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EFFECT OF MERCURY IONS ON THE OPTICAL AND STRUCTURAL
PROPERTIES OF QUANTUM DOTS WITH AROMATIC
DITHIOCARBAMATES LIGANDS

ABSTRACT

Quantum dots (QDs) are luminescent nanocrystals with sizes around 2-10 nm. These nanomaterials have
unique characteristics due to the quantum confinement effect. These features include broad excitation
spectra, versatile surfaces, narrow emission spectra, and high quantum yield. Their optical and structural
properties depend on the size and surface modification with metal ions or ligands. These properties make

their application possible in fluorescence sensing, wherein QDs such as CdSe, CdTe, and CdS are used.

This thesis shows the influence of S and Zn treatments used in the synthesis of three CdSe-ZnS core-
shell QDs on the optical properties and the functionalization of CdSe-ZnS with two ligands: an aryl
dithiocarbamate (DTC) and aromatic Dye to probe the effect of Hg?* ion sensing on the
photoluminescence of QDs. All the core-shell QDs and QDs-L were characterized by X-ray
diffractometry to measure the crystallinity, high-resolution electron microscopy (HR TEM) to determine
the size and crystallinity, X-ray photoelectron spectroscopy and FT-IR spectroscopy were used to
analyze the coordination of ligands on the surface of CdSe-ZnS QDs; the optical properties such as

absorption, emission, quantum yield (QY) and time-resolved photoluminescence were determined.

Chapter 2 shows the influence of S and Zn treatments during the synthesis of three CdSe-ZnS core-shell
QDs on the structural and optical properties. For example, in the structural characterization, the XRD
patterns analysis showed three peaks at 25.5, 42.7, and 50.2 20 degrees, corresponding to the (111),
(220), and (311) lattice planes of cubic zinc blend CdSe. The diffraction peaks of the core-shell show a
shift to higher 20 degrees due to the formation of the ZnS shell around the CdSe core. The HRTEM
analysis showed particles non-aggregated with distribution sizes around 2.7 nm, 3.2 nm, and 3.3 nm.
The XPS measurements showed changes in the Zn2p, and Cd3d regions, indicating the existence of
different species of these elements on the surface of CdSe-ZnS QDs with different S and Zn treatments

used during synthesis. The FT-IR results showed the oleic acid and TOP-capped CdSe-ZnS QDs.

The optical properties of QDs with different Zn:S ratios were developed using UV-Vis, fluorescence,
and time-resolved photoluminescence spectroscopies. The S-excess used in the synthesis of CdSe-ZnS
QD (QD-0.3 ML) produces a lower QY than other QDs studied. The S acts as a hole trap, favoring the
decrease in photoluminescence, and nonradiative recombination is favored. However, the increase in the
amount of Zn removes/eliminates the hole traps produced by S-excess, the photoluminescence is
regenerated, and QY increases, as in QD-0.9 ML (QY: 0.54). The Zn treatment produces a passivation
effect of this trap on the surface of QDs to improve photoluminescence. On the other hand, when the
Zn-treatment is the highest (QD-1.0 ML), the quantum yield (QY) of corresponding core/shell QDs will
decrease due to the traps at the CdSe-ZnS.



The analysis of three CdSe-ZnS core-shell QDs (QD-0.3 ML, QD-0.9 ML, and QD-1.0 ML) as Hg*" ion
sensors was performed using a solution of QDs in a mixture CHCls/ethanol (1/1, v/v) and aqueous
solution with different concentrations of Hg?" using UV-Vis, fluorescence, and time-resolved
photoluminescence spectroscopies. The addition of Hg?*" produces different changes in the
photoluminescence of QDs. For example, in QD-0.3 ML, a quenching of photoluminescence is produced
due to the formation of HgSe particles on the CdSe core of QD; these HgSe particles are produced by a
cation exchange reaction between Cd from core and Hg, the Ksp of HgSe is lower than CdSe, and this
reaction is favored. The S-excess from (TMS),S used in the synthesis of QD-0.3 ML produces HgS due
to the high affinity from S and Hg in concordance with the HSAB theory.

On the other hand, adding Hg*" ions in CdSe-ZnS QDs with thicker shells (QD-0.9 ML and QD-1.0
ML) showed the opposite effect, i.e., an enhancement in the photoluminescence is produced. In these
QDs, the Hg*" produces HgS particles on the shell surface, forming a pseudo-shell that passivates the
surface traps and improves the photoluminescence. A cation exchange reaction forms these HgS
particles from Zn-to-Hg on the ZnS shell because the Ksp of HgS is lower than ZnS, so the reaction is

favored.

In addition, the detection limit (LOD) of Hg?* ions was determined with the response obtained in the
QD-emission spectra as a function of Hg?" concentrations (0.5-5.0 uM). The LOD for QD-0.3 ML was
determined using the Stern-Volmer equation; the LOD calculated was 11.2 nM. The LOD for QDs with
thicker shells was 8.98 nM and 10.7 nM for QD-0.9 ML and QD-1.0 ML, respectively. These values of
LOD are lower than other QDs reported.

Finally, the analysis with other transition metal ions was developed using aqueous solutions of Zn?,
Mn*", Cd*", Pb**, Co*", Ni*", and Hg*" chloride salts and QDs in a solution of CHCls/ethanol (1/1, v/v).
This analysis showed a photoluminescence quenching with all the metal ions evaluated in QD-0.3 ML;
however, the most significant quenching observed was produced by Hg?" ions due to the formation of
HgSe particles on the core because the Ksp of HgSe is lower than other metal ions evaluated. While in
the case of QD-0.9 ML and QD-1.0 ML, photoluminescence is enhanced due to the passivation of

surface traps formed during the synthesis of QDs.
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Figure 1. Graphical abstract of the behavior of CdSe-ZnS QDs with the addition of Hg*".

The versatile character of the surface of QDs is an interesting and advantageous property. Thus, different
ligands can coordinate with the surface to modulate the structural and optical properties to improve th
scope of their possible application. The ligands capped on the surface of QDs can improve the physical
properties, such as solubility in aqueous media, and produce changes in the optical properties, such as

QY, absorption, and photoluminescence spectra.

However, the energy levels of capping ligands can affect the optical properties of QDs such as
photoluminescence. For example, the literature has shown that the thiolated ligands generally act as hole
traps due to the HOMO levels from the ligand being near the valence band (VB), producing overlapped
orbitals; when the QD is photoexcited, the ligand trapping the hole photogenerated and delocalization
of exciton is produced favoring the formation of new nonradiative centers and the photoluminescence

is quenched.

Chapter 3 shows the influence of two surface ligands on the structural and optical properties of CdSe-
ZnS core-shell QD (QD-0.9 ML): 1) an aromatic dithiocarbamate (DTC) and 2) an aromatic dye ligand
(Dye) capped to the surface of this QD. The QD-0.9 ML was selected because this QD has the highest



determined QY (Chapter 2). Both ligands were capped to the QD with a ligand exchange process, using
a saturated solution of ligands (DTC and Dye) in methanol and a solution of QD in hexane at 60°C for
1 h (QD/DTC, 1/3 (mass/mass)). The ligand exchange produced a red-shift in the maximum absorption
and emission bands of new QDs: QDTC and QDTCDye, a new emission band appeared in the
fluorescence spectra of QDTCDye, which is from the Dye ligand.

The effect of two ligands on the structural properties of QDs was analyzed. The XRD patterns do not
show significant changes in the diffraction peaks of QD; the ligand exchange process did not affect the
crystallinity. The HRTEM analysis showed an increase in the size of QDs from 3.2 nm (QD-0.9 ML) to
3.4 nm and 3.7 nm for QDTC and QDTCDye, respectively, with no significant changes in the d-spacing
factor. The crystallinity is conserved, confirming the XRD analysis observed. The FT-IR analysis
showed the coordination of DTC by the CSS™ headgroup due to the band at 1000 cm™ of this functional
group disappearing and the Dye ligand being coordinated by both carboxylates in their structure because
the band at 1707 cm™ corresponding to the C=0 bonds in carboxylic acids is not observed confirming
the capping. XPS measurements showed new peaks in Cls and O1s due to the apparition of new bonds
such as C-N and C-OH. Furthermore, in Zn2p and Cd3d, the peaks were deconvoluted in several
components, indicating the presence of different species of Zn and Cd coordinated with the capped
ligands. This characterization showed the influence of the coordination of the ligand on the structural

properties of QDs.

Consequently, the effect of capped ligands on QDs and their optical properties, such as absorption,
emission, and time-resolved photoluminescence, were studied. The coordination of DTC ligands
produces a decrease in photoluminescence (quenching). The HOMO orbital of DTC is overlapped with
the valence band (VB), trapping the hole photogenerated, delocalizing the excitonic recombination, and
photoluminescence is quenched. The DTC ligand acts as a hole trap affecting the photoluminescence

properties of QD, such as QY.

The Hg?" ion sensing analysis was developed using a solution of QDTC and QDTCDye in ethanol as
solvent and aqueous solutions with different concentrations of Hg?" ions in 0.5-5.0 uM range. The
absorption and emission changes were analyzed with UV-Vis, fluorescence, and time-resolved
photoluminescence spectroscopies. The Hg?* ions enhance the fluorescence intensity of QDTC and
QDTCDye due to the formation of HgS particles on the ZnS shell of QDs passivating the traps produced
by the DTC ligand. These HgS particles are produced on the ZnS surface due to the cation exchange
reaction because the Ksp of HgS is lower than the Ksp of ZnS, favoring this reaction.'? The behavior of
QDTCDye with the addition of different concentrations of Hg?* ions is ratiometric. The detection limit
(LOD) of QDTC and QDTCDye was determined using fluorescence intensity response as a function of
different concentrations of Hg?" ions. The LOD was calculated as 3.7 nM and 4.4 nm for QDTC and



QDTCDye, respectively. These LOD obtained are lower than other similar QDs systems compared
including the value reported by EPA and WHO institutions.

Finally, the analysis with other transition metal ions was developed in the same way as in Chapter 2. All
the transition metal ions evaluated enhance the photoluminescence in QDTC and QDTCDye. However,
Hg*" produces the highest increase in fluorescence intensity in QDTC. Photoluminescence enhancement
indicates the passivation of traps on the surface of QD. The enhancement phenomenon, sensitivity (low

LOD), and selectivity demonstrated that these materials are promising to apply in Hg*" ions sensing.

Keywords: quantum dots, mercury, capping, ligand, sensitivity, selectivity, surface.
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Figure 2. Graphical abstract showing effect of Hg?>" on QDTC and QDTCDye photoluminescence.
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EFFET DES IONS MERCURE SUR LES PROPRIETES OPTIQUES ET
STRUCTURELLES DES POINTS QUANTIQUES A LIGANDS
DITHIOCARBAMATES AROMATIQUES

RESUME

Les points quantiques (QD) sont des nanocristaux luminescents dont la taille est comprise entre 2 et 10
nm. Ces nanomatériaux présentent des caractéristiques uniques dues a l'effet de confinement quantique.
Ces caractéristiques comprennent des spectres d'excitation larges, des surfaces polyvalentes, des
spectres d'émission étroits et un rendement quantique élevé. Leurs propriétés optiques et structurelles
dépendent de la taille et de la modification de la surface avec des ions métalliques ou des ligands. Ces
propriétés rendent possible leur application dans la détection de fluorescence, ou des QDs tels que CdSe,

CdTe, et CdS sont utilisés.

Cette these montre l'influence des traitements S et Zn utilisés dans la synthése de trois QDs CdSe-ZnS
core-shell sur les propriétés optiques et la fonctionnalisation de CdSe-ZnS avec deux ligands : un
dithiocarbamate d'aryle (DTC) et un colorant aromatique pour sonder I'effet de la détection de I'ion Hg*"
sur la photoluminescence des QDs. Tous les QDs core-shell et QDs-L ont été caractérisés par
diffractométrie des rayons X pour mesurer la cristallinité, par microscopie électronique a haute
résolution (HR TEM) pour déterminer la taille et la cristallinité, par spectroscopie photoélectronique a
rayons X et par spectroscopie FT-IR pour analyser la coordination des ligands a la surface des QDs
CdSe-ZnS ; les propriétés optiques telles que l'absorption, I'émission, le rendement quantique (QY) et

la photoluminescence résolue dans le temps ont été déterminées.

Le chapitre 2 montre l'influence des traitements S et Zn pendant la synthése de trois QDs CdSe-ZnS
core-shell sur les propriétés structurelles et optiques. Par exemple, dans la caractérisation structurelle,
I'analyse des diagrammes XRD a montré trois pics a 25.5, 42.7 et 50.2 26 degrés, correspondant aux
plans de réseau (111), (220) et (311) du mélange cubique de zinc CdSe. Les pics de diffraction du noyau-
coquille montrent un déplacement vers des degrés 20 plus élevés en raison de la formation de la coquille
de ZnS autour du noyau de CdSe. L'analyse HRTEM a montré des particules non agrégées avec des
tailles de distribution autour de 2.7 nm, 3.2 nm et 3.3 nm. Les mesures XPS ont montré des changements
dans les régions Zn2p et Cd3d, indiquant I'existence de différentes especes de ces éléments a la surface
des QDs CdSe-ZnS avec différents traitements S et Zn utilisés pendant la synthése. Les résultats FT-IR
ont montré que les QDs CdSe-ZnS recouverts d'acide oléique et de TOP.

Les propriétés optiques des QDs avec différents rapports Zn:S ont été développées en utilisant des
spectroscopies UV-Vis, de fluorescence et de photoluminescence résolue dans le temps. L'excés de S
utilisé dans la synthése des QDs CdSe-ZnS (QD-0.3 ML) produit un QY plus faible que les autres QDs
étudiés. Le S agit comme un piége a trous, favorisant la diminution de la photoluminescence, et la

recombinaison non radiative est favorisée. Cependant, l'augmentation de la quantit¢ de Zn



enléve/élimine les piéges a trous produits par l'exces de S, la photoluminescence est régénérée et le QY
augmente, comme dans le QD-0.9 ML (QY : 0.54). Le traitement au Zn produit un effet de passivation
de ce piege a la surface des QDs pour améliorer la photoluminescence. D'autre part, lorsque le traitement
au Zn est le plus élevé (QD-1.0 ML), le rendement quantique (QY) des QDs coeur/coquille

correspondants diminue en raison des pieges a l'interface CdSe-ZnS.

L'analyse de trois QDs CdSe-ZnS core-shell (QD-0.3 ML, QD-0.9 ML, et QD-1.0 ML) en tant que
capteurs d'ions Hg?" a été développée en phase homogéne en utilisant une solution de QDs dans un
mélange CHCls/éthanol (1/1, v/v) et une solution aqueuse avec différentes concentrations de Hg*" en
utilisant des spectroscopies UV-Vis, de fluorescence, et la photoluminescence résolue dans le temps.
L'ajout de Hg?* produit différents changements dans la photoluminescence des QDs. Par exemple, dans
le QD-0.3 ML, une extinction de la photoluminescence est produite en raison de la formation de
particules de HgSe sur le cceur de CdSe du QD ; ces particules de HgSe sont produites par une réaction
d'échange de cations entre le Cd du cceur et le Hg, le Ksp de HgSe est plus faible que celui de CdSe, et
cette réaction est favorisée. L'exces de S de (TMS),S utilisé dans la synthése du QD-0.3 ML produit du

HgS en raison de la forte affinité entre S et Hg, conformément a la théorie HSAB.

D'autre part, 1'ajout d'ions Hg?" dans des QDs CdSe-ZnS avec des coquilles plus épaisses (QD-0.9 ML
et QD-1.0 ML) a montré I'effet opposé, c'est-a-dire qu'une augmentation de la photoluminescence est
produite. Dans ces QDs, le Hg?" produit des particules de HgS a la surface de la coquille, formant une
pseudo-coquille qui passive les piéges de surface et améliore la photoluminescence. Une réaction
d'échange de cations forme ces particules de HgS de Zn a Hg sur la coquille de ZnS, car le Ksp de HgS

est inférieur a celui de ZnS, et la réaction est donc favorisée.

D'autre part, I'ajout d'ions Hg** dans des QDs CdSe-ZnS avec des coquilles plus épaisses (QD-0.9 ML
et QD-1.0 ML) a montré I'effet opposé, c'est-a-dire qu'une amélioration de la photoluminescence est
produite. Dans ces QDs, le Hg?* produit des particules de HgS a la surface de la coquille, formant une
pseudo-coquille qui passive les pieges de surface et améliore la photoluminescence. Une réaction
d'échange de cations forme ces particules de HgS de Zn a Hg sur la coquille de ZnS car le Ksp de HgS

est plus faible que celui de ZnS, et la réaction est donc favorisée.

Le limite de détection (LOD) des ions Hg?" a été déterminée a l'aide de la réponse obtenue dans les
spectres d'émission des QD en fonction des concentrations de Hg?" (0.5-5.0 uM). Le limite de détection
calculée était de 11.2 nM. La LOD pour les QDs avec des coquilles plus épaisses était de 8.98 nM et
10.7 nM pour QD-0.9 ML et QD-1.0 ML, respectivement. Ces valeurs de LOD sont inférieures a celles
d'autres QDs rapportés.

Enfin, l'analyse avec d'autres ions de métaux de transition a été développée en utilisant des solutions
aqueuses de sels de chlorure de Zn**, Mn?*, Cd*", Pb**, Co**, Ni**, et Hg?" et des QDs dans une solution

de CHCls/éthanol (1/1, v/v). Cette analyse a montré une extinction de la photoluminescence avec tous



les ions métalliques évalués dans les QD-0.3 ML ; cependant, I'extinction la plus significative observée
a été produite par les ions Hg?" en raison de la formation de particules de HgSe sur le noyau, car le Ksp
de HgSe est plus faible que celui des autres ions métalliques évalués. Dans le cas des QD-0.9 ML et
QD-1.0 ML, la photoluminescence est améliorée en raison de la passivation des pieges de surface formés

pendant la synthese des QD.

Le caractére polyvalent de la surface des QDs est une propriété intéressante et avantageuse. Ainsi,
différents ligands peuvent se coordonner avec la surface pour moduler les propriétés structurelles et
optiques afin d'améliorer les possibilités d'application. Les ligands fixés a la surface des QDs peuvent
améliorer les propriétés physiques, telles que la solubilit¢ dans les milieux aqueux, et produire des
changements dans les propriétés optiques, telles que le QY, l'absorption et les spectres de

photoluminescence.

Cependant, les ligands de fermeture peuvent introduire des niveaux d'énergie favorables ou défavorables
dans les QDs et affecter les propriétés optiques telles que la photoluminescence. Par exemple, la
littérature a montré que les ligands thiolés agissent généralement comme des piéges a trous en raison
des niveaux HOMO du ligand qui sont proches de la bande de valence (VB), produisant des orbitales
superposées; lorsque le QD est photoexcité, le ligand piégeant le trou photogénéré et la délocalisation
de l'exciton est produite, favorisant la formation de nouveaux centres non radiatifs et la

photoluminescence est éteinte.

Le chapitre 3 montre l'influence de deux ligands de surface sur les propriétés structurelles et optiques
du QD cceur-coquille CdSe-ZnS (QD-0.9 ML) : 1) un dithiocarbamate aromatique (DTC) et 2) un ligand
de colorant aromatique (Dye) fixé a la surface de ce QD. Le QD-0.9 ML a été choisi parce que ce QD a
le QY le plus élevé calculé (Chapitre 2). Les deux ligands ont été fixés au QD par un processus d'échange
de ligands, en utilisant une solution saturée de ligands (DTC et Dye) dans du méthanol et une solution
de QD dans de 1'hexane a 60°C pendant 1 heure (QD/DTC, 1/3). L'échange de ligands a produit un
décalage vers le rouge des bandes maximales d'absorption et d'émission des nouveaux QDs : QDTC et
QDTCDye, une nouvelle bande d'émission est apparue dans les spectres de fluorescence de QDTCDye,

qui provient du ligand Dye.

L'effet de deux ligands sur les propriétés structurelles des QDs a été analysé. Les diagrammes XRD ne
montrent pas de changements significatifs dans les pics de diffraction des QDs ; le processus d'échange
de ligands n'a pas affecté la cristallinité. L'analyse HRTEM a montré une augmentation de la taille des
QDs de 3.0 nm (QD-0.9 ML) a 3.4 nm et 3.7 nm pour le QDTC et le QDTCDye, respectivement. Il n'y
a pas de changements significatifs dans le facteur d'espacement. La cristallinité est conservée, ce qui
confirme l'analyse XRD observée. L'analyse FT-IR a montré la coordination du DTC par le groupe de
téte CSS- grace a la disparition de la bande a 1000 cm™ de ce groupe fonctionnel et la coordination du

ligand Dye par les deux carboxylates dans leur structure car la bande a 1707 cm™! correspondant aux



liaisons C=0 dans les acides carboxyliques n'est pas observée, ce qui confirme I'encapsulation. Les
mesures XPS ont montré de nouveaux pics dans Cls et Ols en raison de l'apparition de nouvelles
liaisons telles que C-N et C-OH. En outre, pour Zn2p et Cd3d, les pics ont été déconvolués en plusieurs
composantes, ce qui indique la présence de différentes espéces de Zn et de Cd coordonnées avec les
ligands. Cette caractérisation a montré l'influence de la coordination du ligand sur les propriétés

structurelles des QDs.

Par conséquent, l'effet des ligands sur les QDs et leurs propriétés optiques, telles que I'absorption,
I'émission et la photoluminescence résolue dans le temps, ont été étudiés. La coordination des ligands
DTC produit une diminution de la photoluminescence (quenching). L'orbitale HOMO du DTC se
superpose a la bande de valence (VB), pié¢geant le trou photogénéré, délocalisant la recombinaison
excitonique, et la photoluminescence est atténuée. Le ligand DTC agit comme un piege a trous qui
affecte les propriétés de photoluminescence des QD, comme le QY. Toutefois, le ligand Dye améliore
légérement cette propriété optique et la photoluminescence augmente avec la coordination du ligand
Dye en raison de son action en tant que composé donneur d'électrons qui produit une repopulation
d'électrons dans la bande de conduction (CB) pour régénérer la recombinaison excitonique et neutraliser

le piege a trous produit par le ligand DTC. Le QY s'améliore avec la coordination du ligand Dye.

L'analyse de la détection des ions Hg?" a été développée en utilisant une solution de QDTC et de
QDTCDye dans 1'éthanol comme solvant et des solutions aqueuses avec différentes concentrations
d'ions Hg?* dans une gamme linéaire de 0.5-5.0 uM. Les changements d'absorption et d'émission ont été
analysés par spectroscopie UV-Vis, fluorescence et photoluminescence résolue dans le temps. Les ions
Hg?" augmentent l'intensité de la fluorescence du QDTC et du QDTCDye en raison de la formation de
particules HgS sur la coquille ZnS des QDs qui neutralisent les piéges produits par le ligand DTC. Ces
particules de HgS sont produites a la surface du ZnS par la réaction d'échange de cations, car le Ksp du
HgS est inférieur au Ksp du ZnS, ce qui favorise cette réaction.*? Le comportement du colorant QDTC
avec l'ajout de différentes concentrations d'ions Hg?* est ratiométrique. La limite de détection (LOD) du
QDTC et du QDTCDye a été déterminée en utilisant la réponse de l'intensité de fluorescence en fonction
de différentes concentrations d'ions Hg?". La limite de détection a été calculée comme étant de 3.7 nM
et 4.4 nm pour le QDTC et le QDTCDye, respectivement. Ces limites de détection obtenues sont
inférieures a celles d'autres systémes similaires de QDs comparés et des institutions comme 1I’EPA et
I’OMS.

Enfin, l'analyse avec d'autres ions de métaux de transition a été développée avec la méme forme que
celle développée au Chapitre 2. Tous les ions de métaux de transition évalués augmentent la
photoluminescence dans le QDTC et le QDTCDye. Cependant, Hg?" produit la plus forte augmentation

de l'intensité de fluorescence dans le QDTC. L'augmentation de la photoluminescence indique la



passivation des piéges a la surface des QD. Le phénoméne d'augmentation, la sensibilité (faible LOD)

et la sélectivité ont démontré que ces matériaux sont prometteurs pour la détection des ions Hg?".

Mots-clés: points quantiques, mercure, revétement, sensibilité, sélectivité, surface.



EFECTO DE LOS IONES DE MERCURIO SOBRE LAS
PROPIEDADES OPTICAS Y ESTRUCTURALES DE PUNTOS
CUANTICOS CON LIGANDOS DE DITIOCARBAMATOS
AROMATICOS

RESUMEN

Los puntos cudnticos (QD) son nanocristales luminiscentes con tamafios en torno a 2-10 nm. Estos
nanomateriales presentan caracteristicas unicas debidas al efecto de confinamiento cuantico. Entre estas
caracteristicas se incluyen espectros de excitacion amplios, superficies versatiles, espectros de emision
estrechos y un alto rendimiento cuantico. Sus propiedades Opticas y estructurales dependen del tamafio
y de la modificacion de la superficie con iones metalicos o ligandos. Estas propiedades hacen posible su

aplicacion en la deteccion por fluorescencia, en la que se utilizan QDs como CdSe, CdTe y CdS.

Esta tesis muestra la influencia de los tratamientos con S y Zn utilizados en la sintesis de tres QDs core-
shell CdSe-ZnS sobre las propiedades opticas y la funcionalizacion de CdSe-ZnS con dos ligandos: un
ditiocarbamato de arilo (DTC) y un colorante aroméatico para sondear el efecto del sensado de iones
Hg?* sobre la fotoluminiscencia de los QDs. Todos los QDs core-shell y QDs-L se caracterizaron por
difractometria de rayos X para medir la cristalinidad, microscopia electronica de alta resolucion (HR
TEM) para determinar el tamafio y la cristalinidad, espectroscopia fotoelectronica de rayos X y
espectroscopia FT-IR se utilizaron para analizar la coordinacion de ligandos en la superficie de CdSe-
ZnS QDs; se determinaron las propiedades Opticas tales como absorcion, emision, rendimiento cuantico

(QY) y fotoluminiscencia resuelta en el tiempo.

El capitulo 2 muestra la influencia de los tratamientos con S y Zn durante la sintesis de tres CdSe-ZnS
core-shell QDs en las propiedades estructurales y opticas. Por ejemplo, en la caracterizacion estructural,
el analisis de los patrones de DRX mostro tres picos a 25.5, 42,7 y 50.2 20 grados, correspondientes a
los planos de red (111), (220) y (311) de la mezcla ctbica de zinc CdSe. Los picos de difraccion del
nucleo-cdscara muestran un desplazamiento hacia grados 20 superiores debido a la formacion de la
cascara de ZnS alrededor del nucleo de CdSe. El analisis HRTEM mostrd particulas no agregadas con
tamanos de distribucion en torno a 2.7 nm, 3.2 nm y 3.3 nm. Las medidas XPS mostraron cambios en
las regiones Zn2p, y Cd3d, indicando la existencia de diferentes especies de estos elementos en la
superficie de CdSe-ZnS QDs con diferentes tratamientos de S y Zn utilizados durante la sintesis. Los

resultados de FT-IR mostraron la existencia de QDs CdSe-ZnS con 4cido oleico y recubrimiento TOP.

Las propiedades opticas de los QDs con diferentes proporciones de Zn:S se desarrollaron mediante
espectroscopias UV-Vis, de fluorescencia y de fotoluminiscencia resuelta en el tiempo. El exceso de S
utilizado en la sintesis de CdSe-ZnS QD (QD-0.3 ML) produce un QY inferior al de otros QDs
estudiados. EI S actiia como una trampa de huecos, favoreciendo la disminucion de la fotoluminiscencia,

y se favorece la recombinacién no radiativa. Sin embargo, el aumento de la cantidad de Zn



elimina/elimina las trampas de huecos producidas por el exceso de S, se regenera la fotoluminiscencia
y aumenta el QY, como en el QD-0.9 ML (QY: 0.54). El tratamiento con Zn produce un efecto de
pasivacion de esta trampa en la superficie de los QDs para mejorar la fotoluminiscencia. Por otro lado,
cuando el tratamiento con Zn es el mas alto (QD-1.0 ML), el rendimiento cuéantico (QY) de los QDs

nucleo/capa correspondientes disminuira debido a las trampas en la interfaz CdSe-ZnS.

El analisis de tres CdSe-ZnS core-shell QDs (QD-0.3 ML, QD-0.9 ML, y QD-1.0 ML) como sensores
de iones Hg?* se desarrolld en fase homogénea utilizando una solucion de QDs en una mezcla
CHCls/Etanol (1/1) y solucion acuosa con diferentes concentraciones de Hg?" utilizando espectroscopias
UV-Vis, de fluorescencia y de fotoluminiscencia resuelta en el tiempo. La adicion de Hg?* produce
diferentes cambios en la fotoluminiscencia de los QDs. Por ejemplo, en QD-0.3 ML, se produce un
apagamiento de la fotoluminiscencia debido a la formacion de particulas de HgSe sobre el nicleo de
CdSe del QD; estas particulas de HgSe se producen por una reaccion de intercambio cationico entre el
Cd del nucleo y el Hg, el Ksp de HgSe es menor que el de CdSe, y esta reaccion se ve favorecida.*? El
exceso de S del (TMS),S utilizado en la sintesis de QD-0.3 ML produce HgS debido a la alta afinidad

del S y el Hg en concordancia con la teoria HSAB.

Por otro lado, la adicion de iones Hg** en QDs CdSe-ZnS con cascaras mas gruesas (QD-0.9 ML y QD-
1.0 ML) mostr¢ el efecto contrario, es decir, se produce una mejora en la fotoluminiscencia. En estos
QDs, el Hg?* produce particulas de HgS en la superficie de la cascara, formando una pseudocéscara que
pasiva las trampas superficiales y mejora la fotoluminiscencia. Una reaccion de intercambio catidnico
forma estas particulas de HgS de Zn a Hg en la cascara de ZnS porque el Ksp del HgS es menor que el

del ZnS,* por lo que la reaccion se ve favorecida.

Ademas, se determiné el limite de deteccion (LOD) de los iones Hg?" con la respuesta obtenida en los
espectros de emision del QD en funcion de las concentraciones de Hg?* (0.5-5.0 uM). E1 LOD para QD-
0.3 ML fue de 11.2 nM. El LOD para QDs con céascaras mas gruesas fue de 8.98 nM y 10.7 nM para
QD-0.9 ML y QD-1.0 ML, respectivamente. Estos valores de LOD son inferiores a los de otros QDs

reportados.

Finalmente, se desarrollo el analisis con otros iones de metales de transicion utilizando soluciones
acuosas de sales de cloruro de Zn*", Mn*", Cd*", Pb**, Co?**, Ni*, y Hg?>" y QDs en una solucién de
CHCls/Etanol (1/1). Este analisis mostré disminucion de fotoluminiscencia con todos los iones
metalicos evaluados en QD-0.3 ML; sin embargo, el quenching mas significativo observado fue el
producido por los iones Hg*" debido a la formacion de particulas de HgSe en el niicleo ya que el Ksp
del HgSe es menor que el de otros iones metalicos evaluados. Mientras que en el caso de QD-0.9 ML y
QD-1.0 ML, la fotoluminiscencia se ve potenciada debido a la pasivacion de las trampas superficiales

formadas durante la sintesis de los QDs.



El caracter versatil de la superficie de los QDs es una propiedad interesante y ventajosa. Asi, diferentes
ligandos pueden coordinarse con la superficie para modular las propiedades estructurales y opticas con
el fin de mejorar su posible aplicacion. Los ligandos capados en la superficie de los QDs pueden mejorar
las propiedades fisicas, como la solubilidad en medios acuosos, y producir cambios en las propiedades

opticas, como los espectros QY, de absorcion y de fotoluminiscencia.

Sin embargo, los ligandos pueden introducir niveles de energia favorables o desfavorables (HOMO-
LUMO) en los QDs y afectar a las propiedades opticas, como la fotoluminiscencia. Por ejemplo, la
literatura ha demostrado que los ligandos tiolados generalmente actuan como trampas de huecos debido
a que los niveles HOMO del ligando estan cerca de la banda de valencia (VB), produciendo orbitales
solapados; cuando el QD es fotoexcitado, el ligando atrapa el hueco fotogenerado y la deslocalizacion
del excitén se produce favoreciendo la formacion de nuevos centros no radiativos y la fotoluminiscencia

disminuye.

El capitulo 3 muestra la influencia de dos ligandos superficiales en las propiedades estructurales y
opticas del QD con nucleo de CdSe-ZnS (QD-0.9 ML): 1) un ditiocarbamato aromatico (DTC) y 2) un
ligando colorante aromatico (Dye) capado en la superficie de este QD. Se selecciond el QD-0.9 ML
porque este QD tiene el QY mas alto calculado (Capitulo 2). Ambos ligandos se fijaron al QD mediante
un proceso de intercambio de ligandos, utilizando una solucion saturada de ligandos (DTC y Dye) en
metanol y una solucion de QD en hexano a 60°C durante 1 h (QD/DTC, 1/3). El intercambio de ligandos
produjo un desplazamiento al rojo de las bandas maximas de absorcion y emision de los nuevos QDs:
QDTC y QDTCDye, apareciendo una nueva banda de emision en los espectros de fluorescencia de

QDTCDye, que procede del ligando Dye.

Se analiz6 el efecto de dos ligandos sobre las propiedades estructurales de los QDs. Los patrones de
DRX no muestran cambios significativos en los picos de difraccion de los QD; el proceso de intercambio
de ligandos no afect6 a la cristalinidad. El analisis HRTEM mostr6 un aumento del tamafio de los QDs
de 3.0 nm (QD-0.9 ML) a 3.4 nm y 3.7 nm para QDTC y QDTCDye, respectivamente. No hay cambios
significativos en el factor d-spacing. La cristalinidad se conserva, confirmando lo observado en el
andlisis DRX. El andlisis FT-IR mostrd la coordinacion del DTC por el grupo -CSS- debido a que
desaparece la banda a 1000 cm™ de este grupo funcional y el ligando Dye esta coordinado por ambos
carboxilatos en su estructura ya que no se observa la banda a 1707 cm™ correspondiente a los enlaces
C=0 en acidos carboxilicos confirmando su coordinacion. Las medidas XPS mostraron nuevos picos en
Cls y Ols debido a la aparicion de nuevos enlaces como C-N y C-OH. Ademas, en Zn2p y Cd3d, los
picos se deconvolucionaron en varios componentes, indicando la presencia de diferentes especies de Zn
y Cd coordinadas con los ligandos capados. Esta caracterizacion mostré la influencia de la coordinacion

del ligando en las propiedades estructurales de los QDs.



En consecuencia, se estudio el efecto de los ligandos sobre los QDs y sus propiedades opticas, como la
absorcion, la emision y la fotoluminiscencia resuelta en el tiempo. La coordinacion de ligandos DTC
produce una disminucion de la fotoluminiscencia (quenching). El orbital HOMO del DTC se solapa con
la banda de valencia (VB), atrapando el hueco fotogenerado, deslocalizando la recombinacion
excitonica, y la fotoluminiscencia disminuye drasticamente. El ligando DTC actia como una trampa de
huecos que afecta las propiedades de fotoluminiscencia de los QD, como el QY. Sin embargo, el ligando
Dye produce una ligera mejora en esta propiedad Optica, y la fotoluminiscencia aumenta con la
coordinacion del ligando Dye debido a su acciéon como compuesto electron-donador que produce una
repoblacion de electrones en la banda de conduccion (CB) para regenerar la recombinacion excitonica
y pasivar las trampas de huecos producida por el ligando DTC. El QY mejora con la coordinacion del

ligando Dye.

El analisis de deteccion de iones Hg?" se desarrolld utilizando una solucién de QDTC y QDTCDye en
etanol como disolvente y soluciones acuosas con diferentes concentraciones de iones Hg?* en un rango
lineal de 0.5-5.0 uM. Los cambios de absorciéon y emision se analizaron con espectroscopias UV-Vis,
de fluorescencia y de fotoluminiscencia resuelta en el tiempo. Los iones Hg?* aumentan la intensidad de
fluorescencia de QDTC y QDTCDye debido a la formacion de particulas de HgS en la capa de ZnS de
los QDs pasivando las trampas producidas por el ligando DTC. Estas particulas de HgS se producen en
la superficie del ZnS debido a la reaccion de intercambio catidnico ya que el Ksp del HgS es menor que
el Ksp del ZnS, favoreciendo esta reaccion. El comportamiento del QDTCDye con la adicion de
diferentes concentraciones de iones Hg?" es ratiométrico. El limite de deteccion (LOD) de QDTC y
QDTCDye se determinoé utilizando la respuesta de intensidad de fluorescencia en funcion de diferentes
concentraciones de iones Hg?*. El LOD se calculé como 3.7 nM y 4.4 nm para QDTC y QDTCDye,
respectivamente. Estos LOD obtenidos son inferiores a los de otros sistemas de QDs similares

comparados e incluso a los establecidos por la EPA y la OMS.

Finalmente, el analisis con otros iones de metales de transicion se desarrolld con la misma forma
desarrollada en el Capitulo 2. Todos los iones metalicos de transicion evaluados aumentan la
fotoluminiscencia en QDTC y QDTCDye. Sin embargo, el Hg*" produce el mayor incremento en la
intensidad de fluorescencia en QDTC. El aumento de la fotoluminiscencia indica la pasivacion de
trampas en la superficie del QD. Este fenomeno mejora la sensibilidad (bajo LOD) y la selectividad

demostrando que estos materiales son prometedores para su aplicacion en la deteccion de iones Hg?".

Palabras clave: puntos cuanticos, mercurio, capa, sensibilidad, selectividad, superficie.



Abbreviations List

Solvents and reagents:
AcOEt : Ethyl acetate
DMSO : Dimethylsulfoxide
EtOH : Ethanol

Abbreviations and symbols:

0: Chemical shift in ppm

J : Coupling Constant in Hz

7 Lifetime in ns

® Fluorescence quantum yield

Aexe Excitation wavelength in nm

Aems Emission wavelength in nm

Ksp Solubility constant product

m/z Mass charge ratio

QY Fluorescence quantum yield

Eg : Band-gap energy in eV

VB : Valence band

CB : Conduction band

HOMO : High occupied molecular orbital
LUMO : Low unoccupied molecular orbital

LOD: Limit of detection

Characterization techniques :

HR TEM : High Resolution Transmition
Electronic Microscopy

HR-MS : High Resolution Mass Spectroscopy
ESI-MS : Electronspray ion mass spectroscopy

FT-IR : Fourier-transform Infrared

Units:

°C : Celsius degree

MeOH : Methanol
DIPEA : N,N-Diisopropylethylamine
THEF : Tetrahydrofuran

EPA : Environmental Protection Agency
WHO : World Health Organization

TLC : Thin layer chromatography

OA : Oleic acid

QD: Quantum dot

DTC: (4-(2-
Hydroxyethoxy)phenyl)carbamodithioate
triethylammonium ligand

Dye: 3-(6-((2-(2-Hydroxyethoxy)ethyl)amino)-
1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)pentanedioic acid ligand

QDTC: Dithiocarbamate capped quantum dot
system

QDTCDye: Dithiocarbamate and dye capped
quantum dot system

TOP : Tri-n-octylphosphine
ODE : 1-Octadecene

NMR : Nuclear Magnetic Resonance
UV-Vis : Ultraviolet-visible

XRD : X-ray Diffraction

XPS : X-photoelectron spectroscopy

PL : Photoluminescence

L : Litre (IL = 10> m%)



a.u : Arbitrary Unit

M : Molarity (IM = 1 mol.L!)
uM: Micromolar

nM: Nanomolar

g : Gram

ppm : Part-per-million

ppb : Part-per-billion

Hz : Hertz

K : Kelvin
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Semiconductor quantum dots are nanomaterials with sizes between 1 and 10 nm. They have been
employed as fluorescent probes to detect and quantify Hg?* ions.X* These nanomaterials exhibit a strong
quantum confinement effect, and this effect causes the appearance of size-dependent optical properties.®
The QDs have broad absorption, narrow and size-tunable emission, and high PL quantum yield.®® This
has attracted significant attention for applying QDs in different fields, including biological labeling,

light-emitting diodes, sensing, and photovoltaic devices.®*®

The success of these applications critically depends on the properties of the QD surface, and the surface
has been shown to modulate optical properties such as fluorescence efficiency and lifetime.'*" The
QDs are a lot of amount of atoms on the surface. The control of these surface atoms is critical because
their distinct electronic energy states can trap electrons, quench fluorescence emission, and reduce
charge transfer rates.’® These surface atoms must be bonded to coordinate ligands for nearly all
applications. The ligands further dictate how the QD interacts with the surrounding medium and

influence their application.®%

CdSe is one of the QDs more used due to its flexibility in tuning optical properties, easily modifying the
sizes and morphology of nanocrystals.?? However, core QDs are susceptible to the photo-oxidation and
degradation, the growth of a shell composed of a wide-band-gap semiconductor with the functionality
of reducing and preventing defects and trap states of the surface to improve the photoluminescence and
chemical stability.5?32* CdSe/ZnS core-shell systems are non-toxic since the shell prevents the
lixiviation of the Cd?* ions into the surrounding medium.?>2% However, their photoluminescence QY

decreased as the shell coverage grew further.?’

The capping ligands can modulate the physical and structural properties in QDs, such as solubility,
absorption, QY, and photoluminescence.?® For example, oleic acid (OA) and trioctylphosphine (TOP)
are used to synthesize QDs; these ligands prevent nanocrystals' aggregation and maintenance of their
union.?®*° However, as these ligands are hydrophobic, their solubility in water is minimal, and their
application in agueous media is complicated in fields like sensing and biomedical. In this context, the
versatile surface permit the ligand exchange to modify the structural and optical properties to improve
the application. For example, thiolated ligands are widespread to improve the solubility of QDs in
aqueous media.2?However, these ligands can drastically modify the optical properties such as PL QY, a
clear example is the use of aromatic thiolated ligands quenched the photoluminescence and QY:; these
ligands act as hole trap producing a delocalization of exciton recombination and the photoluminescence
decrease in the QDs.%1-3® The structural and optical properties of QDs can be affected by the addition of

precursors and ligands used during their synthesis, and thus their application also is affected.

On the other hand, applying QDs in metal ion sensing is fascinating because many metal ions produce
health and environmental problems, such as Pb, Cd, As, and Hg.1%3* Similarly, metal ion sensing can

produce different mechanisms; for example, the metal ion can produce small particles in the surface of
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QDs by cation exchange reaction and produce the quenching,* or enhancement of photoluminescence.®
In the case of ligands capped QDs, the ligand can desorb from the surface of QD to form a coordination
complex producing a quenching of photoluminescence.®%% In other studies, the interaction between
metal ion only occur with the surface of QD producing small particles by cation exchange reaction to
produce a pseudo-shell, and the photoluminescence increase.®” This mechanism is uncommon in metal

ion sensing because the metal transition ions generally act as quenchers of photoluminescence. 10:38-40

Determining heavy metals in the aquatic environment is very interesting due to the ecosystem and
human health, depending on the dose and the toxicity. Many conventional analysis techniques have low
detection limits and require specialized conditions, including labs, equipment, and people,*~¢ which
are complicated for detecting heavy metal ions directly in the affected location. Developing and
designing simple materials with high selectivity and low detection limits for heavy metal ions is
necessary due to the difficulties of detecting them in the location affected. This thesis abords this
environmental and health problem with the design and analysis of structural and optical properties of
CdSe-ZnS QDs with different surface modifications and their application as a fluorescence probe for

Hg?* ions.
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1.1 Fluorescent Nanocrystals

The study of nanoparticles is a major field in nanotechnology. Nanocrystals are particles with a diameter
between 1 and 10 nm, comprising hundreds to thousands of atoms.*” In the case of semiconductors,
they are composed of elements of groups IV, 1I-VI, 1lI-V, or IV-VI of the periodic table, with
semiconductors 11-VI (ZnO, ZnS, ZnSe, CdSe, CdS) being the materials that have better luminescent
characteristics, of which CdSe and ZnS offer have excellent electronic and optical properties. The optical
properties of nanocrystals are size dependent due to the confinement quantum effect.*”® In general
terms, nanocrystals present a broad absorption spectrum, which extends from the UV to the visible and

intense multicolor emission, dependent on crystal size.*"#°

The surface of nanocrystals is chemically heterogeneous, composed of atoms of a crystalline solid and
ligands coordinated to the surface of these atoms.*”*8 The synthesis of the nanocrystals defines the types
of face, the crystalline phase, and the ligands that bind to surface atoms.>® Ligands can be chemisorbed
and interchanged to adjust the properties to an application type.®® The crystalline structure of
semiconductors can influence the optical properties of quantum dots.%®%? For example, the binary
semiconductors ZnS and CdSe can exist in thZB and WZ phases, which have the same anion-cation
bond length, and their bond geometry is identical to the nearest neighbor (Figure 3). The difference is
in the second nearest neighbor, which is in a "staggered" (ZB) or eclipsed (WZ) conformation with
lattice addresses specified by the Miller indices [111] ZB or [0001] WZ, respectively.®?

a) Zinc-Blenda (2B)
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Figure 3. Phases of zinc blende (ZB) or wurtzite (WZ) type CdSe nanocrystals. From left to right: unit

vectors of the crystalline phase, unit cell, two views of the internal geometry parallel and perpendicular
to the direction [111] for ZB and [0001] for WZ, and schematics of the nanocrystals indicating atoms

and identification of the faces. In grey, Cd?" ions; in orange, Se*” ions.>

Differences in the crystalline phases give rise to variations in the energy gap (Eg). For example, for the
ZB and WZ phases of ZnS, the value of Eg is 3.68 and 3.8 eV, respectively.*”>2 CdSe is one of the

semiconductors with the lowest band gap energy Eg (1.7 eV) and is mainly characterized by its
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multicolor emission dependent on the size of the crystal,> for which it is one of the semiconductors with
more studies and applications in the optical field;> however, the toxicity of cadmium has restricted its
use in different applications such as medical and environment.*® Various modifications on the surface
of CdSe nanocrystals have been made to stabilize cadmium ions, making them less toxic and

biocompatible.>>5¢

In this context, core/shell type semiconductors, such as CdSe/ZnS, are more stable and friendly to the
environment; the ZnS layer prevents the release of cadmium ions in solution and restricts the formation
of surface states that function as pair traps electron/hole (formed in typical photo-excitation processes)
resulting in materials striking from the optoelectronic field given its fluorescent efficiency (~30 -
60%)_47,57,58

1.2 Quantum confinement and optical properties of semiconductor QDs

The valence and conduction bands are separated in semiconductors by a band gap. The energy gap
between the top of the valence band (VB) and the bottom of the conduction band (CB), is called a
bandgap. The electrons can excite the BC and create holes in the BV. The distance between the electron
in the band of conduction BC and the hole in the valence band BV is called the exciton Bohr radius,>

agXC
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Where £is the dielectric constant, h the Planck constant, ag*“ exciton Bohr radius, e mass of electron,

me*mo and my*myp are effective masses of electron and hole, respectively.

In bulk semiconductors, the energy gap is constant for a given material. However, in the case of
semiconductor QDs with a size comparable to the agex of the bulk material, they show a size-dependent
energy gap (Figure 4). This range in size corresponds to the quantum confinement regime, for which
the spatial extent of the electronic wave function is comparable to the QD size. As a result of these
geometric constraints, the electrons are affected by the particles boundaries and respond to particle size
changes by adjusting their energy.*’>%% This phenomenon is known as the quantum size effect, and it

plays a significant role in QDs.
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Figure 4. Differences in energy levels between a bulk semiconductor, a QDs nanocrystal, and a

molecule.”?

The decrease in QDs size leads to an increase in band gap and a shift of photon absorption and emission
maxima toward shorter wavelengths, compared to the bulk semiconductor material, Figure 5. Quantum
dots are sometimes referred to as "artificial atoms™ because of the analogy of their quantized electronic

states with atomic electronic states.
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Figure 5. Dependence of the size of the nanocrystals with the value of band gap energy Eg.®*

As a result, nanocrystals can emit a wide range of colors just by changing their size. Figure 6 shows the
displacement of the maximum absorption band for nanocrystals of different sizes. The smaller
nanocrystals absorb in the blue and have a sharper absorption band than the larger ones.%? The emission
band is very close to the absorption band, intense and acute for high-quality nanocrystals, such as those

formed without surface defects. 53-°
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Figure 6. The emission spectra of CdSe QDs (left) and the absorption spectra of CdSe QDs show size-
dependent features (suitable). ¢

The shape of the emission spectra of nanocrystals is a characteristic measure of nanocrystal location and
size distribution. Sharp and intense emission typically denotes quality and monodispersity, with
fluorescence quantum yields as high as 1.00. On many occasions, the quality of the crystals is affected
by defects in the nanocrystals (for example, vacancies, impurities, or adsorbates on the surface) that
result from the process synthesis, producing wide and low-intensity emissions, decreasing the
performance quantum of nanocrystals. Surface defects generate energetic states/ intermediates that can
trap electron/hole pairs generated after the excitation of the nanocrystals (Figure 7). For example, in the
case of obtaining nanocrystals of a diameter of 5 nm, 40% of their atoms are on the surface, which
implies the formation of many surface imperfections that trap the electron/hole pairs that form following

excitation.%’
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Figure 7. Surface defects (e/h* traps) of quantum dots.*?
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To increase the quality of nanocrystals, optimize their optical properties, and create new heterostructures
with unique photophysical properties, core/shell-type quantum dots were synthesized. These
heterostructures result from the encapsulation of the core (for example, CdSe or CdTe) with a second
semiconductor of the most significant Eg, known as the shell. Its function is to prevent the formation of
surface states that behave as electron/hole traps; it also protects the core from the environment, achieving

excellent stability and better luminescence.*®

In this regard, there have been quantum dots of semiconductors of groups I11-V (GaN, GaP, GaAs, InP,
and InAs) and of the groups I1-V1 (ZnO, ZnS, CdS, CdSe, and CdTe). To stabilize the core and improve
its luminescence properties, semiconductors with lower Eg (groups 11-V1) have been encapsulated with
those which have higher Eg (Figure 8). A wide variety of heterostructures have resulted from the
combination of different semiconductors. For example, the InAs nucleus, with a low value of Eg, has
been protected with layers of InP, GaAs, CdSe, ZnSe, and ZnS, resulting in materials with unique
photophysical properties and excellent fluorescence yields.*’
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Figure 8. Values (in eV) of the valence band (VB) and the conduction band (CB) of different

semiconductors.>3

1.3 Synthesis of quantum dots (QDs)

Since their discovery in 1981 by Alexey Ekimov,* quantum dots have been particularly interesting due

to their extraordinary optical properties. In 1993 Bawendi and co-workers modified the synthesis route
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to obtain quantum dots with better characteristics, such as higher quantum vyield, stability, and

fluorescence-tunable size.”

The main feature of the quantum dot synthesis is the direct injection of precursors at high temperatures
to control the size of the nanoparticle, taking into account the time used for the growth.® This method

has been the most widely used method of quantum dot synthesis since then and up to the present day.

On the other hand, quantum dots can also be synthesized in the aqueous phase,” however, this type of
method requires longer synthesis time, which generates aggregation of the nanoparticle, higher
hydrodynamic radius,”*"? and thus a decrease in its optical properties, such as fluorescence, absorption

and quantum yield.™

Previously, in the colloidal method, dimethyl cadmium (CdMe;) was used as a source of cadmium.
However, this compound is highly toxic and pyrophoric, so research was conducted by replacing this
cadmium derivative with more stable and less harmful cadmium compounds, such as cadmium oxide
(CdO),” thus monodisperse and high-quality quantum dots such as CdSe, CdTe and CdSe were
obtained. Similarly, using long-chain phosphines was also problematic, so fatty acids such as oleic acid
(OA) were tested,”* which proved easier to handle and environmentally friendly, and thus good results
were obtained in the synthesis of quantum dots.

Additionally, the use of oleic acid and octadecyl amine in quantum dot synthesis has been investigated,
which showed decreased surface defects, 0.2-0.5 fluorescence quantum vyields, and high stability over
time.” Also, yeasts, fungi, and bacteria have been used to synthesize quantum dots; however, their

properties have not been reported.”s%

The solvent also plays a crucial role in the synthesis; solvents such as octadecene and olive oil have
been investigated, which allows for more excellent stability and controlled growth of the quantum dots.8!
Finally, it is essential to remember that some physical parameters, such as temperature, influence the

synthesis.8283
1.4 Preparation of quantum dots

Currently, there are several different methods for the synthesis of quantum dots; some of them are :

1. Pyrolysis method: this is the most common method to prepare quantum dots. This technique is
based on the pyrolysis of materials at elevated temperatures in an inert atmosphere. For example,
the QDs used in this work were obtained by injecting a Se-TOP (organometallic compound)
solution into a cadmium oxide (CdO) solution with oleic acid at 225°C to produce a
homogeneous nucleation. Oleic acid protects the CdSe QD against oxidation and aggregation,
while trioctylphosphine (TOP) protects the QDs from agglomeration. Some reports say this

method produces stable quantum dots under ambient temperature for about three months.84 This
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method's advantage is producing quantum dots with optical properties such as high
photoluminescence quantum yield and high chemical and photostability.

Microwave assisted-method: this technique has received particular attention in recent years due
to the possibility of eliminating the use of high reaction temperature. It is environmentally
friendly and provides a fast, reproducible quantum dots synthesis. The disadvantage is the poor
control over size.>®

Sol-gel technique: here, the materials are in a solution and grow at low temperatures to form a
gel. This technique is simple and produces quantum dots of small size.®

Solvothermal method: uses different solvents, and the reaction temperature depends on the
solvent's boiling point. It is similar to the pyrolysis method in that it permits size and shape
distribution control, and the quantum dots obtained have good crystallinity. These features can
change if some parameters of the reaction are varied, such as reaction temperature, reaction

time, solvent type, surfactant type, and precursor type.868

1.5 Characterization of quantum dots

Many techniques are used in the characterization of quantum dots; these techniques offer diverse

information about the size, ligands, structure, surface, and optical properties (Table 1),2447:60.65.88-93

Table 1. Characterization techniques of quantum dots.

Type of Name Property
technique

Fluorescence Optical properties — relation to structural features such as
spectroscopy defects, excited-state lifetime

Optical UV-Visible Optical properties, size
spectroscopy
FT-IR Surface composition, ligand binding
Nuclear Magnetic | The influence of ligands on the surface. Hydrodynamic
Resonance size.
Atomic force | Size and shape in 3D mode, quick examination—elemental
microscopy composition
Transmision Crystal structure of single particles. Distinguish
electron microscopy | monocrystalline,  polycrystalline, and amorphous

Structural nanoparticles. Study defects. Size.
Scanning electron | Surface composition and shape.
microscopy
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Laser Light | Shape. Hydrodynamic size

Scattering

X-ray diffraction Crystal structure, composition, size

XPS Electronic structure, elemental composition, oxidation
states, ligand binding

EDX and EDS Elemental composition (amount)

1.6 Surface modification of quantum dots

Quantum dots, being nanometric, have a high surface/volume ratio; that is, they have hundreds or
thousands of atoms on the surface. As such, surface properties are essential, and modification at the
surface can lend versatility to properties. Equally, they may possess surface traps, which makes them
susceptible to photodegradation and extinction of luminescence. However, this can be corrected by
anchoring ligands to the surface according to the desired application.

These surface ligands affect the selectivity and sensitivity of the quantum dots in interacting with various
analytes, modifying their fluorescence response when this interaction occurs, and the latter, in turn, can
be modified with a capping layer. This control of surface chemistry is essential for their application in

sensors, which can help decrease their toxicity.**’

The use of bifunctional ligands helps to improve the solubility and optical properties of the quantum
dots, usually using ligands with a hydrophilic end that allows interaction in aqueous media and a

hydrophobic part that interacts with the hydrophobic surface of the quantum dot core or shell.®

The ligand exchange reaction is used to modify the ligands on the surface of QDs, which consists of
reacting a solution of quantum dots with a solution of a coordinating ligand under different conditions.
It can use agitation, temperature, radiation for a specific time, thus obtaining quantum dots with new
characteristics and which are more friendly to the environment and organisms. Some of the most
commonly used ligands include amino acids such as cysteine, glutathione, tyrosine, etc., polymers,
biomolecules, silica coatings, and amphiphilic polymers. Some reported research has focused on the

sensing capabilities of quantum dots organic or inorganic capped, e.g., core-shell type QDs %9103

Surface ligands allow control over QD-dispersion stability in polar or nonpolar solvents through steric
and electrostatic mechanisms. The oleophilic ligands with a hydrocarbon tail (Figure 9-10) can provide
QDs with superior spectroscopic characteristics and solubility in nonpolar solvents. These ligands are
commonly organic molecules, e.g., trioctylphosphine/trioctylphosphine oxide (Figure 9-10), long-chain
alkylamines, and alkyl thiols.!®* For applications involving aqueous or biological media, the water

dispersibility of QDs should be considered. Organic molecules with hydrophilic tails, for example,

33



alcohols, thiol-acids, and siloxane-thiol acids (Figure 9), are adopted as ligands to produce quantum

dots that can be used in aqueous media, either in chemical synthesis,>1% or post-chemical exchange.?’

The ligands are assumed to guarantee phase transfer and phase transfer efficiency and change the
structural and optical properties, such as PLQY. In this context, ligands possessing more than one
coordinating unit can provide QDs with extraordinary stability at varying pH mediums and during
prolonged storage time.%®

Figure 9. Quantum dots are functionalized with different ligands according to their application.?

1.6.1 Organic capped quantum dots:

The use of organic ligands allows the achievement of a colloidal suspension. Some of the most
commonly used ligands are phosphines (e.g., tri-n-octylphosphine and tri-n-octylphosphine oxide-
TOPO) and mercaptans (-SH) such as propionic acid; the latter is widely used to achieve better solubility
in aqueous media (Figure 10). However, QDs passivated only with organic ligands are highly toxic,
non-photostable, and have surface traps due to their weak binding to surface atoms,*&8>109-111
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Figure 10. The anatomy of quantum dots. (A) QDs contain a semiconducting core-shell. The surface
can be coated with hydrophilic, hydrophobic, and amphiphilic ligands (common coating molecules are
shown), which can be further linked with proteins, drugs, antibodies, and other compounds. (B) The
emission spectra of QDs can be tuned by adjusting the size. (C) Fluorescence lifetimes of QD in

comparison with other flurophores.**?13

1.6.2 Inorganically capped QDs: Core/shell QDs

An efficient and widely used method for quantum dot passivation is adding peripheral inorganic layers
in a shell. Generally, the component of the shell is a material with a band gap higher than the core. The
shell passivates surface defects and improves the optical properties maintaining the luminescent
properties of the heavy metal core,% stability, photoluminescence efficiency, and solubility, and
decreases the cytotoxicity.® However, the thickness of the shell plays a significant role due to its high

quantity and can cause decreases in the optical properties of the nanoparticles.!41%°

Dabbousi and co-workers reported the effect of the ZnS shell effect on the optical properties of CdSe
quantum dots; the fluorescence quantum yield increased from 0.30 to 0.50 (Figure 11).%* Some reports
showed the shell (e.g., ZnS) protects the core from oxidation and increases the quantum yield.'® Other
examples include CdS on CdSe and CdSe on CdS,*” ZnS grown on CdS,**® ZnS on CdSe and the inverse

structure,'*® ZnSe overcoated CdSe.*?°
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Figure 11. Photoluminescence (PL) spectra for bare CdSe (dashed lines) and CdSe/ZnS core-shell QDs
(solid lines) with the following core sizes: (a) 23, (b) 42, (c) 48, and (d) 55 A in diameter.?*

1.6.2.1 Organic ligands with sulfur group capped CdSe-ZnS QDs

The organic ligands with sulfur groups had been used to improve CdSe-ZnS QDs properties, such as
solubility, optical properties, selectivity, etc. Some representative ligands are DHLA, L-cysteine,
dithiocarbamates, thiols, and mercapto acids, such as mercaptopropionic acid. In a study by La Rosa
and co-workers,*?! developed an efficient ligand exchange to improve the solubility of QDs in water
using the DHLA (Dihydrolipoic acid) capped CdSe-ZnS QDs using methanol/hexane as the solvent and
stirring at room temperature; the ligand exchange was a success due to the QDs change from the hexane
phase to methanol phase confirming the ligand exchange and improve the solubility of QDs, the optical

properties changed also.

Thioalkyl acids such as mercaptoacetic acid (MAA), mercaptosuccinic acid (MSA), and Dihydrolipoic
acid (DHLA) were capped CdSe-ZnS QDs to improve the solubility in water,?? these ligands differ
structurally in the number and acidity of carboxyl groups, as well as the number of thiol groups for
attachment to the QD surface. Due to these differences, MAA, MSA, and DHLA QDs showed different
stabilities against aggregation at low pH. The stability at low pH correlates with the pKa of the ligand,
where MSA is the most acidic and stable. During the aggregation process, the emission maxima of the

QDs shift towards the red due to changes in the local dielectric constant surrounding each QD.

Zheng and his team used some thiol ligands such as glutathione, N-acetylcysteine, thioctic acid,
tiopronin, cysteamine hydrochloride, mercaptosuccinic acid, and 1,4- dithiothreitol capped CdSe-ZnS
QDs to evaluate the antioxidant power of these QDs functionalized,'* these QDs exhibit the optimum

properties of high stability, high QY, and low cytotoxicity after ligand exchange. Duran and co-workers
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used L-cysteine, cysteamine, and 3-mercaptopropionic acid were capped CdSe-ZnS QDs to improve the

solubility in water.1?*

Zhu et al.,'® used 1,4-benzenedimethanethiol, biphenyl-4,4’-dithiol, 1,16-hexadecanedithiol, 1,11-
undecanedithiol and 11-mercapto-1-undecanol capped CdSe-ZnS to improve the optical properties of
QDs, after the thiol functionalization, the CdSe-ZnS QDs exhibited significantly enhanced fluorescence
efficiency (QY) and storage stability.

Samsulida and co-workers 1% prepared CdSe-ZnS QDs with six organic ligands, L-cysteine, L-histidine,
thioglycolic acid (TGA or mercapto-acetic acid, MAA), mercapto-propionic acid, mercapto-succinic
acid, and mercapto-undecanoic acid to apply in the detection of glucose. The results showed that the
CdSe-ZnS-TGA exhibited the highest fluorescence emission compared to others; the CdSe-ZnS-TGA
QDs can be a suitable platform for the fluorescence-based determination of glucose in the current

samples.

In a study developed by Montaseri et al.,*?” used L-cysteine, N-acetyl-L-cysteine, and glutathione-
capped CdSe-ZnS as sensors for acetaminophen. CdSe-ZnS-L-cysteine QDs were selected due to their
enhanced sensitivity as a fluorescence sensor for determining acetaminophen in water. The mechanism
was based on the fluorescence 'turn-on' mode, with the addition of acetaminophen to QDs in aqueous
solution, the original fluorescence intensity was enhanced due to fluorescence resonance energy transfer

from analytes to QDs, the detection and quantification limits of 1.6 and 5.3 nmol L2, respectively.

Mercaptopropionic acid-capped CdSe-ZnS QDs were applied as a fluorescent probe for sensitive
detection of Pb?* in water. The functionalized QDs showed a high quantum yield, good stability, high
solubility in water, and excellent fluorescence properties in a water solution at various pH values. The
cation exchange of Zn with Pb led to the linear quenching of fluorescence with the concentration of Pb?*
with a detection limit of 3.3 uM.!%

Zhang and co-workers investigated the suitability of dithiocarbamate (DTC) species as capping ligands
for colloidal CdSe-ZnS QDs. DTC ligands are generated by reacting carbon disulfide (CSz) with primary
or secondary amines on appropriate precursor molecules. A biphasic exchange procedure efficiently
replaces the existing hydrophobic capping ligands on the QD surface with the newly formed DTCs. The
ligand exchange was monitored by UV-vis absorption spectroscopy. The performance of DTC ligands,
as evaluated by the preservation of luminescence and colloidal stability, varied widely among amino
precursors. The accessibility of the QD surface was evaluated by self-assembly of His-tagged dye-
labeled proteins and peptides using fluorescence resonance energy transfer. DTC-capped QDs were also

exposed to cell cultures to evaluate their stability and potential use for biological applications.*?®

A series of glucose dithiocarbamates derivatives, such as 1-thio-d-glucose (DG-SH), D-glucosamine
dithiocarbamate (DG-DTC), and N-methyl-D-glucamine dithiocarbamate (NMDG-DTC) were capped
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to CdSe-ZnS QDs via ligand exchange. The main objective was the optimization of DTC synthesis in
aqueous media. Due to the facility of DTCs preparation, colloidal stability, and good optical properties
of obtained hydrophilic QDs, DTC derivatives are an alternative to the most commonly used thiolated
ligands. Examination of the biological activity of DTC-modified showed negligible intrinsic
cytotoxicity, high hydrophilicity, and uncharged surface, indicating the potential of so-modified QDs

for cellular imaging and biosensing.!®

An alkyl-dithiocarbamate (2-hydroxyethyl dithiocarbamate, HDTC) was capped to CdSe-ZnS QDs to
apply as a mercury sensor in water. The fluorescent HDTC-QDs were selectively and efficiently
quenched by Hg?* through a surface chelating reaction between HDTC and Hg?* due to the desorption
of ligand from the surface due to the high affinity with Hg?*, and the detection limit was measured to be
1 ppb. The orange fluorescence of the HDTC-QDs gradually changes to red upon the increasing amount
of Hg?* added besides the decreasing fluorescence intensity. Considering this optical phenomenon, a
paper-based sensor for aqueous Hg?* detection has been developed by immobilizing the HDTC-QDs on
cellulose acetate paper. When Hg?* was dropped onto the paper sensor, the fluorescence color changed
from orange to red; this change can be observed depending on the concentration of Hg?*. The limit of

detection of the paper sensor was found as 0.2 ppm.%®

CdSe QDs capped with aromatic thiol ligands, such as a-toluenethiol, thiophenol, and p-
hydroxythiophenol showed a decrease in the photoluminescence (quenching) of QDs. CdSe QDs
functionalized were prepared through ligand exchange. XPS and elemental analysis verified the success
of ligand exchange. XRD and HRTEM-SAED studies indicate the crystalline structure of CdSe-thiols
QDs is not changing but is improved after ligand exchange with thiol molecules. Time-resolved
photoluminescence decay measurements showed that thiophenol and p-hydroxythiophenol produce a
quenching of the emission and have much shorter photoluminescence lifetimes than other QDs. Thus,
both ligands act as effective acceptors for photogenerated holes through aromatic p-electrons (hole

traps).t3t

Frederick and co-workers reported that coordinating phenyldithiocarbamate (PDTC) ligands to CdSe
QDs decrease photoluminescence. Density functional theory (DFT) calculations suggest that this
relaxation occurs through delocalization of the photoexcited hole of the QD into the PDTC ligand shell,
i.e., the PDTC is acting as a hole acceptors decreasing the population of the holes in the valence band

(VB) and thus decreasing the photoluminescence and optical properties.3*3%132.133

The sulfur-containing ligands like thiols and dithiocarbamates can affect the structural and optical
properties of QDs; the literature has shown that the alkyl thiols and alkyl dithiocarbamates improve the
solubility and optical properties.’3! However, the aromatic thiols and aromatic dithiocarbamates can
strongly affect the optical properties due to these ligands acting as hole traps producing a delocalization

of exciton and decreasing the photoluminescence and optical properties in general. 3132132133
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1.7 Applications of quantum dots

The properties of quantum dots (QDs), such as size-dependent absorption and emission properties,
narrow size distribution, and high luminescence efficiency, are desirable for different applications,

including light-emitting diodes (LEDSs), solar cells, nanolasers, and sensors. 26134135

Replacing dyes with QDs is possible due to the various advantages of QDs over many organic dyes in
terms of photostability, high molar extinction coefficients, size-dependent optical properties, and low
cost. QDs are also used in fluorescence labeling to replace molecular dyes for bioimaging, diagnostics,
drug delivery, and therapeutic applications. Multicolor optical coding for biological assays has been
achieved by using different QDs sizes in which multiple colors and intensities are combined to encode

genes, proteins, and intensities to encode genes, proteins and small molecule libraries.*3¢7143

The potential applications of QDs depend highly on the structure and properties of nanoscale interfaces.
Surface ligands possess an anchoring head group (binding site) and end functionalities, which are an
essential component for the synthesis essential component for QDs synthesis, processing, and
applications. The binding behavior and functional tail of the ligands can adjust the dispersibility in
solution and be inherent to the size-dependent emission.!’ Ligands can act as efficient moderators for
exciton relaxation by affecting phonon-assisted intraband relaxation, Auger recombination, or energy
transfer to ligand vibrations in QDs.'*

The competitiveness of radiative recombination of band-edge excitons with electron or electron trap
processes largely determines the fluorescence quantum yield (PL-QY) of QDs. The use of c-donor
ligands (e.g., alkylamines) can improve this property in CdSe QDs by around 50% due to the effective
passivation of hole traps, resulting in weakened non-radiative exciton recombination of excitons.*® In
this way, compounds such as thiolates are fascinating; these compounds are o- and n-donor ligands that
can effectively passivate electron traps. However, they can introduce hole traps and, as a result, can
increase or decrease the PL-QY of QDs.>*%¢ Therefore, surface ligands must be carefully selected to

control the fluorescence emission.

1.7.1 Effect of ions in quantum dots

Quantum dots have been studied as new fluorescent materials in ion sensors; they can be widely used in
chemical analysis. Analyte-generated changes in the optical characteristics of the QDs can accomplish
ion detection using quantum dots.'*” These can be classified into luminescence, which shows changes
in the fluorescence properties and spectra, and absorbance, which involves changes in the absorption

spectra.
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There are few reports on the detection of ions with QDs. Some reports are, for example, Chen and
Rosenzweig showed for the first time the use of luminescent quantum dots in detecting copper and zinc
ions using CdS quantum dots functionalized with different organic ligands in aqueous media.**® Asfura
and Leblanc reported a CdS with a peptide as a sensor for Ag* and Cu?* in aqueous media.**® Jin and
colleagues synthesized functionalized CdSe for the detection of CN~*%° Several research groups have
synthesized different types of functionalized QDs as sensors for Cu?*,'” and Pb?* sensors.'®? These
investigations have concluded that during the interaction of analyte and QDs, the photophysical and
photochemical properties of QDs are altered. Generally, the design principle in optical sensors for ionic
species, either in solution or solid media, is mainly based on the substitution or direct interaction of the

surface ligands. 102834153

Quantum dots have also been used for the detection of many metal ions, such as K*,1%* Ag* 1% Cd?*,156:157

Cu2+,158—164 H92+’36,165—l70 Pb2+,l7l Cr3+,172'173 Fe3+,l74 Sb3+,175 COZ+,176 Ba2+,l77 Ca2+,178 and Ni2+.176

1.7.1.2 Effect of Hg?* on CdSe and CdSe-ZnS Quantum Dots

Different investigations of quantum dots of CdSe (core) and CdSe-ZnS (core-shell) have been developed
due to the importance of this metal ion that has led to severe environmental and public health problems

worldwide.
e CdSe

Chen and co-workers studied the effect of Hg®* ions with water-soluble and highly fluorescent L-
cysteine CdSe QDs. This system has a limit of detection (LOD) of 6.0 x 10°° mol L™ and the effect of
this ion produces a fluorescence quenching of the modified CdSe QDs.”® Shang and co-workers
developed a luminescent CdSe QDs modified with triethanolamine in the surface for the detection of
Hg?* and I-ions, this nanoparticle showed fluorescence quenching with both ions, while this behavior is
not present with individual ions, the LOD was 1.9 x 10" mol L* for Hg?* and 2.8 x 10" mol L for the
I ion. The electron transfer mechanism from QDs to Hg?" ions can explain the fluorescence

quenching.18

A water-soluble CdSe QDs, surface modified with B-cyclodextrin (B-CD-QDs), produce fluorescence
guenching of QDs in different anions and cations. Anions produced a quenching, but the luminescence
could be restored by exposing the QDs to sunlight. Fluorescence quenching was also produced by Ag™,

Hg?** and Co**.*®
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e (CdSe-ZnS

In this core-shell type, QDs have been reported some studies about the effect of Hg?*, such as sulfur
calixarene capped on CdSe/ZnS QDs by fluorescence quenching.'®? Other research was reported using
L-carnitine capped CdSe/ZnS core/shell QDs; this system was luminescent and stable, which showed
fluorescence quenching when the mercury ions interacted with the modified QDs, and the LOD reported
was 1.8 x 107 M.18

Freeman and co-workers developed quantum dots CdSe/ZnS functionalized with a nucleic acid; these
QDs were studied with Hg?* and Ag* ions, this system showed a multiplexed analysis, and the QDs were
modified with thymine-rich nucleic acid for analysis of Hg?* and cytosine-rich nucleic acid for analysis
of Ag*, in both cases the CdSe/ZnS QDs showed a fluorescence quenching.!8

Page and co-workers have developed a ratiometric system using CdSe-ZnS with rhodamine B for Hg?*
ions; the behavior in this interaction can explain in terms of an energy-transfer donor coupled to a

mercury-sensitive "turn-on" dye acceptor.16®

Yuan and co-workers studied the effect of Hg?* with a water-soluble, CdSe-ZnS QDs functionalized
with 2-hydroxyethyldithiocarbamate (HDTC); this system showed a fluorescence quenching by Hg?
through a surface chelating reaction between HDTC and Hg?*, and the LOD was 1 ppb. The orange
fluorescence of the HDTC-QDs gradually changes to red with the increasing amount of Hg?* added
while the fluorescence intensity decreases. Furthermore, these QDs were immobilized in a paper, and
this nanoparticle showed visual changes when interacting with Hg?*. The LOD, in this case, was 0.2

ppm 36

Finally, this thesis showed the design, synthesis, and analysis of CdSe-ZnS core-shell QDs with different
modifications on their surface: 1) variation in the amount of ZnS shell and 2) surface capped with two
aromatic ligands: DTC and Dye and their application as Hg*" ion sensing. These modifications change
the structural and optical properties of QDs, such as size, crystallinity, absorption, emission, and QY.
The Hg?* ion sensing produces two optical mechanisms: quenching and photoluminescence
enhancement. Furthermore, the QDs showed lower LOD than similar nanomaterials and the value
established by WHO and EPA. These characteristics showed a CdSe-ZnS QDs studied as promising

luminescent nanomaterials to apply in Hg?" sensing.
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CHAPTER 2

INFLUENCE OF MERCURY IONS (Hg?*) ON
OPTICAL AND STRUCTURAL PROPERTIES OF
QUANTUM DOTS CdSe-ZnS/OA WITH
DIFFERENT SHELL THICKNESS
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ABSTRACT

Quantum dots (QDs) are zero-dimensional nanocrystal materials with 1-10 nm lengths.! Their
advantages include broad absorption spectra, narrow emission spectra, and high quantum yield.>* The
optical and structural properties can be adjusted by modifying the size and surface of QDs with metal
ions or ligands.*® These properties make their application possible in fluorescence sensing, wherein

QDs such as CdSe, CdTe, and CdS are used.” !

This Chapter shows the influence of S and Zn-treatment in synthesizing three CdSe-ZnS core-shell QDs
on their structural and optical properties, thus QD-0.3 ML (Zn/S, 0.1/9), QD-0.9 ML (Zn/S, 0.6/2), QD-
1.0 ML (Zn/S, 1.1/0.9). All the core-shell QDs were characterized by X-ray diffraction to analyze the
crystallinity, high-resolution electron microscopy (HR TEM) to determine the size and crystallinity, X-
ray photoelectron and FT-IR spectroscopy were used to analyze the coordination of ligands on the

surface of CdSe-ZnS QDs.

The XRD patterns analysis showed three peaks at 25.5, 42.7, and 50.2 degrees, corresponding to the
(111), (220), and (311) lattice planes of cubic zinc blend CdSe. The diffraction peaks of the core shell
show a shift to higher reflection angle positions due to the formation of the ZnS shell. The HRTEM
analysis showed particles non-aggregated with distribution sizes around 2.7 nm, 3.0 nm, and 3.2 nm.
The XPS measurements showed changes in the S2p, Zn2p, and Cd3d, indicating the existence of
different species of these elements on the surface of CdSe-ZnS QDs with different S and Zn-treatment
used during synthesis. The FT-IR results showed the oleic acid capped CdSe-ZnS QDs; however, the
wavenumber difference of carboxylate bands is increasing as [Zn] precursor concentration for core/shell
samples. These Av values indicate that the carboxylate ion coordinates to metal ions of QDs surface as

bidentate.!>!3

The optical properties of QDs with different Zn:S ratios were developed using absorption, emission, and
time-resolved photoluminescence. The S-excess in the CdSe-ZnS QDs (QD-0.3 ML) produces a lower
QY than other QDs studied because the S acts as a hole trap that favors the non-radiative recombination
and decreased photoluminescence. However, the Zn-treatment removes/eliminates the hole traps, and
the photoluminescence is increased, and QY increases, as in QD-0.9 ML (QY: 0.54). This metal ion
produces a passivation effect on the surface of QDs. On the other hand, when the CdSe-ZnS QDs have
a thicker shell, as in QD-1.0 ML, the PL QY decreases due to the increase of Zn-treatment. The high
amount of Zn in the shell produces a high shell thickness and, thus, lattice incoherence is formed,

increases the strain by forming surface defects, and decreases photoluminescence.
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The analysis of three CdSe-ZnS QDs (QD-0.3 ML, QD-0.9 ML, and QD-1.0 ML) as Hg*" ion sensing
was developed in homogeneous phase using a solution of QDs in a mixture CHCls/ethanol (1/1, v/v)
and aqueous solution of Hg?" using absorption, emission, and time-resolved photoluminescence. The
addition of Hg*" produces opposite changes in the photoluminescence of QDs. For example, in QD-0.3
ML, a quenching of fluorescence is produced due to the formation of HgSe particles on the core of QD;
these HgSe particles are produced by a cation exchange reaction between Cd from core and Hg, the Ksp
of HgSe is lower than CdSe, and the reaction is favored.'® The S-excess from (TMS).S used in the
synthesis of QD produces HgS due to the high affinity from S and Hg in concordance with the HSAB
theory.’

On the other hand, adding Hg?" ions in CdSe-ZnS QDs with thicker shells (QD-0.9 ML and QD-1.0
ML) produces the opposite effect, i.e., an enhancement in the photoluminescence is produced. In these
QDs, the Hg*" produces HgS particles on the shell surface, forming a pseudo-shell that passivates the
surface traps and improves the photoluminescence. A cation exchange reaction forms these HgS

particles from Zn-to-Hg because the Ksp of HgS is lower than ZnS, and the reaction is favored.'

In addition, the detection limit (LOD) of Hg*" ions was determined with the plots obtained in a linear
range from 0.5-5.0 uM with correlation coefficients (R?) around 0.999. The LOD for QD-0.3 ML
calculated was 11.2 nM. For QDs with thicker shells (QD-0.9 ML and QD-1.0 ML), the LOD was 8.98
nM and 10.7 nM for QD-0.9 ML and QD-1.0 ML, respectively. These values of LOD are lower than
other QDs reported. ¢

Finally, the analysis with foreign metal ions was developed with an aqueous solution of Zn**, Mn?",
Cd**, Pb*", Co*", Ni*", and Hg?* chloride salts and QDs in a mixture with CHCls/ethanol (1/1, v/v). This
analysis showed a photoluminescence quenching with all the metal ions evaluated in QD-0.3 ML;
however, the most significant quenching observed was obtained with Hg?" ions due to the formation of
HgSe particles on the core because the Ksp of HgSe is lower than other metal ions evaluated. While in
the case of QD-0.9 ML and QD-1.0 ML, they enhance the photoluminescence due to the passivation of

surface traps formed during the synthesis of QDs.
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2.1 Introduction

Quantum dots (QDs) of semiconductors are nanocrystals with particle sizes between 1 and 10 nm
applied in different fields, such as sensors, lasers, photovoltaics, and light-emitting diodes.?! Particularly,
II-VI semiconductors like CdSe are characterized by a broad absorption spectrum and a narrow and
intense emission that could be multicolor since it depends on their size due to the quantum confinement
effect, as described above. These characteristics are very appreciated for metal ion sensing

applications.?>?3

Precisely for QD-based metal ions detection, CdSe QDs have been modified with different ligands to
avoid aggregation, aid stability and improve their selectivity or sensitivity. With this goal, the CdSe QDs
surface has been modified with hydrophilic ligands resulting in the affectation of fluorescence intensity
signal that could be quenched or enhanced as a response to metal ions.®* For instance, quenching of
fluorescence has been reported with L-cysteine-capped CdSe QDs to detect Pb** ions,** mercapto acetic
acid-capped CdSe QDs have been applied in the detection of Ag* ions,” mercaptoethanesulfonate-
capped CdSe QDs to be used in the Cu®" ions determination.?® While enhancement of PL has been
reported with L-cysteine-capped CdSe to detect Zn?* ions.?® Other QD types have also reported the
increment of PL intensity induced by cations. For example, mercaptopropionic acid-capped CdTe QDs
in the presence of Cd*", ¥ mercaptoethanol-capped PbS QDs in the presence of mercapto acetic acid-
capped InP QDs in the presence of Hg?" ions ?¢ and L-cysteine capped CdS QDs in the presence of Ag”

ions. %

Mercury ions, the most potent neurotoxin in human physiology, are selected as analyte in the present
investigation due to the severe environmental and public health problems in counties that use mercury
in gold extraction mining. Many fluorescent-based optical sensors®® have been applied to detect Hg*"

ions in real-time with high sensibility, selectivity, and signal-to-noise ratio.?!

For QDs-based mercury ions, the interaction between analyte and nanocrystals is a process that leads to
many pathways that affect photoluminescence intensity. According to the affinity of metal ions and QDs,
a cation exchange could be produced by replacing cations of starting QDs with cations of analyte
solution, preserving the original anion sublattice.’ This cation exchange reaction forms small particles
on the QD surface, causing non-radiative recombination of excited electrons and holes that finally

quenches fluorescence.*

Conversely, the strategies reported in the literature literature that lead to increased fluorescence for
determining cation ions are less frequent. Surface state passivation of QDs removes the traps that
facilitate non-radiative recombination pathways.*> The understanding of the trap states role is
challenging. In its simplest form, a trap can be described as a stable nonbonding orbital of an

undercoordinated atom. This orbital usually lies deep in the band-gap, where it can act as an electron or

61



hole trap. Metal ions on QDs surface can produce non-coordinative atoms and dimers,** indirectly

affecting the number of dangling bonds and the presence of traps.*’

In this context, the growth of a shell of semiconducting material with a larger band-gap (3.7 > 1.7 eV)!

than CdSe, as ZnS, plays a determinant role since shell passivates the traps and defects of core,**’

3638 and photoluminescence.! 3¥4%4! However, excess of shell (greater than 2.2

improving their stability,
monolayers*?) can cause an opposite effect in the PL of core/shell QDs, because the lattice mismatch
between CdSe and ZnS is 12%, which causes a strain at interface®that creates non-radiative

recombination sites, impairing the properties of PL 3744

Our group has previously studied the Hg?" ions detection by PL measurements using CdSe-ZnS QDs
modified with two ligands of different water affinity, such as L-glutathione and oleic acid. Both QDs
produced PL quenching. Since oleic acid-capped CdSe-ZnS showed good capacity to detect metal ions,
we used these nanomaterials to induce PL quenching and enhancement in the present investigation. For
this, the present investigation used the variation of the molar ratio of shell precursors to obtain three
nanocrystals with different shell thicknesses and to induce the formation of traps that affected PL
properties in different ways. We discussed the response fluorescence of QDs in terms of the shell
thickness, [Zn]/[S] molar relation, surface properties, and PL decay dynamics. Surface properties are
characterized by FT-IR, XPS, TEM, and HR-TEM measurements. Results show that an excess of shell
precursor creates traps sites that passivate surface QDs, and protect the core from exchange cation

reactions avoiding the quenching of PL in the presence of Hg*" ions.
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2.2 Methodology

2.2.1 Synthesis of CdSe-ZnS/OA QDs

CdSe core QDs were prepared via published reports.*¢™*® 34.2 mg (0.25 mmol) of CdO, 0.6 mL (1.9
mmol) of oleic acid (OA), and 10 mL of 1-octadecene (ODE) were mixed into a 250 mL three-neck
flask under N, protection. The mixture was heated at 225 °C under magnetic stirring for 90 min. In these
conditions, CdO was dissolved. In another three-neck flask and under N, atmosphere, Se/TOP was
prepared by mixing 30.5 mg (0.38 mmol) of selenium powder, 5 mL of ODE, and 0.45 mL (0.90 mmol)
of tri-octyl phosphine (TOP) solution; and heated at 80 °C for 3 h. Then, 1.0 mL Se/TOP was quickly
injected into CdO solution at 225 °C for CdSe nucleus growth for 3 mins, and at that moment, the

temperature was adjusted to 100 °C.

After this, three Zn/S/TOP solutions were prepared by mixing 32, 160, and 320 pL (0.032 mmol (QD-
0.3 ML), 0.160 mmol (QD-0.9 ML), and 0.320 mmol (QD-1.0 ML)) of Zn(C,Hs), 1M solution, 64 uL
(0.28 mmol) of (TMS),S and 1 mL (2 mmol) of TOP under N, atmosphere. This solution was added
dropwise to CdSe solution under magnetic stirring, keeping N, atmosphere, and heated to 80 °C for 4 h.
CdSe/ZnS/OA QDs were washed repeatedly with an excess of methanol to remove the excess of
unbound ligands (OA and TOP). After that, the QDs were precipitated when 10 mL of cold chloroform
was added at 30 °C, followed by centrifugation at 4.000 rpm for 5 min. The resulting solid was dissolved
in toluene, precipitated with chloroform and acetonitrile (1:1 volumetric ratio) at 30 °C, and centrifuged

at 4.000 rpm for 10 min. This purification process was repeated 3 times.*?

2.2.2 Characterization of CdSe-ZnS/OA QDs
2.2.2.1 Structural
Panalytical X’Pert3 Pro-Multipurpose Diffractometer with CuKa radiation source (45 kV and 40 mA)

was employed to measure the powder XRD patterns. The diffraction dataset cards from the Joint
Committee of Powders Diffraction Standards (JCPDS) were used to compare the obtained patterns. The
FT-IR spectra were taken in a Thermo Scientific Nicolet iS10 spectrometer. XPS experiments were
performed with the A Centeno-XPS/ISS/UPS surface characterization platform built by SPECS
(Germany), and the employed experimental parameters were previously reported.*” CasaXPS program
(Casa Software Ltd) for data analysis and the SPECS Prodigy library for RSF values were used. The
High-Resolution Transmission Electron Microscopy (HR-TEM) images of the QDs were taken using a
Tecnai F20 Super Twin TMP Microscope. A drop of the sample was deposited on a carbon film grid,;
then, the sample was dried and analyzed in the transmission microscope using 450.000 x magnification.
Image-J software was used to calculate the average diameter and d-spacing [111] of QDs with HR-TEM

micrographs.
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2.2.2 Optical

A Varian UV-Vis-NIR spectrophotometer Cary 5000 was used to obtain the UV-Vis absorption spectra,
and a HORIBA Jobin-Yvon Fluorolog-3 spectrophotometer was used for PL. measurements. The PL QY
(¢) of CdSe/ZnS/OA (dissolved in a mixture chloroform/ethanol 1/1) was calculated using Rhodamine
6 G in ethanol solution as standard (¢ = 0.94), with excitation wavelength (d.) at 500 nm. The

quantification of PL QY and Hg*" - other metal ions sensing assay are explained in detail in Chapter 6.

2.3 Structural properties

2.3.1 XRD analysis

Figure 12 shows the X-ray diffraction patterns of the CdSe core and CdSe-ZnS core-shell QDs. The
diffraction peaks of core-shell samples are centered around 25.5, 42.7, and 50.2 degrees, corresponding
to the (111), (220), and (311) lattice planes of cubic zinc blend CdSe. Compared to the CdSe pattern
(JCPDS file No. JCPDS-77-2100), diffraction peaks of the core-shell show a shift to higher reflection
angle positions due to the formation of the ZnS shell. This behavior is due to the smaller ZnS lattice
(5.42 A) constant compared with CdSe (6.05 A), an indication of epitaxial growth of the shell around
the core.’®! These results are different from other reports where the diffraction peaks were broadened
with a shell thickness larger than 4 ML.%2>* Samples prepared under a more amount of Zn (QD-0.9 ML
and QD-1.0 ML) produced broader and more intense peaks but not severe crystal changes in the lattice

of QDs.
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Figure 12. XRD patterns of CdSe (core) and CdSe-ZnS QDs with different shell thicknesses.
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2.3.2 HR TEM analysis

The particle sizes of core-shell QDs have been determined by HRTEM (Figure 13). HRTEM images
reveal spherical structures with good crystallinity and reasonably narrow size distributions. There is no
evidence of an interface between the core and the shell, which shows epitaxial growth and demonstrates

that the shell growth does not disturb the crystalline form of the core.?’

The average diameters determined from HRTEM images are 2.7 nm, 3.2 nm, and 3.3 nm, respectively
(Table 2), using the different Zn:S ratios (0.1/9, 0.6/2, 1.1/0.9). The corresponding ZnS monoshells
(MLs) are found to be 0.3, 0.9, and 1.0, which are calculated from the core diameter of 2.5 nm (Figure
13a) and also obtained with the empirical equation of Peng et al.>> (Equation 2), and with the literature
value of one ZnS monoshell around CdSe core (0.70 nm).>® As observed from the HRTEM histograms,

there is an increment in size resulting from the growth of the shell (ZnS) over the core (CdSe).

The distribution size (histograms) obtained from HRTEM analysis shows the size in the CdSe core, and
QD-1.0 ML is polydisperse, while QD-0.3 ML and QD-0.9 ML show a monodisperse distribution. These

results correlate with the FWHM values calculated rom fluorescence spectra (Tables 2 and 3).
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Figure 13. HR-TEM micrographs and distribution of size (histograms) of core-shell CdSe-ZnS QDs,
a) CdSe; b) QD-0.30 ML; ¢) QD-0.90 ML; d) QD-1.00 ML.

Using Image] software, crystal phases of QDs are determined with the interplanar distance spacing from
the Fast Fourier Transform (FFT) of selected areas in the HRTEM images (Figure 13 (a-d) and Figure
65, Annexes). The interplanar spacing (d-spacing) has been calculated as 0.307 nm for QD-0.30 ML,
0.305 nm for QD-0.9 ML, and 0.302 nm for QD-1.0 ML, which matches the lattice spacing of (111)
plane of cubic ZnS (0.31 nm for Z.B. ZnS). >’ The measured d-spacing of CdSe core is 0.344 nm, indexed
as CdSe [111] plane,*® in concordance with the cubic zinc blende CdSe (JCPDS No. JCPDS-77-2100).
For CdSe-ZnS core-shell QDs, 2.5 nm CdSe nanocrystals as the core was increased to 3.3 nm after

overcoating 1.0 ML of ZnS shell. These results evidence the growth of the ZnS shell on the CdSe core.*

Table 2. The parameters of CdSe-ZnS QDs obtained with HR-TEM analysis

QDs Zn:S d-spacing Size Shell thickness ~ Monoshell
Ratio (nm) (nm) (nm) Number
Cdse 0 0.344 2.55+0.031 - -
QD-0.30 ML 0.1/9 0.307 2.76 £ 0.022 0.21 0.30
QD-0.90 ML 0.6/2 0.305 3.17£0.028 0.62 0.88
QD-1.00 ML 1.1/0.9 0.302 3.33+£0.069 0.78 111
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2.3.3 FT-IR analysis

FT-IR analysis shows the effect of the Zn:S ratio on the QDs surface. Figure 14 shows the FT-IR spectra
of synthesized CdSe (core) and CdSe-ZnS (core-shell) nanoparticles. FTIR spectra in the region 2000-
1000 cm™! of oleic acid-capped CdSe core and CdSe-ZnS core-shell QDs compared with the oleic acid
spectrum are shown in Figure 14. The bands for pure oleic acid are found at 1460, 1412 cm™ and 1282
cm ' which are associated respectively with CHs, O-H, and C-O groups, and are observed in all QDs
samples. The intense band at 1707 cm™!, characteristic of the C=0 bond of oleic acid, disappeared for
the CdSe and CdSe/ZnS samples. It diminished and shifted to 1732 cm™ for QDs with a high amount of
Zn (QD-0.9 ML and QD-1.0 ML), indicating the coexistence of free oleic acid on the QDs surface. Two
bands around 1534 and 1407 ¢cm™' for CdSe are attributed to carboxylate anion asymmetric and
symmetric stretching (COO"). The asymmetric band is shifted up to 1543 cm™ as [Zn**] concentration
increased from the synthesis process. The separation between carboxylate bands (AV = vaymCOO™ —
VeymCOO) is 127 cm! for core, which rises in the wavenumber range of 130-136 cm™! as [Zn] precursor
concentration increase for core/shell samples. These Av values indicate that the carboxylate ion

coordinates to metal ions of QDs surface as bidentate.'>!3

Furthermore, at 1100 and 1033 ¢m™ two bands correspond to the vC—P**¢° from TOP remaining on the
QD surface. Finally, in CdSe (core) and CdSe-ZnS (core-shell), there is a band at 721 cm! for -(CHz)n-
vibration from oleic acid.®*¢! The FT-IR analysis shows the oleic acid (OA) and TOP capped on the
surface of QDs.
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Figure 14. FT-IR spectra of synthesized CdSe core and CdSe-ZnS core-shell QDs with different shell
thicknesses.
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2.3.4 XPS Analysis

Figure 15 shows the high-resolution XPS spectrum of QDs samples to characterize the composition and
chemical speciation of QDs surface. We compare the Cd3d and Se3d spectra from the core, Zn2p and

S2p spectra of core-shell, and Cls and O1s spectra from the ligand of core and core-shell samples.

The Cls region is shown in Figure 15A. The Cls peak of CdSe was deconvoluted onto two components
associated with 283.04 eV for C-C and C=C bonds and the peak at 288.7 eV for the COO" of oleic acid
(OA).%% The Cls peak corresponded to carboxylic carbon (-COOH), found at 290 eV, did not appear
in the spectra, indicating the absence of free acid on the surface CdSe core QDs. For core-shell samples,
287 eV correspond with the signal of the carboxylate, and two components could be deconvoluted: at

285 eV associated with C-C (or C-H),** and at 284.5 eV attributed to C=C of oleic acid (OA). &

The Ols peak was deconvoluted onto two components attributed to C-O and C=O of the carboxylate
group from oleic acid.®® The Ols region (Figure 15B) of the CdSe core shows a peak at 530 eV, while
the CdSe-ZnS samples show a single peak at 532.0 eV due to the different chemical environment

produced by the ZnS shell; no noticeable changes between core/shell QDs samples are observed.

The Zn2p spin—orbit splitting of core/shell samples is shown in Figure 15C. The Zn2p peak is resolved
into two splitting peaks at 1045.7 eV and 1022.6 eV, corresponding to Zn2p1,» and Zn2ps, respectively.5
The difference in the two peaks was AZn2p = Zn 2pip— Zn 2p3» = 23.02 eV corresponding to the
oxidation state 2+,°” confirming the Zn-S bond from the shell in QD. The Zn2p spectra of the QD-0.9
ML sample is shifted to higher binding energies, and non-symmetry peaks are observed attributed to
different environments of Zn?* species. %%° These changes could occur due to the growth of a thicker
ZnS shell, where Zn** is binding to S*, and the under-passivated Zn?* due to the increase in Zn amount,

which could be related to the amount of Zn?* that affects the PLQY of QD-1.0 ML sample.

The S2p region is shown in Figure 15D. Two signals are shown in CdSe-ZnS QDs at 160.11 eV and
161.93 eV associated with S2ps» and S2pi ., respectively. These signals correspond to the S* of Zn-S
bonds from the shell in QD,” confirming ZnS formation (shell) around the CdSe core. The S2p peak is
shifted to higher binding energies for QDs with thicker ZnS shells.

The Se3d region is shown in Figure 15E. The peak in the CdSe core is observed at 54.1 eV, characteristic
of metal selenides. ”' In CdSe-ZnS samples, the signal was deconvoluted onto a doublet. The peak at
53.1 eV is assigned to Se3dsp, and the peak at 54.1 eV is attributed to Se3ds».”” The Se3d peak for
core/shell samples has a similar profile; no shifts are observed. In addition, the Se3d peak of SeO, at 58-
60 eV was not observed,”! the absence of any SeOy as we have observed indicates that the CdSe core is

partially protected by ZnS shell.”

Figure 15F shows the Cd3d peaks. A characteristic doublet is shown at 405.1 eV and 411.9 eV for

Cd3ds;, and Cd3dsp, respectively, confirming the oxidation state 2+ of cadmium ions. ' The binding
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energy of Cd3dss is in accord with the reported value: 405.6 eV for CdSe bulk,”" and 405 eV for
CdSe/ZnS QD.™ Cd3d spectrum for QD-0.3 ML sample remained unchanged (compared with core), but
is slightly moved to higher binding energies for QD-0.9 ML. For this sample, the doublet is deconvoluted
in several components, indicating different environments of Cd** on the surface, e.g., Cd*" binding to

Se’ and under-passivated Cd*".”
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2.4 Optical properties

2.4.1 Absorption and Fluorescence

Electronic absorption and emission spectra of the CdSe core and CdSe-ZnS core-shell QDs with
different ZnS shell thicknesses are shown in Figure 16 and Table 3. Compared with the core, CdSe-
ZnS samples show the characteristic red-shift of the first exciton absorption peak and the emission
maximum and enhanced PL quantum yield, confirming the growth of the ZnS shell on the core.”®”” QD-
0.9 ML has the higher PL QY (0.54), which decreased to 0.47 when one ZnS ML was formed (QD-1.0
ML).

The photoluminescence quantum yield PLQY was determined using fluorescence emission and
rhodamine 6G as standard. The shell growth around the core (CdSe) improves the QY (Table 3).
However, the lowest PL QY observed in QD-0.3 ML (0.45) is due to the surface traps produced by the
excess S-precursor used in synthesis. It has been shown that treatment of core-shell QDs with S,~, SH,
or HS produces a photoluminescence quenching ’® due to sulfide ions acting as a hole trap that
delocalizes the exciton and the non-radiative recombination increase and the photoluminescence

decrease.

The highest QY observed in the sample with a Zn:S ratio (0.6/2) is enough to passivate the defect states,
surface traps, and non-radiative recombination sites after coating with the ZnS shell.*””® Thus, the free
exciton is effectively confined, and non-radiative recombination decrease.’” However, PL QY decreases
when many monoshells of ZnS grow on the core.®’ This work shows a slight growth of ZnS (1 ML)
reduced PLQY. This decrease in QY is associated with presumably excess or unpassivated Zn surface

sites.”®

In both cases, the absorption and emission spectra broaden with increasing ZnS shell (Table 3 FWHM).
The FWHM can be considered as dispersion criteria related to the nanoparticle size.®! This value in QD-
0.3 ML and QD-0.9 ML is lower than the CdSe core, confirming the monodispersed size. In contrast, in
QD-1.0 ML, this value is higher than other nanoparticles, confirming a polydispersity in size, which is

congruent with the distribution of size observed in the HRTEM analysis.

In addition, with the absorption wavelength of the CdSe core (518 nm), the size of the core was

calculated using the Peng equation:>

D = (1.6122x1072)A* — (2.6575x107%)2A3 + (1.6242x1073)A%? — (0.4277)A + (41.57) Eq.2
= 2.53nm
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Figure 16. Absorption-emission spectra of a) CdSe core, b) absorption spectra of CdSe-ZnS QDs, ¢)
fluorescence spectra of CdSe-ZnS QDs with a different shell thickness, d) CdSe-ZnS QDs with different

shell thickness (1. QD-0.3 ML, 2. QD-0.9 ML y 3. QD-1.0 ML). Aexc: 380 nm. Solvent: chloroform
(CHCI3).

2.4.2 Optical band-gap analysis

The optical band gap of the quantum dots was determined using Tauc's equation:
(ahv) = B(hv — Eg)" Eq. 3

Where « is the absorption coefficient, /v is the photon energy, and Eg is the optical band gap of the QD.

From the above equation, an intercept was drawn to determine the band gap Eg of QDs (Figure 17).

The band gap obtained for the CdSe core was 2.19 eV (Table 3). Comparing this value with the Eg of
the CdSe in bulk phase (1.74 V), %2 shows an increase of around 0.45 eV. This result indicates the

nanophase and quantized nature of the prepared CdSe core due to the quantum confinement effect.'

The optical band-gap of QDs (Table 3) is decreased with the increase of the Zn** ratio due to the ZnS
shell growth of QDs.! The difference in size is due to the increase in shell thickness of QDs by the
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increase in the amount of Zn*".2® These results are associated with the size determined from HRTEM

analysis, a decrease in band-gap is observed with increasing QD size.
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Figure 17. a) Plot of (ahv)* versus hv (eV) for CdSe-ZnS core-shell QDs with different shell thickness,
b) band-gap energy (eV) as a function of the ZnS shell thickness.

The Stokes shift of CdSe-ZnS was 0.040 eV, 0.047 eV, and 0.070 eV for QD-0.30 ML, QD-0.90 ML,
and QD-1.00 ML, respectively (Table 3). These results correlate to the Stokes shifts of the colloidal
QDs type I (core semiconductors like CdSe and CdS with wide band-gap shells, such as ZnS and
CdS).*# The reduced Stokes shift and the increase of quantum yield in QD-0.9 ML used in synthesis
could be associated with a minor formation of defects and density of surface states.*® For the sample
prepared with a high amount of Zn (QD-1.0 ML), the stokes shift value is increasing due to the formation

of defect/traps states on the surface producing new non-radiative centers, decreasing the QY.%’
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Table 3. Optical properties of QDs synthesized.

QD Zn:S ML Maximum Maximum Quantum Band-gap
ratio number wavelength wavelength  FWHM  Stokes  Yield PL- Energy
absorption emission (nm) shift QY (eV)
(nm) (nm) (eV)

CdSe 0 0 518 533 35 0.050 0.17 2.19

core

QD- 0.1/9 0.3 563 576 31 0.040 0.45 211

0.30

ML

QD- 0.6/2 0.9 564 578 34 0.047 0.53 2.08

0.90

ML

QD- 1.1/0.9 1.0 581 606 37 0.070 0.47 2.01

1.00

ML

2.4.3 Photoluminescence decay analysis

Fluorescence lifetime measurements were performed to investigate the exciton recombination dynamics
and the role of the Zn:S ratio. The fluorescence decay of CdSe-ZnS QDs with different shell thicknesses
showed non-exponential kinetics but could be mathematically fit by multiple exponentials (Equation 4),
which was subsequently used to approximate an average lifetime. This indicating multiple emitting

states typically associated with quantum dots,

t t t t
10 = o+ rel ) 4 a,e( T a7 44, Eq.4

The A is amplitude associated with decays, and 7 is the decay constants.®8#° While it is not feasible
attribute each of these apparent components, they will receive contributions from the characteristic
lifetime of exciton relaxation and longer-lived defect luminescence.”’ Average lifetime (zz) is
determined from the A4; and 7; values as,®®® the time-resolved average of fluorescence (zr1) was

calculated with this equation:

4 4
(TFL>:ZAiTi/ZAi Eq.5
i—a i—a

Figure 18 shows the luminescence measurements of CdSe-ZnS samples with different ZnS shell

thicknesses. The QDs core-shell shows a longer fluorescent decay due to the influence of the shell. The
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ZnS shell passivates the non-radiative trap states on the CdSe core, making the core more photostable
and less affected by non-radiative recombination pathways.3*’°°* The photoluminescence lifetime

measurements are summarized in Table 4.

——QD-0.3 ML
—QD-0.9 ML
—QD-1.0 ML

Log Photoluminescence intensity a.u

"0 5 10 15 20 25 30 35 40 45 50
Time delay (ns)

Figure 18. Photoluminescence decay curves of CdSe-ZnS core-shell QDs with different shell thickness.

Aexe: 540 nm. Solvent: chloroform.

Table 4. Lifetime average of CdSe-ZnS core-shell QDs

QDs TrL (NS) Ve
QD-1.00 ML 3.29 1.49
QD-0.90 ML 4.34 1.14
QD-0.30 ML 4.82 1.05

Core-shell systems with up to two shell monoshells have shown decay lifetimes shorter due to the
diminution of non-radiative recombination sites obtained with shell growth.”** The present results show
longer lifetimes, indicating the formation of non-radiative recombination sites associated possibly with
the amount of Zn precursor. The 7z in the sample with S-excess (QD-0.3 ML) is lower than other QDs
samples due to the sulfide being a hole trap and quenched the photoluminescence,’®¢ thus producing
a delocalization of exciton. The amount of Zn?* used in QD-0.3 ML (Zn:S ratio, 0.1/9) would not be

possible to passivate all the S-excess on the surface of the nanocrystals, resulting in relatively poor
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emission. This result indicates that the S-excess used in QD-0.3 acts as a hole-trap producing an

excitonic delocalization and the photoluminescence decrease.

Thus, the Zn:S ratio (0.6/2) of QD-0.9 ML produced a thicker shell that passivates the core surface
defects, enhancing PLQY?* The Zn-treatment used is enough to passivate the hole traps produced by S,
ion from (TMS),S during synthesis. This thicker shell confines the exciton to improve the
photoluminescence, thus increasing the QY. However, the highest Zn:S ratio (1.1/0.9) decreases PLQY
by traps, presumably excess or unpassivated Zn surface sites due to non-radiative trap formation, as
observed in QD-1.0 ML. These trap states could be near the conduction band (CB) acting as electron

traps or near the valence band acting as hole traps (h*).”’

Table 4 and Figure 19 show the 7z, was increased significantly from 3.29 ns in QD-0.30 ML to 2.17x10°
ns in QD-1.0 ML, and 7, increased with the amount of Zn** in the shell; similarly, Li et al.”® showed the
7r Was enormously increased from 243.6 ns to 1111.7 ns in CuzS QDs with Zn-treatment. These results
show that the amount of Zn?* and S* increases the fluorescence intensity and changes the proportion of
short and long lifetimes.”® The effect of the highest amount of Zn?** used (Zn:S, 1.1/0.9) can be associated
with greater exciton confinement from the surrounding environment due to increased ZnS shell
thickness.” These results suggested that excess Zn>" ions on the surface of CdSe-ZnS core-shell QDs

create surface traps with relatively long lifetimes.

The behavior in QD-0.3 ML is congruent with other reports. For example, Gao et al. showed that the
treatment with Se-excess in CdSe QDs produces poor photoluminescence due to the appearance of
trapping the holes and quenching the PL by Se* ions.'® Morgan et al.® showed treatment with tributyl
phosphine (TBP) in CdSe QDs produced a decrease in photoluminescence due to the TBP being a hole
trap and quenched the PL, however, treatment with alkylamines passivate these hole traps and

photoluminescence is regenerated.

While in QDs with greater amounts of Zn** (QD-0.9 ML and QD-1.0 ML) show an opposite behavior,
in both CdSe-ZnS QDs, the lifetime increases, the Zn®" acts as an electron trap and the
photoluminescence increases. This situation is congruent with other reports on QDs; these reports show

1.%% showed that the 7; of Zn-treatment

that impurities are associated with metals. For example, Shi et a
in PbS QDs (2.4 pus) significantly increased with free PbS (1.8 ps), indicating that the Zn-treatment
improved the photoluminescence lifetime of QDs, and thus the PLQY was enhanced. Another study
developed by Amar et al.!”" demonstrated the same effect in CdS QDs with a treatment of Cu, the 7; of
Cu:CdS QDs (292.9 ns) strongly increased with CdS (8.03 ns), indicating that the Cu treatment improved
the PL lifetime of QDs. Similarly, Li et al.”® proved that the addition of Zn treatment in Cu>S QDs

increased the PL lifetimes, the 7; was significantly extended from 45.9 ns in Cu,S to 215.3 ns in Zn:Cu,S

QDs and 7> from 361.8 ns in Cu,S to 1274.8 ns in Zn:Cu,S QDs.
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Figure 19. Correlation of shell thickness and zx; in CdSe core and CdSe-ZnS core-shell QDs.

The mechanism of the Zn*" effect to increase the photoluminescence intensity of CdSe-ZnS QDs can be
explained: when the valence band is excited by UV-light, the electrons of QDs are promoted from the
valence band (ground state) to the conduction band (excited state). After a short stay in the excited state,
the excited electrons return to the ground state to radiatively combine with the holes yielding
fluorescence. In this process, there are two ways: direct transition (from the bottom of the conduction
band to the top of the valence band) and indirect transition (from the surface defect state back to the

ground state). These transition processes correspond to 7; and 7 lifetimes, respectively.'*

Figure 20 shows the schematic passivation effect with the ZnS shell (Eg: 3.5 eV)!03104105.105 around
CdSe (Eg: 2.1 eV), which leads to type-I core-shell structure, with the confinement of excitons in CdSe
QDs.!% Zn-related sites act as non-radiative recombination traps decreasing PL However, when the Zn/S
ratio is the highest (1.1/0.9), new non-radiative centers are formed due to surface defects, and the QY

decreases. This behavior is associated with the excess or unpassivated Zn surface sites.”® 107108
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Figure 20. Photoluminescence effect produced by Zn?" ratio on the shell surface in CdSe-ZnS core-shell

QDs with different shell thicknesses.
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2.4.4 Effect of Hg*" ions on the absorption and fluorescence of CdSe-ZnS QDs with different shell

thickness
2.3.4.1 Absorption and fluorescence analysis

The effect of Hg?" ions on the fluorescence of CdSe-ZnS QD is shown in Figure 21. In the absorption
spectra of CdSe-ZnS QDs with different shell thicknesses, there is an increase in the first excitonic peak,

increasing the molar extinction coefficient as the Hg*" concentration increases (Figure 44 Annexes).>

Adding Hg?" ions produces a quantitative decrease in the fluorescence of QD-0.30 ML (quenching), and
a slight red shift of the emission band is shown in QD-0.30 ML (Figure 21). This effect is attributed to
the high affinity between Hg?" and Se?* from the core and S* from S-excess used during the synthesis
of QD, a process that can be explained due to a Se* to Hg?* cation exchange reaction (Figure 22), this
process can be explained by the solubility constant Ksp HgSe (4.0 x 10%) is much lower than Ksp ZnS
(2.0 x 102%),1 favoring the formation of HgSe onto the QD core and HgS due the sulfide free due to the
S-excess used in synthesis (Zn/S, 0.11/9), which generates new centers of non-radiative recombination,

decreasing the photoluminescence of QDs.'%3

On the other hand, the samples with more Zn?* show an increase in photoluminescence and a slight red-
shift in the maximum emission wavelength with increasing Hg*" concentration (QD-0.9 ML and QD-
1.0 ML). In these two cases, the amount of ZnS shell is enough to remove the defect states on the surface
and effectively confine the exciton (e/h® pair) to protect the CdSe core. The increase in
photoluminescence is due to the formation of small HgS particles on the surface of the ZnS shell, which
according to some reports in the literature, have shown an increase in photoluminescence. ''*!5 This can
be explained due to the Zn?*-to-Hg?" cation exchange to form HgS on the surface of QDs (Figure 23),
forming a pseudo-shell around the core to confine the exciton; this cation exchange reaction is favored
due to the solubility constant Ksp of HgS (4.0 x 107%) is much lower than Ksp of ZnS (2.0 x 1072%).14
This process passivates the surface defects/traps,''> decreasing the non-radiative recombination and

producing an enhancement in the emission of QDs, 3979116117
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Figure 21. Emission spectra and linear plots of photoluminescence response of QD-0.3ML to QD-
1.0ML as a function of Hg** concentration (0.30-3.0 uM for QD-0.3 ML respectively; 0.30-5.0 uM for
QD-0.9 ML and QD-1.0 ML respectively) Aexe: 380 nm. Solvent: chloroform/ethanol (1:1, v/v).
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On the other hand, the fluorescence of QD-0.30 ML decreases progressively upon the addition of Hg?*

concentration (quenching). This behavior can be described by the Stern-Volmer equation:

ITO=1+K5V[Q] Eq.6

Figure 21 shows a Stern-Volmer quenching curve describing 1,/ as a function of Hg?" ion concentration.
The linear range of the calibration curve was 0.3-3.0 x 10* M (0.3-3.0 uM Hg?*") with the correlation
coefficient R%: 0.9976. The limit of detection (LOD) is calculated by the equation LOD = 3c/k, where o
is the residual deviation of the regression line, and & is the slope of the calibration graph.'*® The LOD
was found as 0.011 pM ~ 11.2 nM. For semiconductor QDs, the quenching of fluorescence is attributed
to the increase of non-radiative recombination,’* due to the action of hole trap by the S-excess precursor

used in the synthesis of QD.

Figure 21 shows the fluorescence titration experiments with different concentrations of Hg?* ions in
QD-0.9 ML y QD-1.0 ML samples. With increasing Hg>" ions concentration, the PL of QDs gradually
increased, and a slight red-shift is observed (1 nm). The plots show good linearity between PL and [Hg*']
ions (from 0.30 to 5.0 uM) with the correlation coefficient R?: 0.9982 and R*: 0.9982 for QD-0.9 ML
and QD-1.0 ML respectively; the limit of detection (LOD) were calculated as 0.00898 uM~8.98 nM and
0.0107 uM~10.7 nM for QD-0.90 ML and QD-1.00 ML respectively. The detection limit calculated for
Hg?* with these CdSe-ZnS core-shell QDs is much lower in the three samples synthesized than other
fluorescence probes (Table 5). Furthermore, the LOD calculated for these CdSe-ZnS QDs is lower than
the acceptable LOD of inorganic Hg?" in drinking water established by the World Health Organization
(WHO) and the USA Environmental Protection Agency (EPA) as 30.0 nM,'"” and 10.0 nM,*?°

respectively.

The fluorescence enhancement may be attributed to the previously discussed cation exchange (Zn?*-to-
Hg?") passivating the surface and producing new radiative recombination centers.'* A study by Zhu et
al.''* showed that the Hg?" ions on the surface of InP-MAA (mercapto acetic acid ligand) QDs produce
ultrasmall particles of HgS. This situation is the same in this work; these HgS particles could passivate
the defect states due to the formation of the HgS pseudo-shell, blocking/decreasing the non-radiative

recombination and increasing the photoluminescence (Figure 22).
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Figure 22. Schematic illustration of cation exchange reaction with Hg?* ions on the surface of CdSe-

ZnS QDs. a) QD-0.3 ML and b) QD-0.9 and QD-1.0 ML.
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Table 5. Comparison of LOD calculated for CdSe-ZnS QDs synthesized and other QDs probes for

determining Hg?".

Probes Mechanism LODnNM  Reference
2-mercaptoetanosulfonate Turn-off 95 116
capped CdTe QDs
Calixarene-CdSe/ZnS Turn-off 15 1
L-carnitine-CdSe/ZnS Turn-off 180 18
ZnS:Ce QDs Turn-off 8200 119
Cys-CdSe: Eu Turn-off 2000 120
QD-0.3 ML Turn-off 11.2 This work
InP-MAA QDs Turn-on 500 109
Rhodamine B derivative Turn-on 500 121
capped CdTe: Zn QDs
QD-0.9 ML Turn-on 8.98 This work
QD-1.0 ML Turn-on 10.7 This work

2.4.4.2 Photoluminescence decay analysis of CdSe-ZnS QDs with different shell thicknesses after
interaction with Hg’" ions

Time-resolved fluorescence measurements were used to evaluate the interaction between CdSe-ZnS
QDs with different shell thicknesses and Hg?" ions. Figure 23 shows the fluorescence lifetime curve of

free QDs (black line) and QDs with 5 uM Hg?" ions (red line).

84



S 3
= ——QD-0.3 ML . ——QD-0.9 ML
5 ——QD-0.3 ML+Hg = ——QD-0.9 ML+Hg
5 5
Q (0]
o 8]
™ c
[} [0]
(S o |
(7] (%]
[ o
£ £
E E
= =]
S - g
° °©
L L
3 | g |
=t T T T T T T T T T T - | T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time delay (ns) Time delay (ns)
i ——QD-1.0ML
——QD-1.0 ML+Hg

Log Photoluminescence intensity a.u

0 5 10 15 20 25 30 35 40 45 50

Time delay (ns)

Figure 23. Decay curves of CdSe-ZnS core-shell QDs with different shell thicknesses before and after
adding Hg?" ions (5 puM). Aexe: 540 nm. Solvent: chloroform/ethanol (1:1, v/v).

In free CdSe-ZnS core-shell QDs, the decay curve was satisfactorily fitted by 4-exponential decay
kinetics, which serve to approximate an average luminescence lifetime (Table 6). When a 5 pM Hg?*
solution is added to the QD-0.30 ML solution, the fluorescence lifetime emission decreases while QD-

0.9 and QD-1.0 ML increase (Figure 24 and Table 6).

Table 6. Lifetime average (zr) of CdSe-ZnS QDs with Hg?".

QDs + Hg e (NS) pa
QD-1.0 ML 2.81 1.10

QD-0.9 ML 4.43 1.12
QD-0.3 ML 5.00 1.06

After adding Hg?* onto the QD-0.3 ML solution, the lifetime was decreased, while QD-0.9 ML showed
a relatively constant lifetime (Figure 24). It has been established that a decrease in the fluorescence

lifetime of QDs can be observed when an electron or hole acceptor is adsorbed onto the semiconductor
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surface.!?>!% In this case, the S-excess used in synthesis (Zn/S: 0.11/9) is a hole acceptor and quenched
the photoluminescence.”®%>° The Hg?" ions produce a quenching in the photoluminescence of QD-0.3
ML due to the production of defects/trap states by forming HgSe particles onto the CdSe core, and the
S-excess produces HgS particles in QD-0.3 ML by adding Hg?* ions affecting the optical properties.?”-!2
The behavior in emission lifetime in QD-0.3 ML (furn-off) mechanism is congruent with other similar

systems reported (Table 7).

The preservation of the original lifetime for QD-0.9 ML upon adding Hg?" is attributed to the protection
of the ZnS shell that prevented the potential disruption from the external environments.'?* As a result,
the exciton recombination of the electron-hole pair of QDs was unaffected, and a constant lifetime was
observed. While in the sample with the highest amount of Zn used (QD-1.0 ML), the value in 7z is
increasing due to the passivation of surface traps producing new radiative centers and increasing the
photoluminescence.***’® The behavior in emission lifetime in QD-0.9 ML and QD-1.0 ML (Turn on

mechanism) is congruent with other similar systems reported (Table 7).

In the QD-0.9 ML and QD-1.0 ML samples, the amount of Hg*" can be used as a "shallow electron trap"
to increase the lifetime of photogenerated electrons and holes in QDs.'?* The increasing of Hg?* amount
could partially remove the surface traps, increasing the probability of radiative recombination, and
reducing the amount of non-radiative recombination, resulting in fluorescence enhancement, i.e., the
increasing of [Hg®'] passivate the traps states of CdSe-ZnS QDs; thus an increase in the

photoluminescence was produced.'*

Table 7. Comparison of 77 values of the QDs synthesized and other reported QDs with some metal
transition ions.

QDs Analyte PL Mechanism  z¢ free QDs  zei+M?* Reference
(ns) (ns)
CdTe QDs Fe2t Turn off 28 17 126
MPA-capped green Hg?* Turn off o5 6 123
CdTe-CdS
CuzS QDs Zn?* (Doping) Turn on 244 1112 9
CdS QDs Cu?* (Doping) Turn on 284 3170 121
AgInZnS Cd* Turn on 262 292 128
QD-1.0 ML Hg?* Turn on 3.29 2.81 This work
QD-0.9 ML Hg?* Turnon 4.34 4.43 This work
QD-0.3 ML Hg?* Turn off 4.82 5.00 This work
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Figure 24. 7, values before and after the addition of Hg*" ions.

2.4.5 Effect of metal ions on absorption and fluorescence of CdSe-ZnS QDs

This test shows the effect of some metal transition cations on the optical properties (Absorption and
fluorescence) of CdSe-ZnS quantum dots (QD-0.30 ML, QD-0.90 ML, and QD-1.00 ML) and was
performed using a solution of QDs in chloroform: ethanol (1:1 v/v) and aqueous solutions of metal

chloride salts Co**, Mn?*, Ni**, Zn*", Pb**, Cd** and Hg?" in water with a concentration of 5uM.

The effect of these cations on absorption and fluorescence as a function of the amount of Zn used onto
the shell of QDs (Figure 45-46, annexes). In QD-0.30 ML, a fluorescence quenching and a slight red
shift were produced with all the cations evaluated. The Hg*" cation produced the highest quenching.
This behavior is due to the high affinity between Hg?* with Se*" and S** exposed previously.*® This
phenomenon is due to the cation exchange reaction forming HgSe on the core surface and HgS by the
interaction between Hg>" ions and S-excess used in the synthesis of this QD producing new non-radiative
centers, which is possible due to the ZnS shell being thin (0.3 ML). It is not enough to cover all the core,
leaving it exposed. This selective behavior can be explained based on the Ksp values of HgSe 4.0 x 107
is lower than other ions used, and the high affinity between Hg*" and S*,*® favoring the formation of
HgSe particles due to the easy access to the core by Hg?" ions (Table 8)*>?° and HgS particles was
formed by the disponibility of sulfide ion from S-excess used in synthesis (Zn:S, 0.11/9), the quenching

effect produced in this sample is a product by the formation of both particles.

87



In the samples with more Zn (QD-0.90 ML and QD-1.00 ML), all ions evaluated produce fluorescence
turn-on (Figure 25). However, the turn-on effect with Hg?" is higher than other cations evaluated due
to the affinity of Hg?" to S* favoring the cation exchange with Zn?".2*** In both cases, all the cations
evaluated produce a surface passivation, removing some defects and surface traps, thus increasing

photoluminescence. **

The large surface-to-volume ratio of nano-sized QDs favors the diffusion of foreign metal ions.'*°
Figure 26 shows a model according to the photoluminescence results obtained after adding Hg>" ions.
The evaluated transition metal ions M?* can diffuse through the lattice structure of the surface and
directly affect the CdSe core producing a fluorescence quenching due to the production of new surface
traps that decrease the photoluminescence. At the same time, in the samples with a high amount of Zn,

this property increases due to the passivation effect of these traps increasing the excitonic recombination.

1,4
1,01 QD-0.3 ML ’ QD-0.9 ML
1,24
0,8
1,04
0,6 1 0,8
=3 = 0,6
0,4
0,4
24
% 0,2
0,0- 0,0
Blank Hg Ni Mn Co Cd Pb Zn Blank Hg Ni Mn Co Cd Pb Zn
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1,64 QD-1.0 ML

1,41
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0,4

0.2

0,0

Ni Mn Co
Cations
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Figure 25. Relative photoluminescence response of CdSe-ZnS core-shell QDs with different shell

thicknesses in the presence of Hg?" and other metal transition ions evaluated.
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Table 8. Solubility product constants of metal transition cations evaluated at 25 °C.!#13!

Metal Sulfide Selenide
Hg* 1.6x10° 4.0x10%
Cd* 80x10% 40x10%
Zn* 16x102% 36x10%
Ni2* 32x10® 20x10%
Pb** 80x102% 1.0x10%
Co** 4.0x102% -
Mn?  25x108 -

- -
N Hg

Hg

Hg2+
e

HHH""

,

a)

- -
““ H g2+

\ — |
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Figure 26. Photoluminescence effect on the QDs before and after the addition of cations (M?* or Hg?"),

a) fluorescence quenching (QD-0.3 ML), and b) in the enhancement of photoluminescence (QD-0.90

ML and QD-1.00 ML).
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2.5 CONCLUSIONS

Three systems of type CdSe-ZnS core-shell QDs were synthesized with different shell thicknesses (QD-
0.30 ML, QD-0.90 ML, and QD-1.00 ML). These systems were characterized by optical and structural
analysis (UV-Vis, PL, decay fluorescence, XRD, HRTEM, XPS, FT-IR). The shell thickness produced

changes in different properties, such as size, surface, and optical properties.

The shell thicknesses increases the size in CdSe-ZnS QDs; the wvariation in PL QY and
photoluminescence decay measurements correlate with the surface traps associated with the

concentration of Zn?" and S* precursors on the shell surface.

The Hg*" ions sensing produces two different mechanisms on the optical properties of CdSe-ZnS core-
shell QDs. In QD-0.3 ML produces a quenching of photoluminescence due to the formation of HgSe
particles on the core by a cation exchange reaction and HgS particles for the interaction with S-excess
precursor, while in QD-0.90 ML and QD-1.00 ML, the shell thickness is thicker, the Hg?* ions produce
an enhancement of fluorescence due to the passivation of traps by the formation of HgS particles on the
ZnS shell surface. This mechanism is a typical cation exchange in colloidal nanoparticle systems. This
situation influences the sensitivity and selectivity in Hg?* ion sensing. For example, the QDs studied
showed lower LOD than QDs reported with similar characteristics (CdSe-ZnS). These QDs systems are

innovative and promising for application in detecting Hg?* ions.
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CHAPTER 3

EFFECT OF MERCURY IONS (Hg?") ON
OPTICAL AND STRUCTURAL PROPERTIES OF
CdSe/ZnS QUANTUM DOTS WITH SURFACE
DITHIOCARBAMATE LIGANDS
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ABSTRACT

The versatility in the surface of QDs is an excellent property because different ligands can coordinate to
the surface and modify the structural and optical properties and their application.! The ligands capped
on the surface of QDs can improve the physical properties, such as solubility in aqueous media, and

affect their photoluminescence.!

The capping ligands can introduce favorable or unfavorable energy levels in the QDs and affect the
photoluminescence. For example, the thiolated ligands generally act as hole traps due to the HOMO
levels from the ligand being near the valence band (VB); when the QD is photoexcited, the ligand
trapping the hole photogenerated and a delocalization of exciton is produced favoring the formation of

new nonradiative centers and the photoluminescence is quenched.>™

This Chapter shows the influence of two surface ligands on the structural and optical properties of CdSe-
ZnS QD (QD-0.9 ML): 1) an aromatic dithiocarbamate (DTC) and 2) an aromatic dye ligand (Dye)
capped to the surface of this QD. The QD-0.9 ML was selected because this QD has the highest QY
calculated (Chapter 2). Both ligands were capped to the QD with a ligand exchange process, using a
saturated solution of ligands (DTC and Dye) in methanol and a solution of QD in hexane at 60°C for 1
h (QD/DTC, 1/3). The ligand exchange produced a redshift in the maximum absorption and emission
bands of new QDs: QDTC and QDTCDye.

The effect of two ligands on the structural properties of QDs was analyzed using different techniques,
such as XRD to determine the crystallinity, HRTEM to calculate the size and crystallinity, and XPS and
FT-IR to study the coordination of ligands on the surface of QD. The XRD patterns do not show
significant changes in the diffraction peaks of QD; the crystallinity is maintained after the ligand
exchange process. The HRTEM analysis showed an increase in the size of QDs from 3.2 nm to 3.4 nm
and 3.7 nm for QDTC and QDTCDye, respectively. There are no significant changes in the d-spacing
factor. The crystallinity is conserved, confirming the XRD analysis. The FT-IR analysis showed the
coordination of DTC by the CSS™ group due to the band at 1000 cm™ disappearing and the Dye ligand
being coordinated by both carboxylates in their structure because the band at 1707 cm™ corresponding
to the C=0 bonds of the carboxylic acids is not observed confirming the capping. XPS measurements
showed new peaks in Cls and Ols due to the apparition of new bonds such as C-N and C-OH.
Furthermore, in Zn2p and Cd3d, the peaks were deconvoluted in several components, indicating the
presence of different species of Zn and Cd coordinated with the capped ligands. The structural

characterization showed the coordination of ligands on the surface of QDs.

Consequently, the effect of capped ligands on QDs and their optical properties, such as absorption,

emission, and time-resolved photoluminescence, were studied. The coordination of DTC ligands
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produces a quenching of fluorescence. The HOMO orbital of DTC is overlapped with the orbital from
the valence band (VB), trapping the photogenerated hole, delocalizing the excitonic recombination and
photoluminescence decrease. The DTC ligand is a hole trap affecting the photoluminescence properties
of QD, such as QY. However, the Dye ligand produces a slight improvement in this optical property,
and the photoluminescence increases with the coordination of the Dye ligand, passivating the hole trap

action produced by DTC ligand. The QY improves with the coordination of the Dye ligand.

The Hg?* ion sensing analysis was developed using a solution of QDTC and QDTCDye in ethanol as
solvent and aqueous solutions of Hg?" ions from 0.5-5.0 uM. The absorption and emission changes were
analyzed with UV-Vis, fluorescence, and time-resolved photoluminescence spectroscopies. Adding Hg?*
ions to the QDTC and QDTCDye increases their emission due to the formation of HgS particles on the
ZnS shell of QDs passivating the traps produced by the DTC ligand. These HgS particles are produced
on the ZnS surface due to the cation exchange reaction because the Ksp of HgS is lower than the Ksp of
ZnS, favoring this reaction.’ The behavior of QDTCDye with the addition of different concentrations of
Hg?" ions is ratiometric. The detection limit (LOD) of QDTC and QDTCDye was determined using
fluorescence intensity response as a function of different concentrations of Hg?** ions. The LOD was
calculated as 3.7 nM and 4.4 nm for QDTC and QDTCDye, respectively. These LOD obtained are lower
than other similar QDs systems compared and the values reported by WHO and EPA institutions.

Finally, the analysis with other transition metal ions was developed with the same form explained in
Chapter 2. All the transition metal ions evaluated enhance the photoluminescence in QDTC and
QDTCDye. However, Hg?* produces the highest increase in fluorescence intensity in QDTC.
Photoluminescence enhancement indicates the passivation of traps on the surface of QD. The
enhancement phenomenon, sensitivity (low LOD), and selectivity demonstrated that these materials are

promising to apply in Hg?" ions sensing.
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3.1 Introduction

The QDs have interesting characteristics, such as a high surface/volume ratio, i.e., a high population of
atoms on the surface,® which can bind many molecules.' Consequently, it is possible to modify organic
ligands on the surface, which can be attached to the surface by chemisorption or by simple physical
adsorption on the surface.® The ligands attached to the surface can improve the solubility in aqueous
media and increase or decrease their photoluminescence properties. Thus the ligands can facilitate

application depending on the study objective.

The properties of QDs are related to the quantum confinement effect when the size is smaller than the
Bohr radius.’”” In addition, the confinement energy level of QDs can be finely tuned by ligand exchange.
In some cases the capping ligands can introduce unfavorable HOMO-LUMO levels that affect the
fluorescence emission; '° these delocalized molecular orbitals can reduce excitons quantum confinement

energy level '

The interaction of ligands with the surface of QDs depends on ligand and quantum dot surface structure.
Ligands can bind to the surface of QDs in different geometries.'> This binding geometry can produce
different electronic properties of QDs.!>"!7 There is a bond classification described by Green;!® the
ligands can be classified as L-type, X-type, and Z-type. L-type ligands are two-electron donors (Lewis
bases) and form dative covalent bonds with neutral surface metal sites, such as amines, phosphines, and
thiols. X-type one electron-donor can bind covalently with inorganic ions, for example, anions. Finally,
Z-type ligands are two-electron acceptors (Lewis acids), which is equivalent to MX,, M= metal; these
ligands can bind to neutral surface sites; some examples of Z-type ligands include lead chloride and
cadmium stearate or cations (M"") in general, that terminate the semiconductor lattice and coordinates n

X-type ligand.'® These features are significant and can affect the optoelectronic properties of QDs.

The fluorescence QY is also strongly affected by the nature of the ligands used; for example, QDs
synthesized with TOPO/TOP mixtures had lower QYs (<0.20), while the QDs synthesized with
HDA/TOP/TOPO had a high value in QY (around 0.80).'° The photoluminescence QY can be strongly
quenched or enhanced depending on the ligand type. For example, the alkyl-amines can increase the
photoluminescence,’ while the thiols or dithiocarbamate groups can decrease this optical

2,14,21,22

property.

The ligand exchange process is the most used to obtain QDs with different ligands and a wide variety
of applications; this process consists of substituting native ligands on QDs (OA, TOP) with other ligands.
A condition for ligand exchange to function efficiently, the incoming ligand must have a higher chemical
affinity to the surface of the QDs than the ligand to be exchanged. The partial or complete exchange
usually requires an excess of the incoming ligand ?* to favor the equilibrium adsorption of the incoming

ligand on the surface of the QDs and the desorption of the ligand to be exchanged. The exchange reaction
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occurs rapidly at room temperature or with moderate heating below 100 °C. The ligand exchange
reaction must be followed using different analytical techniques to determine the appropriate conditions,

such as NMR, UV-Vis, photoluminescence, and FT-IR.

A frequent negative consequence of ligand exchange is a substantial reduction in the photoluminescence
of QDs; some reports have shown photoluminescence quenching due to ligand coordination.?* This

25,26

situation is due to the formation of surface trap states, and in the case of some molecules, such as

thiols, it is due to hole trapping of the valence band of QDs by the ligand.?’

This Chapter explains the effect of two ligands on the structural and optical properties, 1) phenyl-
dithiocarbamate ligand (DTC) capped to CdSe-ZnS QDs and 2) phenyl-dithiocarbamate (DTC) and Dye
ligand capped to CdSe-ZnS QDs and the effect of Hg?" ions on these functionalized QDs. In this Chapter,
the synthesis of the ligand exchange used is described, and the structural and optical properties of these
functionalized QD are discussed based on XRD, FT-IR, XPS, HR-TEM, UV-Vis, photoluminescence
spectroscopy (fluorescence and lifetime measurements) analysis before and after the addition of Hg*"
ions (Z-type ligand). These methods reveal that the ligand exchange is affecting the structural (for
example, the size is increasing) and optical properties (QY and photoluminescence are decreasing) due
to the hole traps produced by the DTC ligand. Furthermore, as the Dye ligand, Hg*" and metal ions are
passivating the surface traps (HgS particles formed on the surface) produced by the DTC ligand due to

the improved photoluminescence properties.
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3.2 Methodology
3.2.1 Ligand exchange reaction

The DTC and Dye ligands were synthesized in multi-step syntheses, explained in Chapter 6. A solution
of QDs (5mg) in 2 mL of hexane and mixed with DTC and Dye (15 mg, respectively) in 2 mL MeOH
was stirred at 60 °C for 1 h. The UV-vis and FL spectra were recorded for 4h to determine the ideal time
of the ligand exchange. After this time, the reaction mixture was cooled to room temperature, a
precipitate was formed, and the solution was centrifuged and washed with methanol (three times) to
remove the excess unbound ligands (DTC and Dye). The sample was dried overnight before use in the

following steps.

3.2.2 Characterization
3.2.2.1 Structural

Panalytical X Pert3 Pro-Multipurpose Diffractometer with CuKa radiation source (45 kV and 40 mA)
was employed to measure the powder XRD patterns. The diffraction dataset cards from the Joint
Committee of Powders Diffraction Standards (JCPDS) were used to compare the obtained patterns. The
FT-IR spectra were taken in a Thermo Scientific Nicolet iS10 spectrometer. XPS experiments were
performed with the A Centeno-XPS/ISS/UPS surface characterization platform built by SPECS
(Germany), and the employed experimental parameters were previously reported.?® CasaXPS program
(Casa Software Ltd) for data analysis and the SPECS Prodigy library for RSF values were used. The
High-Resolution Transmission Electron Microscopy (HR-TEM) images of the QDs were taken using a
Tecnai F20 Super Twin TMP Microscope. A drop of the sample was deposited on a carbon film grid;
then, the sample was dried and analyzed in the transmission microscope using 450.000 x magnification.
Image-J software was used to calculate the average diameter and d-spacing [111] of QDs with HR-TEM

micrographs.

3.2.2.2 Optical

A Varian UV-Vis-NIR spectrophotometer Cary 5000 was used to obtain the UV-Vis absorption spectra
and a HORIBA Jobin-Yvon Fluorolog-3 spectrophotometer was used for PL. measurements. The PL QY
(¢) of QDTC and QDTCDye (dissolved in ethanol) was calculated using Rhodamine 6 G in ethanol
solution as standard (¢ = 0.94), with excitation wavelength (4.x) at 500 nm. The quantification of PL QY

and Hg?" - other metal ions sensing assay are explained in detail in Chapter 6.
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3.3 OD ligand exchange with DTC and Dye ligands

Figure 27a-b shows the QDs-Ligands systems studied. The DTC ligands can displace the native
hydrophobic ligands (OA and TOP) from the QD surface during the ligand exchange process.?*° The
synthesis of DTC was synthesized with carbon disulfide (CS,), triethylamine (base), and amine
precursor (aromatic amine previously prepared (Figure 42 Chapter 6) dissolved in tetrahydrofuran
(THF) as solvent at room temperature. *' DTC ligands were formed immediately after the reaction with

CS,, triethylamine, and amine precursor, and the mixture was left for 12 hours to complete the reaction.

The Dye ligand was prepared via a multi-step synthesis (Figure 43 Chapter 6). The reaction progress
of both ligands was monitored via '"H-NMR. DTC shows a characteristic UV absorption peak at 273 nm
and an emission band at 364 nm, while the Dye ligand has two absorption bands at 260 nm and 281 nm
and an emission band at 524 nm, as shown in Figure 27c. These values correspond with the

characteristic of the n-n* electronic transition in the aromatic compounds.>

The ligand exchange was performed using the CdSe-ZnS core-shell QDs with the highest quantum yield
(QD-0.9 ML, QY= 0.54) with two ligands: an aryl dithiocarbamate (QDTC) and an aromatic dye
(QDTCDye) (Figure 27a-b). The ligand exchange reaction was developed using a solution of DTC and
Dye in methanol and QDs in hexane (1:1) as a solvent mixture, heating at 60 °C. The reaction was
followed using UV-Vis and fluorescence each hour for 5 h (Figure 27d-e). After the optimization of
reaction conditions, i.e., 1 hour is enough time to obtain the ligand exchange successfully, the reaction
was cooled at room temperature, and a precipitate was formed. The sample was washed with methanol

three times and centrifuged to remove the excess free DTC and Dye ligands.

The bidentate coordination of dithiocarbamates to metal ions results in a bathochromic shift of the band
corresponding to the m-* transition in the aromatic ring compared to the same band in the corresponding
carbodithioic acid.* In the case of QDTC, in the first hour, we observed a red-shift in absorption spectra
from 564 nm to 570 nm and emission spectra from 578 nm to 590 nm; this red-shift was constant for
5h. In QDTCDye, a red-shift was observed from 564 nm to 572 nm, and a new absorption band
appeared at 434 nm; this band is from the Dye (Aws = 436 nm), and fluorescence emission shows a red-
shift also from 578 nm to 590 nm. Furthermore, a new emission band appeared at 520 nm. The
appearance of a red-shifted absorption band and a new band in absorption and emission spectra is an

indication that the ligands bind to the surface of QD.3+3¢

Furthermore, monitoring the ligand exchange reaction in QDTC shows a red-shift and quenching of the
fluorescence intensity (Figure 27d) of the new nanomaterial formed as a function of reaction time. This
quenching mechanism can be produced through different non-radiative pathways, such as electron/hole
transfer from the QD to the DTC ligand.>*’ In addition, aryl-dithiocarbamate ligand (DTC), containing

an aromatic ring adjacent to the anchor group, can efficiently quench the photoluminescence of QDs.*
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QDTCDye fluorescence of QD is successively quenched, and the Dye fluorescence increased (Figure
27e), indicating a possible energy transfer in the QD-Dye system.*® A ligand exchange between DTC
and Dye could be associated with the partial passivation of hole traps by Dye ligand due to the
carboxylate ion has more affinity to the Zn*" from shell than DTC (HSAB Theory)* and the coordination
is favored, i.e., the Dye ligand is replacement of DTC ligand in some sites to improve the luminescence

of QD, this is a signal of complex formation with the Zn** ions of the surface.?®
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Figure 27. QDs-Ligands systems a) QDTC; b) QDTCDye. Absorption and fluorescence spectra of c)
DTC and Dye ligand ; d) QDTC, and ¢) QDTCDye as a function of time during the ligand exchange
process. Solvent: ethanol. Aew: 436 nm, 270 nm, 380 nm for Dye, DTC, QDTC, and QDTCDye

respectively.
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3.4 Structural properties

To investigate the effect of ligand exchange with DTC and Dye on the surface of QD-0.9 ML, particle
size and crystallinity, XRD patterns, FT-IR, XPS and HR-TEM image analyses were performed.

3.4.1 XRD analysis

Figure 28 shows the XRD profiles of QD-0.9 ML, QDDTC, and QDTCDye. All XRD patterns have
(111), (220), and (311) peaks corresponding with the cubic zinc blende structure of the bulk CdSe
(JCPDS file No. 88-2346). After the ligand exchange process, the relative intensity of each peak did not
change significantly, suggesting that the crystallinity is unaffected by the ligand exchange process.
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Figure 28. XRD patterns of QD-0.9 ML, QDTC, and QDTCDye.
3.4.2 HRTEM analysis

The particle size of QDs was determined with the HRTEM micrographs (Figure 29). The size of QDTC
and QDTCDye were not considerably affected by the capping process, QDTC: 3.44+0.0018 nm and
QDTCDye: approximately 3.6+0.0024 nm. These micrographs show monodisperse and non-aggregated

QDs; the structural lattice is preserved during the ligand exchange reaction.

112



The interplanar distances (d-spacing) were calculated using FFT with ImageJ software (Figure 65,
Annexes). The d-spacing values are 0.311 nm (QDTC) and 0.303 nm (QDTCDye). These values can be
indexed to the [111] lattice plane reflection of the ZnS (zinc blende) cubic (JCPDS 05-0566) phase.*

These results confirm crystallinity is not affected during the ligand exchange process.
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Figure 29. HRTEM measurements, micrographs, and histograms size of a) QDTC and b) QDTCDye.

3.4.3 FT-IR analysis
DTC and Dye ligand-capped CdSe-ZnS QDs were examined by recording their 4000-600 cm™ FTIR
spectra. Since the DTC ligands have two sulfur atoms to bind to the surface of the CdSe-ZnS QDs, the

DTC group can bind in a bidentate or a monodentate coordination mode.

Figure 30 shows the FT-IR spectra of the dithiocarbamate DTC and Dye before and after the ligand
exchange with QD-0.9 ML. Figure 30a shows the DTC and QD. The broad peak at 3404 ¢cm™ was
assigned to the N-H stretching vibration.*® The weak bands at 2920 and 2868 cm™! were the characteristic
peaks of the C-H and -CHo- groups, respectively. The band at 1604 cm™!' may be assigned to the vibration
of C=C of the aromatic ring. The strong band around 1512 cm! corresponds to the stretching of C-N of
NCS,. The band at 1010 cm™! corresponds to the C-S vibration stretching. 4!
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Comparing the FT-IR spectra after ligand exchange (QDTC), it can be seen that new peaks are present,
which correspond to stretching vibrations C=C in aromatic compounds at 1608 cm™', C-N bonds at 1512
cm!; however, the bands at 1010 cm™' assigned to the C-S stretching vibration are absent. These results

indicate the coordination of DTC ligand to the surface of QD. 4>%

Ligand exchange involving QD-0.9 ML, Dye, and DTC to form QDTCDye is shown in Figure 30b.
The free dye spectrum shows the bands at 3363 cm™ corresponding to N-H stretching for a secondary
amine. A broad band at 2929 cm™! corresponds to the -OH stretching in carboxylic acids, a strong band
at 1707 em™! (stretching C=0) of the carboxylic acid, two strong bands at 1645 and 1585 c¢m!
corresponding to the stretching of C=C bonds in aromatic compounds, a band at 1238 cm™ for the C-O
stretching in alkyl-aryl ethers, the band at 1105 cm™ is associated to C-O in alkyl-alkyl ether in the chain,
a band at 1050 cm! for the group C-O stretching in primary alcohol, and finally a strong band at 765

cm’! corresponding to the C-H bond in aromatic compounds.

In the QDTCDye case, the spectra show two bands at 2925 cm™' (asymmetric vCH;) and 2851 cm’™!
(symmetric vCH>) from the alkyl chains in Dye and DTC. The band at 1707 cm™ corresponding to the
C=0 bonds of the carboxylic acids is not observed, confirming the capping. In addition, two bands from
the carboxylate ion are found between 1540 cm™ (asymmetric stretching) and 1460 cm™ (symmetric
stretching), the separation between both bands indicate a bidentate coordination, confirming the capping.
The band at 1240 cm™! indicates C-O stretching vibration in acetates. The band at 1010 cm™! is absent,

confirming the DTC capped on the QD surface, indicating a successful ligand exchange.
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Figure 30. FT-IR spectra of a) QDTC and b) QDTCDye.
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3.4.4 XPS analysis

High-resolution XPS spectra were used to study the surface chemistry of DTC ligand-capped CdSe-ZnS
QDs (Figure 31). The Cls peak (Figure 31A) of QDTC was deconvoluted into three components
associated with the C-N bond from dithiocarbamate ligand (DTC) at 286.58 eV,**5 C-C bond at 284.
eV from alkyl chain in the ligand structure and C=C bond from the aromatic ring at 283.18 eV.4%
However, the Cls spectra of QDTCDye (Figure 31A) also was deconvoluted into three components
associated with C-N at 285.81 eV,*#>° C-C bond at 284.02 eV from alkyl chain in the ligand structure
and C=C bond from the aromatic ring at 282.72 eV.**° The binding energy of these bonds shows a

slight shift to lower binding energies due to the surrounding environment on the surface created by both

ligands (DTC and Dye).

The O1s peak (Figure 31B) of QDTC was deconvoluted onto two components of hydroxyl group -CH,-
OH from DTC at 533.07 eV °' and the signal at 531.19 eV attributed to the C-O bond. The DTC is
capped on the surface of QD. Similarly, the Ols peak in QDTCDye (Figure 31B) was deconvoluted
into two components at 530.44 eV associated with the C=0 bond and 531.74 eV of the carboxylate bond
(C-0) from the dye ligand.”'>* DTC and Dye ligand is capped on the surface of QD.

The Cd3d peaks (Figure 31C) in QDTC and QDTC show a characteristic doublet at 405.50 eV and
412.23 eV for Cd3ds/2 and Cd3ds2, respectively. 32 However, both QD systems show shoulders at low

energies observed for Cd 3ds» and Cd3ds, appearing at 403.9 eV and 410.5 eV, respectively, which is
possible to associate with the beam damage of the QD surface, indicating their lower stability under
such X-ray irradiation.” In addition, the exact interpretation of Cd 3ds» peaks in similar materials is
complicated because the signals of CdS, CdO, and other cadmium species are generally poorly
resolved.” The peak at 399.65 corresponds to the N1s of the C-N bond from the DTC ligand.*’*® This

implies their surface states are different between them.

Figure 31D shows the Se3d asymmetric broad peak that can be fit in two components at 53.92 eV and
52.73 eV for Se3ds;» and Se3ds/2, respectively.’” It Is possible to observe the signal of Se3d due to the

shell being fragile and not covering all the core.

The Zn2ps spin-orbit splitting is shown in Figure 31E. These spectra show two signals at 1024.21 eV

and 1047.23 eV for Zn2p3/2 and Zn2p1/2, respectively.®® These binding energy values are not affected by

the ligand exchange. The difference in the two peaks was AZn2p = Zn 2p12— Zn 2p3/2=23.02 eV

corresponding to the oxidation state 2+,%° confirming the Zn—S bond from the shell in QD. After ligand
exchange, the binding energy reveals a slight shift from 1023.4 to 1021.1 eV and from 1046.2 to 1041.4
eV for Zn2ps, and Zn2pi ., lines, respectively, indicating that the environment of Zn?" at the surface was

changed after surface modification.®
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Finally, the S2p peak (Figure 31F) showed a noisy signal which was deconvoluted into two components
at 161.34 eV (S2p2) associated with the S of the C-S bond from DTC ligand,®' the S2ps/» corresponds
to 152.63 eV due to the lower binding energy of -C=S bond from DTC ligand,***> the S2p do not show
significant energy binding shifts between QDTC and QDTCDye systems.
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Figure 31. XPS spectra of QDTC and QDTCDye QDs, a) Cls ; b) Ols ; ¢) Se3d ; d) Cd3d+Nls ; e)
Zn2p and f) S2p.

3.5 Optical properties

3.5.1 Absorption and fluorescence analysis

The absorption and fluorescence spectra of QDs after ligand exchange (QDTC and QDTCDye) are
shown in Figure 32. A red-shift was observed on the QDTC and QDTC-Dye conjugates concerning
QD-0.9 ML. QDTC-Dye shows a second absorption peak at 434 nm attributed to the Dye ligand.
Fluorescence spectra show a red-shift at 590 nm and 520-590 nm for QDTC and QDTC-Dye,
respectively. The exciton (e/h* pair) delocalizes to the DTC ligand region.’*®®* The delocalized
molecular orbital characteristics of the phenyl group of DTC ligand widen the area where electrons and
holes can move.* Some studies have shown that the HOMO orbital of DTC is near-resonant with that
of the QD. Both orbitals have correct symmetry to exchange electron density (DTC is a n-donor, and
the photoexcited QD is a m-acceptor),>* thus both orbital are overlapped (HOMO orbital from DTC and
valence band (VB) from QD),? this behavior produces an exciton-delocalization and an energetic
stabilization of the first few excited states of the QD is produced,>* and a the bathochromic shift is

shown.
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The full width at half maximum (FWHM) of fluorescence peaks maintained the same in (QD-0.9 ML is

34 nm and 35 nm for QDTC and QDTC-Dye). This property was not affected by the ligand exchange

prOCGSS.
QDTC
o
(&)
=
©
8 |
[e]
[72]
0
<
450 500 550 600 650

Wavelength (nm)

Fluorescence intensity a.u

Absorbance |

I

QDTCDye [

S ———

350

400

450 500 550 600 650 700

Wavelength (nm)

Fluorescence intensity a.u

Figure 32. Absorption (Au. abs red line) and emission (Ana ems blue line) spectra of QDTC and
QDTCDye. Solvent: ethanol. A¢x: 380 nm.

3.5.2 Optical bandgap analysis

QDTC and QDTCDye have a smaller bandgap energy than QD-0.9 ML (QD precursor) (Figure 33 and

Table 7) due to the increase of size during the ligand exchange process (quantum confinement

effect).*®7 This increase is congruent with the size calculated from HRTEM analysis. Furthermore,

this decrease of the band gap of QDs may be due to the stabilization of the excitonic state by the

delocalization of the excitonic hole (h") onto new available interfacial states formed with the

coordination of DTC ligands to Cd**, Pb*" or in this case Zn*" ions on the surface of QDs.>%8
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Figure 33. Tauc plot for QDs-L: QDTC, QDTCDye, and Dye.
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The QY of QDs after the surface ligand exchange process showed a significant decrease, from QD-0.9
ML shows a QY= 0.53 (53%), QDTC and QDTCDye shows QY=0.06 (6 %) and QY= 0.11 (11%),
respectively (Table 9). The low QY is correlated with the excess of DTC used during ligand exchange
(QD/DTC: 1/3), in this case, the DTC ligand is a hole trap, and the excess of DTC ligand produces an
exciton delocalization and favors the nonradiative recombination and the photoluminescence
decreases.>** It has been shown that treatment of core-shell QDs with S,-, SH™, or H>S produces a
photoluminescence quenching,® because these species act as a hole trap as DTC ligand. However, the

Dye ligand acts as an electron donor and improves the photoluminescence.”

In addition, the Stokes shift was 0.047 eV, 0.030 eV, and 0.040 eV for QD-0.9 ML, QDTC, and
QDTCDye, respectively. Some works reported the reduction of the Stokes shift and presented better
surface passivation.’”"”? The improved surface passivation of CdSe-ZnS QDs can be explained using the
HSAB theory.”® As Cd** and Zn** from the CdSe and ZnS are soft acids and the oleic acid is a hard base,
there is a weak bond on the QD surface. After ligand exchange, the hard-soft Zn*" is combined with the

soft base DTC ligand, leading to a stronger interaction and better passivation.

Table 9. Optical properties of QD-0.9 ML, Dye, and QDs after ligand exchange (QDTC, QDTCDye).

QDs Maximum Maximum Stokes Quantum Bandgap
absorption emission FWHM shift (V)  Yield PL- Energy
wavelength  wavelength QY (eV)

(nm) (m) ™
QD-0.9 ML 564 578 34 0.047 0.53 2.08
Dye 436 524 77 0.480 0.31 2.60
QDTC 570 590 35 0.030 0.06 2.01
QDTCDye 434-572 520-590 35 0.040 0.11 1.94

3.5.3 Photoluminescence decay analysis

The interaction between CdSe-ZnS QDs and ligands (DTC and Dye) was monitored by emission decay
using at 560 nm laser pulse as the excitation source. The emission intensity recorded at the emission

maximum (Figure 34) exhibited nonexponential decay kinetics previously explained in Chapter 2.
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Figure 34. Comparison of free QD, QDTC, and QDTCDye photoluminescence decay curves. Agyxc: 560
nm. Solvent: chloroform: ethanol (1:1) for QD-1.00 ML and ethanol for QDTC, and QDTCDye.

The QDTC sample showed the most significant photoluminescence quenching effect due to the excess
ligand used during the ligand exchange reaction (QD/DTC: 1/3). The HOMO orbital of the DTC ligand
is near to the valence band of QD (VB), thus can act as an effective quencher of CdSe-ZnS QDs emission
intercepting the hole produced in the valence band (VB) of QDs after excitation, i.e., interrupting the

radiative recombination as shown in Equation 6 and 7.*
CdSe-ZnS + hv = CdSe-ZnS (h" +¢) (6)
CdSe-ZnS (h* +¢) + DTC - CdSe-ZnS + DTC* (7)

When the photon is absorbed by the CdSe-ZnS QDs, an excited electron-hole pair exciton is formed
(Equation (6)). The photogenerated hole in the QDs will transfer to the DTC ligand (Equation (7)). The
electron will be located in the QDs zone and the hole in the DTC zone (Figure 35). When the hole is
trapped on the DTC ligand, radiative recombination of the exciton is not developed, resulting in a

strongly reduced photoluminescence intensity.*

Similarly, the bi-exponential decay of QDTC and QDTCDye can be explained based on the formation

of trap states.”* "¢ Surface defects give rise to trap states that lie within the bandgap and complicate the
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emission process. The exciton emission from the conduction band (CB) to the valence band (VB)

contributes to the fastest lifetime decay.*

The lifetime average (zrz) in QDTC ligands showed a significant decrease (Table 10) due to the holes
were transferred from CdSe-ZnS QDs to DTC ligand,* while a short increase with Dye ligand was
observed (Table 10). The decay kinetics analysis in the QDTC shows a depopulation in the valence band
(h* capture) as a function of time (Table 10) due to the excess of ligand used during ligand exchange
(QD/DTC: 1/3). However, the Dye ligand improves the photoluminescence decay in QDTC (Table 10).
A ligand exchange reaction could be associated with the enhancement in PL in QDTCDye, the Dye
ligand replace the DTC ligands in some sites due to the high affinity between carboxylate ions from Dye
and Zn?** from ZnS shell (HSAB Theory).” Improved photoluminescence,” indicates the Dye ligand is
partially removed or eliminates the trap states (hole traps) on the surface QDs produced by the DTC
ligand.

To compare the emission and the average lifetimes (zr.), QDTC and QDTCDye were determined with
the equation previously exposed in Chapter 2. The results are summarized in Table 10. The decreased
photoluminescence intensity and emission lifetime indicate the DTC ligand interaction with CdSe-ZnS
QDs resulting in charge transfer quenching.* DTC ligand acts as hole traps near the valence band (VB)
in QD, delocalizing the exciton and producing new nonradiative recombination centers.?*?’” These

results are congruent with the lowest QY observed in Table 9.

Furthermore, some reports have shown that sulfide compounds such as thiol and dithiocarbamate ligands
produce a decrease in photoluminescence. Liu and co-workers,* showed the reduction in the
photoluminescence decay (zrz (ns)) decrease with the functional group in the structure of three aromatic
thiol compounds capped CdSe quantum dots (Table 10). Xu et al.”® used a dithiocarbamate from proline-
capped CdSe-ZnS core-shell QDs; the proline-DTC ligand produced a reduction in the
photoluminescence and emission lifetime (77 (ns)) from 20.56 ns to 5.41 ns (Table 10). The reduction
in the emission lifetime of these reports and this work show that the thiols and DTC ligands capped QDs

results in charge transfer quenching.

Table 10. Lifetime average of QDTC and QDTCDye.

QDs 7FL (NS) x2
QD-0.9 ML 4.34 1.14
QDTCDye 2.25 1.28
QDTC 1.43 1.58
a-toluene thiol 1154
thiophenol 5.84
proline-DTC 5478
p-hydroxythiophenol 3.4%
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Figure 35. Mechanisms of QDs to surface attached ligands, a) QDTC and b) QDTCDye.”

3.5.4 Effect of different Hg?* concentrations on the absorption and emission spectra of QDs

after the ligand exchange process
3.5.4.1 Absorption and emission analysis

To better understand the effects of Hg?" ions on the optical properties, UV-Vis and fluorescence

spectroscopy in the absence and presence of Hg?" were systematically carried out and investigated.

1. Dye
Figure 36 shows the emission spectra of free Dye ligands after the interaction with different
concentrations of Hg** (1.0 - 5.0 uM). The absorption spectra show an increase in the absorption
maximum at 436 nm as a function of the increased concentration of Hg*" ions (Figure 62 Annexes).
The fluorescence spectra (Figure 36) show a quenching in the maximum emission band with a slight
red-shift from 523 nm to 525 nm with an increasing concentration of Hg*" ions. However, this quenching
is very low, approximately ~13 %, with the highest concentration of quencher (5uM Hg?") due to the
low affinity of CO," (carboxylate) from Dye with the Hg?"; the HSAB theory can explain this behavior,
the oxygen is a hard base, and Hg?" is a soft acid, and the coordination between them is not favored.”
However, oxygen can give electrons to complete the d-orbitals unfilled of Hg?*, producing a linkage that
interrupts the electronic communication of the molecule (electronic delocalization of the w-electrons in
the aromatic system), producing a decrease in the fluorescence intensity. Furthermore, the transition

metals can act as quenchers, thus producing fluorescence quenching due to the heavy atom effect.325%

84
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The quenching process can be explained by a Stern-Volmer plot explained previously in Chapter 2, this
plot shows good linearity, and the linear range used is from 1.0-5.0 x 10* M (1.0-5.0 uM Hg?"), with

the correlation coefficient R%: 0.9972, as shown in Figure 36.
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Figure 36. Emission spectra and linear plot of photoluminescence response of Dye as a function of Hg?".

Aexc: 436 nm. Solvent: ethanol.

2. QDTC
Figure 37 shows the emission spectra of the QDTC (120 ppm) exposed to an aqueous solution

containing different concentrations of Hg** ions (0.5-5.0 uM) performed at an excitation wavelength of
380 nm, while emission wavelength was observed in the range 400-700 nm. The absorption band

(Figure 63 Annexes) shows a progressive red shift with increasing concentrations of Hg*".

The emission intensity at 590 nm was turned on gradually in the emission spectra, with a slight red shift
from 590 to 593 nm. This result shows that the increase in Hg>* concentration induces a fluorescence
enhancement. Hg?" ions are passivating the surface, i.e., removal/elimination of trap states, and produce
an enhancement of fluorescence, decreasing the nonradiative recombination. Furthermore, when the
Hg?" ions interact with the QDTC system, the DTC ligand does not desorb from the surface to form a
complex with this cation. As in another study with a lineal DTC capped onto CdSe-ZnS, the ligand

formed a complex with Hg?* producing the inverse process (quenching).®

The exciton-delocalization into the ligand shell is facilitated by the CS; group®® binding to the Zn*" on
the ZnS shell of CdSe-ZnS QDs, which allows for strong spatial coupling of the orbitals of the ligand to
orbitals of the QDs.? This is indicative that the coordination between the surface of QDs and DTC ligand
is strong, and it is not easy to remove the ligand from the surface due to the high affinity between S and

Hg.73
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Therefore, Hg?" ions produce a cation exchange reaction with the Zn?* from the ZnS shell to form HgS
particles and incorporate it onto the lattice because the Ksp HgS is lower than Ksp ZnS; thus, the reaction
is favored.® Similarly, Wang et al.’¢ demonstrated this behavior in detecting Hg*" ions with a nanoprobe
of CdSe-ZnS QDs. In this case, an enhancement of fluorescence is produced, as in this work. In the
same way, Zhu et al.’ showed that the Hg?" ions on the surface of InP-MAA (mercapto acetic acid
ligand) QDs produce ultrasmall particles of HgS, these particles could be passivating/blocking the hole
traps produced by DTC ligand producing new exciton recombination centers increasing the

fluorescence.

This situation has been studied, for example, the treatment of the CdSe QDs with cadmium acetate
increases the fluorescence intensity of the sample by a factor of two, presumably by passivating any
undercoordinated selenium ions on the QD surface and thereby decreasing the number of sites for
nonradiative trapping of the hole.® In a similar case, Spanhel and co-workers showed this effect, in
which they added Cd*" ions in basic medium to CdS QDs, and thus the system's emission increased.®
Chen and Rosenzweig used CdS QDs functionalized with L-cysteine to detect Zn?* ions, showing a
similar result.®® Chen and co-workers used this same QD system to detect Ag” ions; this system is based
on the high affinity of the thiol group of L-cysteine to some cations.’* Both works are based on forming
a complex with the amino acid and, in turn, binding to the surface of the QD, forming an active state

that produces an increase in fluorescence.

Finally, the titration with Hg** shows an enhancement in the photoluminescence and good linearity; the
lineal range used: 0.5-5.0 x 10* M (0.5-5.0 uM Hg*") with the correlation coefficient R 0.9995 as

shown in Figure 37.
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Figure 37. Emission spectra and linear plot of photoluminescence response of QDTC as a function of

Hg?*. Jexe: 380 nm. Solvent: ethanol.
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3. QDTCDye
The fluorescence turn-on and ratiometric detection were confirmed by monitoring the fluorescence

responses of the two emission bands of the dual-emitting probe of Hg?". The effects of Hg*" on the
emission of QDTCDye are shown in Figure 38. The maximum absorption band (Figure 63 Annexes)
increases progressively with increasing concentrations of Hg?*, maintaining the same behavior in the

emission band maximum.

In the fluorescence spectra (Figure 38), the QDTCDye (120 ppm) presents two emission bands, one
band at 520 nm from the Dye and a second band at lower energy (590 nm) from QD. With an increasing
concentration of Hg?*, the emission intensity at 590 nm was turned on gradually due to switching off.*’
The results show that the increase of Hg?" to the probe solution induces a remarkable fluorescence

enhancement at 590 nm. In contrast, the emission intensity at 520 nm almost remains unchanged mainly
(increasing slightly). The emission intensity ratio, I520/1590, gradually increased with the concentration

of Hg?". When Hg?" was added up to 5 uM, about 4.2-fold ratiometric fluorescence enhancement was

observed.

In this case, the behavior is similar to QDTC; there is no evidence of desorption in both ligands bound
to the QD: Dye and DTC. As the ligand is not desorbed from the surface, the Hg*" ions may form bonds
with the S* of the ZnS shell of the QD by cation exchange reaction, thus forming tiny HgS particles,
taking onto account its high affinity with S* (Ksp and Pearson acid-base theory).> Thus, these particles
fall onto the band gap, enhancing radiative recombination and increasing fluorescence as a function of
Hg?* concentration. The ultra-small particles of HgS cannot quench QDs; these particles form a pseudo-
shell to confine the exciton and improve the photoluminescence; the Dye ligand plays a dual role as the
component of a ratiometrically reporting chromophore and replace the DTC ligands in somes sites to

remove hole traps (DTC ligand) and produce new radiative centers in the QD.”%%?

The Dye is improving electronic communication in the QDTCDye system. Dye is a ligand with many
n-electrons due to its aromaticity, which may benefit the optical properties of the overall system. In
conclusion, the Hg** partially removes the trap states (hole traps) produced by the DTC ligand and favors

the production of new radiative recombination centers to increase photoluminescence.

The titration with Hg?" ions (Is2/Ise0) showed a linear relationship with the Hg?* concentration from 0.5-

5.0 x 10* M (0.5-5.0 uM) with the correlation coefficient R%: 0.9992, as shown in Figure 38.
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Figure 38. Emission spectra and linear plot of relative photoluminescence response of QDTCDye as a

function of Hg?". Aexc: 380 nm. Solvent: ethanol.

Finally, the limit of detection (LOD) was calculated with the parameters obtained from linear regression
shown in Figures 36-38. The limit of detection was calculated as 0.00106 pM ~ 1.06 nM, 0.00371 pM
~3.71 nM, and 0.0044 uM ~4.4 nM. The detection limit of this ratiometric fluorescence QDs probe for
Hg?" is comparable with the QDs-based dual-emission nanoprobe (5.6 nM).”® The detection limit

calculated for Hg?*" is much lower than those of other fluorescence probes (Table 11).

Furthermore, the LOD calculated for these ligands capped CdSe-ZnS QDs is lower than the acceptable
LOD of inorganic Hg?" in drinking water established by the World Health Organization (WHO) and the
USA Environmental Protection Agency (EPA) as 30.0 nM,** and 10.0 nM,” respectively. The low LOD

is an excellent feature for applying these promising nanomaterials in mercury ion sensing.

Table 11. Comparison of the main characteristics of the selected fluorescence ratiometric probes for

determining Hg?".

Probes Mechanism LOD (nM)  Reference
MAA capped CdS Turn-off 4.2 %
L-Cysteine-capped CdSe Turn-off 6.0 o

Dye Turn-off 1.06 This work
Mn-doped ZnSe QDs Turn-on 10 %
InP-MAA QDs Turn-on 500 87

QDTC Turn-on 3.71 This work
RhB-CdSe/ZnS QDs Ratiometric 395 92
CdTe/CdS-chitosan Ratiometric 5.6 9
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RhB-CdTe QDs/SiO, Ratiometric 260 9
C-dots/GDTC-CdSe/ZnS QDs  Ratiometric 100 100
QDTCDye Ratiometric 4.4 This work

3.5.4.2 Photoluminescence decay analysis of QDTC and QDTCDye after interaction with
Hg?* ions

The decay kinetics measurements are shown in Figure 39. The compounds treated with Hg?* were
adjusted: Dye was fitted to a monoexponential function, while QDTC and QDTCDye were to a tri-
exponential function. In the case of Dye ligand with Hg?" the 75 value decreased concerning the free
Dye (Table 12). This behavior is due to the low affinity between carboxylate ions and Hg?*, oxygen is

a hard base, and Hg?" is a soft acid. The coordination between them will not be favored.”

On the other hand, the emission lifetime in QDTC and QDTCDye show similar behavior (Figure 39).
The effect of Hg?" ions increases the 77, (Table 12) due to the passivation of the trap states in the QD
surface, which decreases the contribution of nonradiative decay to the overall observed excited state

lifetime.'°!

Table 12. Parameters obtained from fitting of fluorescence decay curves of samples (Dye, QDTC and

QDTCDye before and after Hg?".

QDs+Hg  7¢ free (ns) e+ Hg (ns) P

Dye 9.1 9.0 1.10
QD-0.9 ML 4.34 4.43 1.63
QDTCDye 2.25 3.34 1.76
QDTC 1.43 251 1.27

DTC ligand is a hole acceptor (hole trap) that affects the optical properties due to the exciton
delocalization. However, when the Hg”" ions interact with QDTC and QDTCDye, the decay
measurements showed an increase in the zx; (Table 12) due to the passivation trap states in the QDs. Jin
and co-workers showed a similar result in treating CdSe QDs in dichloromethane with phenyl
dithiocarbamate (DTC), reducing the photoluminescence quantum yield by 95%. Still, subsequently, the

treatment with Cd** not only restored the initial quantum yield but enhanced it.'"’

This behavior is congruent with other reports (Table 13). For example, Xu et al.”® probed a treatment
with Zn*" ions on the emission lifetime of dithiocarbamate from proline and di-2-picolylamine (DPA)
capped CdSe-ZnS core-shell QDs. This treatment with Zn?" ions increases the emission lifetime (zr

(ns)) from 5 ns to 14 ns. In addition, Gui et al.'”> demonstrated the effect of Cd** ions on the emission
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lifetime of thioglycolic acid (TGA) capped-CdTe QDs, Cd*" ions produce an increase in the emission

lifetime (zrz (ns)) from 28 ns to 36 ns.

The increased average emission lifetime 77, and slight spectra redshift was ascribed to forming HgS
particles on the ZnS shell of QDs by an exchange cation reaction Hg-to-Zn,” thus a pseudo-shell of HgS
particles was created to confine the exciton. This pseudo-shell of HgS particles suppressed the
nonradiative recombination pathway, significantly enhancing photoluminescence.”® The formation of
these particles probably modulates the hole-accepting ability of DTC. As a result, the exciton
recombination of QDs is restored, the photoluminescence is recovered, and an increased emission

lifetime is observed.!?
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Figure 39. Time-resolved PL curves of Dye, QDTC, and QDTCDye. Jex: 560 nm. Solvent: ethanol.

Table 13. Comparison of 77 values of the selected QDs with metal transition ions.

QDs Analyte g (ns) 7FL+M?%*(ns) Reference
MPA-capped red CdTe-CdS  Hg?* 29 30 103
DPA-P-DTC-QDs Zn?t 5 14 8
CdTe-TGA QDs Cd? 28 36 102
QD-0.9 ML Hg?* 4.34 4.43 This work
QDTCDye Hg?* 2.25 3.34 This work
QDTC Hg?* 1.43 2.51 This work
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3.5.5 Effect of metal ions on the absorption and emission of the QDs after ligand exchange

The effect of cations on the absorption and fluorescence of Dye, QDTC, and QDTCDye was developed
using a concentration of 120 ppm with the chloride salts of transition metal ions: Zn**, Mn?*, Pb**, Cd*",
Co?*, Hg?*, Ni**, at the concentration of 5 uM. Figure 40 presents the results of the interaction of Dye
and cations. The absorption spectra showed an increase in the absorption band with the addition of metal
ions (Figure 64, annexes). In emission spectra, all the cations evaluated produce a quenching of the
fluorescence. Hg?* shows the highest quenching of fluorescence. This behavior is due to the low affinity

between carboxylates from Dye with the cations.”

In the case of QDTC, the results are summarized in Figure 40. The absorption spectra show a substantial
increase in the absorption band with Cd** and a strong decrease with Hg*" (Figure 64, annexes). In the
fluorescence spectra, Hg*" shows a significant enhancement of fluorescence intensity with a slight red
shift (from 590 to 592 nm). This effect can be due to the high affinity between Hg?* to the S*from shell
(ZnS) of QD,**™ This effect can include cation exchange reaction from Zn** in the surface and Hg** to
form HgS, passivating the hole traps produced by the DTC ligand to the QD, and thus increase the
radiative recombination to improves the fluorescence intensity. In addition, the substantial red-shift,
presented by cations-type soft acids like Hg*" and intermediate acids like Zn?*, Cd**, and Pb*", can act
as weak or hard acids.” In this case, the Hg?" shows the highest enhancement in fluorescence intensity,
confirming the high affinity to QDTC due to the S* present in the DTC ligand and ZnS shell on the
surface of QDs. On the other hand, a slight red-shift at 591 nm is shown with Co?" and Mn?" ions, while

a similar red-shift is produced at 592 nm with Zn**, Pb**, Cd**, and Ni*" ions.

Finally, in QDTCDye, the results are shown in Figure 40. In the absorption spectra, Hg*" is the only ion
that shows a substantial increase in the absorption band (Figure 64, annexes). A similar effect is shown
in the emission spectra (Figure 40). The Hg”" ions show an increase in the fluorescence of the two
emission bands. This behavior generated the lowest value in o/l (Figure 40). However, all cations
enhance the fluorescence intensity of the emission band at 590 nm, and the emission band at 521 nm
does not show a significant change. All the cations may produce a cation exchange reaction with the

Zn** present in the surface of QDs, i.e., a similar behavior of Hg** ions.®
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Figure 40. Relative photoluminescence response of Dye, QDTC, and QDTCDye in the presence of Hg?*

and other metal transition ions evaluated.

The DTC ligands act as hole traps on the surface of the QDs, producing a delocalization of exciton (e

/h" pair) and decreasing the optical properties and photoluminescence. However, the fluorescence
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enhancement and redshift of the fluorescence emission band of QDTC and QDTCDye observed after
the addition of Hg?" and metal ions can be explained due to the passivation of these hole traps produced
by DTC ligands capped on the surface of QDs; the Hg*" ions are binding with the S* from the shell
of CdSe-ZnS QDs taking onto an account that the formation of HgS is more favored (Ksppgs:4.0 X 10
53) than ZnS (Kspzs: 2.0 x 10%2).!% The small particles of HgS formed on the surface are effectively

blocking the nonradiative recombination at traps sites on the surface of the functionalized QDs

) 86,87,104,106,107

improving the photoluminescence emission (Figure 41

Figure 41. Photoluminescence effect on the shell surface before and after adding cations (M?*, Hg*"),
a) QDTC, and b) QDTCDye.
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3.6 CONCLUSIONS

The coordination of DTC and Dye ligands on the QD surface did not significantly affect the crystal
structure. The size of QDs calculated by HR-TEM showed a slight increase due to the exchange ligand

process.

The optical properties of CdSe-ZnS QDs, such as QY, are strongly affected by the coordination of
dithiocarbamate ligand (DTC) due to this ligand acting as hole traps. These trap states producing
delocalization of exciton favor the nonradiative recombination, and the emission is quenched. The Dye
ligand replace some DTC ligands and reduce the hole traps to produce a partial regeneration of exciton

recombination and fluorescence increase.

In the analysis of Hg** ions sensing, an improvement in the photoluminescence is produced due to
partially removing the trap states formed by the DTC ligand by the formation of ultrasmall particles of
HgS on the surface as a pseudo-shell. QDTC shows a higher affinity to Hg?* ions than other cations
evaluated; both cases (QDTC and QDTCDye) show higher LOD than QD-0.9 ML and other QDs
reported. This behavior can be attributed to the partial passivation of hole traps formed by the effect of
Hg?* ions. Furthermore, it is possible that the population of both ligands (DTC and Dye) on the
QDTCDye is higher than QDTC, and free sites on ZnS are not available to form HgS particles, affecting
the selectivity to Hg?" ions in QDTCDye.
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The main objective of this thesis was to study the effect of mercury ions on the optical properties
of CdSe-ZnS QDs with aromatic dithiocarbamate ligands. In this goal, the surface of CdSe-ZnS
was modified with two ligands: an aryl dithiocarbamate and a dye ligand; the structural and

optical properties were studied before and after adding mercury ions in different concentrations.

The results of structural analysis (size and shell thickness) and optical properties such as QY
and photoluminescence decay kinetics analysis showed that the increase of [S] and [Zn*']
precursor on the surface of CdSe-ZnS QDs produces surface traps, these traps are correlated

with the concentration of precursors used during the synthesis of CdSe-ZnS QDs.

The coordination of ligands showed different behavior; the DTC ligand produces a quenching
of PL while the Dye ligand produces a slight improvement of PL. The concentration of DTC
ligands produces hole traps on the surface, decreasing the PL. However, the Dye ligand partially

passivates these traps, improving the PL.

The analysis with different concentrations of mercury (Hg?") showed different mechanisms in
the CdSe-ZnS core-shell and QD-Ligands (DTC and Dye); in QD-0.3 ML, a fluorescence
quenching was produced due to the S-excess used, while an enhancement of fluorescence was
observed in QD-0.9 ML, QD-1.0 ML, QDTC, and QDTCDye due the formation of HgS
particles (pseudo shell) on the ZnS shell by cation exchange reaction decreasing the non-

radiative recombination and improved the photoluminescence.

The CdSe-ZnS core-shell QDs showed a high LOD but poor selectivity in the Hg?* and other
cations analyzed. However, QDTC shows higher selectivity to Hg?* ions than other cations
evaluated and low LOD compared to similar nanomaterials. These results showed nanomaterials

are innovative and promising in Hg?* ion sensing.
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The analysis with Hg?" ions produce a quenching (QD-0.3 ML) and fluorescence enhancement in the
rest of QDs. The low limit of detection (LOD) calculated for these nanomaterials is promising to use in

environment analysis in the future.

The analysis and interaction between QDs and Hg?* ions produce HgSe and HgS particles, these particles
are semiconductors; the QDs not only detect Hg?" ions, these nanomaterials can remove the Hg?" from
water and forming these particles on the surface of QDs. This phenomenon are very intereseting and

promising due to can be used as a type of environment remediation with more studies in the future.

The low limit of detection (LOD) and selectivity shown in some QDs studied, such as QDTC, is enough

to use in countries with high concentrations of mercury (Hg?") in their location affected.
The toxicology studies are necessary to use the QDs as mercury (Hg?") fluorescent sensors in the water.

The use of sulfur ligands, such as thiols and dithiocarbamates capped onto the surface of QDs produce
different optical phenomenons in the QDs, and influence the selectivity and sensitivity in the interaction

with Hg?" ions, this is very promising to use as a sensor for mercury ions (Hg?").
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6.1 Solvents

Commercially available products purchased from Sigma Aldrich, Alfa Aesar, and Fluka were used as
received unless otherwise stated. Solvents of technical grade. Some reactions, like quantum dots and
ligands, were performed under a nitrogen atmosphere using standard techniques. Dimethylsulfoxide
ExtraDry 99.8% (DMSO) and toluene ExtraDry 99.9% were purchased from Acros Organics and stored
over molecular sieves. Absolute ethanol (99.8%) and anhydrous methanol (99.8%) were purchased from
Sigma Aldrich. Deuterated solvents for NMR analysis were bought from Sigma-Aldrich and Euriso-top.
Deionized water was purified over an ion exchange column and a membrane filter of 0.45 pm (Micron
Separation, Inc.). Solvents for spectroscopy without the addition of stabilizing agents or other absorbing

material were employed as received.
6.2 Thin layer chromatography, silica, and alumina columns

Thin layer chromatography was performed on silica gel 60 F254 and alumina sheets on aluminum
produced by Merck. Spots on the TLC plate were observed under UV light (254 nm / 365 nm), while an
appropriate staining agent was employed for non-absorbing compounds. Column chromatography for
separating organic compounds was performed using silica gel from Merck with a particle size of 40 —
63 um (230 — 400 mesh). Organic crude compounds for separation were dissolved in a minimum amount

of silica and solvent, concentrated and deposited on top of the column, and subsequently eluted.
6.3 Nuclear magnetic resonance spectroscopy (NMR)

'H and C-NMR spectra were recorded at 300 MHz at 295 K on a Bruker Avance 300 ('H: 300 MHz,
13C: 75 MHz) spectrometer. Chemical shifts are reported in ppm (8) and are referenced to the NMR
solvent residual peaks (CDCls, (CD3).SO, D>O) residual peak. Abbreviations are s = singlet, d = doublet,
t = triplet, q = quartet, qu — quintet, dd = doublet of doublets, dt = doublet of triplets, and m = multiplet.
The coupling constants (J) are reported in Hertz (Hz).

6.4 Mass spectrometry

Mass spectrometry was performed by the “Centre d’Etude Structurale et d’Analyse des Molecules
Organique” (CESAMO) at the University of Bordeaux, on a QStar Elite mass spectrometer (Applied
Biosystems). HR-MS were performed on an instrument equipped with an ESI source, and spectra were
recorded in positive mode. The electrospray needle was maintained at 5000 V and operated at room
temperature. Samples were injected through a 20 uL sample loop into a 4500 puL/min methanol flow
from the LC pump. ESI-MS experiments were performed on an ion trap spectrometer equipped with an

electrospray ion source (ESI), and spectra were recorded in positive mode.
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6.5 Electronic absorption (UV-Vis) and fluorescence Spectroscopy

Electronic absorption spectra were measured on a Varian UV-Vis-NIR spectrophotometer Cary 5000.
The wavelengths observed ranged from 250 — 700 nm. Sample solutions were measured in matched
quartz cells with a path length of 10 mm. Before each measurement, a pure solvent baseline was recorded
and subtracted from the measured spectra. Fluorescence emission spectra were measured on a HORIBA
Jobin-Yvon Fluorolog-3 equipped with a xenon lamp (450 W), with Hamamatsu and R928P
photomultiplier (PMT) detection. Quartz cells of 10 mm length were employed to study optically dilute
samples with fluorescence emission measured at a right angle concerning the excitation beam. Time-
correlated single photon counting was performed with a monochromatic pulsed light source (nanoLED

370 nm and 456 nm; 1.2 ns FWHM) on a Fluorolog-3 spectrofluorometer.
6.6 Fluorescence quantum yield

Fluorescence quantum yields were determined by comparison with an optically dilute fluorescence
standard of known quantum yield according to the Parker methodl in quartz cells. The fluorescence
quantum yield of the sample solution (®) was then calculated using Equation 8 where ®r is the
fluorescence quantum yield of the reference, [ am the integral of the fluorescence emission of the sample
solution, Ir is the integral of the fluorescence emission of the reference, A is the absorption at the
excitation wavelength, and 1 is the refractive index of the solvent used. An optically dilute solution of
rhodamine 6G in ethanol (® = 0.95) for QDs and coumarin 153 in ethanol (® = 0.38) for the Dye were
used as the standard at Ax = 500 nm and 425 nm, respectively, slit : 3 (excitation) and 2 (emission),
integration time: 0.3 s.!2

Equation 8 QY = QY (11_;) X (A_R) . (3)2

As MR

6.8 Optical change induced by Hg**

6.8.1 UV-Vis and Fluorescence Analysis

The Effect of Hg** ions on the fluorescence of CdSe/ZnS QDs functionalized by oleic acid,
dithiocarbamate (DTC), and Dye was studied at different concentrations of Hg*" ions, as described
below. 100 pL of Hg?" ions aqueous solution (0.15 uM - 5.0 uM) was added to 3000 pL of an ethanolic
solution containing CdSe/ZnS, CdSe/ZnS/DTC and CdSe/ZnS/DTC-Dye QDs (240, 120 and 120 ppm,
respectively). The mixtures containing Hg?" and QDs systems were stirred at room temperature, and
then electronic absorption spectra were recorded in a range between 250-700 nm, and PL spectra were

measured using a A= 380 nm, slit : 3 (excitation) and 2 (emission), integration time: 0.3 s.
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6.8.2 Effect with other cations

The changes in electronic absorption and fluorescence intensity originated from several metal ions
(Mn?*, Co*, Pb?*, Ni**, Ba*", Cd*', and Zn") and were determined with experimental conditions similar
to the detection of Hg?". In a typical experiment, 100 pL of an aqueous solution of metal salt (5.0 uM)
was added to 3000 pL of an ethanolic solution of CdSe/ZnSe/DTC and CdSe/ZnSe/DTC-Dye (120 and
120 ppm, respectively). In the case of CdSe/ZnS/OA QDs, 100 pL of metal salt in aqueous solution (5.0
uM) were dispersed into 3000 pL of CdSe/ZnS/OA dissolved in a mixture CHCI;/EtOH 1:1 (240 ppm).
The mixtures containing cations and QDs systems were stirred at room temperature, and then electronic
absorption spectra were recorded in a range between 250-700 nm, and PL spectra were measured using

a Aexe = 390 nm, slit : 3 (excitation) and 2 (emission), integration time: 0.3 s.
6.9 FT-IR spectroscopy

Infrared spectra of functionalized ligands and quantum dots were recorded with a Thermo Nicolet Nexus

670 FTIR spectrometer at a resolution of 4 cm™! using a KBr pellet, adding 50 scans.

6. 9 X-ray diffraction (XRD) analysis

Panalytical X Pert3 Pro-Multipurpose Diffractometer with CuKa radiation source (45 kV and 40 mA)
was employed to measure the powder XRD patterns. The diffraction dataset cards from the Joint

Committee of Powders Diffraction Standards (JCPDS) were used to compare the obtained patterns.
6.10 High-Resolution Transmission Emission Microscopy (HR-TEM)

The High-Resolution Transmission Electron Microscopy (HR-TEM) images of the QDs were taken
using a Tecnai F20 Super Twin TMP Microscope, Field emission source, resolution of 0.1 nm at 200
Kv, maximum magnification at TEM 1.0 MX, GATAN US 1000XP-P camera. EDX Oxford Instruments
XMAX detector. STEM Analysis - FISCHIONE Instruments Model M3000 FP5360/22 HAADF
Detector 120/200 kV. The samples were dispersed in chloroform using an ultrasonic bath. After, a drop
was deposited on a carbon film grid; then, the sample was dried and analyzed in the transmission
microscope using 450.000 x magnification. Image-J software was used to calculate the average diameter

and d-spacing [111] of QDs with HR-TEM micrographs.

The shell thickness parameter is the value obtained of the difference between the size of QDs core-shell

(CdSe-ZnS) and size core (CdSe) from HRTEM analysis.
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Shell thickness = Size CdSe/ZnS QDs — Size CdSe core QDs
(Equation 8)

The monolayer number (ML) was calculated as the ratio value between the experimental shell thickness

parameter and ZnS zinc-blende theoric monolayer size (0. 70 nm).?

shell thickness experimental
0.70 nm

Monolayer number (ML) = (Equation 9)

6.11 X-ray Photoelectron Spectroscopy (XPS)

The XPS experiments were recorded using the XPS / ISS / UPS- ACenteno surface characterization
platform built by SPECS (Germany). The platform is equipped with a PHOIBOS 150 2D-DLD energy
analyzer. A monochromatized Al Ko X-ray source (FOCUS 500) operated at 100 W was used for the
measurements. The pass energy of the hemispherical analyzer was set at 100 eV for general spectra and
20 eV for high-resolution spectra. The samples were mounted on copper conductive tape in stainless
steel metal sample holders for analysis and provided by the manufacturer SPECS. These sample holders
are electrically connected to the spectrometer. CasaXPS program (Casa Software Ltd) for data analysis

and the SPECS Prodigy library for RSF values were used.
6.12 Time-resolved luminescence

TRPL measurements were carried out using a Horiba Fluorolog Time-Correlated Single Photon Counter
(TCSPC) system, using a 635 nm laser diode as the pump emitting pulses with 60 ps width and peak
powers of 300 mW. Emission was measured with a Hamamatsu infrared detector. Measurements were

performed at room temperature.

6.13 Synthesis

6.13.1 Quantum dots CdSe/ZnS/OA

CdSe core QDs were prepared via published reports.* 34.2 mg (0.25 mmol) of CdO, 0.6 mL (1.9 mmol)
of oleic acid (OA), and 10 mL of 1-octadecene (ODE) were mixed into a 250 mL three-neck flask under
N protection. The mixture was heated at 225 °C under magnetic stirring for 90 min. In these conditions,
CdO was dissolved. In another three-neck flask and under N> atmosphere, Se/TOP was prepared by
mixing 30.5 mg (0.38 mmol) of selenium powder, 5 mL of ODE, and 0.45 mL (0.90 mmol) of tri-n-
octyl phosphine (TOP) solution; and heated at 80 °C for 3 h. Then, 1.0 mL Se/TOP was quickly injected
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into CdO solution at 225 °C for CdSe nucleus growth for 3 mins, and at that moment, the temperature

was adjusted to 100 °C.

After this, three Zn/S/TOP solutions were prepared by mixing 32, 160, and 320 pL (0.188, 0.940, and
1.88 mmol) of Zn(C>Hs), solution, 64 pL (0.28 mmol) of (TMS),S and 1 mL (2 mmol) of TOP under N,
atmosphere. This solution was added dropwise to CdSe solution under magnetic stirring, keeping N
atmosphere, and heated to 80 °C for 4 h. CdSe/ZnS/OA QDs were washed with an excess of methanol
many times to remove the excess of unbound ligands (OA and TOP). After that, the QDs were
precipitated when 10 mL of cold chloroform was added at 30 °C, followed by centrifugation at 4,000
rpm for 5 min. The resulting solid was dissolved in toluene, precipitated with chloroform and acetonitrile
(1:1 volumetric ratio) at 30 °C, and centrifuged at 4000 rpm for 10 min. This purification process was

repeated 3 times.”

6.13.2 Ligands

6.13.2.1 Dithiocarbamate

OH
Pd-C, NaBH
+ HO NaOH , 4
\/\Cl - O,N O—\_ —_— H,N 0
80°C, N, OH MeOH, rt on
NO, Overnight Overnight 4 (48%)
[
! 2 3 (70%) Overnight | "t
Et;N | CS;
+ -
EtsNH S>/_H
e
S XOH
5 (100%)

Figure 42. General synthesis route of dithiocarbamate (DTC).

2-(4-Nitrophenoxy)ethanol

OH
NaOH
Cl 2 —\_
80°C, N, OH
NO, Overnight
1 2 3

p-Nitrophenol 1 (3 g, 2.158 mmol) was added to a solution of 2-chloroethanol 2 (2.90 mL, 43.16 mmol)
and NaOH (1.73 g, 43.16 mmol) in H>O (10 mL). The mixture was refluxed overnight at 80 °C under a
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nitrogen atmosphere, cooled to room temperature, diluted with H>O, and extracted with ethyl acetate
(EtOAc) several times (~5 times). The organic phases were washed sequentially with saturated aqueous
NaCl, dried over anhydrous Na,SQO4, and evaporated to dryness under reduced pressure to obtain the
crude compound. The crude compound was purified by silica chromatography using a mixture of
CHCI3:EtOAc (50:50 to 0:100, v/v) as eluent, followed by TLC to obtain compound 3 as a white solid.
Yield: 70 %. "H NMR (CDCls, 300 MHz) 8 1.95 (bs, 1H, -CH,OH), 4.05 (t, J=5.4 Hz, 2H, -CH,OH),
4.20 (t, 2H, -CH:0Ar), 7.02 (d, J=9.2 Hz, 2H, Ar-H), 8.23 (d, J=9.4 Hz, 2H, Ar-H). The analysis is in

agreement with the literature data.?

2-(4-aminophenoxy) ethanol

Pd-C, NaBH,
OzN—< >—o - .
" \_oH  MeOH. rt HzN@OxOH

Overnight

A solution of Sodium borohydride (1.087g, 9.58 mmol) in methanol was added to a mixture of 3 (1.468
g, 28.74 mmol) and 10% palladium on carbon (0.244g) in methanol (20 mL). The mixture was stirred
in an ice-water bath overnight. After that, the solid was removed by filtration over celite, and the solvent
was removed by rotatory evaporation. The crude product was purified by silica chromatography using
CH>Cl:EtOAc (50:50 — 0:100 v/v) as eluent followed by TLC. Yield: 48%. "H NMR (CDCls, 300 MHz),
0 3.94 (dd, J=5.0 Hz, 2H, -CH»0-), 4.03 (dd, J=5.4 Hz, 2H, -CH,OAr), 6.50 (m, 2H, Ar-H), 6.65 (m,
2H, Ar-H). The analysis is in agreement with the literature data.’

Triethylammonium (4-(2-hydroxyethoxy) phenyl)carbamodithioate

<:> EtN, CS2  EiNH s
_— H
H2N O_\_OH r.t %N‘@‘O_I_

Overnight S OH

An excess of triethylamine (1 mL) and carbon disulfide (1 mL) was sequentially added to a solution of
2-(4-aminophenoxy) ethanol 4 (10 mmol) in THF (10 mL).'° The reaction mixture was stirred overnight
at room temperature. The mixture was centrifugated and washed with diethyl ether three times. The final
compound was dried overnight. Yield: 100%. 'H NMR (D0, 300 MHz), § 1.17 (t, 9H, -CH; x 3), 3.10
(quartet, -H, -CH»- x 2), 3.83 (t, 2H, -CH,-OH), 4.06 (t, 2H, -CH»-), 6.95 (d, 2H, Ar-H), 7.17 (d, 2H, -
Ar-H). *C NMR (D0, 300 MHz), 6 8.28, 60.07, 69.43, 114.93, 127.60, 134.42, 156.66, 213.73. HRMS
(ESI): m/z calculated for CoHioNO,S5: 228.01584, found: 228.01589.
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6.13.2.2 Dye

0] 0 0] NH, O
)J\/\/U\ ©\/NH2 O NH O Pd/C’ H2
o o - 0 0 Q
) K rt, 3 days ) K r.t, overnight
1 2 (66%) 3 (73%)
OH
(\O/\/ Br +
NH /<
co (T ALy
= O
AN N0 DMso, 100°c~ ©~ N 7O Reflux, 110°C
Overnight Dry toluene
(0] o] 60 h o~ 0" "o
e} (0] o o
rO O\1 ( W
6 (62%) 5 (50%) 4
1. KOH, MeOH/H,0, 48h
K\O/\/OH
2. HCI HN

O™ N” O
(0] 0]
OH OH

7 (57%)

Figure 43. General synthesis route of Dye ligand.
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Diethyl 3-(benzylamino)pentanedioate

i i ©\/NH o NH O
H o~ N 2 PP
O (@]

) K rt, 3 days )O OK

A solution of benzylamine (0.7 mL, 6.40 mmol) in methanol (10 mL) was stirred at room temperature
for three days in the presence of diethyl gluconate (1.0 mL, 3.60 mmol).!! The reaction mixture was then
concentrated under reduced pressure, and the resulting crude material was purified by chromatography
on silica gel (EtOAc/hexane 1:3) to afford 2 as a colorless oil (1.58 g, yield 66%). 'H NMR (300 MHz,
CDCls): 8 1.27 (t, 6H -CH3 x 2), 1.96 (s, 1H; NH), 2.56-2.58 (d, 4H, J=6.26 Hz -CH,=0), 3.47 (q, 1H,
-CH-), 3.82 (s, 2H, -CH;-Ar), 4.15 (quartet, 4H, -CH»-O- x 2), 7.23-7.31 (m, 5H, Ar-H). 3C NMR (300
MHz, CDCls), 6 14.13, 38.73, 49.87, 51.61, 60.48, 126.99, 128.22, 140.09, 171.79, 172.26. HRMS
(ESI): m/z calculated for CisH23NO4": 294.16998, found: 294.16945.

Diethyl 3-aminopentanedioate

O NH, O
Q NH O Pd/C, H,

) K r.t, overnight ) K

Compound 2 (1.58 g 0.75 mmol) was dissolved in methanol (4 mL) and reduced under H, atmosphere
for 6 h in the presence of 10% Pd/C (26 mg). The reaction mixture was then filtered on Celite and
concentrated under reduced pressure.!! Compound 3 was obtained as a colorless oil without additional
purification (1.16 g, yield 73%). 'H NMR (300 MHz, CDCls): & 1.26 (t, 6H -CHs x 2), 2.28-2.47 (m,
4H), 3.55 (m, 1H, -CH-), 3.63 (s, 4H, -CH>- x 2), 4.05-4.12 (quartet, 2H, -NH,). *C NMR (300 MHz,
CDCly), 6 14.13, 41.39, 41.64, 45.72, 51.58, 60.46, 171.74, 172.18. HRMS (ESI): m/z calculated for
Ci6H23NO4™: 294.16998, found: 294.16945.
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Diethyl 3-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)pentanedioate

Br /< /<
N
s, . GO S
owo * Reflux, 110°C
/ L Dry tol © ©
O O O ry oluene
60 h, N (0 OW

4-Bromo-1,8-naphthalic anhydride (1.58g, 7.76 mmol) and diethyl 3-aminopentanedioate (1.16 g, 5.70
mmol) are dissolved in 50 mL of dry toluene and kept under N, diisopropylethylamine (3.22 ml, 18.81
mmol) is added under N, and the resulting mixture is heated at 110°C for 60 hours. The solution is
filtered while hot and evaporated to dryness. The crude product is purified by chromatography on
alumina using a mixture of hexane: ethyl acetate (8:2, v/v), followed by TLC, the fractions obtained are

combined and concentrated to obtain a yellow-orange oil which dries to give a solid (1.66 g, yield 50%).

"HNMR (300 MHz, CDCls) : § 1.15 (t, 6H -CHs x 2), 3.02 (d, 1H, J=6.22 Hz), 3.08 (d, 1H, J=6.17 Hz),
3.27 (d, 1H, J=8.55 Hz), 3.33 (d, 1H, J=8.57 Hz), 4.08 (q, 4H, J=7.09 Hz), 6.04 (m, 1H), 7.86 (t, 1H,
J=7.31 Hz), 8.06 (d, 1H, J=7.86 Hz), 8.43 (d, 1H, J=7.89 Hz), 8.59 (d, 1H, J=8.53 Hz), 8.67 (d, 1H,
J=7.34 Hz). *C NMR (300 MHz, CDCl3), 5 14.06, 36.38, 36.64, 46.00, 51.81, 60.65, 122.22, 123.09,
128.11, 129.17, 130.30, 130.60, 131.11, 131.50, 132.29, 133.29, 163.88, 170.74, 171.26. HRMS (ESI):
m/z calculated for C21H21NOgBr: 462.0557, found: 462.0545.

157



Diethyl 3-(6-((2-(2-hydroxyethoxy)ethyl)amino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-

yl)pentanedioate
//\O/\/OH
Br NH
//\O/\/OH
O~ N” "0 NH, O~ N "0
Oﬁ/\]?O DMSO, 100°C Oﬁ/\]?O
(O OW Overnight, N, (O OW
6 7

The diester (1.40 g, 3.02 mmol) is dissolved in 15 mL DMSO. 2-(2-aminoethoxy) ethanol (3 mL, 30.2
mmol) is added under N, and the solution is heated at 100°C overnight. After cooling down, the solution
is poured into water and extracted many times (around 6 times) with ethyl acetate. The organic phases
are combined and washed 3 times with a solution of NaCl saturated. The organic phase is dried over
Na,SO4 anhydrous and concentrated. The crude product is purified by silica chromatography using

EtOAc as eluent, followed by TLC, and concentrated to obtain a yellow oil (0.87 g, yield 62.1%).

"H NMR (300 MHz, CDCl;) : § 1.13 (t, 6H -CH3 x 2), 3.03 (d, 1H), 3.08 (d, 1H), 3.26 (d, 1H, J=8.27
Hz), 3.31 (d, 1H, J=8.31 Hz), 3.49 (q, 2H, J=5.14 Hz), 3.49 (m, 5H), 6.03 (ddd, 1H, J=6.25 Hz), 6.13 (t,
1H, J=7.13 Hz), 6.51 (d, 1H, J=8.50 Hz), 7.28 (t, 1H, J=7.31 Hz), 7.98 (dd, 1H, J=8.53 Hz), 8.31 (m,
2H). *C NMR (300 MHz, CDCls), 8 14.15, 36.70, 36.95, 43.28, 45.52, 51.78, 60.62, 61.71, 68.67,
72.41,104.07,109.71, 119.98, 122.42, 124.21, 126.57, 129.71, 149.79, 164.35, 164.93, 171.33, 171.84.
HRMS (ESI): m/z calculated for CosH2NOs™: 485.1929, found: 485.1924.
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3-(6-((2-(2-hydroxyethoxy) ethyl) amino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-
yl)pentanedioic acid

O/\/OH
G

OO 1. KOH, MeOH/H,0, 48h HN
2. HClI OO
0~ °N” 0

O/\/OH

Diester (0.87 g, 1.78 mmol) is dissolved in MeOH (15 mL), 3 mL of an aqueous solution of KOH is
added (10 eq), and the resulting solution is stirred for 48 h at room temperature. After evaporation of
MeOH, water is added (10 mL), and the solution is acidified to pH: 1 with HCI 4M. The compound is
extracted (around 6 times) with EtOAc, dried over Na,SO4 anhydrous, and concentrated. The compound

was obtained as a yellow solid (0.50 g, yield 57.4%).

"H NMR (300 MHz, DMSO dp) : 8 2.86 (dd, 2H, J=6.64 Hz), 3.06 (dd, 1H, J=8.15 Hz), 3.33 (s, 2H),
3.59 (t, 2H, J=5.49 Hz), 3.73 (t, 2H, J=5.67 Hz), 4.63 (s, 1H), 5.82 (q, 1H, J=7.37 Hz), 6.84 (d, 1H,
J=8.68 Hz), 7.69 (t, 1H, J=7.85 Hz), 7.75 (t, 1H, J=5.46 Hz), 8.25 (d, 1H, J=8.47 Hz), 8.42 (d, 1H,
J=7.31 Hz), 8.69 (d, 1H, J=8.45 Hz), 12.15 (s, 1H). 3C NMR (300 MHz, DMSO dj), & 37.12, 43.16,
45.54,60.71, 68.57, 72.78, 104.30, 120.46, 124.73, 128.98, 130.03, 150.95, 172.67. HRMS (ESI): m/z
calculated for C»;H21N2Os™: 429.1303, found: 485.1300.

6.13.3 Ligand Exchange

A solution of QDs (5mg) in 2mL of hexane and mixed with DTC and Dye (15 mg respectively) in 2mL
MeOH was stirred at 60°C for 1 h. The UV-vis and FL spectra were recorded for 4h to determine the
ideal time of the ligand exchange. After this time, the reaction mixture was cooled at room temperature,
a precipitate was formed, and the solution was centrifuged and washed with methanol (three times) to
remove the excess unbound ligands (DTC and Dye). The sample was dried overnight to use in the

following steps.
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Figure 44. Absorption spectra of CdSe-ZnS QDs with different [Hg?*]. a) QD-0.3 ML ; b) QD-0.9 ML

and QD-1.0 ML.
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Figure 45. Absorption spectra of QDs core-shell with different cations evaluated at SuM.
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Figure 46. Fluorescence spectra of QDs core-shell with different cations evaluated at SuM.
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Nuclear Magnetic Resonance ("H and *C) spectra of synthesized compounds
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Figure 47. 300 MHz *H-NMR spectra of 2-(4-Nitrophenoxy) ethanol in CDClI; at 298 K.
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Figure 48. 300 MHz *H-NMR spectra of 2-(4-aminophenoxy) ethanol in CDClI; at 298 K.
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Figure 49. 300 MHz 'H-NMR spectra of triethylammonium (4-(2-hydroxyethoxy)

phenyl)carbamodithioate in D,O at 298 K.
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Figure 50. 300 MHz '*C-NMR J-MOD spectra of triethylammonium (4-(2-hydroxyethoxy)
phenyl)carbamodithioate in D,O at 298 K.
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Figure 51. 300 MHz 'H-NMR spectra of diethyl 3-(benzylamino)pentanedioate in CDCl; at 298 K.
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Figure 52. 300 MHz *C-NMR J-MOD spectra of diethyl 3-(benzylamino)pentanedioate in CDCl; at

298 K.
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Figure 53. 300 MHz '"H-NMR spectra of diethyl 3-aminopentanedioate in CDCl; at 298 K.
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Figure 54. 300 MHz *C-NMR J-MOD spectra of diethyl 3-aminopentanedioate in CDCl; at 298 K.
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Figure 55. 300 MHz 'H-NMR spectra of diethyl 3-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-
2(3H)-yl)pentanedioate in CDCl; at 298 K.
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Figure 56. 300 MHz "C-NMR J-MOD spectra of diethyl 3-(6-bromo-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)pentanedioate in CDCls at 298 K.
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Figure 57. 300 MHz 'H-NMR spectra of Diethyl 3-(6-((2-(2-hydroxyethoxy)ethyl)amino)-1,3-dioxo-
1H-benzo[de]isoquinolin-2(3H)-yl)pentanedioate in CDCl; at 298 K.
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Figure 58. 300 MHz *C-NMR J-MOD spectra of diethyl 3-(6-((2-(2-hydroxyethoxy)ethyl)amino)-1,3-
dioxo-1H-benzo[delisoquinolin-2(3H)-yl)pentanedioate in CDCl3 at 298 K.
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Figure 59. 300 MHz 'H-NMR spectra of 3-(6-((2-(2-hydroxyethoxy) ethyl) amino)-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)pentanedioic acid in DMSO-ds at 298 K.
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Figure 60. 300 MHz *C-NMR J-MOD spectra of 3-(6-((2-(2-hydroxyethoxy) ethyl) amino)-1,3-dioxo-
1H-benzo[de]isoquinolin-2(3H)-yl)pentanedioic acid in DMSO-ds at 298 K.
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Figure 61. ESI mass spectrum of triethylammonium (4-(2-hydroxyethoxy) phenyl) carbamodithioate in

methanol.

Figure 62. ESI mass spectrum of 3-(6-((2-(2-hydroxyethoxy) ethyl) amino)-1,3-dioxo-1H-

benzo[de]isoquinolin-2(3H)-yl)pentanedioic acid in methanol.
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Figure 63. Absorption spectra of Dye, QDTC, and QDTCDye after the interaction with different

concentrations of Hg?" ions.
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Figure 64. Absorption spectra of Dye, QDTC, and QDTCDye with different cations evaluated at SuM.
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Figure 65. FFT images from CdSe, CdSe-ZnS corecore-shell and QD-L (QDTC and QDTCDye).
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