N

N

Orientation analysis and liquid crystalline behavior of
lanthanide-doped nanorods

Jeongmo Kim

» To cite this version:

Jeongmo Kim. Orientation analysis and liquid crystalline behavior of lanthanide-doped nanorods.
Materials Science [cond-mat.mtrl-sci]. Institut Polytechnique de Paris, 2021. English. NNT: 20211P-
PAX021 . tel-03738033

HAL Id: tel-03738033
https://theses.hal.science/tel-03738033
Submitted on 25 Jul 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-03738033
https://hal.archives-ouvertes.fr

LYT
<© Ecxy

A
o ouriSiuaus
c
m v,
& IP PARIS
’ Y "
~

4, <
‘" bg o®

S T R e Orientation analysis and

DE PARIS liquid crystalline behavior of
lanthanide-doped nanorods

These de doctorat de I'Institut Polytechnique de Paris
préparée a Ecole Polytechnique

: 2021IPPAX021

Ecole doctorale n°626 Ecole Doctorale de I'Institut Polytechnique de
Paris (ED IP Paris)
Spécialité de doctorat: Physique

NNT

Thése présentée et soutenue a Palaiseau, le 07 Avril 2021, par

M. Jeongmo Kim

Composition du Jury :

M. Stéphane Parola

Professeur, Ecole normale supérieure, Lyon Président
Mme. Agnés Maitre

Professeure, Sorbonne Université Rapporteur
M. Patrick Davidson

Directeur de recherche, CNRS-Université Paris-Saclay Rapporteur
M. Andries Meijerink

Professor, Utrecht University Examinateur
M. Daniel Jaque

Professor, Universidad Autbnoma de Madrid Examinateur
Mme. Sophie Brasselet

Directrice de recherche, CNRS-Institut Fresnel, Marseille Examinateur
M. Thierry Gacoin

Directeur de recherche, CNRS-Ecole Polytechnique, IP Paris Directeur de thése
M. Jongwook Kim

Professeur assistant, Ecole Polytechnique, IP Paris Co-Encadrant
M. Khalid Lahlil

Ingénieur de recherche, CNRS-Ecole Polytechnique, IP Paris Invité

fe
—
O
O
O
g,
©
g,
©
)
O
~C
I—










Acknowledgments

First of all, I would like to thank all the jury members for their kind acceptance of reviewing my thesis
and their interest in my study, and the many valuable comments suggested during the defense

presentation.

I would like to express my deepest gratitude to my thesis supervisor, Thierry Gacoin. He always
provided insightful advice on my research and asked critical questions that helped my dissertation study
get on the right track. I could easily interact with him by knocking on his office door at any time and
start a discussion. It was always good times to discuss with him, which I found very precious each time.
I'would like to express the same gratitude to Jongwook Kim, one of my thesis supervisors. He has been
the inspiration behind my research. I had the chance to observe and see how he carried out the
experiment while experimenting together with him. That way, I could learn how to do the proper
scientific investigation. Also, he never stopped helping me and giving me advice, which helped me
overcome the difficult times I experienced during my thesis. I would like to thank Khalid Lahlil, who
helped me in the synthesis and functionalization of particles. Doing chemistry is not always successful.
It takes many attempts and fails. His sense of humor and professional knowledge of particle synthesis
helped me appreciate chemistry work during the challenging times I’ve had during the thesis study.
Along with his professional knowledge, he has always been a pleasant supervisor. [ could learn how to

get along with other researchers by watching his interaction with other researchers.

I would like to thank Patrick Davidson and Ivan Dozov for their collaboration on inorganic particle
liquid crystals. It was a precious moment to watch the renowned scientists do their experiments by
themselves and introduce me know-hows they accumulated for a long time. I would also like to thank
Reinaldo Chacon, Aymeric Leray, and Gérard Colas-des-francs for the collaborative work on the
orientation analysis of nanorods. I visited their lab 3-4 times during my thesis study. Whenever I was
in their lab, I’ve brought lots of samples and planned complex and intense experiments with a very tight
schedule. Even so, they always welcomed me and ready for any discussion. In addition, I could observe
how researchers in the optics field do their work and could watch their passion for building an optical
system, which was, in fact the motivation I started to assemble a confocal microscope in PMC. I also
would like to thank Aashutosh Kumar and Jochen Fick for the collaborative work on the optical

trapping of the nanorods.

I'would like to thank Eric Larquet, Fouad Maroun, Sandrine Tusseau-Nenez, Melanie Poggi, Rabei
Mohammedi, Lucio Martinelli, Claude-Alban Ranély-Vergé-Dépré, Jacques Peretti, and Alistair
Rowe for their help in training me on various characterization tools (SEM, TEM, XRD, etc.) and in

assembling a polarizing confocal microscopy system. I would also like to thank my officemates, André



Wack and Didier Lenoir, who taught me many French words and their patience in understanding my

French. I also appreciate the beautiful tools they made for my experiments.

I would also like to thank Elodie Chaudan and Godefroy Lemenager, who worked with me on a
similar subject. Based on many pieces of knowledge accumulated from their research, I was able to
proceed with my thesis study very quickly and efficiently. I would like to thank Francesca Corbella,
Naoto Hikawa, Lilian Magermans, and Zijun Wang, with whom I had the chance to work together
during my thesis study. By working closely with them, I could understand how essential colleagues are
to go further in scientific work. I would like to thank also all the Ph.D. students in PMC and
colleagues in the chemistry group. It was always a great time to work or interact with them, which
has helped me enjoy laboratory life over the past four years. I appreciate a lot the beautiful gifts they

prepared for me after the thesis defense.

I would like to thank Hamza Mohsin. He has been a delightful friend and a brother to me during my
stay in France. It was him always next to me and enjoyed together with me the important moments in
my stay in France of last six years. It was so lucky to get to know him as a friend. I would like to thank
also Yannis Cheref. He started an internship as well as a thesis study in PMC in the same year. So, we
could exchange many difficulties in the research, and also, he was a good counselor on many different
subjects. He was the man who has a similar taste with me, gaming, music, etc. So, I enjoyed having a

chat with him, which helped relieve some stress during my thesis study.

I would like to thank my family, Jungin Kim, Hyeja Seo, and Sangdon Kim, who gave me a full
support for my stay in France. Thanks to their support, I could be stable in every aspect and only focus
on my research work, which helps me successfully finish my thesis study. I want to thank also my
girlfriend, Jiwon Jeong. She was the one who understood every facet of me and faced me with daily
changes during my thesis study. Without her, I don't think I could have finished my thesis study with
such great outcomes. Over the past seven years, we have shared many moments of joy and sadness.
And I'm happy that I can continue to share parts of my life with her, which would make it much easier

for us to overcome many difficult times ahead in the future.

I would like to thank also Ecole Doctorale of I’Institut Polytechnique de Paris and Kwanjeong
Educational Foundation for their financial supports during my thesis study, which helps me fully

concentrate on scientific work.

Finally, I would like to thank God for allowing me this incredible journey.






Abstract

Luminescent nanocrystals have been of great interest for their use for many applications such
as display devices or biological markers. Among them, nanocrystals doped with lanthanide
ions exhibit particular emission features associated with magnetic (MD) or electric dipole (ED)
transitions.

The first objective of this thesis was to develop a methodology for the determination of the 3D
orientation of nanocrystals by taking advantage of the unique polarization features of MD and
ED transitions. As a case example, NaYFsEu nanorods were synthesized, surface-
functionalized, and randomly oriented within a rigid polymer film. The possible determination
of the 3D orientation of the nanorods with high accuracy is demonstrated using a single-shot
spectrogram of the polarized photoluminescence. A second part is devoted to determining the
degree of orientation (order parameter) with respect to the global alignment direction of
colloidal NaYF4:Eu nanorods aligned under an electric field in an electro-optical cell.

The second objective of this thesis was to investigate the colloidal liquid crystal behavior of
anisotropic nanocrystals. LaPO4:Eu nanorods were synthesized, stabilized with a surface ligand,
and dispersed in an apolar medium where its liquid crystalline (LC) behavior was evidenced.
This phenomenon was compared to the previously reported LC behavior of the same nanorods
dispersed in polar media. In the second part, the LCs behavior was investigated when the
system is confined between two walls. The confined LC showed an unprecedented LC
evolution leading to the observation of flower-shaped LC domains. A 3D tomographic mapping
of the orientation and order parameter was performed based on the polarized
photoluminescence of doped lanthanide ions. This thesis study provides the first example of
applying the new spectroscopic orientation analysis technique for the characterization of
nanoparticle self-assemblies, opening a way toward even more challenging applications such

as the rotational dynamic tracking of nano-objects.






Résumé

Les nanocristaux luminescents ont fait I’objet de nombreux travaux en vue de leurs applications
dans de nombreux domaines tels que les dispositifs daffichage ou comme marqueurs
biologiques. Parmi eux, les nanocristaux dopés aux ions lanthanides présentent des
caractéristiques d'émission tres spécifiques associées a des transitions soit dipolaires
magnétiques (MD), soit dip0laires électriques (ED).

Le premier objectif de cette thése était de développer une méthodologie pour la détermination
de l'orientation 3D des nanocristaux en tirant parti des caractéristiques uniques de polarisation
des transitions MD et ED. A titre d'exemple, des nanobatonnets de NaYF4Eu ont été
synthétisés, fonctionnalisés en surface et orientés aléatoirement dans un film de polymere
rigide. La détermination avec une grande précision de l'orientation 3D des nanorods est
démontrée a l'aide d'un spectrogramme unique de la photoluminescence polarisée. Une
deuxieme partie est consacrée a la détermination du degré d'orientation (parametre d'ordre) par
rapport a la direction d'alignement global de nanobatonnets colloidaux NaYF4:Eu alignés par
un champ électrique dans une cellule électro-optique.

Le deuxiéme objectif de cette thése était d'étudier le comportement cristal liquide des
nanocristaux anisotropes. Des nanobatonnets de LaPO4:Eu ont été synthétisés, stabilisés avec
un ligand de surface et dispersés dans un milieu apolaire ou le comportement cristal liquide
(CL) a été mis en évidence. Ce phénomene a été comparé au comportement CL précédemment
rapporté des mémes nanobatonnets dispersés en milieu polaire. Dans une seconde partie, le
comportement CL a été étudié dans le cas ou le systeme est confiné entre deux parois. La
dispersion confinée a montré une évolution originale de sa structure menant a l'observation de
domaines CL en forme de fleur. Une cartographie tomographique 3D de l'orientation et du
parametre d'ordre a été réalisée sur la base de la photoluminescence polarisée des ions
lanthanides dopés. Ceci fournit un premier exemple d'application de la technique pour la
caractérisation d'assemblages auto-organiseés, ouvrant la voie a des applications encore plus

complexes comme le suivi de la dynamique rotationnelle de nano-objets.
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Introduction

Nanoparticle systems have greatly attracted the materials science community because nano-sized
particles can exhibit novel physical, chemical, optical, and mechanical properties different from the
typical properties of materials on a larger scale. Over the past decades, research on nanoparticles has
significantly advanced thanks to the remarkable improvements in characterization techniques, making
it possible to observe nanoparticles with unprecedented temporal and spatial resolutions. Along with
the innovation in characterization techniques, a better understanding of materials chemistry has enabled
precise control of the size, shape, composition, and stability of nanoparticles, which helps optimize
materials' properties according to various needs. This parallel breakthrough has led to many fascinating
applications such as electroluminescent display based on quantum dots, bio-imaging and nano-
thermometer based on up-converting nanoparticles, nano-thermotherapy, and sensors based on

semiconducting nanoparticles, to name a few.

In the vast field of nanoparticle research, this thesis is devoted to developing fluorescent nanoparticles
having an anisotropy in their morphology and their fluorescence. Such anisotropies in nanoparticles
open a new research area, taking advantage of new material properties beyond spherical nanoparticles.
The first is morphological anisotropy, which offers the possibility to align them under applied fields
and use them as building blocks of liquid crystalline assembly, which is the basis for developing new
applications such as electro-optical devices, birefringent coatings, and smart windows. The second is
polarized fluorescence, which establishes a new methodology to characterize nanoparticles' orientation,
which is proved to be a valuable tool for an in-depth examination of the rotational dynamics of various

nano- and bio-systems.

As part of these objectives, we studied rod-shaped nanocrystals doped with lanthanide ions as a
continuation of a group project.!” We have synthesized the lanthanide-doped nanorods and made a
directed assembly of them by applying the external electric field. We also developed liquid crystalline
self-assemblies of nanorods by controlling the sophisticated surface chemistry. Afterward, the spatial
orientation of an as-prepared either individual or assembled lanthanide-doped nanorods is analyzed
based on the lanthanide photoluminescence employing the multiple optical dipoles of different nature

(magnetic and electric dipole).

In Chapter 1, the photo-physics of orientation analysis based on excitation/emission polarization is
discussed. Nanorods doped with lanthanide ions are synthesized, and their polarized photoluminescence
is studied. The methodology for calculating the three-dimensional (3D) orientation of a single nanorod
is developed based on the unique characteristic of lanthanides' emission that employs multiple optical

dipoles of different nature - magnetic and electric dipole. The developed methodology is demonstrated

14



experimentally, and its advantages over other orientation analysis methods using different types of

fluorophores are discussed.

In Chapter 2, the aligned nanorod assembly and its application are discussed. State-of-the-art methods
for measuring the degree of order (order parameter) of aligned assemblies are introduced. The aligned
lanthanide-doped nanorod assembly is fabricated by the application of an external electric field. The
methodology for calculating the order parameter is developed based on the intrinsic anisotropy in the
emission of lanthanides, which allows for following in situ the evolution of the order parameter of

nanorods assembly as a function of electric field intensity.

In Chapter 3, colloidal liquid crystals and their colloidal stability are discussed. A stable charge
stabilized LaPO4 nanorod suspension is prepared in a polar medium, and its LC behavior is studied
based on the Onsager's hard rod model. The nanorods are then ligand-stabilized by a surface
functionalization and redispersed in apolar media. Its LC behavior in apolar media is then compared
with the one in a polar medium. The influences of charges in apolar media on the LC behavior of

colloidal LC suspension are discussed.

In Chapter 4, the liquid crystal phase transition induced by the confinement effect is discussed. The
state-of-the-art method for the tomography of the three-dimensional liquid crystalline structure is
discussed. A rich phenomenology of confinement-induced liquid crystalline structure composing of
colloidal LaPO4:Eu nanorods is investigated. The methodology for calculating the orientation of the
nematic director 71 and the order parameter S of liquid crystalline (LC) nanorods assembly is developed
based on the lanthanide emission employing multiple optical dipoles of different nature. Polarizing
fluorescence confocal microscopy is designed and used to perform a 3D tomographic mapping of 7 and

S of LC nanorods assembly based on the developed methodology.

15
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Chapter 1.

Orientation Analysis of Single Nanorod

Orientation analysis is of great interest because the spatial orientation of many systems (e.g., molecular
motors, nanocrystal assembled structure, electro-optical device, smart window, efc.) are the key
structural changes leading to their functionality. The orientation of nanocrystals can be measured by
examining the polarized luminescence of emission dipole inherent in light-emitting compounds such as
quantum dots or organic fluorophores. To retrieve a three-dimensional (3D) orientation of such
nanocrystals, it has been essential to observe this dipole (single emission dipole) along multiple viewing
angles or/and scan the polarized luminescence intensity with a rotating analyzer. However, this method
is limited for its practical use as it is subject to various external sources of error and requires a relatively

complex optical setup with multiple excitations and emission beam paths.

In this chapter, we propose a fundamentally different approach employing coupled multiple emission
dipoles that are inherent in lanthanide-doped phosphors. Simultaneous observation of these coupled
dipoles and comparison of their relative intensities allowed to determine the 3D orientation from a
single viewing angle. Furthermore, the distinct natures of electric and magnetic dipoles originating in
lanthanide luminescence enable an instant orientation analysis with a single-shot emission spectrum.
Eu**-doped NaYF; nanorod is considered as a proof-of-concept material to demonstrate this
straightforward orientation analysis using a conventional fluorescence microscope. This methodology
would find applicability into the study in rotational dynamics of various nano- and biomolecular

systems.
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Chapter 1. Orientation Analysis of Single Nanorod

Parts of results presented in this chapter were made collaborating with Mr. Reinaldo Chacon, Dr.
Aymeric Leray and Prof. Gérard Colas-des-Francs in Laboratoire Interdisciplinaire Carnot de

Bourgogne (ICB), Université Bourgogne Franche-Comté, Dijon, France.

Parts of results presented in this chapter are published: “Measuring 3D orientation of nanocrystals via
polarized luminescence of rare-earth dopants”, J. Kim, R. Chacon, Z. Wang, E. Larquet, K. Lahlil, A.
Leray, G. Colas des Francs, J. -W. Kim, T. Gacoin, Nature Communications, 12, 1943 (2021)

1.1. Introduction

Luminescent molecules or nanoparticles are universally used as labels to observe small objects (e.g.,
bio-macromolecules).*?® The position and movement of the target object can be precisely detected and
tracked by virtue of the bright light emission of the point luminescent labels. Current super-resolution
fluorescence microscopy techniques achieve a nanometer-scale spatial resolution far beyond the light
diffraction limit* >, and the advanced labels can even signal chemical and biomolecular events by FRET
(Forster resonance energy transfer)® 7 or SPR (surface plasmon resonance) effects®!°. However, for
most microscopic systems of interest, their rotational motions remain largely unexplored while this
mechanical degree of freedom is often the key to understand the functionality of the system (e.g.,

113 "protein folding?’, assembly of anisotropic objects®® ?%). Tracking the rotation of

molecular motors
a small object with the size below the wavelength of light is a challenging problem independent of
tracking the translation. It requires discerning the spatial orientation of a point object without visible
shape. Thus, the emitted light must contain the information about its orientation that can be
quantitatively analyzed by the observer. Figure 1.1 shows an example where a quantum rod is tagged
to a biological object (myosin V), allowing the rod to follow the orientational behavior of myosin V.
The orientational dynamics of myosin molecular motor can thus be characterized by analyzing the

orientation of the quantum rod.
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Chapter 1. Orientation Analysis of Single Nanorod

& Observer :

' Orientation analysis of Q rod
HaloTag |
aosag 'g:nds‘ - behavior of myosin V

Myosin V
walks on the actin filament

Figure 1.1. Schematic showing how myosin V rotation around its own axis was measured. A quantum
rod (Q rod) was bound to the myosin V. The figure is taken from the reference.!”

1.1.1. State-of-the-art methods for orientation analysis

Figure 1.2. Schematic illustrations of the emission dipoles (arrows) and their polar diagrams (dumbbells)
indicating the measurable field intensity as a function of the angle of the analyzer on the observation
planes (grey plane). Note that observation planes are perpendicular to the light propagating direction. The
wavy lines depict the oscillating electric field (red) and magnetic field (blue) polarized along the dipole
axis. (a) A single electric dipole is oriented parallel to the observation plane. The dipole’s in-plane
orientation angle can be determined from one polar diagram. (b) A single electric dipole with an out-of-
plane orientation. The projections of the dipole on two different observation planes render two polar
diagrams, from which the three-dimensional (3D) dipole orientation can be determined.

A principal way for discerning the spatial orientation of optical probe is to examine the light polarization
of an anisotropic emission distribution in space, which lies in the nature of vector field of optical
transition dipoles in luminescent species.** 3! The dipole axis parallel to the polarization is determined

by the intrinsic nature of the emitting particle, molecule, or cluster, which can be rigidly tagged with

the target object. The orientation of the target can be deduced by taking into account the measured

11-15 16-20

polarization. In this principle, molecular fluorescent dyes >, quantum rods'**", and nanocrystals
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Chapter 1. Orientation Analysis of Single Nanorod

exhibiting second-harmonic generation (SHG)*'** or up-conversion emission*> 2 have been used as
optical probes to monitor the rotational dynamics of various nano-objects. A comparison of the existing

methods using various types of optical probes can be found in Appendix Table 1.1.

Such polarimetry is simple when observing the in-plane (2D) orientation of a probe determined by one
variable @, the angle between the dipole axis and the analyzer (polarizer in front of the detector). The
measured intensity of the polarized emission with a rotating polarizer follows a sinusoidal function,
illustrated as a dumbbell-shaped polar diagram in Figure 1.2a. Note that this schematic dumbbell polar
diagram with a rotating polarizing is drawn assuming that the polarized light intensity is measured at
the fixed light propagating direction. The ¢ value can be determined from the experimentally observed
polar diagram. However, when regarding the orientation in 3D space, it is necessary to measure the
emission polarization from at least two different viewing angles (Figure 1.2b). This is because two
spherical angles (6-polar and ¢-azimuthal) contribute together to the polarized emission intensity

measured from the observer.

Otherwise, two unparallel excitation beams can be used while observing through one viewing angle.*
These, namely, stereoscopic methods have been used for studying the rotational dynamics of several
systems (e.g., walking motion of myosin V'7- 32, rotational diffusion of rod-like particle’*-*%), but they
require optical instrumentation with separate beam paths and multiple detectors and/or excitation
sources, which is incompatible with conventional microscopes. Moreover, the accuracy of the
orientation analysis can easily deteriorate because the measured signal intensity can vary not only with
the dipole orientation but also with many other intrinsic and extrinsic sources such as photo-bleaching*®:

3840 polydispersity of the emitters*!, experimental errors from the sensitive polarizing

37 or -blinking
optics, and instrumental noise. An alternative approach, fluorescence correlation spectroscopy,
monitors the intensity fluctuation of the polarized emission from which the rotational diffusion
coefficient is obtained. It is efficient to study the time scale of rotational dynamics but cannot measure

the absolute values of 0 and ¢.**3°

The recent approaches using a microscope objective with a large numerical aperture (NA) have reduced
such uncertainties by analyzing the integrative signal from continuous viewing angles over the large

4246 in this principle let the photons emitted along different

NA. Back-focal plane/defocusing imaging
directions fall on different regions of the camera detector making a specific image pattern from which
the dipole orientation can be deduced. A single-shot image pattern can provide the 3D orientation in
this way (Figure 1.3). However, the numerical modeling for the pattern analysis is heavy and sensitive

to optical parameters (e.g., refractive index, focal depth, aberration)'® 4’| which remains as a limitation.
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a b

_—

p
. esﬁe
i o

Horizontal orientation  Vertical orientation

Figure 1.3. (a) Coordinate system used for analysis. P : dipole moment, ob : the objective lens, ba : the
back aperture of the objective. Emission pattern of (b) horizontal dipole and (c) vertical dipole. The figure
is taken from the reference.*?
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Figure 1.4. (a) ‘Dark axis’ coordinate system with light propagation along the z-axis. The shaded disk
represents the planar, degenerate transition dipole oriented normal to the ‘dark axis’. Top views depict
the projection of the dipole onto the sample (x—y) plane at three different values of ¢, corresponding to
the polarization distribution observed by the detection system. Also included are the magnitudes of two
orthogonal dipole projections, as well as the projection of the ‘dark axis’ onto the sample plane at each
angle. (b) Normalized emission intensity of two single nanocrystals as a function of polarization angle
with fit. The strength of dark axis is equal to (1 — cos?0* cos?¢) and Ly is equal to 1ul? and Ly, is equal
to 1ul>*sin?¢. By rotating the analyzer, one can determine lul? from the maximum intensity, which allows
to determine sin’¢p from the minimum intensity. Figures and the legends were taken from the
reference.?

An alternative method without pattern analysis while measuring at one viewing angle is to use certain

highly symmetric single chromophores involving degenerate 2D dipoles.'®2° The orientation analysis

based on such degenerate dipoles is successfully demonstrated using CdSe quantum dots.!'® 2 In this

case, measuring the 3D orientation requires a precise scanning of the emission intensity profile with

non-zero minimum while rotating the analyzer in many steps until the maximum and minimum intensity

is determined (Figure 1.4). This method is thus not suitable when observing unstable or dynamically
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Chapter 1. Orientation Analysis of Single Nanorod

rotating systems. Moreover, quantum dots generally have a degree of polarization (DOP) that varies in
different morphology of nanocrystals, which hinders precise orientation analysis of the polydisperse

system.*!

As discussed above, it is still challenging to establish a straightforward method to instantly and
accurately measure the orientation of microscopic emitters. In the following sections, we propose a
fundamentally different approach employing coupled multiple emission dipoles inherent in rare-earth
doped phosphors. This approach allows determining the 3D orientation from a single viewing angle

with a single emission spectrum.

1.1.2. Orientation analyses using photoluminescence of rare-earth dopants
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Figure 1.5. (a) Energy level scheme of Europium (Eu*") ion. Photoluminescence spectra of Eu** doped

(b) LaPO; and (c) NaYF, nanoparticle. Corresponding transition level is noted for each group peak.
When lanthanide ions are doped in the crystalline host particle, each energy level of lanthanide ion in
the 4f" configuration is split into several sublevels by the crystal field. Figure 1.5a shows the energy
level of one of the lanthanide ions, trivalent Europium (Eu*") ion. The electrons in such ions can be
excited by absorbing energy (blue arrow) and relax back to the low energy levels by the radiative
transitions (red arrows) emitting a photon. These transitions appear as a group peak with many narrow
emissions peaks in the spectrum (Figure 1.5b-c) and are related to a specific type of transition dipole —

magnetic (MD) and electric dipole (ED) — according to selection rule*®. For example, in the case of Eu*
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ions, °Do-'F; transition exhibit a MD nature and °Do-'F,, °Do-"F3 and °Do-"F4 have an ED nature and

each of their sublevel peaks feature the same type of dipole.

These ED and MD inherent in rare-earth dopants exhibit mutually different polarization natures.
Simultaneous consideration of this different polarization behavior can deliver the information on the
3D orientation through a single viewing angle (Figure 1.6, detailed in the following sections). Different
natures of polarization of sublevel emission dipoles (ED, MD) can be observed simultaneously using a
spectrometer in separated wavelength ranges and manifested as a varying line shape of the
photoluminescence spectrum as a function of the angle of the analyzer (Chapter 1.2.2). Only a single
spectrogram is sufficient to determine 6 and ¢ because ED and MD offer two simultaneous equations
(Chapter 1.3). Moreover, the dipole orientation with respect to the crystal axis of the host particle
depends exclusively on the local site symmetry of the lanthanide dopant.*’ This provides a crucial
advantage that the size and morphology of nanocrystals do not influence the spectral profile of the
emission spectrum.*’ Hence, the emission spectra obtained from a sample with a known orientation are
valid as a reference for other particles with the same crystal structure (Chapter 1.3.2). This is not the
case for other types of emitters such as quantum dots whose emission polarization sensitively varies

with the particle size and shape.*!

Polarization axis of E-field
from electric dipole

Polarization axis of E-field
/' _~_~ from magnetic dipole

Analyzer <. /! ﬂ

i;olarization axis of H-field
from magnetic dipole

Figure 1.6. Two dipoles with electric (red arrow) and magnetic (blue arrow) dipolar natures are oriented
out-of-plane while they are coupled with an arbitrary fixed angle with respect to each other. Each dipole
renders a distinct polar diagram (blue dumbbell — magnetic polar diagram / red dumbbell — electric polar
diagram) on the same observation plane, from which the 3D orientation of the coupled dipoles can be
determined. Polar diagrams (dumbbells) indicate the measurable field intensity as a function of the angle
of the analyzer on the observation planes (grey plane). Note that the observation plane is perpendicular
to the light propagating direction.
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Choice of the material

As a proof of concept of the proposed method, we investigated the 3D orientation of monocrystalline
sodium yttrium fluoride (NaYF4) nanorods doped with trivalent europium (Eu®") ions. NaYF; is an
efficient crystalline matrix for lanthanide doping and is widely studied for applications in up-conversion

50-53 and nano-thermometry®* . Among many common emitting rare-earth ions, Eu** ion is

probes
selected as a dopant as it shows sharp and well-defined emission peaks thanks to the non-degenerate
upper level of its main emission (°Do—’F;) which is ideal for the spectroscopic orientation analysis
intended in this work (Figure 1.5b-c). Nanocrystals of NaYF4:Eu could be synthesized with good
control of shape up to micrometer length?, which allowed us to compare the orientation directly seen

by the optical microscope with the spectroscopically calculated value.

Summary of Chapter 1.1

Although many analytical methods using different fluorophores have been proposed to calculate the
3D orientation of nanocrystals, there are still many limitations. For example, it requires
measurements at multiple viewing angles or polarizations, otherwise, it requires sophisticated image
analysis. There are also limitations arising from the fluorophores themselves exploited for the
analysis. For example, in the case of quantum dots, it shows different polarization behavior
depending on their morphology and exhibit photo-blinking and -bleaching. Therefore, there is a
pressing need to develop a robust and straightforward method for calculating the 3D orientation of

nanocrystals.
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1.2. Elaboration of NaYF4:Eu nanorods and their photoluminescence

1.2.1. Synthesis and surface functionalization of NaYF4:Eu nanorod
Synthesis of NaYF4:Eu nanorod

The synthesis protocol of NaYF, nanocrystal doped with rare-earth ions has been optimized previously
in the group by adapting protocol from the reference.® 3*>® The synthesis is made by a solvothermal
method and yields rod-shaped nanocrystals (nanorod) of which size is dependent on the experimental
parameters, principally, reacting temperature (bigger size in higher reaction temperature), reacting time
(bigger size in longer reaction) and the percentage of doping ratio (bigger size in lower doping
percentage).’ The synthesis protocol is optimized to produce rather big nanorods (micrometer in length)
for this work to enable direct comparison of the orientation of nanorod calculated by spectroscopic
orientation analysis and by direct imaging from the optical microscope. Optimized synthesis protocol
(Experimental details) produced a straight rod-like morphology of the NaYF4:Eu nanocrystals (Figure
1.7a). Their sizes are quite polydisperse (length = 1184 + 430 nm, width = 117 + 24 nm), which is a
typical feature of solvothermal synthesized nanorods as shown in the size distribution histogram
presented in Figure 1.7b. The high-resolution TEM and its fast Fourier transformation (FFT) (Figure

1.7¢-d) confirmed their single-crystalline nature.
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Figure 1.7. (a) Scanning electron microscopy (SEM) image of NaYF4:Eu nanorods. (b) Measured
length and diameter distributions of NaYF4:Eu nanorods. 276 rods were counted from SEM images.
The inset table shows averaged length and diameter of NaYF4:Eu nanorods with their standard
deviation (o). (¢) High-resolution transmission electron microscopy (HR-TEM) image with (d) fast
Fourier transformation of NaYF4:Eu nanorods.

26



Chapter 1. Orientation Analysis of Single Nanorod

Surface-functionalization of NaYF4:Eu nanorod by ligand exchange

The resulting particles at the end of synthesis are capped with oleic acid (OA) that is used to prevent
aggregation during the solvothermal synthesis process (Figure 1.8-left). OA is a fatty acid that grafts
to the surface of NaYF, crystal, making a particle’s surface hydrophobic by the presence of long alkyl
chains projecting outward. In this state, synthesized NaYF4:Eu®* crystals are only soluble in a non-polar
organic solvent such as toluene. A ligand exchange was performed to disperse nanoparticles in polar
solvents by exchanging native OA ligands with citrate ions that possess large surface charges (Figure
1.8-right). Citrate-functionalized nanorods are then stable in a polar solvent by a strong electrostatic
repulsion and used to prepare optical samples. Dispersing particles in a polar medium was necessary to

produce optical samples with homogenously deposited individual nanorods by spin-coating.
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Figure 1.8. Schematic illustration of ligand exchange process from oleic acid (OA) capped nanorod
to citrate-functionalized nanorod. The figure is adapted from the reference.?

Removal of NaF particles by-products

At the end of the synthesis, the resulting nanoparticles are a mixture of cubic phased NaF particles and
hexagonal phase [B-NaYF; nanorods (Figure 1.9a). After several times of washing process
(centrifugation, removing the supernatant, redisperse pellet) during ligand exchange, NaF cubic
particles were washed away as they remain in the supernatant owing to their relatively smaller size
(requires faster centrifugation speed than the particle having a higher mass to collect as a pellet). At the
end of the washing steps, the only citrate functionalized B-NaYF4 nanorods were collected as pellets
and redispersed in a polar solvent. This purification is first confirmed in the SEM images (Figure 1.9b)
that show only B-NaYF4 nanorods without cubic NaF particles. Subsequent XRD analysis also
confirmed the absence of NaF particles as the peak corresponding to NaF particles disappears after the

ligand exchange process (See asterisk sign in Figure 1.9¢). Such prepared citrate-functionalized p-
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NaYF, nanorods were stable for years without any sign of aggregation in water or ethylene glycol (EG),

as shown in Figure 1.9d-e.
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Figure 1.9. Scanning electron microscopy (SEM) image of NaYF4 nanoparticles (a) before and (b)
after the ligand exchange process. (¢) XRD pattern of NaYF4 nanoparticles before (blue line) and
after (red line) the ligand exchange process. Reference XRD peaks of cubic NaF (JCPDS 36-1455),
hexagonal B-NaYF4 (JCPDS 16-0334), and cubic a-NaYF4 (JCPDS 06-0342) are displayed in black
line. SEM image of the same batch of surface-functionalized NaYF4 nanoparticles pictured (e) 1.5
years later than the time of (d).

Preparation of optical samples for spectroscopy

As-prepared citrate-functionalized NaYF4:Eu®" nanorods dispersed in water were then spin-coated on
quartz or glass substrates to produce an optical sample where nanorods were spread and lying on the
substrate. Quartz substrate gave a relatively less auto-fluorescence intensity than a glass substrate when
they were excited by a UV-laser used to excite Eu®" ions doped in NaYF4 particles. Prior UV-Ozone

treatment or plasma treatment to the substrate was essential to enhance the wetting property of substrates
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to water, thus, to prepare the optical samples where nanorods were spread homogeneously. The number
of particles per unit area is controlled by the volume fraction of particles in the dispersion. In order to
reduce the mismatch in refractive index (glass-air interface) for the optical experiment, aqueous
dispersion of poly-vinyl-alcohol (PVA, n~1.5) is coated on the as-prepared rods-deposited substrate
(glass, n~1.52). Matching the refractive index of the environment surrounding an emitter minimizes the

distortion of emission polarization and improves the spatial resolution of confocal microscope.

For the optical samples where nanorods are oriented in 3D, aqueous dispersion of NaYF4:Eu®" is firstly
mixed with the aqueous dispersion of PVA. Strong surface charges of citrate ions grafted on the
NaYF4:Eu particles prevent any aggregation during the mixing process with PVA solution. The mixed
dispersion of nanocrystal and PVA polymer is then drop-casted, making nanorods embedded and
randomly oriented in three dimensions (3D) in the rigid PVA film. The thickness of the film is
controlled by the concentration of PVA polymer in the mixed solution. The optimized PVA film

thickness for the optical experiment was around 10 um.

1.2.2. Polarized photoluminescence of NaYF4:Eu nanorod

Emission dipoles of rare-earth doped nanorods

Figure 1.10. (a-b) Illustrations of the hexagonal NaYF, crystallographic structure (a) in 3D perspective
view and (b) projected on the basal plane. The Y>* sites are substituted when doped with Eu®*.
The crystallographic structure of NaYF4 in the hexagonal phase is illustrated in Figure 1.10. The
projection on the basal plane normal to the c-axis (Figure 1.10b) shows the hexagonal symmetry of Y**
sites in the lattice, which can be substituted by lanthanide dopants (in this work, Eu*" dopants). The

nanocrystal synthesis using a mixture of Y*" and Eu*" precursors leads to a homogeneous and random

29



Chapter 1. Orientation Analysis of Single Nanorod

occupation of Y** sites by Eu*" with a well-controlled doping percentage (here, doping percentage is

5%).> %

1D dipole

. 4

2D dipole
N

Figure 1.11. Schematic illustration of one kind of emission dipoles at Eu** ion sites oriented with a certain
polar angle (®) with respect to the c-axis. c-axis is parallel to the geometrical axis of the nanorod. The
site symmetry determines ©, and the crystal symmetry induces the hexagonal arrangement of the dipoles.
The ensemble of the tilted dipoles in different sites performs a hexagonal symmetry on average, which
can be decomposed as an axial component (1D dipole) and a radial component (2D dipole), which are
parallel and perpendicular to the c-axis, respectively.

One transition dipole of Eu®" is assumed to have a certain polar angle (w) with respect to the c-axis of
the crystal that is parallel to the geometrical axis of the nanorod (Figure 1.11). The symmetry and group
theory predicts either purely axial or purely radial dipole for sublevel emission for the Cs, symmetry
group of the Y site.**! However, symmetry breaking occurs to a lower C; site symmetry because of the
larger ionic radius of Eu*" in comparison to Y**.%2 Most of the few reported experimental observations,
including NaYF4:Eu of our case, show the superposition of the two components manifested as varying
degrees of polarization for different sublevel peaks.**-*> We ascribe this to the tilting of dipoles (0° < ®
< 90°) as schematized in Figure 1.11a which is probable with low site symmetry.5* ¢ ¢7 Further
verification of the angle of Eu** dipole at one site could be made by polarization spectroscopy associated
with super-resolution microscopy, which remains as a future work at this state. Also, it would be highly
interesting to investigate the degree of polarization (DOP) of emissions of lanthanide ions lightly doped
in a single crystal, for which the breakdown of crystallographic site symmetry probably is negligible.
Studying the polarized emission of Ho** doped nanocrystal would also be a good subject as the Ho*"

ions have a similar ionic radius to Y>*.
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The ensemble of the tilted dipoles in different sites performs a hexagonal symmetry on average, which
can be decomposed as an axial component and a radial component (parallel and perpendicular to the c-
axis, respectively) (Figure 1.11b). The axial component has a 1D nature, whereas the radial component

has a degenerate 2D nature due to the in-plane distribution of individual dipoles. Here, the degenerate

nature of the radial component is expressed as two orthogonal dipoles off-axis to the rod c-axis.
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Figure. 1.12. Schematic illustrations of the symmetric ensemble of w-angled dipoles decomposed to two
orthogonal components: a 1D dipole parallel to the c-axis and a 2D dipole parallel to the basal plane. For
electric dipole (ED), the 1D dipole contributes to the m-polarization and the 2D dipole contributes to the -
polarization equal to the a-configuration. This relation is inversed for magnetic dipole (MD) as its 1D dipole
contributes to the o-polarization and its 2D dipole contributes to the m-polarization equal to the a-
configuration. a-configuration denotes a light propagating along with the rod c-axis, originating from the

2D degenerate dipoles.
In the case of ED (Figure 1.12a), where the electric field oscillates along the dipole axis, the light
radiated from the axial component is polarized parallel () to the c-axis and the light from the radial
component is polarized perpendicular (o) to the c-axis. In the case of MD (Figure 1.12b), by contrast,
as the electric field is perpendicular to the magnetic field oscillating along the dipole, the light from the
axial and radial components are o- and m-polarized respectively. For both ED and MD, the light
propagating along the c-axis (o) is unpolarized as it originates from the 2D nature of the radial

components (the unpolarized feature of the a-configuration is shown in Figure 1.13¢). Note that the
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light from 1D dipole parallel to the rod c-axis is not propagating along the rod c-axis. As a-configuration

originates from the radial components, a-configuration is identical to the n-configuration for the MD

and to the 6-configuration for the ED.

Polarized photoluminescence of NaYF4:Eu nanorod
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Figure 1.13. (a) Polarized photoluminescence (PL) spectra in @, o, and o configurations of NaYF4:Eu
nanorods under the excitation at 394 nm ("Fo—°>Ls). These spectra were obtained from a colloidal solution
in which the nanorods were uniformly aligned by an external electric field (see Chapter 2 for detailed
experiments). (b) Polarized PL spectra of a single NaYF4:Eu nanorod lying on a plane substrate with varied
analyzer angles. The blue and red arrows indicate the three main peaks (MDa-c) in the SD¢—’F transition
and the two main peaks (EDa-b) in the Dy—F; transition. The selected wavelength ranges (MD1, MD2,
ED1, and ED2) to perform the area under curve ratiometry are highlighted in different colors. The inset is
an image of the nanorod obtained by scanning the PL signal using a piezo-stage (scale bar: 1 pm). (c)
Emission spectrum of a configuration measured without analyzer and with a rotating analyzer (0°, 45°, 90°).
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Figure 1.13a shows the polarized photoluminescence emission spectra of NaYF4:Eu nanorods in three
main configurations (7, o, and o). These spectra were obtained from aligned colloidal nanorods under
an externally applied electric field. Briefly, in-plane aligned nanorods were used to obtain the emission
spectra of m and o configurations by putting the analyzer parallel and perpendicular to the rods’
alignment direction, respectively. Vertically aligned nanorods were used to obtain the emission
spectrum of o configuration. The experimental detail about the electro-switching experiment are
described in Chapter 2. ¢ The intense group of peaks at 587~597 nm corresponds to the Do—"F;
transition of Eu** which originates from MDs, and the one at 610~622 nm corresponds to the *Do—F»
transition from EDs. Each narrow peak (partially overlapping with the adjacent peaks) corresponds to
one sublevel transition split by the crystal field.* One can see that the © and 6 spectra are dramatically
different to each other and the o spectrum is identical to the & spectrum for the MD transition (*Do—"F)
and to the o spectrum for the ED transition (*Do—'F). This unique polarization behavior confirms the
above-described axial/radial and ED/MD dipolar nature (Figure 1.12), which is the basis of the
orientation analysis throughout this thesis study. Consequently, 7, ¢ and a spectra are all different from
each other considering the whole spectral range. Thus, a spectrum observed from an arbitrary viewing
angle would be a weighted sum of the three reference spectra depending on the viewing angle (i.e. rod

orientation with respect to the observer).

An isolated single NaYF4:Eu nanorod shows the same n and ¢ spectra and the continuous line shape
variation between them when the analyzer was rotated every 10° with respect to the rod axis lying on a

plane substrate (Figure 1.13b). The degree of polarization (DOP) for each peak is defined as:
DOP = (I = 1)/ (I + Io) (1.1)

where I; and I, stand for the relative intensities of m and o configurations. The three main peaks within
SDo—F) transition (MDa: 589.9 nm, MDb: 591.4 nm, and MDc: 593.7 nm) have DOPs of 0.53, 0.56,
and —0.56 respectively, and the two main peaks in *Dy—F; transition (EDa: 615.3 nm and EDb: 619.0
nm) have DOPs of —0.56 and 0.21. Therefore, in both MD and ED transitions, there exist at least two

peaks with high DOPs, which ensures a precise ratiometric analysis.

The well-defined three peaks in the *Do—'F; transition confirm that the 'F; level is split into three
sublevels by the crystal field in a low symmetry (Cs) of Eu®* sites.”® As the low symmetry would split
the SDo—"F> level into five sublevels,” the broad EDa peak seems to be indeed several sublevels that
are merged. When regarding, for simplicity, each of EDa and EDb as one dipole, the positive DOP of
EDa (I; > ;) indicates the dipole axis close to the c-axis (@ < 45°) and the negative DOP of EDb
indicates the dipole lying close to the basal plane (®» > 45°). This relation is inversed for MD peaks due
to the orthogonality of electric and magnetic fields (i.e., positive DOP of MD indicates its dipole axis

close to the basal plane).
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In the following sections, the analytical method is provided to determine the 3D orientation of a nanorod

based on the intrinsic emission polarization property of NaYF4:Eu described above.

Summary of Chapter 1.2

Europium doped NaYFsnanorods with a micrometer size are solvothermally synthesized and surface
functionalized to prepare samples for optical spectroscopy. Lanthanide doped nanorods exhibit a
different nature of polarization depending on the different nature of the transitions - magnetic (MD)
or electric dipole (ED). When the europium ions are inserted in crystalline sites of the host crystal
having a hexagonal symmetry, the tilted emission dipoles perform a symmetry on average. As a
result, it exhibits a unique relationship between polarized spectra collected with analyzer either
parallel (I;) or perpendicular (I5) to the main axis of nanorod and reference spectrum collected along
the main axis (Iq): Ir = Is in MD transition, and I = Iy in ED transition. This relationship is the basis

of the orientation analysis throughout this thesis study.
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1.3. Orientation analysis of NaYF4.Eu single nanorod

1.3.1. Theoretical methodology for orientation analysis

For a nanorod with arbitrary orientation in the laboratory frame by polar and azimuthal angles (0, ¢)
(Figure 1.14a), the emission intensities collected at two orthogonal polarization angles, I« and I, (first
and second subscripts refer to the axes of propagation and polarization respectively), have contributions
of the 7, 6 and a configurations as their projections on the measurement axis. Note that the equations
described below were written under the assumption where the emission is collected along a certain
viewing angle with a numerical aperture (N.A.) near zero. In real experiments, microscope objectives
have certain values of N.A. and the equations should spatially integrate the emission over the N.A. We
have compared the orientation analyses with the integrated calculation and with the following equations
assuming zero-N.A. using the reference n, 6 and a spectra obtained with a given microscope objective,
and we found that the results of the two are very similar within the experimental error range. ®” This
confirms that the method of calculation presented below is a valid approximation when using

conventional microscopes with different objectives.

Y 4 |zy

ZzX

Figure 1.14. (a-b) Schematic illustration of a hexagonal crystalline NaYF4:Eu nanorod with an arbitrary
3D orientation denoted by the spherical angles (0, ¢) when the polar axis is y-axis. The observation plane
is fixed as xy-plane.
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For a given wavelength (A):
L) = L.() - sin?0 - sin?¢ + I,(A) - cos?8 + 1,(A) - sin8 - cos? @ 1.2)
Ly = I; (D) - cos?6 + I,(A) - sin®6 - sin®@ + 1, (A) - sin?6 - cos? ¢ 1.3)
where I, I, and I, indicate the relative intensities of the , 6 and o configurations.

As the a spectrum is identical to the ¢ spectrum for ED and to the m spectrum for MD (Figure 1.13a),
the above equations can be rewritten separately as functions of only I and I; as (see also Appendix

Note 1.1 for more details about the origin of the below-written equations):

for ED transition,
Ly ep ) = Ly gp Q) - sin?6 - sin®@ + I, gp (A * (cos?0 - sin®g + cos?p) 1.4)
Lyep Q) = Ipgp Q) - cos?6 + I, gp (M) - sin®6 1.5)
and for MD transition,
Lo Q) = I ip Q) = 0526 + L yp ) - sin?6 (1.6)
Ly up Q) =I5 yp Q) - sin?6 - sin®@ + I, yp () * (cos®0 - sin®p + cos®p) 1.7)

Hence, one can choose a single polarization axis (for either Ix or I) to get two simultaneous equations
on ED and MD from which the unknown 6 and ¢ values can be calculated. As the ED and MD
transitions occur simultaneously in lanthanides, a single emission spectrum is sufficient to determine
the 3D orientation (0, ¢) of a nanorod. It is also apparently possible to choose one transition (either ED
or MD) at two polarization axes (see Appendix Figure 1.1 and Appendix Table 1.2-3). The choice of
two equations among the four above can indeed be made as preferred considering the material property
such as the DOP of the transition and the experimental condition such as the type, number, and spectral

resolution of the detectors.
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Conversion of the coordinates

Figure 1.15. Schematic illustration of a hexagonal crystalline NaYF4:Eu nanorod with an arbitrary 3D
orientation denoted by the spherical angles (8, ¢") when the polar axis is z-axis respectively. The
observation plane is fixed as xy-plane.
The y-axis in the laboratory frame was chosen as the polar axis related to the (0, ¢) angles (Figure
1.14), which simplifies Equations 1.4-7. A transformation of (0, ¢) into a new spherical coordinate
with the z-axis as its polar axis (Figure 1.15) can be made by the following equations. Spherical
coordinates (1, 6, @) of a nanorod can be expressed in cartesian coordinates system (x, y, z) (Figure

1.14-15) as:

x coordinate = sin0-sing = sinf' - cose’ (1.8)
y coordinate = cos6 = sinf’ - sing’ (1.9
z coordinate = sin6 - cosp = cosf’ (1.10)

Now, out-of-plane angle 6 can be calculated from determined angle set (0, ¢) using Equations 1.10,

and the in-plane angle ¢ can be calculated by using Equation 1.8-9 as summarized in Equation 1.11-

12.

0' = cos™1(sin - cosp) (1.11)
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1 — wi—1(cosO — oin—1(cos0O _
¢ = sin ( /Sine’)_sm ( /\/m>_

sin ™1 (€059 1.12
( /\/1—sin29-cosz(p) (112)

where (0", @) are the polar and azimuthal angles in the new coordinate which is more intuitive for the
observer: ¢ and 0 correspond to the in-plane and out-of-plane orientation angles with respect to the

observation plane (Figure 1.15).

1.3.2. Orientation analysis by spectral fitting and area under curve ratiometry

Optical experiment
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Figure 1.16. A scheme of the optical microscopy setup used to conduct the orientation analysis. The inset

is a photograph of the photoluminescence (PL) of a single nanorod captured by the CCD camera (scale

bar: 1 pm). The in-plane angle (¢”) of the nanorod was found as the long axis of the ellipsoidal shape of

this image.
In order to test the discussed methodology, we have prepared NaYF4:Eu nanorods that are embedded
in a thick polymer film with random orientation, as discussed above. The individual dispersion of the
nanorods was achieved by mixing citrate-functionalized nanorods with an aqueous solution of polyvinyl
alcohol (PVA) at very low rod-concentration, which was then drop-casted on a glass coverslip. The
refractive index of PVA is ~1.5, close to ~1.52 for a standard glass coverslip. The optical environment
surrounding the NaYF4Eu nanorods can thus be regarded as homogeneous and not significantly

distorting the emission dipoles even near the polymer-glass interface. Photoluminescence

38
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measurements and nanorod observations were carried out using a conventional optical microscope
equipped with a fiber-coupled excitation laser (Aex = 394 nm, matching with the "Fo—°Ls transition

line), a spectrometer, and a CCD camera (Figure 1.16).

A photograph of photoluminescence (PL) emitting nanorod captured by the CCD camera (Figure 1.16-
inset) shows a slightly elliptical shape of the spot due to the out-of-plane tilt of the embedded nanorod
(length ~ 1pm). The in-plane projection of the nanorod length in this case is close to the spatial
resolution of the optical microscope. The long axis of the ellipsoid provides the azimuthal orientation
¢’ of the nanorod. Its measured value of 54° will be compared below with the calculated one from the
polarized emission spectra. Only the in-plane projection of the 3D orientation of the nanorod is barely
discernible even though the rod size was controlled to be relatively large. Particles smaller than the
spatial resolution of the microscope or in a vertical orientation (0" ~ 0°) will appear in a circular shape

on such images.

Orientation analysis by spectral fitting

The polarized photoluminescence emission spectra were collected using a rotating analyzer in front of
the spectrometer (Figure 1.17a-d). As discussed above, the line shape of each spectrum on both ED
and MD ranges contains information on the 3D orientation of the nanorod. By fitting one of these
spectra (Ix or I) separately in ED and MD wavelength ranges with the reference n- and o-polarized
spectra (I, I5), the (0, @) values were obtained using Equations 1.4-7, which were then converted to
(0", ") using Equations 1.11-12. Reference n- and 6-polarized spectra (I, Is) used for the orientation
analysis are obtained from a single NaYF4:Eu nanorod lying on the substrate by putting a polarizer
parallel or perpendicular to the main axis of the nanorod. It can be seen in Figure 1.17 that the fitting
curves (magenta lines) as weighted sums of the I, I; curves (red and blue lines) match well with the
observed Ix and I,y spectra (black lines). The two sets of (cos®0, sin’p, and 0°, ¢") values calculated
from the two polarizations (I, L) are presented in the same figure. The ¢ values calculated from L
and Iy using both MD and ED (Figure 1.17a-b) are 59° and 52° and the ¢ values calculated from ED
and MD using both I and I,y (Figure 1.17¢c-d)are 57° and 54° respectively while the measurement on
the CCD-captured image was 54°. The several degrees of error and discrepancy between different
selections of the analyzer angle are ascribed to be due to the experimental errors such as the alignment
of the analyzer and the polarization-dependent fluctuation of the background offset on the spectrograms.
Errors in orientation analysis are discussed more in detail in Chapter 1.3.3. We conducted the same
orientation analysis repeatedly on 33 randomly oriented single nanorods in the polymer film and the

mean absolute error (average of the difference between the angle determined by direct PL imaging and
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by spectroscopic orientation analysis) for ¢ was 4.6° (Appendix Table 1.4). The out-of-plane angle
(0") remains incomparable as CCD images a projection. The deviation in (0°, ¢”) values were less than
4° on average compared with the values calculated either using a different polarization (Ix or Ly using
both MD and ED transition) or using a different dipole transition (MD or ED emission using both I«
and I,y polarizations) (Appendix Table 1.2-4), confirming wide applicability of the proposed method

to various materials and experimental conditions.
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Figure.1.17. (a-b) Spectral fitting analysis using a polarized PL spectrum I, or I,, obtained with the
analyzer (a) parallel to the x-axis or (b) parallel to the y-axis. Each analysis considers both ED and MD

transitions in order to determine 0 and ¢ from a single spectrum. (c-d) Spectral fitting orientation analysis

on single dipole of (¢) ED and (d) MD using two orthogonal polarizations (I.x, I,y). The calculated values

of the trigonometric functions of (8, ¢) and the absolute values of (8", ¢") are presented in the figure. The

results of the same analysis for different particles are shown in Appendix Figure 1.1 and Appendix

Table 1.2-3.
The same orientation analysis is also conducted on 21 different nanorods directly deposited on the
substrate without polymer: 6 = 90° (Appendix Table 1.3). In this case, the mean absolute errors for 6
and " were 13.1° and 3.2° (Appendix Table 1.4). We found that the mean errors for 0" and ¢” can vary
depending on their absolute values because they are calculated from sinusoidal curves. The errors are

relatively large when 0" or ¢ is close to 0° or 90° (i.e., when the rods are oriented parallel or

perpendicular to the analyzer or the substrate). This is why the mean error for 6 is larger than that of
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¢ for the rods lying on the substrate (8 = 90°). At this specific orientation condition of the nanorod, a

small experimental error in the spectral fitting may cause the analysis to fail. Errors in orientation

analysis are discussed in Section 1.3.3.

Orientation analysis by area under curve ratiometry

The spectral fitting analysis minimizes the error in calculating (8", ¢”) values. This requires spectra

recorded with a spectrometer. Other types of detectors such as photomultiplier tube (PMT), avalanche

photodiode (APD), or electron multiplying CCD are often preferred when higher photosensitivity or

spatially resolved photography is desired. In such cases, the photons emitted in four different spectral

ranges can be separately collected using a combination of dichroic mirrors and optical bandpass filters.

The detected signal intensities are then proportional to the integrated areas under the spectrum curve in

the selected ranges. The ratiometry between the signal intensities in different ranges can be used to

calculate (0", @) angles instead of the spectral fitting analysis.
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Figure 1.18. (a) Reference emission spectra of the photoluminescence (PL) of a NaYF4:Eu nanorod

polarized parallel (I;) and perpendicular (Is) to the rod axis. Experimental spectra using (b) one
polarization (I« or I,y) with two transitions (MD and ED) or (¢) two polarizations (I,x and I,y) using one
transition (MD or ED) of the nanorod shown in Figure 1.17. The selected wavelength ranges (MD1,
MD2, EDI1, and ED2) used for the area under curve ratiometry (AUCR) are highlighted in different
colors, from which the values of the trigonometric functions of (8, @) and the absolute values of (8", ¢")
were calculated using Equations 1.13-16 and Equations 1.11-12. The results of the same AUCR analysis
for different particles are shown in Appendix Table 1.2-3.
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Theoretical methodology for orientation analysis by area under curve ratiometry

The Equations 1.4-7, with the intensities as continuous functions of wavelength, can be rewritten with
the integrated intensities for divided ranges referred to as ED1, ED2, MD1, and MD2 (Figure 1.18a-

¢), from which the cos®0 and sin’* can be expressed as:
for ED transition,

k -1 -1
zy,ED ‘0,ED2 0,ED1
COSZQ =

(1.13)
kzy,ED ! (IO',EDZ - In,EDZ) - (IO',EDl - ITI.',EDl)

kzx,ED ' IG,EDZ - IO',EDl

(1 - cos?0) - [(In,EDl - IO',EDl) - kzx,ED : (IT[,EDZ - IO',EDZ)]

sin?g = (1.14)

where I epn and Is epn (n = 1 or 2) indicate the relative area under curve of the © and o spectra (Figure
. . .0 I
1.18a) and k,y gp and k,, gp stand for the measured intensity ratios zy,ED1 /I and “Z%EP1 /
, : zy,ED2 zx,ED2

, respectively (Figure 1.18b-c).

And for MD transition,

kzx,MD ' [n',MDZ - In',MDl

cos?0 = (1.15)

kzx,MD ' (In',MDZ - Ia,MDZ) - (In,Mm - Ia,MDl)

kzy,MD ’ IT[,MDZ — Ig,MD1

(1 = c0s20) - [(Iomp1 — Lump1) — kaymp - (s mp2 — Inupz)]

sin’g = (1.16)

where Irmpn and Ismpn (n = 1 or 2) indicate the relative area under curve of the © and & spectra (Figure

Ly mp1 IZy,MDl
1.18a) and k,, yp and k,y, yp stand for /sz,MD 5 and /Izy,MDZ’

respectively (Figure
1.18b-¢). The orientation determination proceeds similar with the spectral fitting analysis. One can
choose one polarization axis (I or I) and use both ED and MD transitions or one can choose one
transition (ED or MD) and use two polarizations (Ix and I,y). Once a set of two k values among £, p,
k- mp, k=, D, and k., mp, calculation of (0, @) values using a set of two equations among Equation 1.13-

16 can be performed.

This ratiometric analysis was performed on the same polarized photoluminescence spectra used for the
fitting analysis to compare the accuracy of the two methods. The reference areas under curve (Irmpi,
Ixmp2, Inept, Inep2 and Iompi, Ismp2, IoEpi, Isep2) were measured on the reference © and o spectra
(Figure 1.18a). The areas under curve on the experimental spectra (Ixmpi, lxmp2, IxEpi, LxEp2 and

Ly mp1, Loy Mp2, Loy ED1, Loy ED2) Were measured for the same spectral ranges (Figure 1.18b-c¢), from which
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the k values (kzmp, k- £p, Koy mp, and ks, ep) were obtained and the (0, @) and finally (8, ¢”) values were
calculated using Equations 1.13-16 and Equations 1.11-12. The deviation in (8°, ¢@") values for a
number of tested nanorod samples were less than 2° on average compared with the values calculated by
the spectral fitting analysis (Appendix Table 1.2-3). The mean absolute error is also similar to that of
the spectral fitting analysis. (Appendix Table 1.4). The area under curve ratiometry is thus a good
alternative method of spectral fitting analysis, almost maintaining the accuracy of orientation
measurement. Examples of the optical filter that can be used for ratiometric orientation calculation of

NaYF4:Eu or LaPO4:Eu nanoparticles are shown in Appendix Figure 1.2 and Appendix Figure 1.3.

How to obtain the best precision of orientation analysis through ratiometry approach

The best precision of the ratiometry approach can be achieved by adequately selecting the wavelength
ranges (ED1, ED2, MDI, and MD2) to have the highest DOP in each range. As highlighted in the
diagram of the series of reference spectra for varied analyzer angles (Figure 1.13b), the similarly

polarized neighboring sublevel peaks were grouped in one range.
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Figure 1.19. (a-b) Polar diagrams and fitting curves of the selected areas under curve for (a) MD1 and
MD2, (b) ED1 and ED2, and (c) their ratios MD1/MD2 and ED1/ED2.

For example, the MDa (589.9 nm) and MDb (591.4 nm) peaks were grouped as MD1 and the MDc
(593.7 nm) peak was defined as MD2. Figure 1.19a-b shows polar diagrams of the in-planed oriented

nanorod plotted for the varied areas under curve as a function of the analyzer angle (). The data points
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should in principle fit with a simple trigonometric equation (Equation 1.17) implying a sum of the

projections of the m and 6 components:
L, = I 'cos?(x) + I'sin®(X) (1.17)

However, the experimental points are not perfectly matching with the fitting lines for the Equation
1.17. This typical mismatch is caused by signal fluctuation during scanning over y-angles or by the
beam distortion along the optical setup. The points for 4 = 120° in Figure 1.19b markedly deviate from
the fitting line presumably due to the fluctuation of the excitation source. And the asymmetry of the
polar diagram for MD1 in Figure 1.19a (left arc is larger than the right) seems to be due to a slight
distortion of the emission beam path when rotating the analyzer. Nevertheless, the ratiometric polar
diagrams of the k-values (Figure 1.19¢) consistently match the fitting curves by virtue of the
simultaneous measurements of the emission peaks in different wavelength ranges. Such a high precision
of the k-polar diagrams was preserved even when the overall emission intensity was largely varied
during scanning y from 0° to 360°. Figure 1.20 shows one extreme example where the global intensity
variation is much higher. The k-polar diagram nevertheless fits perfectly with theoretical estimation

(Figure 1.20d).
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Figure 1.20. (a) Polarized PL spectra of a single NaYF4:Eu nanorod lying on a plane substrate with varied
analyzer angles. The inset is an image of CCD captured nanorod by white-light illumination (scale bar =
3 pum). (b-d) Polar diagrams of the selected areas under curve for (b) MD1 and MD2, (¢) ED1 and ED2,
and (d) their ratios MD1/MD2 and ED1/ED2. The selected wavelength ranges (MD1, MD2, ED1, and
ED2) to perform the area under curve ratiometry are highlighted in Figure 1.13b.

This feature represents the outstanding accuracy of our spectroscopic orientation analysis by both the
spectral fitting and area under curve ratiometry methods. Moreover, the k-polar diagrams (Figure 1.19¢)
are narrower in the cervical region due to the combination of the DOPs for different wavelength ranges.

The DOP values for MD1/MD2 and ED1/ED2 are 0.77 and -0.57, respectively (for NA = 0.6), higher
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than the DOPs of each peak. This also assures a higher accuracy to determine (0, ¢") values compared

to an analysis based on measuring the variation of an absolute intensity of a single emission peak.

DOP analysis of polarized photoluminescence of NaYF4:Eu particles in different sizes

We checked that the DOPs of five randomly selected nanorods with different sizes are all the same
(Figure 1.21, Table 1.1), confirming that the lanthanide emission is independent of the particle
morphology and that the orientation analysis is robust against polydisperse systems. This is thanks to
that the orientation of each dipole axis within the crystal is determined exclusively by the crystal
structure and the local site symmetry of the lanthanide dopants, as discussed in the introduction. Plotted
polar diagram of area under curve ratio (MD1/MD2 and ED1/ED2) showed no noticeable difference
for different nanorods (Figure 1.21-third column). DOP value obtained from particles of different
sizes shows negligible deviation (less than 5%), as shown in Table 1.1. The small but existing deviation

is due to the experimental errors: instrument noise, baseline, slight peak shift, efc.
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Figure 1.21. (a-e) Polarized photoluminescence of five randomly selected NaYF4:Eu nanorods with
different sizes. First column shows an image of the nanorod obtained by scanning the PL signal using a
piezo-stage (scale bar: 2 um). Second column shows polarized PL spectra of corresponding NaYF4:Eu
nanorod lying on a plane substrate with varied analyzer angles. Third column shows polar diagrams of
the selected areas under curve for the ratios of MD1/MD2 and ED1/ED2. The selected wavelength ranges
(MD1,MD2, ED1, and ED2) to perform the area under curve ratiometry are highlighted in Figure 1.13b.

Calculated DOPs of these ratios are presented in Table 1.1.

Table 1.1. Calculated DOPs of area under curve ratio (MD1/MD2 and ED1/ED2) of polarized PL spectra
of NaYF4:Eu nanorods with different sizes (Figure 1.21). DOP is calculated according to Equation 1.1.

I I DOP I I DOP
Figure 1.21a 4.57 1 0.60 | 0.77 1.34 | 494 | -0.57
Figure 1.21b 4431064 | 0.75 1.34 | 499 | -0.58
Figure 1.21c MD1/MD2 4351 0.66 | 0.74 EDI1/ED2 1.34 |1 492 | -0.57
Figure 1.21d 4.58 1064 | 0.75 1.34 | 4.88 | -0.57
Figure 1.21e 4.59 1 0.63 | 0.76 1.34 | 491 | -0.57
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DOP analysis of polarized photoluminescence of NaYF4:Eu particles using a different

numerical aperture of objective

The measured DOPs decrease as the NA of the microscope objective increases because the emission
towards a wider solid angle is averaged (Figure 1.22, Table 1.2). There is a tradeoff between the spatial
resolution — for which large NA is favored — and the accuracy of orientation analysis — for which high

DOPs by small NA are favored. An optimal NA is to be selected considering the specific experimental

requirements.
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Figure 1.22. (a,b) Polarized photoluminescence spectra of NaYF4:Eu nanorod measured using an
objective numerical aperture of (a) 1.49 and (b) 0.6. First column shows the polarized PL spectra of a
single NaYF4:Eu nanorod lying on a plane substrate with varied analyzer angles. The inset is an image of
the nanorod obtained by scanning the PL signal using a piezo-stage (scale bar: 2 um). Second column
shows a polar diagram of the selected areas under curve for the ratios of MD1/MD2 and ED1/ED2. The
selected wavelength ranges (MD1, MD2, ED1, and ED2) to perform the area under curve ratiometry are
highlighted in Figure 1.13b. Calculated DOPs of these ratios are presented in Table 1.2.

The detected line shape of polarized photoluminescence varies depending on the numerical aperture
(NA) of objective, as shown in Figure 1.22 and Table 1.2. Spectra are measured separately using a
different particle that has a different size. As morphology does not affect the polarization behavior
(Figure 1.21, Table 1.1), the difference of line shape and calculated DOP is purely due to the NA of
the objective. Besides, DOP can also be affected by other environmental and experimental factors such
as spectral efficiency of the analyzer, the optical properties of the medium surrounding the emitter, and

the doping concentration of rare-earth ions in the host crystal.”" "> The reference spectra (I, I) and the
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experimental spectra (I, Iy) should therefore be collected in the same condition for the correct

orientation analysis.

Table 1.2. Calculated DOPs of area under curve ratio (MD1/MD2 and ED1/ED2) of polarized PL spectra
of NaYF4:Eu nanorods measured using different numerical aperture (NA) of objective (Figure 1.22).
DOP is calculated according to Equation 1.1.

Iz L DOP I I DOP

NA 1.49

(Figure 3.45 0.95 0.57 1.93 3.70 -0.31

1.22a) )

MDI1/M
D2 EDI1/ED2

NA 0.6

(Figure 4.67 0.66 0.75 1.34 4.79 -0.56
1.22b)

Discriminating mirror orientation

Because the above equations provide the values of trigonometric functions, the 6" and ¢  are
indistinguishable from -0" and -¢" creating four-fold mirror orientations. The in-plane mirror angle (-
¢@") can be discriminated by measuring a spectrum at one supplementary analyzer angle between x- and
y- axis (for example, L4s). The reference k-polar diagram can be plotted based on Figure 1.19c¢ at the
different analyzer angles (ku, k,y and k.se) as a function of ¢, which can serve to establish a boundary

condition to distinguish ¢” and -¢’. A detailed procedure is described as follows.

Once in-plane angle ¢’ is determined, mirror angle can be discriminated by a boundary condition
established using reference k-polar diagram shown in Figure 1.23a-b. Boundary condition can be

written considering absolute value of k as:
for MD transition (Figure 1.23a),
if 0°<@'<22.5°:if kusemp — Kzymp < 0.94, then @” > 0°, i 0.94 < Kusemp — kzymp, then = " < 0°
if 22.5°<@'<67.5°: if kuse mp- kaxmp < 0, then @ > 0°, if 0 < ks mp- Kzxmp, then @7 < 0°
if 67.5°<0'<90 °: if kusemp — kaxmp < 0.92, then @ > 0°, if 0.92 < kuse mp — koMb, then @ < 0°
for ED transition (Figure 1.23b),

if0°<@’<22.5°:ifkyyEp- kusopp < 1.8, then ¢” > 0°, if 1.8 < k450 gp — Koy ED, then ¢ < 0°
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if 22.5°<@'<67.5°, if 0 < kuse gp- koxEp, then @ > 0°, if kuase gp- ko ep < 0, then ¢ < 0°

if67.5°< (p'< 90 0, if kz45°,ED — kzx,ED < 2.0, then (p' >(° , if2.0< kz45°,ED — kzx,ED, then (p' <Q°
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Figure 1.23. The reference k-polar diagram plotted based on Figure 1.19¢ at different analyzer angles
(kzx, kzy and kyas0) within wavelength ranges of (a) MD and (b) ED as a function of in-plane angle ¢". (c)
Polarized photoluminescence of a randomly oriented NaYF4:Eu single nanorod measured at different
analyzer angles (I.x, L.y, I45°). The selected wavelength ranges (MD1, MD2, ED1, and ED2) used for the
area under curve ratiometry are highlighted in different colors. Measured area under curve ratio for MD
and ED at different analyzer angle (Kzxmp, Kzy,Mp, Kz45° MD, Kox ED, K7y ED, k7450 £D) are presented in the figure.
In the analyzed orientation shown in Figure 1.17a-b, in-plane angle ¢’ is determined to 59° from I«
polarization and 52° from I,y polarization, which are both the case of (22.5° < ¢’< 67.5 °). Measured k
value at different analyzer angle (K mp, Kzy.mp, Kzasemp, Kox D, Kz ED, Kz450£D) shown in Figure 1.23c¢ is
thus to be served to decide whether the in-plane angle ¢’ is positive or negative, considering boundary
condition written above. As Kzsemp - kxomp is negative and kuseep - ko ep 18 positive, in-plane angle ¢”
is determined to positive, which is consistent with CCD captured PL image (Figure 1.16-inset). If the
absolute value of in-plane angle ¢’ is close to the boundary (e.g., 0°, 22.5°, 67.5°, and 90°), a small error
in the measured area under curve ratio k can result in wrong determination. Finally, discriminating the

mirror orientation of 0" is also technically possible if a measurement can be done on another viewing
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angle adopting the previous stereoscopic method (e.g., by tilting the sample or using a large N.A

objective with a diaphragm at different positions).

Applicability of other lanthanide ions to the proposed method

Table 1.3. Summary of the transition of common lanthanide ions for spectroscopy (Tb*", Ho*", Er** and
Tm?"). The energy level of the transition, the wavelength of the transition and the nature of the transition
are summarized. The nature of the transition is estimated according to the selection rule.*® The magnetic

dipole (MD) transition is blue, and the electric dipole (ED) transition is red.

Lanthanide
) Transitions
ions
SDo-"F1 SDo-"F2 *Do-"F3 SDo-"Fa
Eu3+
(580 nm, MD) | (620 nm, ED) | (650 nm, ED) | (700 nm, ED)
SDs-"Fs
SD4-"Fe SDs-"Fa SD4-"F3
Tb** (540 nm,
(480 nm, ED) (580 nm, MD) | (620 nm, MD)
MD)
SFs-316 S16-I3
SF4/5S2-313 SFs-Ig 1718
Ho** (1487 nm, (1200 nm,
(540 nm, ED) | (650 nm, ED) (2000 nm, MD)
MD) ED)
i 2Hiz-*Tisn 4S32-4T1512 4Fon-*Tisn Tin s Mz “*lisn
r
(520 nm, ED) | (540 nm, ED) | (660 nm, ED) | (980 nm, ED) | (1520 nm, MD)
1G4-’Fs4
T6-*He 16-Fa4 'D,-3He 'D,-3Fs4 'G4-*He
(640 nm,
(290 nm, MD) | (340 nm, ED) | (360 nm, ED) | (450 nm, ED) (475 nm, ED) MD)
D»-3F3 3H4-’Fa4
3F3-*He 1G4-3Hs SH4-3He 1G4-3Ha
Tm?" (740 nm, (1470 nm,
(695 nm, ED) (770 nm, MD) | (790 nm, ED) | (1170 nm, MD)
MD) MD)
3F4-He
(1800 nm,
ED)

Table 1.3 summarizes the ED and MD transition levels of different lanthanide ions commonly used for
spectroscopy (Tb*", Ho*", Er*" and Tm?*). The nature of the transition is estimated according to the
selection rule.*® We have shown that the 3D orientation of nanocrystals can be calculated by
simultaneously taking into account the transition of MD and ED with a single viewing angle. According

to Table 1.3, the same analysis can be performed using other commonly used lanthanide ions because
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they also show a transition of both MD and ED. For example, when considering Tb**, one can choose
the transition of °D4-"F¢ for ED emission and the transition of ’Ds-’Fs for MD emission for the
orientation analysis. As these two transitions appear at adjacent wavelength ranges (480 nm for the 3Da-
"Fe transition and 540 nm for D4-"Fs), the emission can thus be collected in a single spectrogram with
a fine spectral resolution. It requires measuring the degree of polarization (DOP) to select the transition
having the highest DOP for best accuracy. Note that DOP can be improved even for the same transition
when the crystal structure of the host matrix is optimized. For example, in the previous study of the
group, the DOP was found to be much higher for monazite LaPO4:Eu nanocrystal than rhabdophane
LaPOs:Eu nanocrystal.®® When considering the use of Er*", although it exhibits a transition from both
MD and ED, the MD emission appears only in the infrared range, away from ED emission. If the
emissions are not adjacent in wavelength, it would be difficult to see both emissions on one spectrogram
with good resolution. If only one type of dipoles is available (either ED or MD) in such cases, one can
still measure the 3D orientation from two spectra obtained with two different analyzer angles, which
still benefits from the accuracy of ratiometry and opens a diversified choice for probes even beyond
lanthanide-doped species. Finally, it should be noted that different transitions must be well-separated

to consider the different polarization nature of each.

1.3.3. Errors in orientation analysis

Figure 1.24 discusses experimental errors that could deteriorate the accuracy of orientation analysis
and its propagation to orientation determination. Orientation analysis can be degraded primarily for two
reasons. The first reason is the background offset. Figure 1.24a shows the varying background offset
for the reference spectrum (red, blue line) and the experimental spectrum (black line). The difference
in background offset can be attributed to the optical anisotropy of spectrometer gratings, different
emission beam distortion as a function of analyzer angle, different focus of excitation to the sample,
spectral efficiency of the analyzer, efc. When the excitation/emission is not perfectly aligned/focused
on the center of the emitters, the emission beam may also be distorted due to the abrupt change in
refractive index or wave-guiding effect, causing the background offset to be tilted as shown in Figure
1.24b. The collection of autofluorescence from the substrate or any other surrounding components (due
to UV-laser used for Eu*" ions excitation) can be significant if the emission intensity of lanthanide ions
is low. All of these sources affecting the background offset may degrade the precision of the orientation
analysis. These backgrounds offset should be corrected by subtracting them, as shown in Figure 1.24c.
In this study, the baselines of the experimental spectra were taken as a flat line at the averaged intensity
between 600 nm and 608 nm where Eu®" luminescence is not present, which is an approximation that
may have caused certain errors. Other wavelengths can be chosen as preferred in their experimental

availability. It is also interesting to note that the effect of autofluorescence on the background offset can
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be technically minimized by using higher wavelength excitation (e.g., 464 nm for Eu** ions excitation
instead of 394 nm used in this study) or using a time-gated collection (decay of autofluorescence is on
the scale of ~us and the decay of lanthanide ions is on the scale of ~ms). The second possible reason is
the peak shift. Figure 1.24d represents an example of peak shift between the reference spectra (red,
blue line) and an experimental spectrum (black line). Such small peak shifts can occur when the
spectrometer grating was moved in the meantime. Although the shift is small, it may affect the
spectroscopic/ratiometric orientation analysis significantly. Therefore, the reference and experimental

spectra should be collected under the same condition to avoid this source of errors.
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Figure 1.24. Examples of experimental errors in background treatment: (a) varying background offset
where the background offset of experimental and reference spectrum is not subtracted correctly, (b) titled
background offset where the significant background signal from an external source is added. (¢) Corrected
background for orientation analysis. (d) Example of experimental peak shift error where the wavelength
of intensity peak of the experimental and reference spectrum does not match. (e) Simulated error in
determining angle (8°, ¢") as a function of the amount of background offset relative to the area under
curve of MD1 range. Simulation is made using the dataset of a certain orientation of a nanorod (0°, ¢’) =
(52°, 61°). (f) Simulated error in determining angle as a function of the degree of polarization (DOP).
The Error in the determined angle is assumed to have a 10 % when the DOP is highest (DOP = 1.0).

As noted above, if the background offset is not handled correctly, it could degrade the accuracy of the
orientation analysis. Figure 1.24e shows the simulated error in (8°, ¢") as a function of the amount of
background offset relative to the area under curve of MD1 range. The simulation is done using the

dataset of a certain orientation of a nanorod which shows the calculated angle of (6°, ¢”) = (52°, 61°)

when the background offset is subtracted correctly. When the 5% of background offset relative to the
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area under curve of MD1 range is subtracted less or more than necessary, the determined angle shows
a deviation of 10~12 % for 6" and 8~18 % for @" comparing to values calculated with the appropriate
background treatment. However, note that these values of angle deviation cannot be considered as
general values because the amount of error varies also depending on the absolute values of (8", ¢"). The
errors are relatively large when 0" or @’ is close to 0° or to 90° (i.e., when the rods are oriented parallel

or perpendicular to the analyzer or the substrate) (see the discussion in Figure 1.25-26).

Finally, the effect of degree of polarization (DOP) on the determination of the orientation is simulated
(Figure 1.24f). The accuracy of the orientation analysis depends on the DOP of the peaks considered
for the analysis. It can be seen that when 10 % error in angle is assumed to occur when the DOP is
highest (DOP = 1, perfect polarization), the error in determining angle increases to 15% when DOP is
0.5 and to 30% when DOP is 0.2. This result shows a quantitative relation between the DOP and the
accuracy of angular measurement. Finding a host crystal structure giving a higher DOP of emission is

therefore essential to improve the accuracy of the proposed method.

Figure 1.25. Simulated (a) out-of-plane angle 0" and (b) in-plane angle ¢ as a function of sin’p and
cos0 based on Equations 1.11-12. Simulated error A in (¢) out-of-plane angle 0" and (d) in-plane angle

@’ as a function of sin’p and c0s0. A" = |[Agin2,0" X A 5290’ Where Ag;p2,,0" and Agy5298" are the

deviated angle of 8’ when sin?¢ and cos?6 deviates 0.02, respectively. Ap’' = J Aginzp @' X Dcos2g@’

where Agipz, @' and Agy29¢" are the deviated angle of @' when sin®g and cos®6 deviates 0.02,

respectively.
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Figure 1.25 shows the set of angles (0", ¢") calculated from the set of angles (cos?0, sin’p) based on
the Equations 1.11-12. Any experimental error in fitting analysis or area under curve ratiometry leads
to the error in determining the set of angles (cos?0, sin’p), which is the basis of conversion to (0, @").
Assuming that the experimental error in the determined set of angles (Acos?0, Asin’g) is equal to 0.02,
the error in the out-of-plane angle 6" (AB") and in-plane angle ¢ (A@") can be estimated, as shown in
Figure 1.25¢-d. According to the simulated profile, it is more likely to have a larger error during the
angle conversion when the rods are oriented close to normal to the measurement plane (6'=0°). This
can be explained by the fact that the line shape of polarized spectrum will not change much because the
spectrum is dominated by a configuration which is an isotropic configuration (Figure 1.13c). The large
error is also expected when rods are lying on the measurement plane (6'= 90°) or oriented parallel or
perpendicular to the analyzer angle (¢ =0 °, 90 °). This error is due to the shape of the square sinusoidal
function which has a pole at 0 ° and 90 °. In particular, at this extreme condition, even for the very small
error in determined angle (e.g. Acos*0 =Asin’*p = 107%) the correct analysis could not be carried out

because the calculated cos®0, sin’ can be off sinusoidal function range (e.g. cos’0 =Asin’p = 1+107).

Error of orientation analysis by area under curve ratiometry

The same error simulation illustrated in Figure 1.25 can be performed directly in the orientation
analysis using an area under curve ratiometry approach. When one considers only the MD emission,
one can calculate a set of angles (8°, @) based on the area under curve ratio (kxmp, kzymp) of the
polarized spectrum obtained at from two orthogonal polarizations according to Equations 11-12,15-16
(Figure 1.26a-b). Any error in obtaining (k. wmp, kzymp) result in an error in determined angle. When
the error in area under curve ratio (Ak,mp, Akymp) is assumed equal to 0.02, the error of calculated
angle (AO’, Ap”) can be simulated, as shown in Figure 1.26¢c-d. According to the simulated profile, the
errors are relatively larger when 0 is close to 0° or to 90°, which is consistent with the discussion made
in Figure 1.25. As discussed above, even for the very small error in determining angle due to the error
in the obtained area under curve ratio, the correct analysis could not be performed because the calculated

co0s?0, sin’p can be out of the sinusoidal function range.
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Figure 1.26. Simulated (a) out-of-plane angle 0" and (b) in-plane angle ¢” based on Equation 11-12,15-
16 as a function of area under curve ratio (k.xmp, Kzy,mp). Simulated error A in (¢) out-of-plane angle 6

Byypp 0’ X Akzy,MDgl where

and (d) in-plane angle ¢’ as a function of (ks wmp, Kzymp). AB' = J

Akzx,zvmel and Akzy’MDH' are the deviated angle of 6’ when k. yp and k;y yp deviates 0.02,

respectively. Ap’ = \/Akzx‘MD(p’ X Bk p®’ where Ay, " and Akzy,MD(p’ are the deviated angle of

@' when k,, yp and k,,, p deviates 0.02.

Summary of Chapter 1.3

The unique relationship in lanthanide emission (I = Iq in MD transition, and I; = Iy in ED transition)
enabled the calculation of 3D orientation of nanocrystals using a single polarized photoluminescence
spectrogram. The method is demonstrated via two approaches: spectral fitting analysis, area under
curve ratiometry. The degree of polarization of lanthanide emission was the same regardless of the
morphology of the host crystals, which makes the method robust to the polydisperse system. The
presented method applies not only to the Eu** ions used in this study but also to other lanthanide ions.
Higher error in orientation determination is expected when the observed rods are oriented parallel or

perpendicular to the analyzer or the substrate.
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1.4. Conclusion

We have demonstrated, in this chapter, a straightforward spectroscopic method to measure the three-
dimensional orientation of nanocrystalline probes. We show that the large measurement uncertainty of
previous methods using a single dipole emitter can be eliminated via ratiometric analysis of multiple
transition dipoles inherent in lanthanide phosphors. The spectral line shape (i.e., relative probabilities
of different emission dipoles) of lanthanides doped in a crystal structure is independent of the particle
size, shape, and surface chemistry that are major factors governing other types of nano-emitters, which

is a great advantage to analyze the absolute angles of orientation with high accuracy.

We used NaYF4:Eu nanorod as a model system, but any probe material with different dopants,
composition, and structure (e.g., P-NaYF4Er*',Yb*" upconverting nanoparticles™) exhibiting
simultaneous ED and MD transitions (Table 1.3) can be used to measure the 3D orientation from a
single-shot spectrum obtained with a fixed analyzer. Organometallic lanthanide chelates are also one of

the potential orientation probes that are smaller and compatible with biomolecular targets.

Depending on such measurement conditions, the presented principle of analysis can be easily adapted
to conventional microscopy setups with various designs and detector types. The measurement precision
can be further improved by using a host crystal structure providing higher degree of polarization
(DOP).® Such an analytical performance combined with the versatility in the choice of emitter material
and optical instrument is promising for studying the orientation and rotational dynamics of a wide

variety of biological, chemical, and colloidal systems.

Nevertheless, there exist several intrinsic drawbacks of lanthanides to overcome. The long lifetime of
lanthanide luminescence in the millisecond scale and their relatively small absorption cross-section may
cause low signal-to-noise ratio and spatiotemporal resolution. It is thus necessary to optimize the
excitation power, acquisition time, and crystal size. Such limitation is critical for specific applications.
For instance, when characterizing the dynamics of small biomolecules, large nanocrystal sizes chosen
for high signal intensity may hinder the movement of target. It is thus interesting to develop fundamental
solutions to increase luminescence efficiency by co-doping with sensitizing lanthanides or by plasmonic

enhancement.
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Chapter 2.
Order Parameter Analysis of Aligned
Nanorods Assembly

In the previous chapter, we have shown that one of the anisotropic material properties, polarized
photoluminescence, can be used to calculate the spatial orientation of nanorods in 3D space. Many other
anisotropic material properties involving polarized plasmons™, optical retardation®® >, ferro -electricity,

and -magnetism’®7°

are also fundamentally interesting and promising for their practical use in functional
devices. However, it is challenging to investigate and manipulate such properties because of the limited
signal-to-noise ratio for individual nanorods and the random orientation of nanorods in an ensemble.
Achieving significant intensities of response signals while getting access to the anisotropic properties

inherent in individual particles becomes possible when considering aligned particles by self-assembly®

80-82 68, 69, 75, 80, 81, 83-94

or directed assembly

Description of the assembled nanorods involves an analysis of the degree of orientation, represented
quantitatively by the order parameter S. Instantaneous measurement of the order parameter S of
assemblies in dynamic states can allow further optimization of the assembly process and the device
performance. Although many techniques (e.g., birefringence measurement® *>7, SAXS analysis® **
%, high-resolution microscopy®- #7-%- 190. 101y haye been proposed to characterize S, these do not yet meet

the essential criteria such as for rapid, in situ and non-destructive analyses.

In this chapter, we propose an approach of measuring S, employing a unique polarization behavior of
lanthanide-doped crystalline nanorods discussed in Chapter 1. We demonstrate a rapid in-situ
determination of S of Eu**-doped NaYFs nanorods of which the orientation is controlled under an
external electric field. This methodology would provide a more in-depth examination of various

assembled nanostructures and the collective dynamics of their building blocks.
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Parts of results presented in this chapter are published: “Measuring the Order Parameter of Vertically
Aligned Nanorods Assembly”, J. Kim, K. Lahlil, T. Gacoin, J. -W. Kim, Nanoscale, 13, 7630-7637
(2021)

2.1. Introduction

2.1.1. Aligned nanorods assembly

102 and directed

Two main fabrication methods for aligned nanorod assembly are self-assembly
assembly® 6% 75 80. 81. 83-94 " Qelf agsembly can be achieved by controlling the sophisticated surface
chemistry of colloidal nanorods, allowing the nanorods to be assembled into a specific structure.!? One
of the self-assembly processes of anisotropic nanoparticles is the liquid crystalline (LC) behavior where
the main axis of nanorods is aligned in one direction while having the ability to flow like a liquid
(detailed discussion about LC is made in Chapter 3). Taking advantage of this LC property, anisotropic
properties inherent in individual particles or molecules have been observed in many different works in
the LC state.® 8%2 Directed assemblies are made by exerting external forces, for instance, capillary
forces during solvent drying®-*¢ (Figure 2.1a), shear stress under flow’ % %8 (Figure 2.1b), and

68.69.81. 8991 " or magnetic fields”*** (Figure 2.1¢). These approaches enabled

externally applied electric
the active control of the order parameter and allowed to obtain the alignment much longer than what is
attainable with self-assembled LC. A combination of these approaches has been useful to prepare active
devices modulating strong anisotropic properties by reversibly controlling the director of organized

particles with external fields (e.g., electro-optical device®* 81,
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Figure 2.1. (a) Drop casting of highly concentrated solutions of nanorods in high boiling point solvents,
followed by slow solvent evaporation, leads to the formation of multilayers of vertically aligned rods. (b)
Thin film of oriented nanowire by spray-assisted shear force. (¢) Schematic of electrode assembly for
nanorod alignment. Figures were taken from the reference.?* 878

Order parameter

Description of the assembled nanorods involves an analysis of the degree of orientation, represented

quantitatively by the order parameter S as:
S =(3:<cos?0 >-1)/2 2.1)

where 0 is the angle of the long axis of an individual nanorod with respect to the director 7 of the
ensemble (Figure 2.2a). The angle brackets indicate a temporal and spatial average in nanorods'
ensemble residing in the measured volume. According to Equation 2.1, the order parameter S in the
three-dimensional space is 1 for a system perfectly aligned along the reference axis, 0 for a random

ensemble (Figure 2.2), and -1/2 for rods lying in-plane vertical to the reference axis.
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Figure 2.2. Schematic illustration of nanorods assembly with the alignment director 72 parallel to the
substrate (b) with order parameter S < 1 and (¢) with S = 1 (perfect alignment). 8 indicates the angle of
an individual nanorod's long axis with respect to the director 7 of the ensemble.

2.1.2. State-of-the-art methods for order parameter analysis
Birefringence

A widely used technique for analyzing assembled structures and determining S is to measure the optical
birefringence. The aligned nanorods assembly results in birefringence, a contrast in refractive indices
An along axes parallel and perpendicular to the director 7. When such a birefringent medium is placed
between crossed polarizers, the intensity of transmitted light reflects the amount of optical retardation
induced by An, a basis of calculating S. One can quantify the amount of optical retardation by observing
the light intensity with a full rotation of assembly in-plane with respect to the polarizer. However, in
practice, determining the absolute value of S is a complex problem often requiring a sophisticated
intrinsic- and form- birefringence modeling that relates to the structure of assembly and the intrinsic
optical constants of the building blocks and surrounding medium.®® *7 Moreover, birefringence
measurement is only useful for simple configurations where the assembly is unidirectional and 7 is
parallel to the measurement plane (i.e., perpendicular to the light propagation) (Figure 2.3a). When the
assembly has an out-of-plane component of 7 (w), S cannot be deduced unless w is known. (Figure
2.3b). Figure 2.3c shows the schematics of vertically aligned nanorod assembly (homeotropic
alignment) where 7 is perpendicular to the measurement plane (i.e., parallel to the propagation of light).
Because homeotropic alignment is not optically anisotropic (An=0), the optical retardation is not
produced. Therefore, it is impossible to deduce order parameter S using a birefringence technique for

homeotropic assembly.
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Figure 2.3. Schematic illustration of nanorods assembly with the alignment director (a) 7t parallel to the
substrate (measurement plane), (b) 71 with out-of-plane angle (w) and (¢) 1 perpendicular to the substrate.
The blue line indicates the direction of light propagation for measurement.

Small-angle x-ray scattering (SAXS) and High-resolution microscopy

Incident N ——

X-ray beam,

Wavelength, A g
" B

.‘ 20

magnet

2D detector

Figure 2.4. (a) The X-ray scattering experiment from samples with an applied magnetic field. (b) SEM

picture of a silver nanowire aligned layer. Nanowires are color-coded according to their orientation and

the distribution of the nanowire angle 0 relative to the global alignment direction. Figures were taken

from the reference.?”- %8
Another method to measure the order parameter of assembled structures is based on SAXS (small-angle
x-ray scattering) analysis that measures the intensities of X-rays scattered by the assembly as a function
of the scattering angle (Figure 2.4a). It offers a non-destructive method to characterize S and detailed
information such as superlattice structure and inter-particle spacing.”* *®*° However, a sophisticated
scattering pattern analysis is essential to quantify S, which is highly sensitive to the experimental and
materials parameters. The typical focal resolution of the SAXS beam is hundreds of micrometers,
limiting the observable domain size to be larger. Moreover, SAXS instruments are heavy, costly, and

not easily accessible.

Measuring S has sometimes been made by direct observation of assembled nanorods by electron (e.g.,

cryo, transmission, scanning) or optical microscopy (e.g., confocal) (Figure 2.4b).>- 87 9. 100, 101
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However, electron microscopy is destructive and cannot be made in sifu in most cases, while the optical
microscopy imaging is only applicable when the size of particles is larger than the optical resolution.

Furthermore, the determination of S and 1 from image data is not straightforward.

2.1.3. Order parameter analysis using photoluminescence of rare-earth dopants

As discussed above, even the current state-of-the-art methods for measuring S have not yet met the
essential criteria such as rapid, in sifu, and non-destructive analyses. The purpose of the study presented
in this chapter is to develop a rapid, high-resolution, non-destructive, and in-situ method to measure S.
We achieved such an analytic method using photoluminescence of rare-earth dopants. The method relies
on the same basis discussed in Chapter 1, employing the mutually different polarization nature of
multiple emission dipoles of different nature, MD and ED, inherent in lanthanide emission. In Chapter
1, a single polarized photoluminescence spectrogram of a nanorod enabled the calculation of the 3D
orientation (0, ¢) of the nanorod. Similarly, the emission spectra obtained from an ensemble of nanorods
have the information of temporal and spatial average of (6, ¢) of all nanorods within the measured
volume and time. With a known direction of 7 that is determined by the direction of the applied electric
field, such an averaged orientation of nanorods can be directly applied to Equation 2.1, which allows

the direct calculation of order parameter S of aligned nanorod assembly.

In this work, as a proof-of-concept system to apply the developed methodology, we prepared an electro-
optical (E/O) cell in which a colloidal suspension of Eu**-doped monocrystalline sodium yttrium
fluoride (NaYF4:Eu) nanorods is inserted. An AC (alternating current) electric field (E-field) applied
between two electrodes could align nanorod in parallel to E-field direction, which could be reversibly
controlled by adjusting E-field intensity. NaYF4 was selected as it is known as an efficient host crystal
for doping lanthanide ions!® 1%, the same nanocrystal discussed in Chapter 1. Note that the method is
not limited to NaYF4:Eu nanocrystals. The applicability of the presented method is discussed in
Chapter 1.3.2. Micrometer-long NaYF4:Eu nanorods were synthesized by a wet-chemical method*,
surface-functionalized with citrate molecules'?”, and stably dispersed in ethylene glycol (EG). EG is
used instead of water as a dispersing medium due to the higher threshold to the electrolysis during the
electro-optical switching experiment. E-field showed an ability that effectively tunes the assemblies’
order parameter as a function of E-field strength. The PL signal was collected simultaneously with the

applied E-field intensity to determine S at each moment quantitatively.

We considered two different types of aligned assembly - in-plane and homeotropic - achieved by two
different types of E/O cell geometry. In-plane alignment is achieved using a lab-made in-plane

switching (IPS) E/O cell where two electrodes are deposited on the same plane, generating an in-plane
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E-field in the middle of two electrodes (Figure 2.5a). Vertical alignment is achieved using a
commercially available homeotropic E/O cell where two electrodes are deposited on top and bottom

substrate, generating a vertical electric field (Figure 2.5b).

o > Electric field

sttt ot Glass

 Electrode

Figure 2.5. (a,b) Schematic illustrations of electro-optical cells with two geometries: (a) in-plane
switching (IPS) and (b) homeotropic. Dashed arrows indicate the direction of the electric field.

Summary of Chapter 2.1

Analyzing the order parameter of the aligned nanorod assembly allows optimization of many
different functional devices based on the nanorod's anisotropic material properties. Although there
have been many approaches to analyze the order parameter of the aligned nanorod assembly (e.g.,
birefringence, SAXS, high-resolution microscopy), these still do not meet essential criteria such as
rapid, in situ, and non-destructive analysis. We have prepared a nanorod assembly aligned in-plane
or homeotropic by applying an external electric field. In this case, the direction of alignment of the
assembly is known because the electric field's direction determines it. The order parameter of the
aligned nanorod assembly of these two geometries will be examined based on the photoluminescence

of the lanthanide ions doped in the nanorod, a building block of the assembly.
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2.2. In-plane order parameter analysis of NaYF4s:Eu aligned nanorod

assembly

2.2.1. In-plane alignment using in-plane switching (IPS) electro-optical cell

~150 uym

d = 200 ym

|
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Figure 2.6. (a) Illustration of preparation of lab-made in-plane switching (IPS) electro-optical cell and

switching experiment (b) CCD captured image of lab-made IPS electro-optical cell. Inset: intensity

profile of laser excitation area with a full-width-half-max (FWHM) of ~20 pm.
Figure 2.6a shows the schematics of lab-made in-plane switching (IPS) cell. Gold thin film is firstly
sputtered to the glass substrate with a thickness of ~ 200 nm. A gap (~ 150 um) is made in the middle
of a gold film by scratching the film using a razor blade. Subsequently, commercially available scotch
tape (thickness ~ 60 um) is used as a spacer. Afterward, around 20 uL of NaYF4:Eu colloidal nanorods
dispersed in ethylene glycol (EG) is deposited in the gap between electrodes and covered by a glass
coverslip. Figure 2.6b shows the CCD-captured image of the lab-made IPS cell. The bright circle in
the middle of electrodes is where the NaYF4:Eu nanorods are excited by UV-laser (A~394 nm). As the
E-field 1 of IPS cell is transverse only at the middle of electrodes, it is crucial to collect PL signals at
the center of two electrodes from the smallest possible region. Figure 2.6b-inset shows the measured

intensity profile of the excited area, showing around 20 pm of full-width-half-max (FWHM).

Nanorods submitted in such in-plane E-field begin to align parallel to field direction 7 and in-plane
order parameter Sin-plane increases as schematized in Figure 2.7a. When there is no applied E-field, the
measured spectrum at two orthogonal polarization shows negligible changes as nanorods are randomly
oriented (Figure 2.7b). When E-field controls the nanorod's orientation, the observed line shape of the
PL signal is different when measured with a polarizer set to parallel (Iy) and perpendicular (I,) to 72

(Figure 2.7c-e).
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Figure 2.7. (a) Schematic illustration of IPS electro-optical (E/O) cell with aligning nanorods as
increasing E-field. Red dashed line stands for the direction of E-field 7i. At the middle of two electrodes,
E-field direction 7 is transverse where polarized photoluminescence (PL) spectra of aligned NaYF4:Eu
nanorods are measured. Polarized photoluminescence spectra of orientation-controlled NaYF4:Eu
nanorods measured at different E-field intensity of (b) 0 (¢) 0.04 (d) 0.08 and (e) 0.19 V/um (f= 1 kHz)
with the polarizer set to parallel (I, red line) and perpendicular (IL, blue line) to the direction of E-field
direction 71 (f) Reference spectra (I, I;) were obtained from aligned nanorods under the E-field (at
saturated voltage, E ~ 0.47 V/um) and from the single nanorod.

When increasing the E-field intensity, the line shape of the I spectrum becomes similar to the line shape
of the I, spectrum obtained from the single rod. In the Dy-F; transition (MD) of I; spectrum, the relative
peak intensity at 590.0 nm increases comparing to the intensity at 593.7 nm. In the *D,-’F, transition
(ED) of I spectrum, the relative peak intensity at 619.0 nm increases comparing to the intensity at 615.3
nm. Contrarily, the line shape of I, spectrum becomes similar to the line shape of the I, spectrum
obtained from the single rod. In the “Do-F; transition (MD) of I, spectrum, the relative peak intensity
at 590.0 nm decreases compared to the intensity at 593.7 nm. In the °Do-’F; transition (ED) of I,
spectrum, the relative peak intensity at 619.0 nm decreases compared to the intensity at 615.3 nm. When
E-field intensity is higher than ~ 0.47 V/pm, line shape showed no longer changes. At this saturating
E-field intensity, the line shape of & signal obtained from I; (red line) and the o signal obtained from I,

(blue line) is identical to those obtained from the single nanorod (magenta and olive line), indicating
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alignment of nanorods by E-field is close to perfect in-plane alignment (Sinpiane~1) (Figure 2.7f). It is
interesting to note that applying E-field to the randomly oriented colloidal nanorods does not always
make a perfect alignment even at a very high E-field due to the randomization by thermal effect.! In
this study using micrometer-sized NaYF4:Eu nanorods, the thermal motion is relatively weak due to the
large size, while the E-field is still efficient to align the rods. This seems to be the reason for the high

order parameter (S ~ 1) achieved. Further study is necessary to confirm this hypothesis.

2.2.2. Theoretical methodology for in-plane order parameter analysis

Using as-established reference signals (I, L), in-plane order parameter Sin-plane can be calculated. The
observed polarized emission spectra from a local area (I, 1) is an averaged sum of the emissions from
all the nanorods in the observed focal volume (Figure 2.8a). Nanorods in such measured volume have

a certain orientation distribution in 6 and ¢ with respect to global alignment direction 7 (parallel to the

E-field direction) (Figure 2.8b).

y()

Figure 2.8. (a) Schematic illustration of aligned nanorod assembly to the alignment direction 7, parallel
to the y-axis. Two polarization I, I. represent two polarization components parallel and perpendicular

to the director 72. (b) Schematic illustration of a single nanorod in the aligned assembly, having an
orientation distribution respect to 7 with spherical angles (0, ¢).
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When the polar axis (y-axis) in the lab-coordinates system (Figure 2.8a) is assumed parallel to the

alignment axis n (parallel to the E-field direction), two polarization components parallel (Ij) and

perpendicular (I,) to the E-field direction 7 can be expressed as:

For a given wavelength (A) for both MD and ED transition lines:
I Q) = (I;Q) - cos?6 + I,(A) - sin?0 - sin?@ + I,(A) - sin?6 - cos?p) (2.2)
I[,(Q) = (I;(A) - sin?8 - sin?¢ + I;(A) - cos?0 + I,(A) - sin?0 - cos?¢) (2.3)

where the sign ( ) stands for the average over all the nanorods contributing to the signal. When the
nanorods possess a cylindrical symmetry of their crystal structure, the a-spectrum - the emission along
the rod axis - is isotropic and its line shape is identical to the n-spectrum for Do-"F; (MD) transition
and c-spectrum for Do-'F, (ED) transition®* 1%, as discussed in Chapter 1 (Figure 1.13a). Therefore,

the above equations can be rewritten separately as functions of only I;and I; as:
For electric dipole (ED) transition,
Iigp O = (I sp ) - €026 + I, pp(N) - sin?6) (2.4)
I gepQ) = (I gp Q) * sin?0 - sin®@ + I, gp(A) - (cos?0 - sin*@ + cos?)) (2.5)
For magnetic dipole (MD) transition,
LimpQ) = Uy pp Q) - sin?6 - sin®@ + I yp(A) - (cos?6 - sin®@ + cos?@)) (2.6)
I mp ) = Iy yp Q) - 0520 + I yp (A) - sin?6) 2.7)

Since nanorods’ orientation distribution with respect to 7 has cylindrical symmetry, (sin’p) and {cos*)

become Y5. Therefore, Equations 2.4-7 can be rewritten as:

For electric dipole (ED) transition,
Iiep@) = I gp ) - {c0s?0) + 5 pp (M) - (1 — {cos?6)) (2.8)
ILep @) = 222D (1 — (cos26)) + 2222 (1 + (cos26)) 2.9)
For magnetic dipole (MD) transition,

Limp@) = L"Mzﬂ- (1 —{cos?8)) + w- (1 + {(cos?8)) (2.10)
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I mp Q) = I ip Q) - (cos20) + Ly yp D) * (1 — (cos?0))

where 0 is an average polar angle of all nanorods residing in the volume to field direction 7. Since
reference spectra (I, I) are already established (Figure 2.7f), one can perform spectral fitting analysis

and can determine <cos’0> from the coefficients obtained. Once <cos?0> is decided, the order parameter

can be calculated according to Equation 2.1.

2.2.3. In-plane order parameter analysis by spectral fitting

Normalized PL intensity (a.u.)

o

Normalized PL intensity (a.u.)

Figure 2.9. Polarized photoluminescence spectra of NaYF4:Eu nanorods in-plane aligned assembly
measured as a function of E-field intensity (f = 1 kHz) in IPS E/O cell with the analyzer set to (a, c-f)

parallel (I,) or (b, g-j) perpendicular (I.) to the direction of E-field 7. All spectra are normalized to the

intensity at peak A ~ 615 nm. Spectral fitting Sin-piane analysis of spectra obtained at E-field intensity of
(c,g) 0, (d,h) 0.08, (e,i) 0.19, (f,j) 0.40 V/um. At spectra obtained at different E-field strength, two
wavelength ranges - MD emission (°Do-F; transition), ED emission (°Do-’F, transition) - at two
orthogonal polarization state - I; and I, - are used for extracting <cos?0> by spectral fitting. Extracted
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Figure 2.9a-b shows the polarized photoluminescence spectra measured with an analyzer set parallel
ton (I) and perpendicular to 7 (I.) as a function of E-field intensity, respectively. The optical setup
used for collecting polarized photoluminescence is presented in Figure 1.16. Figure 2.9c-j shows the
result of spectral fitting Sin-plane analysis according to Equations 2.8-11. For each line shape of the
experimental spectrum (black line), two different wavelength ranges (MD or ED transition) are
separately fitted using as-established reference signals (I.— blue line, I,— green line) and the coefficient
obtained from best fit (red line) directly provided the value of <cos?0> as presented in each Figure. As
shown in Figure 2.9c-j, the fitting line (red) overlaps almost perfectly with the experimental line (black),
indicating a successful fitting analysis. In-plane order parameter Sin-piane is then calculated according to

Equation 2.1.

Figure 2.10 summarizes calculated in-plane order parameter Sin-plane by spectra fitting analysis. At one
given electric field intensity, four different value of order parameter S could be obtained from the
different polarization (I, I.) or different dipole emission (ED, MD), notably from Ij,mp, Ij,ep, 1. mp and
I ep. Calculated in-plane order parameter Sin-ptane from [jmp, Ijep and I mp spectrum lines showed the
tendency where Sin-plane increases upon increasing E-field, increasing from isotropic orientation (Sin-plane
~0.1) to close to perfect alignment (Sin-plane ~1). The difference of Sin-plane Obtained from different
spectral ranges or polarizations seems to originate from the error in the fitting analysis due to the peak
shift or non-stable baseline treatment, as discussed in Chapter 1.3.3. Calculated Sin-piane from 1. ep
spectrum is an outlier where the calculated order parameter is decreased even at a higher electric field.
This error seems to be due to the small intensity and very low degree of polarization (DOP) of the peak
at 619 nm (DOP ~0.2) comparing to the other peaks (DOP ~0.5), for which the accuracy of analysis is
not sufficient. Obviously, the line shape change in the ED emission of the I, signal is much smaller than

other transitions or/and polarization, as shown in Figure 2.9b.
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Figure 2.10. In-plane order parameter Sin-piane calculated by spectral fitting analysis as a function of E-
field intensity. For each E-field intensity, Sin-piane is calculated from 2 different polarization at 2 different
transition (IH,MD, IH,ED, I.mp and IJ_,ED).
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Summary of Chapter 2.2

A methodology for calculating the in-plane order parameter of the aligned nanorod assembly with a
known global alignment orientation is presented. The method is based on the mutually different
polarization nature of several emission dipoles of different nature (MD, ED) inherent to lanthanides'
emission, as discussed in Chapter 1. As a proof-of-concept system, NaY F4:Eu nanorods are aligned
in-plane by applying an electric field. The evolution of the in-plane order parameter is then followed
in situ as a function of the electric field intensity. The order parameter could be calculated based on

a single polarized photoluminescence spectrogram in a non-destructive manner.
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2.3. Homeotropic order parameter analysis of NaYF4:Eu aligned nanorod

assembly

Vertically aligned (homeotropic) nanorod assembly

In recent years, vertically aligned (homeotropic) assembly (Figure 2.3¢) has gained particular attention
as they are useful in various applications. For instance, homeotropic assemblies of semiconducting
nanorods are promising for energy and sensor devices due to their improved light absorption, large
surface-to-volume ratio, and increased carrier collection efficiency.'””!!" Homeotropic assemblies of
plasmonic nanorods improve the performance of surface-enhanced Raman scattering (SERS) substrates
thanks to their ability to enhance local electromagnetic fields with better uniformity and
reproducibility.!'> '3 Vertically aligned nanorods assembly can be fabricated in many different
approaches, involving a seeded growth!!'> ''* (Figure 2.11), a lithographic template technique!''®, by

evaporation®*3¢

, etc. Measuring the order parameter of homeotropic alignment (Shemeo) 1S @ key to
optimize the structure and performance of such systems, which is however challenging using the

currently existing techniques, as discussed above.

Figure 2.11. The schematic growth mechanism of ZnO nanorods by vapor liquid solid (VLS) process.
The Figure is taken from the reference.''

2.3.1. Theoretical methodology for homeotropic order parameter analysis

In the previous chapters, we have shown that the orientation of individual or ensemble of Eu**-doped
nanorods can be analyzed based on the peculiar characteristic of -, 6-, and a- spectra from “polarization”
resolved observation of their photoluminescence. Here, we show that the homeotropic order parameter
Shemeo Of vertically aligned nanorods assembly can be analyzed even without using any polarization
optics nevertheless it relies on the same basis. The methodology allows a facile and robust analysis of
Shomeo €liminating measurement errors and complexity due to the polarizing optics. This is an excellent
advantage because various optical components easily perturb the polarization state (e.g., mirrors, filters,

gratings, detector arrays, diffusing media, efc.).
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Figure 2.12. (a) Schematic illustration of a single nanorod in laboratory frame with an arbitrary
orientation - polar and azimuthal angles (8, @) with respect to the measurement axis (z-axis). The PL
signal measured along the z-axis is a projected sum of & and ¢ signals. Schematic illustration of nanorods
assembly (b) lying on the substrate (normal to the measurement axis) and (d) standing normal to the
substrate (parallel to the measurement axis). (¢) shows an intermediate state where the nanorods are
partially oriented normal to the substrate. The value or the range of the homeotropic order parameter
Shomeo fOr each state is noted.
When a single Eu*" doped nanorod is considered in 3D space with arbitrary spherical angles (0-polar
and ¢-azimuthal) with respect to the measurement axis (z-axis) (Figure 2.12a), its PL intensities
collected at two orthogonal analyzer angles (I, I,y — the two indices indicate the measurement axis and
the analyzer axes respectively) are projected sums of , 6, and a components. Note that the axis used
for the polar angle is different from what is used to calculate a single nanorod orientation presented in

Chapter 1 (Figure 1.14a). The two spherical angles (0, ¢) of single nanorod in the laboratory

coordinates (Figure 2.12a) can be calculated using the following equations.

At whole wavelength (A) for both MD and ED transition lines:
Iy 1) = Iy (A) - sin?6 - sin@ + I, (A) - sin®6 - cos?¢ + 1, (1) - cos?6 (2.12)
L, (D) =1, (A) - sin?0 - cos?¢ + I (1) - sin?0 - sin¢@ + 1, (1) - cos?8 (2.13)

The PL collected in the measurement axis (I,) without an analyzer is the sum of the two orthogonal

polarizations (Ix and Iy). Therefore, Equations 2.12-13 can be rewritten as:

LA = Lxy(D) + 1, D) = sin?6 - (I; (D) + I, (1)) + 2cos26 - I, (1) (2.14)
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When considering an assembly of multiple nanorods, the collected PL emission is a sum of the
contributions by all the nanorods residing in the measured volume. Hence, cos?0 can be replaced by
<co0s?0>, indicating the spatial and temporal average for the nanorods residing in the focal volume
during the time of measurement. In the case of homeotropic assembly (i.e.7 is vertical to the substrate
plane and parallel to the measurement axis, Figure 2.3¢), <cos?0> corresponds to the mean distribution
of the polar angles with respect to the director of the alignment 7 . Therefore, Equation 2.14 can be

rewritten using Equation 2.1 as:
3
EIzO\) = (1 = Shomeo) "I+ + (1 + 2 Spomeo) * Ia ) (2.15)

where I+5(A) is a sum of I(A) and Is(A). Therefore, the PL collected with the measurement axis (I,) is
a simple function of the homeotropic order parameter (Snomeo) and the reference emission intensities
(In+s and I;). Hence, once Ir+s() and Io(A) are known, Shemeo can be obtained by a simple measurement

of the unpolarized emission spectrum (I.()).

The value of Shemeo is 1 for a perfect homeotropic alignment (Figure 2.12d). Shomeo can be -1/2 when
all the nanorods are lying on the substrate plane normal to the measurement axis (Figure 2.12b). In this
case, <cos’0> is zero, and thus I,is equal to I .+, without the contribution of L. So, the reference spectrum,
Lws(A), can easily be collected without using an analyzer from a sample of nanorods lying on a substrate.
By a separate experiment observing electrically in-plane-aligned nanorods with an analyzer (Figure
2.7f), it was confirmed that the sum of the two orthogonally polarized n- and o-spectra (I(A) + Is(1))

is identical to the I+s(A) spectrum of randomly deposited nanorods (Figure 2.13).

| ITE+I0'

Iﬂ+0

PL intensity (a.u.)

580 590 600 610 620
Wavelength (nm)

Figure 2.13. Sum of separately measured emission spectra of © and ¢ configuration (I,tI;) from the
electrically aligned NaYF4:Eu nanorod assembly and the emission spectrum of randomly deposited
NaYF4:Eu nanorods lying on the substrate (Iys).

The other reference spectrum, I,(A), can also be obtained without an analyzer from a sample with perfect

vertical alignment as I, = 21, for Spemeo = 1 (Figure 2.12d). As the experimental spectrum (I,(1)) and

the two reference spectra (Ir+s(A) and I.(A)) can be obtained without an analyzer, this method does not
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require consideration of polarization during measurement. Nevertheless, it relies on the intrinsic
anisotropy of PL emission from lanthanide-doped nanorods. It is also worth noting that this
methodology is free from considering the structural factors other than Spemeo Such as volume fraction of

the nanorods, sample thickness, and other intrinsic material properties.

2.3.2. Homeotropic alignment using homeotropic electro-optical cell

When nanorods are submitted in the vertical E-field 1, nanorods begin to orient parallel to E-field 72
and the PL signal is simultaneously collected at the axis parallel to 72 (I.). The optical setup used for the
PL collection is presented in Figure 1.16 but without an analyzer. Subsequently, the PL signal is
collected as a function E-Field intensity (Figure 2.14). The line shape of the collected PL spectrum is
analyzed based on Equation 2.15 of which Spemeo 1S extracted by spectral fitting. The Shomeo analysis

requires a preset of reference spectra (I.+s and l..), as discussed above.
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Figure 2.14. The collected PL emission spectra with gradually increased E-field strength (E). I

indicates a reference spectrum taken with randomly deposited nanorods lying on the substrate. All the

spectra were collected without polarizer and normalized to the peak with the highest intensity at A ~ 615

nm.
Spin-coated NaYF4:Eu nanorods dispersion on the glass substrate followed by an annealing process is
used to collect Ir+5()) signal (Figure 2.13, Figure 2.14). Subsequently, the I, signal was collected from
perfectly vertically aligned nanorods assembly under a strong E-field (E > 0.25 V/um) saturating the
increase of Shomeo (Figure 2.14). The PL spectra collected with varied E-field intensity show a clear line
shape change (Figure 2.14). As the E-field strength increases, in the *Do-’F; (MD) transition range, the
relative intensity of the MDD peak at 593.7 nm decreases compared to the almost constant intensity of
the MDa peak at 591.4 nm. While in the *Do-F, (ED) transition range, the relative intensity of the EDb
peak at 619.0 nm decreases compared to the constant intensity of the EDa peak at 615.3 nm. When the
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E-field strength was increased higher than 0.25 V/um, spectral line shape change was no longer
observed. The PL emission spectrum observed at this saturation level was identical to the m spectrum
in the *Do-’F; (MD) transition range and to the o-spectrum in the *Do-"F, (ED) transition range (Figure
1.13a), which is equal to the a-spectrum and confirms that Shomeo is close to 1 at this state. Compared
to the typical organic liquid crystals used for electro-optical devices, 0.25 V/um is about one order of
magnitude lower E-field strength required to fully control their orientations. Such an efficient control

with a moderate E-field may be useful for further device application using colloidal nanorod systems.

2.3.3. Homeotropic order parameter analysis by spectral fitting

a
1.0 T
@095 | O0.95
® @8 |
0.8 ,&73 0.88
® M0.76
0.6 o056
8 @0.48
504 @0.40
=
w
0.2 @0.23
0.0
-0.2 | @-0.17 | d .
0.0 0.1 0.2 030 100 200 300
E (V/um) et (s)
e — O srrvmbeermnt | Aoz vimm Egmrmen
. 0.06 V/um Fitting iy - 0.14 V/um Fitting - 0.25 V/um Fitting
El l..., Contribution f \I‘ E] ..., Contribution E] I,.., Contribution
L 1, Contribution / { < I, Contribution £ 1, Contribution
z z z
2 2 2
g k] 2
£ g £

580 590 600 610 620 580 590 600 610 620 580 590 600 610 620
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 2.15. (a) A plot of the calculated homeotropic order parameter Spomeo as a function of E (red, left
panel) and of the relaxation time (t) after saturation at E = 0.25 V/um and turning off the E-field (blue,
right panel). The spectral fitting of the emission spectra for different E-field intensities of (b) 0.06, (¢)
0.14, and (d) 0.25 V/um with the reference spectra (I+s and I,) providing the value of Spomeo according
to the Equation 2.15.
By fitting the reference spectra (Ir+s and ) on the experimental spectra using Equation 2.15, the Shomeo
values were calculated and plotted as a function of E-field strength (Figure 2.15a, left panel). When E

=0 V/um, the calculated Shomeo Was -0.17, lower than 0 for perfectly random orientation. This seems to
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be due to the in-plane capillary force that induces partial orientation of nanorods parallel to the substrate
plane when injecting them into the thin gap (20 um) of the E/O cell. The Shemeo value gradually increases
as a function of the E-field strength. Figure 2.15b-d are examples of the fitting analysis showing that
the contribution of I, (red lines) compared to I.:; (blue lines) increases when increasing the E-field
strength. When E = 0.25 V/um, the contribution of I, is almost negligible and I, occupies most of the

emission spectrum, providing Shomeo = 0.95 (Figure 2.15d).

The PL spectrum was also continuously observed after turning off the E-field to examine the relaxation
behavior of the aligned nanorods. Without E-field, nanorods are subject to randomization of their
orientation due to the Brownian motion. The calculated Shomeo Values as a function of time after turning
off the E-field are shown in Figure 2.15a, right panel. The corresponding PL spectra are shown in

Figure 2.16, and the spectral fitting analysis result is shown in Figure 2.17.
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Figure 2.16. Photoluminescence spectra of NaYF4:Eu nanorods collected as a function of relaxation time
after the E-field field turned off from the saturating E-field. All spectra are normalized to the intensity at

peak A~615 nm.
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Figure 2.17. Analyzed emission spectrum measured as a function of relaxation time after the E-field
turned off from the saturating E-field : (a) 6, (b) 32, and (c¢) 150 seconds. The spectral fitting analysis is
made according to Equation 2.15.
These experimental points fit with an exponential decay curve (y=A-exp(-x/ti)+yo) with a relatively
long decay time (t = 7.4 s). We attribute this slow orientation relaxation of the nanorods to their

relatively large size (1184 + 430 nm in length and 117 = 24 nm in diameter) and the large viscosity of
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ethylene glycol (1.61:10 Pa-s) as a dispersion medium. The theoretical rotational diffusion coefficient

is given as:

_ 3kpT
" 16mnead

(-1+2m2) (2.16)

where k5 is Boltzmann constant, 14 is solvent viscosity, @ and b are respectively the half-length and
equatorial radius of the ellipsoidal particle.!'® The Q calculated for our NaYF4:Eu nanorods dispersed
in ethylene glycol is 0.37 s™!, which is in good accordance with the experimentally obtained relaxation
time of 7.4 s (= 0.14 s) regarding that Q is highly sensitive to the particle size while our nanorods
have a certain polydispersity. Interestingly, the relaxation of Spemeo Showed saturation at around 0.35,
meaning that the orientation of nanorods was not completely randomized, and there was a memory
effect maintaining partially the orientation along the previously applied E-field. It is presumably due to
some portion of nanorods that were dragged by the E-field and vertically stuck on the electrode surface
losing their mobility. This effect may have affected the calculated Q value. Further study is required to
explain and control this phenomenon. It is also worth noting that there exists fluctuation of Shemeo from
0.30 to 0.39 when measured at different moments even after the saturation without E-field. Thus, there
seems to be a continuous thermal agitation, and the presented method is quite sensitive to these small

changes (see also Figure 2.16b).
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Figure 2.18. Simulated homeotropic order parameter Shomeo as a function of I+s contribution comparing

to I. Simulation is made according to Equation 2.15.
The accuracy of the calculation of Shomeo according to Equation 2.15 can be evaluated from its
simulated profile as a function of relative contributions of I+; and I, (Figure 2.18). One can expect that
the accuracy would be less good at the extremities where Shomeo 1S near 1 or -1/2. This implies that there
might be some error on the calculated value of Spemeo = 0.95 near saturation (E = 0.25 V/um). To
minimize errors, stable and good spectral resolution and correct baseline treatment of the measured
spectra are necessary, as discussed in Chapter 1. Instead of spectral fitting analysis, Shemeo can also be

calculated as a function of wavelength, as discussed in Appendix Figure 2.1.
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Out-of-plane angle analysis of a single nanorod without polarization measurement
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Figure 2.19. The emission spectrum of a single NaYF4:Eu nanorod embedded in a polymer film with an

arbitrary orientation (black line) and its fitting analysis with the reference spectra determining the polar

angle 0 of the nanorod. The inset picture is a photograph of the PL emission of the single nanorod captured

with a CCD camera (scale bar: 2 um). The inset scheme indicates the out-of-plane angle of a nanorod in

the coordinates with a calculated value.
The same method can be applied to measure the out-of-plane orientation (8) of a single NaYF4:Eu
nanorod (Figure 2.19, inset scheme). Individually dispersed and randomly oriented nanorods were
immobilized in a ~8§ um thick PVA (polyvinyl alcohol) polymer film in the same way presented in
Chapter 1. The PL image of a nanorod captured by a CCD camera (Figure 2.19, inset picture) shows
an almost circular shape due to the nanorod size smaller than the camera's spatial resolution. So, any
information about the nanorod orientation cannot be retrieved from the image. However, the line shape
of the emission spectrum from the same nanorod enables calculating a polar angle (0) of the nanorod
orientation with respect to the measurement axis according to Equation 2.14. The calculated value of
0 is 45°, as noted in the Figure. Calculating azimuthal angle ¢ from the line shape of photoluminescence
is also possible if the polarization of the emission spectrum is measured, as discussed in Chapter 1.
The calculated values of 6 of a single nanorod using unpolarized spectrum and a polarized signal are

compared in Appendix Table 2.2.
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Summary of Chapter 2.3

A methodology to calculate the homeotropic order parameter of an aligned nanorod assembly with a
known global alignment orientation is presented. The method enables an instant determination of the
homeotropic order parameter of an aligned lanthanide-doped nanorod assembly from a single
photoluminescence spectrogram of lanthanide emission. The method is demonstrated without any
polarization measurements, although it relies on the polarization behavior of the lanthanide emission.
As a proof-of-concept system, NaYF4:Eu nanorods are vertically aligned by applying an electric
field. The evolution of the ~omeotropic order parameter is then followed in situ as a function of the
electric field intensity in a non-destructive way. The same method is applied to the measurement of

the out-of-plane orientation of a single nanorod without considering polarization.
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2.4. Conclusion

This chapter has shown that varying degrees of orientation (order parameter S) in nanorods assembly
under externally applied electric field (in-plane and homeotropic) could be investigated in real-time by
a spectroscopic analysis of the photoluminescence emission of rare-earth dopants. The presented
method is based on the optical anisotropy, mutually different polarization behavior of MD and ED,
inherent in lanthanide luminescence resulting in the variation of the emission spectral line shape as a

function of S, as also extensively discussed in Chapter 1 for the case of the single nanorod.

We have also shown that a precise measurement of S of dynamically modulated assembly can be
performed using a conventional microscope and a single emission spectrum, which is much more
straightforward, facile, and cost-effective compared to classical methods for measuring S such as
birefringence, SAXS, and high-resolution microscope. Another crucial advantage of the presented
method is that the measurement domain can be controlled. It can be as small as the focal volume of
optical microscopy (< 0.1 pm?) or can be larger according to various needs, which has not been achieved
by other techniques to assess the order parameter S. Furthermore, a rapid in-situ analysis can be realized
in a non-destructive way by this spectroscopic method. It is thus promising for investigations of various
collective dynamics of nano-scale materials (e.g., self-assembly, directed assembly, liquid crystalline
behavior, thermal motions, vertical anisotropic growth, efc.) with a closer look into a micro- and nano-

scale domain.
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Chapter 3.
Liquid Crystalline Behavior of Nanorod

Suspension

In the previous chapters, we discussed the anisotropic properties of nanorods in their luminescence and
their use to calculate orientation or order parameter. This chapter discusses another important
characteristic of colloidal anisotropic nanomaterials: liquid crystalline (LC) behavior, a spontaneous
transition from disordered phase (isotropic) to orientationally/positionally ordered nematic/smectic
phase. Onsager's hard rod theory describes the isotropic-nematic transition threshold concentration
(Dr1so~em) as a function of the length/diameter (aspect) ratio of the rods. This Onsager's hard rod theory
explains that the long-range repulsive force between the rods stabilized by the surface charge can
significantly increase their effective diameter De.s, resulting in decreased ®isonem compared to

sterically stabilized rods.

In this chapter, we considered highly charged LaPO4:Eu nanorods in ethylene glycol and showed that
the behavior of the LC is in good agreement with Onsager's hard rod theory. Subsequently, we prepared
the ligand stabilized LaPO4:Eu nanorods (sterically stabilized) dispersed in chloroform by the phase
transfer surface functionalization, and their LC behavior is compared to LC stabilized with a long-range
electrostatic repulsive force. Interestingly, the ligand stabilized LC suspension showed a
counterintuitive phenomenon that the transition to the nematic phase occurs at an extremely low ®jso.
nem. Furthermore, ®iso.nem Was found to vary with the amount of excess ligands dissolved in the solvent
in a manner similar to polar media where the increase in ionic strength led to surface charge screening.
Under gravity, this diluted nematic suspension left to age in a capillary tube showed a macroscopic
separation where the biphasic LC transition and gel formation seem induced in the same suspension.
We discuss the unique characteristic of charges in the apolar solvent (far-reaching interaction but week)
and the resultant sophisticated LC behaviors. This fundamental understanding would help prepare a

new type of colloidal LC in an apolar medium stabilized by steric and electrostatic repulsion.
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Parts of the results presented in this chapter were made collaborating with Dr. Ivan Dozov and Prof.

Patrick Davidson in Laboratoire de Physique des Solides (LPS), Université Paris-Sud, Orsay, France.

Parts of the results presented in this chapter are under the publication process: "Liquid crystalline

behavior of charged nanorods in apolar media”, to be submitted

3.1. Introduction

3.1.1. Colloidal dispersion of nanoparticles and their stability

A colloidal dispersion is a system where particles are homogeneously distributed in the dispersing
medium. The size of particles ranges very broadly (from a few nanometers to micrometers) and can
also be shaped in a very wide variety such as spheres, discs, cubes, plates, and rods. When such particles
are dispersed in the medium, they exhibit a thermal diffusion phenomenon known as Brownian motion.
This diffusion rate is associated with various parameters such as temperature, the solvent's viscosity,
and particles' size. When the particles' size is sufficiently small, the diffusion rate is fast enough to
compensate for gravitational force. Thus particles are homogenously distributing in the medium and do
not settle down (Figure 3.1a).''"-® However, when particles' size is increased due to aggregation, the
diffusion rate rapidly decreases, resulting in sedimentation by gravitational force (Figure 3.1b).

Therefore, preventing aggregation is an essential factor for good colloidal stability.

Aggregation

900 & o
coloiss | 20 @ ~ N
®) o O Sedimentation
o 09
© © RO

Figure 3.1. Schematic illustration of (a) stable or (b) unstable colloids dispersed in the liquid medium.
The scheme of aggregation is taken from the reference.!”

@  Stable colloids b Unstable colloids

Aggregates are known to be formed by an interaction between particles, called Van der Waals (VdW)
force (Figure 3.1b). VAW force is an attractive interparticle force originating from a distance-dependent
instant electron density polarization. The interaction energy, VAW force, for two spherical particles

dispersed in the dielectric medium can be estimated using Hamaker's approximation as 212!
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AR
Vwaw = —121—,1) 3.1

where Ap is the Hamaker constant, R is the particle's radius, and D is the distance between particles.
This VAW force quickly vanishes when two particles are far from each other. However, when the
distance between particles is small (e.g., at the event of particle collision), strong VAW force leads to a
permanent aggregation of particles, which is typically irreversible. VAW force itself can also be reduced.
However, it has a very small modulation window because Hamaker constant Ay depends on the bulk
material properties such as dielectric constant or refractive index. Thus, the most common method of
preventing aggregation is preventing particles come close to each other by giving a repulsive force to
the particles. If this repulsive force is higher than the attractive VAW force, particles can be dispersed
homogeneously in the medium, guaranteeing long-term colloidal stability. There are two common
methods imparting a repulsive force to the particle surface, which involves the electrostatic repulsion

and the steric repulsion/hindrance (Figure 3.2).

a  vdw b vdw
- <« - <«

electrostatic steric
repulsion repulsion

Figure 3.2. Schematic illustration of particles stabilization (a) with repulsive electrostatic (b) and

repulsive steric interactions. Figures were taken from the reference.!'"’

Electrostatic repulsion

When particles are dispersed in a polar medium, particles can be charged due to the presence of certain
acidic or basic groups in the medium, dissociation of the surface molecules, and selective or preferential
adsorption of ions present in the medium. These surface charges form an inner layer and attract counter
ions from the medium through a Coulomb force, generating an extended outer layer called the "electric
double layer". When particles are close to each other, this layer exerts a repulsive electrostatic force
(Figure 3.2a). Electrostatic repulsion can be mathematically expressed as'?:

D
Vetectric = 2meggR 71002 e v (3.2)

where R is particle radius, o is surface potential, D is the distance between particles, Ap is Debye length.
According to Equation 3.2, there are two main parameters that influence electrostatic repulsion: surface

potential yo and Debye length Ap.!?* Surface potential defines the repulsion strength based on surface
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charge density, and Debye length defines the range of inter-particular interaction (i.e., screening length).
Surface potential can be controlled by changing the ligand attached to the particle surface or/and by
tuning the pH of the dispersing medium. For example, a strongly charged ligand on the particle surface
can increase the surface potential (e.g., charge-rich citrate ion grafted to the surface of NaYF4:Eu

nanorods shown in Chapter 1). Debye length Ap can be expressed as'?*:

_ |egokpT
Ap = \’eZNAZI (3-3)

where ¢ is the dielectric constant, T is the solvent temperature, and I is the ionic strength of the medium.

DLVO theory
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Figure 3.3. (a) Schematic DLVO interaction energy diagram composed of (b) electrostatic repulsion (c)

and VAW interactions. Computed DLVO interaction potentials of two spherical particles with a variation

of (d) temperature, (e) ionic strength, (f) dielectric constant, and (g) surface potential. The figures are

taken from the reference.!'!’
The DLVO theory quantitatively describes the total energy as a function of inter-particle distance,
taking into account the effect of attractive VAW force and electrostatic repulsive force!' ' (Figure
3.3). As shown in Figure 3.3b-c, VAW attractive force and electrostatic repulsive force show a different
decay profile as a function of the distance between particles. When the electrostatic repulsion is
introduced in the total interaction profiles, a high energy barrier forms by the balance between VdW
force and electrostatic repulsion force (Figure 3.3a). The thermal energy of particles cannot overcome
this high-energy barrier. Therefore, particles do not fall into the primary minimum potential well but

stay away from each other around the distance of secondary minimum potential. The colloidal system
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having a higher energy barrier shows better colloidal stability. This energy barrier can be controlled by
various experimental parameters such as temperature (Figure 3.3d), ionic strength (Figure 3.3e),

dielectric constant (Figure 3.3f), and surface potential (Figure 3.3g).

Steric repulsion/hindrance

The above-mentioned electrostatic charge stabilization is expected to be inconsequential in
nanoparticles dispersed in an apolar solvent. It is because that the introduction of electric charge costs
much higher energy than thermal energy ks T due to a low permittivity of apolar solvent (typically, €apolar
< 15 and ewaer ~80). In this case, the steric repulsive force can be used for stabilizing colloids, provided
by long-chain molecules that are anchored to the particle surface, which physically hinders particles
come close to each other (Figure 3.2b). The steric repulsion approach is also interesting for
nanoparticles dispersed in a polar medium with a very high ionic strength. The thickness of the electric
double layer (i.e., Debye length) of nanoparticles in such medium is very low. Thus the electrostatic
repulsive force is very weak (Equation 3.3). For instance, biochemists often use PEG (polyethylene
glycol) polymer with a high molecular weight as a grafting agent for stabilizing particles dispersed in a

physiological medium where a huge amount of ions are dissolved in water.

3.1.2. Colloidal liquid crystal
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Figure 3.4. Schematic diagrams of the liquid crystalline phases: (a) isotropic, (b) nematic, and (¢) smectic.

Liquid crystal (LC) is a state of matter that exhibits orientational order (nematic, Figure 3.4b) or both
orientational and positional order (smectic, Figure 3.4¢). LC's structure is similar to a solid crystal but
can flow like a liquid. Liquid crystal is an interesting state of matter as it has the capability of
spontaneously changing the phase from a disordered phase (isotropic, Figure 3.4a) to nematic or

smectic phase at different temperatures (thermotropic) or different concentrations (lyotropic). When
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ordered phases are viewed between a crossed polarizer, a specific texture is observed as a result of the

birefringence of the oriented domains (Figure 3.5).

Figure 3.5. Typical Schlieren texture of liquid crystal nematic phase. The image is taken from Wikipedia

(link: en.wikipedia.org/wiki/Liquid_crystal).
The phenomenon of liquid crystals is observed in both organic and inorganic materials. Organic LC is
a relatively mature scientific field and successfully commercialized, especially with liquid crystal
display (LCD) that is now easily found in our daily lives. LC composed of inorganic particles is often
referred to as mineral LC or colloidal LC, the main topic of this chapter. Since the first discovery of
colloidal LC in the early 20" century by Zocher using rod-like V20s'?, the various mesophases - the
nematic, lamellar and columnar phases — have been found in different colloidal LC system such as
Rutile (TiO,)'?*, Goethite (a-FeOOH) °% 126128 oraphene oxide'??, quantum dots (CdS/CdSe)™°, tobacco

)31 132 and clays!?® 133 134 to name a few. Recent work relating to colloidal LC

mosaic virus (TMV
focuses on the understanding of effects of particle polydispersity, gelation, and surface property to the
control of LC behavior and on imparting anisotropic physical properties of mineral compounds (e.g.,

76-79

large refractive index®® °, ferro-electricity and -magnetism’®”, polarized -photoluminescence and -

plasmonics® 74 80-106 " orc ) to LC phase.

Onsager's hard rod model

Onsager's hard rod model gives a simple yet powerful insight into the LC behavior of the colloidal hard
rod.!*> Under the assumption that hard rod does not interact with each other, the theory considers two
entropy terms (orientational and packing entropy) to estimate a volume fraction (®iso-nem) Where the
transition from isotropic to nematic ordering can be induced. In the case of an isotropic state, it has high
orientational entropy because it has a random orientation. And a large volume around a rod is excluded
(Vex = 2-D-L?), which decreases the packing entropy. On the contrary, in the nematic phase where the
hard rods are oriented parallel to each other, the orientational entropy decreases. And the excluded
volume of hard rods in the nematic phase becomes smaller (Vex = n-D*L) than that of isotropic state,
increasing the packing entropy. Then, the ®@iso-xem is determined by the rods' spatial density based on
the balance of these two entropic terms. Onsager's hard rod model is expressed as a simple mathematical

equation'™:
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Drsonem = 4D/L. (3.4)

However, the real colloidal system is much more complex as it has to consider several factors such as
particle interaction (attractive or repulsive force), polydispersity, etc. In the extended Onsager hard rod
model, the intrinsic diameter (D) is replaced by an effective diameter (D), taking into account the
enlarged diameter of the hard rod by the effect of the electrostatic repulsive force and/or steric hindrance

(Figure 3.6). The extended Onsager model can be expressed'*:
Drsonem = 5.1 /(L2 ‘Detr) 3.5)

From an understanding of Equation 3.5, an increase in D effectively reduces the critical transition
concentration @isonem. The long-range electrostatic repulsive interaction effectively increases the
effective particle diameter Desr because it claims a larger volume for a particle than what it actually
occupies. For example, the screening length k™! of charged colloids can be extended up to 0.3 um in a
polar solvent and up to 7.0 um in the apolar solvent.'**'3® On the contrary, in the case of steric hindrance,
D.fr remains almost the same with the bare particle because it is governed by a ligand tail that offers
relatively short interparticle interaction. For example, the hydrodynamic radius of PEG polymer
(molecular weight = 40,000 kDa) commonly used for steric hindrance is known to be 3.95 nm.!'*’
Therefore, the charge-based colloidal suspension is expected to have a lower ®@so.nem than the steric
ligand stabilized suspension. In the case of charge stabilized colloids, the presence of salts dissolved in
the same medium can further alter the D¢ by adjusting the Debye screen length (Equation 3.2-3),

functioning as another factor to control ®iso-Ngm.

L

Delf

Figure 3.6. Schematic of nanorods with electrostatic repulsion. The diameter of bare nanorods (D) is
extended to effective diameter (D), claiming a bigger volume than what the bare nanorod actually
occupies.
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Summary of Chapter 3.1

Colloidal stability of nanoparticles is an important issue and can be achieved by imparting
electrostatic or steric repulsive force to the dispersed particles. Depending on the various
experimental conditions (e.g., the polarity of the dispersing medium, ionic strength of the dispersing
medium, etc.), strategies can be developed by choosing an appropriate stabilization method. Well-
stabilized suspension of nanorods can exhibit liquid crystalline (LC) behavior where the nanorods
are structured like a solid crystal while they can flow like a liquid. Onsager's hard rod theory describes
the isotropic-nematic transition threshold concentration (®iso.nem) as a function of the
length/diameter (aspect) ratio of the rods. This Onsager's hard rod theory explains that the long-range
electrostatic repulsive force between nanorods can significantly increase their effective diameter,
resulting in a significant decrease of ®iso-nem. On the contrary, in the case of short-range sterically
stabilized rods, ®@iso-nem should remain almost the same as the one expected from the real dimension

of the rods.
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3.2. Charge-stabilized LaPO4:Eu nanorods suspension in a polar medium

This section briefly presents the preparation of charge stabilized LaPO4:Eunanorods in a polar medium.
The hydrothermal synthesis method of LaPO4:Eu nanorods is optimized previously in the group.' ¢
Such nanorods stabilized by surface-charges in polar medium show exceptional colloidal stability
without aggregation for years and exhibit spontaneous LC behavior, of which the LC phase can be
controlled by volume fraction ® and ionic strength. In a previous study, we have shown that such a
stable nanorod LC suspension with good controllability of their LC phase can be used for the
development of a new type of optical coating and the electro-optical device based on the mineral

compound®- 7.

The applicability of such colloidal LC suspension can be even broader by transferring the colloidal
particles into different solvents as they can provide a new physical and chemical environment. For
example, colloidal particles stabilized in volatile organic solvents can be attractive for the development
of closely packed structures since they can self-assemble on the solvent's evaporation.'** 4! The
efficiency of field-directed nanorods' alignment may be possible to be controlled depending on the
dielectric characteristics of dispersing medium. Despite its advantages, stabilizing LC suspension in
various solvents with a suitable surfactant is still a complex problem. It requires a thorough
understanding of the relationship between the LC behavior of colloidal particles and the interparticle

interaction associated with the effect of surface charge and attached ligand.

Here, we have developed the optimized protocol for stabilizing as-prepared LaPO4:Eu nanorods in the
apolar solvent, using an amphiphilic ligand molecule that provides a steric hindrance (Chapter 3.3.1).
Then, the LC behavior of LaPO4:Eu nanorods ligand-stabilized in the apolar medium is compared to
the LaPO4:Eu nanorods charge-stabilized in polar medium (Chapter 3.3.2). We discuss the effect of
the stabilization method on the LC behavior of colloids and propose the use of charges to enrich the LC

behaviors of colloids dispersed in the apolar medium.

3.2.1. Hydrothermal synthesis and charge-stabilization of nanorods in ethylene glycol

LaPOy4 nanorods doped with 20% of Eu®" ions are synthesized by the solvothermal method. The
stoichiometric concentration of the precursors — La(NOs3)3, Eu(NO3)3, (NH4):HPO4 — are dissolved in
MiliQ water (pH7) and cooled to 0 °C by storing the solutions in the bucket filled with ice. The aqueous
solutions of precursors are then mixed, and seed particles are generated instantly, which gives the mixed
solution a milky appearance. Aggregation of seed particles is minimized by lowering the temperature

before mixing. The solutions are then transferred to a glass tube and flame sealed and heated in an oven
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at 170 °C for 3 hours (Figure 3.7b). The anisotropic growth of the seed particles generates rod-shaped
LaPO4:Eu nanoparticles. After the hydrothermal reaction, the suspension contains residual ions which
have not reacted during the reaction. These ions increase the ionic strength of the dispersing medium,
making nanorods aggregate and sediment within hours. Therefore, an additional purification step is
necessary. The nanorods are then collected by centrifugation and re-dispersed in water adjusted to pH2
using HNOj; and dialyzed for 2 to 3 days in the same water used as dispersion medium (Figure 3.7¢).
The amount of the residual ions in the nanorod suspension decreases during dialysis, contributing to
improving the colloidal stability. The surface of particles is then positively charged in the acidic
condition (pH2), providing a strong electrostatic repulsion between particles. Afterward, these charge-
stabilized nanorods are transferred to ethylene glycol (EG) by distillation using a rotary evaporator,
which has shown better colloidal stability than the one dispersed in pH2 water. The improved colloidal
stability is likely due to the complexation of EG molecules to the particles, configuring a cloud that
provides steric hindrance in addition to the electrostatic repulsive force.! Figure 3.7e shows spin-coated

nanorods on the substrate, showing individually separated nanorods with no sign of aggregation.
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Figure 3.7. Schematics illustration of the hydrothermal synthesis and charge-stabilization process for
Eu’" ion doped LaPO4 nanorods suspension in the polar medium. The process is optimized previously in

the group.! ®
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3.2.2. Liquid crystalline behavior of charge stabilized nanorods in ethylene glycol

As-prepared charge-stabilized LaPO4:Eu nanorods exhibit a spontaneous liquid crystalline behavior
whose phase changes as a function of the volume fraction ® (Figure 3.8). When diluted, a dark isotropic
liquid phase without birefringence is observed (Figure 3.8a). By increasing @, the biphasic isotropic
(ISO)-nematic (NEM) LC appears. Figure 3.8b shows positive tactoids where an isotropic phase
surrounds the nematic droplet. The specific shape of tactoid (spindle, prolate) results from the balance
between the splay and bend elastic constants of the nematic droplets.!** Figure 3.8¢ shows negative
tactoids where the nematic phase surrounds the isotropic droplet. At higher ®, the typical Schlieren

texture of the nematic phase (Figure 3.8d) and columnar mesophase (Figure 3.8e) are formed.
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Figure 3.8. Optical texture observed by polarizing microscopy of the different liquid crystalline phases

of LaPOy nanorod suspensions when increasing the nanorod volume fraction. Birefringence images of (a)

isotropic liquid phase (b-¢) biphasic LC phase where isotropic and nematic LC phase coexists (d) nematic

LC phase (e) hexagonal columnar phase. Schematic rod organization is shown. Figures are taken from

the reference.®’
A phase diagram can be plotted as a function of ionic strength and volume fraction ®, as shown in
Figure 3.9. According to the constructed phase diagram, ®@iso-nem is much lower than the theoretical
value (®sonem ~ 17%) based on the Onsager's hard rod model under the assumption where the charge
effect is absent. This confirms that the colloids are highly charged, and the charges contribute to
increasing the effective diameter (D.r), effectively decreasing ®@iso.nem of the LC system. The presence
of charge can also be demonstrated by the fact that ®@iso.nem increases when the ionic strength of the
dispersing medium increases, controlled by dialysis and the amount of HNO;. According to Equation
3.3, the Debye length decreases in a dispersing medium with a higher ionic strength, which influences
the effective diameter Def, leading to an increase in @sonem. At very high ionic strength, the
electrostatic repulsion is screened, which can no longer compensate for the attractive VdW force, and

a transition from a sol state to a gel state is induced. This LC and sol-gel behavior of LaPO4 nanorods
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in polar medium (ethylene glycol) will be compared to the same nanorods ligand-stabilized in apolar

medium (chloroform) in the next section.

Volume fraction, ® (%)

ISO liquid
0.1 1 10 100
lonic strength (mM)

Figure 3.9. Phase diagram of LaPO,4 nanorod colloidal suspension in ethylene glycol as a function of
volume fraction and ionic strength. The Figure is taken from the reference.®

Summary of Chapter 3.2

LaPO4 nanorods are hydrothermally synthesized and charge-stabilized in ethylene glycol. The stable
nanorods exhibited LC behavior, which is possible to control as a function of nanorods' concentration
and the ionic strength of the dispersion medium. The plotted LC phase diagram showed good
agreement with the understanding of Onsager's hard rod model. The low ®iso.nem of the LC system

confirms that colloids are highly charged, and the charges contribute to increasing the effective

diameter.
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3.3. Ligand-stabilized LaPQO4:Eu nanorods suspension in an apolar medium

3.3.1. Solvent transfer by surface functionalization

= ey b=

a ~—= Functionalization T
p— p—

Ethylene Glycol
LaPO.:Eu nanorod

Chloroform
S

n-decyl phosphonic acid

Figure 3.10. Pictures of a biphasic mixture of (top) LaPO4:Eu nanorod colloidal suspension in ethylene
glycol (EG) and (bottom) n-decyl phosphonic acid (n-DPA) in chloroform (a) before and (b) after phase
transfer of nanorod into the chloroform. Inset pictures: Red emission of Eu** ions doped in LaPO4 nanorod
under the excitation of wavelength ~394 nm. Arrow indicates the position of the excitation laser. A long-
pass optical filter (A ~ 510 nm) was put in front of the camera to enhance the visibility of red emission.
It is crucial to maintain the same nanorod morphology (aspect ratio) to accurately compare the LC
behavior of colloids stabilized in different methods (electrostatic repulsion, steric repulsion) because
the morphology can have a significant impact on LC behavior as understood by the Onsager's hard rod
model. In this section, the previously developed charge-stabilized LaPO4:Eu nanorods are surface

functionalized by the solvent transfer technique. And the resultant LC behavior is compared to that of

LC stabilized with a long-range electrostatic repulsion force.

As-prepared LaPO4:Eu nanorods do not have ligands attached to the particle surface. They are directly
used for surface functionalization by the solvent transfer technique.'** '** As discussed above, as-
prepared LaPO4:Eu nanorods dispersed in ethylene glycol (EG) are likely to be complexed by EG
molecules. Still, they could be directly used for the subsequent functionalization process.! Figure 3.10a
shows the photograph of the biphasic mixture of LaPO4:Eu nanorod suspension in ethylene glycol (top)
and n-decyl phosphonic acid (n-DPA) molecules dissolved in chloroform (bottom). Phosphonic acid is
chosen as the surface functionalizing ligand because it has shown a good affinity for the LaPO4 surface
in the previous work of the group and is well known to form a stable complex with metal ions.'** While
stirring, at the interface of two immiscible media, phosphonic acid complexes nanorods' surface and the

long alkyl chains project outwards, making the surface of nanorods hydrophobic.

Surface-hydrophobized nanorods by n-DPA relocate from the polar medium (ethylene glycol) to the

apolar medium (chloroform). The particles' relocation by the surface modification was followed by the

96



Chapter 3. Liquid Crystalline Behavior of Nanorod Suspension

red photoluminescence of the Eu®" ions doped in LaPO4 nanorods under the laser excitation A~394 nm
(inset picture, Figure 3.10a-b). After stirring overnight, the red emission is no longer observed in
ethylene glycol, but only appears in the chloroform, confirming that LaPO4 nanorods are functionalized
and transferred into chloroform. A similar method is reported which uses photoluminescence intensity
to calculate the functionalization kinetics quantitatively.!*® Nanorod relocation can also be seen by a

slightly cloudy appearance of the suspension, originating from a scattered light by the nanoparticles.

Optimization of the phase-transfer surface functionalization process

Ethylene Glycol

LaPO,:Eu@n-DPA
nanorods in Chloroform

Figure 3.11. Pictures showing test vials after the completion of functionalization. LaPO4:Eu nanorods

were initially dispersed in (a) pH2 water (adjusted using HNO3), (b) in a mixture of ethylene glycol and

pH2 water (1:1 v/v), and (c¢) in ethylene glycol.
There were two essential points for successful surface-functionalization with minimized aggregation.
The first was the choice of the appropriate solvent. Among the solvents tested as a dispersing medium
for bare LaPO4:Eu nanorod, ethylene glycol results in the least aggregation (Figure 3.11c). Otherwise,
it showed a severe irreversible aggregation making the surface-functionalized nanorod in chloroform
having a milky aspect, typical optical appearance of unstable colloidal dispersion (Figure 3.11a-b).
However, even for the ethylene glycol as a dispersing medium (Figure 3.11c¢), a huge amount of
functionalized nanorods was found to be captured in the emulsion formed between ethylene glycol and
chloroform. This is because n-DPA is an amphiphilic molecule that functions as a surfactant like a soap.
Emulsion formation can be prevented by controlling the amount of LaPO4:Eu nanorods and the relative
amount of n-DPA molecules used for functionalization. Under the best-optimized condition, where 0.01
vol% of LaPO4:Eu nanorods (1eq in Mole) is dispersed in ethylene glycol, and 0.25 eq (in Mole) of n-

DPA is dissolved in chloroform, the emulsion did not form at least visually (Figure 3.12¢).
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Ethylene Glycol

LaPO,:Eu@n-DPA
nanorod in Chloroform$ -

Figure 3.12. Pictures showing test vials after the completion of functionalization. The volume fraction
of LaPO4:Eu nanorods in ethylene glycol and relative amount of n-DPA in chloroform is controlled. (a)
0.1 vol% of nanorods with 0.25 eq of n-DPA, (b) 0.01 vol% of nanorods with 0.5 eq of n-DPA, (c) 0.01

vol% of nanorods with 0.25 eq of n-DPA, (d) 0.01 vol% of nanorods with 0.125 eq of n-DPA. 1eq stands
for the mole number of nanorods in ethylene glycol.

Morphology of functionalized LaPO4s:Eu nanorods

20

T T T
—— Bare LaPO,:Eu nanorod in Ethylene Glycol
—— LaPO,:Eu@n-DPA nanorod in Chloroform
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Figure 3.13. (a) Intensity plot as a function of the hydrodynamic size of bare LaPO4:Eu nanorod
dispersed in ethylene glycol and functionalized LaPO4:Eu@n-DPA nanorod dispersed in chloroform
measured using dynamic light scattering (DLS). Scanning electron microscope (SEM) images of spin-
coated (b) bare LaPO4:Eu nanorod and (¢) LaPO4:Eu@n-DPA nanorods. Scale bar: 1.0 pm.
Subsequently, the DLS is measured to check the hydrodynamic size of nanorods before and after surface
functionalization. DLS measurement showed the shift of the hydrodynamic size peak from 122 nm to
220 nm after the functionalization process (Figure 3.13a), indicating a slight aggregation. Nevertheless,
this aggregation appears to be formed preferentially by parallel attachments of nanorods, conserving
the individuals' anisotropic morphology (Figure 3.13b-c). The morphology measured from SEM

images shows that both length and diameter are nearly doubled after the surface functionalization
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(Figure 3.14). Note that permanent aggregates are considered as one nanorods for the size measurement.
The aspect ratio of measured nanorods remains practically unchanged, implying that ®iso-nem should

not change significantly compared to LC suspension composing of bare LaPO4:Eu nanorods.

a . ... b
701 | Before functionalization 1 120 — Before functionalization 1
60l [ | After functionalization | 100l After functionalization |
50} 1

a L[nm]/o » 80F D[nm]/o .

§40* 155 / 56 |367I156 1 § sol 19;3|32,3 |

O30k i O
20l ] 40+ 1
sl |l N |

o LLLm EmB=. . 0 C 1 m
40 100 160 220 280 340 400 460 520 580 640 700 760 820 880 940 10 16 22 28 34 40 46 52 58
Length (nm) Diameter (nm)

Figure 3.14. Measured (a) length and (b) diameter distributions of LaPO4:Eu nanorod before and after
surface-functionalization from SEM images. The inset table shows averaged length and diameter of
LaPO4:Eu nanorods with their standard deviations (o).

Presence of n-DPA molecule on the surface of functionalized LaPQO4:Eu nanorods

—— n-Decyl Phosphonic Acid (n-DPA)
LaPO,:Eu@n-DPA nanorod
—— Bare LaPO,:Eu nanorod
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Figure 3.15. Fourier transform infrared microscopy (FTIR) spectra of n-DPA ligand molecules,
functionalized LaPO4:Eu@n-DPA nanorod and bare LaPO4:Eu nanorod deposited on Si substrate.

The surface functionalization by n-DPA ligand molecule is further confirmed by Fourier transform
infrared microscopy (FTIR) measurement (Figure 3.15). The spectra obtained with the free molecule

of n-DPA (blue line) showed three peaks representative of the C-H stretching vibration of ordered alkyl
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chains at ~2850 cm™!, ~2918 cm™ and ~2957 cm™.'*” Subsequent FTIR measurement of functionalized
nanorod (red line) showed C-H vibration peaks of alkyl chain at a similar wavenumber (~2855 ¢cm™,
~2926 cm™! and ~2956 cm™), confirming the presence of alkyl chain on the nanorods' surface. Shifting
the peak of C-H stretching vibration to a higher wavenumber indicates that the alkyl chains on the
particle surface are disordered.'*® The peak attributing to P-OH (~1108 cm™) also evidences the

presence of PA on the particle surface.

Effect of excess n-DPA ligand to the colloidal stability

As-prepared functionalized nanorods are then washed and re-dispersed in pure chloroform or in
chloroform with a controlled amount of excess of n-DPA ligand to examine the effect of excess n-DPA
ligand to colloidal stability. Figure 3.16 shows the hydrodynamic size increment of as-prepared
suspensions measured over time using DLS. The aggregation rate of nanorods dispersed in pure
chloroform appears to be remarkably high comparing to the others (Figure 3.16, sce Appendix Figure
3.1 for full DLS dataset). This rapid rate of aggregation seems due to a weak complexation of the n-
DPA ligand to the particle surface and the following surface exchange equilibrium between complexed
ligands and free ligands in the solvent. On the contrary, the aggregation rate appears to be reduced when
the nanorods are dispersed with an excess of n-DPA ligand molecules (Figure 3.16, Appendix Figure
3.1). This seems due to the shifted surface exchange equilibrium by the presence of numerous free
ligands in the solvent, which helps complexed ligands stay complex to the particle surface for the long
term. It seems that colloids become stable if excess ligand molecules exist in the medium regardless of
its concentration. Note that dissolved n-DPA in chloroform recrystallize at a concentration above
approximately 150 mM, which would be the maximum concentration of excess ligand molecules that
can be present in the suspension. Such a nanorod suspension prepared with an excess of n-DPA can be
stored semi-permanently with occasional sonication (Appendix Figure 3.1). In contrast, the nanorods
in pure chloroform showed a severe aggregation during sonication due to accelerated surface exchange
(Appendix Figure 3.1). Therefore, excess ligand molecule was essential to guarantee the long-term
colloidal stability in the apolar medium. Similar observations are also reported in other works (e.g.,

CdSe quantum dots and ZnO nanoparticles dispersed in toluene). 46 14
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Figure 3.16. Z-average size increment of functionalized LaPO4:Eu@n-DPA nanorod dispersed in pure

chloroform (0 mM) or with excess n-DPA of 1, 10, and 100 mM in chloroform, measured as a function

of time after sample preparation using DLS.
While stirring, as-prepared rod-shaped colloidal particles dispersed with excess ligands showed a
behavior of alignment by a shear force. The aligned nanorods induce an optical birefringence, exhibiting
an optical texture when viewed between crossed polarizers (Figure 3.17). This flow birefringence
confirms the good colloidal stability of the as-prepared suspension where rod-shaped colloidal particles

are free to move individually without aggregating to adjacent particles.

Figure 3.17. Flow birefringence of functionalized LaPO4:Eu@n-DPA nanorod in chloroform observed
between crossed polarizers.
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3.3.2. Liquid crystalline behavior of ligand-stabilized nanorods suspension in chloroform

Volume Fraction (®)

Figure 3.18. Optical texture of functionalized LaPO4:Eu@n-DPA nanorod colloidal suspension in
chloroform observed between crossed polarizer : (a) Isotropic liquid phase (® = 0.55 vol%) showing dark
image, (b) Birefringent nematic clouds (® = 0.92 vol%) and (c¢) typical nematic schlieren texture (@
=2.76 vol%). Scale bar: 200 pm.
Subsequently, functionalized nanorods in chloroform are slowly concentrated by slowly evaporating
the solvent. Concentrated dispersions were then inserted into the cell by capillary force, and its
birefringence optical textures were directly observed using polarizing microscopy. The cell used for the
study is closed except for a small entrance where the suspensions can be injected, which was afterward
sealed with UV glue to prevent further evaporation of the dispersing solvent during the observation.
The initial dilute suspension (Figure 3.18a, ® =0.55 vol%) showed dark transmittance between crossed
polarizers, indicating an isotropic liquid phase (ISO). Some bright spots attribute to some large
aggregates. As increasing nanorod concentration in the dispersion (®), birefringent nematic (NEM)
cloud-like domains appear (Figure 3.18b, ® = 0.92 vol%). At this state, the optical retardation of NEM
domains was not strong and barely stood out with the ISO phase, indicating particle density or/and the
order parameter of NEM domains remains low. In the case of such a biphasic state, it is known that
NEM domains can coalesce and forms eventual spindle-shaped nematic tactoid droplet as a result of
the balance between splay and bend elastic constants of the nematic droplets in the isotropic phase, as
also shown above in the case of LaPO4 nanorods in polar medium (Chapter 3.2.2).%% 14215 However,
for ligand-stabilized LaPOs:Eu@n-DPA nanorods in chloroform, the tactoid formation was not
observed. A hypothesis for the absence of tactoid formation can be made from the fact that Debye length
Ap of charged particles suspended in an apolar medium is an order of magnitude larger than one in polar
media.**13® In this state, the effective diameter Deg thus, the effective volume Vg of suspended
particles can be very large. Therefore, the threshold concentration to configure a 'repulsive glass' can
be very low, and the concentration of observed LC suspension (® = 0.92 vol%) is probably already
above such threshold concentration. Thus, Isotropic-Nematic phase separation (forming biphasic state)
may not be preferential at least in a short time scale as there would not be a considerable difference
between the concentration for nematic phase (®nem) and isotropic phase (®iso). Instead, all nanorods
may start to orient slightly due to the weak repulsive force. The orientation becomes prominent when

increasing concentration, which configures typical NEM Schlieren optical texture (Figure 3.18¢, @
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=2.76 vol%). Still, the exact reason for the absence of tactoid formation is unclear at this stage and

requires further study to validate the above hypothesis.

The phase diagram in Figure 3.19 summarizes the observed LC phase of the functionalized
LaPO4:Eu@n-DPA nanorod suspension as a function of the volume fraction (®, vol%) and the excess
of n-DPA ligand molecule concentration (mM) suspended in the medium (see Appendix Figure 3.2
for optical texture images supporting Figure 3.19). The successive dilution of the concentrated
dispersions until all the NEM domains disappear makes it possible to estimate ®@iso-nem. Note that Diso.

~em here is defined as a concentration where NEM cloud-like domains start to appear.
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Figure 3.19. Liquid crystal phase diagram of functionalized LaPO4:Eu@n-DPA nanorod colloidal
suspension in chloroform as a function of nanorod volume fraction (@, vol%) and excess n-DPA ligand
concentration (mM). All optical texture images supporting the Figure are shown in Appendix Figure 3.2.
Dashed circle in green and orange color indicates @iso.nem Obtained from the optical capillary experiment
discussed in Figure 3.22.
Firstly, we observed that ®iso.nem is shifted toward smaller volume fractions at a lower concentration
of n-DPA molecule, similar to the typical role of salts in LC suspension in polar media.* 3> We
attribute this observation to the decreased surface Z-potential at a higher ligand concentration, as shown
in Figure 3.20. This indicates that n-DPA ligand molecules dissolved in the medium can act as a charge
balancing agent, and the charge screening near the particles can impact the effective diameter Degr of
nanorods, which effectively increases ®@isonem. It is also interesting to note that the measured Z
potential is higher than the standard Z potential values expected in aqueous dispersion (from around -
50 mV to 50 mV). The low effective particle charge and nonetheless such a high surface potential are
typical characteristics of particles in nonpolar media when the particles are charged.!®% 138 151152 ]t ig
also interesting to note that in some cases of charged particles in the low permittivity solvent such as

chloroform used as a dispersing medium in this study, a small number of surface charges can cause a
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high surface potential of particles.!3¢ 153 154

For instance, Espinosa et al. showed that PMMA particles
in hexane solutions of nonionic sorbitan oleate (Span) surfactants are charged by no more than a few

tens of elementary charges per particle for the measured Z-potential between 50 mV and 120 mV.!3¢

Secondly, we observed that NEM cloud-like domains appear at very low concentrations (0.2 ~ 0.7 vol%)
in whole n-DPA concentration. Since the theoretically estimated ®so.xem for uncharged bare nanorods
of similar morphology was about 17 vol%, such a low ®so.nem suggests ligand-stabilized nanorods in
the apolar medium were stabilized not simply by short-range steric hindrance provided by surface-
ligands but dominantly by the presence of long-range electrostatic repulsion. Indeed, ®isonem is
reported to be almost two orders of magnitude higher for particles of similar morphology when the
particles are only sterically stabilized - boehmite (y-AlO(OH)) of similar morphology (L = 180 nm, L/D
= 18) dispersed in cyclohexane exhibit ®iso.nem at ~ 12 vol%.'5 Another interesting point is that ®iso.
nem of ligand-stabilized nanorods in chloroform is even lower than that of the same nanorods stabilized
by surface charges in ethylene glycol discussed in Figure 3.9. This implies that the Debye screening
length of suspended particles charged in the low polarity of the medium (frequently called apolar

medium) can be much longer than that of the polar medium.
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Figure 3.20. Measured Z-potential of surface-functionalized LaPO4:Eu nanorods dispersed in chloroform
with/without an excess of n-DPA ligands.

Charged particles in an apolar medium

In the introduction, we presumed that electrostatic charge stabilization is expected to be inconsequential
in the case of particles dispersed in an apolar solvent due to the low permittivity of the media. Contrary
to common expectations, recent observations have demonstrated that even ligand-stabilized colloidal
particles dispersed in apolar solvents can be charged under the influence of suspended macromolecules

in the medium.!313% 156 For example, Hsu ef al. demonstrated that PMMA particles grafted with a poly-
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(12-hydroxy-steric acid) (PHSA), providing a steric stabilization, dispersed in dodecane with AOT
(sodium di-2-ethyl-hexyl sulfosuccinate) can be charged (Figure 3.21a).'*° Espinosa et al. have shown
that macromolecules behave in the same manner as salts in the polar medium where the surface Z-
potential of particles is lower in higher concentration (Figure 3.21b).!%¢ Sophisticated analysis revealed
that the charged particles suspended in the apolar solvent exhibit a screening length of approximately

an order of magnitude longer than those attainable in water but with a much lower charge density.

(Figure 3.21¢).!3¢-138
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Figure 3.21. (a) Charge stabilization of a nonpolar suspension: optical micrographs of PMMA particles
(left) in pure dodecane and (right) with 12 mM AOT (sodium di-2-ethylhexylsulfosuccinate). The Figure
is taken from the reference.'*® (b) Measured Z-potential of charged PMMA particles in nonpolar solution
as a function of excess macromolecules. The Figure is taken from the reference.'*¢ (¢) Comparison of
charged particles in an apolar and polar solvent. The values are taken from the reference. 36138

If we relate these results with the Onsager's hard rod model, it suggests that (i) a ligand stabilized LC
suspension in an apolar medium can be much more stable thanks to the steric hindrance highly
protective from aggregation in addition to the electrostatic repulsion (ii) ®@isonem of apolar LC
suspension can be controlled by suspending a different number of molecules to tune the Z-potential (iii)
Very low ®@so.nem can be achieved with apolar LC suspension, compared to the ones in the polar media
due to the extended Debye screen length, and thus increased effective diameter (Desr). These suggestions

show good agreement with the above-described observation with ligand-stabilized LaPO4:Eu nanorods

with excess n-DPA molecules.
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Charging mechanism of particles in an apolar medium

The mechanism of charge formation in nanoparticles dispersed in polar media is a well-documented
subject. However, the mechanism of charge formation of particles dispersed in apolar media is still
under the subject of discussion. In many individual works that have demonstrated charged particles in
apolar media, additional surfactants have been added in the media for stabilizing particles or facilitating
the charge formation or both. It is known that amphiphilic ionic surfactants can form reverse micelles
in apolar media and early discussions suggested that these micelles play an important role in charging
suspended particles in apolar media.'>*!>® Some explanations on the mechanism were made as
follows.!! First is that a small fraction of micelles can be positively or negatively charged due to thermal
fluctuations in the equilibrium.!’” 5% Suspended particles can then be charged by the preferential
adsorption of such charged micelles, molecular ions, or surfactant aggregates onto the particle
surface.!" 157 Second is that micelles are adsorbed onto the particle surface and complexes particles.
Then, the complexed micelles can be charged by dissociation of surface groups and following transfer
of molecular ions into the core of the micelles or by exchanging the molecular ions into not-complexed

micelles (Figure 3.22).138 152 136
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Figure 3.22. Schematic representation of negatively charged particles in the presence of charged and

uncharged micelles in the large double layer. The Figure is taken from the reference.'>

Meanwhile, other works counterintuitive to the above explanation are also reported. They have
demonstrated that colloids can be charged via nonionic surfactants suspended in a very low
concentration even below the critical micelle concentration.'*® '8 In this case, the authors suggested
that the acid-base interactions between the surfactants and the particle surface or increased conductivity

of the solvent due to the presence of surfactant could be the reason for the particle charging.'®

In this work, micelle formation of amphiphilic molecules (n-DPA) in chloroform was not observed on
the DLS measurement, although the same ligand molecules are known to form a disk-like micelle in an
aqueous solution.'®" Also, the increased conductivity of the dispersing medium by the presence of n-

DPA ligand molecules was not practically evidenced on the Z-potential DLS measurement even at a
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very high concentration of excess ligand molecules. Therefore, none of the above-explained
mechanisms seem to apply to this work. We, therefore, estimate that the surface charge of particles in
this LC system originates from the residual charge of initially highly charged particles that are not fully
consumed by the functionalization of the ligands. Another hypothesis is that a small portion of the EG
molecules is transferred into chloroform during the functionalization process. The n-DPA molecules
are then protonated in a medium close to EG and perform an acid-base interaction with the particles.
The exact charging mechanism is unclear at this stage and requires further study to validate the above

hypothesis.

Effect of Depletion force

It is also interesting to note that small molecules suspended in the same medium with particles, such as
the n-DPA molecules, are known to induce an attractive depletion force acting between the particles by
osmotic pressure. This force has also been practically demonstrated to enrich the LC behavior by
controlling ®iso.nem depending on suspended molecules' concentration.®” 162165 In the case of LC
enriched by this attractive depletion force, ®iso-nem tends to tilt toward smaller volume fraction at higher
concentration of suspended molecules. In the case of LC controlled by the repulsive electrostatic force,
Diso.nem tends to tilt toward higher volume fraction at higher concentration of salts, which gives an
opposite effect to the control of ®diso.nem With the attractive depletion force. In summary, (i) Depletant
solutes T (higher attractive force between nanorods) = ®isonemy, (i) Salts T (a screened charge, the
shorter effective diameter of nanorods) = ®isonemT. Therefore, the charge effect appears to be

dominant in the present case as @iso.nem appears to reduce at a lower n-DPA concentration.
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3.3.3. Phase behavior: liquid crystalline transition and gel formation
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Figure 3.23. Functionalized LaPO4:Eu@n-DPA nanorod in chloroform with (a-d) @ (in average) of 0.5
vol% and 2.0 mM of n-DPA molecules, (e-h) @ (in average) of 0.6 vol% and 20.0 mM of n-DPA
molecules aged in a flat optical capillary. Suspension in the capillary is separated into three parts: pure
solvent (Solvent), isotropic phase (ISO), and nematic phase (NEM), as indicated in the Figure. (a,e)
photograph of the optical capillary taken between the crossed polarizers. (b,f) volume fraction (®) profile
along with the height of capillary. The volume fraction is calculated based on the fluorescence intensity
of Eu*" ions doped in LaPOs nanorods (see Appendix Figure 3.3 for emission spectrum). (c,g)
microscopic image of NEM phase taken between crossed polarizers and (d,h) diffraction pattern of NEM
phase by SAXS imaging.

As-prepared LaPO4:Eu@n-DPA apolar LC suspensions are inserted in a flat optical capillary by mild
centrifugation and stored upright in the darkroom to study the LC transition under perfectly sealed
conditions. Figure 3.23a and Figure 3.23e show capillaries filled with a similar nanorod concentration
but with a different amount of excess n-DPA molecules: (Figure 3.23a-d) ® = 0.5 vol% / n-DPA =2.0
mM, (Figure 3.23e-h) ® = 0.6 vol% / n-DPA = 20.0 mM. When the suspension in the capillary no
longer shows any evolution (after about two months of storage), the suspensions showed a macroscopic
phase separation into two parts where the upper part shows no birefringence whereas the lower part
shows a strong birefringence due to the nematic alignment of nanorods (NEM) when viewed between
crossed polarizers (Figure 3.23a,e). Afterward, the profile of volume fraction (®) of nanorods along
the vertical height of the capillary was measured by observing the emission intensity of Eu*" ions doped
in the nanorods using a fluorescence microscope (Appendix Figure 3.3). This allows further
identification of the non-birefringent upper part in two sub-parts (Figure 3.23b,f): a pure solvent part

where no nanorods are present and a typical isotropic (ISO) phase. As a result, the suspensions showed
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a macroscopic phase separation into three parts along with the capillary height: Solvent, ISO, and NEM

part, as presented in the Figure.

Subsequently, microscopic images of the macroscopically separated NEM phase were pictured between
crossed polarizers. The suspension with a relatively low n-DPA ligand molecule concentration (2.0 mM)
showed a Schlieren optical texture (Figure 3.23c¢), typical of NEM domains. The NEM domain size
appears to be relatively large, and its size increases over time probably due to the gravitational force
and the progressive coalescence with adjacent NEM domains. The diffraction pattern obtained by SAXS
at the NEM phase (Figure 3.23d) showed a strong anisotropic pattern in two directions, indicating that
there are at least two nematic directors with a high order parameter. On the other hand, the suspension
with a relatively high n-DPA ligand molecule concentration (20.0 mM) showed gel-like birefringent
NEM domains in the microscopic images taken between crossed polarizers (Figure 3.23g). The
corresponding SAXS diffraction pattern (Figure 3.23h) showed an ellipsoidal shape, which indicates
that there are multiple directions of nematic director with one main direction having the highest
anisotropy in the measurement volume. From these observations, the different macroscopic separation

mechanisms can be applied for different samples, which is discussed in the following sections.

Gravitational length

Before discussing the mechanism, it is also interesting to examine the gravitational length estimated
from the volume fraction (@) profile along with the capillary height. It is known that suspended particles
can sediment and make a gradual concentration change along with the height of capillary by the balance
between buoyancy, gravitational force, and the interaction of colloids. When the particles are in a very
low volume fraction in the suspension or when the particles' surface charges are perfectly screened,
particles can be considered as non-interacting species in the dispersion. In this case, the sedimentation
profile of the concentration is expected to be barometric in the equilibrium state. One can then measure
the gravitational length that is a decay constant of exponential sedimentation profile. For example,
Royall et al. measured the sedimentation profile of screen-charged poly-methyl methacrylate (PMMA)
particles (size of around 2 pm) in a solvent mixture of cis-decalin and cyclohexyl bromide. They

extracted the gravitational length of about 20 pm.'%

However, in charged particles with a high enough concentration in the suspension, interactions between
the colloidal particles become important. In this case, the sedimentation profile can be extended due to
a spontaneously formed strong macroscopic electric field that repels particles from one to another. '
167 For example, Philipse et al. measured the gravitational length of charged silica particles (size of

around 90 nm) in ethanol can be up to a few hundreds of micrometers. '3
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In the case of our observed capillary, the gravitational length could be measured from the sample having
relatively low n-DPA molecules (n-DPA 2.0 mM) shown an exponential sedimentation profile (Figure
3.23a-d). Other samples are not fitted to the exponential curve. A fitting analysis is performed on the
whole height of the optical capillary and about 20 mm of gravitational length could be determined.
Although the direct comparisons cannot be made due to different sizes/mass of the particle, dispersing
medium, efc., the gravitational length that is at least two orders of magnitude longer than the reported
values is noteworthy. We attribute the reason for the extended gravitational length to the far-reaching

interaction of charges in the apolar media, as discussed throughout this chapter.
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Figure 3.24. Functionalized LaPO4:Eu@n-DPA nanorod in chloroform aged in a flat optical capillary (®
of 1.4 vol% and 100.0 mM of n-DPA molecules). (a) photograph of the optical capillary taken between
the crossed polarizers. (b) volume fraction (®) profile along with the height of capillary. The volume
fraction is calculated based on the fluorescence intensity of Eu*" ions doped in nanorods. The volume
fraction is calculated based on the fluorescence intensity of Eu*" ions doped in nanorods (see Appendix
Figure 3.3 for emission spectrum). (¢) microscopic image of NEM phase taken between crossed
polarizers and (d) diffraction pattern of NEM phase by SAXS imaging.

Both suspensions shown in Figure 3.23 showed an exponential sedimentation profile in the ISO part,
which is the typical aspect of the stable colloids system.!®® However, the sedimentation in the NEM part
showed a very different profile depending on the samples (Figure 3.23b.f). For example, the suspension
with a lower amount of n-DPA (Figure 3.23b) showed an exponential curve. In contrast, the suspension
with a high amount of n-DPA (Figure 3.23f) showed a curve similar to a logarithmic decay curve. The
suspension at a very high nanorod concentration showed a constant sedimentation profile in the NEM
part (Figure 3.24). Therefore, it seems that sedimentation by gravity can be strongly disturbed by the
gelation process, making an anchored network of particles, which makes the sedimentation profile

relatively flat. Further study is necessary to interpret this observation precisely.
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Mechanism of macroscopic phase separation into Solvent/ISO/NEM

From all the observations discussed above, there seem to exist at least two possible mechanisms that
can be attributed to the macroscopic phase separation into Solvent/Iso/Nem that are presented in the
observed capillary (Figure 3.23). The first mechanism can be made under the assumption where the
colloids are perfectly dispersed and exhibit the sedimentation induced by gravity without aggregation.
In this case, if the height of the observed capillary is much longer than the characteristic gravitational
length of the investigated colloids system, the colloids will have a gradual concentration change but
with a negligible amount of colloids at the top, configuring solvent part in the height of optical capillary
(Figure 3.25a-b). Afterward, at the height where the concentration reaches ®@iso.nem in the gradually
changed concentration @ profile, the phase separation occurs, from ISO phase (top) to NEM phase
(bottom) (Figure 3.25¢). This mechanism seems to apply for both suspensions in Figure 3.23. As a
proof, the values of ®iso.nem obtained in the concentration profile along the capillary height (Figure
3.23b,f) are in good agreement with the 2D phase diagram presented in Figure 3.19: ®so.nem ~ 0.30
vol% for the suspension with averaged @ of 0.5 vol% and 2.0 mM of n-DPA molecule (green colored
dashed circle in Figure 3.19) and ®@iso-nem ~ 0.37 vol% for the suspension with averaged @ of 0.6 vol%
and 20.0 mM of n-DPA molecule (orange-colored dashed circle in Figure 3.19).
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Figure 3.25. Schematic illustration of the mechanism proposed for the macroscopic phase separation into
(a-c) Solvent/ISO/NEM or into (d-f) Solvent/ISOs/Gel-like NEM
Second mechanisms can be made under the assumption where the colloids are experiencing an attractive
gelation force, which forms aggregated interlocking networks that settle down by gravity (Figure
3.25d-e). The system then configures the solvent part in the optical capillary height due to the expelled

solvent by syneresis during a gel domain formation or a higher density of particles in the gel domains
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(Figure 3.25d-e). Then, softly aggregated networks can align to each other, configuring a gel-like
birefringent NEM phase and settle to the bottom (Figure 3.25f). Residual non-aggregated or lightly
aggregated nanorods are then floating, configuring the Solvent/Iso/Nem interface at the optical capillary
height. In this case, the NEM domain is expected to be composed of small grains that are not growing
at a short time scale due to the interlocked networks. Note that some small reconstructions may occur
depending on the interparticle attractive force, and domain growth can be observed but not in a short
time scale. However, for the above-presented mechanism, it is expected that the size of NEM domain
can grow as floated nanorods in ISO phase can easily merge into NEM domains by the gravitational

force or NEM domains can coalesce with adjacent NEM domains.

From the observation made in Figure 3.23, it seems that the LC phase separation observed from the LC
suspension with a small amount of excess ligand molecule (n-DPA 2.0 mM) (Figure 3.23a-d) is made
from the first mechanism as it showed a clean Schlieren optical texture of which their domain size is
growing over time. Contrarily, LC phase separation observed from the LC suspension with a higher
amount of excess ligand molecule (n-DPA 20.0 mM) (Figure 3.23e-h) seems to be associated with both
mechanisms as it follows the expected @iso-nem in the 2D phase diagram (Figure 3.19) but showed gel-
like birefringent NEM domains of which small grains are fixed in size and position over time. Indeed,
it is known that the gel can be formed in the suspension with a higher ionic strength due to a screened

surface charges, as also discussed in Figure 3.9.!% 19

Finally, it is also interesting to discuss the relative portion occupied by the pure solvent in the capillary
height. As one can see in Figure 3.23b and Figure 3.23f, the relative portion occupied by the pure
solvent in the capillary height is much higher for the suspension with a higher concentration of n-DPA
molecule even though the averaged nanorod concentration is almost the same for both suspensions.
This observation indicates that relatively dense NEM gels are preferentially formed and expelled more
of the solvent in the suspension with a higher concentration of n-DPA molecule (Figure 3.23f). This
implies that there might be a zone for the GEL phase also at the right side of the phase diagram in
Figure 3.19, similar to the phase diagram in the polar solvent in Figure 3.9, which supports our
hypothesis considering the analogy between the polar and apolar media for the charge balance of

colloids.
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Electric field switching
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Figure 3.26. (a-d) Optical microscopy images of the functionalized LaPO4:Eu nanorod colloidal liquid
crystalline suspensions (@ = 1.4 vol% with 100 mM of n-DPA concentration) inserted in in-plane-
switching (IPS) electro-optical cell. (a) Before applying the electric field (E/F), the samples exhibit
birefringent NEM clouds. The application of a sinusoidal electric field at a frequency of 100 kHz with
different intensity (b) ~0.11 V/um (¢) ~1.33 V/um (d) ~3.10 V/um. Aligned nanorods within the
electrode gap exhibit stronger birefringence at a higher intensity of applied E-field due to increased order
parameter. (e) Transmitted light intensity as a function of the intensity of applied E-field. Microscopic
images of macroscopically separated nematic phase of the suspension - @ (in average) of 0.6 vol% and
20.0 mM of n-DPA - taken between crossed polarizers (f) before applying an electric field (E/F) and (g)
after applying E/F (~3.50 V/um).
Subsequently, we tested the response of LC suspension to the externally applied electric field (E-field)
under the hypothesis where the fluidic NEM domain such as the one in Figure 3.23b can be aligned by
the application of E-filed whereas gel-like NEM domain such as the one Figure 3.23f cannot be aligned
due to the gelation force. As a first test, the concentrated LC suspension (averaged ® = 1.4 vol% with
100 mM of n-DPA concentration) that exhibit nematic alignment is directly inserted into the
commercially available in-plane electro-optical (E/O) cell and sealed with UV-glue to prevent solvent
evaporation during the manipulation. We found that the amount of birefringence increases as a function

of E-field intensity, indicating that the randomly oriented director for each NEM domain can be aligned
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into one direction under the E-Field (Figure 3.26a-¢).°® Afterwards, we applied the E-field directly to
the macroscopically separated NEM phase at the bottom of the optical capillary to assess whether the
macroscopically separated NEM phases can also be oriented with an application of E-field. Contrary to
the observation that E-field can align NEM domains before the macroscopic separation, all the
macroscopically separated NEM phases are found not to align to the E-field, although there was a slight
increase in the amount of birefringence under the high intensity of E-field (Figure 3.26f-g). This
observation indicates that all the macroscopically separated NEM phases formed at the bottom of the
capillary have a substantial gelation force which disturbs the alignment of nanorods by E-field.
However, this result is counterintuitive to the above discussion where fluidic NEM phase shown in
Figure 3.23a-d is stable without or with negligible gelation force. The electric field intensity was
probably not enough to align the nanorods inside the optical capillary as the electric energy can be
consumed by the glass capillary. Or it can be because LC suspensions slowly aggregate over time, and
an electric field switching experiment was performed after a few months after preparing the sample
when the LC suspensions are too much aged. Further investigations with a fresh sample are necessary

to explain this counterintuitive observation.
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Summary of Chapter 3.3

LaPO4 nanorods are stabilized by an amphiphilic molecule (n-DPA) and dispersed in chloroform
with an excess of n-DPA molecules. Ligand-stabilized LaPO4 nanorods dispersed in apolar media
have shown a counterintuitive phenomenon that nematic assembly occurs at an extremely low ®iso.
~em of about 0.5 vol% even lower than the charge-stabilized nanorods that show ®rso.nem 0f about
2.0 vol% in polar media. Furthermore, ®iso-nem was found to vary with the addition of excess ligands
in a manner similar to the systems in polar media where the increase in ionic strength led to surface
charge screening. These observations suggest that the ligand-functionalized surface of LaPOs
nanorods is charged in apolar medium and that the Debye length (governing the effective radius of
the rods) is largely extended. Under gravity, this LC suspension left for aging in a capillary tube
shows soft sedimentation. This leads to a vertical gradient of rod concentration where the
isotropic/nematic interface appears in the middle with the solvent on the top. The balance between
gravity and weak but far-reaching electrostatic repulsive forces seems to provoke LC transition
and/or gel formation when repulsive forces are limited by a screening effect associated with an excess

surface ligand.
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3.4. Conclusion

In this chapter, we have prepared colloidal liquid crystals composed of LaPO4:Eu nanorods in a polar
solvent by charge stabilization and an apolar solvent by ligand stabilization and compared their liquid
crystalline behaviors. Contrary to the common expectation where ligand stabilized colloidal LC has a
relatively high ®so.nem due to short ligand tail, we found that the ligand stabilized colloidal LC can
have an exceptionally low ®Diso-nem thanks to the far-reaching charges in apolar media. A reduced ®iso-

nem can provide an enlarged window of concentration for observing LC behavior of nanorods before

the concentration of the nanorod system reaches the threshold percolation density (@percolaion ~

0.7D/L).'" So far, the depletion force provided by the non-absorbent polymer suspended in the
suspension is considered a major asset for controlling the LC behavior of colloidal particles suspended
in apolar media. Here, we have shown that the LC behavior of colloids in apolar media can also be
governed by the charges in low permittivity medium. The fundamental understanding and discussion
presented in this chapter would provide in-depth information on preparing colloidal LC stabilized by

both steric and electrostatic repulsion in various solvents and how to control their LC behavior.
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Chapter 4.
3D Tomography of Liquid Crystalline
Nanorod Assembly

In Chapter 1 and Chapter 2, the methodology using the photoluminescence signal of rare-earth
dopants as indicative probes of the orientation and order parameter is developed. Such a methodology
allowed the characterization of the 3D spatial orientation of a single nanorod and the order parameter
of aligned nanorod assembly with a “known” orientation of director 7. This chapter presents the
methodology merging two previously presented concepts, allowing the analysis of the orientation and
the order parameter of aligned nanorod assembly with an “unknown” orientation of director 1. Chapter
3 discussed the liquid crystalline (LC) assembly of nanorods in which nanorods are aligned with
arbitrary orientation and the order parameter. In this chapter, the developed methodology is applied to
such LC assembly as a proof-of-concept to perform a 3D tomographic mapping of the orientation profile

of nanorods, a building block of LC assembly.

Another essential part of this chapter involves presenting a new class of LC structures formed through
the confinement of the LC domains between chemically active surfaces. We found that colloidal LC
phases of LaPO4:Eu nanorods confined between two hard walls exhibit a sequential transition from
typical “tactoid” nematic droplets to complex “flower-shaped” domains through an intermediate state
with “fingerprint-shaped” patterns. Observation of these mysterious LC transitions and structures have
not yet been understood completely. The orientation analysis method developed above was applied to
reveal the mechanism of this new LC behavior and the precise structure of the new LC domains. We
found that these newly observed LC domains have a complex three-dimensional assembly structure,
which could not be precisely characterized by a typical technique observing two-dimensional
birefringence patterns. Using a newly developed confocal polarizing fluorescence microscope, we
performed a tomographic mapping of this confinement-induced LC structure and characterized the

structural information, including the density and orientation profiles of nanorod building blocks.
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Parts of results presented in this chapter were made collaborating with Mr. Reinaldo Chacon, Dr.
Aymeric Leray and Prof. Gérard Colas-des-Francs in Laboratoire Interdisciplinaire Carnot de

Bourgogne (ICB), Université Bourgogne Franche-Comté, Dijon, France.

4.1. Evolution of liquid crystalline phase of LaPQO4:Eu nanorods in confined

geometry

Time
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Figure 4.1. Examples of liquid crystalline transition in confined geometry. (a) nematic and cholesteric
phases of amyloid fibrils observed by rotating the sample in the plane between crossed polarizers. As
time goes by, tactoids convert to a bipolar nematic orientation, to a cholesteric ordering and finally a bulk
cholesteric phase. The figure is taken from reference.!’! (b) Birefringence image of Smectic-A LC phase
in a different aspect ratio of prolate spheroid cell. The figure is taken from the reference.!” (c)
Configuration of LC adsorbed to the substrate, exhibiting the homeotropic orientation near the substrate.
The figure is taken from the reference.'”

Liquid crystal (LC) is a soft state of matter where the disordered isotropic phase transforms into the
ordered nematic or smectic phase in a pure entropic regime. When such ordered LC phase is confined
in nanoscale geometries, it can transform into a new kind of spatial LC defects/patterns through
interactions associated with entropic effects, interparticle forces, and surface adsorption.!’!: 172 174-178
For example, Figure 4.1a shows the amyloid fibrils that exhibit a confinement-induced LC transition
to a bulk cholesteric phase from the tactoid nematic droplet.!”! Figure 4.1b shows the topological defect
changes from the point to line defect when the smectic LC is confined in the different geometry of
prolate spheroids.'”? Figure 4.1¢ shows the LC molecules adsorbed to the substrate by the strong
attractive interaction, inducing the LC molecules to be vertically aligned near the substrate.!”® Such LC

transition caused by the confinement effect is of prime importance due to their interesting

phenomenology and the possibility to use them as a template for novel functional devices. Confinement
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induced LC transition is understood by some theoretical studies and have been practically observed in

a few organic and biological LC molecules.'”! 172 174178

Such a confinement-induced LC behavior has not yet fully understood in LCs composed of colloidal
particles. This is presumably due to the large size of colloidal particles, typically 1-to-3 orders of
magnitude larger than LC molecules' size. Thus, the chemical or charge-mediated interaction of colloids
at the interface may be too weak to rearrange their organization unless it is deliberately adjusted
efficiently. Moreover, particles composing of colloidal LCs have a greater variety than the organic LC
molecule in their shape, composition, size, and interparticle interactions, making it difficult to fine-tune
the property of the material to observe such a transition. Also, preparing perfectly aggregation-free

colloidal LCs is always a difficult task.

This chapter presents the confinement-induced LC transition of colloidal LC, using a previously
developed charge-stabilized LaPO4:Eu colloidal LC suspension having outstanding colloidal stability.
We observed such confinement-induced LC transition when LaPO4:Eu LC suspension in biphasic
regime (controlled by volume fraction and ionic strength) is confined between two hard walls. The
confinement-induced LC transition led to a formation of flower-shaped nematic domains transiting from
fingerprint-like nematic domains and typical nematic tactoid droplets. The surface property of hard
walls and the thickness of the cell spacer are found to have a strong influence on the fate of confinement-

induced LC structure.

4.1.1. Evolution of liquid crystalline phase over time in confined geometry

Preparation of confined colloidal LCs
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Figure 4.2. (a) Schematic illustration of the preparation of confined colloidal LCs. LC suspension is
sandwiched between two hard walls with a gap provided by a spacer. (b) Photograph of confined colloidal
LC.

Previously-developed charge-stabilized LaPO4:Eu nanorods dispersed in ethylene glycol (Eu doping =

5 %, @ = 5.1 vol%, no dialysis in ethylene glycol, biphasic) was used to observe confinement-induced
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LC transition. When such prepared suspension is stored upright in the vial, it showed macroscopic LC
separation into the upper isotropic part and bottom nematic phase two months after the preparation.”
Such suspension is then strongly vortexed to remix completely and homogenize the separated LC phases.
Homogenized LC suspension is then deposited on the cell and sandwiched between two hard walls of
which the gap between walls is controlled by the spacer thickness (~ 60 pm) (Figure 4.2a). The glass
substrate and coverslip are cleaned using a detergent, ethanol, and water by rubbing the surface with a
gentle mechanical force before depositing the suspension. Afterward, the cell filled with a LC
suspension is sealed using UV glue to minimize solvent evaporation during the LC transition.
Subsequently, the cell is stored in the ambient condition, and the confinement-induced LC transition is
observed between crossed polarizers over time. Figure 4.2b shows the photograph of the prepared

typical confined cell.

Evolution of LC phase in the cell of spacer thickness ~60 pm
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Figure 4.3. The confinement-induced liquid crystalline transition of LaPO4:Eu nanorods observed

between crossed polarizers over time. scale bar = 100 um. The thickness of the cell spacer is ~ 60 um.
The trajectories of LC transition followed by the growth, nucleation, final structure of LC domains can
vary depending on the thickness of the cell spacer (Figure 4.3-4) and cell surface properties (Figure
4.5). Figure 4.3 shows the evolution of LC transition confined in the cell having a spacer thickness of
about 60 um. The LC transition is observed over time between crossed polarizers. The phase
development follows a typical Isotropic-Nematic phase separation behavior where small birefringent
nematic tactoids form in the isotropic phase medium (Figure 4.3a) and increase in size by coalescing

with adjacent tactoids (Figure 4.3b).'** Typically, this size growth of the tactoids is the only evolution
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process observed with this kind of colloidal LCs. However, in the confinement effect inside the cell, a

complete modification of the birefringent pattern was observed (Figure 4.3c-h).

When the size of tactoids reaches a certain threshold, it seems that tactoids begin to interact and anchors
to the bottom substrate. Anchoring induces the formation of linear defects preferentially at the lateral
side of the tactoids (see ellipsoid in Figure 4.3¢-d), which seems to disrupt the balance between the
elastic energy and the free energy of the nematic tactoid droplets. Adjacent tactoids having contact with
these defects also form defects (Figure 4.3e-f). These metastable linear defects transform again into
flower-shaped domains by generating a number of point defects where the rearranged linear defects

merge and form flower-shaped domains. (Figure 4.3g-h).

Evolution of LC phase in the cell of spacer thickness ~120 pm
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Figure 4.4. The confinement-induced liquid crystalline transition of LaPO4:Eu nanorods observed

between crossed polarizers over time. scale bar = 200 um. The thickness of the cell spacer is ~ 120 pm.
Figure 4.4 shows the confinement-induced LC transition in the cell with a doubled spacer thickness of
~ 120 pm. In this case, the nematic tactoid droplets grew much bigger by continuously merging with
the adjacent tactoids, and finally a large nematic filled the whole area of the view (Figure 4.4a-c) unlike
the case with a thinner gap (~ 60 pm) where the isotropic and nematic domains coexisted (Figure 4.3a-
¢). Afterward, linear defects were generated inside the nematic domain (Figure 4.4d-g). Instead of

evolution into flower-shaped domains increasing the number of point defects shown in the thinner gap
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(~ 60 um), the randomly generated linear defects rearranged to form long and parallel linear patterns
minimizing the number of point defects. The final LC pattern with only linear defects is similar to the
fingerprint-like patterns that are often observed in organic LCs (Figure 4.4h-i). Even after long time,
further transition to a flower-shaped domains is not observed for this cell. Thus, it seems that the
thickness of the cell gap has an important role in determining the stabilized LC domain structure when

it is evolving in the confined geometry.

Evolution of LC phase in the surface-treated cell
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Figure 4.5. Photograph of a water droplet on (a) non-treated and (b) hexamethyldisilazane (HMDS)
treated glass substrate.!” (¢-h) Confinement-induced liquid crystalline transition of LaPO4:Eu*" nanorods
observed between crossed polarizers over time. scale bar = 200 um. The surface of the cell substrate is
treated with hexamethyldisilazane (HMDS). The thickness of the cell spacer is ~ 60 um.
As it appears that there is a specific interaction between the LC domain and the substrate, inducing the
domain evolution, we designed a study to see if the chemical surface property of the substrate influences
the LC transition. We modified the cell surface hydrophilicity by treating the cell surface using a vapor-
phase hexamethyldisilazane (HDMS).!” The HDMS treated cell surface showed a high hydrophobicity,
as can be seen in the high contact angle of a water droplet (Figure 4.5b) as opposed to the relatively
low contact angle on the quasi-hydrophilic surface of the untreated glass substrate (Figure 4.5a). The
LC suspension confined in such a hydrophobic cell showed the typical growth of tactoids but not the
transition into fingerprint-like LC or flower-shaped domains (Figure 4.5¢c-h). Because ethylene glycol

(EG) used as a dispersing medium is a hydrophilic molecule, the LC suspensions do not seem to interact
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and anchor the HDMS treated hydrophobic substrate. On the contrary, UV-ozone treated confined cells
(increase the hydrophilicity) showed the same LC transition shown in Figure 4.3, confirming that the

confinement-induced LC domain evolution is favored on the hydrophilic surface.

We have shown above that the confinement-induced LC transition of colloidal LC can be controlled by
several experimental factors such as the spacer thickness and surface property of the cell. It is interesting
to note that some theoritical works based on the organic LC molecule also suggested that LC transition
in confined geometry can be controlled by changing the surface property and the thickness of slab
geometry.!’® 1”7 Based on the observations described above, a hypothetical scenario of colloidal LC
evolution in confined geometry could be suggested. The key mechanism of LC evolution seems the
interaction between colloidal LC and the substrate, making the particles in LC anchor to the substrate.
This anchoring disrupts the balance between the elastic energy and the free energy of the nematic tactoid
droplet and generates a defect inside the nematic tactoid droplet. Then, an entropically non-favored
coexistence of a new kind of nematic alignment (made by defects) and the surrounding nematic director
is restabilized by rearranging into a new type of LC domains. And the configuration of this
rearrangement may depend on the gap distance. Further theoretical consideration of the exact
mechanism of the confinement-induced evolution of colloidal LCs remains as future work. In this
chapter, we focus on the experimental observation revealing the orientation and order parameter profiles
of these new LC domains utilizing the previously described optical methods based on the simultaneous

consideration of MD and ED emissions of lanthanide dopants.
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4.1.2. A rich diversity of liquid crystalline phase in confined geometry

Figure 4.6. Representative confinement-induced liquid crystalline structure of LaPO4:Eu LC suspension
observed between crossed polarizers. (a) Nematic tactoid droplet surrounded by isotropic phase, (b)
fingerprint-like nematic domains, (¢) flower-shaped nematic domains, and (d) nematic domain with point
defects.
As discussed in the previous section, the LC suspension composed of LaPO4:Eu nanorods shows a rich
variety of LC domains. Figure 4.6 summarizes the representative LC structures observed in the cell
having different gap thickness or different hydrophilicity of the substrate surface. We have often
observed that the fate of the final LC domains varies depending on the position in the cell, as
summarized in Figure 4.7. These LC structures remained the same as an intermediate state without

further transition to the final structure.

Some of the prepared cells showed unexpected nucleation and growth of the LC structure aligned in
one direction (Figure 4.8). This alignment is probably due to the micro-scratches on the substrate,
which seem to be created during the substrate cleaning. This observation implies that it might be
possible to control such mesostructured LC domains and their patterns by an artificial treatment of the
substrate, which is indeed a common method to pre-align molecular LCs. Further studies are necessary

to fully understand this phenomenon and develop strategies.
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Figure 4.7. The metastable liquid crystalline phase of LaPO4:Eu nanorods suspension found at a different
position in the cell. Images are taken between crossed polarizers. (a) Nematic tactoid droplet with point
defect (b) Nematic tactoid droplet with linear defect (¢) Nematic domain with linear defect and flower-
like nematic patterns (d) Connected flower-like nematic pattern with linear defect (e) Boundary between
isotropic and flower-like nematic domain.
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Figure 4.8. Confinement-induced LC domains aligned in one direction.
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4.1.3. Birefringence pattern study of liquid crystalline phase in confined geometry

Figure 4.9. (a) Tactoid nematic droplet observed by rotating the sample in the plane between crossed

polarizers. Scale bar = 100 pm. (b) [llustration of nanorod orientation in the tactoid nematic droplet. The

illustration is taken from the reference.!'8°

The representative LC structures presented in Figure 4.6 were investigated by a birefringence technique.
When viewed between crossed polarizers by rotating the sample, the orientation of nematic director
with respect to the angle of the polarizer and the order parameter of LC structure can be roughly
estimated. However, the exact information cannot be obtained because the birefringence signal

represents a 2D projection of the LC orientation integrated across the thickness of the sample.

Figure 4.9a shows a nematic tactoid droplet observed by rotating the sample between the crossed
polarizers. The measured light intensity I for a birefringence measurement can be expressed as [ = I,
cos?(8) - sin?(0) - An - t where Iy is the initial light intensity, 0 is the angle between the orientation of
the nematic director and the polarizer and An is the amount of the birefringence, and t is the thickness
of the sample. The amount of birefringence An is zero in the isotropic phase due to the random
orientation of the nanorods. Therefore, the light intensity measured for the isotropic phase is dark. For
example, the outer part of the spindle-shaped tactoid is dark in Figure 4.9a. On the contrary, the

birefringence An inside the nematic droplet is non-zero and its amount of birefringence is proportionally
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related to the order parameter S. The measured light intensity I is also a function of 0, the angle between
the orientation of nematic director 1 and the polarizer, which is the minimum when 0 = nzt (n=0, 1/2,
3/2...) and the maximum when 0 = nn (n=1/4, 3/4, ...). Based on the intensity patterns obtained with
rotating samples, it was roughly understood that the studied tactoid nematic droplet had a typical bipolar
orientation surrounded by an isotropic phase and the nematic director 7 is tangential to the isotropic-
nematic interface'#?, as illustrated in Figure 4.9b.'3 However, the exact information of order parameter
and the orientation of nematic director each unit volume cannot be obtained using a birefringence
technique. The methodology for calculating the value of order parameter S and the orientation of

nematic director 7 based on the polarized PL of rare-earth dopants is discussed in Chapter 4.2.

a
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Figure 4.10. (a) Fingerprint-like nematic LC domains observed by rotating the sample in the plane

between crossed polarizers. Scale bar = 100 um. (b) Regions that show dark image when rotating the

sample are indicated as a red dashed line.
Figure 4.10a shows fingerprint-shaped nematic LC domains observed by rotating the sample between
the crossed polarizers. Comparing to the nematic tactoid droplet having a relatively simple structure, it
is difficult to estimate the structure for the fingerprint-shaped LC domains using birefringence images.
Figure 4.10b show red dashed line that indicates regions always showing dark image when the sample
is rotated. Having darkness in the birefringence image implies that this narrow region has nanorods that
are either randomly oriented (isotropic) or vertically aligned to the substrate because the amount of

birefringence An is zero for these two cases.

Figure 4.11a shows the flower-shaped LC domains observed by rotating the sample between the
crossed polarizers. Similar to the fingerprint-shaped LC, it is difficult to estimate the structure due to
the intricate birefringence patterns. The regions showing a dark image when rotating the sample are

also shown in Figure 4.11b. Interestingly, the outline and center of a flower-like pattern always appear
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dark, meaning that these regions have nanorods that are either isotropic or vertically aligned to the
substrate. One flower-shaped domain is seemingly composed of four linear fringes merging at the center
with 90°-angles to each other. However, it could not be made the precise estimation on how the LC
building blocks (LaPO4:Eu nanorods) were organized in such a peculiar domain from the 2D
birefringence images, and further understanding of the structure requires an investigation using another
technique allowing to measure the orientation and density of the nanorods in three-dimension. This

original experiment using fluorescence confocal microscopy is demonstrated in the next section.

Figure 4.11. (a) Flower-shaped LC domains observed by rotating the sample in the plane between crossed
polarizers. Scale bar = 20 um. (b) Regions that show a dark image when rotating the sample are indicated
as a red dashed line.
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Summary of Chapter 4.1

When liquid crystal phases (LC) are confined in nanoscale geometries, the LC phase can transit to a
new type of spatial LC domains. However, such LC transitions had not yet been observed in colloidal
LCs. Here, we have found that the LC phases of colloidal LaPO4:Eu nanorods confined between two
hydrophilic substrates can exhibit a peculiar LC domain evolution from a typical nematic tactoid
droplet to complex flower-shaped LC domains via an intermediate state with fingerprint-shaped LC
domains. This new LC phenomenon can be controlled by changing the hydrophilicity of the cell
surfaces or by varying the thickness of the cell spacer. A birefringence study is performed to
reconstruct the structure of these LC domains induced by the confinement effect, which was however
insufficient due to the limit of the birefringence pattern that is a 2D projection of the integrated signal

over the sample thickness.
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4.2. 3D tomography of liquid crystalline assembly of LaPO4:Eu nanorods

4.2.1. State-of-the-art method for tomography of liquid crystalline phase

As discussed above, the confinement-induced liquid crystalline transition generates complex LC
patterns that have arbitrary orientations of nematic director 1 varying in three-dimension (3D). Among
the non-destructive methods characterizing such LC patterns, birefringence pattern analysis is the most
available technique, which however can only provide information in 2D projecting the information of
3D pattern integrated over the thickness, as discussed above. Small Angle X-ray Scattering (SAXS)
analysis could offer an alternative method, which is still limited due to relatively poor spatial resolution,

sensitivity, instrumental complexity and the specific requirements for the sample preparation.
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Figure 4.12. (a) Scheme of fluorescence confocal polarizing microscopy (FCPM). Images of focal conic
domains (FCD) obtained by (b,c¢) FCPM and by (d,e) optical polarizing microscope. (b,d) horizontal
cross-section of FCD. (c,e) vertical cross-section along the green lines on the image of (b,d). Images were
taken from the reference. '8!
Smalyukh et al., suggested a method to perform tomography of molecular LC patterns in 3D space
using a fluorescence confocal polarizing microscopy.'® This method is based on the anisometric
fluorescent dye molecules (e.g, BTBP — n,n’-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylen-
edicarboximide) that can align along with the nematic director 1 of the LC structure (Figure 4.12a).

These fluorescent molecules exhibit their emission intensity changing as a function of the angles of
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excitation and emission polarizations, which is the maximum when the polarization angle is parallel to
the axis of the dye molecule and the minimum when the polarization angle is perpendicular to the axis
of the dye molecule. Therefore, when scanning the LC structure with a polarized excitation source, the
intensity of the detected fluorescence signal varies as a function of the orientation of the dye molecules
aligned along the 71 of the LC structure. Thus, their relative emission intensity of fluorescence allows
one to estimate the LC orientation and perform tomography by scanning different slices of the LC
structure. For example, Figure 4.12b-c shows one slice of scanned fluorescence intensity of the dye

molecules aligned in the focal conic domains (FCD) structure.

The limitation of this method is that it reveals only “relative” orientation changes that are roughly
estimated from the global fluorescence intensity change that is not precise enough to provide the exact
value of the orientation of the nematic director 7 (the limitation of orientation analysis using molecular
dyes was discussed in Chapter 1). Also, this method cannot provide information about the order

parameter S of the LC structure despite that it is an essential feature of LC domains.

This section is dedicated to overcoming these limitations in order to understand the newly observed LC
phase behavior by analyzing the polarized photoluminescence signal of rare-earth ions doped in the

nanorods composing the LCs.

4.2.2. Theoretical methodology for tomography of liquid crystalline assembly

In Chapter 1, we have shown that the orientation (0,p) of individual Eu**-doped nanorods can be
precisely calculated based on the peculiar characteristic of ©-, 6-, and a- spectra from the observation
of their polarized photoluminescence. In Chapter 2, based on the same principle, order parameter S of
aligned Eu**-doped nanorods assembly with a known orientation of global alignment 7 is analyzed.
Liquid crystalline structure is a three-dimensional assembled structure of which both the orientation of
nematic director 72 (0,¢) and the order parameter S are arbitrary in a different position. Therefore, three
essential parameters (S,0,¢) of LC structural information must be simultaneously considered in the
calculation. We describe here a theoretical methodology that allows us to determine these three essential
parameters (S,0,¢) from the polarized photoluminescence of lanthanide ions doped in crystalline
nanorods, the building blocks of LC structure investigated. Note that this is a generalized case of the

method demonstrated in Chapter 2 when the director orientation 71 is unknown.
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Figure 4.13. (a) Schematic illustration of nanorods assembly aligned to the nematic director 7 in the
focal volume of the confocal microscope. Orientation of 1 have an arbitrary 3D orientation by spherical
angles — polar angle 0 respect to the y-axis, azimuthal angle ¢ on the xz-plane. (b) Schematic illustration
of a single nanorod in the aligned assembly, having an orientation distribution respect to 7 with spherical

angles (05, @s).

Figure 4.13a illustrates the nanorod assembly aligned along with the nematic director 7 having an
arbitrary orientation in the laboratory frame by a polar angle 6 with respect to the y-axis and an
azimuthal angle @ on the xz-plane. The emission intensities collected at two orthogonal polarization
angles, Ix and I, (first and second subscripts refer to the axes of propagation and polarization
respectively), have contributions of the two polarization components parallel (I;) and perpendicular (I.)

to nematic director 7,

For both MD and ED:
Iy (1) = I;(A) - cos?6 + I, (A) - sin?6 - sin®¢ + 1, (A) - sin0 - cos®p 4.1)
Lx(A) = I;(A) - sin?0 - sin®@ + [, (1) - cos?6 + I, (A) - sin?0 - cos?¢ 4.2)

where I and I, indicate the relative intensities of two polarization components parallel and

perpendicular to the nematic director . Equations 4.1-2 can be simplified as:
Iy(A) = Ij(A) - cos?*0 + 1, (A) - sin®6 4.3)
Ly (A) = I;(A) - sin?0 - sin®@ + I, (1) - (cos?0 - sin?p + cos?0) 4.4)

Two polarization components parallel (Ij) and perpendicular (I,) to nematic director 72 in the Equation

4.3-4 can be expressed same form with Equations 2.7-10 discussed in Chapter 2.

For ED transition,
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Ijep Q) = I gp ) - {c05?65) + I gp ) - (1 — {cos?6)) 4.5)
ILep @) = 222D . (1 — (cos?6,)) + 222D (1 + (cos26,)) (4.6)

For MD transition,
Ip @) =229 . (1 — (co526,)) + =MD (1 + (cos?65)) 4.7

IJ.,MDO\) = Ia,MDO\) : (C05295> + Iz mp M-1- (‘305295)) 4.8)

where {cos?6) is an average polar angle of all nanorods residing in the focal volume to nematic
director 7 (Figure 4.13b). Based on the above-expressed equations, the practical manual on how to

calculate (S, 0, @) of aligned nanorods assembly is described step by step in the following.

Step 1: Calculating (cos?0,)

One can then rewrite Ly (1) (Equation 4.3) as a function of (cos?6,) and cos?@ by substituting I, I,

with Equations 4.5-8 separately for ED and MD transition.

For ED transition,

Iy ep ) = @ (1 — (cos?8,) — cos?6 + 3{cos?8;) - cos?0)
+ @ (1 + (cos?8,) + cos?6 — 3(cos?6;) - cos?8) (4.9)
For MD transition,
Lymup Q) = IU'ESOO (2(cos?8) + cos?6 — 3(cos?8;) - cos?0)
+ M (2 — 2(cos?8,) — cos?6 + 3(cos?6;) - cos?0) (4.10)

2

The Equations 4.9-10, with the intensities as continuous functions of wavelength, can be rewritten with
the integrated intensities for divided wavelength ranges referred to as ED1, ED2, MD1, and MD2. Area

under curve ratiometry approach is discussed in Chapter 1.

For ED transition,
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(cos?6,) + cos?O — 3(cos?8) - cos?6

_ kzyED - (IJ,EDZ + In,EDZ) - (IJ,EDl + ITE,EDl) (4.11)

kzy,ED ' (IO‘,EDZ - In',EDZ) - (IO‘,EDI - In',EDl)

where I;gpn and Isepn (n = 1 or 2) indicate the relative area under curve of the © and ¢ spectra and

. . .1
k,y gp stand for the measured intensity ratios ~2>"EP? )
Y, Izy,EDZ

For MD transition,

2(cos?8) + cos?6 — 3{cos?6;) - cos?0

k -1 -1
=_7. zy,MD m,MD?2 n,MD1 (4. 12)

kzy,MD ) (IJ,MDZ - In,MDZ) - (IJ,MDl - In,MDl)

where I;mpn and Ismpn (n = 1 or 2) indicate the relative area under curve of the © and o spectra and
. . .
kzymp stand for the measured intensity ratios ~***"°* / )
’ zy,MD2
One can obtain (cos?6) by subtracting Equation 4.12 from Equation 4.11, which can be rewritten as:

k -1 -1
(COSZHS) = _2. zy,MD ‘m,MD2 mT,MD1

kzy,MD ' (IO',MDZ - ITL',MDZ) - (IO',MDl - Irr,MDl)

k,y D (IG,EDZ + IT[,EDZ) - (IG,EDl + IT[,EDl)

(4.13)
kzy,ED ' (IO',EDZ - n,EDZ) - (IO',EDl - n,EDl)

Once (COSZGS) is obtained, order parameter S can be calculated according to Equation 2.1 - S =

(3 (cos?6,) — 1)/2'

One can now also calculate the integrated intensities for divided ranges (MD1, MD2, ED1 and ED2) of

Iy mp @), I up @), 1||,ED(7\)a IL,EDO\) (Equations 4.5-8) - Iy vp1. 11 mp1s> lympz» Limp2s IieD1 >

Iy gp1s IyEp2, 11 Ep2 - Which will be used for further calculation.
Step 2: Calculating cos?0

Once {cos?8,) is obtained, cos?# can be calculated either from Equations 4.11 or from Equation 12.

For ED transition,
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c0s20 = ( 1 ) _ {kzy,ED : (IO',EDZ + ITL',EDZ) - (IO',EDl + ITL',EDI)

3(cos26,) — 1 + (COSZQS)} (4.14)

kzy,ED ' (IO',EDZ - ITL',EDZ) - (IO',EDl - ITL',EDl)

For MD transition,

cos?6 =

( 2 ) ) kzy,MD "Iy mp2 — Inmp1
3(cos?6;) — 1) [k

+ (cos?0 )} (4.15)
zy,MD (IU,MDZ - In,MDZ) - (IJ,MDI - In,MDl) °

One gets an identical value of cos?8 regardless of the type of transition used for the analysis, as it

originates from the same equation.

Step 3: Calculating sin’¢@

Similarly, Lx (A) (Equations 4.4), with the intensities as continuous functions of wavelength, can be
rewritten with the integrated intensities for divided wavelength ranges from which sin¢ can be

expressed as:
For ED transition,

kzx,ED ! IJ.,EDZ - IJ.,EDl
(1 - cos?6) - [(III,EDl - IJ_,EDI) = KzxEp (III,EDZ - IJ_,EDZ)]

sin¢@ = (4.16)

where I} gpn, and I} gp, (n =1 or 2) indicate the integrated intensities of I gp(A), I} gp(A) (Equation

. . .1
4.5-6) and k, gp stand for the measured intensity ratios zx,ED1 / b’
ZX,

For MD transition,

kzx,MD ' IJ_,MDZ - IJ_,MDl

(1 - cos?6) - [(III,MDI - IJ_,MDI) — KzxMp (III,MDZ - IJ_,MDZ)]

SiTlZQD = (4 17)

where Iy ypn and I; ypn, (n = 1 or 2) indicate the integrated intensities of Iy yp(A), I yp(A)

. 1 i 1 [
(Equations 4.7-8) and k, vp stand for the measured intensity ratios ~“*MP 1/ D2’
zX,

As cos?8 is already obtained, one can calculate sin?¢ by applying the value of integrated intensities
for divided ranges of Iy pp (A), I, yyp (D), Iy gp (A, I} gp (A). From the equations described above, one
can obtain two values of sin?¢ either from MD or ED transition. In principle, these two values should
be identical unless there are error sources (see the discussion about errors in ratiometric orientation

analysis presented in Chapter 1.3.3). Once the orientation of nematic director 72 (0, ¢) is calculated,
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the coordinates are converted into the more intuitive angles to the observer - out-of-plane angle 6’ and
in-plane angle ¢’ with respect to the measurement plane (Figure 4.14). The conversion is made

according to Equations 1.11-12.

AN

Figure 4.14. Schematic illustration of nanorods assembly aligned to the nematic director 7 in the focal
volume of the confocal microscope. Orientation of 7 have an arbitrary 3D orientation by spherical angles
— out-of-plane 6’ and in-plane angle ¢’ on the measurement plane (xy).

Based on the above-described methodology, one can calculate the three essential parameters - order
parameter S and the orientation of nematic director 7 (0, ¢) — of aligned nanorods assembly. We
describe in the following sections using this methodology to study the new LC domain structures.
However, it is worth noting that the above-described methodology can be applied to any kind of aligned
rare-earth doped nanorods assembly structure for their analysis of (S, 0, ¢). Aligned nanorods assembly
in a microfluidic channel by a shear force is an example shown in our previous study.®® For the practical
application of this methodology, it requires a confocal polarizing microscope to obtain the PL signal
with a fine spatial resolution and the two orthogonal polarization components of polarized PL signal

(Ix and L) collected from every unit volume.

4.2.3. Fluorescence confocal polarizing microscopy

Figure 4.15 shows the confocal polarizing microscopy setup developed for liquid crystal tomography.
The UV excitation beam of monochromatic laser (Aex = ~ 394 nm) used for the excitation of Eu** ions
doped in LaPOy4 nanorods is collimated by a collimating lens. The parallel excitation beam then meets
the beam expander which adjusts the parallelism of the excitation beam, which functions as a correction

for the chromatic aberration of the objective. This correction allows us to match the focal plane of the
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excitation and emission beam (Aem = 500 ~ 700 nm), improving the microscopy resolution. With the
adjustment using the beam expander, the confocal resolution is improved more than eight times in
volume and the fluorescence signal-to-noise ratio is improved more than two times. Then, the excitation
beam passes through the A/4 waveplate, which circularly polarizes the linearly-polarized excitation
beam. The A/4 waveplate is set at 45° with respect to the linear polarization axis of the laser beam. This
is to minimize the overall fluctuation of the overall fluorescence intensity caused by the varying
absorption cross-section of the nanorods as a function of the angles between the excitation polarization
and the rod axis. The excitation beam is then reflected by a dichroic mirror and a right-angle prism
mirror. We found that the metal-coated mirror should be avoided for the polarization experiment
because the polarization state can be significantly affected when the beam is reflected off the metal
surface. Then, the excitation beam is focused on the focal plane where the objective collects the

emission beam on the same focal plane.
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Figure 4.15. (a) Schematic illustration and (b) photograph of confocal fluorescence polarizing
microscopy setup developed for liquid crystal tomography. Each section corresponding to excitation,
emission-resolution and emission-polarization are marked in the dashed box.
The emission beam collected with the objective is then reflected by the right-angle prism mirror and
transmits the dichroic mirror. The emission beam is then focused on the focal point where the pinhole
of 15 um is installed. Using a smaller pinhole size, the confocal resolution can be improved but there is
a tradeoff with the signal-to-noise ratio. As the fluorescence intensity of lanthanide ions is relatively

lower than the other phosphors (e.g., organic phosphors, quantum dots) due to small absorption cross-
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section and the milliseconds scale of luminescence lifetime, 15 pm was the optimum pinhole size
preserving good confocal microscope resolution and the signal-to-noise ratio of collected spectra. The
emission beam is then collimated, and the polarization state is rotated with a A/2 waveplate. Afterward,
the polarization state is selected by a polarizing beam-splitter that transmits p-polarization component
and reflects the s-polarization component. The reflected s-polarization component is then focused and
enters into the spectrophotometer. We have set a polarization setup configuring a combination of a A/2
waveplate and polarizing beam-splitter instead of a combination of a linear polarizer. In doing so, one
can make sure that the s-polarization always arrives at the spectrometer while having the possibility to
select the state of polarization by rotating the A/2 waveplate. This configuration eliminates the distortion
of the line shape of the measured spectra due to the optical anisotropy of the grating inside the
spectrophotometer. The transmitted p-polarization component of the emission beam is then split,
focusing on the avalanche photodiode (APD) which returns the overall fluorescence intensity and the
other towards a viewing camera. A photograph of the whole setup of this microscopy system is shown

in Appendix Figure 4.1.

Spatial resolution of the confocal microscope

Single NaYF,:Eu nanorod
Length=1.18 ym
Diameter = 0.12 pm

. >
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-—d
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Figure 4.16. (a) Schematic illustration of single NaYF4:Eu nanorod lying on the substrate with an
objective (b,¢) PL emission image obtained by scanning PL signal (from APD) synchronized with a
piezoelectric stage, (b) XY slice and (¢) XZ slice of a single nanorod. Scale bar = 1 um. The Red line
corresponds to the cross-section of PL intensity, shown in the right panel. The value of Full-half-width-
maximum (FWHM) is written in red color.

The spatial resolution of the developed confocal microscopy is verified by scanning a PL emission of a
single NaYF4:Eu nanorod lying on the substate (same nanorod discussed in Chapter 1-2). Figure
4.16b-c¢ shows the collected PL emission by the APD detector synchronized with the piezo stage for

different slices — xy (Figure 4.16b) and xz (Figure 4.16¢) scanning. The cross-section at the diameter

of a single nanorod (~120 nm) allows us to roughly estimate the spatial resolution of confocal
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microscopy. The spatial resolution at the optimized condition was about 0.6 um for xy scanning (lateral
scanning) and about 1.4 pm for z scanning (axial scanning). The resolution is calculated by subtracting
the diameter of the nanorod from the FWHM of the PL emission profile across the diameter of the
nanorod (Figure 4.16b-c). For this test, a 100x objective with a numerical aperture (NA) of 0.9 is used.
However, it should be noted that the resolution will vary greatly depending on experimental conditions
such as the refractive index of the surrounding emitter, the NA of the objective, emission wavelength,
and the ability to correct chromatic aberration. The theoretically estimated confocal resolution for the
used excitation wavelength (~ 400 nm) and the numerical aperture (NA 0.9) is ~ 0.3 um for lateral
resolution and ~ 0.8 pum for axial resolution, which is not yet achieved.'®? Further optimization is

necessary to improve the spatial resolution.

4.2.4. 3D tomography of liquid crystalline nanorod assembly

Nematic tactoid droplet

Figure 4.17. (a) Scanned PL emission of nematic tactoid droplets obtained at different Z planes. pixel

size: 0.5 pm. scale bar = 10 um. (b) Reconstructed 3D PL emission of nematic tactoid droplets.
The proposed methodology is firstly applied to the nematic tactoid droplet because its orientation
structure is well understood by many other works (also illustrated in Figure 4.9b).'*> Figure 4.17a
shows the scanned PL image of a nematic tactoid droplet surrounded by isotropic phase, which is
detected by APD synchronized with a piezo stage. Although PL is emitted both from the nematic and
the isotropic phase, the phase can be distinguished because the nematic phase has a higher spatial
density of nanorods than the isotropic phase. Accordingly, the measured PL intensity of the nematic
phase in a given focal volume is ~1.5 times stronger than that of the isotropic phase. The good spatial
resolution being ensured, the border between the isotropic and nematic phase appears clearly. By

performing the scanning of the global PL emission intensity on XY -planes at different Z heights (Figure
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4.17a) and putting them together, the 3D nematic LC structure can be reconstructed as shown in Figure
4.17b. As expected, the nematic tactoid droplet has a rugby ball shape having two poles at the end and
a thicker center, having a good agreement with the discussion made in Figure 4.9. With these PL images
collecting the global intensity of emission on a wide wavelength range, the orientation of the nanorods
in the nematic tactoid cannot be calculated. The proposed methodology requires measuring the PL
intensities at divided wavelength ranges (MD1, MD2, ED1, and ED2). This can be achieved by using a
photodetector (e.g. APD) with different optical bandpass filters or using a spectrometer with a post
spectral analysis. The selection of the bandpass filters for LaPO4:Eu nanorods is described in Appendix
Figure 1.3. The calculation of (S, 6, @) requires measuring two polarizations (I, Iy) at four different
wavelength ranges (MD1, MD2, ED1 and ED2), which means that it requires at least eight separate
measurements for one scanning plane when using photodetectors. We thus chose to use a spectrometer
that can cover the whole wavelength range with an automatically rotating mount to select different

polarizations.
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Figure 4.18. (a) Scanned PL emission of a nematic tactoid droplet of XY slice obtained at one Z height,
scale bar = 10 um. pixel size: 0.5 pm Spectrum collected at two orthogonal polarizations (Ix, I,y) at two
different positions indicated in Figure 4.18a - (b) position1, isotropic phase, (¢) position2, nematic phase.

Figure 4.18a shows the scanned PL emission of the nematic tactoid droplet by APD detector at one Z

plane. As discussed above, the isotropic phase and nematic phase can be distinguished by their relative
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PL emission intensity, which allows us to selectively measure the spectrum from an either isotropic or
nematic phase. When the spectra are measured at two orthogonal polarizations in the isotropic phase
(Figure 4.18b), it showed a negligible change in their line shape at different polarizations due to the
random orientation of nanorods. Nevertheless, one can see that the background offset of spectra at two
polarization states is not perfectly the same even for the isotropic phase, which may cause some errors
in the analysis unless the proper background subtraction is made. The excitation laser intensity is kept
low (<20 mW) to prevent disarrangement due to local heats induced by the excitation laser when taking
the reference spectra and tomographic spectra. Contrary to the isotropic phase, spectra measured in the
nematic phase show distinct line shapes at different polarizations (Figure 4.18c). Such a difference in

line shape contains the information of (S, 0, ¢) in the measured focal volume of the LC structure.
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Figure 4.19. Scanned spectrum for each unit volume is used to calculate the area under curve (MDI,
MD2, ED1, and ED2) and their ratio (MD1/MD2, ED1/ED2) at orthogonal polarizations (I, l,y). pixel
size: 1 um Calculated area under curve and their ratio is displayed for (a) Lxmp, (b) LxEp, (€) Lymp and
(d) Lyep.
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The spectra at two polarizations were automatically collected at each pixel of the 3D scanning map by
synchronizing the spectrometer with the scanning piezo-stage and the polarization rotating mount.
Image maps of the area under curve (MD1, MD2, ED1 and ED2) of the spectra (Ix, I,y) were then
calculated after the background offset treatment, as shown in Figure 4.19. The following calculations

were conducted using these 2D image maps. Unlike NaYF4:Eu nanorod considered in Chapter 1 and
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Chapter 2, for the LaPO4:Eu nanoparticles, the *Do-'F; transition is used for MD emissions, and the
Do-"F4 transition is used for ED emissions. This is because the Do-'F transition showed the highest
DOP among other ED transitions available in one spectrogram (e.g., *Do-'F» and °Do-’F; transitions).>
% (see the highlight in Figure 4.18b-c for the wavelength range used for the area under curve). The area
under the curve ratio calculated by dividing the area under the curve (MD1/MD2 and ED1/ED2) for
orthogonal polarizations (I, ly) is used for the subsequent calculation of (S, 6, ¢) (Figure 4.19). The
calculation (S, 0, ¢) requires a reference spectrum (I, I;) obtained under the same experimental
conditions (e.g., refractive index, objective, grating of the spectrometer, same batch of nanoparticles,

etc.) where the experimental data are obtained.
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Figure 4.20. Reference spectrum of LaPO4:Eu nanorods obtained at the center of nematic tactoid droplet.
(a) Spectra with a rotating polarizer. Area under curve of (b) MD1 and MD2 wavelength range and (c)
EDI1 and ED2 wavelength range for spectra with a rotating polarizer. (d) Area under curve ratio of
MD1/MD2 and ED1/ED2.
Here, the reference spectrum is obtained at the center of the nematic tactoid droplet where the alignment
of nanorods is expected to be almost perfect (0.8 <S < 1). It is essential to find a nematic tactoid droplet
with the orientation director parallel to the substrate for collecting the reference spectra. It is interesting
to note that the reference spectra can be also obtained from the aligned thin film’®, nematic LC phase®,
and the single nanorod®’. In the case of the single nanorods, the reference spectra will be the most perfect

in terms of DOP, but there is a tradeoff with the S/N ratio as the emission intensity of a single nanorod
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is very small. In the case of the nematic sample, getting reference spectra at a different position is
necessary to find a position that shows the perfect alignment where S is close to 1, thus showing the
highest DOP. In the case of aligned thin film, it is interesting as there would be no wobbling of nanorods
by thermal effects. However, it has a different optical environment surrounding the emitting nanorods,
such as the refractive index and close interface with the substrate, which may cause some errors in the

analysis.

Figure 4.20 presents the reference spectra measured at the center of the nematic tactoid droplet parallel
to the substrate, showing a clear line shape change with a rotating polarizer. Reference spectra - I, and
I; - are measured parallel (noted 0°) and perpendicular (noted 90°) to the main axis of a spindle-shaped
nematic tactoid droplet, respectively. Using the same wavelength ranges (MD1, MD2, ED1 and ED2)
with experimental spectrum map (Figure 4.18b-c), the reference intensities — Iy mp1, lrmp2, Irep1, IrED2,
and Is mpi, IsMmp2, Is D1, IoEp2 - can be calculated. Figure 4.20b-d shows the polar diagram of area under
curve and their ratio of the reference spectra. The calculated degree of polarization (DOP) of area under
curve for MD1, MD2, ED1 and ED2 wavelength ranges is -0.23, 0.24, 0.40 and -0.22. The DOP of the
area under curve ratio for MD1/MD2 and ED1/ED2 is -0.45 and 0.57. Better accuracy is expected when

ED emission is used as an analysis as it showed a higher DOP.

As the spectrum map of k mp, Kuep, Kzymp and ko gp (Figure 4.19) and the reference intensities (Irmpi,
Lemp2, Inept, Inepz, and Ismpi, Iowmpo, Ioepi, lorp2) (Figure 4.20) are obtained, (cos?6;) - an average
polar angle of all nanorods residing in the focal volume to nematic director . - can be firstly calculated
using Equation 4.13 for each pixel. Once (cos?6;) is calculated, order parameter S =

. 2 —
(3 - {cos®6;) 1)/ o can be calculated, as shown in Figure 4.21a. The calculated value of order

parameter S appears higher (~ 0.20) for the areas near the nematic tactoid droplet and lower (~ 0) for
the areas far from the tactoid nematic droplet. The non-zero S very close to the surface of the nematic
tactoid droplet may be due to the capillary nematization effect. However, the calculated order parameter
S fluctuates from 0 and 0.20 in the isotropic phase, even far from the nematic droplets. As the expected
value for the randomly oriented isotropic phase is 0, the fluctuation seems to be mainly due to an
insufficient spatial resolution. Thus, there were calculation errors due to signal fluctuation from pixel
to pixel. Further optimization is necessary for improving the resolution. In the nematic phase, the
calculated order parameter S was between 0.40 and 0.70 and appeared to gradually decrease from the
center of the tactoid to the isotropic-nematic interface. Such a tendency of gradual change in S is
necessary to reduce the energy of strong director distortions at the isotropic and nematic interface.'®®
Or, it can also be simply an artifact caused by the insufficient spatial resolution of the current optical
setup. The “absolute” value of the order parameter S remains unchecked for their accuracy at this state
because it requires comparison with the theoretical study adapted to the nanorod system studied. Based

on the calculated order parameter S map, the isotropic phase areas where the calculated value of order
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parameter S is between 0 and 0.20 are excluded for further calculation of orientation of nematic director
n. It is interesting to note that one would get a specific value of director orientation even for areas where

S is very low. Still, the resulting value has no physical meaning.
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Figure 4.21. Orientation-tomography of the nematic tactoid droplet at one Z height. (a) Calculated order

parameter S. Calculated orientation of nematic director 7 : (b) cos?0, (c) sin?p from ED emission and (d)

sin’g from MD emission. pixel size: 1 um
Then, cos?0 — the polar angle of orientation of nematic director 71 with respect to the y-axis — is
calculated using either kyvmp (MD1/MD2 of I, Figure 4.19b) based on Equation 4.15 or
K.y ep(ED1/ED2 of Ly, Figure 4.19d) based on Equation 4.14. Calculated cos?0 from two images and
equations shows the identical result (Figure 4.21b). Finally, sin?¢ — the azimuthal angle of orientation
of nematic director 7t on the xz-plane — can be calculated from two k-images. kg (ED1/ED2 of 1)
image shown in Figure 4.19¢ can be used for the calculation based on Equation 4.16 or ki mp
(MD1/MD2 of 1) image shown in Figure 4.19a can be used for the calculation based on Equation
4.17. Calculated sin?¢ from ED emission (kurp) and MD emission (kump) is shown in Figure 4.21¢
and Figure 4.21d, respectively. These two images show a similar trend in the resulting values, but the
absolute values are not identical for each pixel, indicating that there are error sources in the analysis.

Such calculated (cos?8, sin?) is then converted into a more intuitive orientation set (0°, ¢’), using
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Equation 1.11-12. MATLAB code used for the LC tomography analysis is shown in Appendix Table
4.1.

Figure 4.22a and Figure 4.22¢ show the out-of-plane angle 8’ of the orientation of the nematic director
1 on xy plane calculated from MD or ED emissions, respectively. The two calculated out-of-plane angle
0’ show the tendency where the out-of-plane angle 0’ is higher (close to 80°) at the center of the tactoid
and lower (close to 60°) at the outer part of the tactoid, meaning that the nanorods at the center of the
tactoid are oriented almost parallel to the substrate and progressively more inclined at the outer part of
the tactoid. Verification of the absolute value of the resulting values requires comparison with the
scanned PL emission image at XZ slice. Figure 4.22b and Figure 4.22d show the in-plane angle ¢’ of
the orientation of the nematic director 7 calculated from MD or ED emissions, respectively. The two
calculated in-plane angle ¢’ show the symmetrical orientation distribution from the central axis of the

nematic tactoid droplet.

Figure 4.23a and Figure 4.23b show the visualization of the calculated results (shown in Figure 4.22)
where the angle of the line is displayed based on the in-plane angle ¢’ and the length of the line is based
on the out-of-plane angle 8’. From this visualized map, it can be understood that the orientation of the
nematic director 7t is tangential to the isotropic-nematic interface, which have a good agreement with
the typical bi-polar nematic tactoid discussed in Figure 4.9. However, it should be noted that the results
from MD emissions and ED emissions are similar but not identical in their values, implying that there
are error sources. Various error sources in the ratiometric analysis are discussed in Chapter 1.3.3. As
discussed in Figure 4.20, since the DOP of ED1/ED?2 is higher than that of MD1/MD2, the calculated
result of ED emissions seems to be more correct than the one from MD emissions. It is also interesting
to note that some parts where the in-plane angle ¢’ is expected to close to 0° and 90° have lost their
precision of the analysis. The analysis has more errors when the nanorod are oriented parallel or
perpendicular to the polarizer or the substrate (i.e., 8’ and ¢’ are 0° or 90°), as discussed in Chapter
1.3.3. Further experiments are necessary to ensure the accuracy of the calculated result. Repeating the
same analysis at different Z heights of the structure allows the complete tomography of LC structure,

which remains as a future study at this state.
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Figure 4.22. Orientation-tomography of nematic tactoid droplet at one Z height. Calculated orientation
of nematic director 7 : (a,¢) out-of-plane angle 0°, (b,d) in-plane angle ¢’. The orientation is calculated
either (a-b) from MD emission or (¢-d) from ED emission.
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Figure 4.23. Visualized nanorod orientation based on the calculated result shown in Figure 4.22. The
orientation is calculated either (a) from MD emission or (b) from ED emission.
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Flower-shaped nematic LC domain
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Figure 4.24. (a) Birefringence image of flower-shaped nematic LC domain (xy plane). (b) PL emissions

scanned by APD at yz-plane.
The above-described methodology is also applied to the flower-shaped LC domain, the final structure
of colloidal LC evolution in the confined geometry. Tomographic mapping of other LC domains (e.g.,
fingerprint-like LC domain - Figure 4.10 and intermediate state of LC evolution — Figure 4.7) remains
as a future work at this state. Figure 4.24a shows the birefringence image of the flower-shaped LC
domain observed between crossed polarizers. Compared to the nematic tactoid droplet, it is more
challenging to define the isotropic and nematic interface from the birefringence image due to their
complex structure. We firstly scanned the PL intensity of the LC structure using the APD detector at
the YZ slices and found a very interesting vertical arrangement of isotropic and nematic phases and
their interface changing its height dramatically inside the confinement gap between the top and bottom
substrates. The center and border of the flower-shaped domain correspond to crater and hill, configuring
a mountain-like morphology of the interface (Figure 4.24b). The most interesting point is that the
mountain-like interface has a very sharp pointing edge (singularity). From the birefringence images
(Figure 4.11), the nanorods at these centers and the border of the flower-shaped domain were estimated
to be either isotropic or vertically aligned. Regarding that the dense nematic phase continuously covers

the bottom layer inside the cell, it seems that the nanorods in the nematic part are vertically aligned at
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these points and lines. When the flower-shaped LC domain is viewed by white light illumination
without the crossed polarizers (Figure 4.25a), the center of the structure appeared as the brightest point
and the border as the darkest point. Figure 4.25¢ shows the PL intensity scanned by the APD detector
at different Z heights. The 3D nematic pattern reconstructed by assembling images obtained at different

Z height confirmed the mountain-like isotropic-nematic interface, as shown in Figure 4.25d.

Figure 4.25. CCD captured flower-like nematic LC patterns (a) by white-light source illumination and

(b) between crossed polarizers. (¢) Scanned PL emission of flower-like nematic LC pattern obtained at

different Z height. Scale bar = 20 um. (d) Reconstructed 3D PL emission of flower-like LC nematic

pattern based on the images shown in Figure 4.25e.
Before applying the proposed tomography method, we investigated the polarization behavior of PL
collected from the structure near the bottom and the top substrates (Figure 4.26b-c). The spectra
collected with a rotating polarizer near the top and bottom substrate showed almost perfectly isotropic
polarization showing no spectral line shape changes for different analyzer angles. Although both spectra
showed an isotropic behavior, the spectra collected near the top substrate shows a line shape of a mixture
of I and I,, indicating that the nanorods are randomly oriented (isotropic phase). In contrast, the spectra
collected near the bottom substrate shows a purely a configuration (I,) where the MD emission exhibits
© configuration and the ED emission exhibits ¢ configuration, indicating that the nanorods are oriented

vertically near the bottom substrate.
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Figure 4.26. (a) Reconstructed 3D structure of PL emission of flower-like nematic LC pattern. (b-c¢)

Polarized spectra obtained at different Z height (Z1 and Z2, indicated in Figure 4.26a) with a rotating

polarizer.
Based on the above observation, a hypothetical scenario on the LC evolution in confined geometry can
be made (Figure 4.27). First, small nematic tactoid droplets having a lateral arrangement of nanorods
are formed in the isotropic medium (Figure 4.27a). The small tactoid droplets merge with adjacent
tactoids growing the domain size. Due to the gravity, the nematic tactoid domains slowly settle at the
bottom side of the cell gap, and the isotropic phase floats on the top (Figure 4.27b). The nematic
domains start to fill the bottom surface lining the bottom layer with nanorods parallel to the substrate.
The surface state of the ends of the nanorods in the nematic domains is preferentially attracted to the
hydrophilic surface of the substrate. Then, the nanorods slowly rotate to align vertically to the substrate
to decrease the interfacial surface energy (Figure 4.27¢). The initially vertically rotated nanorods from
randomly distributed anchoring points generating strong distortion stress with the nanorods around with
lateral arrangement in the nematic domain (Figure 4.27¢). With this distortion stress and the rod-end-
to-substrate attraction as driving forces, the anchoring points (point defects initially) propagate in lateral
and vertical directions, completely deforming the tactoid structure into layered linear defects (Figure
4.3). At the top of the new nematic domain interfacing with the isotropic phase, the vertical nanorods
rearrange to minimize the interfacial energy, configuring an arrangement similar to the spindle-shaped

outer line of the original tactoid droplets (Figure 4.27d). As the whole bottom area of the cell is filled

150



Chapter 4.3D Tomography of Liquid Crystalline Nanorod Assembly

with a continuous nematic phase, it finally stabilizes into chains of a mountain-like isotropic-nematic

interface (Figure 4.24b), configuring the flower-shaped LC domain in the global view.

Palermo et al., showed that vertical arrangement of LCs building block could be observed with organic
LCs where the LC molecules are adsorbed vertically on the substrate.!’”® Their simulation result
suggested that isotropic attractive-repulsive surface potential energy between the substrate and the
molecules are the key parameters to determine the anchoring of the molecules to the substrate, which
seems to be a similar situation in the current case of colloidal LCs composed of the LaPO4:Eu nanorods
on the hydrophilic surface. We attribute the preferential anchoring of the rod-end with the hydrophilic
surface to the anisotropic surface chemistry of the basal and prismatic planes of the hexagonal LaPO4:Eu
crystal. For its qualitative analysis, the AFM scanning potential technique would be interesting for
mapping the surface potential of the nanorod and the substrate, which may validate the above-proposed

hypothetical scenario.

Figure 4.27. Schematic illustration of the estimated mechanism of LC evolution from nematic tactoid
droplet to flower-shaped LC domain.
Afterward, we applied the tomography methodology to the flower-like LC pattern, which will allow us
to compare the estimated orientation profile of nanorods in the LC domain. Figure 4.28a shows a close-
up birefringence image of one flower-shaped domain where a tomography was performed. We have
chosen a relatively large flower-shaped domain (size ~50 um) for better imaging of the local structure
inside with the spatial resolution of the optical setup. Figure 4.28c shows a map of the calculated order

parameter S where the isotropic phase (S < 0.2) is shown as dark. The calculated S image shows only
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one wing because the height of the other wings is lower than the studied Z height. The calculated order
parameter S shows the tendency where the S is higher at the center of the wing (~ 0.6) and gradually
decreases towards the outer part of the wing (~ 0.3). This tendency seems similar to the nematic tactoid
droplet but should be checked if there were an artifact caused by insufficient spatial resolution. In the
2D projected image (Figure 4.28d), the calculated in-plane angle ¢’ seems to have a tangential
orientation distribution on the lateral side of the wing (near the isotropic-nematic interface) (Figure

4.28d and Figure 4.29).
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Figure 4.28. (a) Birefringence image of flower-like nematic LC pattern. (b) PL emissions scanned by
APD at yz-plane. Orientation-tomography of flower-like nematic LC pattern at one Z plane. (¢) order
parameter S and the orientation of nematic director 72 : (d) in-plane angle ¢’ and (e) out-of-plane angle 0’
(f) visualized rod based on the calculated result.
According to the orientation map, there exists an abrupt change in the orientation of the nematic director
1 both in the out-of-plane angle 0’ (Figure 4.28¢) and the in-plane angle ¢’ (Figure 4.28d) along the
midline of the wing. These midlines of the wings thus seem to be linear defects and the centers of the
flower-shaped domains (craters) seem to be point defects, but it is not clear at the current state with
limited measurement resolution. The calculated out-of-plane angle 6’ at the wing midline was close to

90°, meaning that the nanorods are oriented parallel to the substrate, which is not a good agreement
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with the discussion made in Figure 4.27 and the result from polarization response shown in Figure
4.26. Thus, there seem to exist many errors in the current state of the analysis for the case of flower-
like nematic LC patterns. Especially, the size of the flower-shaped domain is relatively small and has
complex Isotropic-Nematic boundaries in a small volume, which may cause the error due to the
insufficient spatial resolution of the current state of our microscopy setup. Also, as the orientation of
the nematic director 7 is estimated to have a vertical alignment, the bigger error is estimated due to the
intrinsically higher error range for this orientation (Chapter 1.3.3). Therefore, further improvement in
the spatial resolution by optimizing the optical setting is necessary to increase the accuracy of the
analysis of the fine structure of the new LC domains having an abrupt change of the orientation of
nanorods. For this case having a complex nanorod orientation, a 3D reconstruction map of multiple
scans at different Z heights seems to be mandatory to precisely estimate the nanorod orientation, which

remains as a future work at this state.
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Figure 4.29. Visualized nanorod orientation based on the calculated result shown in Figure 4.28.
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Summary of Chapter 4.2

A methodology for tomographic mapping of the orientation of the nematic director and the order
parameter of the nanorod assembly aligned in 3D space is developed. The method is based on the
mutually different polarization nature of multiple emission dipoles of different types of dipoles (MD,
ED) inherent in the lanthanide emission, as discussed throughout this thesis study. Fluorescence
polarization confocal microscopy is designed and configured to scan a PL signal of an aligned
nanorod assembly with good resolution. The previously prepared confinement-induced LC domains
are studied as a proof-of-concept to demonstrate the developed methodology. We found that in the
case of nematic tactoid droplets, the structural information obtained from the developed
spectroscopic tomography has a good agreement with the birefringence study. However, the
tomographic performance was insufficient in the case of complex LC structures such as flower-
shaped LC domain due to insufficient spatial resolution of the current state of the microscopy system.
Investigation of the polarization response of flower-shaped LC domains revealed that the bottom
lining of LC domains has vertical adsorption to the substrate. Accordingly, a hypothetical scenario
of LC evolution in confined geometry could be proposed and now requires validation by studying

the structure using an improved microscopy system.
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4.3. Conclusion

In this chapter, we have proposed a methodology allowing the calculation of not a relative but an exact
value of order parameter S and the orientation of nematic director 1 (0, ¢) of the three-dimensional
liquid crystalline nanorods assembly. The methodology is based on the unique polarization behavior of
lanthanide emission dipoles doped in nanorods, a building block of the LC structure. Such methodology
is experimentally demonstrated for nematic tactoid droplets by using a newly developed fluorescence
confocal polarizing microscope. As the methodology offers the possibility to calculate (S, 8, ¢) in three-
dimensional space, many interesting target applications can be proposed, such as a twisting helical

structure.

We have also shown a rich phenomenology of the liquid crystal (LC) transition of the colloidal LC
suspension when confined between two hard walls. Confined LC showed a transition from a typical
spindle-shaped tactoid nematic droplet to a complex flower-shaped LC structure whose fate of the final
LC structure is controllable by the spacer thickness and surface property of the confined cell. Especially,
a flower-shaped LC domain is discovered for the first time and has never been reported elsewhere. This
particular LC domain seems to be formed by the vertically adsorbed nanorods to the substrate and by
being rearranged to minimize the interfacial energy between the isotropic and nematic domain. We
performed a tomographic mapping to this LC domain, which seems however have many error sources
in the analysis due to insufficient spatial resolution, which remains as a future work for the further
optimization. The improved resolution will provide better angular accuracy at the focal volume where
order parameter S and the orientation of the nematic director vary. Improving the resolution is possible
using a higher wavelength excitation laser (A ~ 464 nm) instead of a UV-laser (A ~ 394 nm) as it would
have less chromatic aberration with the emission beams (A = 500~700 nm). However, if a 464 nm laser
is used as an excitation beam, the signal-to-noise ratio of spectra would be lower, degrading the
accuracy of the spectroscopic analysis. Therefore, there is a tradeoff and requires optimization through
the experiments. It is also important to note that the spatial resolution obtained in the specific
experimental condition (e.g., objective numerical aperture, the refractive index of dispersing medium)
cannot be considered as a general resolution of the microscopy system. A special effort should be made
to find the best-suited microscopy condition for different samples. For a complete tomography of three-
dimensional structure with a better resolution, scanning at a smaller step size is also necessary. One
may scan the spectrum every 500 nm for the 50 um*50 pm *50 um of the structure for each x,y, and z-
axis. This means that 2M spectra (1M * 2(two polarization)) are needed for studying one LC structure.
If it takes 1 second to collect one spectrum, it takes around 12 days. Therefore, it is necessary to find
the shortest exposure time to collect one spectrum while maintaining a good signal-to-noise ratio.
Although this is not the scope of this manuscript, reducing the electronic delay time required to

communicate between the spectrophotometer and the piezo stage for synchronization is also necessary.
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It is important to note that a method for discrimination of the mirror angle (8, -0 and ¢’, -¢") should
be developed for the samples having a varying order parameter S. The method for discriminating mirror
angle is discussed based on the established boundary condition for the case of single nanorod in Figure
1.23. For the sample having a varying order parameter S, the reference polar diagram should be
simulated as a function of order parameter S to define the boundary condition as a function of the order
parameter S. We have applied the proposed methodology to the liquid crystalline structures as a proof-
of-concept in this study. However, any other type of aligned nanorods assembly can benefit from the

discussed method to analyze their orientation of alignment and the degree of alignment.
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Chapter 4.3D Tomography of Liquid Crystalline Nanorod Assembly
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Conclusion and Prospects

This thesis study presents the original idea of using the photoluminescence of rare-earth ions doped in
the crystalline nanorods as an orientation indicating probe. The proposed method employing multiple
optical dipoles of different nature - magnetic and electric dipole - inherent in lanthanide ions have
allowed to spectroscopically analyze the probe's spatial orientation in three-dimension using a single
spectrogram. We have proven the simple yet powerful analytic method by applying the concept to
calculate the orientation of NaYF4:Eu single nanorod, the order parameter of electrically aligned
NaYFs:Eu nanorods assembly, and to perform the tomography of a liquid crystalline structure

composed of LaPO4:Eu nanorods.

We highlight that the analytic methodology described in this thesis study is not limited to the
characterization of the demonstrated specific system but should be considered as a new "tool" for

understanding the orientation-related dynamics of a various system in different fields (e.g., optical

25, 73, 184 17, 185
b

microfluidic application®®, dynamics of bio-molecule , self-assembly of

trapping
nanomaterial'®®, liquid crystal'®"). The most significant advantage of the proposed methodology over
the other analytic methods is the ability to do the analysis on a single measurement plane and single
emission spectrum, which significantly reduces the time required for the experiment and simplifies the
optical micro-spectroscopy setup. This advantage must be emphasized because it would allow other
researchers or engineers to easily and quickly implement the proposed methodology in their research

environment.

We also highlight that any probe material with different dopants, composition, and structure exhibiting
simultaneous ED and MD transitions can be used for the proposed methodology, not limited to
NaYF4:Eu and LaPO4:Eu nanorod used in this thesis study. There are already many materials that could
instantly benefit from the proposed method, such as lanthanide up-conversion particle’, organometallic
lanthanide chelate, to mention a few. Common non-lanthanide molecular fluorescent dyes cannot use
the proposed methodology as they usually exhibit a single emission dipole. However, it would be
possible to engineer the molecular structure by combining multiple dyes with distinctly fixed dipole
axes to incorporate multiple dipoles in one molecule. Such molecular dyes would allow doing

spectroscopic analysis as we proposed in this thesis study.

It is important to note that there exist several intrinsic drawbacks of the proposed methodology to
overcome. The first is the low excitation cross-section of the lanthanide-doped crystalline phosphors,
which lowers the S/N noise ratio, degrading the precision of analysis. And the second is the generally

long fluorescence lifetime of the lanthanide emission, limiting the temporal resolution for the analysis.
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Therefore, it is interesting to develop fundamental solutions for increasing the efficiency of

luminescence, for example, by co-doping with sensitizing lanthanides or by plasmonic enhancement.'®’

Finally, we would like to highlight the fundamental interest in the potential role of charges in apolar
media to prepare enriched colloidal LCs stabilized by electrostatic and steric repulsion. Also, regarding
the newly observed LC structures such as flower-shaped domains, it should be noted that inorganic
colloidal LCs can exhibit both fundamentally and technically interesting novel LC phenomena
originating from the combination of surface interaction, particle shape, composition promising for

making unprecedented functional optical devices.
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Experimental details

Experimental details

Hydrothermal synthesis of NaYF4:Eu nanorod (Chapter 1-2)

NaYF; nanorods with 5% Eu-doping were hydrothermally synthesized following the procedure
demonstrated in the reference.’®>® The experimental condition is optimized previously in the group.?
Firstly, 45 mmol (1.8 g) of NaOH dissolved in 6 mL of water were mixed with 15 mL of ethanol (EtOH)
and 30 mL of oleic acid (OA) under stirring. To the resulting mixture were selectively added 0.95 mmol
(288 mg) of Y(CI)3,6H.0, 0.05 mmol (18 mg) of Eu(Cl);-6H,0 and 10.2 mmol (377mg) of NH4F
dissolved in 4 mL of water. The solution was then transferred into an autoclave and heated at 200°C for
24 h under stirring. The resulting nanoparticles were washed with water and ethanol several times,

vacuum-dried, and collected as a white powder.

Surface-functionalization of NaYF4:Eu nanorod (Chapter 1-2)

Surface functionalization by ligand exchange was performed to ensure good dispersion in polar solvents
by the process adapted from the reference.'® The experimental condition is optimized previously in the
group.’ 20 mg of NaYF4:Eu particles with native oleic acid (OA) ligands were mixed with 2 mL of
aqueous citrate solution (0.2 M), and the mixture was sonicated and centrifuged. Another 2mL of
aqueous citrate solution is used to redisperse pellets. The same cycle was repeated three times to fully
exchange OA with citrate. As the step is repeated, nanoparticles are easily dispersed under mild
sonication. Finally, the residual OA ligand in the solution was removed by washing with EtOH and

water. The resultant citrate-functionalized nanorods were well dispersed in water or ethylene glycol.

Nanoparticle characterizations and optical spectroscopy (Chapter 1-2)

High-resolution transmission electron microscopy (HR-TEM) was performed using JEOL JEM-2010F.
Scanning electron microscopy (SEM) was performed using Hitachi S4800. Photoluminescence (PL)
spectra of NaYF4:Eu single nanorods were obtained using an upright polarizing optical microscope
(Olympus BX 51WI, objective: magnification = 100x, NA = 0.9). A fiber-coupled monochromatic
excitation laser (OXXIUS, Acenter = 394 nm, FWHM = 0.7 nm) was used as an excitation source matching
with the 7Fo—°Ls transition of Eu®*". PL signals were collected with a fiber-coupled spectrometer

(SpectraPro-300i, Princeton Instrument equipped with LN/CCD-1100-PP camera) or with a CCD
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Experimental details

camera (Discovery plus DTA DX 1600E SN) PL signals of aligned nanorods under electric field were
obtained also using the same optical setup with lower magnification (objective: 20x, NA = 0.45). The
series of PL spectra with continuous analyzer angles were collected using an inverted microscope
(Nikon Eclipse Ti) and two objectives: A Nikon CFI S Plan Fluor (Magnification = 40x, NA = 0.6) and
a Nikon CFI APO TIRF (Magnification = 60x, NA = 1.49). The optical setup is equipped with a
polarizer-mounted rotation stage (Newport, PRS0CC), a piezoelectric stage (Mad Labs City, Model
Nano-LP100), a spectrometer (Andor Shamrock 3031, Andor Newton 920 CCD camera) and a silicon
avalanche photodiode (APD, Perkin Elmer, SPCM-AQRH-15). The scanned nanorod image was

obtained using the synchronized APD and piezoelectric stage.

Data treatment (Chapter 1-2, 4)

Baselines of all the photoluminescence spectra were taken as a flat line with averaged intensity between
600 nm and 608 nm where Eu** luminescence is not present (Figure 1.18c¢). Reference spectra used for
the orientation calculation are normalized, as shown in Appendix Figure 1.4. For the NaYF4:Eu
nanorod, spectral fitting analysis was conducted on the wavelength ranges of 587.33 nm ~ 601.65 nm
(MD) and 607.05 nm ~ 623.87 nm (ED). Area under curve ratiometry analysis was conducted on the
four wavelength ranges of 587.75 nm ~ 592.85 nm (MD1), 592.85 nm ~ 598.5 nm (MD2), 610.00 nm
~617.75 nm (ED1), and 617.75 nm ~ 622.50 nm (ED2). For the LaPO4:Eu nanorod, area under curve
ratiometry analysis was conducted on the four wavelength ranges of 587.75 nm ~ 592.85 nm (MD1),

592.85 nm ~ 598.5 nm (MD2), 610.00 nm ~ 617.75 nm (ED1), and 617.75 nm ~ 622.50 nm (ED2).

As the wavelength can be slightly shifted depending on the optical system, these wavelength ranges
should be adapted for each experiment. The polar diagrams (Figure 1.22a,b) were corrected to
compensate for the polarization-dependent beam distortion by optical parts. Detailed correction method
using unpolarized white light background source is shown in the Appendix Figure 1.5. Matlab code

used for the single rod orientation analysis is shown in Appendix Table 1.5.

Electro-optical switching (Chapter 2)

For measuring the PL spectra in the @, o, and o configurations, nanorods were aligned using electro-
optical (E/O) cells. For the in-plane alignment (n and ¢ configurations), an in-plane switching cell was
made with gold thin-film electrodes deposited with a parallel gap (width ~ 150 um) and a 60 um-thick
spacer. 20 uL of nanorods dispersion in ethylene glycol was dropped at the center and covered with a

glass coverslip. An AC electric field (1 kHz, 0.47 V/um) was applied to fully align the nanorods
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Experimental details

between the gap. For the homeotropic alignment (a configuration), a commercial homeotropic E/O cell

(Instec, Inc.) was also used with an AC electric field (500 kHz, 0.25 V/um).

Preparation of LaPO4:Eu nanorods suspension in ethylene glycol (Chapter 3-4)

Bare LaPO,4 nanorods, with 20% Eu doping, were solvothermal synthesized and dispersed in ethylene
glycol by the following method. Aqueous precursor solutions of (NH4),HPOs; (50 mM),
La(NO3)3X6H>0 (40 mM), Eu(NO3);XH>0 (10 mM) were cooled down to 0 °C and mixed, resulting in
the precipitation of seed particles. Milky solution of seed particles was then heated in the sealed glass
tube at 170 °C for 3 hours. Particles are collected by centrifugation and re-dispersed in acidic water
(pH2 adjusted with HNO3) and dialyzed in the same acidic water for more than two days. The purified

aqueous dispersion was then transferred into ethylene glycol (EG) by distillation using a rotary pump.

Surface modification of LaPQ4:Eu nanorods using n-decyl phosphonic acid (n-DPA) (Chapter 3)

In a typical experiment, 10 mL each of LaPO4:Eu nanorod in EG (0.03 vol%) and n-DPA dissolved in
chloroform (quarter equivalent to mole number of the particle) were taken into the vial, and the biphasic
mixture was stirred slowly overnight at room temperature. Nanorods relocate from EG to chloroform
by the alkyl chain of n-DPA molecule on the particle surface. Functionalized nanorods in chloroform
were then afterward collected by centrifugation and washed with chloroform two times. Washed
nanorods are re-dispersed in chloroform with controlled excess of n-DPA ligand molecules. Suspension
with higher nanorod concentration was prepared by using a bigger solvent volume (100 mL for EG and
chloroform), keeping a same nanorod and n-DPA ligand concentration. Surface functionalization for

bigger solvent volume takes a longer time (~3 days) than a typical experiment.

Nanoparticle Characterizations (Chapter 3)

The hydrodynamic size of nanorods is measured by dynamic light scattering (DLS). Photoluminescence
of LaPO4:Eu was measured under the excitation by a monochromatic laser (OXXIUS, A = ~394 nm,
FWHM = ~0.7 nm). SEM sample is prepared by spin-coating bare LaPO4:Eu nanorods dispersion in
EG onto the UV-ozone treated glass substrate. For the spin-coating of functionalized LaPO4:Eu@n-
DPA apolar suspension, the glass substrate is pre-treated by dipping and sonicating the substrate in
chloroform to enhance hydrophobic wetting, minimizing aggregation mediated by solvent evaporation.

Fourier transform infrared spectroscopy (FTIR) is performed by transmission mode. Around two pl of
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LaPO4:Eu@n-DPA LC suspension is inserted into electro-optical cell of 6.8 um thickness by capillary
force and observed between crossed polarizers using Olympus BX51 microscope combined with a CCD
camera (Discovery plus DTA DX 1600E SN). LaPO4:Eu@n-DPA LC suspension is inserted into 100
um flat optical capillary by mild centrifugation.
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Appendix Table 1.1. Comparison of pre-existing orientation analysis method with the proposed method.
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Appendix Note 1.1. Deriving Equation 1.4 and

Equation 1.6 (in the case of electric dipole)
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Appendix Figure 1.1. Spectral fitting orientation analysis of 6 different NaYF4:Eu nanorods randomly
oriented in polymer film. First column displays a photograph of the photoluminescence (PL) of a single
nanorod captured by the CCD camera (scale bar: 2 pm). Spectral fitting analysis using a polarized PL
spectrum of Ix (second column), I (third column) where both MD and ED emissions are used for the

orientation analysis. Spectral fitting analysis using a single dipole emission of MD (fourth column) and
ED (fifth column) where two orthogonal polarizations (I.x, I,y) are used for the orientation analysis. The

calculated values of the trigonometric functions of (8, ¢) and the absolute values of (8°, ¢") are presented

in the figure.
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Appendix Table 1.2-4 presents full dataset of analyzed orientation of randomly selected NaYF4:Eu
nanorods. All the calculated/measured values are rounded up. “N/A” indicates nanorods that in-plane
angle ¢” was not obvious to measure from CCD captured image due to very low ellipticity (oriented
close to vertical to the substrate or smaller in size than the resolution of CCD camera). “Error” indicates
nanorods that calculated cos®0 or/and sin’ is out of sinusoidal function range (0-1), thus conversion to
(8’, ¢©") could not be made. The origin of the error is discussed in the main text. Appendix Table 1.4
shows the statistics of analyzed orientation pre presented in Appendix Table 1.2-3. Nanorods shown

as “N/A” or “Error” is not included in error calculation.

Appendix Table 1.2. Calculated values of the trigonometric functions of (6, @) and the absolute values
of (0", ©") of NaYF4:Eu nanorods randomly oriented 3D in polymer film. Orientation is analyzed using
spectral fitting analysis and area under curve ratiometry (AUCR). Calculated in-plane angle ¢ is
compared with measured ¢@” on the elliptical shape of CCD captured nanorod image (data not shown).
Out-of-plane angle (0") remains incomparable. Results shown here is denoted as “3D sample” in
Appendix Table 1.4.

Rod number Method Polarization Dipole co5?0cat | sin’@e | 07ca(®) | @ ca(®) | @ messurea(®) | Erroron @’ (°)
Izx MD,ED 0.48 0.64 64 50 2
Spectral Fitting Izy MD,ED 0.50 0.87 75 47 1
1zx,1zy MD 0.48 0.71 69 52 4
1 1zx,1zy ED 0.50 0.68 66 51 43 3
Izx MD,ED 0.48 0.64 64 50 2
Izy MD,ED 0.53 0.92 79 48 0
AUCR Izx,1zy MD 0.48 0.84 73 46 2
1zx,1zy ED 0.53 0.70 68 52 4
Izx MD,ED 0.54 0.55 63 56 4
. Izy MD,ED 0.53 0.70 68 52 0
Spectral Fitting Tzxlzy MD 0.54 0.71 69 5 0
) 1zx,1zy ED 0.53 0.53 62 56 5 4
Izx MD,ED 0.54 0.51 62 57 5
Izy MD,ED 0.53 0.71 68 51 1
AUCR 1zx,1zy MD 0.54 0.73 70 52 0
1zx,1zy ED 0.53 0.49 61 56 4
Izx MD,ED 0.77 0.75 76 65
. Izy MD,ED 0.67 0.67 71 60
Spectral Fitting Tzx lzy MD 077 | 096 84 61
3 1zx,1zy ED 0.67 0.52 66 63 N/A
Izx MD,ED 0.77 0.67 74 66
Izy MD,ED 0.64 0.64 69 59
AUCR 1zx,1zy MD 0.77 0.99 87 61
1zx,1zy ED 0.64 0.43 63 64
Izx MD,ED 0.37 0.18 44 61 4
Spectral Fitting Izy MD,ED 0.32 0.14 40 61 4
1zx,1zy MD 0.37 0.15 43 63 6
4 1zx,1zy ED 0.32 0.17 41 59 57 2
Izx MD,ED 0.37 0.16 43 63 6
Izy MD,ED 0.30 0.15 39 59 2
AUCR 1zx,1zy MD 0.37 0.17 44 62 5
1zx,1zy ED 0.30 0.14 39 60 3
Izx MD,ED 0.58 0.34 58 63 6
Spectral Fitting Izy MD,ED 0.45 0.43 56 54 3
Izx,lzy MD 0.58 0.56 65 57 0
5 1zx,1zy ED 0.45 0.26 50 60 57 3
Izx MD,ED 0.57 0.26 56 66 9
AUCR Izy MD,ED 0.39 0.40 53 52 5
Izx,Izy MD 0.57 0.57 65 57 0
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Izx.lzy ED 0.39 0.18 45 62 5
Izx MDED | 03l 0.72 64 38 4
Soectral Fitt Izy MD.ED | 0.30 0.63 59 39 5
pectral Fitling Izx,lzy MD 0.31 0.64 60 40 6
6 1zx,1zy ED 0.30 0.71 63 38 34 4
Izx MDED | 031 0.69 62 39 5
Tzy MDED | 0.19 0.55 53 33 1
AUCR 1zx,1zy MD 0.31 0.65 60 40 6
Izx.lzy ED 0.19 0.59 55 32 2
Izx MD.ED | 034 0.80 69 39 1
o Izy MDED | 031 0.86 72 36 2
Spectral Fitting Tzx lzy MD 034 | 0.89 75 37 1
7 1zx,1zy ED 0.31 0.77 67 37 13 1
Izx MDED | 034 0.79 68 39 1
Izy MD.ED | 030 0.85 71 35 3
AUCR 1zx,1zy MD 0.34 0.90 75 37 1
Izx,lzy ED 0.30 0.74 65 37 1
Izx MD.ED | 0.16 0.22 36 13 4
Soectral Fit Izy MD.ED | 0.20 0.18 36 49 2
pectral Fitling Izx,lzy MD 0.16 0.17 34 47 0
3 1zx,1zy ED 0.20 0.23 38 46 47 1
Izx MDED | 0.17 021 36 44 3
Izy MD.ED | 0.0 0.18 36 49 2
AUCR 1zx,1zy MD 0.17 0.18 34 47 0
Izx.Izy ED 0.20 0.22 38 47 0
Izx MDED | 0.08 0.69 58 20
Soectral Fittin Izy MD.ED | 0.06 0.74 60 16
P & Izx,lzy MD 0.08 0.76 62 19
1zx,1zy ED 0.06 0.68 57 17
o Izx MD.ED | 0.10 0.70 59 21 N/A
Tzy MDED | 0.05 0.73 60 15
AUCR 1zx,1zy MD 0.10 0.77 63 20
Izx.Izy ED 0.05 0.66 56 16
Izx MD.ED | 030 0.53 55 42 3
Soectral Fittin Izy MD.ED | 031 0.60 58 41 2
P J Izx,lzy MD 0.30 0.59 58 40 1
10 1zx,1zy ED 0.31 0.54 56 42 39 3
Izx MDED | 031 0.53 55 43 4
Tzy MD.ED | 0.9 0.61 58 40 1
AUCR 1zx,1zy MD 0.31 0.62 60 41 2
Izx.lzy ED 0.29 0.51 54 42 3
Izx MD.ED | 036 0.11 41 66
Soectral i Izy MD.ED | 036 0.18 43 60
pectral Fiting Izx.lzy MD 0.36 0.18 13 60
Izx,1zy ED 0.36 0.11 41 66
1 Izx MD.ED | 036 0.11 41 66 NA
Tzy MDED | 037 0.19 44 60
AUCR 1zx,1zy MD 0.36 0.19 44 60
Izx,Izy ED 0.37 0.11 41 67
Izx MDED | 0.3 0.28 42 45 1
Soectral Fittin Izy MD.ED | 0.8 0.39 43 45 1
P J Izx.lzy MD 0.23 0.36 45 ) 2
b Izx.lzy ED 0.28 031 45 43 " 4
Izx MDED | 0.4 0.29 43 46 2
Tzy MD.ED | 0.9 0.39 49 45 1
AUCR 1zx,1zy MD 0.24 0.37 46 43 1
Izx.lzy ED 0.29 031 46 49 5
Izx MDED | 045 0.47 57 53 9
Soectral Fittin Izy MD.ED | 0.40 0.60 61 47 3
P J Izx.lzy MD 0.45 0.65 64 48 4
13 1zx,Izy ED 0.40 0.43 54 51 44 7
Izx MD.ED | 0.46 0.46 57 54 10
Tzy MD.ED | 0.40 0.60 61 416 2
AUCR 1zx,1zy MD 0.46 0.67 65 48 4
Izx.lzy ED 0.40 041 53 52 8
Izx MDED | 048 0.79 71 47 5
Soectral Fittin Izy MD.ED | 048 0.93 79 45 3
” P & Izx.lzy MD 0.48 0.94 80 45 " 3
1zx,1zy ED 0.48 0.79 70 47 5
Izx MDED | 049 0.77 70 43 6
AUCR Tzy MDED | 048 0.94 80 45 3
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Izx,lzy MD 0.49 0.96 82 45 3
Izx,1zy ED 0.48 0.76 69 48 6
Tzx MD,ED | 0.28 0.69 62 37 3
Snectral it Izy MD,ED | 0.28 0.73 64 36 4
pectral Fittng Izx,lzy MD 0.28 0.74 64 36 4
s Izx,lzy ED 0.28 0.69 62 37 20 3
Izx MD,ED | 0.30 0.70 63 38 2
Tzy MD,ED | 027 0.73 64 36 4
AUCR Izx,lzy MD 0.30 0.75 65 37 3
Izx,1zy ED 0.27 0.68 61 37 3
Tzx MD,ED | 0.85 0.59 76 72 11
. Izy MD,ED | 0.84 0.80 79 68 7
Spectral Fitting Tzx,lzy MD 0.85 0.85 81 69 8
6 Izx,lzy ED 0.84 0.56 74 72 ol 11
Izx MD,ED | 0.85 0.53 75 73 12
Izy MD,ED | 0.84 0.88 82 68 7
AUCR Izx,lzy MD 0.85 0.93 84 68 7
1zx,Izy ED 0.84 0.50 74 73 12
1zx MD.ED 0.71 Error Error
o Izy MD,ED | 0.65 0.21 58 71
Spectral Fitting Toxlzy MD 071 | 026 02 7 NA
1zx,1zy ED 0.65 Error Error
17 Izx MD,ED 0.71 Error N/A Error
Izy MD,ED | 0.66 0.27 60 70
AUCR Izx,lzy MD 0.71 0.32 64 70 A
1zx,1zy ED 0.66 Error Error
Izx MD,ED | 0.54 0.67 67 53 4
Shectral Fitt Izy MD,ED | 0.56 0.83 74 51 2
pectral Fitting Izx,lzy MD 0.54 0.79 72 50 1
18 Izx,lzy ED 0.56 0.70 68 53 19 4
Izx MD,ED | 0.54 0.67 67 53 4
Izy MD,ED | 0.56 0.85 75 51 1
AUCR Izx,lzy MD 0.54 0.82 73 50 1
Izx,lzy ED 0.56 0.69 68 54 5
Izx MD,ED | 034 0.50 55 45 4
o Izy MD,ED | 037 0.68 63 43 2
Spectral Fitting Tzx,lzy MD 034 | 0.66 62 0 1
1o Izx,lzy ED 0.37 0.53 57 47 al 6
Izx MD,ED | 0.36 0.52 56 46 5
Izy MD,ED | 037 0.70 64 42 1
AUCR Izx,lzy MD 0.36 0.69 64 42 1
Izx,lzy ED 0.37 0.53 57 46 5
Izx MD,ED | 0.13 0.37 42 32
. Izy MDED | 0.4 0.28 42 47
Spectral Fitting Tox,lzy MD 0.13 0.24 36 38
1zx,1zy ED 0.24 0.43 49 41
20 Tzx MD,ED | 0.14 0.42 45 32 N/A
Izy MD,ED | 0.28 0.30 45 49
AUCR Izx,lzy MD 0.14 0.25 37 39
1zx,1zy ED 0.28 0.50 53 42
Tzx MD,ED | 033 045 53 46
Soectral Fittin Tzy MD,ED | 034 0.48 54 46
pectra & Izx,lzy MD 0.33 047 54 45
1zx,1zy ED 0.34 0.46 53 47
2 Izx MD,ED | 0.34 0.49 55 46 N/A
Izy MD,ED | 0.36 0.52 56 46
AUCR Izx,lzy MD 0.34 0.50 55 45
1zx,1zy ED 0.36 0.51 56 47
Izx MD,ED | 043 0.28 50 58
. Izy MD,ED | 045 0.22 49 63
Spectral Fitting Tzxlzy MD 0.43 021 48 62
1zx,1zy ED 0.45 0.30 52 59
22 Tx MD.ED | 044 | 030 51 58 N/A
Izy MD,ED | 0.47 0.25 51 62
AUCR Izx,lzy MD 0.44 0.24 49 61
1zx,1zy ED 0.47 0.32 53 59
Tzx MD,ED | 0.1 0.74 63 31 5
Soectral Fittin Izy MD,ED | 0.17 0.78 65 27 1
23 pectra & Izx,lzy MD 0.21 0.82 63 30 26 4
1zx,1zy ED 0.17 0.70 60 28 2
AUCR Izx MD,ED | 0.3 0.74 63 32 6
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Izy MD,ED 0.17 0.78 65 27 1
Izx,1zy MD 0.23 0.84 69 31 5
1zx,1zy ED 0.17 0.69 59 28 2
Izx MD,ED 0.28 0.48 52 42 23
Soectral Fitin Izy MD,ED 0.27 0.55 55 39 20
P J Izx,lzy MD 0.28 0.56 56 40 21
24 1zx,Izy ED 0.27 0.47 51 41 19 22
Izx MD,ED 0.29 0.47 52 43 24
Izy MD,ED 0.26 0.53 54 39 20
AUCR 1zx,Izy MD 0.29 0.56 56 41 22
1zx,1zy ED 0.26 0.45 50 42 23
Izx MD.,ED 0.29 0.72 64 37 6
Spectral Fitti Izy MD,ED 0.23 0.76 64 32 11
pectral Fitting Izx,lzy MD 0.29 0.83 70 35 8
25 1zx,1zy ED 0.23 0.66 59 34 e 9
Izx MD,ED 0.31 0.74 65 38 5
Izy MD,ED 0.22 0.76 64 31 12
AUCR 1zx,Izy MD 0.31 0.86 72 36 7
1zx,1zy ED 0.22 0.65 59 34 9
Izx MD.,ED 0.33 0.76 66 39 2
o Izy MD,ED 0.26 0.80 67 33 8
Spectral Fitting I "~ MD 033 | 088 7 37 4
2% 1zx,1zy ED 0.26 0.69 61 35 41 6
Izx MD,ED 0.34 0.74 66 40 1
Izy MD,ED 0.24 0.77 65 33 8
AUCR 1zx,1zy MD 0.34 0.89 74 38 3
1zx,1zy ED 0.24 0.64 59 35 6
Izx MD,ED 0.47 0.22 50 63
Soectral Fitti Izy MD,ED 0.50 0.11 48 72
pectral Fitting Izx.lzy MD 0.47 0.10 46 71
1zx,1zy ED 0.50 0.23 52 64
27 Izx MD,ED 0.47 0.14 47 68 NA
Izy MD,ED 0.48 0.12 48 70
AUCR 1zx,1zy MD 0.47 0.12 47 70
1zx,1zy ED 0.48 0.14 48 68
Izx MD.,ED 0.48 0.33 54 59 5
Spectral Fitti Izy MD,ED 0.40 0.41 54 52 2
pectral Fitting Izx.lzy MD 0.48 0.47 58 54 0
8 1zx,1zy ED 0.40 0.29 49 57 54 3
Izx MD,ED 0.48 0.27 52 61 8
Izy MD,ED 0.39 0.42 53 51 2
AUCR 1zx,1zy MD 0.48 0.49 59 54 0
1zx,1zy ED 0.39 0.23 47 59 5
Izx MD,ED 0.30 0.35 48 48
. Izy MD,ED 0.33 0.37 49 49
Spectral Fitting | 7~ MD 030 | 035 43 43
1zx,1zy ED 0.33 0.37 50 49
2 Izx MD,ED 0.30 0.34 47 49 N/A
Izy MD,ED 0.33 0.37 49 49
AUCR 1zx,1zy MD 0.30 0.36 48 48
1zx,1zy ED 0.33 0.35 49 50
Izx MD,ED 0.58 0.26 56 67
Spectral Fitti Izy MD,ED 0.55 0.33 57 62
pectral bithing Izx,lzy MD 0.58 0.36 59 63
1zx,1zy ED 0.55 0.24 54 66
30 Izx MD,ED 0.58 0.27 56 66 N/A
Izy MD,ED 0.54 0.35 57 61
AUCR 1zx,1zy MD 0.58 0.39 60 62
1zx,1zy ED 0.54 0.24 54 65
Izx MD,ED 0.37
Spectral Fitting lzizilzy MB’IED 8;‘; Error Error
31 1zx,1zy ED 0.43 37
Izx MD,ED 0.37 0.95 80 38 1
Izy MD,ED 0.44
AUCR 1zx,1zy MD 0.37 Error Error
1zx,1zy ED 0.44
Izx MD,ED 0.26 0.08 34 65
. Izy MD,ED 0.26 0.11 36 60
32 Spectral Fitting Txlzy MD 0.26 011 36 60 N/A
1zx,1zy ED 0.26 0.08 34 65
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Izx MD,ED 0.26 0.04 32 71
Izy MD,ED 0.23 0.12 35 58
AUCR 1zx,1zy MD 0.26 0.12 36 59
1zx,1zy ED 0.23 0.04 31 70
Izx MD,ED 0.68 0.08 57 79
. Izy MD,ED 0.51 0.15 50 69
Spectral Fitting Tzx lzy MD 068 | 023 60 7
1zx,1zy ED 0.51 0.05 47 78

33 Izx MD,ED 0.67 0.00 55 88 NA
Izy MD,ED 0.49 0.16 49 68
AUCR 1zx,1zy MD 0.67 0.24 60 71
1zx,1zy ED 0.49 0.00 45 87

Appendix Table 1.3. Calculated values of the trigonometric functions of (6, @) and the absolute values

of (8", @) of NaYF4:Eu nanorods lying on the substrate. Orientation is analyzed using spectral fitting

analysis and area under curve ratiometry (AUCR). Calculated in-plane angle ¢ is compared with

measured ¢ on the elliptical shape of CCD captured nanorod image (data not shown). Calculate out-of-
plane angle 0” is compared with known 6" = 90°. Results shown here is denoted as “2D sample” in
Appendix Table 1.4.

mﬁr(l)ger Method Polarization | Dipole | cos®0ca | sin’@e | 0'cat(®) | @ ca(®) ng) (r(,;) T 0 measired®) ng’z‘f)}n
Izx MD,ED 0.08 0.97 81 17 9 1
Spectral Izy MD.,ED 0.05 0.95 71 14 13 2
Fitting 1zx,1zy MD 0.08 0.97 81 17 9 1
| 1zx,1zy ED 0.05 0.94 77 14 13 16 3
Izx MD,ED 0.09 0.97 81 18 9 2
Izy MD,ED 0.02 0.93 74 7 16 8
AUCR 1zx,1zy MD 0.09 Error Error
Izx,1zy ED 0.02 0.90 71 8 19 8
Izx MD,ED 0.58 0.97 83 50 7 4
Spectral Izy MD.,ED 0.66 Error Error
Fitting 1zx,1zy MD 0.58 0.92 80 | sl 10 3
5 1zx,1zy ED 0.66 Error 54 Error
Izx MD,ED 0.59 0.93 80 [ 51 10 2
Izy MD,ED 0.65 Error Error
AUCR Izx,lzy MD 0.59 0.97 84 | 51 6 3
1zx,1zy ED 0.65 Error Error
Izx MD,ED 0.21 1.00 89 27 1 0
Spectral Izy MD,ED 0.19 0.94 78 27 12 0
Fitting Izx,1zy MD 0.21 0.97 80 28 10 1
3 1zx,1zy ED 0.19 0.98 82 26 8 27 1
Izx MD,ED 0.22 1.00 89 28 1 1
Izy MD,ED 0.13 0.89 72 22 18 5
AUCR Izx,1zy MD 0.22 0.99 86 28 4 1
Izx,1zy ED 0.13 0.90 73 22 17 5
Izx MD,ED 0.05 1.00 87 13 3 5
Spectral Izy MD,ED 0.03 0.96 78 10 12 2
Fitting Izx,1zy MD 0.05 0.98 82 13 8 5
4 1zx,1zy ED 0.03 0.98 81 10 9 3 2
Izx MD.ED 0.06 Error Error
Izy MD,ED 0.00 0.94 75 4 15 4
AUCR 1zx,1zy MD 0.06 0.99 86 14 4 6
Izx,1zy ED 0.00 0.94 76 4 14 4
Izx MD,ED 0.15 0.99 84 23 6 4
Spectral Izy MD.,ED 0.15 1.00 87 22 3 5
Fitting 1zx,1zy MD 0.15 Error Error
5 Izx,1zy ED 0.15 0.98 83 23 7 27 4
Izx MD,ED 0.17 1.00 88 24 2 3
Izy MD,ED 0.10 0.96 79 19 11 8
AUCR 1zx,1zy MD 0.17 Error Error
Izx,1zy ED 0.10 0.92 74 1 19 16 8
1zx MD,ED 0.29 Error Error
6 Spectral Izy MD.,ED 0.42 34
Fitting 1zx,1zy MD 0.29 0.97 80 [ 33 10 1
1zx,1zy ED 0.42 Error Error
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Izx MD,ED 0.30 Error Error
AUCR Izy MD,ED 0.41
Izx,lzy MD 0.30 1.00 89 | 33 1 1
1zx,1zy ED 0.41 Error Error
Izx MD.ED | 0.80 0.82 79 | 65 11 4
Spectral Izy MD,ED 0.83 Error Error
Fitting 1zx,1zy MD 0.80 0.86 80 65 10 4
7 Izx,1zy ED 0.83 0.98 87 66 3 69 3
Izx MD,ED 0.82 0.78 78 67 12 2
Izy MD,ED 0.83
AUCR Ixlzy MD 0.82 Error Error
Izx,lzy ED 0.83 0.83 80 67 10 2
Izx MD,ED 0.16 0.94 78 24 12 5
Spectral Izy MD,ED 0.20 0.94 78 27 12 2
Fitting 1zx,1zy MD 0.16 0.90 73 25 17 4
3 Izx,1zy ED 0.20 0.99 86 27 4 29 2
Izx MD,ED 0.17 0.95 78 25 12 4
Izy MD,ED 0.17 0.90 74 26 16 3
AUCR 1zx,1zy MD 0.17 0.90 73 25 17 4
Izx,lzy ED 0.17 0.95 79 25 11 4
Izx MD,ED 0.01 0.96 78 7 12 3
Spectral Izy MD.ED Error Error
Fitting 1zx,1zy MD 0.01 0.94 76 | 7 14 3
9 1zx,Izy ED Error 4 Error
Izx MD,ED 0.03 0.97 81 | 9 9 5
Izy MD,ED Error Error
AUCR Izx,lzy MD 0.03 0.95 77 | 10 13 6
1zx,1zy ED Error Error
1zx MD.ED 0.08 Error Error
Spectral Izy MD,ED 0.11
Fitting 1zx,1zy MD 0.08 0.99 85 | 17 5 9
10 1zx,1zy ED 0.11 Error 14 Error
Izx MD,ED 0.09
Izy MD,ED 0.12
AUCR Ixlzy MD 0.09 Error Error
1zx,Izy ED 0.12
Izx MD,ED 0.54
Spectral Iz MD,ED 0.70
F%tting sz}zy MD 0.54 Error Error
1zx,1zy ED 0.70
1 Izx MD,ED 0.56 45
Izy MD,ED 0.72
AUCR Txlzy MD 056 Error Error
1zx,1zy ED 0.72
1zx MD,ED 0.51
Spectral Iz MD.ED 0.69
}?itting sz}zy MD 0.51 Error Error
1zx,1zy ED 0.69
12 Izx MD,ED 0.53 4
Izy MD,ED 0.72
AUCR Txlzy MD 0.53 Error Error
1zx,1zy ED 0.72
Izx MD,ED 0.17 0.94 77 25 13 1
Spectral Izy MD,ED 0.23 0.95 79 30 11 6
Fitting 1zx,1zy MD 0.17 0.87 71 26 19 2
13 1zx,1zy ED 0.23 Error 24 Error
Izx MD,ED 0.17 0.93 76 25 14 1
Izy MD,ED 0.22 0.94 77 29 13 5
AUCR Izx,1zy MD 0.17 0.88 71 26 19 2
Izx,1zy ED 0.22 0.99 85 28 5 4
Izx MD,ED 0.72 0.54 69 66 21 4
Spectral Izy MD,ED 0.76 0.87 80 62 10 0
Fitting Izx,1zy MD 0.72 0.76 75 62 15 0
14 1zx,1zy ED 0.76 0.62 72 66 18 62 4
Izx MD,ED 0.72 0.44 66 67 24 5
Izy MD,ED 0.75 0.85 79 62 11 0
AUCR Izx,1zy MD 0.72 0.75 75 61 15 1
Izx,1zy ED 0.75 0.49 69 68 21 6
Spectral Izx MD,ED 0.00 0.90 72 4 18 7
15 Fitting Izy MD,ED 0.05 0.91 73 14 17 11 3
1zx,1zy MD 0.00 0.87 69 4 21 7
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Izx,1zy ED 0.05 0.95 77 13 13 2
Izx MD,ED 0.02 0.91 73 8 17 3
Izy MD,ED 0.04 0.90 72 12 18 1
AUCR Izx,lzy MD 0.02 0.88 70 8 20 3
1zx,1zy ED 0.04 0.93 75 12 15 1
Izx MD,ED 0.53 0.71 68 52 22 0
Spectral Izy MD,ED 0.61 0.72 71 56 19 4
Fitting 1zx,1zy MD 0.53 0.60 64 54 26 2
16 Izx,1zy ED 0.61 0.86 76 54 14 52 2
Izx MD,ED 0.52 0.64 66 53 24 1
Izy MD,ED 0.59 0.68 69 55 21 3
AUCR 1zx,1zy MD 0.52 0.59 64 54 26 2
1zx,1zy ED 0.59 0.75 71 54 19 2
Izx MD,ED 0.13 0.87 70 23 20 9
Spectral Izy MD,ED 0.22 0.84 69 30 21 2
Fitting 1zx,1zy MD 0.13 0.76 63 24 27 8
17 Izx,Izy ED 0.22 0.96 79 28 11 3 4
Izx MD,ED 0.14 0.85 69 23 21 9
Izy MD,ED 0.20 0.81 67 29 23 3
AUCR 1zx,1zy MD 0.14 0.75 63 25 27 7
1zx,1zy ED 0.20 0.91 74 27 16 5
Izx MD,ED 0.41 0.85 73 42 17 1
Spectral Izy MD,ED 0.50 0.93 79 46 11 3
Fitting 1zx,1zy MD 0.41 0.79 69 43 21 0
13 1zx,1zy ED 0.50 Error » Error
Izx MD,ED 0.41 0.82 71 43 19 0
Izy MD,ED 0.49 0.91 77 46 13 3
AUCR 1zx,1zy MD 0.41 0.79 69 43 21 0
Izx,1zy ED 0.49 0.94 80 45 10 2
Izx MD,ED 0.74 0.74 75 63 15 3
Spectral Izy MD,ED 0.81 0.89 82 65 8 5
Fitting 1zx,1zy MD 0.74 0.66 73 64 17 4
19 1zx,1zy ED 0.81 Error 60 Error
Izx MD,ED 0.74 0.71 74 64 16 4
Izy MD,ED 0.81 0.94 84 65 6 5
AUCR 1zx,1zy MD 0.74 0.70 74 64 16 4
1zx,1zy ED 0.81 0.96 85 65 5 5
Izx MD,ED 0.82 Error Error
Spectral Izy MD,ED 0.92
Fitting 1zx,1zy MD 0.82 0.42 71 | 13 19 6
20 1zx,1zy ED 0.92 Error 67 Error
1zx MD,ED 0.82 Error Error
Izy MD,ED 0.92 0.95 86 74 4 6
AUCR Izx,1zy MD 0.82 0.44 71 73 19 6
1zx,1zy ED 0.92 Error Error
1zx MD.ED 0.87 Error Error
Spectral Izy MD,ED 0.92 0.00 74 89 16 3
Fitting 1zx,1zy MD 0.87 0.00 69 89 21 3
11 1zx,1zy ED 0.92 Error 36 Error
1zx MD.,ED 0.86 Error Error
Izy MD,ED 0.92 0.11 75 84 15 2
AUCR Izx,1zy MD 0.86 0.06 69 84 21 2
1zx,1zy ED 0.92 Error Error
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Appendix Table 1.4. Statistics of analyzed orientation presented in Appendix Table 1.2-3.

Sample Angl Total “N/A” “Error” Counted for Mean absolute
Method meausrment o o
type e s couns counts counts Statistics errors(®)
Spectral ,
D fitting 7] 132 46 6 80 4.6
AUCR @’ 132 46 5 81 4.8
Spectral 0 84 0 29 55 13.1
D fitting o 84 0 29 55 3.2
0 84 0 27 57 14.3
AUCR @ 84 0 27 57 3.6
Sample The deviation in angle values (6°,¢") (°) calculated by the different polarization (Izx and Izy
¢ Ie): Method Angle | using both MD and ED) and by the different dipole transition (MD and ED using both Izx and
P 1zy)
Spectral 0 3.2
1D fitting (g ig
AUCR - .
] 2.4
Spectral 0 1.6
D fitting (g 42‘8
AUCR o 50
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Appendix Figure 1.2. Selected optical filter for area under curve ratiometry using NaYF4:Eu
nanoparticles. Transmission of selected optical filters were plotted with NaYF4:Eu reference signals (I
and I,;) for different transition levels : (a,b) MD1 and MD2 for *Do-'F; transition level, (¢,d) ED1 and
ED?2 for °Dy-"F; transition level and (e,f) ED1 and ED2 for ’Dy-"F4 transition level.
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Appendix Figure 1.3.
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nanoparticles. Transmission of selected optical filters were plotted with LaPO4:Eu reference signals (I,
and ;) for different transition levels : (a,b) MD1 and MD2 for 5Do-’F, transition level, (¢,d) ED1 and

178



Appendix

Intensity [a.u.]

5x10* 5x10° . 6x10°
—I sl
410t — 4x10° 2 5x10
o 17
J— = g 4x10°
3x10* o 3 3x10¢} 2
> - 3x10°
2x10°* 2 2x104t S8 .
X 5 E 2x10
c
1x10* 1 7 0t S 1x10°
0 S 0 0
" " " " -1x102 L n
580 590 600 610 620 580 590 600 610 620 ™1%80 590 600 610 620
Wavelength (nm) Wavelength (nm) Wavelength (nm)

+

Q

6x10° T v v .
5x10° -
4x10%+

3x10°+
2x10°+
1x10°

0

Normalized Intensity
Normalized Intensity

R 3 - 3
1)(10580 590 600 610 620 1)(10580 590 600 610 620

Wavelength (nm) Wavelength (nm)

Appendix Figure 1.4. Normalization process for the reference spectra. (a) Raw spectrum of , 6 and a
signal, showing a big difference in their global intensity. (b) Baseline subtracted spectrum of m, 6 and a
signal. Average intensity value of wavelength where Eu luminescence is not present is subtracted for each
spectrum. (¢) Normalized a signal to © signal (d) Normalized o signal to a signal (e) Intensity corrected
reference spectrum used for orientation analysis.
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Appendix Figure 1.5. (a,b) Polar diagram of normalized area under curve of unpolarized white light
background source spectra within selected wavelength ranges (Figure 1.13b) for (a) MD1 and MD2, (b)
ED1 and ED2. Polar diagrams of selected wavelength ranges for (¢,d) MD1 and MD?2, (e,f) ED1 and
ED2 of NaYF4:Eu polarized photoluminescence spectra (c,e) before and (d,f) after white light correction.
Correction was made for each analyzer angle as: Icomected = Iraw / Lwhite-source-
The incident ray to the dielectric surface retards when they are reflected or/and transmitted. Similarly,
most of optical pass- and band- filters and mirrors hold different magnitude of transmittance and
reflectance depending on the polarization state of incoming wave, which induce the detected signal
different with intrinsic polarization emission. Even though the white light background source is un-
polarized, the polar diagrams (Appendix Figure 1.5a,b) observed shows obvious ellipsoid due to
reason mentioned above. In an ideal case of unpolarized light, the polar diagram should show a perfect
circle. This polarization dependency result in distorted polar diagram neither parallel nor orthogonal to
the rod c-axis (Appendix Figure 1.5¢,e). By applying white light background as a compensator (Lcorrected

= Lraw / Lhite-source), intrinsic polarization behavior can be obtained (Appendix Figure 1.5d,f).
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Appendix Table 1.5. Matlab code for single rod orientation analysis

% Data read
data_raw=xlsread('dataset.xlsx');
% Raw data import
W=data_raw(:,1); pi=data_raw(:,2); sigma=data_raw(:,3); Izy=data_raw(:,4); Izx=data_raw(:,5);
% Reference spectra data import
pi_MD=pi(258:525,1); sigma_MD=sigma(258:525,1); pi_ED=pi(627:949,1); sigma_ED=sigma(627:949,1);
% Experimental data import
Izy MD=lzy(258:525,1); Izx_MD=1zx(258:525,1); Izy ED=Izy(627:949,1); Izx_ED=1zx(627:949,1);
% AUCR data import
% AUCR reference
I_pi_MD1 = trapz(W(266:360,1),pi(266:360,1)); 1_pi_MD2 = trapz(W(361:466,1),pi(361:466,1));
I_pi_EDI = trapz(W(683:831,1),pi(683:831,1)); 1_pi_ED2 = trapz(W(832:922,1),pi(832:922,1));
I sigma MD1 = trapz(W(266:360,1),sigma(266:360,1)); 1 sigma MD2 = trapz(W(361:466,1),sigma(361:466,1));
I _sigma EDI = trapz(W(683:831,1),sigma(683:831,1)); 1 sigma ED2 = trapz(W(832:922,1),sigma(832:922,1));
% AUCR data
I_Izx_MD1 = trapz(W(266:360,1),1zx(266:360,1)); 1_Izx_MD2 = trapz(W(361:466,1),1zx(361:466,1));
I Izx EDI1 = trapz(W(683:831,1),1zx(683:831,1)); 1 Izx_ED2 = trapz(W(832:922,1),1zx(832:922,1));
1 Izy MDI1 = trapz(W(266:360,1),I1zy(266:360,1)); 1 Izy MD2 = trapz(W(361:466,1),Izy(361:466,1));
1 Izy EDI = trapz(W(683:831,1),1zy(683:831,1)); 1 Izy ED2 = trapz(W(832:922,1),Izy(832:922,1));
k Izx MD =1 Izx MDI1/I Izx MD2; k Izx ED=1 Izx EDI/I Izx ED2;
k Izy MD =1 Izy MDI/I Izy MD2; k Izy ED=1 Izy EDI1/I Izy ED2
% Spectral Fitting_Izx
% x=sigma / y=pi / a=cos2theta / b=sin2phi / c= global intensity
ft_Izx_MD = fittype( 'c*(x*a+y*(1-a))', 'independent’, {'x','y'}, 'dependent’, 'z' );
[fitresult Izx MD,gof Izx_MD] = fit( [sigma_MD, pi_MD], Izx_MD, ft 1zx MD);
coefficient_Izx MD = coeffvalues(fitresult 1zx MD);
for i=258:525
fit_curve Izx_MD(,1)=coefficient Izx_MD(1,2)*(sigma(i,1)*coefficient Izx_MD(1,1)+pi(i,1)*(1-coefficient Izx_MD(1,1)));
end
for i=258:525
fit_curve Izx_MD pi(i,1)=coefficient Izx MD(1,2)*(pi(i,1)*(1-coefficient Izx_MD(1,1)));
end
for i=258:525
fit_curve Izx MD_sigma(i,1)=coefficient Izx MD(1,2)*(sigma(i,1)*coefficient 1zx MD(1,1));

end
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% x=sigma / y=pi / a=cos2theta / b=sin2phi / c= global intensity
ft Izx_ED = fittype('c*(y*(1-a)*b+x*(a*b+(1-b)))','independent’,{'x'",'y'},'dependent’,'z','problem','a");
[fitresult_Izx_ED,gof Izy MD] = fit( [sigma ED, pi ED], Izx ED, ft Izx_ED, 'problem',coefficient Izx_MD(1,1));
coefficient Izx_ED=coeffvalues(fitresult Izx ED);
for i=627:949
fit_curve Izx ED(i,1)=coefficient Izx ED(1,2)*(pi(i,1)*(1-
coefficient Izx_MD(1,1))*coefficient Izx_ED(1,1)+sigma(i,l)*(coefficient Izx MD(1,1)*coefficient Izx_ED(1,1)+(1-
coefficient Izx ED(1,1))));
end
for i=627:949
fit_curve Izx_ED_pi(i,1)=coefficient Izx ED(1,2)*pi(i,1)*((1-coefficient Izx MD(1,1))*coefficient Izx ED(1,1));
end

for i=627:949

fit_curve Izx_ED_sigma(i,1)=coefficient Izx ED(1,2)*(sigma(i,1)*(coefficient Izx MD(1,1)*coefficient Izx ED(1,1)+(1-
coefficient Izx ED(1,1))));

end
% AUCR_Izx
cos2theta_Izx = (k_Izx_MD*I_pi_MD2-1_pi_MDI1)/(k_Izx_MD*(I_pi_MD2-I_sigma_MD2)-(I_pi_MDI-I_sigma_MD1));

sin2phi_Izx = (k_Izx ED*I sigma ED2-I sigma ED1)/((1-cos2theta Izx)*((I_pi EDI-I sigma EDI1)-k Izx ED*(I pi ED2-
I _sigma ED?2)))

% Spectral Fitting Izy
% x=sigma / y=pi / a=cos2theta / b=sin2phi / c= global intensity
ft Izy ED = fittype('c*(y*atx*(1-a)),'independent',{'x','y'},'dependent','z');
[fitresult Izy ED,gof Izy ED] = fit ( [sigma ED, pi_ED], Izy ED, ft Izy ED);
coefficient_Izy ED = coeffvalues(fitresult Izy ED);
for i=627:949
fit_curve Izy ED(i,1)=coefficient Izy ED(1,2)*(pi(i,1)*coefficient Izy ED(1,1)+sigma(i,1)*(1-coefficient Izy ED(1,1)));
end
for i=627:949
fit_curve Izy ED_pi(i,1)=coefficient Izy ED(1,2)*(pi(i,1)*coefficient Izy ED(1,1));
end
for i=627:949
fit_curve Izy ED_sigma(i,1)=coefficient Izy ED(1,2)*(sigma(i,1)*(1-coefficient Izy ED(1,1)));
end
% x=sigma / y=pi / a=cos2theta / b=sin2phi / c= global intensity
ft Izy MD = fittype('c*(x*(1-a)*b+y*(a*b+(1-b)))','independent’,{'x'",'y'},'dependent’,'z','problem','a");

[fitresult 1zy MD,gof Izy MD] = fit( [sigma_MD, pi_ MD], Izy MD, ft Izy MD, 'problem’,coefficient Izy ED(1,1));
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coefficient_Izy MD=coeffvalues(fitresult Izy MD);
for i=258:525
fit_curve Izy MD(i,1)=coefficient Izy MD(1,2)*(sigma(i,1)*(1-
coefficient_Izy ED(1,1))*coefficient Izy MD(1,1)+pi(i,1)*(coefficient_Izy ED(1,1)*coefficient Izy MD(1,1)+(1-
coefficient Izy MD(1,1))));
end

for i=258:525

fit_curve Izy MD pi(i,1)=coefficient Izy MD(1,2)*(pi(i,1)*(coefficient Izy ED(1,1)*coefficient Izy MD(1,1)+(1-
coefficient Izy MD(1,1))));

end
for i=258:525
fit curve Izy MD_sigma(i,1)=coefficient Izy MD(1,2)*(sigma(i,1)*(1-coefficient Izy ED(1,1))*coefficient Izy MD(1,1));
end
% AUCR_lzy
cos2theta Izy = (k_Izy ED*I sigma ED2-1 sigma ED1)/(k _Izy ED*(I_sigma ED2-1 pi ED2)-(I_sigma EDI1-I pi_EDI1));

sin2phi_Izy = (k_Izy MD*I pi_ MD2-1 pi MD1)/((1-cos2theta Izy)*((I_sigma MDI1-I_pi MD1)-k Izy MD*(I_sigma MD2-
I pi_MD?2)));

% Conversion (theta,phi) --> (theta',phi')

theta Izx_fit=radtodeg(acos(sqrt(coefficient Izx MD(1,1))));
phi_Izx_fit=radtodeg(asin(sqrt(coefficient Izx ED(1,1))));

theta prime Izx_fit=radtodeg(acos(sin(degtorad(theta Izx_fit))*cos(degtorad(phi_Izx_fit))));

phi_prime Izx_fit=radtodeg(asin(cos(degtorad(theta_Izx_fit))/sqrt(1-
sin(degtorad(theta Izx_fit))"2*cos(degtorad(phi_Izx_fit))"2)));

theta Izx AUCR=radtodeg(acos(sqrt(cos2theta 1zx)));
phi_Izx_ AUCR=radtodeg(asin(sqrt(sin2phi_Izx)));
theta_prime Izx AUCR=radtodeg(acos(sin(degtorad(theta_Izx AUCR))*cos(degtorad(phi_Izx_AUCR))));

phi_prime Izx AUCR=radtodeg(asin(cos(degtorad(theta Izx AUCR))/sqrt(1-
sin(degtorad(theta_Izx AUCR))"2*cos(degtorad(phi_Izx_AUCR))"2)));

theta_Izy fit=radtodeg(acos(sqrt(coefficient Izy ED(1,1))));
phi_Izy fit=radtodeg(asin(sqrt(coefficient Izy MD(1,1))));
theta prime Izy fit=radtodeg(acos(sin(degtorad(theta Izy fit))*cos(degtorad(phi_Izy fit))));

phi_prime Izy fit=radtodeg(asin(cos(degtorad(theta Izy fit))/sqrt(1-
sin(degtorad(theta_Izy fit))"2*cos(degtorad(phi_Izy fit))"2)));

theta Izy AUCR=radtodeg(acos(sqrt(cos2theta Izy)));
phi_Izy AUCR=radtodeg(asin(sqrt(sin2phi_Izy)));
theta_prime Izy AUCR=radtodeg(acos(sin(degtorad(theta Izy AUCR))*cos(degtorad(phi_Izy AUCR))));

phi_prime Izy AUCR=radtodeg(asin(cos(degtorad(theta Izy AUCR))/sqrt(1-
sin(degtorad(theta_Izy AUCR))"2*cos(degtorad(phi_Izy AUCR))"2)));
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Appendix Figure 2.1. Calculated Shomeo as a function of wavelength for the orientation-controlled

NaYF4:Eu nanorods under the external electric field (0.08, 0.16 and 0.22 V/um).
In the main text, spectral fitting analysis is performed to calculate Shomeo using Equation 2.15. Instead
of spectral fitting analysis, Shemeo can also be calculated as a function of wavelength according to
equation Shemeo = (It + la)/(Ints — 2°(Ia-1,)), as shown in Appendix Figure 2.1. The averaged value of
calculated Snomeo in wavelength of interest (*Do-"F; and °Dy-"F transition lines) was 0.36 for 0.08 V/um,
0.70 for 0.16 V/um is 0.70, and 0.82 for 0.22 V/um. These values are slightly lower than the value
calculated from spectral fitting analysis (obtained Shomeo for 0.08 V/um is 0.40, for 0.16 V/um is 0.76
and for 0.22 V/um is 0.88). In principle, both methods should give an identical result. However, the
precision appears to be more degraded for wavelength-dependent calculation as it can be more

influenced by non-perfect baseline treatment and noise, etc.

Appendix Table 2.1. Determined polar angle 0 of crystal’s orientation by polarized signal and
unpolarized signal. Image: CCD camera captured PL emission of the nanorod (scale bar: 2 pm).

PL emission image

Lx 76 67 63 62 42
Calculated = Polarization
out-of-plane Ly 80 74 65 64 42
angle (°)
No polarization 72 68 65 63 37
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Appendix Figure 3.1. (a) Z-average size of surface-functionalized LaPO4:Eu nanorods dispersed in pure
chloroform or with an excess of 1, 10 and 100 mM of n-DPA ligand molecules in chloroform. (b-e)
Intensity profile as a function of hydrodynamic size of LaPO4:Eu nanorods dispersed in (b) pure
chloroform or with an excess of (¢) 1, (d) 10 and (¢)100 mM of n-DPA ligand molecules, measured in
fresh state, after ~287 hours of storing and after ~10 mins of sonication after aging.
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Appendix Figure 3.2. Optical texture observed between crossed polarizer of surface-functionalized
LaPO4:Eu@n-DPA nanorod suspension in chloroform as a function of volume fraction (®, vol%) and
excess n-DPA ligand concentration (mM). (a) ® = 0.56 vol% / n-DPA = 40.0 mM, (b) ® =0.78 vol% /
n-DPA =56.0 mM, (¢) @ =1.00 vol% / n-DPA =71.4 mM, (d) ® =0.93 vol% / n-DPA = 100.0 mM, (e)
® =0.70 vol% / n-DPA = 100.0 mM, (f) ® = 0.60 vol% / n-DPA = 20.0 mM, (g) ® = 0.38 vol% / n-DPA
=12.5 mM, (h) ® = 0.25 vol% / n-DPA = 1.0 mM, (i) @ = 0.50 vol% / n-DPA = 2.0 mM,
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Appendix Figure 3.3. (a,c,e) Emission spectra of Eu** dopant measured along the height of the capillary.
(b,d,f) PL intensity of the peak at ~589 nm along the height of the capillary. (a,b) ® = 0.5 vol% /n-DPA
=2.0 mM, (c,d) @ = 0.6 vol% / n-DPA = 20.0 mM, (e,f) ® = 1.4 vol% / n-DPA = 100.0 mM
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Appendix Figure 4.1. Photograph of developed fluorescence polarizing confocal microscope
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Appendix Table 4.1. Matlab code for liquid crystal tomography

% Polarized Spectrum load

datapol15_raw=csvread('227.csv',2,0); datapol60_raw=csvread('317.csv",2,0);

W=datapol15_raw(:,1);

datapoll5=cell(1,2500); datapol60=cell(1,2500);

for i=1:2500
datapol15{i}=datapol15_raw(:,i+1); datapol60{i}=datapol60 raw(:,i+1);

end

%Data offset subtract

I poll5_subtract=cell(1,2500); I_pol60_subtract=cell(1,2500); I poll5=cell(1,2500); I _pol60=cell(1,2500);

for i=1:2500
1 _poll5_subtract{i}=mean(datapol15{i}(707:730,1)); 1 pol60 subtract{i}=mean(datapol60{i}(707:730,1));
1 poll5{i}=datapol15{i}-I_poll5_subtract{i}; 1 pol60{i}=datapol60{i}-I pol60 subtract{i};

end

% Data analyze

I MDI1_poll5=cell(1,2500); I MD2 poll5=cell(1,2500); I EDI1 poll5=cell(1,2500); I_ED2 poll5=cell(1,2500);

I MD1_pol60=cell(1,2500); I_MD2 pol60=cell(1,2500); I ED1_pol60=cell(1,2500); I ED2 pol60=cell(1,2500);

I kMD_poll5=cell(1,2500); I kED poll5=cell(1,2500); I kMD_pol60=cell(1,2500); I kED pol60=cell(1,2500);

for i=1:2500
1 MDI1_poll5{i}=trapz(W(33:110),I_pol15{1,i}(33:110,1)); I MD2 poll5{i}=trapz(W(111:200),I_poll15{1,i}(111:200,1));
I_ED1_pol15{i}=trapz(W(774:918),1_pol15{1,i}(774:918,1)); 1_ED2_pol15{i}=trapz(W(919:1021),I_pol15{1,i}(919:1021,1));
I_MD1_pol60{i}=trapz(W(33:110),I_pol60{1,i}(33:110,1)); 1_MD2_pol60{i}=trapz(W(111:200),I_pol60{1,i}(111:200,1));
I_EDI1_pol60{i}=trapz(W(774:918),1_pol60{1,i}(774:918,1)); 1_ED2_pol60{i}=trapz(W(919:1021),I_pol60{1,i}(919:1021,1));
I_kMD poll5{i}=I MDI1_poll5{i}./I_ MD2 poll5{i}; 1 kED poll5{i}=I EDI poll5{i}./I_ED2 poll5{i};
I kMD_pol60{i}=I_MD1_pol60{i}./I MD2 pol60{i}; 1 kED pol60{i}=I ED1 pol60{i}./_ED2 pol60{i};

end

%Reference spectrum

data_pi=csvread('pi.dat'); data_sigma=csvread('sigma.dat');pi_raw=data pi(:,2); sigma_raw=data sigma(:,2);

pi=pi_raw-mean(pi_raw(707:730,1)); sigma=sigma_raw-mean(sigma_raw(707:730,1));

pi_MDI=trapz(W(33:110),pi(33:110,1));pi_MD2=trapz(W(111:200),pi(111:200,1));pi_ED1=trapz(W(774:918),pi(774:918,1));pi_
ED2=trapz(W(919:1021),pi(919:1021,1));

sigma_MD1=trapz(W(33:110),sigma(33:110,1));sigma_MD2=trapz(W(111:200),sigma(111:200,1));sigma_ED1=trapz(W(774:918
),sigma(774:918,1));sigma_ED2=trapz(W(919:1021),sigma(919:1021,1));

% Tomography Calculation

cos2theta_bracket=cell(1,2500); cos2theta_ ED=cell(1,2500); cos2theta_ MD=cell(1,2500); sin2phi=cell(1,250);
sin2phi_MD=cell(1,250); sin2phi_ED=cell(1,2500);

I parallel MDI1=cell(1,2500);1_parallel MD2=cell(1,2500);I_parallel ED1=cell(1,2500);I parallel ED2=cell(1,2500);
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S=cell(1,2500); theta=cell(1,2500); phi=cell(1,2500); theta_prime=cell(1,2500); phi_prime=cell(1,2500);

I_perpendicular MD1=cell(1,2500);I_perpendicular MD2=cell(1,2500);1 perpendicular EDI1=cell(1,2500);I_perpendicular ED2
=cell(1,2500);

for i=1:2500

cos2theta_bracket{i}=-2*((1_kMD pol60{i}*pi MD2-pi MD1)/(I_ kMD pol60{i}*(sigma MD2-pi_MD2)-(sigma MD1-
pi_MD1)))+((I_kED_pol60{i}*(sigma_ED2+pi_ED2)-(sigma_EDI+pi ED1))/(I_kED_pol60{i}*(sigma_ED2-pi ED2)-
(sigma_ED1-pi_EDI)));

S{i}=(3*cos2theta_bracket{i}-1)/2;

cos2theta{i}=(cos2theta_bracket{i}+((I kED pol60{i}*(sigma ED2+pi ED2)-
(sigma_EDI1+pi_EDI1))/(I_kED pol60{i}*(sigma ED2-pi_ED2)-(sigma EDI-pi_ED1))))/(3*cos2theta_bracket{i}-1);

cos2theta MD {i}=2*(cos2theta_bracket{i}+(I_kMD pol60{i}*pi MD2-pi MDI1)/(I_kMD_pol60{i}*(sigma_MD2-pi MD2)-
(sigma_MD1-pi_MD1)))/(3*cos2theta_bracket{i}-1);

cos2theta ED{i}=(cos2theta_bracket{i}-+((I kED_ pol60{i}*(sigma_ED2+pi ED2)-
(sigma_EDI1+pi ED1))/(I_kED_pol60{i}*(sigma_ED2-pi_ ED2)-(sigma_ED1-pi_ED1))))/(3*cos2theta bracket{i}-1);

% cos2theta can be calculated from MD and ED, but these two are same
1 parallel MD1{i} = (sigma_MD1*(1-cos2theta_bracket{i})/2)+(pi_MD1*(1+cos2theta bracket{i})/2);
1 parallel MD2{i} = (sigma_MD2*(1-cos2theta_bracket{i})/2)+(pi_MD2*(1+cos2theta_bracket{i})/2);
1 parallel ED1{i} = (pi_ED1*cos2theta_bracket{i})+(sigma EDI1*(1-cos2theta bracket{i}));
1 parallel ED2{i} = (pi_ED2*cos2theta_bracket{i})+(sigma_ED2*(1-cos2theta_bracket{i}));
1 _perpendicular MD1{i} = (sigma_MD1*cos2theta bracket{i})+(pi_MDI1*(1-cos2theta bracket{i}));
I_perpendicular MD2{i} = (sigma_MD2*cos2theta_bracket{i})+(pi_MD2*(1-cos2theta_bracket{i}));
I _perpendicular ED1{i} = (pi_ED1*(1-cos2theta_bracket{i})/2)+(sigma_ED1*(1+cos2theta_bracket{i})/2);
I _perpendicular ED2{i} = (pi_ED2*(1-cos2theta bracket{i})/2)+(sigma_ED2*(1+cos2theta_bracket{i})/2);

sin2phi_ED{i}=(I_kED_pol15{i}*I_perpendicular_ED2{i}-I_perpendicular_EDI {i})/((1-cos2theta{i})*((I_parallel_ED]1{i}-
I _perpendicular ED1{i})-I kED_poll5{i}*(I_parallel ED2{i}-I perpendicular ED2{i})));

sin2phi_ MD({i}=(I_kMD poll5{i}*I_perpendicular MD2{i}-I_perpendicular MD1{i})/((1-
cos2theta{i})*((I_parallel MD1{i}-I _perpendicular MD1{i})-I kMD_poll5{i}*(I_parallel MD2{i}-I perpendicular MD2{i})));

% sin2phi can be calculated from MD and ED, these are not same
theta{i}=radtodeg(acos(sqrt(cos2theta{i})));

phi_ED({i}=radtodeg(asin(sqrt(sin2phi_ED{i})));

phi_MD {i}=radtodeg(asin(sqrt(sin2phi_MD{i})));

theta prime MD {i}=radtodeg(acos(sin(degtorad(theta{i}))*cos(degtorad(phi_MD({i}))));

theta prime ED{i}=radtodeg(acos(sin(degtorad(theta{i}))*cos(degtorad(phi_ED{i}))));

phi_prime_MD {i}=radtodeg(asin(cos(degtorad(theta{i}))/sqrt(1-sin(degtorad(theta{i}))"2*cos(degtorad(phi_MD{i}))"2)));

phi_prime ED/{i}=radtodeg(asin(cos(degtorad(theta{i}))/sqrt(1-sin(degtorad(theta{i}))"2*cos(degtorad(phi_ED{i}))"2)));
end
%Data reshape
I MDI1_Matrix_poll5=cell(50,50); I_MD2_ Matrix_poll5=cell(50,50);
I_ED1 Matrix_poll5=cell(50,50); I _ED2 Matrix_poll5=cell(50,50);

I MD1_Matrix_pol60=cell(50,50); I MD2 Matrix_pol60=cell(50,50);
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1_ED1 Matrix_pol60=cell(50,50); I ED2 Matrix_pol60=cell(50,50);

I kMD_Matrix_poll5=cell(50,50); I kED Matrix_poll5=cell(50,50);

I kMD_Matrix_pol60=cell(50,50); I kED Matrix pol60=cell(50,50);

S Matrix=cell(50,50); cos2theta Matrix=cell(50,50);

sin2phi_ MD_Matrix=cell(50,50); sin2phi_ ED Matrix=cell(50,50);

theta_prime_MD_Matrix=cell(50,50); theta_prime ED Matrix=cell(50,50);

phi_prime MD_Matrix=cell(50,50); phi_prime ED_Matrix=cell(50,50);

for i=1:50

for j=0:49
I MDI_Matrix_pol15{j+1,i}=I MDI_pol15{1,i+50%j}; I_MD2_ Matrix_poll5{j+1,i}=I MD2 pol15{1,i+50%;};
I_ED1_Matrix_pol15{j+1,i}=I EDI_pol15{1,i+50%j}; I_ED2 Matrix_pol15{j+1,i}=I_ED2 pol15{1,i+50%j};
I_MD1_Matrix_pol60{j+1,i}=I_MD1_pol60{1,i+50%j}; I_MD2 Matrix_pol60{j+1,i}=I_MD2_pol60{1,i+50%j};
I ED1 Matrix_pol60{j+1,i}=I EDI1_pol60{1,i+50%*j}; 1_ED2 Matrix_pol60{j+1,i}=I_ED2 pol60{1,i+50%j};
I kMD_Matrix_pol15{j+1,i}=I kMD_pol15{1,i+50%j}; I_kED_ Matrix_pol15{j+1,i}=I KED pol15{1,i+50%j};
I kMD_Matrix_pol60{j+1,i}=I kMD_pol60{1,i+50%j}; I_kED Matrix_pol60{j+1,i}=I _kED_pol60{1,i+50%j};
S Matrix {j+1,i}=S{1,i+50%j}; cos2theta Matrix {j+1,i}=cos2theta{l,i+50%j};
sin2phi MD_Matrix {j+1,i}=sin2phi MD {1,i+50%j}; sin2phi ED Matrix {j+1,i}=sin2phi_ ED{1,i+50%j};
theta_prime MD Matrix {j+1,i}=theta_prime MD{1,i+50%;};
theta_prime_ED Matrix {j+1,i}=theta_prime_ED{1,i+50%;};
phi_prime MD_Matrix {j+1,i}=phi_prime MD{1,i+50%j};
phi_prime ED Matrix{j+1,i}=phi_prime ED{1,i+50%j};
end

end

S_data=cell2mat(S_Matrix).'; cos2theta_data=cell2mat(cos2theta_Matrix).";

sin2phi MD_data=cell2mat(sin2phi_MD_Matrix).";sin2phi_ED_data=cell2mat(sin2phi_ ED_ Matrix).";

theta_prime MD_data=cell2mat(theta_prime MD_ Matrix).';theta_prime ED data=cell2mat(theta prime ED Matrix).";

phi_prime_MD_data=cell2mat(phi_prime_MD_Matrix).;phi_prime_ED_data=cell2mat(phi_prime ED_Matrix).";

% Masking based on order parameter
mask Matrix=cell(50,50);
S data_cell=num2cell(S_data);
for i=1:50
for j=1:50
if S_data_cell{i,j} <0.2
mask Matrix{i,j}=NaN;

else
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mask Matrix{i,j}=1;
end
end
end
mask=cell2mat(mask_Matrix); S_data=cell2mat(S_Matrix).'.*mask;
cos2theta_data=cell2mat(cos2thetaMatrix).'. *mask; sin2phi MD_data=cell2mat(sin2phi MD_Matrix).".*mask;
sin2phi_ED_data=cell2mat(sin2phi_ED_Matrix).".*mask; theta prime MD_data=cell2mat(theta_prime MD_Matrix).'.*mask;
theta prime ED_data=cell2mat(theta_prime ED Matrix).".*mask; hi prime MD_data=cell2mat(phi_prime MD_Matrix).'. *mask;

phi_prime_ED_data=cell2mat(phi_prime_ED_Matrix)." *mask;

% Rod visualization
figure;
h=imshow(phi_prime MD _data,'InitialMagnification','fit', DisplayRange',[ ],'Colormap',jet); hold on
set(h,'Alphadata',0.1);
colorbar; hold off
[Grid_x,Grid_y]=meshgrid(1:1:50,1:1:50);
Data_x = cos(deg2rad(phi_prime MD _data)).*sin(deg2rad(theta_prime MD_data));
Data_y = sin(deg2rad(phi_prime MD_data)).*sin(deg2rad(theta_prime MD_data));
x=Data_x+Grid_x; y=Data_y+Grid_y;
alpha=zeros(50,50);
for i=1:50
for j=1:50
X_temp=[x(i,j)-0.25;Grid_x(i,j)-0.25]; Y_temp=[y(i,j)-0.25;Grid_y(i,j)-0.25];
p(i,j)=line(X_temp,Y_temp,'Color’,'r', LineWidth',2);
if isnan(S_data(i,j))
alpha(i,j)=0;
elseif S_data(i,j)>1
alpha(i,j)=1;
else
alpha(i,j)=S_data(i,j);
end
p(i,j).Color(4)=alpha(i,j);
end

end
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Titre : Analyse d'orientation et comportement des cristaux liquides de nanobatonnet dopés aux lanthanides

Mots clés : anisotropie, lanthanides, polarisation, luminescence, science colloidale, auto-assemblage

Résumé : Les nanocristaux luminescents ont fait I’objet
de nombreux travaux en vue de leurs applications dans
de nombreux domaines tels que les dispositifs
d'affichage ou comme marqueurs biologiques. Parmi
eux, les nanocristaux dopés aux ions lanthanides
présentent des caractéristiques d'émission  trés
spécifiques associées a des transitions soit dipolaires
magnétiques (MD), soit dipdlaires électriques (ED). Le
premier objectif de cette thése était de développer une
méthodologie pour la détermination de I'orientation 3D
des nanocristaux en tirant parti des caractéristiques
uniques de polarisation des transitions MD et ED. A titre
d'exemple, des nanobatonnets de NaYFsEu ont été
synthétisés, fonctionnalisés en surface et orientés
aléatoirement dans un film de polymére rigide. La
détermination avec une grande précision de l'orientation
3D des nanorods est démontrée a l'aide d'un
spectrogramme unique de la photoluminescence
polarisée. Une deuxiéme partie est consacrée a la
détermination du degré d'orientation (parametre d'ordre)
par rapport a la direction d'alignement global de
nanobatonnets colloidaux NaYF:Eu alignés par un
champ électrique dans une cellule électro-optique.

Le deuxiéme objectif de cette thése était d'étudier le
comportement cristal liquide des nanocristaux
anisotropes. Des nanobétonnets de LaPO4:Eu ont été
synthétisés, stabilisés avec un ligand de surface et
dispersés dans un milieu apolaire ou le comportement
cristal liquide (CL) a été mis en évidence. Ce phénomene
a été comparé au comportement CL précédemment
rapporté des mémes nanobatonnets dispersés en milieu
polaire. Dans une seconde partie, le comportement CL a
été étudié dans le cas ou le systéme est confiné entre
deux parois. La dispersion confinée a montré une
évolution originale de sa structure menant a I'observation
de domaines CL en forme de fleur. Une cartographie
tomographique 3D de l'orientation et du paramétre
d'ordre a été réalisée sur la base de la photoluminescence
polarisée des ions lanthanides dopés. Ceci fournit un
premier exemple d'application de la technique pour la
caractérisation d'assemblages auto-organisés, ouvrant la
voie a des applications encore plus complexes comme le
suivi de la dynamique rotationnelle de nano-objets.

Title : Orientation analysis and liquid crystalline behavior of lanthanide-doped nanorods

Keywords : anisotropy, lanthanides, polarization, luminescence, colloidal science, self-assembly

Abstract : Luminescent nanocrystals have been of great
interest for their use for many applications such as
display devices or biological markers. Among them,
nanocrystals doped with lanthanide ions exhibit
particular emission features associated with magnetic
(MD) or electric dipole (ED) transitions. The first
objective of this thesis was to develop a methodology for
the determination of the 3D orientation of nanocrystals
by taking advantage of the unique polarization features
of MD and ED transitions. As a case example, NaYF4:Eu
nanorods were synthesized, surface-functionalized, and
randomly oriented within a rigid polymer film. The
possible determination of the 3D orientation of the
nanorods with high accuracy is demonstrated using a
single-shot  spectrogram  of  the  polarized
photoluminescence. A second part is devoted to
determining the degree of orientation (order parameter)
with respect to the global alignment direction of
colloidal NaYF.:Eu nanorods aligned under an electric
field in an electro-optical cell.

The second objective of this thesis was to investigate the
colloidal liquid crystal behavior of anisotropic
nanocrystals. LaPO4:Eu nanorods were synthesized,
stabilized with a surface ligand, and dispersed in an
apolar medium where its liquid crystalline (LC) behavior
was evidenced. This phenomenon was compared to the
previously reported LC behavior of the same nanorods
dispersed in polar media. In the second part, the LCs
behavior was investigated when the system is confined
between two walls. The confined LC showed an
unprecedented LC evolution leading to the observation
of flower-shaped LC domains. A 3D tomographic
mapping of the orientation and order parameter was
performed based on the polarized photoluminescence of
doped lanthanide ions. This thesis study provides the
first example of applying the new spectroscopic
orientation analysis technique for the characterization of
nanoparticle self-assemblies, opening a way toward even
more challenging applications such as the rotational
dynamic tracking of nano-objects.
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