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Expected impact

Ongoing search for sustainable development leads to innovations that connect
economic growth to the care of nature and social welfare. Modern developments in the
fields such as photoluminescent hybrid materials and biopolymer-based organic light-
emitting diodes (OLEDs) have profound influences on society, economy, and academia.
The text discusses them with respect to CDLPs for Hg?" detection and CMC/HA-
LAPONITE® substrates for OLEDs.

Societal Impact

Development of sensors based on CDLP addresses a major societal requirement for
detecting heavy metals that are harmful especially mercury (Hg®") in environmental
matrices. Mercury pollution is associated with serious health impacts including
neurological disorders and developmental problems. By providing an effective, selective
means of detecting minute quantities of Hg**, CDLP sensors contribute to public health
protection and environmental monitoring resulting in safer water and food supplies.

In addition, it has been noted that CMC/HA-LAPONITE® substrates can be applied
in making OLEDs and thus achieving additional benefits for electronic devices. These
biopolymer-based supports facilitate the generation of flexible, long-lasting and see-
through OLEDs. This facilitates wearable electronics, advanced health care devices to
improve the quality of life, more efficient light sources, and advanced displays among
others. Sustainable materials are integrated as well so as to correspond with increasing

societal request for green products.

Economic Impact

Green technology industries will be facilitated by the use of sensors based on CDLP
and substrates such as CMC/HA-LAPONITE®. This could stimulate market expansion,
job creation and investment in sensor manufacturing by way of increased demand for
advanced non-toxic environmental monitoring sensors. In addition, these sensors are
more efficient and sustainable resulting in reduced economic costs associated with

environmental cleanup and health care expenditures related to mercury pollution.



The use of CMC/HA-LAPONITE® in OLED technology also has a great economic
potential. Flexible and long lasting OLEDs are poised to revolutionize the electronics
market by enabling development of new consumer products as well as enhancing
competitiveness for companies adopting such innovations. Replacing traditional non-
sustainable materials used in OLED production with these substrates has a potential to

lower manufacturing costs and improve the economic viability of green products.

Academic Impact

From the academic point of view, the synthesis and characterization of CDLP and
CMC/HA-LAPONITE® composites contribute to the advancement of material science
and nanotechnology. These innovations provide rich research opportunities, promoting
academic collaboration and driving the publication of high-impact studies. For example,
the paper in this thesis has been published in a high impact factor journal (Nanoscale)
with international colaboration, contributiong for enhancement of high-quality research
in Brazil. The study of photoluminescent properties and the understanding of quenching
mechanisms in CDs can potentially pave the way for further breakthroughs in sensor
technology.

Furthermore, the development of biopolymer-based OLED substrates combines
multiple disciplines, including chemistry, materials science, and engineering. This
interdisciplinary approach enriches academic interaction and inspires new research

initiatives aimed at sustainable development.

Sustainable Development Context

Both CDLP-based sensors and CMC/HA-LAPONITE® substrates exemplify the
principles of sustainable development. The use of non-toxic, biodegradable materials in
sensor and OLED fabrication aligns with the goal of minimizing environmental impact.
These innovations support the United Nations Sustainable Development Goals (SDGs),
particularly Goal 3 (Good Health and Well-being), Goal 6 (Clean Water and Sanitation),
Goal 9 (Industry, Innovation, and Infrastructure), and Goal 12 (Responsible Consumption
and Production).

By enabling efficient detection of pollutants and contributing to the development of
sustainable electronic devices, these technologies reduce ecological footprints and

promote the responsible use of resources. The enhancement of public health and



environmental protection, coupled with economic growth driven by green technologies,

emphasise the integral role of scientific innovation in achieving sustainable development.

Conclusion

The societal, economic, and academic impacts of CDLP-based sensors and CMC/HA-
LAPONITE® substrates are profound, driving progress in public health, environmental
protection, economic growth, and scientific knowledge. These innovations embody the
spirit of sustainable development, offering practical solutions to pressing global
challenges while encourrage interdisciplinary research and eco-friendly technological
advancements. As these technologies continue to evolve, their contributions to a

sustainable and prosperous future will only grow more significant.



Impacto Esperado

A busca continua pelo desenvolvimento sustentdvel leva a inovagdes que conectam o
crescimento econdmico ao cuidado com a natureza e ao bem-estar social.
Desenvolvimentos modernos em campos como materiais hibridos fotoluminescentes e
diodos emissores de luz organicos (OLEDs) a base de biopolimeros tém profundas
influéncias na sociedade, na economia e na academia. O texto discute esses impactos com
respeito aos compositos de pontos quanticos de carbono ¢ LAPONITA® (CDLP) para
deteccdo de Hg?' e aos substratos CMC/HA-LAPONITA® para OLEDs.

Impacto Social

O desenvolvimento de sensores baseados em CDLP atende a uma importante
necessidade social de detectar metais pesados que sdo prejudiciais, especialmente
mercurio (Hg?"), em matrizes ambientais. A poluigdo por mercurio esta associada a sérios
impactos na saude, incluindo distarbios neurologicos e problemas de desenvolvimento.
Ao fornecer um meio eficaz e seletivo de detectar quantidades minimas de Hg?*, os
sensores CDLP contribuem para a protecdo da saude publica e o monitoramento
ambiental, resultando em suprimentos de dgua e alimentos mais seguros.

Além disso, foi observado que os substratos CMC/HA-LAPONITA® podem ser
aplicados na fabricacdo de OLEDs, alcangando beneficios adicionais para dispositivos
eletronicos. Esses suportes a base de biopolimeros facilitam a geracdo de OLEDs
flexiveis, duraveis e transparentes. Isso facilita a criacdo de eletronicos vestiveis,
dispositivos avancados de cuidados de satide para melhorar a qualidade de vida, fontes
de luz mais eficientes e displays avangados, entre outros. Materiais sustentdveis também
sdo integrados para corresponder a crescente demanda da sociedade por produtos

ecologicos.

Impacto Econémico

As industrias de tecnologia verde serdo facilitadas pelo uso de sensores baseados em
CDLP e substratos como CMC/HA-LAPONITA®. Isso pode estimular a expansdo do
mercado, a criagdo de empregos e o investimento na fabricacao de sensores devido ao
aumento da demanda por sensores de monitoramento ambiental avancados e nao toxicos.

Além disso, esses sensores sdo mais eficientes ¢ sustentaveis, resultando em menores



custos econdmicos associados a limpeza ambiental e aos gastos com saude relacionados
a polui¢do por mercurio.

O uso de CMC/HA-LAPONITE® na tecnologia OLED também tem um grande
potencial economico. OLEDs flexiveis e durdveis estdo prontos para revolucionar o
mercado de eletronicos, permitindo o desenvolvimento de novos produtos de consumo,
bem como aumentando a competitividade das empresas que adotam tais inovagdes. A
substituicdo de materiais tradicionais ndo sustentaveis usados na producdo de OLEDs por
esses substratos tem o potencial de reduzir os custos de fabricagdo e melhorar a

viabilidade econdmica de produtos ecologicos.

Impacto Académico

Do ponto de vista académico, a sintese e caracterizacdo de compoésitos CDLP e
CMC/HA-LAPONITE® contribuem para o avanco da ciéncia dos materiais e da
nanotecnologia. Essas inovagdes oferecem ricas oportunidades de pesquisa, promovendo
a colaboragdo académica e impulsionando a publicag¢ao de estudos de alto impacto. Por
exemplo, o artigo desta tese foi publicado em uma revista de alto fator de impacto
(Nanoscale) com colaboragdo internacional, contribuindo para o crescimento de
pesquisas de alta qualidade no Brasil. O estudo das propriedades fotoluminescentes e a
compreensdo dos mecanismos de supressdo em pontos quanticos de carbono podem
potencialmente abrir caminho para novos avancos na tecnologia de sensores.

Além disso, o desenvolvimento de substratos OLED a base de biopolimeros combina
multiplas disciplinas, incluindo quimica, ciéncia dos materiais € engenharia. Essa
abordagem interdisciplinar enriquece a interagdo académica e inspira novas iniciativas de

pesquisa voltadas para o desenvolvimento sustentavel.

Contexto do Desenvolvimento Sustentavel

Tanto os sensores baseados em CDLP quanto os substratos CMC/HA-LAPONITA®
exemplificam os principios do desenvolvimento sustentavel. O uso de materiais nao
toxicos e biodegradaveis na fabricacdo de sensores e OLEDs est4 alinhado com o objetivo
de minimizar o impacto ambiental. Essas inovagdes apoiam os Objetivos de
Desenvolvimento Sustentavel (ODS) das Nagdes Unidas, particularmente o Objetivo 3
(Satde e Bem-estar), Objetivo 6 (Agua Limpa e Saneamento), Objetivo 9 (Industria,

Inovagdo e Infraestrutura) e Objetivo 12 (Consumo e Producdo Responséveis).



Ao permitir a deteccao eficiente de poluentes e contribuir para o desenvolvimento de
dispositivos eletronicos sustentaveis, essas tecnologias reduzem as pegadas ecologicas e
promovem o uso responsavel dos recursos. A melhoria da saude publica e da protegdo
ambiental, juntamente com o crescimento econdmico impulsionado por tecnologias
verdes, enfatizam o papel integral da inovacdao cientifica na consecucdo do

desenvolvimento sustentavel.
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ABSTRACT

LAPONITE® is a nanometric synthetic clay mineral widely explored in the
biomedical field. However, its features such as suspension transparency and the ability to
functionalize it with fluorophores and nanoparticles also make it a promising candidate
for photonic applications. To avoid aggregation-caused quenching (ACQ) in solid-state
carbon dots (CDs), LAPONITE® can be used to induce a steric hindrance between the
nanoparticles. Thus, part of this thesis (chapter 2) delves into the photoluminescent
characteristics of solid-state hybrid carbon dots/LAPONITE® (CDLP). These hybrid
materials were synthesized using the hydrothermal method with a precise pH control set
at 8.5. The LAPONITE® structure remained intact without a structural collapse in these
conditions as indicated by the diffractograms of powder XRD. The use of different
concentrations of citric acid during synthesis results in different CDs concentrations in
CDLP-A (low precursors concentration) and CDLP-D (high concentration) with an
amorphous structure and average size around 2.8-3.0 nm, according to STEM. By XPS
and FTIR, carboxylate groups formed in the CDLP surface. The CDLP displayed visible
photoluminescence (PL) emission in aqueous and powder, which the last underwent
quenching according to lifetimes and quantum yield measurements. Low-temperature
measurements revealed an enhancement of the non-radiative pathways induced by
aggregation, associated with coupled surface states. Energy transfer modeling based on
Forster-Dexter suggests an approximate mean distance of 9.5 nm between clusters of
CDs. According to the quantum yield measurements (CDLP-A =0.09 4+ 0.01 and CDLP-
D =0.02 £ 0.01), and in comparison with CD without LAPONITE®, the synthetic clay
mineral was crucial resist ACQ.

The synthesized nanocomposites presented structure characteristics, such as
carboxylate groups for the application as photoluminescence chemical sensors (PCS)
using PL quenching. Due to the harmful effect on the environment and human health of
Hg?", its detection in low concentrations is needed, which can be achieved using PCS
While several studies have reported that Hg*" detection using CDs PL emission there is a
lack of in-depth investigation into the quenching mechanisms involved in turn-off
sensors. In this study (chapter 3), a Stern-Volmer analysis at three different temperatures
(288, 298, and 303 K) is proposed. The results indicated selectivity for Hg?>" over the
other evaluated metals. The optimum detection range for Hg?" was found to be 1-40 uM,

with limits of detection (LOD) and quantification (LOQ) of 2.5 and 8.3 uM respectively.



Using the Stern-Volmer models, it was found that static quenching dominates over
collisional quenching, possibly due to the complexation between the nanocomposite’s
carboxylate groups and Hg?*. Additionally, the modified Stern-Volmer model, which
accounts for the fractional accessibility of the fluorophores by the quenchers, suggests
that some parts of the sensor are inaccessible to the quencher.

Reinforcement material for organic light-emitting diodes (OLEDs) substrates is
another photonics application of LAPONITE®. Biopolymers such as carboxymethyl
cellulose and hyaluronic acid are alternative substrates for conformable OLEDs.
However, drawbacks such as mechanical stress susceptibility can hinder the device's
performance under stretched conditions. To overcome these limitations, herein (chapter
4) a nanocomposite based on CMC/HA (Carboxymethyl cellulose/Hyaluronic acid) and
LAPONITE® was developed, intending to improve the mechanical strength without
compromising the film flexibility and transparency (transmittance >80% - 380-700 nm)
as substrates for conformable OLEDs. From XRD, FTIR, CP-MAS NMR, and TGA/DTG
characterization techniques, it was possible to conclude the presence of LAPONITE®
randomly dispersed between the polymer chains. The CMC/HA with 5 % (wt/wt) of
LAPONITE®, CMC/HA 5, presented higher tensile strength (370.6 MPa) and
comparable Young’s Modulus (51.0 = 1.2 Mpa) in comparison to the nanocomposites and
pristine films, indicating a better candidate for device’s substrates. To produce the OLED,
the multilayer structure ITO/MoO3/NPB/ TCTA:Ir(ppy)s/TPBi:Ir(ppy)s/Bphen/ LiF was
deposited onto CMC/HA 5 substrate. of the OLEDs fabricated using CMC/HA 5
substrates showed higher luminance (12 kcd/m?) and irradiance (0.9 mW/cm?) values
when compared with those based on commercial bacterial cellulose (BC). However, the
same device presented lower efficiency (3.2 cd/A) due to higher current density.
Moreover, the OLED fabricated onto LAPONITE® modified biopolymer presented a
reproducible behavior when submitted to continuous bending stress. Thus, CMC/HA 5
demonstrates potential as a transparent conductor substrate for biopolymer-based OLED

with comparable performance to commercial BC features.



RESUMO

LAPONITA® ¢ um argilomiral sintético nanométrico amplamente explorado no
campo biomédico. No entanto, suas caracteristicas, como transparéncia da suspensao ¢ a
capacidade de funcionalizd-lo com fluoréforos e nanoparticulas, também o tornam um
candidato promissor para aplicagdes fotonicas. Para evitar a supressdo causada por
agregacao (SCA) em pontos quanticos de carbono (PQC) no estado solido, a
LAPONITA® pode ser utilizada para induzir um impedimento estérico entre as
nanoparticulas. Dessa forma, parte desta tese (capitulo 2) investiga as caracteristicas
fotoluminescentes de hibridos em estado sélido PQC/LAPONITA® (CDLP). Esses
materiais hibridos foram sintetizados usando o método hidrotérmico com um controle
preciso do pH ajustado em 8,5. A estrutura da LAPONITA® permaneceu intacta sem
colapso estrutural nessas condi¢des, conforme indicado pelos difratogramas de XRD em
p6. O uso de diferentes concentragdes de acido citrico durante a sintese resulta em
diferentes concentracdes de PQCs em CDLP-A (baixa concentragdo de precursores) €
CDLP-D (alta concentragdo) com uma estrutura amorfa e tamanho médio em torno de
2,8-3,0 nm, de acordo com o STEM. Por XPS e FTIR, g rupos carboxilato foram
formados na superficie de CDLP. Amostras de CDLP apresentou emissdo
fotoluminescente (FL) visivel em estado aquoso e em po6, com este Ultimo sofrendo
supressao de emissdo conforme o decaimento de emissdo e rendimento quantico. As
medicoes de FL em baixa temperatura revelaram um aumento de contribui¢cdes nao-
radiativas induzidas pela agregacdo, associadas a estados de superficie acoplados. A
modelagem de transferéncia de energia baseada em Forster-Dexter sugere uma distancia
média aproximada de 9,5 nm entre os aglomerados de PQCs. De acordo com as medigdes
de rendimento quantico (CDLP-A = 0,09 + 0,01 e CDLP-D = 0,02 + 0,01), e em
comparac¢ao com CD sem LAPONITA®, o argilomineral sintético foi crucial para resistir
a SCA.

Os nanocompositos sintetizados apresentaram caracteristicas estruturais, como grupos
carboxilato, para aplicacdo como sensores quimicos de fotoluminescéncia (SQF) usando
supressio de FL. Devido ao efeito nocivo do Hg?" no meio ambiente e na saide humana,
¢ necessario detecta-lo em baixas concentragdes, o que pode ser alcancado usando SQF.
Embora varios estudos tenham relatado a detec¢iio de Hg?* usando a emissdo FL de PQCs,

ha uma falta de investigacao aprofundada sobre os mecanismos de supressao envolvidos



nos sensores de desligamento. Neste estudo, € proposta uma analise de Stern-Volmer a
trés temperaturas diferentes (288, 298 e 303 K). Os resultados indicaram seletividade para
Hg?" em relacdo aos outros metais avaliados. O intervalo 6timo de detecgdo para Hg?* foi
encontrado entre 1-40 uM, com limites de deteccdo (LD) e quantificacao (LQ) de 2,5 e
8,3 uM, respectivamente. Utilizando os modelos de Stern-Volmer, foi constatado que a
supressdo estatica domina sobre a supressdo colisional, possivelmente devido a
complexacdo entre os grupos carboxilatos hibrido e o Hg?"* Além disso, o modelo de
Stern-Volmer modificado, que considera a acessibilidade fracionada dos fluoréforos pelos
supressores, sugere que algumas partes do sensor sao inacessiveis ao supressor.

Material de reforgo para substratos de diodos emissores de luz organicos (OLEDs) ¢é
outra aplicagdo fotonica da LAPONITA®. Biopolimeros como carboximetilcelulose e
acido hialurdnico sdo substratos alternativos para OLEDs. No entanto, desvantagens
como a suscetibilidade ao estresse mecdnico podem prejudicar o desempenho do
dispositivo sob condi¢des de estiramento. Para superar essas limitagdes, neste estudo
(capitulo 4), um nanocompésito baseado em CMC/HA (Carboximetilcelulose/Acido
Hialurénico) e LAPONITA® foi desenvolvido, visando melhorar a resisténcia mecanica
sem comprometer a flexibilidade e transparéncia do filme (transmitancia >80% - 380-700
nm) como substratos para OLEDs conformaveis. A partir das técnicas de caracterizag@o
XRD, FTIR, CP-MAS NMR e TGA/DTG, foi possivel concluir a presenca da
LAPONITA® disperso aleatoriamente entre as cadeias poliméricas. O CMC/HA com 5%
(wt/wt) de LAPONITA®, CMC/HA 5, apresentou maior resisténcia a tracao (370,6 MPa)
e Mddulo de Young comparavel (51,0 £ 1,2 MPa) em comparagdo aos nanocompositos e
filmes puros, indicando uma melhor candidata para substratos de dispositivos. Para
produzir 0 OLED, a estrutura multicamadas ITO/MoO3/NPB/
TCTA(ppy)s/TPBi(ppy)s/Bphen/ LiF foi depositada no substrato CMC/HA 5. Os OLEDs
fabricados usando substratos CMC/HA 5 mostraram valores mais altos de luminancia (12
kcd/m?) e irradiancia (0,9 mW/cm?) quando comparados aos baseados em celulose
bacteriana comercial (CB). No entanto, o mesmo dispositivo apresentou menor eficiéncia
(3,2 cd/A) devido a maior densidade de corrente. Além disso, o OLED fabricado sobre o
biopolimero modificado com LAPONITA® apresentou um comportamento reprodutivel
quando submetido a estresse continuo de flexdo. Assim, o CMC/HA 5 demonstra
potencial como um substrato condutor transparente para OLEDs baseados em

biopolimeros, com desempenho comparavel as caracteristicas comerciais de CB.



Resumo expandindo da tese em portugués

Para o resumo expandido, foi apresentado a metodologia, resultados e discussoes
apresentados nos capitulos 2, 3 e 4, com uma breve introducao apresentando a motivagao
para os trabalhos executados.

A LAPONITA® ¢ wuma argilomineral sintético de formula empirica
Nao,7 [(SisMgs sLio3)O20(0H)s]o,7 ~ da familia de esmectitas, um grupo de silicatos
lamelares constituidos por camadas alternadas na forma TOT, em que a camada O
representa os agrupamentos Mg-O arranjados de forma octaédrica e dispostas entre duas
camadas T contento grupos Si-O na forma tetraédrica. O centro octaédrico ¢ coordenado
por anions oxigénio e hidroxilas, e o tetraédrico preferencialmente por oxigénio. O centro
octraedro de Mg?* pode softrer substitui¢io isomoérfica por Li* levando a cargas negativas
na superficie entre as lamelas contrabalanceadas por Na‘. As lamelas tem formato de
nanodiscos com didmetro de 25 nm e espessura de 1 nm, e quando dispersa em dgua sdo
esfoliadasde forma a interagirem entre si por forgas eletrostaticas de atragdo entre a face
e a borda e repulsdo entre a face-face e borda-borda de acordo com o pH da solugdo. A
estrutura formada e a alta capacidade de troca catidnica permite a LAPONITA® formar
compositos com polimeros e nanoparticulas, resultando em uma melhora principalmente
em propriedades mecanicas e evitando agregacao, respectivamente.

Dessa forma, para evitar a supressdo causada por agregacao (SCA) em pontos
quanticos de carbono (PQC) no estado s6lido, a LAPONITA® pode ser utilizada para
induzir um impedimento estérico entre as nanoparticulas. Embora os PQC, definidos
como nanoparticulas fotoluminescente de carbono de 1 a 30 nm, apresentam
caracteristicas desejaveis para aplicagdes na fotonica como boa dispersdo em agua e
fotoluminescéncia (FL) em ampla regido do espectro visivel, 0 mecanismo de emissao
por FL continua indefinido. Dentre as principais hipoteses, o confinamento quantico,
emissdo por estados de superficie e emissdo devido a subprodutos fluorescentes
apresentam mais evidéncias experimentais. Portanto, os estudos espectroscopicos com
objetivo de desvendar esse mecanismo sdo essenciais para o avango na area. Outro desafio
¢ a emissao do estado solido. PQC so6lidos na forma de p6 normalmente sofrem supressao
da FL devido ao empilhamento m — . A estratégia para contornar esse problema ¢ a
indugdo de um efeito estérico entre as nanoparticulas para impedir o contato direto. Como
por exemplo, a sintese de forma in sifu utilizando uma matrix inorganica lamelar como

argilominerais.



Considerando os pontos apresentados, o objetivo do trabalho apresentado no capitulo
2 foi sintetizar e caracterizar o nanocompdsito baseado em PQC/LAPONITA® (CDLP),
assim como investigar as mudancas nas propriedades de emiss@o por FL no estado s6lido
em po e aquoso, uma vez que a LAPONITA® poderia induzir a um impedimento estérico
entre as nanoparticulas, evitando a SCA. Também, estabelecer uma estimativa da
transferéncia de energia envolvida utilizando o modelo Forster-Dexter.

Os nanocompositos foram sintetizados utilizando a sintese hidrotermal sob uma
temperatura de 180 °C por 6 h. Os precursores foram acido citrico e etilenodiamina em
uma propor¢ao de 1:1 mol e 0.5 g de LAPONITA®, no qual foi fixado a quantidade de
argilomineral e variado a concentracdo dos precursores mantendo a propor¢do molar. O
argilomineral foi disperso em dgua ultrapura sob agitacdo vigorosa e posterior sonicagao.
Posteriormente, adicionado os precursores e ajustado em seguida o pH para 8.5. O mais
concentrado foi nomeado CDLP-D enquanto com menor concentragdo de precursores
CDLP-A. PQC isolados também foram sintetizados pela mesma metodologia sem o
argilomineral e sem ajuste de pH, nomeados como CD, porém os mesmos foram
submetidos ao processo de didlise, enquanto que os nanocompositos a lavagem com agua
e etanol. Adicionalmente, o mesmo processo de sintese dos nanocompositos foi realizados
para a LAPONITA® sem os precursores, nomeada Lap. Os pos resultantes da sintese
foram submetidos a caracteriza¢do estrutural e morfoldgica por Infravermelho com
transformada de Fourier (abreviaturas das técnicas em inglés - FTIR), difracdo de raios-
X em po6 (XRD), espectroscopia de fotoelétrons excitados por raios X (XPS), anélise
elementar (CHN), andlise termogravimétrica (TGA) e microscopia Optica, microscopia
eletronica de varredura de alta resolugao utilizando feixe eletronico por emissdo de campo
(MEV-FEG) e microscopia eletronica de transmissdo por varredura (STEM). A
caracterizagao Optica por espectroscopia de absor¢ao no UV-Vis (amostras suspensas em
agua) e espectroscopia de fotoluminescéncia (p6 e suspensas em agua). As medidas de
FL foram realizadas em temperatura de 298 K e 13 K, analisando excitacdo, emissdo e
decaimento da emissdo. Também, o rendimento quéntico absoluto foi medido utilizando
uma esfera integradora em 298 K.

A partir dos difratogramas obtidos pela anédlise de XRD em p6 dos nanocompdsitos,
foi possivel verificar um aumento do espago interlamelar quando comparadas com as
amostras de LAPONITA® pura e submetida pelo processo hidrotérmico sem os
precursores de PQC. Adicionalmente, foi obtido o mesmo padrdo cristalografico

independente da concentragdo utilizada dos precursores. Foi possivel constatar a



importancia do pH do meio reacional, uma vez que a sintese executada sem o ajuste
causou o colapso da estrutura da LAPONITA®, confirmado por XRD. Por microscopia
optica utilizando uma fonte de excitagao UV, foi possivel verificar a emissdo das lamelas,
indicando deposi¢ao dos PQC. As imagens de MEV-FEG também revelaram mudangas
morfologicas de uma superficie lisa de Lap para rugosa do nanocompdsito, além de um
contorno ao redor que pode indicar agregados de carbono. Pelo STEM foi possivel
verificar a morfologia amorfa dos PQC depositados no nanocomposito assim como o
tamanho médio de ~3,0 nm para ambas as amostras CDLP-D e CDLP-A, enquanto a
amostra CD o tamanho médio foi de ~15,0 nm. Grupos funcionais principalmente a base
de carboxilatos foram identificados nos nanocompdsitos independente da concentragdo
de precursores.

Os espectros eletronicos de UV-Vis nas amostras aquosas revelaram banda de absor¢ao
atribuida a transicdio mw—>n* e n—>mn" devido a grupos C=C e C=0O/C=N
respectivamente. As amostras de nanocompositos apresentaram emissao em suspensao
aquosa e no estado s6lido em po6 resistiram a auto supressdo completa, como indica os
valores de rendimento quantico obtidos (> 0.01). Em comparagao com CD em p9, a
supressao foi total de acordo com o rendimento quantico (< 0.01). No entanto, em ambas
as amostras ¢ possivel verificar uma supressao da banda de emissao em 450 nm como
mostra os valores de rendimento quantico excitando em 360 nm e pela diminuicao do
tempo de vida quando essa banda foi monitorada. A banda centrada em 517 nm por outro
lado, se torna mais proeminente no estado sélido. Em comparagdo com a suspensao, o
rendimento quéntico associado a esses estados de menor energia ndo muda
significativamente, indicando que no estado s6lido essas transi¢des nao sofrem supressao
da emissdo. Os estados de maior energia (estados intrinsecos) forma associados a
subprodutos de sintese ou a propria emissao do nucleo, e os estados de menor energia a
estados de superficie devido aos grupos carboxilatos presentes.

Uma investigagdo mais aprofundada foi realizada utilizando medi¢des de FL a 13 K ja
que os processos de desativacdo nao-radiativa poderiam ser minimizados, permitindo o
exame das contribuigdes radiativas. Os espectros de emissdo revelaram um aumento
relativo da banda de emissdo centrada em 575 nm em ambas as amostras, com uma
intensidade relativa Is7s/Is50 = 0,4 € 1,9 para CDLP-A e CDLP-D, respectivamente. Este
aumento € muito menor a temperatura ambiente, com relacdes de intensidade de 1s75/1450
= 0,1 e 0,2 para CDLP-A e CDLP-D, respectivamente. Como a diferenca entre as

amostras reside nas concentracdes dos precursores e que CDLP-D exibe uma maior



quantidade de carbono, conforme analise de XPS e CHN, espera-se que uma maior
concentragdo de CDs se forme na superficie de LAPONITE®, potencialmente levando a
agregacao. Portanto, esse aumento da banda de emissdao nos estados de menor energia
pode estar associados ao acoplamento entre estados de superficie devido a agregacao.
Pela comparacao do decaimento de emissao a 575 nm em 13 K e 298 K, foi verificado
uma diminui¢do do tempo de vida ha maior temperatura, indicando perda de energia
dissipada pelo meio que pode ser absorvida pelos estados intrinsecos de CDs agregados
vizinhos. Para investigar essa transferéncia de energia, foi estimado um valor da taxa de
transferéncia de energia a partir da diferenga do inverso do tempo de vida a 298 K e 13
K, que significa a taxa em que o doador perde energia para o aceitador. Utilizando o
modelo de Forster-Dexter e a taxa de transferéncia estimada, foi possivel calcular o valor
médio da distancia entra agregados igual a 9.6 nm.

Portanto, foi possivel desenvolver os hibridos nas condigdes de pH estabelecida com
estabilidade estrutural como mostrado os resultados de DRX. Também, prevaleceram
grupos de carboxilatos na superficie dos hibridos como evidenciado por XPS e FTIR. E
além dos nanocompdsitos apresentarem emissao em suspenssao aquosa, de acordo com
as medigoes de rendimento quantico (CDLP-A = 0,09 £ 0,01 e CDLP-D = 0,02 £ 0,01),
e em comparacdo com CD sem LAPONITA®, o argilomineral sintético foi crucial para
resistir a SCA dos PQCs em estado sélido.

Os nanocompositos sintetizados exibiram caracteristicas estruturais, como grupos
carboxilato, tornando-os adequados para uso como sensores quimicos de
fotoluminescéncia (SQF) que utilizam a supressao de FL. Devido aos efeitos nocivos dos
metais pesados no corpo humano e no meio ambiente, estratégias de monitoramento em
corpos d'dgua sdo necessdrias para detec¢do e quantificacdo com alta sensibilidade e
seletividade, que podem ser alcancados pelos SCF. fons metalicos como Cd?", Cr*, Co?",
Cu*, Pb*, Hg*, Zn*", As*" e Ag", mesmo em concentracdes minimas, causam efeitos
prejudiciais. O Hg?* ¢ altamente toxico e pode causar danos ao DNA celular e iniciar
processos cancerigenos. Técnicas analiticas como espectroscopia de absor¢do atomica
(AAS) e espectrometria de massa com plasma acoplado indutivamente (ICP-MS) sao
usadas para quantificacdo de metais pesados, mas apresentam desvantagens como alto
custo e necessidade de preparagado extensa de amostras. SQF sdo uma alternativa de baixo
custo, utilizando a interacdo da radiagdo eletromagnética com o analito para gerar um
sinal analitico. A intensidade da emissdo de FL ¢ a medida mais comum, onde a supressao

da emissao indica a presenga do analito.



Os PQCs tém sido aplicados em varias areas da fotonica, incluindo como sensores
quimicos e fisicos, devido as rotas sintéticas simples e as propriedades Opticas, como
fotoluminescéncia ajustavel e rendimento quantico notavel. A predominancia de grupos
carboxilatos no nanocomposito desenvolvido no capitulo 2 pode interagir com ions Hg*",
motivando a investigacao de sua aplicagdo como sensor quimico para Hg?*. Dessa forma,
o capitulo 3 prop6s uma investigacdo de Stern-Volmer em trés temperaturas diferentes
(288, 298 and 303 K), para estudar os mecanismos de supressdo de fotoluminescéncia
induzidos pelo Hg** sobre CDs, ainda ndo totalmente elucidados na literatura.

Primeiramente, foram conduzido ensaios de fotoestabilidade para avaliar as condig¢des
do meio que poderiam interferir com o sensoriamento de Hg*" em 4gua. Os parimetros
avaliados foram pH, concentracdo do sensor, tempo de exposi¢do a excitacdo e forca
i6nica. De acordo com os espectros de emissdao a intensidade de emissdo do CDLP-D
permanece estavel no intervalo de pH 4 a 7, com leve supressao em pH 8 € 9 e supressao
consideravel em pH 2 e 3; 10 e 11. A intensidade de emissdo aumentou com a
concentragio no intervalo de 0.01 a2 mg mL™!, seguindo uma supressio a medida que a
concentracdo aumentou de 3 a 5 mg mL™!. A amostra de CDLP-D teve uma redugio de
16% na area integrada relativa da emissdo apds 8 horas de exposi¢cdo por fonte UV. Do
ponto de vista experimental, a concentracdo de trabalho do CDLP-D para ensaios de
deteccdo foi de 0.1 mg mL"!, onde o pH da suspensdo era igual a 6.0. Cada medicio leva
cerca de 3 minutos de irradia¢do continua de luz UV por amostra. Levando em conta que
apenas 2% da 4rea integrada foi reduzida em 1 hora de exposi¢do, a amostra pode ser
considerada fotostdvel dentro do periodo medido, equivalendo a uma redugdo
proporcional de 0.1%. Além disso, apesar da interferéncia de uma alta concentracdo de
KCI resultando em uma redu¢ao de 10% na emissdo de FL, a concentragao dos sais
metalicos utilizados ficou dentro da faixa de M.

Para verificar a seletividade do CDLP-D para Hg?®, foram realizados ensaios de
deteccdo com outros fons metalicos na concetragdo de 100 pM, como Mn*", Fe*, Fe?",
Co?*, Ni**, Zn**, Cd" e Pb*". Notavelmente, na concentragio de 100 pM de Hg*" houve
uma redugdo de 58% na area integrada relativa de emissdo do CDLP-D, indicando grande
supressdo devido a interagio com Hg?". Em comparagio com outros metais, a area
integrada foi afetada em menos de 5%, exceto para Fe**, que afetou em 18%. No entanto,
na faixa do sensor de 1 a 40 uM, a area integrada ¢ afetada em menos de 7%, além disso,
0s outros metais também ndo afetaram significativamente a supressio de Hg>* quando

avaliados concomitantemente com o ion metalico.



Na faixa de 1 a 90 uM, os espectros de emissdo diminuiram em intensidade a medida
que a concentracdo de Hg?" aumenta. A faixa 6tima encontrada para a detec¢do de Hg?"
foi entre 0 a 40 pM, onde foi possivel estabelecer uma boa curva de calibragdo linear com
um excelente coeficiente de correlagdo (R? = 0.992) e equacdo linear de y = 0.016x +
0.024, que pode ser usada para quantificar a concentragio de Hg?*, onde y = (Fo-F)/Fo e
x é a concentracdo de Hg?" (Fo ¢ a 4rea integrada de emissdo sem a presenca do jon Hg?"
e F na presenga com concentragdo x). Os limites de detec¢ao (LOD) e de quantificagdo
(LOQ) encontrados, medindo 10 amostras em branco, foram 2.5 e 8.3 uM,
respectivamente.

As curvas de Stern-Volmer apresentaram um desvio da linearidade em todas as
temperaturas. Isso pode ser associado a uma alta concentragdo do supressor ou, quando o
desvio ¢ em direcdo ao eixo X, a presenca de mais de uma populagdo de emissores.
Conforme mencionado no capitulo 2 a emissdo do CDLP-D origina-se dos subprodutos
na superficie ou do nucleo da nanoparticula (alta energia) e dos estados de superficie
devido aos grupos funcionais organicos (baixa energia). Portanto, o desvio ¢ esperado. O
aumento da temperatura resultou em valores de Ksv mais baixos, o que nao ¢
caracteristico do comportamento de supressao colisional, pois temperaturas mais altas
promovem uma difusdo mais rapida. Pelo contrario, ¢ consistente com um
comportamento estatico com a formagdo de um complexo ndo emissor, no qual a
temperatura mais alta promove a dissociacdo da ligacdo supressor-emissor. No caso de
supressdo colisional, o supressor afeta o estado excitado do emissor por interaciao
colisional, com possiveis mecanismos de transferéncia de energia ou carga envolvidos.
Os resultados da curva de decaimento da emissdo revelaram que, em alta concentragdo
de Hg?" (100 uM), o estado excitado foi afetado. O tempo de vida sem Hg?" obtido foi 1o
=12.74 £ 0.03 ns, e com 100 uM diminuiu para ti00 um = 9.16 £ 0.03 ns. No entanto, em
baixas concentragdes de Hg?" (10 pM), Ti0 o = 12.05 £ 0.03 ns. Portanto, a supressio
colisional pode ocorrer em altas concentragdes de Hg?". De acordo com os resultados, o
processo de supressdo estatica parece ser dominante em baixas concentragdes de Hg?" em
vez do processo colisional, mas este ultimo ndo pode ser desconsiderado. Isso poderia
explicar a seletividade de Hg?* em relagio a outros metais, que possivelmente se
coordenam através dos grupos carboxilatos de superficie do CDLP-D ou através dos
subprodutos formados. A equacdo de Stern-Volmer modificada que considera a

acessibilidade fraciondria dos fluor6foros pelos supressores idicaram que 0.3 da fragdo



total de emissao do sensor estd disponivel para o supressor. Esses resultados indicaram
que ha partes do CDLP-D que ndio sdo acessiveis para a surpressdo por Hg?".

Como mostrado nos capitulos anteriores, a LAPONITA® pode ser aplicada na fotonica
a fim de evitar a SCA em PQC e como SQF. Além disso, como evidenciado na literatura,
argilominerais sdo amplamentes aplicados como materiais de refor¢o de polimeros.
Portanto, para integrar essa propriedade com a fotonica, o trabalho desenvolvido no
capitulo 4 teve como objetivo de desenvolver substratos biopolimericos a base de
carboximetilcelulose (CMC) e 4cido hiaulurénico (HA) com LAPONITA® para OLEDs.
Apesar da conformabilidade e transparéncia de polimeros petroquimicos usados em
substratos de OLED, os mesmos levantam preocupagdes em relagdo a sua ndo
degradabilidade, resultando em poluicdo ambiental indesejada. Consequentemente, o
interesse na "eletronica verde" tem aumentado, visando criar substratos renovaveis,
biodegradaveis, biocompativeis, transparentes e flexiveis. Nesse contexto o0s
biopolimeros CMC e HA sdo 6timos candidatos para atender os requisitos mencionados.
Entretando, os substratos a base CMC e HA podem apresentar desvantagens como baixa
resisténcia mecanica ¢ estabilidade térmica, que pode superado com a adi¢ao da
LAPONITA®.

Os filmes de CMC/HA-LAPONITA® foram produzidos utilizando uma mistura de
CMC e HA em 50 % (massa/volume) na proporcao de dgua deionizada. A quantidade de
LAPONITA® previsamente dispersa e sonicada em agua, foi adicionada na mistura na
proporcao de 2,5, 5 e 20 % em relagdo a massa de CMC/HA (nomeados CMC/HA 2.5;
CMC/HA 5 e CMC/HA 20). A mistuta foi seca em placas de poliestireno a 30 °C por 48h
em estufa de circulacao de ar. Para preparacao do dispositivo OLED, foram transferidas
para uma camara de vacuo. Foi depositada uma camada de SiO; para funcionalizar o
substrato, seguido de uma deposicdo de ITO, ambas pelo método de sputter em atmosfera
de argdnio. As camadas organicas, LiF, MoOs e Al foram depositadas pelo método de
evaporacao térmica em alta vacuo. A arquitetura do OLED sobre o substrato CMC/HA 5
foi a seguinte estrutura: ITO (150 nm)/MoO3 (2 nm)/ NPB (30 nm)/ TCTA:Ir(ppy)s (7
wt% (20 nm) /TPBi:Ir(ppy)s (7% wt% (10 nm)/ Bphen (40 nm)/ LiF (0.1 nm)/Al (100
nm).

Os filmes apresentaram transmitancia na regido do visivel de 90, 87 e 80% para
CMC/HA 2.5, 5 e 20. Utilizando ATR-FTIR foi possivel confirmer a presenca da
LAPONITA® pela presenca de bandas relacionadas a vibragdes de ligagdes Si-O e Mg-
O. Entretanto, o padrdo de difracdo obtidos por XRD em p6 da LAPONITA® nas



amostras 2.5 e 5 ndo foi possivel identificar, sugerindo que o argilomineral se encontra
esfoliado ou devido a baixa concentragdo. Apenas em CMC/HA 20 foi possivel verificar
um aumento no espaco interlamelar da LAPONITA®, indicando que os polimeros podem
estar combinados parcialmente através do argilomineral esfoliados ou nos tactéides de
LAPONITA® formado. Os resultados de *Si e '3C NMR indicaram que nio h4 uma
interagdo quimica entre os polimeros e a LAPONITA®, e possivelmente o argilomineral
se encontra disperse de forma aleatorica na cadeia polimérica CMC/HA. A andlise térmica
indicou uma diminui¢do na organizacdo das cadeias poliméricas em funcdo da
concentracao de do argilomineral, que pode estar associado a dispersdo aleatoria entre as
cadeias poliméricas, o que reduz as intera¢des cruzadas entre elas devido a interacao fisica
da LAPONITA® com os polimeros. A andlise de tensdo mecanica revelou melhor
performace da amostra CMC/HA 5, sendo o mais resistente a tragdo mas com um grau de
flexibilidade. A amostra com 20 % de LAPONITA® apresentou menor valor de
resisténcia a tragao provavelmente devido a agregagdes pontuais que reducem a intera¢ao
entre os biopolimeros.

A andlise de AFM revelou o sucesso da deposicao de ITO sobre CMC/HA 5. Embora
a superficie granular com a deposi¢do de ITO, a resistividade elétrica ficou proéxima de
ITO depositados em vidro comercial. As caracterizagdes do dispositivo de OLED,
resultaram em uma maior luminancia (12 kcd/m?) e irradidncia (0,9 mW/cm?) do
dispositivo a base de CMC/HA 5 em comparagdo com substratos de celulose bacteriana
comercial. Entretanto, a eficiéncia (EQE — 2,5%) foi menor devido a alta desidade de
corrente. Os resultados mostram que o novo biopolimero ¢ comparavel com o substrato
comercial de celulose bacteriana. Testes de dobramento em funcao da corrente medida
também foram realizados, mostrando uma perda na condugdo de corrente conforme hé o

dobramento do dispositivo depois de 10 ciclos de dobramento.
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1. INTRODUCTION/LITERATURE REVIEW

1.1. LAPONITE® FEATURES AND PHOTONIC APPLICATIONS

Clay minerals have proven efficient in the adsorption of metals at low concentrations.
In addition to their large surface area, they are low-cost, non-toxic to the environment,
and have a high ion exchange capacity (UDDIN, 2017). These physicochemical
characteristics make clay minerals promising materials for the construction of sensors for
heavy metals, primarily due to their high ion exchange capacity, which possibly
contributes to greater reversibility at binding sites, ensuring more versatility in metal
detection. Unlike traditional sensors, which, despite the selectivity provided by
immobilizing molecules to metals, face difficulties in reversing the reaction, affecting
reproducibility.

LAPONITE® is a synthetic clay mineral with the empirical formula
Nao 7 [(SisMgs sLio.3)O20(0H)4]o.7 ~ belonging to the smectite family, a group of layered
silicates consisting of alternating layers in the TOT form, where the O layer represents
Al-O and/or Mg-O groups arranged octahedrally and positioned between two T layers
containing Si-O groups in tetrahedral form, as shown in Figure 1.4 also known as a 2:1
structure (BECHER et al., 2019; ZHAO et al., 2015). The octahedral center is coordinated
by oxygen and hydroxyl anions, and the tetrahedral center is preferably by oxygen; both
can undergo isomorphic substitution by species of lower charge (in LAPONITE®, Mg?*
by Li"), leading to negative charges on the surface between the layers, counterbalanced
by cations such as Na®, K and Ca*'(in LAPONITE®, Na") (PEROTTI et al., 2011;
ZHAO et al., 2015).

The layers of LAPONITE®, have the shape of nanodiscs with a diameter of 25 nm
and a thickness of 1 nm. When dispersed in water, they exfoliate, as illustrated in Figure
1.4 interacting through electrostatic attraction between face and edge (FE), repulsion
between face-face (FF) and edge-edge (EE), as well as Van der Waals interactions
(BECHER et al., 2019; HUANG; ZHI, 2016). This occurs because of the acquired
permanent change on the clay mineral’s surface when dispersed in the water while the
edges composed of Mg-OH are pH-dependent charges, susceptible to protonation and
deprotonation (SUMAN; JOSHI, 2018). Pilavtepe et al. (2018) systematized the
interaction of these layers based on the relationship between the solution pH and the point

of zero charge at the edges (pHpcz«~11). When the pH is greater than pHpcz, FF and EE
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interactions dominate, with Na" ions present between the layers. At high pH and ionic
strength, the FF orientation is preferable. Conversely, when the pH is lower than pHpcz-c,
FE interactions occur, leading to the formation of a “house of cards” structure, as
illustrated in Figure 1.4(b). This attraction force reflects the high viscosity of
LAPONITE® suspensions and the gel-like behavior (BECHER et al., 2019). According
to Ruzicka and Zaccarelli (RUZICKA; ZACCARELLI, 2011) and Bonn et al. (BONN et
al., 1999) gel-state are disordered solid states with no long-range order and with low
density. Attractive forces hold the particle network together. While glassy-state the
particles remain with long-range repulsive forces, with no network formed. At high clay
concentrations and low ionic strengths, the state adopted by LAPONITE® is glassy, also
called Wigner glasses (BECHER et al.,, 2019; RUZICKA; ZACCARELLI, 2011,
SUMAN; JOSHI, 2018).

The chemical stability of LAPONITE® depends on pH and Na* concentration. The
dissolution of the clay mineral can occur according to the reaction R1, which is observed
by the Mg** release. The work by Thomson and Butterworth (1992) using 10.0 g-L ™! of
LAPONITE® revealed no release of Mg?" and silicates at pH 10. Conversely, Jatav and
Joshi (2014) verified low Mg** release at pH>10, using 1% (w/w) LAPONITE®.
According to them Na” with 7.2 mM of NaCl added plays an important role in preventing
LAPONITE® dissolution. Pilavtepe et al. (2018) described that the minimal pH to set is
8.5 since values below the LAPONITE ® start to dissolve.

Na0~7SigMgS.SLiO~3020(OH)4(S) +12 H(+aq)+8 HZO(I) —

(R1)
- 2+ +
0.7 Naj,y +8 Si(OH)4(, +5.5 Mg, +0.3 Ligg
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1nm

@0*> OOH e Si* e Mg#Li*

Figure 1.1. Representation of the structure of LAPONITE® with a basal spacing of approximately 1 nm
and a diameter of 25 nm; yellow spheres represent Na+ ions (a). Representation of LAPONITE® structure
when dispersed in water if pH <pHpcz-e (b). Adapted from Huang and Zhi (2016)

1.1.1. LAPONITE® in photonic applications

LAPONITE® is widely explored in the biomedical field due to its drug-loading
capacity and potential for a slow-release effect (DAS et al., 2019; MARIA J. RODRIGO;
MARIA J. CARDIEL; JOSE M. FRAILE; JOSE A. MAYORAL; LUIS E. PABLO;
ELENA GRACIA-MARTINS, 2024). However, its transparency and the ability to
functionalize it with fluorophores and nanoparticles also make it a promising candidate
for photonic applications. For example, Dey et al. (2013) demonstrated its use in pH
recognition via PCS. The authors investigated the effect of the clay mineral in the FRET
between the two dyes acriflavine (Acf) and Rhodamine B (RhB) in different pH, either in
solutions and in the layer-by-layer films on glass slides. In either case, in comparison with
the mixture Acf-RhB without the clay, there was a significant enhancement of RhB
(aceptor) fluorescence. The calculations also showed an increase in the energy transfer
efficiency, Ro and r, indicating that the clay allowed closer interactions of the adsorbed
molecules, achieving an energy transfer efficiency of 92.50% when the acceptor

concentration was 90%. The pH could also be monitored by the spectral overlap, showing
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a linear relationship with increasing pH. At higher pH levels, RhB can deprotonate and
interact more closely with Acf, increasing the spectral overlap with high pH.
LAPONITE® also increases the thermal and photostability of lanthanide coordination
compounds, as demonstrated by Yang, Wang and Li. (2015). The authors cation-
exchanged the Na™ in LAPONITE® with Eu®" and then added the S-diketone ligand
(TTA) to the system, resulting in the formation of Eu(tta,) coordination compound within
the interlayers. This was further confirmed by the enlargement of d-space verified by X-
Ray diffraction (XRD) measurements. Compared to pure Eu(TTA);.2H>0, the emission
intensity of the composite did not decrease after 10 hours of constant UV irradiation,
whereas the pure compound's intensity decreased to 70%. Additionally, when heated to
120 °C, the composite showed only a 17% decrease in emission intensity after 10 h, while
the pure compound showed a 72% decrease. Immobilization of ZnO (JOO et al., 2013)
and TiO2 (DECSINE et al., 2020) nanoparticles using LAPONITE® for photocatalysis
applications also were reported. In order to understand the process involved in photonics
applications, it is important to comprehend the photoluminescence principle discussed in

the next topic

1.2. PHOTOLUMINESCE’S PRINCIPLE

Photoluminescence (PL) is considered a specific case of luminescence, a phenomenon
characterized by the emission of photons from the excited electronic states of a substance.
Excitation and emission are the two main processes that occur in PL. Excitation consists
of the absorption of energy by an electronic state, which causes an electron promotion to
higher excited states. When electrons in an excited energy state (with energy Eexc) decay
to a lower energy state (Eiow), a “release” of photons with specific energy Ephoton = Eexc -
Elowmay occur and, this process is called emission. If it occurs between states of the same
spin multiplicity, it is denominated as fluorescence. For example, when the electron in
singlet excited state S; (with a lifetime between 1071° to 107 s) returns to the singlet
ground state So. The state is termed a singlet due to the multiplicity (2S+1) equating to
one, as the total spin angular momentum is zero in paired electrons. In addition, according
to the quantum mechanics selection rule for electric dipole transitions, either the spin and
orbital angular momentum are conserved, thus, singlet-singlet transitions are allowed
(CHOWDHURY, 1996; ELLIS, 1999; LAKOWICZ, 2006; VALEUR, 2001).

Besides the emission process, the excited state can undergo several de-excitation

pathways, also denominated as nonradiative transitions. This can be visualized in the
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Perrin-Jablonski diagram, represented in Figure 1.1. Most of these processes are related
to the structure and medium of the substance, in which the vibrational and rotational
motions introduce energy levels within the excited and ground states, leading to these
non-radiative pathways. When the vibrational levels of the electronic states have similar
energies and the same multiplicity, internal conversion can occur, followed by non-
radiative relaxation to reach the lowest vibrational level of the endmost electronic state.
Intersystem crossing is a non-radiative transition between electronic states with different
multiplicities that have vibrational levels of similar energy. This can be accompanied by
non-radiative relaxation, or reverse intersystem crossing due to energy gain in the form
of heat and return to the initial state, leading to “delayed fluorescence”. Phosphorescence,
on the other hand, is the radiative process that occurs between states of different
multiplicity (with an excited state lifetime between 10 to 10! s), such as between triplet
T (excited state) and singlet So (ground state). In contrast to fluorescence, this process is
forbidden because the angular momentum changes in the decay process in order to pair
with the ground state spin. Energy transfer also can occur and will be discussed in the

next topic (LAKOWICZ, 2006; VALEUR, 2001).

Vibrational states ---+Internal conversion \

[ A \ » Intersystem crossing
ry Reverse Intersystem crossing
____P .
S 2 o — | - .
2 ' v Mon-radiative relaxation
1
r i >
—_—--- r 'I.
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| T I
—:_ 1 - T
- .
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i |
T _—
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Figure 1.2. Perrin-Jablonski diagram adapted from Valeur, 2001
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The excited species has a “time to stay” in the excited states, described as the lifetime.
The lifetime (1) of an excited state is defined as the time that an initial population No
reaches the value of 1/e, experimentally estimated by measuring the emission decay of
the excited state to the ground state following equation (1). N(t) is the concentration of
excited species at time t and Ny is the concentration of excited species at t = 0. These are
proportional to the emission intensity I(t) measured by the spectrofluorometer, defined as
the amount of photons emitted per unit time (s). The relation between the decay rates
(based on first-order kinetics behavior) considers the rate constants for radiative (k;) and
non-radiative (knr) processes as described by equation (2) (HORIBA, [s.d.]; LAKOWICZ,
2006; VALEUR, 2001)

N(t) = Nyexp (— E) (1)
1
"k, @

Due to the various non-radiative pathways following the excitation process, the
absorbed energy is not entirely emitted. The quantum efficiency ¢, described by equation
(3) is a useful parameter for assessing whether radiative processes prevail over non-
radiative ones or not. It is represented as the ratio between k; and the sum of k; and k.
Quantum yield @ is the number of emitted photons over the number of absorbed photons.
It can be measured by an integrated sphere coupled to a spectrofluorometer, according to

equation (4) (FERY-FORGUES; LAVABRE, 1999; FRAIJI; HAYES; WERNER, 1992).

Pk )
number of emitted photons 4)

" number of absorbed photons

1.2.2. Energy transfer

The process described above outlines the basic pathways and parameters of PL for a
single system (e.g. a specific molecule). However, in complex systems involving more
than one substance, possible interactions can introduce new pathways in the PL process,

such as nonradiative energy transfer. When two substances interact and their vibrational
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states have approximately the same energy, resonance between these transitions can lead
to nonradiative energy transfer. This energy is transferred by the molecule known as the
donor, and subsequently absorbed by another molecule, called the acceptor. This process
requires spectral overlap between the donor’s emission spectrum and the acceptor’s
absorption spectrum. As a result, the emission intensity of the donor decreases in the
spectral overlap range, while the emission of the acceptor tends to increase (VALEUR,
2001).

These interactions can be between electric dipole (or multipole) transitions of the
donor and acceptor, leading to dipole (or multipolar) mechanisms. This occurs
predominantly for electric dipole-allowed transitions, with long-range interaction if it is
dipole-dipole (Forster) and short-range if multipolar. The mechanism, called Foster
resonance energy transfer (FRET), is described as a simultaneous process of energy
transfer between the excited donor’s electron that is returning to the ground state, and the
acceptor’s electron that is being promoted to the excited state. On the other hand, if the
interaction is due to intermolecular orbital overlap, electron exchange mechanism
(Dexter mechanisms) may occurs. In this case, is predominant for forbidden transition
with short-range interactions. The mechanism is described as an energy transfer
associated with an exchange between donor-acceptor electrons. For example, an electron
from the donor’s excited state to the acceptor’s excited state, simultaneously from the
acceptor’s ground state to the donor’s ground state (N CARNEIRO NETO et al., 2022;
VALEUR, 2001).

Initially, by quantum-mechanics and classical considerations regarding the dipole-
dipole interactions, Forster could establish the equations (5) and (6) that calculate the
energy transfer rate (Wa.q, in '), based on spectroscopic measurements. Whereas T, is
the donor’s lifetime without the acceptor's presence, r the distance between donor-
acceptor and Ry the Forster distance calculated by equation (5). Whereas k? is the
orientation factor between donor-acceptor transition moments, ®% the quantum yield of
the donor without the acceptor's presence, n the refractive index of the medium and N,
the Avogadro number. The integral part represents the degree of spectral overlap between
the donor emission spectrum and acceptor absorbance spectrum, with F, (L) representing
the donor’s emission area and €(A) the acceptor’s extinction coefficients .(LAKOWICZ,
2006; VALEUR, 2001). According to Valeur (2001) Ry is “ the distance at which the
probability of donor decay by energy transfer to an acceptor is equal to the probability of

decay by all intrinsic processes, be they radiative or nonradiative”. By this definition, it
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is clear that energy transfer leads to non-radiative pathways which directly impact the
emission decay of the donor-acceptor pair. Thus, spectroscopic measurements using
emission decay and PL emission can underlie even the distance between the donor-

acceptor molecules.

b

o0

9(In10)k* DY

6 NP/ D 4

S =28 N J F, (M)A dA (6)
0

This equation works well for donor-acceptor with fixed distance as labeled proteins
(LAKOWICZ, 2006). For organic-inorganic systems, the Wq.q can be calculated by
Forster-Dexter expression (7) (NOBRE et al., 2007). Where Sp and Sa are the dipole
strength of the donor and acceptor transition respectively, h is the reduced Planck’s
constant and Gp and Ga are the donor and acceptor degeneracies (if singlet, Gp = Ga =
1). F is the energy mismatch factor that considers the vibrational state overlaps and
temperature effects, described by (8) (CARNEIRO NETO et al., 2019; MALTA, 2008).
Y, and vy, are the bandwidths at half-height (in cm™!) of the donor and acceptor

respectively. A is the energy difference between donor-acceptor states, ¢ is the speed of
light, and h the Planck’s constant. The dipole strength also can be calculated by (10),
whereas the o is the barycentre of the emission band and 7 the lifetime of the donor or

acceptor.

21 SDSA
Wyg = 7
A 2
F= Y 7 Xe_<%) :
(vpt73)’ (®)
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1.2.3. Quenching mechanisms

It is worth highlighting the influence of external factors on the quantum yield of
emission. Besides intermolecular and intramolecular interactions, which are responsible
for non-radiative contributions, the system is also mainly exposed to the effects of specific
substances, temperature, pH, and solvent polarity (LAKOWICZ, 2006; VALEUR, 2001).
The effect of temperature is typically associated with the thermal agitation of molecules
at high temperatures, leading to increased collisions, rotations, and intramolecular
vibrations. These effects, can promote non-radiative processes and reduce the quantum
yield. pH can influence the formation of non-radiative species or shift the emission to
other wavelengths. Similar to pH, solvent polarity can shift the emission to longer
wavelengths, reducing the energy of the excited state as the solvent becomes more polar.
A substance can interact with the emitter and deactivate the excitation state or form a non-
emissive species. These perturbation phenomena cause a decrease in emission intensity
recorded by the spectrofluorometer, and it is known as PL quenching (LAKOWICZ,
2006; VALEUR, 2001).

A useful model to evaluate how much a species may be acting as a quencher is the
Stern-Volmer equation, shown in equation (11). where: Fo and F are the emission area in
the absence and presence of the quencher, respectively; Ksy is the Stern-Volmer quenching
constant and [Q] is the quencher’s concentration. The most common form of PL emission
quenching occurs due to collisions between diffused molecules in the solution, called
collisional quenching. As mentioned before, this promotes vibrational energy transfer,
increasing the probability of internal conversion and deactivating the excited state. If it is

established that the quenching is collisional, Ksv = Kp = kqt,. Whereas kq is the

0°

bimolecular quenching constant and 1o is the lifetime in the absence of the quencher. In

addition % = :—0, which 71 is the lifetime in the presence of the quencher (LAKOWICZ,
q

2006; VALEUR, 2001; ZU et al., 2017).

The quencher can also interact with the emitter to form a non-emissive complex,

which upon excitation, returns to the ground state without emitting photons—a process
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known as static quenching. The same equation can be used for static quenching, however,

in this case, Ksy =K = [EEE]—[((D)]] Whereas the K is the constant for complex binding constant

[E-Q] the non-emissive complex concentration and [E] the emitter concentration. In

contrast with collisional quenching, the emission decay is unaffected and z_o = 1.
q

Furthermore, changes in the absorption spectra may occur (LAKOWICZ, 2006;
VALEUR, 2001; ZU et al., 2017).

= 14K [0 (1)

In most systems, both mechanisms can be present, typically indicated by a deviation
from linearity in the plot. A good parameter to evaluate the mechanism tendency is their
temperature dependence. Higher temperature promotes faster diffusion resulting in
enhanced values of K. Conversely, the same effect causes the dissociation of the
quencher-emitter bond, decreasing Ky values (LAKOWICZ, 2006; ZU et al., 2017).
Deviations from linearity also can be associated with higher quencher concentrations or
the presence of more than one emitter present (LAKOWICZ, 20006).

Fractional accessibility to quencher is a modified Stern-Volmer model to evaluate the
last case mentioned, described by equation (12). Whereas f; is the fraction of the total PL
emission available to quencher and K, the Stern-Volmer quenching constant of the
accessible fraction. This model considers that at least one emitter is not accessible to the

quencher.

Fp _ 1 1
l:‘0 —F - faKa[Q] fa

(12)

1.3. PHOTOLUMINESCENCE CHEMICAL SENSOR FOR HEAVY METALS
1.3.1. Photoluminescence chemical sensor features

Although quenching effects are associated with low undesired quantum yields, it is
possible to exploit the phenomenon for the benefit of an application, such as PL chemical
sensors (PCS). Optical chemical sensors utilize the interaction of electromagnetic
radiation with the analyte to generate an analytical signal based on a specific optical

parameter, such as absorption, PL emission, lifetime, and anisotropy, which can be
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correlated with concentration (LI et al., 2013; ULLAH et al., 2018). Although selectivity
depends on specific chemical interactions between the sensor and the analyte, PCS exhibit
high sensitivity and low limit of detection (LOD), along with enhanced functional
versatility (RASHEED et al., 2018). For example, the ability to manufacture sensors in
the form of optical fibers allows for the propagation of signals over long distances for in
situ and online measurements, aiming to reduce exposure to contaminated samples and
data acquisition time (JOE et al., 2018).

The PL emission intensity is the most commonly monitored measure, and quenching
acts by decreasing the emission intensity. When an analyte exerts quenching, it is possible
to establish a relationship between the concentration of the quencher and the emission
intensity by developing an analytical curve, thus detecting and quantifying the
concentration of the quencher analyte . The process describes the basic principle of a turn-
off PSC. Other measures can also be monitored, such as the wavelength shift of emission,
lifetime, anisotropy, and absorption (VALEUR, 2001). The interaction of an analyte with
the sensor can also increase the emission intensity, in this case, called turn-on PSC.

PSC for the detection of heavy metals typically contains functional groups responsible
for complexing with the metal and quenching PL emission. The stability of the complex
depends primarily on various factors, such as the nature of the cation, solvent,
temperature, ionic strength, and pH. In metal detection, the sensor's selectivity to a
specific cation arises from the sensor's structural characteristics, such as the nature and
quantity of functional groups, and configurational factors. Additionally, these must align
with the characteristics of the cation: ionic radius, charge density, coordination number,
and intrinsic nature (hardness and softness). The medium will mainly influence the
difference between the complex's coordination energy and solvation energy, as well as
the interaction difference between the ligand sphere and the dielectric medium outside
the first solvation sphere. Therefore, monitoring pH and ionic strength is important in the

process of sensing heavy metals (LI et al., 2013; ULLAH et al., 2018; VALEUR, 2001).

1.3.2. Heavy metals and detection methods

Environmental monitoring has become increasingly necessary due to anthropogenic
actions in recent years. One of the main problems related to environmental contamination
is chemical pollution in aquatic environments by inorganic species mainly from industrial
and agricultural effluents. Metallic ions such as Cd**, Cr%", Co?*, Cu?*, Pb*', Hg?", As**

and Ag" at minimal concentrations cause harmful effects on humans, flora, and fauna
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(TCHOUNWOU et al., 2012), and several works (ASSIS et al., 2019; CARVALHO et
al., 2017; DA SILVA et al., 2019; GONCALVES et al., 2014; SOUZA et al., 2016) have
associated high concentrations of these contaminants with industrial and urban waste, due
to both negligence in waste treatment and industrial accidents. The term 'heavy metal' is
used to describe a group of metallic and semi-metallic elements with an atomic density
greater than 4+1 g cm™, such as those mentioned above, assuming an association between
mass and toxicity (BURAKOV et al., 2018; DUFFUS, 2002). Although the term is not
recommended by the ITUPAC (DUFFUS, 2002), various regulatory agencies and the
scientific community continue to use it.

The toxicity of metals is primarily associated with their ability to bind to physiological
sites intended for essential metals (KLAASSEN; EATON, 1991). An example is itai-itai
disease, where Ca®" is replaced by Cd®" in osteogenic cells, causing bone fragility
(KAZANTZIS, 2004). Contaminant metals are transported within the body via mimicry,
forming stable and insoluble compounds, such as the substitution of phosphates with
arsenates (KLAASSEN; EATON, 1991). Many metal ions can also interact with DNA,
causing structural damage and conformational changes that lead to carcinogenic effects.
For instance, Cr®" is reduced to Cr*" by intracellular reducing agents once it enters cellular
organelles, contributing to the formation of DNA adducts (BEYERSMANN; HARTWIG,
2008; SHI et al., 2001). Similarly to Cd**, Cr®" can inhibit or mimic the actions of Ca?",
induce genetic mutations, and cause cellular damage and death. Experiments in rats
indicate a potential carcinogenic activity in humans (TCHOUNWOU et al., 2012).

Another highly toxic metal ion is Hg?", which has a high affinity for thiol groups,
forming covalent bonds with cysteine residues in proteins and producing reactive oxygen
species. This reduces antioxidant concentrations and leads to the accumulation of free
radicals, causing cellular DNA damage and potentially initiating carcinogenic processes
(TCHOUNWOU et al., 2012; VALKO; MORRIS; CRONIN, 2005). Ions Hg*" can be
released in the aquatic environment from: detonators in explosives, such as mercury (II)
fulminate [Hg(CNO):]; fireworks and as intensifiers in photography, such as mercury (II)
thiocyanate [Hg(SCN).]; waste from the refining or smelting of ores, such as mercury (II)
selenide HgSe; gold and silver extraction, such as mercury (II) sulfate HgSO4 and as
biocides such as phenyl mercury (II) acetate Hg(CsHs)(C2H302) (EPA, 2009; SOUZA,
JULIANA; BATISTA; BERNSTEIN, 2014). In this environment, conditions such as low
pH, high dissolved organic matter concentration, and low particulate matter content can

contribute to the conversion of mercury (II) to methylmercury (CH3Hg" , the most toxic
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form of mercury) by microorganisms (SOUZA; BARBOSA, 2000). For example, the
methylation by Desulfovibrio desulfuricans bacteria, which can be found in aquatic
sediments and anaerobic bottom Waters (GILMOUR et al., 2011). Methylmercury is
extremely toxic because it is highly absorbed by the organism and transported through
the bloodstream to the central nervous system, causing severe disorders. Methylmercury
poisoning leads to symptoms such as paralysis and mental retardation, a condition also
known as Minamata disease, named after the Minamata incident in Japan. In this incident,
methylmercury was discharged into the effluent by the Chisso Corporation as a byproduct
of acetic acid production, resulting in the poisoning of the local population due to the
consumption of contaminated fish and seafood (HONG; KIM; LEE, 2012; SOUZA,
JULIANA; BATISTA; BERNSTEIN, 2014). According to resolution 430/2011 of
CONAMA, in Brazil the maximum amount allowed of total dissolved mercury is 0.01
mg mL™! in hydric effluents (CONAMA, 2011).

Humans can be exposed to these metals through inhalation, ingestion, or dermal
contact. Metals can spread in the environment through anthropogenic activities or
naturally (such as volcanic eruptions, erosion, and biogenic sources), affecting soil, water,
and air (MASINDI; MUEDI, 2018). Soil is highly vulnerable, accumulating residues
from water sources and anthropogenic activities, particularly conventional agriculture
with excessive use of contaminated fertilizers and irrigation water. The non-
biodegradable nature of heavy metals leads to their accumulation, reducing soil quality.
They can also be absorbed by plants, entering the human food chain. Water is the main
compartment for metal dissemination, where metals are transported due to industrial
waste. Even at trace levels, metals in water exhibit high toxicity, affecting humans and all
organisms, especially aquatic life. In the air, heavy metals are associated with particulate
matter, causing health issues such as skin and eye irritation, respiratory infections, and
cardiovascular diseases. They also induce acid rain formation and corrosion, deteriorating
infrastructure (MASINDI; MUEDI, 2018; MISHRA et al., 2019).

The detection process must consider not only cost and analysis time but also
environmentally friendly methods and good sensitivity at trace levels. Analytical methods
for determining metal concentrations in water samples typically use atomic absorption
spectroscopy (AAS), inductively coupled plasma mass spectrometry (ICP-MS), X-ray
fluorescence spectroscopy (XRF), and voltammetry (APHA, 2017; NIESSNER, 2000).

Common disadvantages of conventional metal detection techniques include high costs,

extensive analysis times, complex instrumentation, and extensive sample preparation for
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field evaluations. Low-cost chemical sensors are frequently reported in the literature as
effective means for detecting and determining the concentration of heavy metals. Two
approaches are commonly highlighted: optical chemical sensors and electrochemical
sensors. Despite differences in their detection response mechanisms, both types offer
advantages such as miniaturization, portability, low cost, ease of handling, and low limits
of detection (LOD), making them promising alternatives to conventional techniques.
The primary challenge in this field is enhancing the selectivity and sensitivity of
sensors. This is generally achieved through structural chemical modifications with
specific groups that interact with metals and induce changes in optical or electrical
physicochemical properties. In the case of electrochemical sensors, since each metal has
a defined redox potential, their selectivity can be considered superior to that of optical
chemical sensors. However, they face sensitivity issues due to measurement fluctuations,
such as overpotential, interference from other metals, and ions from the supporting
electrolyte (LI et al., 2013; ULLAH et al., 2018). Among the PCS materials, carbon dots

(CD) are an interesting choice due to the features demonstrated in the next topic.

1.4. CARBON DOTS: DEFINITION AND CLASSIFICATION, PROPERTIES,
SYNTHESIS, SOLID-STATE EMISSION AND APPLICATION AS
PHOTOLUMINESCENCE CHEMICAL SENSORS FOR HEAVY METALS

The first report on Carbon Dots (CDs) was in 2004 when Xu et al. 2004 were
investigating purification methods for carbon nanotubes using electrophoresis. Their
analysis revealed fluorescent impurities generated during synthesis, surprising the
researchers with emissions at multiple wavelengths from these subproduct fractions. Due
to their nanometric size, they termed them fluorescent carbon nanoparticles. Two years
later, Sun et al. (2006) synthesized them via laser ablation and named them Carbon Dots,
attributing their emission to surface states and quantum confinement—concepts still used

to explain CD emission.

1.4.1. Definition and Classification

The most widely accepted definition of CDs describes them as nearly spherical carbon
nanoparticles ranging from 1 to 30 nm. They are biocompatible and environmentally
friendly due to their solubility in aqueous media and the absence of toxic metals in their

structure. CDs are notable for their PL across a broad region of the visible spectrum.
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Recently, the classification of CDs has gained prominence in the literature. This
classification is based on the arrangement of the carbon core structure, which can be
crystalline or amorphous, and the presence of specific surface groups (LANGER et al.,
2021; XIA etal., 2019). According to Langer et al. (2021) the groups are divided into:

e Graphene Quantum Dots (GQD): Single or few layers of graphene, typically
derived from graphene or graphite materials, with well-defined shapes
primarily composed of sp? carbon, and functional groups at the edges;

e Carbon Nanodots (CND) and Carbon Quantum Dots (CQD): Both are nearly
spherical with diameters below 10 nm. CQDs have a crystalline graphite
structure with surfaces functionalized typically with oxygen and nitrogen,
whereas CNDs have an amorphous structure with a high degree of
carbonization and similarly functionalized surfaces.

e Carbon Polymer Dots or Carbonized Polymer Dots (CPD): These form when
non-carbonized luminescent residues from synthesis attach to the amorphous

carbon core surface.

1.4.2. Photoluminescent Properties

The most notable feature of CDs is their PL across a wide range of the visible spectrum.
Typically, an excited luminophore at a high electronic level dissipates excess energy
through internal conversion, emitting only from the lowest vibrational level of Si,
according to Kasha's rule (LAKOWICZ, 2006). This characterizes emission as excitation-
independent. However, unlike general luminophores, CDs can exhibit excitation-
dependent PL emission, allowing a nanoparticle suspension to emit at different
wavelengths under several excitation energies (JELINEK, 2017). The PL emission
mechanism remains a topic of discussion, with various factors contributing to this
behavior. The two most accepted theories are quantum confinement (QC), which relates
the size of the nanoparticle to the emitted wavelength due to more discrete energy levels,

and different surface states (SS) produced by functional groups.

1.4.2.1. Quantum Confinement

The QC theory, developed in 1984 to explain the blue shift in semiconductor

nanoparticles known as quantum dots, is derived from band theory. This model describes
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energy levels in semiconductor solids and evaluates photo and electroluminescence. Felix
Bloch, who developed the model, studied electron movement in solids and found that the
electronic wave function was delocalized across space, meaning the electron experienced
no confinement. Therefore, the system couldn't be described as individual energy states
but as a continuous density of states across the crystal lattice, depending on its periodicity
(BIMBERG; GRUNDMANN; LEDENTSOV, 1999; BIMBERG; POHL, 2011). In
semiconductors, the lowest energy state density forms the valence band, and the highest
forms the conduction band, with the energy difference resulting in the band-gap (BERA;
QIAN; HOLLOWAY, 2008; BIMBERG; POHL, 2011; RONDA, 2008). The promotion
of an electron from the valence band to the conduction band creates a hole in the valence
band, seen as a particle with +1 charge and effective mass. The electron in the conduction
band and the hole in the valence band interact via Coulomb attraction, forming a quasi-
particle called an exciton, with the electron-hole distance estimated by the Bohr exciton
radius. When the particle size decreases, quantum barriers limit electron movement in the
lattice, confining the electron and resulting in a discrete atomic-like energy state. In a
nanoparticle, the number of atoms is greatly reduced compared to a solid, down to just
hundreds of atoms. A minimal size difference can remove atoms from the nanoparticle.
Thus, when reduced to a size comparable to the Bohr exciton radius, energy states become
more discrete, with a larger band-gap and consequent blue emission shift (BERA; QIAN;

HOLLOWAY, 2008; MURPHY, 2002).
£ LUMO

Band-Gap

Figure 1.3. The representation of quantum confinement in CD illustrates that the more carbons in the core,
the larger the nanoparticle and the lesser the effect of quantum confinement, shifting the emission towards
the red. The highlighted bars represent density of states, while the dashed lines depict discrete energy states.
Adapted from Langer et al. (2021)
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In CDs, the carbon core size influences the nanoparticle size. CDs with more aromatic
rings in the core form larger nanoparticles with red emissions, and fewer rings result in
smaller nanoparticles with blue-shifted emissions, as shown in Figure 1.2. The intrinsic
emission comes from the m—7t* transition of sp carbons (KOZAK et al., 2016; LANGER
etal., 2021; LIU et al., 2019b; MINTZ; ZHOU; LEBLANC, 2019; ZHU et al., 2015).

1.4.2.2. Surface states

SS are similar to trap levels introduced within the band-gap due to the disruption of
periodicity in the crystalline lattice. Essentially, when a valence electron on the surface
fails to find an orbital for covalent bonding due to lattice discontinuity, dangling bonds
are formed, resulting in SS generated within the band-gap (GUERRA et al., 2018). As
they possess energy lower than the conduction band and higher than the valence band,
there's a preference for the SS in the promotion or return to the electron's ground state.
This phenomenon is common in semiconductors and typically hinders electron-hole
recombination.

In nanoscale materials, the number of atoms on the surface per volume is much higher
compared to larger particles, hence SS are much more relevant due to the majority of
atoms residing on the material's surface. In CDs, the surface is composed of multiple
functional groups (Figure 1.3(a)) mainly hydroxyl, carbonyl, and carboxylic groups
originating from most carbon precursors or generated during synthesis. The sp? domains
in the core structure lead to the m—n* transition with higher energy emission, subject to
quantum confinement. However, the functional groups present introduce SS within the
n—n* transition, as illustrated in Figure 1.3(b), responsible for emission at different
energies according to the electronic transition of the functional groups. Carbonyls and
amines induce the n—r* transition, leading to a shift towards the red, and in some cases
even a n—c™* transition, albeit more prone to non-radiative emissions (LANGER et al.,
2021; WANG et al., 2016; ZHU et al., 2015).

As illustrated in Figure 1.3(b), it is possible to observe the energy levels within the
intrinsic transition of CDs. Due to the small energy difference between these states,
electrons can transition to lower levels and emit lower-energy photons. Several studies
have demonstrated multiple emissions resulting from functional modifications on the
surface (LI; DONG, 2018; SUN et al., 2006; TANG et al., 2019). Nitrogen doping, in

particular, has been shown to achieve higher quantum yields, as it induces radiative
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transitions and prevents non-radiative transitions caused by electron trapping in certain
SS (DONG et al., 2013; HU; ZHU, 2015; WANG et al., 2015; XU et al., 2014; YU et al.,
2018, 2012; ZHANG et al., 2016; ZHU et al., 2013a).

(a)

(b)

CD’s core Surface states

Figure 1.4. Structural representation of a CD with surface functional groups and corresponding electronic
transitions (a); Surface states of different functional groups incorporated within the intrinsic emission, with
estimated band-gap values, adapted from Yu et.al (2018)

1.4.2.3. Other mechanisms

Although the presented theories are widely accepted and convenient for explaining the
multiple emissions of CDs, other mechanisms have been proposed in the literature. Bao
et al. (2011) observed a relationship between the degree of surface oxidation and the red-
shifted emission of electrochemically synthesized CNDs with homogeneous dimensions,
controlled by the applied potential during synthesis. This will be discussed in the next

section. According to the authors, the higher the oxygen content on the surface, the more
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defect states are introduced, causing a red-shift in emission. Ding et al. (2016) confirmed
this relationship through XPS and pH studies, also controlling the nanoparticle size to
assess whether quantum confinement was a contributing factor. According to them,
quantum confinement did not influence the emission.

Another increasingly recognized mechanism is the emission from luminophores
remaining from the synthesis process. Song et al. (2015) reported the presence of a
luminophore derived from citrazinic acid (IPCA), formed during hydrothermal synthesis.
Kasprzyk et al. (2022) identified the formation of luminophores from the 2-pyridone
family through the reaction of citric acid (CA) and a,B-diamines, substrates used in CD
synthesis. Song et al. (2015) also found that the hydrothermal synthesis temperature
influenced the presence of the luminophore; mild temperatures below 250 °C favor the
stability of the luminophore, thus remaining attached to the surface of CDs. Above
250 °C, the equilibrium is disrupted as substrates contribute to forming the graphitic
carbon core. A more detailed study by Hinterberger et al. (2019) varying hydrothermal
synthesis conditions (time and temperature) and purifying via chromatographic column,
reinforced these findings. They also detected multiple free luminophores in solution and
those attached to the nanoparticle under mild (130 °C) and medium (150 °C) conditions,
using CA and cysteine as precursors. Additionally, they observed changes in quantum
yield under different conditions, implying the influence of luminophores on emission: the
highest quantum yield was 70% under medium conditions, with luminophores still
attached to the surface, whereas under harsh conditions (250 °C), only the carbon core
remained, resulting in a 44% quantum yield. Studies by Dekaliuk et al. (2014) and Gude
et al. (2016) support the theory that CDs are aggregates or nanoclusters of a single
luminophore or several luminophores with individual emissions contributing to the
multiple emissions of CDs. As can be seen, the synthesis conditions are important to
establish the possible PL mechanisms. Thus, the next topic presents the possible synthesis

for CDs.

1.4.3. Synthesis

CDs synthesis, the main components are the precursors, the functional groups—
which may or may not already be present in the precursor—and the synthesis medium.
During synthesis, the key stages are essentially fragmentation (in the case of top-down
synthesis), crystalline organization, and surface functionalization. Two synthesis

approaches can be adopted: the top-down approach, which involves fragmenting a bulk
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carbon precursor into nanometric dimensions through brute force; and the bottom-up
approach, which starts with carbon precursor molecules, such as citric acid, and forms the
nanoparticle through aggregation processes (JELINEK, 2017; LIU et al., 2019b; WU;
LIU; YUAN, 2017).

1.4.3.1. Top-down synthesis

In the top-down approach, the precursors are typically graphite, oxidized graphite,
carbon soot, activated carbon, carbon nanotubes, carbon fibers, or other carbon sources.
These materials are usually subjected to rigorous high-temperature conditions. The first
synthesis for obtaining CDs used laser ablation, where the high energy of the laser beam
removes particulates from the solid substrate, reducing them to nanometric sizes
(JELINEK, 2017; SUN et al., 2006). The advantage of this technique is that it produces
CDs with structures that are generally similar to the substrates, often resulting in GQD
and CQD with periodic lamellar structures that favor quantum confinement over other
mechanisms. The disadvantage is the complexity of the apparatus and the need for
subsequent surface functionalization (JELINEK, 2017; LIU et al., 2019b; SUN et al.,
2006; WU; LIU; YUAN, 2017).

The electrochemical process is an interesting approach due to its simple
instrumentation and low cost. It typically involves carbon electrodes, or a carbon
electrode with a platinum counter-electrode, and an electrolyte solution of NaOH and
ethanol (JELINEK, 2017; WU; LIU; YUAN, 2017). The electric current induces the
cleavage of C-C bonds and produces hydroxyl residues that create defects in the electrode
substrate structure. Hydroxyl and oxygen radicals formed by the electrochemical reaction
can penetrate these defects and fragment the precursor particles, resulting in crystalline
nanoparticles with structures similar to the precursor. This method favors the formation
of CQD and GQD, and its primary advantage is the greater homogeneity of particle sizes,
as the applied potential is inversely proportional to particle size. Higher applied potential
synthesize smaller CDs. The drawback is the need for subsequent functionalization (BAO
etal., 2011; JELINEK, 2017; LI et al., 2010; WU; LIU; YUAN, 2017).

Chemical oxidation with strong acids under reflux is another inexpensive technique. It
involves dissolving carbon aggregates in a strong acid or a mixture of strong acids under
reflux, typically HNO; and H2SO4. Besides being cost-effective, this technique introduces
OH and COOH groups, as well as nitrogen from the nitric acid. Due to the strong

oxidative effect of the acids, surface defects are produced, which influences fluorescence
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emission. The structure is generally more amorphous, forming CNDs that are susceptible
to surface states. The disadvantage is the poor control over shape, homogeneity, and low

quantum yield (JELINEK, 2017; RAY et al., 2009; WU; LIU; YUAN, 2017).

1.4.3.2. Bottom-up synthesis

The bottom-up approach is the most commonly used in the literature due to its greater
versatility and better quantum yield results. In both hydrothermal and microwave-assisted
methods, the following processes occur: the formation of intermediates through
condensation reactions, followed by polymerization or aggregation, also known as carbon
clusters, and nucleation, which is responsible for developing the core at high
temperatures. The remaining intermediates can passivate the surface (JELINEK, 2017;
LIU et al., 2019b; SONG et al., 2015).

The hydrothermal method uses an autoclave, which allows the creation of a high-
temperature isolated system to promote better nucleation. This synthesis generates a high
quantum yield, and all classes of CDs can be synthesized depending on the precursor and
conditions. It is crucial to note the synthesis conditions, such as temperature and time,
which are fundamental to the nucleation process. Low temperatures can result in
incomplete carbonization of intermediates, forming free luminophores attached to the
surface, while high temperature and prolonged time lead to a more amorphous carbon
structure (ANWAR et al., 2019; JELINEK, 2017; LIU et al., 2019b; WU; LIU; YUAN,
2017; XTA et al., 2019).

In the case of microwave-assisted hydrothermal synthesis, temperature is replaced by
microwave radiation, which allows faster synthesis, typically taking around 5 minutes to
obtain the nanoparticles. This method generally achieves better homogeneity compared
to hydrothermal synthesis but with a lower quantum yield. Microwave-assisted synthesis
is more prone to incomplete carbonization of intermediates, resulting in free or surface-
bound luminophores that can influence the emission process (ANWAR et al., 2019;

JELINEK, 2017; TANG et al., 2012).
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1.4.4. Carbon dots in solid-state

It is clear that the PL emission mechanism in CDs is not yet fully understood, and its
origin is influenced by experimental conditions, such as the nature of the organic
precursor and the synthesis temperature. Therefore, spectroscopic investigations focused
on studying the PL emission mechanism are essential for advancing this field. Another
challenge in the field is the solid-state PL emission self-quenching of CDs.

CDs typically experience aggregation-caused quenching (ACQ), as evidenced by the
reduction in PL emission intensity at high suspension concentrations. ACQ is a
consequence of the m orbitals overlapping of planar polycyclic aromatic structures, in
which the alignment of these structures results in the intermolecular m — r stacking
interactions, triggering nonradiative transitions (MEI et al., 2015; RU; WATERHOUSE;
LU, 2022). Wang, Yang and Liu (2020), Ren, Stagi and Innocenzi (2020), and Xu et al
(2024) have thoroughly detailed strategies and examples to address this issue. Essentially,
these strategies involve creating steric hindrance within the CDs dispersions to prevent
ACQ. The most common method to avoid direct contact between the nanoparticles is the
physical dispersion of post-synthesized CDs in solid matrices, such as polymers. For
instance, Zhu et al. (2013) embedded CDs in polyvinyl alcohol (PVA) by
electrospinning, producing nanofiber and bulk poly N, N’-dimethylacrylamide (PDMMA)
by polymerizing CDs in a DMMA solution. They report the PL emission in solid-state
with greater PL stability under constant UV light exposure in comparison to CDs
suspensions. Another interesting example is the incorporation of CDs into the culture
media of Gluconacetobacter xylinus, which produces a cellulose membrane called
bacterial cellulose, in this case with PL, as demonstrated by Lv et al. (2019). Although
this method is straightforward, it involves a two-step process. In addition, as pointed out
by Wang, Yang and Liu (2020), high concentrations are required for practical
applications, such as optoelectronics devices.

The “one-step” method is another synthesis strategy to achieve solid-state CDs. In this
approach, long-chain structures or polymers are used as precursors along with the CD
source to prevent direct contact between the formed nanoparticles. The resulting powder
after the drying process can exhibit PL emission. For example, Liu et al. (2019a) used
branched poly(ethylenimine) (PEI) with citric acid via the hydrothermal method to obtain
green-emissive solid-state CDs in powder form with a quantum yield of 26%. According
to the authors, the long chains passivated the CD surface, preventing ACQ. Inorganic

hosts can also be used to achieve solid-state PL emission. By incorporating salts, oxides,
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mesoporous materials, and layered materials into the CD reaction medium, hydrogen
bonding, coordination, and electrostatic interactions may arise between the CD moieties
and the inorganic structures. As a result, the nanoparticles remain in a “dispersed state”
in powder form, resisting total ACQ (REN; STAGI; INNOCENZI, 2021; XU et al., 2024;
YANG et al., 2019Db).

The PL emission properties of solid-state CDs can differ from those in suspension
form. A red shift or quenching of higher energy states is often observed due to energy
transfer between the energy states of the CDs. Chen et al. (2016) and Chang et al. (2019)
attributed the red shift in the emission spectra of powdered CD samples to FRET between
the aggregated nanoparticles. This hypothesis was supported by the decreased lifetime in
powdered samples compared to suspensions, as well as the overlap between the
absorption and emission spectra. For example, in the first case, the PL emission in the
solid state was achieved by functionalizing CDs with PVA according to the one-step
method synthesis. The long chains prevent the m — 7 stacking of conventional CDs while
maintaining the nanoparticles at a suitable Foster distance (Ro). According to them, this
allowed the FRET between the aggregated nanoparticles, resulting in the red-shift
observed in the PL emission spectrum of powder samples. Besides the aforementioned
lifetime and overlapping evidence to support this hypothesis, they verified a red-shift
emission by increasing the CDs concentration in water suspension, the same effect was
verified by Zhang et al. (2019). As observed by Zhang et al. (2019), Zhou et al.,(2018)
and Song et al. (2019) the emergence of an energy state due to the aggregation is also
possible. According to Zhang et al. (2019) monodispersed CDs energy transfer to the
aggregate states, leading to a longer wavelength emission. On the other hand, Zhou et al.
(2018) hypothesize that intrinsic states or coupled surface states can transfer energy to
these aggregate states, resulting in the quenching of higher energy state bands.

Thus, it is possible to employ clay minerals, such as LAPONITE®, to avoid the ACQ
by the steric hindrance of the layers on CDs using it as an inorganic host in the synthesis.
Three works have been found involving LAPONITE® and CDs nanoparticles. The first
was published by Dimos et al.(2017) who fabricated films based on polyethylene
terephthalate (PET) by drop-casting suspensions of LAPONITE®-CDs (with previous
stirring for 24h and centrifugation); They also created layer-by-layer films on glass
substrates using LAPONITE® suspensions combined with a polyanion, followed by the
formation of CD layers after LAPONITE® deposition. In both cases, the PL emission of

CDs was preserved, and according to XRD results, the CDs remained in the clay’s
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interlayer. The CDs were synthesized via microwave using L-arginine and
ethylenediamine as precursors. The second work was published by Yang et al. (2019a)
who synthesized the hybrid in sifu using the clay mineral as a host for CDs formation.
The precursors used were citric acid and urea, which were heated in an autoclave using
acetone as the solvent along with LAPONITE®. The authors evaluated different
temperatures and the molar ratio between the precursors, observing multiple color
emissions according to changes in these synthesis parameters. According to XRD results,
the clay mineral exhibited larger interlayer spaces, which were consistent with the CD
sizes confirmed by transmission electron microscopy (TEM). Due to this confined
interlayer space, the authors noted that ACQ was avoided, resulting in solid-state
emission. The multiple color emissions were related to the extent of graphitization and
the amount of carboxylic groups on the surface, with a red shift observed as these
parameters increased. The materials were used to develop a white light emitting diode
(WLED). The third work published by Zhou et al. (2024) used CDs (not informed the
precursors) to obtain full-color luminescence together with the supramolecular
tetraphenylethylene (P-TPE) molecule and with RhB. LAPONITE® avoided the free
rotation of P-TPE molecule and assisted in the energy transfer between P-TPE to RhB.
The white light emission was obtained by tuning the concentration ratios of the blue
emitted CDs with the yellow powder P-TPE-LAPONITE®-RhB nanocomposite. The
resulting powder was used for multi-level logic digital encryption and sensing
perfluorinated pollutants in water as PCS qualitatively by the turn-off method.

Although the reported works, the PL mechanism was not fully elucidated and they did
not demonstrate the behavior of the nanocomposite suspension in an aqueous medium,
which is one of the aims of Chapter 2 in this thesis. In addition, to demonstrate in Chapter

3 the possibility of using nanocomposite as PCS.

1.4.5. Carbon dots as photoluminescence chemical sensors for heavy metals

One significantly reported CDs application in the literature is as sensors, both
chemical, for identifying and quantifying ions and molecules, and physical, such as
temperature sensors (LIU et al., 2019b; MOHAMMED; OMER, 2020; XU; LIN;
CHANG, 2020). Their solubility in aqueous media and easily modifiable surface make
them potential candidates for various biological and environmental applications,
adaptable for greater selectivity to the analyte. Additionally, due to their large surface

area, surface states are highly sensitive, allowing for easy interaction with the
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environment and resulting changes in emission, either as turn-off or turn-on PL emission,
which are desirable characteristics in PCS.

Li and Li (2019) summarized the main binding strategies used in the sensing of heavy
metals involving CDs, such as coordination and electrostatic bonding. Coordination
involves the formation of a complex between functional groups on the CDs and heavy
metals in solution, with consequent PL emission quenching used to identify the metal.
This strategy employs functional groups similar to the metal in terms of hard and soft
acid-base (HSAB) properties to form covalent bonds. Heteroatoms of S, N, O, and P are
commonly used to functionalize the surface and create groups to bind with the metal;
however, other molecules can be introduced to the surface to increase selectivity to the
desired analyte, such as crown complexes where the metal coordinates in the cavities of
the macromolecule (LI; LI, 2020).

The electrostatic effect between CDs and heavy metals can occur depending on the pH
of the medium. Functional groups can be deprotonated at a pH exceeding the pKa of the
species, contributing to the interaction with the positive charge of heavy metals; this is
usually observed with hydroxyl, carboxyl, sulfonate, and phosphate groups. A neutral
medium also contributes to the deprotonation of acidic groups, such as carboxyls. Some
metals in anionic form, like Cr®" in CrO4?", tend to bind to positive species, such as amine
groups in an acidic medium, which is positively charged when the pH is below the pKa
(LI; LI, 2020).

There are several PL emission quenching mechanisms involving CDs-metal besides
the collisional and static. For example, during the formation of the CD-metal complex,
the d orbitals of heavy metals can receive electrons from the excited state of CDs,
quenching the PL emission (AHMADIAN-FARD-FINI et al, 2020
RADHAKRISHNAN; SIVANESAN; PANNEERSELVAM, 2020; YOO et al., 2019).
This mechanism resembles the photoinduced electron transfer (PET) process and occurs
if the LUMO of the CDs has higher energy than the metal’s high-energy orbital. In this
case, the CDs act as a donor of photoexcited electrons and the metal as an electron
acceptor, resulting in the electron returning to the ground state without photon emission
in the formed complex. The reverse process is also possible, with the CD acting as an
acceptor if the low orbital energy of the metal has a small energy difference from the
HOMO of the CD (DEVI et al., 2019; LI; LI, 2020; ZU et al., 2017).

FRET processes can also occur if the CDs and the quencher have dipole-dipole

interactions and are at the appropriate distance. This scenario represents indirect sensing,



73

where a molecule with selectivity for the metal target acts as an acceptor in FRET with
the CDs. Typically, metal detection is based on the competition between molecule-metal
binding and the FRET process, as the latter interferes with the CDs-quencher interaction
(MOLAEI, 2020; SOUZA; SIGOLI, 2012; ZU et al., 2017). Additionally, if there is a
match between the redox potentials of the CDs and heavy metals, electron transfer

through redox reactions is possible (LI; LI, 2020; ZU et al., 2017).

1.5. ORGANIC LIGHT EMITTING-DIODES (OLED)

The structure formed and the high cationic exchange capacity allow LAPONITE® to
form composites with polymers, resulting in an improvement mainly in mechanical
properties. LAPONITE® and polymer composites have a wide range of applications,
particularly in the field of biomaterials, due to the non-toxicity and biocompatibility of
LAPONITE®. Additionally, due to the large surface area and cationic exchange capacity
(0.6 — 0.8 meq g!) (SUMAN; JOSHI, 2018), it can be used as adsorbents for heavy
metals. A study published by Silva et al. (2019) reveals an improvement in thermal
properties and water permeability due to the addition of synthetic clay mineral to cellulose
nanofibers. As demonstrated in the previous topics, LAPONITE® can be applied in the
photonic fields to resist the ACQ and PCS. In addition, another interesting application
due to its improvement in mechanical properties can be as reinforcement material in
OLEDs substrates, aim of the Chapter 4.

Nakamura (2015) describes light-emitting diodes (LEDs) as optoelectronic devices
consisting of an active emitting thin layer situated between n-type and p-type
semiconductor layers. The n-type layer injects electrons into the active layer (acting as
the cathode), while the p-type layer injects holes (serving as the anode). LEDs operate on
the principle of electroluminescence, where a forward bias potential causes electrons and
holes to recombine radiatively, emitting photons from the active layer with energy
corresponding to its band gap. The complete LED structure includes a substrate layer
where the active layer “sandwiched” between the p-n junction (with a thickness within
the nanometer range) are epitaxially deposited (HELD, 2016; NAKAMURA, 2015). If
the active layer is made of an organic electroluminescent compound, typically -

conjugated molecules, the device is known as an organic light-emitting diode (OLED)
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(GEFFROY; LE ROY; PRAT, 2006). This active layer is also called an emissive layer
(EML). The electrodes are typically made of inorganic materials such as aluminum (Al)
for the cathode and tin-doped indium oxide (ITO) for the anode. However, the interface
between these electrodes and the emissive layer (EML) presents a large energy barrier for
electrons or holes, compromising the OLED's efficiency. To address this, electron or hole
injection layers (EIL or HIL, respectively) are introduced below the cathode or above the
anode to reduce this energy barrier. When charges travel across the interfaces of the layers
to the EML, overflow due to high injection can occur, leading to low efficiencies because
of the high probability of nonradiative recombination. To prevent this issue, electron or
hole transport layers (ETL or HTL, respectively) with high charge carrier mobility are
incorporated. These layers help mitigate the problem by ensuring efficient charge
transport from the EIL or HIL to the EML, ensuring the eletrcon-hole recombination in
the EML (GASPAR; POLIKARPOYV, 2015; JOU et al., 2018).

The classical architecture of OLED can be represented as shown in Figure 1.5(a), and
by Figure 1.5(b) it is possible to note that the charge mobility starts from the electrode’s
Fermi level, going through the LUMO or HOMO (electron or hole respectively) of each
neighboring molecule for the final electron-hole recombination.

Regarding the substrates, there are important parameters required for OLED
efficiency, as highlighted by Gaspar and Polikarpov (2015), and Bauri, Choudhary and
Mandal (2021). The substrate must be:

e Uniform and flat to avoid defects that interfere with the layers' alignment. The
roughness should be Rims < 2 nm, Rpax < 20nm;

e Transparent, with transmission higher than 90% in the visible spectrum;

e Low oxygen and moisture permeability;

e Low coefficient of thermal expansion.

OLEDs offer several benefits, including higher brightness, lighter weight, faster
response times, low power consumption, and suitability for large-area color displays and
flexible applications (FARACO et al., 2023; GEFFROY; LE ROY; PRAT, 2006; HELD,
2016). These characteristics enable the use of OLEDs in TV display technologies,
including foldable screens. In recent years, there has been increasing interest in wearable
and biomedical applications of OLEDs. However, these applications demand significant
mechanical flexibility, robust encapsulation, potential for miniaturization, and

biocompatibility (GEFFROY; LE ROY; PRAT, 2006; MURAWSKI; GATHER, 2021;
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SONG et al., 2020). The rigidity of traditional glass-based OLED substrates primarily
obstructs these requirements. Therefore, polymers have been utilized as OLED substrates
to address the flexibility concern. However, despite their flexibility, petrochemical
polymers used in OLED substrates raise concerns regarding non-degradability, resulting
in undesirable environmental pollution. Consequently, interest in "green electronics" has
surged (KONG et al., 2022; SU et al., 2022), aiming to create renewable, biodegradable,
biocompatible, transparent, and flexible substrates.

To evaluate the OLED display performance, three important measurements can be
made. The external quantum efficiency (EQE), luminance and irradiance. According to
Schubert (2006), the EQE is the ratio between the emitted photons to the number of
injected charged particles, measured by the absolute value of the optical power obtained
in an integrated sphere and the injection current obtained by the multimeter respectively.
The units are often reported in percentage. Luminance (cd/m?) is the luminous intensity
given in candela unit (cd) divided by the projected surface area, given in m?. It is measured
by a luminance meter. The irradiance can be interpreted as the power density expressed

by W/m?. It is the radiant flux received by a surface, measured by a radiometer or

photometer.
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Figure 1.2. Representation of a multilayer OLED’s architecture (a) and its respective energy diagram
showing the charges mobility to EL. and the electron (e-) - hole (h+) recombination for light emission via
electroluminescence (b). Adapted from Bauri, Choudhary and Mandal (2021)
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5. General conclusions and perspectives

This section provides a general conclusion of the chapters, discusses the relationship
between the chapters, and addresses the work's limitations and perspectives.

According to the developed PhD research, nanocomposites based on CDs-clay
minerals can be synthesized using the in situ-hydrothermal method. However, more
purification methods should be developed for solid-state CDs in powder form. Although
conventional CDs are typically purified using dialysis and column chromatography, these
methods are still experimentally challenging for solid-state soluble water CDs. It is
important to understand the physical-chemical features of the clay mineral, mainly its
possible interactions with the reaction medium, as their structures can have pH-dependent
charges and permanent charges that impact the final microstructures. Clay minerals can
act as nanoplatforms for CDs synthesis, creating confined spaces for nanoparticle
formation and influencing the final structure and PL properties. Additionally, clay
minerals can provide the steric hindrance necessary between CDs to resist quenching.
However, the quantum yield values found are still low compared to water suspension
samples, necessitating improvements. One proposed solution is to directly bind the CDs
to the clay mineral structure through chemical modification using the CDs precursors,
followed by in situ-hydrothermal synthesis. The high-energy states associated with by-
products or the CDs’ core undergo quenching in solid-state form, while the surface states
in low energy remain stable. Energy transfer processes between CDs aggregates are
involved in the PL emission properties of solid-state CDs, which should be explored for
other CDs structures. Additionally, a universal protocol should be established for CDs
synthesis, as the core structure is not fully defined and is highly dependent on synthesis
conditions.

Due to the ability to suspend the samples in water and the presence of carboxylate
functional groups on the surface, the nanocomposite could be applied for Hg** detection
in water in the 1 — 40 pM range. It showed better performance for Hg?* detection
compared to CDs synthesized without LAPONITE®. It was also possible to verify the
influence of pH and concentration on sample photostability. Using Stern-Volmer models
at different temperatures, it was possible to verify the preference for complexation over
collisional quenching, and the sensor is not fully accessible to the quencher. However,
analysis in real water samples should be conducted to evaluate the nanocomposite's

applicability. Additionally, studies of sorption-desorption and kinetics of Hg** with the
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nanocomposite and zeta potential analysis of the sensors could provide more physical-
chemical details between the sensor and quencher interactions. Both chapters 2 and 3
offer insights into the applicability of LAPONITE® for nanocomposite synthesis
involving CDs and as PCS, demonstrating the potential of this clay mineral in the
photonic field.

Chapter 4 explored another application of LAPONITE® in the photonic field,
specifically for the fabrication of nanocomposites based on biopolymers for OLED
substrates. The clay mineral remains randomly dispersed in the CMC/HA mixture, but
higher concentrations hinder the film’s tensile strength properties. Thus, a limit of 5%
was established (between 2.5%, 5%, and 20%) to enhance tensile strength without
compromising flexibility. The results obtained from OLED characterization showed that
improvements are needed to smooth the surface to enhance OLEDs' EQE. One possibility
is to change the film formation method (solvent casting) or the substrate. Additionally,
heat treatment during ITO deposition could facilitate the formation of highly crystalline
and uniform grains. Although the efficiency is lower compared to BC commercial
substrates, the values of luminance and irradiance prove to be higher, demonstrating
potential applications mainly in biological systems, where the input voltage is lower and
low working temperatures are needed. Studies of the thermal coefficient must be
conducted in relation to LAPONITE® concentration to achieve low values, reducing the
difference between the substrate and metal layers and avoiding higher thermal stress, as
displays can generate heat during operation and temperature fluctuations can occur during
device manufacturing and usage.

In conclusion, the knowledge acquired through this thesis includes:
o Synthesis of nanocomposites
e Synthesis of CDs and solid-state emissive CDs
o Nanomaterials characterization techniques
o PL properties
e Application of PL for PCS
o Evaluation of quenching mechanisms
o Synthesis of biopolymer films and nanocomposites

¢ Film characterization.
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