction of the transition moment and an estimation of the
coupling in dimers, and providing a quite reliable description of excited states in monomer
and two dimers (H-dimer and J-dimer) system. The coupling predicted by the dipolar
approximation agrees with the one obtained from the TDDFT calculation of dimers. The
shape of the spectra strongly depends on the electronic transitions (allowed) in Y and Z
direction and (forbidden) in X direction. The comparison with the experimental spectra is
limited to the bandwidth due to the bad dynamics of our spectrometer on small micro-
crystals. For the comparison to the experimental results obtained at room temperature, a
Lorentzian convolution is chosen as the simplest calculation.

The analysis of the fluorescence of the microcrystals shows that the fluorescence of the
exciton predicted by the dipolar coupling is only one half of the fluorescence. But the
polarization studies and the time resolved fluorescence studies show that the other half of
the fluorescence is due to defects. We have identified 2 of them with the polarization and
energy.

A simple way to simulate the absorption spectra of the nanoparticle suspension was
introduced here by randomly orientating the directions of transition moments in the crystal
model. The product from microfluidics was confirmed to be an amorphous phase by

comparison with the calculated absorbance and fluorescence spectra.
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4.1. Micro-fluidic precipitation method

In this thesis, we developed a three-dimensional hydrodynamic focusing microfluidic
device for the production of Adambodipy nanoparticles. Compared to the old reprecipitation
method by bulk (cf. in Chapter 1&2), microfluidic setup is better in controlling the flows and
their merging, and, hopefully, the location of the mixing, nucleation and growth areas. The
super saturation conditions were thus limited and controlled'? by the characteristic

dimensions of the microchannels and by the flow rates.

4.1.1. Micro-fluidic technology

In crystallization and precipitation methods, besides the formation of the expected solid
phase, controlling the mean size and the size monodispersity of nanometer size crystal, known
as NCs, or in more general structure - nanoparticles (NPs), is often a critical issue. This is
obtained by having a short nucleation time followed by a uniform growing rate’”*. Those two
processes are governed by the local supersaturation. An efficient mixing of reagents rapidly
raises the concentration above the critical nucleation threshold. Supersaturation is then
partially relieved by a short intense burst of nucleation that lowers the precursor concentration
below the critical level. The newly formed nuclei are then allowed to grow to reach the
desired average particle size’. The reproducibility of the process is also a challenge, as the
mixing is very sensitive to the hydrodynamics.

There has been tremendous interest in the development of microfluidic methods for
chemical synthesis of NPs with uniform and tunable distributions of size® and shape®’. In
Chan et al (2003)%, they give a more detailed investigation of continuous and controlled CdSe
nanocrystal preparation. About controlling particle diameter and reproducible preparation of
particles, also the effort towards narrower, monodisperse particle-size distributions was made
in some applications”''. Many authors demonstrated that the ability to reproducibly control
temperatures and concentrations on the scale of micrometers and milliseconds in micro-
fluidic reaction systems allows tuning of the size of the resulting NCs**.

Based on these results from initial investigations, one can anticipate that micro-reactors
are likely to provide cost-effective and environmental friendly technologies for the rational
design and synthesis of NPs. Also, process scale-up either by utilizing several thousands of

micro-reactors in parallel or using continuous-flow reaction protocols can provide several
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advantages in large-scale production of NPs'2. Some of the unique features of micro-fluidic

reactors are the ability to:

1. Efficiently mix reagents under highly controlled laminar flow

2. Control properties of nanomaterials by controlling their formation at the desired
nucleation or growth stage

3. Continuously vary the composition of a reaction mixture by varying differential
injection rates of the inlet channels

4. Operate within continuous flow regimes allowing additional reagents to be added
downstream as required

5. Investigate the fundamentals of NP formation through spatial resolution

6. Scale up the synthesis with controlled kinetic parameters."

We want to produce nanoparticles or even better, NCs of Adambodipy. In this size
regime, nanoobjects are large enough to exhibit the intense luminescent properties of bulk
crystals but are small enough to exhibit unique size-dependent properties due to quantum
confinement and high surface-area-to-volume ratios'*.

In our research, NPs containing Adambodipy were prepared using the micro-fluidics
technology. We use the micro-fluidic systems that operate in a continuous flow mode, which
allowed continuous generation of desired particle formulations. The micro-fluidic
hydrodynamics focusing technique can offer the capability to reduce the mixing time below
the millisecond". In such a Micro-Fluidic-Device (MFD) the fluid streams flowing toward
one another can merge and form a very sharp and well-defined interface by virtue of laminar

flow'® and insure a good reproducibility of the experiments.

4.1.2. Microfluidic device (MFD) design

In recent years, the development of micro-fluidic systems has been attracting scientific
and industrial attention. The selection of materials for microfluidic device depends on careful
material selection to match mechanical, electrical and other properties to functionality.

There are several basic criteria rule for the materials of micro-fluidic reactors, and they
are:

1. Easy and fast (around one day or less) to fabricate.

2. Inexpensive and readily available
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3. Non-toxic or bio-compatible
4. Rigid (for the substrate, packaging, and possibly flow layer) or flexible (for the
gasket) as necessary

5. Reproducibility.

The most important constraints for the materials used to fabricate microfluidic for
synthesis of nanomaterials are that they are temperature-resistant in quantum dots particular
application, compatible with solvent, smooth enough, rigid enough, and of the right size to be
used with available microfabrication process, such as photolithography, hot embossing
powder blasting, injection molding or laser micro forming."’

The properties of the fluid flow layer material determine many factors in the microfluidic
experiments, such as the possible channel dimensions, the patterned method, the reactivity
with solutions to be pumped through the micro channels. Traditionally, microfluidic devices
are made of silicon and glass since the fabrication processes are well developed but the
techniques used are expensive and time consuming.  Polymers have also used to fabricate
microfluidic device because of their relatively low cost and simple fabrication process, and
some of them are quite well known, such as polymethyl methacrylate (PMMA), PC,
polystyrene (PS), polydimethylsiloxane (PDMS). The fabrication is easy, and their use as

materials reduces the time, complexity, and cost of prototyping and manufacturing '*"°.

Among these polymers, PDMS (see the structure on Fig.4. 1) has been one of the most
actively developed polymers for micro-fluidics®®. The advantages of PDMS material for
micro-fluidics applications also include elasticity, ease of bonding, permeability to gases for
some biological applications,” and optical transparently from 240—1100nm with a refractive
index around 1.41. It has negligible birefringence, therefore it is possible to enclose
optofluidic components in PDMS and couple light through PDMS with minimal loss due to
absorption”’. The main limitation of use is the chemical compatibility of the PDMS. Except
water and few solvents as methanol, ethanol or acetonitrile, PDMS can be swelled or
dissolved by most organic solvents(see Table 4. 1). PDMS is hydrophobic and could

adsorb hydrophobic molecules on to its surface.
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Figure 4. 1: Polydimethysiloxane (PDMS)
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PDMS is useful for applications at room temperature, and also useful for large-scale

production. With our experiment, according to soft-lithography techniques, primarily based

on printing and molding, this polymer-based micro-fluidic reactor is likely to be the preferred

choice for on-chip synthesis of nanomaterials.

Property Characteristics Consequence
Optical Transparent; UV cutoft, 240 Optical detection from 240 to 1100
nm nm
Electrical Insulating; breakdown voltage, | Allows embedded circuits;
2% 10" V/m intentional breakdown to open
connections
Mechanical Elastomeric; tunable Young’s Conforms to surfaces; allows
modulus, typical value of ~750 | actuation by reversible
kPa deformation; facilitates release
from molds
Thermal Insulating; thermal Can be used to insulate heated
conductivity, 0.2 W/(m - K); solutions; does not allow
coefficient of thermal dissipation of resistive heating from
expansion, 310 pm/ (m - °C); electrophoretic separation
stable up to ~300°C
Interfacial Low surface free energy ~ 20 Replicas release easily from molds;
erg/cm?2 can be reversibly sealed to
materials; not wetted by water
unless oxidized to SiOH presenting
surface
Permeability Low permeability to liquid Contains aqueous solutions in
water; permeable to gases and | channels; allows gas transport
nonpolar organic solvents through the bulk material;
incompatible with many organic
solvents
Reactivity Inert; can be oxidized by Unreactive toward most reagents;

exposure to a plasma

surface can be etched; can be
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modified to be hydrophilic and also
reactive toward silanes

Toxicity Nontoxic Can be implanted in vivo;

Table 4. 1: Basic mechanical properties of PDMS™.

In the thesis, in order to detect the Adambodipy precipitation process under microscope,
also for easy reproducibility, PDMS was chosen for fluid flow layer material due to the ease

of bonding and also transparent optical properties.

4.1.2.1. Soft lithography technique

The micro-fabrication technique developed for constructing complex 3-D channel paths
PDMS device is one of the easiest method for the rapid prototyping MFD. Soft lithography
combined with replica molding and rapid prototyping is the method used in our research.

The 2-D patterned layer was fabricated using conventional photolithography technology
and the layout for each layer was drawn using a computer-aided design program (ADOBE
ILLUSTRATOR). The mold is obtained by photolithography of the negative SU-8 photoresist
through a mask printed on a transparent with a resolution of 3600 dpi. The main steps of the

replication are sketched in Fig. 4. 2 below. The procedure is detailed in Chapter 6.

SU-8 photoresist PDMS
. ¥
\ \

Si wafer Si wafer ‘

Heating

Oxygen plasma ‘
PDMS «

L/ t split
" stick
" e
| |
Glass substrate Si wafer

Figure 4. 2: (a) A master for each layer was formed on a silicon wafer using SU-8 photoresist and
standard photolithography procedures. (b) Next, the PDMS prepolymer mixture was poured onto the
master and heated at 75°C for 2 hours. (c) After cold down, we can easily peel the PDMS replica from
the master. (d) After exposure to O, plasma the PDMS block and the glass substrate are sealed.
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4.1.2.2. MFD mold pattern used in the thesis

To realize the hydrodynamic focusing of the organic stream containing the solute to
crystallize by the surrounding of an aqueous flow, a PDMS mold with a 4 channels junction
was built with 3 inlet branches and a main channel between the junction point and the outlet,
as shown on Fig. 4. 3. Between the two side inlet branches, the third inlet is insured by a
capillary silica tube (Polymicro, OD = 150um, ID = 20um) and inserted in this channel, then
glued to fix it and avoid leakage. This configuration is used to introduce the organic solution
of Adambodipy in THF/ EtOH, due to the limitation of chemical compatibility of the PDMS
with organic solvents®. By this way the focused stream is confined in the middle of the main
channel and avoid any further contact of the organic mixture with the wall. After that, PTFE
tubes are inserted into the reservoirs and connected to 10 mL plastic syringes (ID=14.5mm)
set that was placed on the syringe pumps (Harvard type PHD 2000 for side flows). The
capillary silica tube is also connected to a syringe-pump for injection (Harvard Picoplusll),
with 100ul syringe (ID=1.46mm). The device is placed under a binocular, equipped with a

camera, to control the stability of the flows during the production of NPs.

PDMS replica Reservoirs
with microchannels outlet and inlet/

Capillary
silica tube

Glass substrate

Figure 4. 3: Microchannel patterned in PDMS block, sealed to the glass substrate with the inserted

capillary silica tube

4.1.3. Design and Improvement of the micro-fluidic systems for NPs
production

Several 3D hydrodynamic focusing MFD were fabricated and used in our experiment.
Their designs as well as their performance were modified to improve the research related to

the limitation of the condition in different experiment.

4.1.3.1. MFD1
Firstly, with the MFD 1, we have used a capillary with a flat edge and the side channels

have a 45° angle with the main channel. Then, a crystal is systematically nucleated at the edge
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of the capillary and it grows on the periphery of the capillary flow (Fig. 4.4). The flow was

not blocked and the focusing still occurred but this growing crystal consumed the solute.

150 pm

| N\ ‘\‘___\_. \_‘_—‘ \ \ 3 N\
— s —— 7—-f i

A W A A A A,

Figure 4. 4: MFD 1- capillary of flat end, with the crystal synthesis at the edge. Pictures taken after 0,

2, 6,10, 14 and 18 minutes of run.

4.1.3.2. MFD2

To overcome the formation of this sheathing crystal growing at the edge of the capillary,
we have improved our MFD. We still keep the Y-type device but we change:

-The shape of the capillary edge. In order to do that, we provide a set-up to polish the tip.
(See details in Chapter 6)

-The angle between the side channel and the channel in the center was reduced.

With those improvements the crystallization on the periphery of the capillary disappeared
as shown on Fig.4. 5. Those pictures also exhibit the reduction of the width of the focused

stream as the flow rate ratio (Qc/Qs) decreases.

150 um

Figure 4. 5: MFD2- taped capillary and smaller angle between the side flow channels. The pictures
show the effect of the flow rate ratio on the width of the focused stream. The side flow rate was fixed
at Qs = 10 pL.min"" and the capillary flow rate changes from (a) Qc=3 pL.min" (b) Qc= 0.5 pL.min"
to (¢) Qc = 0.2 pL.min"'

For all the samples produced in MFD2, the surfactant CTACI was added in both organic
and aqueous solution. The concentration of Adambodipy in the THF-EtOH mixture was kept

at 0.2 mg.ml'l.
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4.1.4. Preparation of NPs containing Bodipy derivatives

We are interested in the development of micro-fluidic methods for chemical synthesis of
Adambodipy nanoparticles with uniform, stable and tunable distributions of size as
demonstrated previously with the production of rubrene nanoparticles™.

The set-up of the experiment is illustrated as the scheme in Fig.4. 6. The solutions of
Adambodipy were prepared in a mixture of tetrahydrofuranne (THF) with ethanol (EtOH), so
called THF/EtOH organic solution (Volume ratio of THF/EtOH=3/7), or for some samples in
THF only. The concentrations of Adambodipy were 0.1g.L™", 0.2 g. L" and also 0.5 g. L.
CTACI was used as surfactant in this experiment and has been added either to the organic
mixture or to the aqueous solution or even to both at a concentration of 102 mol.L™". The
critical micelle concentration of this surfactant is around 1.3 10° M (cf. in Chapter 1).

The side flow rate varied between 10 to 50 pL.min" and the capillary flow rate range
between 0,4 to 3 pL.min".

For the further analysis, DLS and spectroscopic measurements, the volume required and
collected at the outlet of the device is between 500uL and 1mL, which correspond to a run

time between 10 and 40 minutes depending on the flow rates.

Side flows : - ! = Qutlet flow : ()
water/ CTACI \ / NPs suspension

% DLS measurement

Adambodipy in - — / Specroscopic analysis
THF/EtOH/CTACI \
Glass capillary : N\ \ Focused stream
OD =150pum, —
ID =20 um a—— — (b)

Figure 4. 6: The first microfluidic device, MFD 1. (a) Microchannel patterned in PDMS block, sealed
to the glass substrate with the inserted capillary silica tube. The device is connected for feedings and
withdraws. (b) Details of the cross-junction area under microscope with the laminar flow of

ethanol/THF mixture from the capillary surrounded by water flows
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4.2. Nanoparticle analyses

4.2.1. Adambodipy NPs produced in MFD technology

Many operating parameters may affect the production of the nanoparticles, such as the
MFD configuration as mentioned before, the concentration of initial Adambodipy solution,
the concentration of the surfactant, etc. We have used DLS to characterize the sample and its
size distribution. DLS is a powerful method to measure the particle size, by characterizing its
Brownian motion. According to the Stokes-Einstein formula shown below, the particles are
treated as point objects with no mass and density, the movement of particles during diffusion
is size dependent.

kgT

D=
3mua

Eq.4.1

where kg is the Boltzmann constant and T is absolute temperature. Throughout in this
thesis we use this expression to estimate D, p is the fluid’s dynamic viscosity, the diffusion

coefficient for Adambodipy NPs with a given particle size a.

The molecular organizations of the Adambodipy in the NPs were studied through their

absorption and fluorescence spectra. We have varied the following operating conditions:

1. Different microfluidic device, MFD1 and MFD2, with different shape of the edge of the
silica capillary.

The side flow rate from 0.5 to 3 pL.min" for the aqueous solution.

The capillary flow rate from 10 to 50 pL.min" for the organic solution

The Adambodipy concentration in the organic mixture from 0.1 to 0.5 mg.mL™".

A

The presence or not of surfactant in the aqueous or organic solutions, also with different
concentration, 10 M higher than CMC, or 10~ lower than CMC
6. The nature of the mixture containing the Adambodipy, THF or THF-EtOH (3-7 v/v)

4.2.2. Spectroscopy and DLS results for NPs obtained in MFD1

Several samples were collected from MFD1 whereas a crystal was growing at the edge of

the silica capillary tube. We were not convinced by the impact of this crystal on the properties
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of the particles. Among several samples, 4 of them are presented in the Table 4. 2, with

DLS histogram displayed in Fig. 4.7.

Concentration of Adambodipy Q./Qs Acquisition time Size peak
(mg/ml) ul.min/ ul.min™ Acq/s (nm)
0.2 0.5/10 30/90 153-651
0.2 1/20 60/60 193-6500
0.2 1.5/30 30/90 273-460
0.2 2/40 60/60 204-2465

Table 4. 2: Few samples with the same flow rate ratio Q./Qsequals to 0.05

The Fig. 4. 7 shows the size of the samples varied from 100 nm to few um in the same
flow rate ratio 0.05. The distribution can be quite narrow as Fig. 4. 7(c) or very broad as (b)

and (d) and widely distributed. Sometimes several populations were clearly distinguished as

in (a).
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Figure 4. 7: DLS size distribution histograms of NPs obtained in MFD 1 with different flow rates (in
ul.min™) set: a) Q=10, Q=0.5. b) Q=20, Q=1, ¢) Q=30 Q~=1.5, d) Q=40, Q.=2. Concentrations of
CTACI = 10M in water and of Adambodipy = 0.2mg/ml in THF/EtOH=3/7 (v/v).
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Figure 4. 8: Comparison of the cumulated intensity curves of the size distribution for different flow

rates ratio extracted from Fig.4.7

After overlaying the cumulated intensity curves of size distribution for several flow rates
with fixed flow rate ratio 0.05 in Fig. 4. 8, two size populations of aggregates are observed
in the products. Small aggregates are mainly with a similar radius in the range of 150-250nm
and larger aggregates with a radius over 1000nm. We shall see later that the populations of
small particles have the size expected for a flow ratio of 0.05 when non-crystals do not
deposit on the tip. The crystallization on the tip of the capillary tube induces a large

heterogeneity in the samples, mainly for a size of the NPs above 300nm.

We have measured the absorption and fluorescence spectra of the samples made with

CTACI (10*M) in MFD 1.

According to Fig. 4. 9 the sharp peak (516 nm) near the main band of fluorescence
curves is due to the reflection (excitation light scattering). The main absorption band at 516
nm is attributed to the 0-0 vibrational band of a strong S¢->S; transition and main emission
band at 527 nm is due to the transition S;->S,. The particles emission is further seen at 632nm
and 670nm. Their intensities slightly change from one sample to another. Also, we can
conclude that whatever their fluorescence, all the particles have the same absorption. The

fluorescent band at 632nm may be due to a special arrangement of the molecules in the NPs.
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Figure 4. 9: Spectrum A and B are represented absorption and fluorescence for the sample with
Adambodipy concentration 0.2mg/ml, with flow rate 10ul/min for the side flow and 0.5ul/min in the
centre. The mixtures are done with CTACI (10°M) in the side flow. Emission spectrum Aex=516nm;

Absorption spectrum before dilution (Amax_abs=516nm);

This special arrangement can be induced by the excitation (excimer, exciton) or already
present in the NP (defect). When several species are present, or when a sole species exists in
different forms in the ground state (aggregates, complexes, tautomeric forms, etc.), the

excitation and absorption spectra are no longer superimposable.

Here we have observed that the shape of excitation and absorption spectra are
superimposable, and then we can confirm that there is a single species in the ground state. So
the appearance of longer wavelength emission band is likely to be induced by excitation (for

instance excimer formation).

133



Chapter 4. Production of nanoparticles in a microfluidic system

10*
(@)
10°
— FC
— FD
-~ — FE
=
]
§1 02 1 1 (I-3 1
g Time(ns)
3 '
g 17 Ll'h Ly
=10
1 , ‘l 1 h
f | [
| f b Ml “
4 " h|“| ’
T T T T T T T
0 10 20 30 40 70ns

Lifetime ns
Figure 4. 10: (a) C, D and E are represent the lifetime decays at 533nm, 630 nm and 672 nm
with fitting curves FC, FD FE in (b) of partial enlargement of the lifetime decay, in order to see the

rising part of the fluorescence decay for each.

Many aromatic hydrocarbons can form excimers. The fluorescence band corresponding to
an excimer is located at wavelengths higher than that of the monomer and does not show
vibronic bands *’

From Fig. 4.9, we noticed that there are two more bands after the main one at 533nm, at
630nm and 670nm seperately. The fluorescence decay curves were then obtained at those
wavelengths with the time-correlated single-photon-counting method by using a titanium-
sapphire laser (see Fig. 4. 10). Comparing to the fluorescence decay at 533nm, the lifetime
decays collected at 630nm and 670nm clearly show a fluorescence rising at the beginning,
and the lifetime corresponding to the rising of the fluorescence was 0.1 ns, we can calculate
the lifetime by fitting functions as following (see insert Fig. 4. 10 (b)).

We supposed that we got single molecules and excimer during the experiments and we
would be in the case of dissociation of the excimer within excited-state. It is a straightforward
matter to argue that the band at 533nm belongs to monomer, also the excimer bands have

lifetime decays were collected 630 nm and 672 nm.
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Firstly, we try to fit those fluorescence decays by Eq. 4.2, with two species. (Related to
§ 2.1.2.)

Il’ — A[exp(_t/rpos) — exp(_t/rneg)] Eq 4.2

The result was not satisfying, as it cannot be well fitted; nonetheless, we tried to fit the
decays with Eq. 3 with three species.
I, = A[exp(_t/'fposl) + exp(~t/Tpos2) — exp(—t/fneg)] Eq.4.3
According to the results, we got:

Table 4. 3: Parameters according to the fitting function (Eq. 3).

Sample 10-0.5 A Tpos1 Tpos2 Tneg
At 533nm 6.4ns (23%) 0.92ns (77%)
At 630nm 6.8¢ 6.6-6.7ns 2,3-2.6ns 0.11ns
At 672nm 5.5¢° 6.4ns 4.4ns 0.13ns

4.2.3. Spectroscopy, DLS results of MFD 2

The concentration of adambodipy in the organic solution was fixed at 0.35mM. The flow
rate Q. / Qs was kept higher than 0.025 otherwise particles could not be detected in DLS. It
was kept lower than 0.075 otherwise Bodipy crystals grow on the nozzle. The micro-fluidic
systems were improved to overcome the formation of crystals at the edge of the capillary, as
detailed in the § 4.1.2.

Nevertheless, the DLS measurements showed the presence of particles. During the
analyses the signal of the detected particles increased as the concentration of the Adambodipy
in the samples increased (imposed by the flow rates ratio).

Among the number of samples taken for different flow rate ratio, several of them seem to
confirm the hypothesis that the flow rate ratio would determine the particle size, and three of

them are presented as follow.
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Figure 4. 11: DLS analyses for different flow rates ratio in MFD2. (a) Comparison of the size
distribution for different flow rates ratio (b) Comparison of the cumulated intensity curves of the size
distribution for different flow rates ratio. The concentration of Adambodipy solution is 0.2mg/ml,

Concentration of CTACI=107>M.

Compared with the DLS results of MFD1 in Fig.4.7 and 4.8, the DLS results shown in
Fig.4.10 indicate a unimodal population of radius for aggregates, and the large radius
population disappeared. That is the main progress for the use of MFD2 compared with MFDI1,
to remove the production of big aggregates.

Also, as shown on Fig.4.10 (a), when keeping the side flow as a constant of 10pL.min™,
size distribution of NPs can be tuned by decrease of the center flow from 3 to 1, the NPs

become smaller, from 289 to 172 nm as mean diameter.
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Figure 4. 12: DLS analyses for different flow rates ratio in MFD2. (a) Comparison of the size
distribution for different flow rates ratio (b) Comparison of the cumulated intensity curves of the size
distribution for different flow rates ratio. The concentration of Adambodipy solution is 0.2mg/ml,

Concentration of CTACI=107>M.

Compared with the Fig.4.10, Fig.4.11 demonstrates that with the use of the MFD 2, the
size of NPs can be tuned by varying the side flow rate Qs, while keeping the center flow rate
Qc as constant.

As Qs increases, from 10 to 50 pL.min”', whereas Qc/Qs decreased, the NPs become
smaller, from 300 to 180 nm. The radius of NPs can be plot as the function of Qc/Qs in
Fig.4.17, and is closed to linear relationship. The experiments are reproducible and we could

then concludes the main effect is the flow rate ratio Qc/Qs.
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Figure 4. 13: Normalized Fluorescence spectra of the samples prepared with various flow rates in
pL.min™ (Qs-side flow; Qc-capillary flow,). The concentration of Adambodipy solution is 0.2mg/ml,
Aexc=495nm.

For the emission spectroscopy, from Fig.4.13 we noticed that with different flow rates,
those samples had quite similar emission profile and no additional “red” band appeared
beyond the main one at around 523nm compared with the emission profile of the samples
from MFDI1 in Fig. 4.9. The main band (523nm) was located at the same position as the
Adambodipy in solution of THF/EtOH=3:7 with CTACI 10°M.
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Figure 4. 14: Variations in Absorption intensity measured after collecting samples at the end of micro-

fluidic channel for different dilution factors, which is Qc/(2Qs+Qc).
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The absorption intensity at 516nm (maximum) as a function of flow rate ratio due to the
increasing concentrations of Adambodipy molecule are depicted in Fig.4.14. As the flow
rate ratio increases, the absorption at the maximum of the band decreases. This curve proved
that we got a quite good MFD system and a good agreement between intensity of the

absorption band and flow rate ratio. Also, the curve is reproducible.
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Figure 4. 15: Fluorescence decay curve A, with a fitting curve B with monoexponential function. The
sample is prepared with a side flow rate Qs=10 pL.min" and a capillary flow rate Qc=0.5uL.min"
under CTACI 10 M with MFD2.

The fluorescence time decays were measured for most of the samples collected with
MFD2 under the same surfactant concentration 10 M. They all reveal the same decay curve.
As example, Fig. 4.15 shows a monoexponential decay (resulting in a straight line in log.
scale). Which means in MFD 2 we got mainly one product and the lifetime was 5.93ns =+
0.05ns.

In contrast, the fluorescence decay of the sample with MFD 1, in Fig. 4.10, is very fast
and multiexponential. The spectroscopic properties, and particularly fluorescence spectrum

and time decay, are similar to those obtained for the single molecule in DCM solution.

4.2.4. Effect of CTACI

In order to determine the effect of surfactant, several nanoparticle samples are collected
under the same conditions, i.e., flow rate ratio, initial concentration of Adambodipy organic

solution, but with or without CTACI.
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As it was suggested for the samples prepared by the bulk method in presence of CTACI,
the micelles may trap the Adambodipy but with very small size that cannot be detected by
DLS. The former MFD producing process was implemented with a concentration of CTACI
8 times higher than its CMC (1.3x10°M), and then has created a large amount of micelles.
The further experiments are done with concentration of CTACI below its CMC at a
concentration of 1x10°M. Then the NPs suspension samples are collected and analyzed as

follow:
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Figure 4. 16: DLS analyses for different flow rates ratio in MFD 2. Size distribution histogram of
Adambodipy NPs produced at flow rates Qs=20 pL.min" and Qc=1 pL.min". (b) Comparison of the
size distribution for different flow rates ratio (¢) Comparison of the cumulated intensity curves of the
size distribution for different flow rates ratio. Those NPs suspension samples are collected with

concentration of CTAC1=10'3M, C Adambodipy=0.2mg/ml in THF/EtOH=3/7 (v/v) as organic solution.
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According to the results of DLS measurements that are shown in Fig. 4.16, as Q./Qs
decreases, from 0.075 to 0.025, the NPs become smaller, from 240 to 160 nm. In addition, the
DLS intensity decreased, due to the lowering concentration of the organic solution of

Adambodipy.
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Figure 4. 17: Radius of NPs suspension for MFD 2 as the function of Qc/Qs under different
concentration of CTAC] 10”°M and 10”°M. The concentration of Adambodipy solution is 0.2mg/ml.

The radius of NPs with low concentration of CTACI can be also ploted as the function of
Qc/Qs in Fig. 4.17, which is also closed to linear relationship and fits the same trend as the
plot of radius of NPs that obtained with high concentration of CTACI. This similarity can be
related to the hydrodynamics coupled with the diffusion in the microdevice. The
supersaturation governed the kinetics of nucleation and growth mechanisms and finally the
size of the NPs.

The Adambodipy NPs suspensions that obtained from MFD 2 with concentration of
CTACI under CMC were also analyzed by absorption and fluorescence spectroscopies. For all
the samples obtained at different flow rates ratio the spectra are identical except their
intensities following the dilution effect. Typical fluorescence and absorption spectra obtained
for Adambodipy in solution and in solid states (NPs and microcrystal) are overlaid on Fig.
4.18.

On the fluorescence spectrum obtained under the microscope set-up (cf. Chapter 6) for the
microcrystal produced by recrystallization method® (curve C Fig. 4.18 (a)), there is a red
shift (24 nm compared to the main band at 523nm for the Adambodipy in solution. The band
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at 547nm can be attributed to the crystalline structure of the Adambodipy obtained from the
X-ray diffraction (data not shown). The band at 573nm is characteristic of the crystal and we
know from polarization experiments that it is the superposition of the vibrational structure and
of a trapped exciton®.

The sample B prepared by MFD 2 exhibits a main fluorescence band at 529 nm and a
shoulder around 570 nm between the adambodipy monomer (in solution) and its crystalline
phase. This suggests that the sample B is in an amorphous phase or a poorly crystallized
phase. It agrees with the fact that the MFD preparation methods can be considered as fast

precipitation processes.
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Figure 4. 18: (a) Fluorescence spectra for sample A: solution of adambodipy in EtOH/THF=7:3 with
CTACI(10°M). For sample B and C represent the NPs suspensions produced with MFD 2, with high
concentration of CTACI (10”M) and low concentration of CTACI (10°M) respectively. All those
samples are excited at 495nm with the same other experimental parameters. Then the fluorescence
spectrum D is for the single crystal sample, excited at 343nm with main bands detected at 547 and

573nm. — (b) Absorption spectra for the same samples A, B, C and D.
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Fig. 4.18(b) shows absorption spectra for molecules in solution (A), for NPs
suspensions produced by MFD (B) and the micro-absorption spectrum of an adambodipy
single crystal (D). They exhibit absorption maxima (Amax) at S14nm for the molecules, and
517nm for the sample B and sample C. In microcrystal, the absorbance peaks are leveled off
by a measurement artifacts (light leaks around the crystal and interference building between
the two faces of the crystal). The shoulder at 540nm is characteristic of the crystalline state
and is not seen in the sample B from MFD. The difference of the absorption spectra between

sample B and microcrystal D confirms that samples produced by MFD are amorphous.
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Figure 4. 19: Fluorescence decay curve A, with a fitting curve B with bi-exponential function. The

sample is prepared with a side flow rate Qs=20 pL.min" and a capillary flow rate Qc=3pL.min"' under

CTACI (10” M) with MFD2.

The fluorescence time decays are almost the same for all the samples collected with MFD
2 and under a concentration of CTACI that equals to 10~ M, and the typical curves are shown
in Fig. 4.19. The decay exhibits a bi-exponential lifetime behavior associated to the NPs
components contribution. Here the short and long lifetime components give approximate
values of 0.48ns for 62% and 1.6 ns for 38%.

To record those spectra the samples were sometimes diluted with the same mixture THF-
EtOH- water-CTACI than the one obtained after mixing of the side and capillary flows with

their corresponding flow rates.
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Then, the main results concerning the particle size are that without CTACI in the mixture
big particles are obtained, with peaks detected by DLS over 1um. And few results are shown
in the Fig. 4.20.
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Figure 4. 20: DLS graph of flow rate a) Q=40 ul.min”', Q=2 ul.min". b) Q=10 ul.min”', Q.=0.5

ul.min”', without surfactant, C Adambodipy=0.2mg/ml in THF/EtOH=3/7 (v/v) as organic solution.

There is an obviously increase on the average diameters for NPs suspension samples
without surfactant in Fig. 4.20. This shows that CTACI have the ability to stabilize

Adambodipy nanoparticles and avoid the aggregation and formation of large particles.
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Figure 4. 21: Fluorescence spectra according to the NPs suspensions synthesized without surfactant
CTACI, ‘Bulk’ represents sample 8 from bulk method in Chapter 2(§ 2.4); ‘MFD 2’ represents the
NPs suspension with Q=40 ul.min", Q=2 ul.min"' regarding to the sample in Fig. 4.20

In conclusion, in the presence of high concentrations of CTACI that above CMC, all the
NPs suspension spectra from either bulk method or MFD method under different device or

flow rate condition exhibit the same band located at 523 nm. They are all similar to the one
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presented for monomer in THF-EtOH solution that defined in Chapter 2, which related to

Adambodipy molecules trapped in micelles.

Without CTACI in the mixture, the absorption and fluorescence spectra were all similar to
the samples obtained by the bulk method without CTACI in Fig. 4.21. The fluorescence
spectra in Fig.4.21 show a remarkable red shift of 10 nm compared to the band at 523nm for
both the monomer in solution with THF-EtOH solution and the NPs suspension with high
concentration CTACI (Fig. 4.13), however they are located at the same position at 539nm
with the NPs suspension with low concentration CTACI according to NPs in solid phase (Fig.
4.18). According to the former analysis and the calculated amorphous phase NPs in Chapter
3, this red-shifted band represents the amorphous phase NPs. And the appearance of the bands
at higher wavelength 600- and 670 nm may represent big aggregates.

So with the presence of CTACI under CMC, by 3D-hydrodynamic focusing method with
MFD 2, we obtained narrow distributed amorphous phase NPs with tunable size from 150-
300nm.

4.2.5. Aging

By reexamining the samples from several flow rate ratios in the former experiments after
several days (from 1 to 20 days), we found that the NPs suspension samples are quite stable

with the presence of surfactant. These experiments and this trend are also reproducible.
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Figure 4. 22: Comparison of the cumulated intensity curves of the size distribution for fresh samples

(solid line) obtained at various flow rate ratios, and for corresponding samples reexamined (dash line)
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after 4 days (same color for same flow rate ratios). Those NPs suspension samples are collected with

concentration of CTAC1=10'3M, C Adambodipy=0.2mg/ml in THF/EtOH=3/7 (v/v) as organic solution.

4.3. Extra spectroscopy analysis, time resolved area-normalized emission

spectroscopy (TRANES)
To get a better understanding about the decay of the emission and to have the different
species presented in the system, the fluorescence spectra were reconstructed at different time

after excitation and normalized to the same area (Fig. 4.23).
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Figure 4. 23: TRANES spectra for time decay of the NPs suspension sample collected from MFDI1
under flow rate (a) 10-0.5, and (b) 30-1.5 both with initial concentration of Adambodipy 0.2mg/ml and
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high concentration of CTACI 10”°M, with their fluorescence (blue) and absorption (red) spectra on the
right hand side. The spectra have been normalized to the same area under the curves to compensate for

the decay due to intramolecular deactivation.

This method has been first developed by Pansu, R. B.**and then advertised by Koti and
co-workers, as TRANES (time resolved area-normalized emission spectroscopy)’’. It can help
us to identify and to understand the heterogeneity of the samples. TRANES were obtained in
four steps in this experiment.

a) Collect fluorescence decays every 10 nm intervals start from 510nm to 700nm of
emission spectrum.

b) Construction of TRES (Time resolved emission spectra) by using steady state
fluorescence spectrum and the wavelength-dependent decay parameters.

¢) Normalizing the area of TRES to a constant value (usually to the area of spectrum

at time t=0 ns) to obtain TRANES.

The presence of the isoemissive point in the delayed traces indicates the existence of only
two emissive species in the sample during the time range were the isoemissive point exists.

We have used this method to several samples from MFDI1, and only the normalized
curves of NPs suspension sample collected under flow rate 10-0.5 and 30-1.5 were shown in
Fig.4.23 (a), (b) as typical. TRES spectra (not shown) show a continuous shift of spectral
peak with time. Absence of an isoemissive point TRANES shows that the fluorescence
emission in the NPs suspension originates from three or more emissive species. There is an
obviously blue shift for both flow rate at the same band of 530nm. This is due to the
disappearance of the NPs fluorescence compared to that of the molecules in micelles that has
a longer lifetime. The sample has two small bands at wavelength around 630 and 670nm that
we can observe again in the normalized time decay curves at the same positions. These long
live emissions can be attributed to excimer that acts as traps. This red emission is not
produced directly by the laser pulse. We do not see isobestic points on these spectra since the
two processes: micelle and exciton emission are independent. The two-isobestic points spoil

one another.
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4.4. Conclusion

In summary, we have presented a three-dimensional hydrodynamic focusing microfluidic
system to produce adambodipy organic nanoparticles and to control the precipitation process.
This technique prevents the contact of the dye solution flow with the channel walls, and the
micro-fluidic system has been developed to allow controlling the focused stream through the
flow rates ratio. We get a better control of the process inside the MFD and also a more
stabilized focused stream by using a polished cone shape at the end of the capillary in the
center, with suitable Y-type device.

We succeed in preventing any crystal deposition on the tip of the capillary tube by
modified the MFD system. This optimized MFD2 gives NPs of Adambodipy with very
promising fluorescent properties. Changing operating conditions can modify the size
distribution of the samples collected from MFD2. The ability to control the distribution of the
NPs by changing the flow rates seems to be a very important issue in our experiment. Indeed
the flow rates affect the residence time and also the nucleation and growth processes as the
diffusion kinetics depends on the width of the focused stream, which will be confirmed in
Chapter 5 by the kinetic study. The reproducibility of the MFD method was also checked, and
with Adambodipy in our experiment, the DLS results demonstrate that the nanoparticles of
controlled mean size between 150-300nm can be synthesized by varying the focusing ratios.
With a higher focusing ratio (Qs/Qc), smaller nanoparticles can be produced thanks to faster
and more efficient mixing condition.

By bulk and MFD methods, the reprecipitation of Adambodipy leads to NPs.

With the presence of CTACI above CMC (1.3x10°M), the results from MFD may split
into micelle and nanoparticle synthesis. Due to the high concentration of the surfactant, we
have spontaneous formation of micelles, which dissolve Adambodipy; whereas with
surfactant concentration below CMC, only the amorphous nanoparticles are presented in the
suspensions. The amorphous phase was confirmed by their absorption spectrum identical with
the one calculated in Chapter 3. Thus one striking result is that in presence of CTACI in high
concentration, the main emission band is preserved and no J-type aggregates can be found. In
the case of MFDI system, excimers were proved to beformed. When no surfactant is present,
a significant red-shift of the main Adambodipy band is observed as well as the appearance of
relatively intense red-emitting bands (above 600nm). The main-band shift may be attributed

to the presence of aggregates. Recorded decays in the main band show a multiexponential
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behaviour (shorter than Adambodipy in solution), this is also consistent with the presence of
aggregates. At longer wavelengths, decays show a rising time. Such results are consistent
with the presence of excimers. Concerning the single crystal study, which has to be pursued,
the emission is not only significantly red-shifted but also doubled. As a former conclusion we
would say that the red-shift (compared to solution) of the main emission band is a clue for a

solid-state particle formation (Chapter 3)

In further work, we will try to find more suitable and removable surfactant to find a better
condition for MFD. Once the surfactant removed, we may be able to observe the morphology
of the NPs by AFM.

Furthermore, as we are convinced from the spectroscopy measurement, that we can get
NPs, but no NCs of Adambodipy by MFD method. We are wondering if, by changing the
conditions of the experiment, we can get NCs, which are more photostable without excimer.

However no experiment have been performed concerning the photostability of the NPs yet.
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Chapter 5 Kinetics study of the formation of organic
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lifetime imaging (FLIM)
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The controllable NPs precipitation process by 3D-hydrodynamic microfluidic method was
confirmed by the former study with DLS analysis in Chapter 4, the kinetics study was also
done experimentally using FLIM techniques and by simulation using the COMSOL software
to estimate the variables that govern the whole process. The two main diagnostic experimental
techniques employed within this thesis to investigate fluid composition and kinetics of the
precipitation process within microfluidic systems used throughout this study are time-
resolved single-photon-counting device and time-resolved anisotropy imaging microscopy
(details in Chapter 6), which forms the basis of Fluorescence Lifetime Imaging Microscopy
(FLIM). The requirements of the FLIM experiment also suggest us to use a new microfluidic
system. The fundamental photophysical theories that underpin the research are illustrated in

Chapter 3.

A brief description of the kinetics of pressure-driven microfluidic flows, as well as the
Fickian diffusion and Maxwell-Stefan diffusion, will be outlined here to provide the

understanding necessary to appreciate the models of simulation method and the results.

5.1. Governing equations of kinetics in MFD

Firstly, we state the general principles and equations used to describe the later

experimentally performing and to solve the numerical simulation.

5.1.1. Hydrodynamics in the microfluidic device'

Hydrodynamic focusing is a technique in which the focusing of a core flow of
investigated sample is achieved by allowing two sheath fluids. It is within interest of chemical
technology field, mainly in mixing. It was adopted as laminar, diffusion based mixer, and at
such small length scales, molecules from the side flow rapidly diffuse across the inlet stream
resulting in fast and efficient mixing’.

We considered both of the properties for controlling the focused fluid and fast mixing in
our research. To deal with the kinetic study of precipitation process, the physics behind
microfluidics need to be understood, and the effects due to the micro scale of the device need
to be examined. Even at higher velocities, the inertial forces are negligible compared to the

viscous forces because of the small dimension.
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5.1.2. The equation of motion and the Navier—Stokes equation™*

Since the flow in our research is considered as a continuum, the Navier-Stokes equations
are applicable. Also because we are modeling the flow of water, mixed with THF/EtOH in
microfluidics, where the flow velocities are much smaller than the velocity of pressure waves
in the liquid, incompressibility and Newtonian fluid assumptions may be used.

In incompressibility condition, the mass continuity equation becomes:

V-u=0 Eq.5.1

where u is the local velocity of the fluid, and V is the del operator, which present the
gradient of the vector.
Considering the fluid as a Newtonian fluid, the 2" Newton law (conservation of

momentum) leads to the following Navier-Stokes equation as:

ou
p(E+(u-V)u)=—VP+uV2u+F Eq.5.2

where p is the fluid density, u is the velocity, t is the time, P is the pressure, u is the fluid
viscosity and F is the body force (per unit volume).
If Re<< 1, the non-linear inertial term (u - V)u can be neglected, and the remaining

expression leads to the Stokes equations:

u
pa=—VP+uV2u+F Eq.5.3
The system consists of a microfluidic channel in which the central liquid stream of

Adambodipy organic solution flows with water aqueous in sheath.

—

—

Figure 5. 1: Scheme of the microfluidics

The equation of Re is:

156



Chapter 5. Kinetics study of the formation of organic nanoparticles along a microfluidic device with FLIM

__ PUayg L

Re Eq.5.4

where L is the most relevant length scale, u is the viscosity, p is the fluid density, and
Ugyg 18 the average velocity of the flow. L is equal 44 /P, to where A is the cross sectional
area of the channel and P, is the wetted perimeter of the channel. In the case of circular
channels, L is normally taken as the diameter d (ID) of a channel (200um in this thesis). Due
to the small dimensions of microchannel in the thesis, the Re is much less than 1.0, (around
0.12-0.02 according to total velocity from 0.06-0.01m/s) which is a typical laminar flow.

After applying the steady state in the incompressible Stokes equation presented above, for
the Reynolds number<<1 the viscous term dominates, thus the flow can be approximated as
creeping flow or Stokes Flow, where the body force of gravity is negligible. The Eq.5.2

leads to:

VP = uViu Eq.5.5

In our case, because of the co-axial geometry, we can consider a Poiseuille flow.

The significance of viscous forces is enhanced in the case, and is the determining factor
for fluid velocity in the channels due to the large shear rates near channel walls. In our case,
the only remaining mechanism of mixing is diffusion across the mutual liquid-liquid interface

between the two streams transverse to the direction of flow”.

5.1.3.Determination of velocity Profile

Besides the pure pressure driven flow, the most common method used to generate fluid
transport through microchannel is a pressure-driven setting with a positive displacement, such
as syringe pumps. Such system was used in the thesis. One of the fundamental laws of fluid
mechanics for macroscale laminar flow is the no-slip boundary condition, which states that,
the fluid velocity should match the velocity of the solid boundary, so the fluid velocity at the
walls must be zero. It is well accepted except in some applications where it was recently

suggested that this condition is not always applicable at the micro- and nano-scale®’.
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Poiseuille flow region
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Figure 5. 2: A Poiseuille profile for a laminar flow in a microchannel.

As shown on Fig. 5.2, under the no-slip condition, pressure driven flows in the
cylindrical microchannels develop a parabolic velocity flow distribution, commonly referred
to Poiseuille flow, which has a much higher velocity in the center of the channel, and the
velocity of the fluid that close to the walls is zero.

Microfabrication techniques typically fabricate microchannel with no-circular cross-
section, but rectangular channel, which is the case in Chapter 4 with MFD 1 and MFD 2. This
type of channel creates a more complex distribution of fluid velocities with different parabolic
velocity gradients across one or both cross-sectional dimensions®. For the MED 3 designed in
this Chapter (Fig. 5.1), the Poiseuille profile is obtained. It was also simulated with
COMSOL in the later studies and given in Chapter 6, Fig. 6.10.

Because of the profile, there is a position-dependent distribution in residence time. In that
case, fluids positioned at the center exhibit higher velocity, and have significantly less time to
diffuse and mix.

The pressure drops induced by the viscosity and friction forces in the fluid also
characterize the flow in microchannel. In a circular microchannel, they can be calculated as

following equation:

_128ulQ

AP = Eqg.5.6
wd* 9

where Q is the volumetric flow rate, / is the length of the pipe and d is its inner diameter.
Typically in our experiment, the higher-pressure drops will be created by the center flow
through the capillary with OD=20um, /=15c¢m. For 4 = 1073Pa.s, and Q ranges from 0.5 to

3ml/min, the value for pressure drops ranges from 0.3 to 2 bars.
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5.1.4. Diffusion theories: Fickian diffusion and Maxwell-Stefan diffusion.

5.1.4.1. Fickian diffusion theory:

Diffusion is the transfer of species (molecules or particles) from an area of high
concentration to an area of low concentration, and the classical description of the diffusion
process goes back to Fick. He relates the flux from high concentration regions to low
concentration regions with a magnitude proportional to the concentration gradient. The Fick’s
first law is:

J = —DVc Eq.5.7

where J is the diffusion flux of the particles in mol.m2s1, D is the diffusion coefficient in
m?2s1, ¢ is the concentration in mol.m-3. In the two or more dimension, the concentration
gradient Vc, it is often called the driving force in the diffusion. The minus sign in the equation

means that diffusion is down the concentration gradient.

Considering the species as a sphere, the diffusion coefficient D of the molecule or
particles can be estimated by the equations given by the Stokes- Einstein expression (§ 4.2.1.
Eq. 4.1).

In microfluidic device, where often there is a velocity profile present and the molecule are

transported through the channels by convection also.

Then the convection-diffusion equation is written as follow:

dc

o + V- (uc) = DV?c Eq.5.8

In the equation, the second term represents the convection process while the last term on
the right side is related to normal diffusion according to the Fick’s law. In the case of an
incompressible and stationary flow, where the density of the fluid remains constant, the
convection diffusion equation reads:

uVc = DV?¢ Eq.5.9

where ¢ is the molar concentration, D is the diffusion coefficient, Vc is concentration
gradient. The equation is the same one used in the “Convection-diffusion” module of

COMSOL database.
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5.1.5.2 Maxwell-Stefan diffusion theory

Although Fick’s law provides a reasonable approximation of the diffusion process in
many common situations, in some occasion, the Fick’s law is not enough to explain the
observed experimental behavior. Among this kind of behaviors, the diffusion phenomenon in
a multicomponent gaseous mixture was first has been observed, and first accurately described
by Maxwell’ (1867) based upon the kinetics of gases and then extended by Stefan (1871) and
known as Maxwell-Stefan theory'® for transport phenomena. After all, it was generalized by

Taylor and Krishna'' (1993).

The general idea of the Maxwell-Stefan theory is to consider balance between driving
forces and friction forces between the diffusing components. The general form of the

Maxwell-Stefan for ideal binary system with constant pressure gives:

X1X
2122 (uy — uy) Eq.5.10

Vx1 =

where x is the mole fraction, D;; is the Maxwell-Stefan binary diffusion coefficient, ,
In this thesis of a binary diffusion system with two diffusing species of water and ethanol,
the mutual diffusivity in the system, Dw.g, 1s estimated from the self-diffusion coefficients of

the two components Dy and Dg 12, shown as Eq. 5.11

DW—E =Xw'DE+xE'DW Eq511

The mass transfer can also affect the density and the viscosity of the mixture. While in
this experiment, the fluids have the different density and viscosity in the inlet channel, side
channel and outlet channel since they mixed during the flowing. So we use the Jouyban-Acree
model that presented by Acree' to correlate different physical or chemical properties in this
binary system. Depends on this estimation, an experimentally determined density and
viscosity value for the binary mixture of water and ethanol mixtures at different temperature
was reported. It gives reliable predictive model constants at temperature between 293 to 323K.
The following relation (Eq. 5.12-13) is then used by the author to fit the density and

viscosity of binary mixture of water and ethanol at 298 K'*:
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Xw X Xy Xg (xw — X
lTl,Dm,T = Xy * lan_T + xg - lan'T —30.808 [ WT E] _ 18274[ W rE ; w E)l

Xy Xg - (X — xE)Z
T

+ 13.890[ Eq.5.12

xw - Xg * (X — Xg)
T

Xw

X
Iy = xw - Inply ¢ + xg - Inpg r — 724.652 [ T E] + 729.357 [

xw - xg - (o — XE)Z
T

+ 976.050[ Eq.5.13

Where p and p are indicators of density and viscosity; W, E and m subscripts stand for
water, ethanol and their mixtures, respectively. The density and viscosity value of water,
ethanol at 298K can also be found from the literature. The R” values for Eq. 5.12-13 are
0.986 and 0.945 according to the reference.

5.1.5. Nucleation

The condition of supersaturation is not sufficient for a system to start to crystallize. Before
crystals can develop, there must be a process where the first formed solid bodies, embryos,
nuclei or seeds with only a few nanometers in size, that act as centers of crystallization.

There mechanisms of crystal nucleation are generally acknowledged: (a) the primary
homogeneous nucleation, (b) the primary heterogeneous nucleation, and (c) the secondary

- 1
nucleation'’.

5.1.5.1. Primary homogeneous nucleation:

If nucleation happens without preferential nucleation sites, nucleus can only be formed by
homogeneous nucleation. The classical theories of homogeneous nucleation processes,
coming from the work of Gibbs, Volmer, Becker and DoOring and others, is based on a
condensation of a vapor to liquid, and can be extended to crystallization from melts and
solutions. We can quantify these concepts by considering the free energy changes per
molecule of the bulk and that of the surface, and the nucleation rate J should be a function of
temperature, pressure and the composition of the solution. When keep the temperature and

pressure constant, it is a function of the concentration ¢ of the solute going to precipitate.
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In a solution that is supersaturated, there is a critical nucleus size that determines a

nucleation barrier whose magnitude, Ag (free energy changes) can be expressed as:

16mag,’ Q \?
= : < ) Eq.5.14

Ag =
g 3 kyTo
Where () is the volume per molecule, and ag; is the interfacial free energy, and o is
defined as the absolute supersaturation, (S-1).
The supersaturation S was defined as the ratio of actual concentration of Adambodipy to

the solubility C,,. And this is the barrier that determines the kinetics of nucleation.

S = CAdambodipy Eq. 5.15

Ceq

where Cygampoaipy could obtained from the “Convection-Diffusion module” simulation of

COMSOL, and we could also find the C,, from solubility expression.

. . . 16.1
Then the nucleation rate is given as 6.17

Jhom = Anom €Xp <kBT> Eq.5.16

We could group all of the factors into the coefficient B despite of interfacial energy and

supersaturation, and equation then turns to:

g’
Jhom = Anom €Xp (—B "2 ) Eq.5.17
5.1.5.2. Interfacial free energy of the nanocrystal:

The free energy of crystal-liquid interfaces ag; is the important role and the main
difficulty in the kinetics of nucleation and crystal growth according to the equation given
above. Many empirical expressions have been developed so far to determine the value from
physical properties that can be directly determined. And among those expressions that
correlated solubility with interfacial tension reported by Bennema and Sohnel'®, Nielson and
Sohnel", and Mersmann®, or Sangwal’s theory21 that related the interfacial tension to the
mole fraction of solute in the solution, the Mersmann expression was widely accepted and

used one.
5.1.5.3. Growth controlled for monosized nanoparticle.

Fig.5.3 demonstrates the process of nucleation and subsequent growth of nuclei.

According to the figure, nucleation occurs only when the supersaturation reaches a certain
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value (Cyyc) above the solubility (Ceq), which corresponds to the energy barrier defined in Eq.
14 for the formation of nuclei. After the initial nucleation, the concentration of the solute
decreases accompany with the decrease of the volume Gibbs free energy. Once it reaches the
critical concentration, the nucleation process will stop and no more nuclei would form.
However the growth process will occurs simultaneously when nuclei would form, and
continue until the concentration reached the equilibrium concentration Ceq, that is solubility.
In this thesis, for the purpose of production of uniform size distribution nanoparticles, it
will be the best if all nuclei are created at the same time to produce the particles with the same

size; thus, it is highly desirable to have nucleation occur in a very short period of time.

Nucleation

Solute Concentration

v

Time

Figure 5. 3: Schematically illustrate the nucleation and growth process™.

The formation of uniformly sized nanoparticles can be achieved if the growth process is
appropriately controlled and the diffusion-limited growth is desired in order to control the size

distribution of nanoparticles.

5.2. Kinetics study of microfluidic system combined with fluorescence

lifetime imaging microscopy (FLIM) method

5.2.1. Introduction

The fluorescence of molecules is not only characterized by its emission spectrum, it has
also a characteristic lifetime. Measurements of fluorophore excited-state lifetimes offer an
additional distinguish parameters for imaging applications because fluorescence lifetimes are
highly sensitive to physical conditions, such as temperature, pH, oxygen levels, polarity,

binding to macromolecules and ion concentration. While it is generally independent of the
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effects of concentration, photo bleaching, absorption and scattering that may affect the steady-

2
state measurements 3 .

Fluorescence lifetime imaging microscopy (FLIM), a technique to map the spatial
distribution of nanosecond excited state lifetimes within microscopic images, was firstly
introduced in 1989**. The decay profile could be in two or three dimensions, and typically
with resolution in the nanosecond range, since the lifetimes of most fluorophores used in
many applications fall within this range. The use of FLIM had been restricted to the imaging

25,26

of biological system and on non-flowing systems until recently. Nowadays, many

applications had developed FLIM technology and combine the FLIM technique to provide
information on mixing processes and efficiency in a continuous-flow microfluidic reactor*”**,

As Adambodipy display a fluorescence lifetime which is extremely sensitive to its state,
as monomer or in solid state, showing 6.5ns in solution to around 1 ns in crystalline phase, the
FLIM technique reported in this Chapter demonstrates a superior approach to study the
kinetics and imaging of diffusion-based mixing and nucleation process of nanoparticles
within microfluidic system.

The technique of FLIM has been well employed to quantitatively and spatially maps the

fluid composition within microfluidic systems, and offer in sifu characterization of the

mechanisms of diffusion, nucleation, nanocrystal growth in the continuous-laminar flow.

5.2.2. MFD3 used for FLIM Kkinetic studies.

The microfluidic device used in the FLIM experiment were first designed and
manufactured as MFD2 (Chapter 4, § 4.1.2). In order to avoid the pollution of the
hydrophobic PDMS by the spread of fluorescent organic molecules and to decrease the

subsequent noises during the FLIM measurement, a new glass microchip was designed.
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a) Side flow:
CTAC] and Water
Tube

Peck® 7-Port Manifold

Capillary flow:
Adambodipy in THF/EtOH CTACI
D/d(pm)=90/20(1m)

Big Capillary
D/d(am)=350/200(um)

c)

~100pum \
Side View = ] Magnification 20x1

Figure 5. 4: MFD3 diagram of 3D-hydrodynamic microfluidic device with the top view (a) and the

side view (b), and details of the cross-junction area of the flow under microscope in (c).

With a PEEK® 7-Port Manifold (Upchurch Scientific®) as a connector, the small glass
capillary (Polymicro, ID=20 um, OD=90 um) was inserted into a larger one (Polymicro,
ID=200 um, OD=360 um) as depicted on Fig.5.1 and 5.4. The focused stream was created
by flowing the organic solution of Adambodipy in THF/EtOH into small capillary and by
flowing the surrounding aqueous solution from the two of the side ports to feed the annular

region between the two capillaries. The same syringe pumps force the flows into the MFD3.

Figure 5. 5: Photography for the real experimental chip.

The photo of the real experimental chip was shown on Fig. 5. 4.
Besides the limitation of the unwanted adsorption of the organic molecules on the

hydrophilic glass wall, such system shows a cylindrical geometry and symmetry.
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5.2.3. Kinetic study of the precipitation process by FLIM

To implement the study with the new set-up, the main difficulties encountered were to
avoid the leaks at the connecting ports, to insure the good alignment of the small capillary in
the center of the larger one and to focus properly in the mid-plane of the flow. The acquisition
of the FLIM images requires also a very good stability of the flow. This is important for the

recording of the precipitation area around the central flow.

Before the acquisition of each FLIM image, we must adjust the laser power, and changing
the recording time, typically between 5 to 20 minutes to collect enough photons.
Fluorescence lifetime images were taken every few millimeter along the channel. All the

round images with 120um diameter were gathered and displayed in Fig.5. 6.

= 0(ms) 67 135 202 269 471
Qs = 13.6pL/min

100 ym

Figure 5. 6: Representative fluorescence lifetime data from 3D- hydrodynamic focusing microfluidic
system, represents whole precipitation process from monomer to nanoparticle though the flow. In
which the red lines correspond to the geometry of the glass microchip mentioned in 2.1. The central
flow of adambodipy organic solution has a concentration of 0.08mM and Qc=0.8 uL/min, sheathed by
side flow of water, Qs=13.6uL/min. The time variable is labeled with a rainbow color scale

Fluorescence lifetime image at the position 0 was overlaid by a transmission image.

For each image, the mean fluorescence decay is recorded. Those decays along the
channel are normalized and gathered in Fig. 5. 7. According to the figure, the average
lifetime decreases along the focusing flow. This can be related to the mixing of water with the
EtOH/THF mixture, which reduces the solubility of Adambodipy and induces its precipitation.
As in the theory, that the nucleation and crystallization is mainly depending on the
supersaturation, we may suggest that the concentration reaches the minimum saturation
required to generate critical free energy for nucleation. The COMSOL simulation will help to

estimate this critical supersaturation.
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Figure 5. 7: Normalized mean fluorescence decays according to the FLIM images shown in Fig.

along the flow at different positions.

The Adambodipy in solid state has a shorter fluorescence lifetime and a lower quantum
yield (0.9 ns and ®=0.15) compared to that of the molecule in the organic solution (6.1 ns and
®=0.48). The decrease of the fluorescence lifetime is due to the depletion of monomer and
the precipitation process. The decrease of the quantum yield during the precipitation process

was compensated by the increase of the acquisition time and of the laser power.

A significant feature is that the width of focused stream containing the dyes does not
enlarge along the flow. Indeed, the diffusion coefficient of the particle is roughly inversely
proportional to particle size according to the theory mentioned before (Einstein-Stokes).
Therefore, the diffusion coefficient of the particles will decrease during the NCs growth

process, and prevents the migration process cross the channel.

According to the Fig.5. 6, at position d=0mm, the lifetime of the focused stream looks
homogeneous and identical to the monomer solution flowing in and out of the capillary. The
corresponding lifetime is accordance with the lifetime 6.1ns measured in cuvette. For the next
image at position d=Imm, the heterogeneity appears in the diffusion areas between the

organic and the aqueous solutions, where the precipitation process starts.
Two regions of interest (ROIs); ROI 1 and ROI 2 were defined in Fig. 5. 6 in the middle

and at the edge of the focused stream respectively. At each position along the flow, the

fluorescence decays are collected in ROI 1 and ROI 2 separately. All those decays exhibit the
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same evolution with a continuous decrease of the fluorescence lifetime that can be related to a

continuous consumption of Adambodipy molecules from solution to particles.

A principal component analysis (details in Chapter 6) of the data says that three decays
are sufficient to describe the data. The first one is the fluorescence of the monomer; the
second one is the fluorescence decay of the nanoparticle. A third contribution arbitrary
represented by the intermediate decay at d=3mm allows us to describe all the decays. The
third compound associated with intermediate contribution is neither the monomer
fluorescence nor the NPs fluorescence. It may be a nuclei or a cluster, i.e. the assembly of few
molecules with a subcritical size. Their intermediate fluorescence lifetime can be rationalized
since lifetime can be a function of the aggregates size. Indeed the excited state (exciton) that
is produced by the absorbed photon will diffuse in the nanoparticles and the bigger the
nanoparticles are, the higher the number of quencher is in the nanoparticles. When the particle
becomes large compared to the diffusion length of the excitation, the quenching should reach

a plateau.

0,6

=
IS

Percentage

0,2

d position(mm)

Figure 5. 8: Distribution of the three contributions describing the decays along the channel in the ROI
1 (plain lines) and in ROI 2 (dashed lines). Each color corresponds to a contribution: purple for the

long decay (monomer) — red for intermediate decay — green for short decay (NPs)

The Fig. 5. 8 shows the distribution of the 3 contributions along the channel in the
middle of the flow (ROI 1) or at the interface (ROI 2). The evolution of the contribution are
similar with a delay of 135 ms (d=2mm) for the consumption of the monomer and a plateau of
the intermediate contribution in the ROI 2, i.e. for the mixing area at the edge of the focused

stream.
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In the middle of the focus stream the monomers concentration decrease slowly over the
three first millimeters (i.e. in 0.15s) then it drops below 10% of its initial value. From 3mm to
4mm (0.2 to 0.27s) the intermediate species dominate. In both ROIs, they are transformed
into stable nanoparticles at 7mm (0.47s). This transformation occurs at a step where there is
no more monomer available. Thus the reaction still proceeds after the depletion of the
monomers. The transformation of the intermediate species into the stable NPs does not occur
by growth, i.e. reaction with monomers, but by aggregation, i.e. reaction between species of
subcritical size.

At the interface there is no more monomer after 0.07s. The intermediate at the interface
remains the dominant species up to 0.27s. Indeed monomers can diffuse from the center flow.
The new subcritical intermediates are formed from the monomers, faster than they are
consumed by aggregation.

As long as the nanoparticle size is smaller than the diffusion length of the exciton, the
number of quenchers that are able to kill the fluorescence of the exciton will increase with the
volume of the nanoparticle. The decay of the fluorescence is given by the following
exponential:

S* () = §*(0) exp[—(kr + n(a)ky)t]  Eq.5.18

Where kf is the fluorescence rate, kg is the quenching rate, n(a) is the number of

quenching sites in a particle of radius a. n(a) = d, (a/ao)s, where a, is the diffusion length

of the exciton, d,, is the density of quenching sites.

5.3 Numerical analysis by COMSOL 3.4

Modeling and simulation are very powerful and attractive tools in the design and
development of engineering system, since it allows us to conduct parametric analysis at a
lower cost as compared to an experimental setting. In the research of microscale domain,
numerical simulations of microfluidic device design and hydrodynamic flow focusing have
been applied to have a better understand of the flow, mixing and transport conditions that
correlate to the formation, growth, and closure of these intermediate structures of

microfluidics.”’

There are a variety of numerical softwares that have been successfully used in modeling

microfluidic devices, such as COMSOL, CFD-ACE+, Fluent and Coventor’™!, These
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softwares offer different fundamental equations to governing the physics of boundary

conditions.

Among those commercially available modeling softwares that have been successful in
modeling microfluidic processes, the multiphysics capabilities of COMSOL brings easy-to-

use tools for comprehensive modeling in the study of microfluidic devices.

5.3.1 Numerical model for microfluidic diffusion process

To build the current theoretical models for predicting the kinetic process inside the three-
dimensional hydrodynamically focused streams in mcirochannels, this study starts by
describing the theory and equations. Then we come to the following built-in modules, Due to
the cylindrical symmetry of the device, 2D-Axisymmetric model was chosen here in the first
place, and the geometry and the dimensions are those of the experimental device of the glass

microchip mentioned in Fig.5. 4 and Fig. 5. 5.

Step 1: The steady state “Incompressible Navier-Stokes”

The steady state “Incompressible Navier-Stokes” (MEMS Module) model, for a laminar
flow and a Stokes regime, using the equations from the COMSOL database are similar to
Eq.5. 2 with a difference of identity matrix for iteration, and was first performed to solve for

the momentum conservation and the velocity profile for the fluid flow in the channel:

9]
p=r =V [(=p)] + u(Vau + (VW) + pu-Vu = F  Eq.5.19

—Vu=0 Eq.5.20
where p is fluid density, u=(u,v,w) is the flow-velocity vector for a three dimensional
fluid, p is fluid pressure, I is the unit diagonal matrix, p is the fluid’s dynamic viscosity, and F
= (fx, fy, fz) 1s a bulk force affecting the fluid. The initial parameters setting and the result
could be found in details in Chapter 6. In our case, % and F are equal to 0. Then we obtained

the velocity field in microdevice.

Step 2: The “Maxwell-Stefan Diffusion and Convection” module

With the results of the initial calculation of velocity profile, “Maxwell-Stefan Diffusion
and Convection” (Chemical Engineering Module) application mode was then applied here to
model the mixing of organic and aqueous solutions via counter diffusion along the laminar

flow in the capillary of the same dimensions as those used in the experiment.
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S (M VM vp .
V- —pwizDij E(ij+wjﬁ> (xj—wj)? +wipu|=0 Eq.5.21

x] 1\4} q. .

n
zwi =1 Eq.5.23
i=1

where M denotes the total average molar mass of the mixture (kg/mol), M; gives the molar
mass of species j (kg/mol), and w; is the mass fraction of species j. M can also be expressed in
terms of the mass fractions, w;. M=somme(w; M;)

The solutions were respectively considered as ethanol and water. Then, the value of
mutual diffusivity, density and viscosity along the flow of this water-ethanol binary system
can be calculated with the input scalar expressions (Eq. 5.11-13) with the mass fraction

profile results.

Step 3: Redo the steady state “Incompressible Navier-Stokes” calculation.
With more precise consideration, the “Incompressible Navier-Stokes” calculation was
redo with the value of mutual diffusivity, density and viscosity at local position coming from

the last step.

Step 4: The “Convection and Diffusion” module

Then the velocity field obtained from the “Incompressible Navier-Stokes” simulation was
implemented for the calculation of the concentration distribution of the dye using the
“Convection and Diffusion” module. The diffusion of Adambodipy specie in water-ethanol
system under microfluidic flow conditions was then solved according to the convection-
diffusion equation:

—V-:(-DVc+cu)=0 Eq.5.24

Step 5: Supersaturation profile calculation

With all the final results from the former calculations, those includes density, viscosity,
mutual diffusivity, concentration for Adambodipy and mass fraction profile of water and
ethanol at local position along the flow, and combine the input scalar expression for solubility
and supersaturation of Adambodipy in binary system (Eq.5.15), we could run again the

“Maxwell-Stefan Diffusion and Convection” module and get the supersaturation profile.
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5.3.2. Kinetic study of the precipitation process by COMSOL simulation

The first application of the simulation was to investigate the hydrodynamic focusing under
stable flow within the device; we monitored the flow rate ratio from 30 to 45 with a low total
flow rate. We record each first FLIM image at position 0. At a fixed position (50um) far from
the transition flow that is present close to the nozzle, the fluorescence intensity profile was
plot. We consider the full width at half-maximum (FWHM) of this Gaussian like profile as

the width of the focused stream.
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Figure 5. 9: Widths of the focused stream at the position as a function of the flow rates ratios,

experimental values ® and numerical values ®.

These widths were also determined at the same position along the flow from numerical
simulations using Comsol Multiphysics 3.4 software with identical geometry (small capillary
OD= 45um insert into a big capillary channel ID=100 um), and identical parameters for each
flow. One numerical example is given in the figure below the x-axis at position 0 on Fig. 5.
9. The hydrodynamic focusing has been simulated including the diffusion of the Adambodipy,

its diffusion coefficient was calculated from Stokes-Einstein equation (4.23x10"°m?/s).

As shown on Fig.5.9, as the flow rates ratio Qc/Qs decreases (from 0.143 to 0.030), the
width of the focused stream decreases. Therefore as mentioned in a previous work in the
group, for the preparation of rubrene particles®, the kinetic to reach the supersaturation and
create nanoparticles can be changed: the precipitation rate will increase as the width decreases.

Indeed, the hydrodynamic focusing ratio determines the NPs size.
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The second application of COMSOL simulation predicts the velocity and concentration

fields, to compare with the experimental data from the FLIM.

The precipitation process is governed by interdiffusion of water and Adambodipy along
the channel. The diffusion of the water in the organic solution is much faster with a diffusion
coefficient equal to 1.6x10”m?/s’, as shown by comparison of top and bottom simulations on
Fig. 5. 10.
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Figure 5. 10: 2D-Axisymmetric geometry of the glass microfluidic device and Comsol simulations of
diffusion in  hydrodynamic  focusing flow, Qc=0.8mL/min and Qs=13.6mL/min,
Cadambodipy=0.08mM. Concentration distributions of water (above the x axis) and of adambodipy
(below x axis) along the 200mm of the channel at position 0 (a) and at position 1mm (b). The

streamline is to indicate the interface between the two solutions.

In first approximation, we can neglect the diffusion of the Adambodipy. The simulation of
the water diffusion at Imm (Fig. 5. 10 (b)) indicates that the water has reached the middle
of the focused stream. Nevertheless, the percentage of the water is below 65% at r<I10um,
whereas for concentration 0.08mM Adambodipy, this water content is expected to start a
precipitation. As a consequence, the fluorescence lifetime remains long inside the focused
stream as demonstrated in the FLIM image (Fig. 5. 6). At the interface for 10um <r< 12um,

the high water concentration induces nucleation and shorter lifetime (Fig. 5.6, 5.10).
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Figure 5. 11: The comparison of real experimental FLIM imaging in (a) with the 2D-Axisymmetric
geometry of the glass microfluidic device and Comsol simulations of Adambodipy supersaturation
profile under the same condition (b), initial concentration of 0.08mM and with flow rate
Qc=0.8 mL/min, Qs=13.6 mL/min along the hydrodynamic focusing flow, same image as in Fig. 5.6.

The simulated supersaturation variable is labeled with a rainbow color scale with unit 1.

We see on the FLIM image that the first nucleation has already started at 0.9mm=+50um.

From the comparison of the simulation with the experiment we can conclude that the

. . . . Cadambodi . .
supersaturation required for nucleation to occur is when 8<—==""2%¥ <15 The simulation
eq

explains why under these mixing conditions we do not observe the formation of a crystalline
tube at the tip of the capillary: the super saturation is lower than that required for nucleation to
occur.

The COMSOL simulation does not include the nucleation process. The molecules are
allowed to diffuse, the super saturation is calculated but the precipitation process is not

included. Thus, after the beginning of the precipitation, the supersaturation is over estimated.
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5.4 Conclusion

FLIM implemented with the microfluidic system can measure in situ the evolution of the
dye and of its state in the focused stream. The mixing of the solvents inside the channel and
the study the crystallization process are followed from few milliseconds to a second. The
multi-exponential fluorescence decays and its evolution suggest that, from the monomer in
the solution, a new emerging nanostructures compete and then turn into nanoparticles.
Combined with the DLS measurements, the size distribution of the nanoparticles display a
dynamic width-dependent of the focusing stream, which is directly linked to the flow rate
ratio.

A numerical method with COMSOL was applied for kinetic analysis of this diffusion
controlled process occurring in the microfluidic device. The simulation predicts the species
diffusion and supersaturation field and can highlight the experimental precipitation

phenomenon.
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6.1. Microfluidic device fabrication and improvement

6.1.1. Material

Adamantyl mesityl BODIPY (Adambodipy) (from Dr.Gilles CLAVIER and Dr. Marina
DVORKO) molecule was synthesized and purified in the laboratory (not published yet). The
organic solvent tetrahydrofuran (THF) and absolute ethanol (EtOH) are purchased from SDS
(SpectroscopicGrade). The water has been deionised. The surfactant cetyltrimethylammonium

chloride (CTACI) was used as a stabilizing agent and purchased from TCI-Tokyo.

6.1.2. Fabrication of two layers microfluidic device

According to the Soft lithography technique, PDMS elastomers, Sylgard® 184 from Dow
Corning®, was used here as fluid flow layer materials. Sylgard is a two part resin system
containing vinyl groups (part A) and hydrosiloxane groups (part B) shown in Figure below.
Two components as elastomer base and silicone elastomer curing agent were mixed in the
volume ratio of 10:1 (A: B). Mixing the two part components together leads to a cross-linked
network of dimethyl siloxane groups. Because this material is flexible, it can be unmolded
(peeled off) from the SU-8 master, leaving the master intact and ready to produce another
device. These samples have different base/agent ratios, which mean different degrees of

cross-linking, and 10:1 is the most widely used type'.

H ?H3 g—o CH;

C 0—¢ | _H —0
1 n g S|1 atalyst %/o\s‘i/\/ |1\o—%
CH; CH,4 | CH;

A B CH;

Figure 6. 1: PDMS crosslinking

With the ultrasonic operation (TRANSSONIC DIFITAL S, elma®), the two components
are well mixed, and then set the mixture under 100 torr for around 30 min for evacuation until
almost all the bubbles are eliminated from the mixture.

After the pretreatment, the mixture is then poured on the wafer mold and cured at 75 °C
for 2h. After that the PDMS replica can be easily peeled off from the master, and then the
replica and glass coverslip (Marienfeld Micro Slides, Germany) are activated by O, plasma

(HARRICK PLASMA CLEANER/ STERILIZER (PDC-002) for 20 s and sealed each other.
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With oxygen plasma in our research, whereby the surface Si-CHj groups along the PDMS
backbone will react with the oxygen species in the plasma at high pressure and then transform
into Si-OH groups. The produced silanol surfaces are easily transformed with alkoxysilanes
and can easily mate with glass surface. The steps are presented in Fig. 6. 2

a) CH; CH; CH; CH; CHy CHs
| ' | L | ' Oxygen Plasma | I | :
—Si—0—Si—0—Si—0— ———— —Si—0—Si—0—Si—0—

| | | | | |
CH; CH;  CH; OH OH O H

Oxidized surface

b) Gy Gl ?h TL ﬂm
—Si—0—Si—0—Si—0 —Si—0—Si—0—Si—0—
| | ! | | |
OH OHO H 80°C__, o0 0 0
OH OH  OH 30 min | | |

: , , —Si—0—Si—0—Si—0—
—Si—0—Si—0—Si—O0 I I l

| 1 | 0 0 0

0 0 0 | l |

| | | —Si—0—Si—0—Si—0—
—Si—0—Si—0—Si—0 | l I

| | | 0 0 0

0 0 0 =

Glass substrate surface

Glass substrate

Figure 6. 2: a) The surface of PDMS was modified by O2 plasma. b) Covalent binding of a PDMS

slab to a silica surface,

Centimeter lengths of multi-mode optical fiber TSP 20150 from Polymicro USA were
prepared, then burning their protective Polyimide mechanical cladding and remove the burned
out layer with ethanol. Then put the optical fiber into the embedded center channels until their

front ends made contact the across section.

6.1.3. Microfluidic device improvement

To overcome the formation of crystals at the edge of the capillary changes were
introduced in the microdevice.

Beside the change in the pattern of the Y-type junction, with a reduced angle between the
side channels and the main channel, the end of the capillary was polished to a cone shape by

using the millstone used for removal of the organic layer of metal electrode from MECAPOL.
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A photo of our set-up for the polishing is illustrated below, which includes the millstone for
polish and also the capillary emerging from a syringe needle to handle it firmly. (Fig.6 .3)
The balloon is to avoid the dust blocking the capillary from inside.

Figure 6. 3: Millstone (MECAPOL P 220 U); Capillary (150 20mm) Needle Microscopy, balloon
6.2. Spectroscopic measurement

6.2.1.UV-visible absorption spectroscopy
The UV-visible absorption spectra were recorded on double beam Uvikon 943, or Cary-
5000 spectrophotometers in the lab. The samples of NPs suspension are checked with quartz

cells (Bodelsheim, France) with an inner path length of 10 mm.

6.2.2. Steady state fluorescence spectroscopy

The fluorescence of the samples were recorded on FluoroMax-3, and FluorologFL3-221
spectrophotometers.

FluoroMax-3: A Xenon arc lamp (150W) was used as the light source. The spectral range
went through 200 to 900 nm. The band pass of the monochromator of excitation and emission
were automatically adjusted via the software (0.5 to 10 nm).

Fluorolog FL3-221: A Xenon arc lamp (450W) was used as the light source. The spectral
range covers from 200 to 1300 nm. The band pass of the monochromator of excitation and
emission were automatically adjusted via the software (0 to 30 nm). The excitation and

emission beam can be polarized independently.

6.2.3. Time-resolved spectroscopy
The fluorescence decay curves were obtained with the time-correlated single-photon-

counting method by using a titanium-sapphire laser pumped by an argon ion laser (82 MHz, 1
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ps pulse width, repetition rate lower to 4 MHz thanks to a pulse-picker, a doubling crystal was
used to reach 495 nm excitation).

When deconvolution is required, the time profile of the exciting pulse is recorded under
the same conditions by using a scattering solution (suspension of colloidal silica “Ludox”).
And the number of fluorescence pulses must be kept much smaller than the number of
exciting pulses (<0.01-0.05).

To estimate the quality of the fit for single-photon counting data, the weighted residuals
were calculated as follow:

Xr =7 . o:(0) Eq.6.1

=1

5 li [R(ti) — R(t)]

where N is the total number of data points and o(i) is the standard deviation of the i th
data point. v is the number of degrees of freedom, y2 is equal to the variance of the weighted

residuals. A fit was said to be appropriate for y2 values was closed to 1°.

6.2.4. Time-resolved single photon counting spectroscopy and fluorescence

lifetime imaging (FLIM)

6.2.4.1. FLIM equipment

Fluorescence lifetime imaging (FLIM) with time-resolved single-photon-counting device
and time-resolved anisotropy imaging microscopy are used to visualize the precipitation
process along the microchannel. The fluorescence generated in the sample is guided to a time-
resolved single-photon-counting photo-multiplier (QA) from Europhoton Gmbh (Berlin
http://www.europhoton.de/).

The experimental device i1s shown in Fig.6. 4. The pulse laser source is an Ytterbium
TPulse200 from Amplitude Systémes (Pessac France). It is injected into the microscope
(Nikon 2000 TE) through the epi-illumination port of an inverted microscope (Nikon S-Fluor,
40, 0.90 NA). The spectra (absorption and fluorescence) are collected by means of a fiber-
coupled spectrometer (Ocean Optics, Inc., ZD2000).”

The FLIM measurement is done with a multi-channel plate photo-multiplier working
in the single photon counting mode. For each photon, its position and arrival time are
measured and stored. From these data files both intensity and lifetime image can be

calculated.*
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Figure 6. 4: Time-resolved single-photon-counting device

The main part of this equipment is a multi-channel plate photo-multiplier working in the
single photon counting mode shown in the Fig. 6.5. It detects the delay between the laser
pulse and the arrival of the photon on the photomultiplier for each photon and also the
absolute arrival time and the position of the photon on the photocathode are measured. The
histogram constructed by the number of photons collected per pixel, which gives an image of
photon intensity of the sample. The number of photons was collected as a function of absolute
arrival time. It gives the evolution of the global fluorescence intensity and a way to monitor
photobleaching. And we can also calculate the average fluorescence lifetime 7 for each pixel
by dividing the sum of all the delays between the laser pulse and the exact moment that the

photon is collected.
photon

T

photocathode
photoelectrons

multichannel plates

anodes

Figure 6. 5: Multi-channel plate photo-multiplier

185



Chapter 6. Experimental section

Fluorescence decay curves were constructed as the histogram of the number of photons
collected as a function of the fluorescence delay. The collection is done over all the pixels in a
specific area. Unless otherwise stated, the fluorescence lifetimes given in this paper
correspond to the global fluorescence decay, i.e. the decay corresponding to the whole QA
image. The instrument response time is 150 ps (FWHM) and the spatial resolution of our set-
up is 300 nm (FWHM)".

Besides the experiment which was analyzed and detailed in Chapter 5, Fig.6.6 shows
two other examples of kinetic evolution in the microfluidic device during the precipitation of

Adambodipy.

7= 0(ms) 231 308
Qs = 11 9uLIm|n

d= 0(mm) 3 4

= 0(ms)
Qs — ZDuleln

115 138 147 156 183 206 230 276 321
25 3 3.2 34 4 4.5 5 6 7

d= 0(mm)

Figure 6. 6: Representative fluorescence lifetime data from 3D- hydrodynamic focusing microfluidic
system, represents whole precipitation process from monomer to nanoparticle though the flow. In
which the red lines correspond to the geometry of the glass microchip mentioned in 2.1. (a) The
central flow of Adambodipy organic solution has a concentration of 0.08mM and Qc=0.7 uL/min,
sheathed by side flow of water, Qs=11.9uL/min. (b) The central flow of Adambodipy organic solution
has a concentration of 0.13mM and Qc=1 uL/min, sheathed by side flow of water, Qs=20uL/min. The
time variable is labeled with a rainbow color scale Fluorescence lifetime image at the position 0 was

overlaid by a transmission image.

6.2.4.2. Emission polarization experimental set-up
White light, bright field- polarizing microscopy, used for absorption measurement and
neutral axes determined:

The polarizer is a standard multi-coated glass polarizer from Nikon (Nikon C-SP 754097).
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The second one witch works as an analyzer is cut in a TECHSPEC® visible linear
polarizing laminated film from Edmund Optics. This film is laminated in cellulose triacetate
(CTA)

Fluorescence wide field microscopy set-up that used for emission measurement of the
single crystal:

1. The laser polarization is controlled with a half wave plate on a motorized rotating
stage.

2. Zero order Half-Wave PlateWPHO5M-355 nm i1s used for 343nm excitation.

3. Achromatic Half-Wave Plates AHWP05M-600 nm with range 400-850nm, is used

for 515 nm excitation

6.2.5. Determination of fluorescence quantum yield

The fluorescence quantum yield ®¢presents one of the most fundamental properties for a
fluorophore and is also important for the characterization of novel fluorescent probes.
According to the definition of the @ it is the ratio of the number of the emitted photons

(nem), to the number of absorbed photons 14;.

nem

o, = Eq.6.2
4 Ngps

Since the reliable measurements of these quantities can be hard to obtain, a better method
is to use a standard reference to determine the quantum yield.

Considering the easiest situation, for species in dilute solution, It’s preferable to measure
the fluorescence spectrum and compare its integrated intensity with the same quantity for a
reference solution of known quantum yield that can be to be excited at the same wavelength
and whose emission spectrum is close to that of the tested compound’. The similarity of the
two emission spectra is recommanded for spectrometers whose sensitivity correction curve is
not perfect. The quantum yield is calculated using Eq.6.3.

o Fif;n?

= ®;  Eq.6.3
f T Fsfnz T 9

Where dD} and @} are the quantum yield of the sample and that of standard; F tand F* are

the integrated emission intensity of the corrected spectra of the sample and reference spectra;
fi and f; are the absorbance factor of the sample and standard at the excitation wavelength

(fy =1—107%%), n; and ng are the refractive indices of the sample and the reference
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solution’. The refractive indices correct for the collection angle of the fluorescence. The
collection angle is fixed in air by the spectro-fluorometer but change in the sample depending
on its refraction index.

The standard reference compound used in the thesis for the determination of the

fluorescence quantum yield was Rhodamine590.

6.2.6. Principal component analysis®.

Principal component analysis (PCA) is probably the most popular multivariate statistical
technique and it is used by almost all scientific disciplines, and it was widely used for
investigations on the physic-chemical properties of chemical or biological systems where it is
used for the analysis of the spectra of mixtures. It can replace the analysis of families of
spectra through isosbestic points. It is also a well-know statistical technique to analyze a
series of fluorescence or absorption spectra and the related concentrations. The analysis of
effect of the controllable variable such as pH, concentration, temperature, or time reveals the
nature of the contributing species and leads to a full understanding of the underlying reaction

mechanisms and the corresponding equilibrium or kinetic constants’™.

The steps in conducting PCA could be concluded as follow':

1. Initial extraction of the components, normally is equal to the number of variables
being analyzed.

2. Determining the number of components that are truly meaningful and worthy of being
retained for rotation and interpretation.

3. Rotation to a Final Solution

4. Interpreting the Rotated Solution

5. Extracted the contribution of the rotated solution to the data.

In the thesis, the logarithm of fluorescence decays that were collected through FLIM
should depend linearly on probability of components. We have applied PCA to this linear
problem and to obtain the principal contributions using the data analysis in the environment

of Igor pro©.
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Figure 6. 7: Normalized mean fluorescence decay collected on the ROI1 in Chapter 5 Fig.5.7, at the
center position of FLIM.

The number of components extracted in a principal component analysis is equal to the
number of observed variables being analyzed. However in this experimental case, we assume
that only three components are important, while two components are not sufficient: the
monomer, NPs and intermediate nucleus. Indeed they account for significant amounts of the
variance as shown on Fig. 6. 7. The proposed decays shown on Fig. 6. 7 do not fit with
the requirement of a concentration (they are negative at some times). (Step 2). But any linear
combination of the principal components will describe the data equality well. We have to do a
rotation to construct physically acceptable decays. As a first component we have chosen a
linear combination of the principal components that fits the decay of the monomer as it is
measured at short mixing time. We have chosen as third component a combination that fits
the decay of the nanoparticles as it is measured for long mixing time. We have chosen as
second component a combination that fits an intermediate decay.

It appears that the decays become faster with the precipitation process. Decays at position
0 mm, 4 mm and 7 mm are selected as model decays for the monomer, nucleus and NPs
separately. And the amounts of those three decays are presented in Chapter 5.

Then the quality of the description of the data by the three decay components can be
illustrated by the weighted residuals on Fig. 6. 8, and the result show that the quality of the

description of the data by those three components is correct.
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Figure 6. 8: The quality of the description of the data that collected on ROI 1 by the three decay
components is shown. The weighted difference between the data and their description is plotted in red

white blue color scale, and it can be seen that most of the points are around zero, with white color.

The figure contains two plots with a common vertical axe that lists the name of the decay
curves. The left plot gives the ° that is the variance of the distribution of the differences
between the data and their approximation by the model. ” is zero for the two extreme curves
that have been used as references. It should be close to 1 for the others. The right image
displays the same difference between data and approximation point per point. The random
change of color means a random change in sign of this difference that is a sign of goodness of
the fit.

Thus the logarithm of the decays can be described the sum of threes curves, and represent

the monomer, intermediate decay and NPs decay.

6.2.7. Dynamic light scattering (DLS)
The Adambodipy NPs suspension was analyzed by a dynamic light scattering analyzer
(DL135 Particle Size Analyzer, Cordouan Technologies), which equipped with a 15 mW

diode laser, operating at 650 nm. The configuration allows also the photo-detector to collect
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the back-scattered laser light signal, at an angle of 135°. This apparatus offers a configuration,
able to analyze as small as 50uL sample volume. The main limitation concerns dilute
suspensions (2 10 °g.L™"), when the signal is difficult to discriminate from noise. Each
adambodipy nanosuspension sample was analyzed at =20°C, with a viscosity equal to
1.003cP. An acquisition lasts for 45 seconds, is repeated 30 times and generates a size
distribution curve using a Padé-Laplace algorithm. The 30 curves are cumulated to give a

histogram of the size distribution.

6.2.8. Crystallization of Bodipy derivatives :

The curve of solubility of the Adambodipy molecule in organic-water mixture was
obtained in the following way: 1. The partial dissolution of Adambodipy powder was done in
several organic-water mixtures with percentage of water varying from 10 to 90%. After 2
days under stirring we obtained saturated mixtures — 2. The clear supernatant was then
collected, analysed by spectrophotometry and compared to a calibration curve.

Based on the saturation curve, a concentration of 0.2 g.L”' of Adambodipy in THF-water
mixtures with water 40% (W/W percentage) led to a low supersaturation in order to reduce
the nucleation rate and favour the growth. In this experiment, the micrometer-sized crystals
were obtained by pouring under vigorous mixing a volume of water into Adambodipy organic
mixture (THF/EtOH=3/7 v/v) to reach a low supersaturation that closed to 1, in order to

reduce the nucleation rate and favour the growth process. The procedure was reproducible.

6.2.9. X-ray diffraction

The orange-red prismatic (0.42 x 0.36 x 0.28 mm) Adambodipy crystal structure
determination was carried out using single crystal X-ray diffraction. Adambodipy single
crystal was mounted on a Rigaku rotating-anode diffractometer, equipped with a MM007 HF
generator, delivering filtered Cu-Ka radiation (1 = 1.54187 A) enhanced and collimated by
Osmic confocal optics and with a Rapid II Curved Image Plate. The reflections were
corrected for Lorentz and polarization effects but not for absorption. The structure was solved
by direct methods with SHELX97-S programiand refined by full matrix least squares, based
on F2, using the SHELX97-L software through the CRYSTALBUILDER interface.'' All
non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were
generated in idealized positions, riding on the carrier atoms, with isotropic thermal parameters.

The final cycle refinement including 392 parameters converged to R1 = 0.0491 (4393 data
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with I > 20(I)) and wR2 = 0.1488 (all 5756 data), Goodness of Fit S=1.152, max./min.
residual electron density 0.238/-0.205. Crystal data of C38 H45 B F2 N2 were recorded at
200 K. CCDC reference number is 852756.

6.2.10. Atomic force microscopy

The NanoWizard® 3 BioScience atomic force microscope (AFM, JPK, Berlin, Germany)
is capable of high-resolution image for the crystal terrace and the nanostructure of the surface.
It has been used here to image the needle shaped Adambodipy crystals. The crystal was first
moved to the microscope cover slips No. 1 borosilicate glass, 0.15 mm thickness, and then
repeatedly washed with water. Imaging was done in intermediate-contact mode using
commercial silicon nitride cantilevers (ACTA probe, rectangular, no coating, Applied
NanoStructures, Inc.) and a scan rate for a 512x512 pixel image from 0.2 to 1 Hz. Height

analysis was performed using the JPK software.

Figure 6. 9: The NanoWizard® 3 BioScience atomic force microscope'”

6.3. TDDFT calculations with Gaussian 09 parameters

6.3.1. The Split-Valence Basis Sets"

However, it seems that there is no way to avoid wavefunctions in molecular calculations
and for accurate calculations they have to be used as a mapping step between the energy and
density. The disadvantage for pure DFTs is that they fail to provide meaningful results for

molecular systems.
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The Slater method'* formulated in 1951 gives the first modern chemical approach to the
DFT. Then it was developed as an approximate solution to the Hartree Fock (HF) equations,
in conventional wave function based approaches. In that case, a very general overview of the
typical kinds of basis sets that is almost universally chosen to construct the approximate wave
function are given as follow.

A basis set is a set of wave functions that describes the shape of atomic orbitals (AOs),

that could be written as:

Y = a1¢1 + a2¢2 + .- ak¢k Eq 6.4
where k is the size of the basis set, ¢, P, , . . . , Py are the basis functions and a, ,
a,, ..., a are the coefficient of ¢ on the basis set.

It was first proposed by John C. Slater to use basis sets for orbital computation, and this
set is named Slater Type Orbitals (STOs). In the computation, those one-electron ions give
atomic orbitals, which are a product of a radial function that depend on the distance of the
electron from the nucleus and a spherical harmonic'”. Apart from Slater Type Orbitals,
Gaussian Type Orbitals (GTOs), which is much easier to compute, are also used to describe
AOs. Although STOs describe the shape of AOs more closely than GTOs, it is faster to
compute several GTOs and combine them to describe an orbital than to compute one STO.
This is why combinations of GTOs are commonly used to describe STOs, which in turn,

describe AOs in most of the computation methods'®.

These basis sets are also called Pople basis sets, and it was first proposed by John Pople in
the late 1970. Pople basis sets allow specifying the number of GTO’s to use for core and
valence electrons separately (size adjustable) and makes the total function more accurate and
reliable. The method offers an improved description of molecular properties over the minimal
representation, and still small enough to be broadly applicable. If we generate an atom

centered Cartesian coordinates with x, y, z, GTO of the general form can be written as:

Woro(x,y,2) = xtymze " Eq.6.5

where /,m,n are positive integers which more or less describe the angular momentum of
the orbital, and r is the radial distance to the atomic center. Spherical orbitals are usually
given by I=m=n=0, a px orbital is given by /=1,m=n=0, a dxy orbital is given by I=m=1, n=0,

etc.
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The smallest possible basis set is called the minimal basis set, and it contains one orbital
for every orbital we usually think of for an atom (including occupied and unoccupied orbitals).
Obviously it is not capable of giving highly accurate results.

One solution is to have twice as many basis functions as in a minimum basis; this
is called a double zeta basis set (the zeta, {, comes from the exponent in the GTO).
Then, with the Hartree-Fock procedure to weight each atomic orbital basis function

more or less, we could get a better description of the wave function.

Split-valence with double-zeta basis is typically presented as X-YZg, depends on the two
numbers after the hyphens. In this case, X represents the number of primitive Gaussians
comprising each core atomic orbital basis function, which means the number of sp-type inner
shell GTOs. Then Y and Z indicate that the valence orbitals are composed of two-basis
function each, with a linear combination of Y and Z primitive Gaussian functions respectively.
In other words, Y is the number of inner valence s- and p-type GTOs, and Z is number of

outer valence s- and p-type GTOs. While “g” indicates that GTOs are used. The split-valence
triple- and quadruple-zeta basis sets are also used, denoted as X-YZWg, X-YZWVg etc.

The 6-311g basis sets is a triply split valence basis set, which is triple-zeta in the balance
part but only minimal in the core. For the atom calculated in this set, the number of primitives
required to represent the atom is 6 GTOs for the core orbitals 1s, then 3 GTOs for inner

valence, 2 different GTOs for outer valence (triple zeta), in total (3+1+1)*(valence electrons).

6.3.2. Polarized Basis Sets

When bonds are formed in molecules, the atomic orbitals will polarized from their
original direction to have optimal bonding. The phenomenon leads to an extension of basis set
Gaussian functions. It typically for one unit higher in angular momentum than what are
present in the ground state of the atom are polarization functions, which also increase the
flexibility of the basis set in the valence region in the molecule. Adding p, d and f function to
basis sets respectively can mimic the distortion of s, p and also d orbital, and in Pople type, it
was noted by 6-311g (d) when add a single set of cartesian d-type function on to atoms other
than Hydrogens and (d,p) when add a set of p-type polarization functions on to Hydrogens, d-

type functions add on to all other atoms, f-type functions add on to transition metals.'*'®.
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6.3.3. Diffuse Basis Sets

Another extension is the diffuse valence function. It modifies the Pople basis set by letting
the electron move far away from the nucleus, creating diffuse orbitals. This modification is
always added to the basis set in the computation of anions and molecules with higher bond
length or in the calculations of electronically excited states and used to better describe the
long-range tails of the orbitals, noted by “+” or “++”. “+” is when diffuse functions added on

to atoms other than hydrogen and “++” is when diffuse functions added on to all atoms .

6.3.4. Hybrid DFT method

Hybrid DFT method includs a mixture of Hartree-Fock exchange with DFT exchange-
correlation. It is available via keywords in the computation of Gaussian software.

One widely used hybrid DFT method is PBE1IPBE developed by Perdew, Burke and
Ernzerhof, often also abbreviated as PBEO '”. The “0” in the acronym tells that the method is
parameter free, and it uses a 3:1 mixture of DFT and exact (HF) exchange energies. B3LYP is
also one of the most popular DFT model. This method is called to be a hybrid, because is uses

corrections for both gradient and exchange correlations'®.

6.4. COMSOL test modeling

6.4.1. Model Navigator

1. Open a new file and click “Multiphysics”

2. Click “Add Geometry...” and add “Axial symmetry (2D), with independent
variables as r, phi and z.

3. In the Model navigator, select “Axial symmetric (2D)” in the Space dimension list.

4. Under “Application Modes”, ”, open Comsol Multiphysics>Fluid dynamics>
Incompressible Navier-stokes > Steady-state analysis. Choose Lagrange — p2-pl
for element type. Click “Add”. This is the Ruling application mode by default.

5. Under “Application Modes”, open Comsol Multiphysics>Fluid
dynamics>Convection and Diffusion> Steady-state analysis.

6. Under “Application Modes”, open Comsol Multiphysics> Chemical Engineering

Module> Maxwell-Stefan Diffusion and Convection > Steady-state analysis.
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6.4.2. COMSOL model description:

6.4.2.1. Model description

The physical domain of the model is a 3-dimensional channel with two inlets, one belongs
to the inner capillary that introduces the organic solution, which is Adambodipy in
THF/EtOH, and one belongs to the outside big capillary for aqueous solution. Due to the
COMSOL memory limitation for operating system, we simulate only the first 0.2mm distance
from the cross section, and place the top at z=3x10"m as inlet and z=0 as outlet of the

channel.

At the inlet position, initial values for velocity, concentration, mass fraction, and also the
diffusion coefficient of each flow for simulation were given. The experimental device was
described in Chapter 5, MFD3. The simulation domains were constructed to a 2D-asymmetry

system as shown in Fig.6. 10

; Inlet
3 ] .
Capillarty ﬂowl l Side flow
2.5
2 [~ No-slip wall
AXiS \ /
1.5 R
1 CO1
0.5
Outlet 1
0 r£0

1 205 0 0.5 1 15 2
x1074

Figure 6. 10: microfluidic geometry built in COMSOL. 3.4, 2D-asymmetry system, with the boundary

unit (m)

6.4.2.2 Constants and variables
There are several ways to input necessary parameters and equations into COMSOL. The

“constant” option is used to define global parameters, which can be used for the whole
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geometry, subdomains and in different modules required in the simulation. The physical

parameters of this work are defined in Table 6.1.

The scalar expressions are used to define variables as a function of local variable that are
valid at any point and at any time of the simulation. We have input the equation for mutual
diffusion coefficient, viscosity and density (given in Chapter 5 Eq. 15, 16 and 17) for this
binary system, also the Adambodipy solubility in the system (given in Chapter 2, Eq. 23), and

absolute saturation expressions (C/ Cg-1) in the scalar expressions setting in the program.

Parameter Value Unit
Density of ethanol (Oorg) 789 kg-m™
Viscosity of ethanol (torg) 12107 Pa.s
Density of water (0aq) 1000 kg-m™
Viscosity of water (iaq) 107 Pa.s
Molar mass of water (M_H20) 18 g/mol
Molar mass of ethanol (M_ETH) 46 g/mol
Self-diffusion coefficient of water (Dy) 2.299-107° m’s”!
Self-diffusion coefficient of water (Dg) *° 1.07-10”° m?s”!
Boltzmann constant (kg) 1.3806488-10% m’kg-s?K
Temperature (T) 298.15 K
Avogadro constant (NA) 6.02-10% mol”

Table 6. 1: Operating and physical conditions:

6.4.2.2. Computation
Stepl: Computation of the hydrodynamics
Application mode type: Incompressible Navier-Stokes (MEMS Module)
Application mode name: mmglf
Solver manager:
* Initial value: Initial value expression
* Values of variables not solved for and linearization point: Use setting from initial

value frame
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Number of degrees of freedom 106443
Number of mesh points 6341
Number of elements 12344
Triangular 12344
Quadrilateral 0
Number of boundary elements 404
Number of vertex elements 9
Minimum element quality 0.6738
Element area ratio 0.1813

Table 6. 2: Mesh statistics used for the calculation

Analysis Stationary

Linear system solver Direct UMFPACK
Matrix symmetry Automatic
Linearity Automatic
Relatively tolerance 0.0000001
Maximum number of iteration 40

Table 6. 3: Solver parameter

We first mesh with parameters in Table 6. 2. We fixed the initial velocity at a value of
0.04246 m/s for side flow and 0.01810 m/s for center flow, according to the flow rate
13.6ul/min and 0.8ul/min. The other boundary conditions where no slip along the wall and
the atmospheric pressure at the outlet. and calculated from the given surface of the channel,
we solve the model Incompressible Navier-Stokes (MEMS Module) with stationary solver for

velocity distribution over the channel.
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Figure 6. 11: velocity profile (m/s), boundary unit (m)

The result of velocity field is plotted with 15 contour levels in Fig. 6. 11.

Step 2: Computation of the Ethanol/Water mixing.

Application mode type: Maxwell-Stefan Diffusion and Convection (Chemical

Engineering Module)
Application mode name: chms

Solver manager:

* Initial value: Initial value expression evaluated using using current solution (solution

of Stepl)

* Values of variables not solved for and linearization point: current solution.
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Surface: Mass fraction, w_H20 Max: 0.978
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Figure 6. 12: Water mass fraction profile (Unit:1)

The numerical solution of water mass fraction is obtained by applying Maxwell-Stefan
Diffusion and Convection module with Eq. 16, 17 in Chapter 5. The initial values for the
velocity will be the solved velocity values obtained at the end of the step 1. The initial values
for concentration are given as 0 for side flow and 0.08 mol/m’ (concentration of Adambodipy
solution for FLIM experiment). The numerical profile of mass fraction of water that diffused
in EtOH is shown in Fig. 6. 12. Mass fraction value decreases as color changes from red to
blue.

Density and viscosity of the mixture varies with the mass-fraction of water. Their values
are calculated according to the Eq. in Chapter 5 and included in the simulation using scalar
expression”. The plot of the density profile and the viscosity profile are shown in Fig 6. 13,

Fig 6. 14 separately.
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Figure 6. 13: Density profile,L (Unit: kg/m’)

The density profile agrees with the transmission image (Fig. 6. 13(a)). Indeed The
refraction index that is proportional to the density and depends on the composition. The
refraction index gradient is responsible of the refraction of the light at the Ethanol/Water
boundary. We have not achieved the simulation of the transmission image with Comsol. But
with this in mind we have measured the refraction index as a function of the mixing ratio.
This is shown in Fig. 6.14. where refraction index of mixtures water/Ethanol/THF have
been measured for water percentage range is [0,1], EtOH [0, 0.4], THF[0,0.4]. It fits the

intensity of the transmission image Fig. 6. 14 (c).

201



Chapter 6. Experimental section
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Figure 6. 14: (a) Viscosity profile, N (Unit: kg/(m.s)) (b) Transmission image of the flow in capillary,

(c) Intensity of the transmission image cross the center flow.

Refractive index of the mixture

I ! I ! I ! I ! I ! I ! I ! I ! |
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Percentage of Water/THF:EtON=3:7 (v/v)

Figure 6. 15: Refraction index of mixtures water/Ethanol/THF have been measured for water

percentage range is [0, 1] shown in x axis, EthOH [0, 0.4] in red curves, THF[0, 0.4] in blue curves
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Step 3:

Redo the Step 1
There is no significant change for the obtained velocity profile and the mass fraction

profile after the recalculation.

Step 4: Diffusion of the Bodipy in the Ethanol/water gradient
Application mode type: Convection and Diffusion (MEMS Module)
Application mode name: ched
Solver manager:
* Initial value: Initial value expression evaluated using current solution (result from Step
3)

* Values of variables not solved for and linearization point: Current solution
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Figure 6. 16: Concentration profile, ¢ (Unit: mol/m’)

The numerical solution of Adambodipy concentration is obtained by applying the

Convection and Diffusion Module with Eq. in Chapter 5. Since the Adambodipy molar
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fraction (Concentration<0.08mol/m®) is small, the viscosity and density of the solvent will not
be modified. The velocity and viscosity values obtained in the former part of the simulation
will be used as initial values for the variables during the simulation. The numerical profile of
concentration is shown in Fig. 6. 16. Concentration decreases as color changes from red to
blue as the Adambodipy of concentration diffused into aqueous solution over the channel. The
concentration profile agrees with the fluorescence image taken from the experiments. This is
particularly true close to the nozzle, when there is no precipitation.

The concentration profile obtained at Step 4 does not include the nucleation and

precipitation but is used for the further simulation of supersaturation profile.

Step 5: Calculation of the supersaturation map.

The scalar expressions are used to intermediate local quantities but also to plot such
quantities. The supersaturation can be defined as the ratio C/ Cs. Where the concentration
profile C was obtained at step 4. Cg, 1s the saturation concentration this is was measured at §
2.4.2. The saturation concentration is a function of the solvent composition and can thus be

measured at each point. The supersaturation profile was plotted in Fig. 6. 17.

Surface: Q Max: 14.586
x10

14

2.5

110

1.5

0.5

X10_4 Min: -1.00

Figure 6. 17: Absolute Supersaturation profile, Q= C/ Cgy-1 (Unit: 1)
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The supersaturation profile shows that the supersaturation is not maximal at the contact
with the nozzle. The solvent gradient is there but Adambodipy that diffuses is still not there.
This may explain that in a narrow concentration rang we can avoid crystallization on the
nozzle.

In the blue area outside the frontier we see filaments that are due to the digitalization of
the computation. This numerical noise is amplified since we are dividing a concentration that

is almost zero by a saturation concentration that is almost zero.
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General Conclusion and Perspectives

The results obtained in this thesis can be divided into two different aspects of the research
on fluorescent organic nanoparticles: their spectroscopy and their preparation. The main

conclusions are summarized as follows:

First, fluorescence organic microcrystals from Adambodipy was obtained by the
precipitation method with typical size 100x10x1pm’. We have shown that these crystals are
birefringent and dichroic. For that we have added polarization control on our spectrometer
inside the microscope. It appears that the absorption measurement under our microscope
levels at high values that preclude the correct measurement of the microcrystal absorption
peaks. The birefringence was measured along the two neutral axis using the Swanepoel
method.

We have written a software for the calculation of the absorption and fluorescence spectra
of nanoparticles made of NxNxN cells (N<I11) based on X-ray crystallography information.
We use for that the Frenkel exciton theory with the dipole-dipole coupling approximation.
The values of the coupling elements were estimated from a classical model. But we have
compared this value with the one that can be deduced from the TDDFT calculation of an
Adambodipy dimer. The order of magnitude is satisfying. But it appears that the calculation
of a dimer is long and heavy. As expected, the shape of the calculated spectra strongly
depends on the electronic transitions (allowed) in Y and Z direction and (forbidden) in X
direction. The calculated fluorescence spectra predict only one transition where two extra red
shifted bands are present. Polarization and fluorescence lifetime studies show that these

emissions come from defect of the crystalline structure.

Second, in conclusion of the work described in Chapter 4 and 5, the 3D hydrodynamic
focusing micro-fluidic technology was used for produce highly fluorescence organic
nanoparticles with controllable narrow distribution, high stability and reproducibility.

This technique prevents the contact of the dye solution flow with the channel walls, and
the micro-fluidic system has been developed to allow the control of the focused stream
through the flow rates ratio. We get a better control of the process inside the MFD and
succeed in avoiding any crystal deposition on the tip of the capillary tube by modifying the
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MFD. We further move a glass tubing microfluidic solution to avoid the adsorption of
fluorescent molecules into the PDMS.

The stability of the colloidal suspension of nanoparticle was achieved using th surfactant
CTACL. In the presence of CTACI above CMC (1.3x10°M), we shaw that the fluorescent
molecule distributes into micelle and nanoparticle, whereas with surfactant concentration
below CMC, only the amorphous nanoparticles are presented in the suspensions. With
Adambodipy, the size of the nanoparticles range from 100 to 200nm in diameter and scales
linearly with the inner flow diameter. Indeed the flow rates affect the residence time and also
the nucleation and growth processes, as the diffusion kinetics controls the supersaturation and
depends on the width of the focused stream. The reproducibility of the MFD method was also
checked.

We have used COMSOL to simulate the mixing and diffusion steps of the precipitation.
We have included in the simulation the mixing of ethanol and water as well as the diffusion of
the Adambodipy. From our measurements of the saturation of Admabodipy in a mixture of
ethanol and water, we have been able to produce with COMSOL the map of the super
saturation in the microdevice.

Then we exploit the benefits offered by Fluorescence Lifetime Imaging Microscopy
(FLIM) to image the precipitation process. The lifetime decreases when going from molecules
to nanoparticle. The images obtained by FLIM closely resemble those predicted by COMSOL.

In conclusion, the ability to control the size distribution of the FONs by changing the flow
rates was a very important issue in our experiment; especially the method can be fully
controlled and illustrated with the combination of FLIM technology, then confirmed by the
prediction from the simulation model of COMSOL.

This work opens new research directions. We wish to further reduce the size of the
nanoparticles. For that we shall further reduce the size of the inner flow using new
microfluidic devices. The comparison of the COMSOL simulations, which produce the
supersaturation map can be compared with the FLIM images. From this comparison we
should be able the determined the concentration at which nucleation starts. The spontaneous
nucleation remains random. In order to improve the size dispersity we plan to regulate the
nucleation by focusing the laser in the domain of super stauration.

When we shall have nanoparticles with sizes that compare with the diffusion length of the
exciton we shall evaluate these nanoparticles as ultrbright nanosensor where not only the

surface fluorescence can be quenched by surface reactions but also that of the core.
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Finally, this micro-fluidic technique, once completely optimized, can be used to
synthesize NPs of other BODIPY derivatives, with fluorescence emission shifted in the near-
IR range, compatible with applications in biology. Also, further experiments will be carried

out to get monodisperse size NPs with fully controlled spectroscopic properties.
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Conclusion générale et perspectives

Pendant cette thése nous avons travaillé sur deux aspects des nanoparticules organiques
fluorescentes d’AdamBodipy : leur spectroscopie et leur production avec des tailles
contrdlées.

Nous avons produit des microcristaux d’AdamBodipy par précipitation dans des solutions
de sursaturation faible. Nous avons développé notre montage de microscopie pour mesurer
leur spectroscopie d’absorption et de fluorescence polarisée dans la gamme 380nm a 900nm
sur une surface de 10um. Nous avons ainsi pu mesurer la biréfringence et le dichroisme des
microcristaux. Il apparait que la mesure de 1’absorption est handicapée par la lumicre
transmise vers le détecteur hors du champ de mesure.

Nous avons écrit un logiciel pour le calcul des spectres d’absorption et de fluorescence en
utilisant la théorie du couplage dipolaire pour les excitons de Frenkel. Le programme
s’applique a des nanoparticules formées de NxNxN (N<11) mailles cristallines. Nous avons
voulu comparer le couplage biomoléculaire estimé pour cette théorie avec la valeur donnée
par le calcul par TDDFT de dimeéres. L’ordre de grandeur est vérifié. Nous n’avons pas
calculé plus de dimeres car le calcul reste lourd et long.

La comparaison entre les spectres d’absorption théoriques et calculés est satisfaisante.
Pour la fluorescence nous avons montré que les bandes rouges, non prévues pas la théorie,
¢taient des défauts. Nous avons pu reproduire les spectres des nanoparticles produites dans
notre micro-dispositif en simulant une forme amorphe.

La focalisation hydrodynamique 3D, nous a permis de produire des nanoparticules de
taille controlée sans qu’il y ait précipitation de I’AdamBodipy sur les parois. En réglant le
rapport des flux entre la solution organique de colorant et la solution aqueuse non solvant,
nous avons pu ajuster la taille des nanoparticules entre 100 et 300nm.

Nous avons simulé la précipitation des nanoparticules par COMSOL en introduisant une
I’hydrodynamique de mélange par diffusion mutuelle de I’eau et de 1’éthanol et de diffusion
du colorant dans ce mélange. Nos ¢tudes de la solubilité de I’AdamBodipy dans des mélanges
organiques/eau, nous ont permis de déterminer la loi de solubilité et d’obtenir des cartes de la
super-saturation dans le microdispositif. Nous avons utilisé 1’imagerie de fluorescence pour
suivre le processus de précipitation. Les images obtenues sont semblables a celles calculées
par COMSOL On observe une précipitation a I’interface entre les deux solvants ainsi qu’une

précipitation en masse apres un temps de résidence qui dépend du rapport des flux. Les
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déclins de fluorescence collectés en différents points du canal microfluidique peuvent étre
attribués a trois especes : le monomere, la nanoparticule et une espéce intermédiaire, un
germe.

Ce travail ouvre de nombreuses perspectives. Nous souhaitons réduire encore la taille des
nanoparticules en réduisant encore la taille du flux central. Pour cela il faut de nouveaux
dispositifs microfluidiques. La comparaison de la simulation COMSOL, qui fournit les
domaines de sur saturation, avec les images devrait nous fournir la sur saturation critique a
laquelle la nucléation démarre. La nucléation spontanée reste aléatoire. Pour affiner la
distribution en taille, nous souhaitons régulariser la nucléation en focalisant un laser dans le
domaine de sur saturation critique.

Si nous disposons de nanoparticules de taille comparable a la distance de diffusion de
I’exciton, nous pourrons valider ces nanoparticules comme des capteurs ultralumineux dont la

fluorescence de surface comme du cceur sera sensible au quenching de surface.
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Appendix. Igor script for simulation

Appendix 1. Igor script for simulation

With the following code example, the crystal structure are built and analyzed.

Step 1: Build Adambodipy single crystal structure
The code below was built to load the Adambodipy single crystal structure information
from the “.cif ” file from X-ray diffraction. Then a Cartesian coordinate system was built to
describe the crystal structure.
// NbreMolecule number of molecules describe in the CIF
// NbreMoleculeMaille number of molecules in a cell
/I Coord[0][NbreMolecule][NbreAtome][0...2] contains the coordinates [0..2] of the atomes in the
molecules of cell 0. (Coordinate in cell unite)
// NumCellsTot number of cells in the nanoparticle
// CoordCell[NumCellsTot][0...2] coordiantes of the cell in cell units.
// dipole[CellNumber][MolinCell][0,2] coordinates of the dipole in cell units.
// dipole[CellNumber][MolinCell][3,5] de 3 a 5 coordinates of the center of the dipole in cell units.
// DMU moment de transition en Debye
// LongCell[0...2][0...2] transformation matrix of the cell coordinates to Cartesian coordinates in nm
// CellParam=(a, b, c, alpha, beta, gamma) geometric description of the cell.
// ExcitonStates [CellNumber* MolinCell][k] contribution of each dipole to the exciton k whose
energy is W_eigenValues[k]
// TransitionMoments[k][0...2] //Exciton k Transition Moment
macro ReadAdamantane()

variable pipe

string ligne,clef

Make/O/N=(125,4,6,4) Coord

Coord=0

variable/G NbreAtome=0

Variable/G NbreMolecule=0

// Opens the X-ray diffraction data file .cif

Open /R /M="Select a CIF Xray dataFile" /T=".CIF" pipe
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Appendix. Igor script for simulation

do
FReadLine pipe, ligne
while (strsearch(ligne," symmetry equiv_pos_as xyz",0)==-1)

FReadLine pipe, ligne;print Ligne

do
FReadLine pipe, ligne

//instead of the whole molecules, we select 4 atoms, B1, C3, C6, C13 to present the molecule

structure//

while (cmpstr(ligne," atom_site label "+"\r")!=0)
Clef="B1 B"

do

FReadLine pipe, ligne

while (strsearch(ligne,Clef,0)==-1)

print ligne

Ligne=Ligne [strsearch(ligne, Clef, 0) + strlen(Clef), inf]

LireCoord(ligne)

Clef="C6 C"

FSetPos pipe, 0

do

FReadLine pipe, ligne

while (strsearch(ligne,Clef,0)==-1)

print ligne
Ligne=Ligne[strsearch(ligne,Clef,0)+strlen(Clef),inf]

LireCoord(ligne)
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Appendix. Igor script for simulation

close pipe

NbreMolecule=1

End

//

By symmetry property of the crystal, unit cell with four molecules can be describe by the

code below:

Macro MakeCellObySymetrie()

Variable NumMol=0

variable NumCell=0

translateToCellO(NumCell,NumMol)
AppendMolecule(NumCell,0)

variable NewMolecule=NbreMolecule

variable/G NbreMoleculeMaille=NbreMolecule

If(1)

Coord[NumCell][NewMolecule][*][0,2] = —Coord[NumCell][NumMol][r][s]

translateToCell0O(NumCell,NewMolecule)
AppendMolecule(NumCell,NewMolecule)

NbreMoleculeMaille+=1

Endif

If(1)

After that, the crystal can be built up by setting the number of unit cell.

Step 2: Calculate the dipole coupling term, exciton states and oscillator
strength

The code below is to calculate the interaction among molecules in the crystal as
coupling term and represent the obtained values in matrix shown in Figure 3. 18 in Chapter 3.

Macro MakeCouplages()
Make/O/N=(NbreMoleculeMaille*NumCellsTot,NbreMoleculeMaille*NumCellsTot) couplages
Make/O/N=3 PQ,M_Product

PQ[*]=dipole[0][0][p]

Cristal2Cartesian(PQ)
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Igor script for simulation

//Geometrical length of the dipole.//
variable/G AL2=PQ[0]"2+PQ[1]"2+PQ[2]"2

Couplages[*][*]=CouplageDipolaireEtenduVect(p,q)
KillWaves/Z PQ
silent 1
DoWindow MatriceCouplage
if (V_Flag!=1)
Display
appendImage couplages
ModifyGraph mirror=2
ModifyGraph height=(Plan,1,left,bottom)
SetAxis/A/R left
Modifylmage couplages ctab= (*,* ,Rainbow,0)
Label left "Molecule N° in the small crystal"
Label bottom "Molecule N° in the small crystal"
TextBox/C/N=text0/A=MC/X=29.25/Y=37.63 FormeCrystal

DoWindow /C MatriceCouplage

else
DoWindow/F MatriceCouplage
TextBox/C/N=text0 FormeCrystal
endif
end

Function CouplageDipolaireVectoriel(Molp,Molq)

Variable Molp,Molq
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Appendix. Igor script for simulation

wave LongCell=LongCell

wave dipole=dipole

wave CoordCell=CoordCell

NVar epsilon=epsilon

NVar DMU=DMU

Variable R=0,p1p2=0,p1R=0,p2R=0,norme=0
Variable NumCellp,NumMolp,NumCellg,NumMolq
NumCellp=MolNum2CellNumber(Molp)
NumMolp=MolINum2PositionInCell(Molp)
NumCellg=MolINum2CellNumber(Molq)
NumMolg=MolINum2PositionInCell(Molq)
Make/O/D/N=3 PQ,P1,P2

PQ=dipole[NumCellp][NumMolp][p+3]-
dipole[NumCellg][NumMolq][p+3]//+CoordCell[NumCellp][p]-CoordCell[NumCellq][p]

P1=dipole[NumCellp][NumMolp][p]
P2=dipole[NumCellq][NumMolq][p]
Cristal2Cartesian(PQ)
Cristal2Cartesian(P1)
norme=sqrt(P1[0]*2+P1[1]"2+P1[2]"2)
P1/=norme

Cristal2Cartesian(P2)
norme=sqrt(P2[0]"2+P2[1]"2+P2[2]"2)
P2/=norme

R=sqrt(PQ[0]"2+PQ[1]"2+PQ[2]"2)

219



Appendix. Igor script for simulation

plp2=MatrixDot(P1,P2)
plR=MatrixDot(P1,PQ)
p2R=MatrixDot(P2,PQ)

if (Molp==Molq)

return 0

else

//Interaction term is expressed in wavenumbers, the transition moments are in Debye (1 Debye
=3.33x10~" Coulomb meter), R is the vector between two molecules /

return 5.04*DMU2*(p1p2 - 3*p1R*p2R/R"2)/R"3
endif

end function

Macro CalculDipolesListe(TransitionMoment,translate,ChargePosition)
//Transition moment is 5.6 debye coming from TDDFT calculation//

variable TransitionMoment=5.6,translate=-0.1,ChargePosition=0.9

prompt translate "Translation du moment de transition en fraction de la distance BC13"

prompt ChargePosition "distance entre charges en fraction de la distance C3C6"

prompt TransitionMoment "Transition Moment in Debye"

//IDMU represent transition moment//

Variable/G DMU=TransitionMoment

Coord[*][*][*][*]=Coord[0][q][r][s]+CoordCell[p][s]
// dipole[NumCell|[NbreMolecule][0,2] from O to 2 represent the coordinates of dipole
dipole[NumCell][NbreMolecule][3,5] from 3 to 5 represent the coordinates of molecule from the
center//
//dipole[*][0][0,2]=-dipole[p][0][r] // This was tested to check that changing the direction of the
transition moment on one family of molecule was not changing the eigenvalues and spectral densities
//dipole[0][0][0,2]=-dipole[0][0][r]// This was tested to check that changing the direction of the
transition moment on one molecule was not changing the eigenvalues and spectral densities
//dipole position from the coordinates of atome 3 and 1 and CoordCell in cristalographique unites

dipole=0
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Appendix. Igor script for simulation

dipole[*][*][0,2]=(coord[0][q][1][r]-coord[0][q][3][r]) *ChargePosition // dipole coordinates
from the coordinates of atome 3 and 1 in cell [0] in cristalographique unites

dipole[*][*][3,5]=(coord[0][q][3][r-3]+coord[0][q][1][r-3])/2+CoordCell[p][r-
3]+translate*(coord[0][q][2][r-3]-coord[0][q][0][r-3])/4

/I Aleatoire

if(0)

variable cell,mol,theta,Phi

silent 0

cell=0

do

mol=0

do

theta=enoise(2*P1)
dipole[cell][mol][0,2]=cos(theta)*(coord[0][mol][1][r]-

coord[0][mol][3][r])+sin(Theta)*(coord[0][q][2][r]-coord[0][q][0][r])/4

mol+=1

while(mol<NbreMoleculeMaille)

cell+=1

while (cell<NumCellsTot)

print "rotation aleatoire des molecules dans le cristal"

endif

if(0) //rotation
variable cell,mol,theta
theta=getvalue(" Angle en ° de rotation des dipoles",45)
theta*=Pi/180
silent 0
mol=0
do
dipole[*][mol][0,2]=cos(theta*mod(mol,2))*(coord[0][mol][ 1][r]-
coord[0][mol][3][r])+Sin(Theta*mod(mol,2))*(coord[0][q][2][r]-coord[0][q][O][r])/4 //de O a2 //
dipole coordinates from the coordinates of atome 3 and 1 in cell [0] in cristalographique unites
mol+=1
while(mol<NbreMoleculeMaille)
print "rotation des molecules dans le cristal de",theta/pi*180,"°"

endif
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Appendix. Igor script for simulation

// dipole[*][*][0,2]=coord[0][q][O0][r]-coord[0][q][2][r] //transition moment along NI
// dipole[*][*][3,5]=(coord[0][q][0][r-3]+coord[0][q][2][r-3])/2+CoordCell[p][r-3] //transition
moment along NI
/! variable Theta=Pi/4
// dipole[*][*][0,2]=coord[0][q][1][r]-coord[0][q][3][r]*cos(Theta)+coord[0][q][O0][r]-
coord[0][q][2][r]*sin(Theta) //de 0 a 2 // dipole coordinates from the coordinates of atome 3 and 1 in
cell [0] in cristalographique unites
visualisation()
end macro
Then the code to calculate the density of excited states, also oscillator strength as follow:
Macro ExcitedStates()
MatrixEigenV /SYM/EVEC couplages
killwaves/Z Excitonstate

rename M_eigenVectors, Excitonstate

Make/O/N=100/0 W_eigenValues Hist

Histogram/B=1 W_eigenValues,W_eigenValues Hist

W_eigenValues Hist/=numpnts(W_eigenValues)

pauseupdate

duplicate/O W_eigenValues_ Hist,

DensiteEtats,DensiteSpectraleX,DensiteSpectraleY ,DensiteSpectraleZ,DensiteSpectrale

duplicate/O W_eigenValues,ForceOscillateur, TransitionMomentX,
TransitionMomentY, TransitionMomentZ, TransitionMomentsPowder, DMKT,temp2
Make/O/N=(Numpnts(W_eigenValues),3) TransitionMoments
TransitionMomentX=0; TransitionMomentY=0; TransitionMomentZ=0;
Make/O/N=3 tempTM
variable K=0
tempTM=dipole[ MoINum2CellNumber(K)][MoINum2PositionInCell(K)][p]
Cristal2Cartesian(tempTM)
TransitionMomentX[ ]+= Excitonstate[K][p]*tempTM[0]
TransitionMomentY[]+= Excitonstate[K][p]*tempTM[ 1]
TransitionMomentZ[ |+= Excitonstate[ K][p]*tempTM][2]
K+=1
while (K<NbreMoleculeMaille*NumCellsTot)

TransitionMoments|[ [[0]=TransitionMomentX|[p]
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Appendix. Igor script for simulation

TransitionMoments|[ ][ 1 [=TransitionMomentY [p]
TransitionMoments|[ |[2]=TransitionMomentZ[p]
ForceOscillateur[ |=(TransitionMomentX[p]*2+TransitionMomentY [p]*2+TransitionMomentZ[p]
~2)*¥(W_eigenValues[p]+19400)*3.43184E-15
DMKT]]=(TransitionMomentX[p]*2+TransitionMomentY [p]*2+TransitionMomentZ[p]*2)
temp2=DMKT*4E8/(W _eigenValues[p]+19400)"2*0.0094627;Histogram/P/B=1/W=temp2
W _eigenValues,DensiteSpectrale
temp2=TransitionMomentX"2*4E8/(W_eigenValues[p]+19400)"2*0.0094627;Histogram/P/B=1/
W=temp2 W_eigenValues,DensiteSpectraleX
temp2=TransitionMomentY"2*4E8/(W _eigenValues[p]+19400)*2*0.0094627;Histogram/P/B=1/
W=temp2 W_eigenValues,DensiteSpectraleY
temp2=TransitionMomentZ"2*4E8/(W _eigenValues[p]+19400)"2*0.0094627;Histogram/P/B=1/
W=temp2 W_eigenValues,DensiteSpectraleZ

Step 3: Plot the absorption and fluorescence spectra
Macro Spectre(centrale,theorie)
variable centrale=19400
string Theorie
prompt centrale "energie de la transition dans le vide en cm-1"
prompt theorie "Largeur Homogene en cm-1" ,popup,

"LargeurHomogene;Franck Condon;Self Consistant"

duplicate/O DensiteSpectrale AbsPoudre,FluoPoudre
duplicate/O DensiteSpectraleX AbsX,FluoX
duplicate/O DensiteSpectraleY AbsY,FluoY
duplicate/O DensiteSpectraleZ AbsZ,FluoZ

Variable T=300

FluoX*=exp(-x/0.695028718/T)

FluoY *=exp(-x/0.695028718/T)
FluoZ*=exp(-x/0.695028718/T)
FluoPoudre*=exp(-x/0.695028718/T)

InsertPoints 0, 50, AbsPoudre, AbsX,AbsY,AbsZ FluoPoudre,FluoX,FluoY ,FluoZ

// Increase the size of absorption with respect of density of state to have room form line shape to decay
InsertPoints numpnts(AbsPoudre), 50, AbsPoudre,
AbsX,AbsY,AbsZ,FluoPoudre,FluoX,FluoY,FluoZ
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Appendix. Igor script for simulation

SetScale/P x, DimOffset(DensiteSpectrale, 0)-
50*deltax(DensiteSpectrale),deltax(DensiteSpectrale),"cm-1", AbsPoudre,
AbsX,AbsY,AbsZ,FluoPoudre,FluoX,FluoY ,FluoZ

Make/O/N=401

SetScale/P x -deltax(DensiteSpectrale)*200,deltax(DensiteSpectrale),"cm-1", Spectrehomogen
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