















































de las particulas representa una gran limitacion dentro de este sistema. Pero, preve-
mos mejoras aun mayores en las propiedades fotofisicas de los J-agregados con mayor
fuerza de acoplamiento, junto con la fabricacion de hibridos plexcitonicos altamente
estables.

Con el objetivo de salvar la limitacion dada por la estabilidad coloidal de las
particulas, se ha desarrollado un segundo sistema plexcitonico. Para esto, también
se han utilizado bipirdmides de Au y, en este caso, J-agregados de pigmento JC-1.
Los capitulos cuarto y quinto de esta tesis se centran en el analisis de las propiedades
fotofisicas del mencionado sistema plexcitonico, formado con el pigmento JC-1, y en
la exploracion de su potencial para fabricar sistemas sensibles a ciertos estimulos.

En esta parte del trabajo, se ha desarrollado el sistema hibrido formado por
bipirdmides de Au recubiertas de CTAB como componente plasmdnico. La capaci-
dad de las moléculas de JC-1 para intercalarse entre las bicapas de surfactante se
ha utilizado como desencadenante para iniciar la formacion de este sistema plex-
citénico. Tanto las nanoparticulas plasménicas como el pigmento JC-1 se eligieron
cuidadosamente para que pudieran interactuar y acoplarse entre si. Tras establecer
esta interaccion entre los componentes plasmonicos y exciténicos, se utiliz6 el pH
para inducir la formacion de J-agregados con el pigmento JC-1, e iniciar el poste-
rior acoplamiento plexcitonico del sistema. En este proceso, las bicapas de CTAB
desempefian un papel crucial atrapando a las cadenas moleculares y creando un
entorno favorable para una fuerte interaccion de acoplamiento. Posteriormente, se
ha realizado un anélisis exhaustivo mediante UV-Vis-NIR y fotoluminiscencia para
caracterizar el sistema plexcitonico. A continuacion, se han utilizado estudios sis-
tematicos de dispersion de las resonancias plasmonicas para determinar la fuerza de
acoplamiento del sistema. Lo cual implica sintetizar una serie de bipirdmides con
diferentes resonancias plasmoénicas para manipular sistematicamente esta respuesta
plasmonica, de acuerdo con la respuesta de los J-agregados en 600 nm. Mediante la
experimentacion sistematica, se han estimado los parametros que confirman que el
sistema plexcitonico opera dentro del réegimen de acoplamiento fuerte.

Curiosamente, los espectros de fotoluminiscencia de este sistema a temperatura
ambiente también muestran modificaciones significativas debidas a la interaccién
plasmon-excitdn, una observacion que resulta poco comun. En concreto, estos pre-
sentan una caracteristica que consiste en un doblete (o division), paralelamente junto
con la modificacién de los espectros UV-vis. Después de esto, se ha utilizado un mo-
delo tedrico para el analisis de los espectros de fotoluminiscencia modificados para
confirmar la existencia de la interaccion de acoplamiento fuerte. Por ultimo, se ha
investigado el efecto del acoplamiento fuerte en la modificacion de las propiedades
de los J-agregados, en particular, respecto a su fotoestabilidad. Resultando que,
mientras que los J-agregados del colorante JC-1 se fotodegradan normalmente en
menos de 1 hora, en el sistema fuertemente acoplado observamos una degradacion
insignificante incluso después de 1 dia. Esta fotoestabilidad superior demuestra el
potencial de las interacciones de acoplamiento fuerte para modificar las propiedades
fotoquimicas y fotofisicas de los sistemas excitdnicos.

En el dltimo capitulo de este trabajo, se amplia nuestra investigacion a un nuevo
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NIR Near InfraRed

PSP Propagating Surface Plasmon
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NRs Nanorods

BPs Bipyramids
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CTAB Cethyltrimethyl ammonium bromide
PL Photoluminescence

FLIM Fluorescence Lifetime Imaging Microscopy
SERS Surface-Enhanced Raman Scattering
HR Huang-Rhys

QY Quantum Yield
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1.4. Quantum emitters

a deeper understanding of cellular processes and pathologies associated with mito-
chondrial dysfunction.

S2275 dye is a synthetic fluorophore widely used in biological and chemical re-
search [42-44], and is soluble due to the presence of triethylammonium salt, facili-
tating its use in aqueous biological environments. Its excitation and emission wave-
lengths in the NIR region minimize interference from background autofluorescence
and light scattering, allowing for improved sensitivity and resolution in fluorescence
imaging.

1.4.1.2 J-aggregates

J-aggregates are self-assembled molecular aggregates with unique optical properties
that arise from the strong coupling between individual chromophores [45]. This
phenomenon is often observed in certain classes of dyes, such as cyanine dyes, when
assembled in a specific form, typically in a one-dimensional arrangement [46]. The
most notable property of J-aggregates is their intense absorption (J-band), which is
significantly red-shifted compared to the monomeric form of the dye (see Figure 1.9).
This red shift arises from the strong electronic coupling between the chromophores
in the aggregate, leading to coherence (or delocalization) of excitons and a lower
energy gap between the ground and excited states. [47,48]

Figure 1.9: Schematic representation of monomer and J-aggregates, together with their
corresponding energy levels.

J-aggregates usually present a small or unexistent Stokes shift, defined as the
diLerknce between the absorbance and emission maxima of a chromophore, coming
from the energy losses in the system [28]. The small Stokes shift in J-aggregates
can be explained by the high degree of self-organization present in the J-aggregates’
molecular quantum transitions. Furthermore, this phenomenon arises from the nu-
clear environment reorganization and the excited electronic state spontaneous loos-
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Chapter 3

Plexcitonic System based on
J-aggregates strongly coupled to
TMA Capped Gold Nanoparticles

3.1 Introduction

In the rapidly advancing field of nanoscience and nanotechnology, the exploration
of novel hybrid systems has garnered significant attention, paving the way for inno-
vative applications in photonics, sensing, and energy harvesting [61,62]. Plexcitonic
systems are based on the coupling of plasmons and excitons. This interdisciplinary
convergence of plasmonics and excitonics holds immense promise for manipulating
and harnessing light-matter interactions at the nanoscale [134,135]. To build these
systems plasmonic NPs can be used to couple to excitons originating from either in-
organic [136-141] or organic materials [61,67,80,142-144]. In the context of organic
materials, a plexcitonic system can be established using dyes [72,145] or dye aggre-
gates. These aggregates can be categorized into J-aggregates and H-aggregates, each
presenting distinct properties compared to the non-aggregated dyes. These proper-
ties arise from the interaction of molecular transition dipole moments that interact
upon the formation of molecular chains. [52] Here, J-aggregates are characterized by
a sharp and red-shifted absorption and emission response [146], while H-aggregates
exhibit a broad and blue-shifted absorption and emission response [147] in com-
parison to the monomer. Among these, J-aggregates are frequently employed in
constructing plexcitonic systems [61, 67,80, 142-144] due to their sharp absorption
and emission features as well as the small or negligible di[erknce between the ab-
sorption and emission maxima (Stokes shift). These distinct features emerge from
the exciton coherence length that takes place in the J-aggregates [146, 148].

Among the previously described systems, plexcitonic systems which integrate
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5. Switchable Plexcitonic System

ing the pH conditions of the medium. We found that such reversibility under limiting
high and low pH conditions is indeed possible. It was observed that the reversible
formation of strong coupling can be performed cyclically and measured optically by
UV-Vis-NIR and PL, as well as modeled computationally. We also detected Raman
features in the PL spectra of the switchable plexcitonic system, which showed di [erk
ent intensities under weak and strong coupling. We show that the strong coupling
regime enlarges Raman spectral spread. Finally, we proposed a preliminary chemical
mechanism behind the pH-dependent switchable character of the plexcitonic system,
shedding light on the possible origin of fast coupling and slow decoupling processes.

5.2 Switchable J-aggregates

It has been shown in the previous chapters that JC-1 forms J-aggregates upon the
increase of pH. Once at high pH (> 8), the J-aggregates are present in the solution.
We subjected the J-aggregates solution to pH variation. The schematic representa-
tion of such an experiment is presented in Figure 5.1 (a).

First, the pH value is increased to 8 (to induce the formation of J-aggregates),
then the pH value is decreased to 2 followed by its recovery back to 8. The sys-
tem response to the pH change was monitored by absorbance and PL techniques.
The absorbance of the J-band reaches its maximum with the addition of NaOH
(pH=8) (red spectrum in Figure 5.1 (b)). One can also observe the presence of
the monomeric response at 500 nm. Once HCI is added, the J-band along with
the monomeric band disappears (blue spectrum in Figure 5.1 (b)). There is also
a color change of the solution from pink (J-aggregates, solution pH > 8) to clear
one (no J-aggregates, low pH). The band can be recovered, bringing back the value
of pH to 8. This reversible behavior was tested for 3 cycles, meaning that it was
possible to recover the J-aggregates response as long as the pH exceeds 8 (Figure 5.1
(c)). Also, the cyclic formation of J-aggregates under changing pH was confirmed
by photoluminescence measurements, showing a similar trend (Figure 5.1 (d, e)).

In a control experiment, we performed the reversible formation of J-aggregates
in the presence of cationic surfactant (CTAB, 1 mM). The surfactant is needed to
sustain the colloidal stability of plasmonic nanoparticles during the formation of
plexcitonic systems, being 1 mM (critical micelle concentration) the lower concen-
tration threshold below which the colloidal stability can be compromised. Therefore,
it was necessary to perform experiments of reversible J-aggregate formation in the
presence of surfactant to exclude any potential interference of the surfactant micelles
with the JC-1 dye. We observed that CTAB did not a[edt the reversible aggregation
of molecular dye upon pH change (see Appendix Figure 5.7).
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5.3. Gold Bipyramids

Figure 5.1: Reversible J-aggregates under pH change. (a) Schematic representation of
experimental procedure of reversible J-aggregates, showing the experiment workflow. We
begin with a J-aggregates solution (pH=8), then HCI is added (pH=2), and no J-band
response is observed. Finally, if we increase the solution pH we obtain again a J-aggregates
solution. (b) Absorbance spectra of J-C1 in water solution at pH=8 (red) and pH=2
(blue). (c) Cyclic change of J-band intensity at high and low pH. (d) PL spectra of J-C1
in water solution at pH=8 (red) and pH=2 (blue). (e) Cyclic change of emission band
intensity at high and low pH.

5.3 Gold Bipyramids

Gold bipyramids were synthesized through an established protocol. [21] The experi-
mental conditions were adjusted to obtain nanoparticles with the maximum of LSPR
located at 599 nm, that is, to match the J-band location of JC-1 aggregates (See
Figure 5.1)). The characterization by the transmission electron microscopy revealed
that the width of the as prepared nanoparticles was 25 4 nm and the length was
50 3 nm (Figure 5.2). The as-prepared nanoparticles were washed 2 times to
remove the excess reagents (e.g., ascorbic acid, silver ions) and stored in a CTAB
solution of ImM concentration. It was mandatory to test the colloidal stability of
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