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1. Introduction

Quantum dots (QDs), also known as luminescent nanocrystals, are a special class of
semiconductors that possesses remarkable fluorescence emission properties (Coe et al., 2002;
Tessler et al., 2002). Due to their unique optical characteristics, which include sharp emission
spectra, QDs have been utilized for fluorescent tagging applications, demonstrating the
advantages of high photobleaching threshold, good chemical stability, and readily tuneable
spectral properties (Lebedkin et al., 2003; Hartschuh et al., 2003; Li et al., 2007; Leitdo et al.,
2008; Gongalves et al., 2009). QDs have semiconductor properties different from bulk material
due to the quantum confinement effects on their molecular band structure (Chen et al., 2003).
The synthesis, modification, and applicability of cadmium chalcogenide nanocrystals, in
particular cadmium sulfide (CdS), have been optimized (Alivisatos, 1996; Weller, 1993). The
interaction of the CdS nanocrystals with its environment or capping agent plays crucial role
in determining its photoluminescent properties and reactivity (Aldana et al., 2001; Talapin et
al., 2001; Wuister & Meijerink, 2003a,b; Uchihara et al., 2005; Chen & Rosenzweig, 2002).
Polymer coating of QDs, rendering them biocompatibility and biostability, confers an
important biomedical role in diagnostics and biochemical sensing (Pileni et al., 1992; Gattas-
Asfura & Leblanc, 2003; Gao et al., 2008). Dendrimers are a particularly interesting class of
emerging nanopharmaceuticals that can be used as capping agents of QDs.
Diaminobutane-based poly(propyleneimine) dendrimers (DAB) (Fig. 1) have been synthesised
(Etienne et al., 2005) and applied for in vitro diagnostics (Schatzlein et al., 2005; Bawarski et al.,
2008; Hezinger et al., 2008; Dutta et al., 2008) tested in preclinical studies as contrast agent for
nuclear magnetic resonance (Kobayashi et al., 2003; Talanov et al., 2006). There are attempts to
use dendrimers in the targeted of delivery of drugs and other therapeutic agents (Crampton &
Simanek, 2007). Drug molecules can be loaded both in the interior of the dendrimers as well as
attached to the surface groups (Liu et al., 2000; Fernandez et al., 2006) and used as therapeutic
agents, for example in cancer treatment (Hollins et al., 2004; Svenson & Tomalia, 2005). Besides
biomedical applications, dendrimers can be used to improve many industrial processes. The
combination of high surface area and high solubility makes dendrimers useful as nanoscale
catalyst (Yu et al., 2008). The high potential of these compounds opens new perspectives to
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bioimaging diagnosis (Scott et al., 2005), photosensors (Hezinger et al., 2008) of heavy metals
(Bawarski et al., 2008) and organic pollutants (Lubick, 2009) and in detection of fingerprints in
forensic chemistry (Juan et al., 2008).
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Fig. 1. Molecular structure of different generations DAB dendrimers [DAB-dend-(NH>),]; a)
n=8 (generation 2-G;); b) n=16 (generation 3-G3); c) n=32 (generation 4-G4); d) n=64
(generation 5-Gs).

The most used dendrimer for QDs capping is poly(amidoamine) (PAMAM) polymer. CdS-
QDs and/or ZnS-QDs have been synthesized using dendrimer structure, where polyamide
dendrimer (PAMAM) is employed as host confinement (Juan et al., 2008; Sooklal et al., 1998;
Wisher et al., 2006; Ling & Cong, 2008). Hybrid CdS DAB dendrimer nanocomposite have
been synthesised and characterized in methanol (Lemon & Crooks, 2000; Gayen et al., 2007).
These nanocomposites are formed by the arrested precipitation of nanometer-scale CdS
clusters in the presence of polyamide dendrimers. Although we do not yet know the exact
locus of cluster nucleation, the dendrimer clearly interacts with the clusters at a relatively
early stage in the arrested precipitation, retarding further growth and producing small QDs
clusters with unique photoluminescent properties. The dendrimer stabilized clusters then
undergo further aggregation in solution to produce micrometer scale composite flocks.
Despite this aggregation, the long term stability of the materials and its photoluminescent
properties suggests that the QDs clusters do not coalesce but remain as distinct entities
(Hedden et al., 2002; Huang & Tomalia, 2005).

A severe limitation of the biomedical or biochemical in vivo imaging applications of
cadmium chalcogenide QDs is their potential cytotoxicity due to the release of cadmium
ions. Moreover, hybrid dendrimer QDs nanocomposites are usually synthesised and kept in
organic solvents, like methanol, which are toxic or bioincompatible. In order to reduce or
eliminate health risk, cadmium ions should be replaced with other less or no toxic metal
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ions like zinc and these nanoparticles should be synthesised and kept in aqueous media, i.e.
using a green chemistry approach.

In this chapter, the simple aqueous synthesis and characterization of hybrid nanocomposites
constituted by CdS, ZnS and CdS/ZnS-QDs and different generations (from 2 up to 5) of
DAB dendrimer is presented. Moreover, the application of these nanocomposites as
nanosensors of Hg(Il) ion, pH, ionic strength and nitromethane is described.

2. Aqueous synthesis of the nanocomposites

2.1 Materials

Polypropylenimine tetrahexacontaamine dendrimer, generations 2 to 5 (DAB-G,, n=2-5) (Fig.
1), cadmium chloride (CdCly, 99.9%), zinc chloride (99.9 %) sodium sulphide (NaS-9H20)
were purchased from Sigma-Aldrich Quimica S.A. (Spain) and 3-mercaptopropinoic acid
(MPA, 99%) from Fluka. Standard aqueous solutions of Hg(NOs)2, Pb(NO3)2, CdCly, Cu(NO:s),,
NiClp, CoCly and Zn(NOs3),'4H;0 and nitromethane were obtained from Merck. All solutions
were made with deionised water with resistivity higher than 4 MQ/cm.

2.2 Synthetic procedures

2.2.1 Synthesis of DAB-CdS QDs

DAB dendrimer of different generations (DAB-G,=2-5) (10.0 mg) from Aldrich, were
dissolved in 20.0 mL in deionised water and stirred for 24 hours. After that, CdCl, (Aldrich)
was added to the solution for a DAB-G,=2-5:Cd molar ratio of 1:10 and left to stabilize for 24
hours. 100 pL of MPA was added and left to stabilize for 24 hours (Belcastro et al, 2004).
Na»S-9H20 was then added with a Cd:S molar ratio of 1:1, and stirred for 72 hours to obtain
an aqueous solution that was centrifuged at 13000 rpm for 10 min. Then, the solid obtained
was washed with water and acetone, freezed and lyophilized. When no precipitate was
detected the aqueous solution was dialyzed for 12 hours against deionized water using a
MW CO 12.000-14.000Da dialysis tube (Medicell International).

2.2.2 Synthesis of DAB-CdS:ZnS QDs
This synthesis followed the same procedure previously described, except for
DAB-G,(=2-5):Cd:Zn molar ratio that was 1:5:5.

2.2.3 Synthesis of DAB-ZnS QDs

The synthesis followed the same sequence of dendrimer-CdS QDs synthesis, except the pH of
the solution, adjusted to 12 with tetrabutylammonium hydroxide (TBAH) (Li et al, 2007) in 2-
propanol/methanol after addition of MPA. Firstly, the additions of TBAH provoke the
precipitation of zinc hydroxide, followed by redissolution as soluble zinc hydroxyl complexes.

2.3 Characterization procedures

Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDS) were done
on a FEI Quanta 400FEG/EDAX Genesis X4M high resolution Scanning Electronic
Microscope at 15 kV. For SEM analysis of aqueous dendrimer-QDs, a microliter sample was
evaporated under vacuum at room temperature, and solid dendrimer-QDs were
immobilized on a carbon fiber, both were held on an aluminium support.

Absorbance measurements were made in a Hewlett-Packard HP8452A diode-array
spectrophotometer using 1 cm pathlength quartz cuvettes.
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Fluorescence confocal microscopy was used to record the luminescence spectra of solid
samples, acquired with a Leica SP2 AOBS SE (Leica Microsystems, Germany). The excitation
of solid dendrimer-QDs was made with the Ar laser lines of 458 and 476 nm. A filter-free
prism spectrophotometer head with a set of 3 photomultiplier tubes (PMT) allowed the
addressing of distinct detection channels in three user-defined spectral ranges. All the image
processing operations were done with ORIGIN50 and LCS Lite

(http:/ /taltos.stanford.edu/pages/cocoa_leica.htm).

Steady state fluorescence measurements of aqueous solutions of dendrimer-QDs photo-
luminescence were done with a Spex 3D Spectrofluorimeter with a 75W xenon lamp and a
CCD detector. Raw EEM were acquired, in an excitation wavelength range from 296.4 to
675.1 nm, and in an emission wavelength range from 350.7 to 721.8 nm, with a resolution of
2 nm, slit of 0.25 mm and 1 s integration time. A 1 mL quartz microcell was used. Lifetime
measurements were recorded with a Horiba Jovin Yvon Fluoromax 4 TCSPC using the
following instrumental settings: 368 nm NanoLED; time range, 1.6 ps; peak preset; 10,000
counts; repetition rate, 500 kHz; synchronous delay, 25 ns; emission detection: 535 nm.

3. Characterization of the nanocomposites

3.1 Morphological properties

In order to confirm the elemental composition of the synthesised dendrimer-QDs
nanocomposites EDS analysis were done and, as example, Fig. 2 shows the EDS spectra of
DAB-G; with CdS (Fig. 2.a), ZnS (Fig. 2.b) and CdS:ZnS (Fig. 2.c). These spectra confirm that
the synthesized nanocomposites are indeed DAB capped with CdS, CdS:ZnS and ZnS QDs.
Indeed, the presence of the signals due to elements Cd, Zn and S confirm the composition of
the QDs, C and N confirms that the synthesized material contains QDs capped with DAB.
Also, the presence of signals due to the elements C, O and S suggests that MPA is capping
QDs. These results suggest that the QDs are stabilized in water due to the capping of both
the dendrimer and MPA.

Fig. 3 shows, as example, SEM images of DAB-G; with CdS (Fig. 3a), CdS:ZnS (Fig. 3.b) and
ZnS (Fig. 3.c). Although SEM images could not give particularly useful information about
the morphology of the synthesised nanocomposites, the analysis of these images usually
shows macroscopic spherical structures on the surface topography of the nanocomposites. A
general examination of all SEM analysis suggests an amorphous nanocomposites structure.
Nevertheless, the analysis of some SEM images, where macroscopic spherical structures
could be observed, reveals dimensions comprised between 320 to 735 nm.

3.2 UV-Vis absorption properties

UV-Vis absorption spectra of all the DAB-QDs nanoparticles in water are shown in Fig. 4.

The analysis of these spectra shows the following:

i. DAB-CdS QDs (Fig. 4a) are characterized by a well defined shoulder in the range
between 370 to 390 nm (DAB-Gs - 370 nm; DAB-G; - 380 nm; and, DAB-G3 - 390 nm).
DAB-Gs5-CdS QDs show another well defined shoulder at about 325 nm. Also, there is a
blueshift of the absorption band as the generation of the dendrimer is increased. This
result is similar to that described in the literature when methanol was used as solvent
(Gayen et al., 2007). The absorption shift that is observed for the different generations of
DAB confirms that the amine groups are participating with MPA in the capping of the
QDs.
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Fig. 2. EDS spectra of DAB-G,-CdS (a), DAB-G,-CdS:ZnS (b) and DAB-G2-ZnS (c)
nanocomposites.
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Fig. 3. SEM images of: a) DAB- G,-CdS; b) DAB- G»-ZnS; and, c) DAB-G»-CdS:ZnS.

ii. DAB-ZnS QDs (Fig. 4.b) are all characterized by a poorly defined shoulder in the range
between 250 to 260 nm. This shoulder is barely detected in the spectra of DAB-G,-ZnS
QDs.

iii. DAB-CdS:ZnS QDS (Fig. 4.c) are characterized by a well defined shoulder in the range
325 to 350 nm (DAB-Gs - 325 nm; DAB-G; - 350 nm; and, DAB-Gs3 - 330 nm). DAB-Gs-
CdS:ZnS QDs show another well defined shoulder at about 284 nm.

The absorptions of the DAB-CdS QDs and DAB-ZnS QDs are blueshifted from the expected

values of bulk CdS and ZnS, respectively 510 and 335 nm (Unni et al., 2009). This result is a

consequence of the quantum confinement effects in the nanoparticles confirming the

existence of QDs. Also, the absorption wavelengths suggest that the sizes of the QDs are in
the nanometers range (Gayen et al., 2007; Unni et al., 2009). The absorptions of the hybrid

DAB-CdS:ZnS QDs occur at intermediate wavelengths of the absorptions of the single QDs.

This hybrid system can be seen as Cd?* doped DAB-ZnS QDs and the presence of Cd2*

provokes a redshift that has been previously described in the literature (Unni et al., 2009).

3.3 Steady state fluorescent properties

All the synthesized nanocomposites were fluorescent either in the solid or in aqueous
solution. The fluorescence of the purified solid nanocomposites were analysed by confocal
microscopy. Fig. 5.a shows, as an example, the confocal image of DAB-G3-CdS:ZnS where
the green fluorescence (emission at 525 nm) can be observed. Table 1 summarizes the
maximum wavelength of the emission of fluorescence of the solid nanocomposites. The
general trends in the maximum wavelength of emission are: (a) within the same DAB
generation a blue shift is observed in the maximum emission of fluorescence when CdS QDs
is replaced by ZnS QDs; (b) a blue shift in the maximum fluorescence emission is also
observed when the DAB generation is increased.

The solid nanocomposites emit in the range between 483 nm (DAB-G2-ZnS) up to 545 nm
(DAB-G2-CdS) with a relatively high emission full width of half maximum (FWHM)
(between 113 to 165 nm) when compared with typical narrow emission bands of QDs. This
relatively high FWHM suggests that the CdS and ZnS QDs show a high degree of size
heterogeneity probably because they are bounded to different chemical environments of the
DAB dendrimer. The asymmetrical dispersion of QDs on the surface and the inner of
dendrimers show the possibility of DAB to have focal regions where QDs can easily be
linked and deposited controlling the growth of QDs. Being nanosized structures,
dendrimers may respond to stimuli from the surroundings and can, like proteins, adapt a
tight-packed conformation (“native”) or an extended (“denaturated”) conformation,
depending on solvent, pH, ionic strength and temperature (Ballauf et al., 2001).
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Fig. 4. Absorption spectra of DAB-CAS (a), DAB-CdAS:ZnS (b) and DAB-ZnS (c) in water
synthesized using DAB-G,, G3, G4 and Gs dendrimers.
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Fig. 5. Fluorescence emission image of DAB-G3-CdS:ZnS obtained by confocal microscopy
(a) and spectra of the three nanocomposites synthesized using DAB-G; (b).

Gz G3
pH Aex  Aem  FWHM pH Aex Aem FWHM

CdS; 3.18 545 156

CdS,, 3.27 344 607 227
CdS:ZnS; 3.19 545 165 3.40 525 163
CdS:ZnS; 3.40 382 555 170

ZnS; 12.00 483 129 12.06 476 113

ZnS,, 12.00 353 441 140 12.06 342 451 142

G4 G5
PH  he  Aem FWHM PH  Ae  Aem FWHM

CdS;

CdS,, 3.10 369 584 82 3.22 342 535 201
CdS:ZnS; 3.22 485 146
CdS:ZnS;, 3.40 344 460 157 3.22 344 453 158

ZnS,

ZnS,, 12.02 342 443 140 12.04 333 431 132

Table 1. Fluorescence properties of the synthesized DAB-QDs nanocomposites.
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The water soluble synthesized nanocomposites show similar fluorescence properties as the
solid materials (Table 1). Fig. 5.b shows, as example, the fluorescence emission spectra of the
three soluble DAB-Gs4 nanocomposites. The same trends of the maximum emission
wavelengths with the QDs type and DAB generation are observed. This last generation
trend has already been described in the literature for diferent generations of DAB-CdS
nanocomposites in methanol solution (Gayen et al.,, 2007). The aqueous solutions of
nanocomposites emit in the range 431 mn (DAB-Gs-ZnS) up to 607 nm (DAB-G3-CdS) with
FWHM usually higher than the solid nanocomposites - a FWHM of 227 nm is observed for
DAB-G3-CdS.

The synthesized nanocomposites show similar emission maximum to literature reports of
mercaptoacetic acid-capped-CdS (541 nm) (Wisher et al., 2006) and thioglycerol-capped-ZnS
(411 nm) (Unni et al., 2009; Jie et al., 2007). Also, the synthesized CdS nanocomposites have
similar emission spectral characteristics to those reported in the literature, namely broad
spectra with maximum intensity wavelength in methanol solution at about 470 nm (Gayen
et al., 2007).

The fluorescence properties of the synthesised nanocomposites can be slighly modified if the
reaction conditions are changed. For instance, the fluorescence intensity of the material
increases with the stirring time which is related to the agglomeration of conjugated
DAB-QDs. The amino groups of the DAB surface have a tendency to link with another
dendrimer molecules by hydrogen bonding (Nourse et al., 2000). The solvent, pH, ionic
strength and temperature are the experimental factors that can change the conformation and
assembly of dendrimers (Ballauf et al., 2001). Maintaining the same chemical and physical
conditions, the fluorescence intensity increases up to nearly 72 h and then decreased due to
a high molecular density that cause the increasing of stereochemical repulsions leading to
the split of agglomerated dendrimers.

3.4 Fluorescence lifetime analysis

A typical fluorescence time decay profile of the nanocomposite DAB-Gs-CdS is shown in
Fig. 6. The time decay is complex showing the presence of lifetime ranges from the
picoseconds and up to almost the microseconds. However, a four component decay time
model originated a good fit (y = 1.20) with the following lifetimes: z; = 657 ps; n» = 10.0 ns; 73
= 59.42 ns; and 7 = 265 ns. The existence of relatively long lived components in dendrimer
stabilized QDs (in the range of 73 and =) has already been observed in studies using
methanol as solvent (Lakowicz et al., 1999; Gayen et al., 2007).

4. Applications of the DAB nanocomposites as nanosensors

The nanocomposites constituted by a dendrimer (DAB), a capping agent (MPA) and QDs
show several reactive sites that make them potential chemical sensors. Indeed, both the
dendrimer and the capping agent have ionisable and metal complexing groups and the
dendrimer can undergo structural modifications as consequence of the presence of organic
molecules soluble in water or ionic species. These modifications on the physico-chemical
environmental surrounding the QDs will affect their fluorescence emission properties
because it will provoke modifications on the quantum confinement regime. In this section
the nanocomposite DAB-Gs-CdS will be used to demonstrate that these nanomaterials can
be used as nanosensors for pH, mercury(Il) ion [Hg(Il)], ionic strength and nitromethane.
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Fig. 6. Fluorescence time decay of fluorescence of aqueous solution of DAB-Gs-CdS.

4.1 Sensing the pH

The effect of the pH (range of pH between ca. 3 and 9) on the fluorescence intensity of
aqueous solutions of the DAB-Gs-CdS nanocomposites is shown in Fig. 7. A detailed
analysis of this effect of the pH shows the existence of a marked fluorescent intensity
decrease in the pH range from 5 to 7 and a relatively small increase for pH values higher
than 7 (Campos et al, 2009). Also, a blue shift is observed from 518 to 500 nm as the pH
increases. These variations are a consequence of the change of the quantum confinement of
the QDs as consequence of the ionization of the carboxylic groups of MPA and amine
groups of DAB capping the CdS QDs (Gongalves et al., 2009; Leitdo et al., 2008).

The variation of the fluorescence properties (intensity and wavelength at the maximum of
the emission spectra) of DAB-Gs-CdS with the pH was expected because QDs capped with
ionisable ligands are quite promising pH sensors (Maule et al, 2010). However, when the
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Fig. 7. Emission spectra of DAB-Gs-CdS at different pH values.
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QDs is attached to DAB other applications can be designed taking into consideration the
unique properties of dendrimers.

4.2 Sensing Hg(ll) ion

The effect of the Hg(II) ion on the fluorescence intensity of aqueous solutions of the DAB-Gs-
CdS nanocomposites is shown in Fig. 8. This figure shows a marked quenching of the
fluorescent intensity with the increase of the Hg(II) concentration without wavelength shift
of the emission band (Campos et al, 2009). The analyze of the quenching mechanism
provoked by Hg(II) ion was done using Stern-Volmer plots which show a static quenching
with a Stern-Volmer constant for Hg(II) was 1.5x10-5>M-1. This result suggests the formation
of a quite stable complex between the DAB-Gs-CdS nanocomposites and Hg(II) ions.
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390 440 490 540 590 640 690
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Fig. 8. Emission spectra of DAB-Gs-CdS without and in the presence of increasing Hg(II) ion
concentration.

The effect of micromolar concentration of the metal ions Pb(Il), Cd(Il), Zn(II), Cu(II), Co(II)
and Ni(II) on the DAB-Gs-CdS nanocomposite fluorescence has also been analysed and only
Pb(Il) and Cu(ll) provokes measurable quenching (Campos et al, 2009). The Stern-Volmer
constant for Cu(Il) was 1.9x105M-1 and for Pb(II) 2.2x104 M-1.

4.3 Sensing the ionic strength

The effect of alkaline metal ions in the molar concentration range (ionic strength effect) on
the wavelength of the maximum of the emission spectra of aqueous solutions of the DAB-
Gs-CdS nanocomposites is shown in Fig. 9. This figure shows a marked redshift with the
increase of the ionic strength (Campos et al, 2009).

Varying the ionic strength has a strong effect on charged DAB dendrimers and favours a
contracted conformation with a high degree of back-folding somewhat similar to what is
observed upon increasing pH or poor salvation (Welch and Muthukumar, 1998; Ramzi et al.,
2002; Campos et al, 2009). This conformation changing provokes a modification of the
chemical environment surrounding the QDs affecting the corresponding emission of
fluorescence properties.
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4.4 Sensing nitromethane

The effect of the nitromethane on the fluorescence intensity of aqueous solutions of the
DAB-Gs5-CdS nanocomposites is shown in Fig. 10. This figure shows a marked quenching of
the fluorescent intensity with the increase of the nitromethane concentration without
wavelength shift of the emission band (Campos et al, 2010). The analyze of the quenching
mechanism provoked by nitromethane was done using Stern-Volmer plots which show a
dynamic quenching with a Stern-Volmer constant of 25(6) M-1 and a percentage of
fluorophores accessible to the quencher of about 81%. This result shows that about 19% of
the QDs (fluorophores) attach to the dendrimer are located in the inner layers of the
dendrimer while about 81% are located in the external layer (Campos et al, 2010).
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Fig. 9. Maximum wavelength of the emission spectra of DAB-Gs-CdS in the presence of
increasing potassium chloride concentration.
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Fig. 10. Emission spectra of DAB-Gs-CdS without and in the presence of increasing
nitromethane concentration.
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5. Conclusions and perspectives

This chapter described the successfully aqueous synthesis of hybrid nanocomposites of CdS,

ZnS and CdS:ZnS QDs with different DAB dendrimer generations. Aqueous solutions of

DAB-ZnS QDs based nanocomposites show absorption in the 250 to 260 wavelength range

and a fluorescence emission in the 430 to 450 nm wavelength range (a Stokes Shift about 200

nm). Consequently stable water solutions of DAB-ZnS QDs nanocomposites could be

obtained which are less toxic than the other cadmium based QDs methanol solutions. The
synthesis of this stable, low toxic, high luminescent dendrimer based nanocomposites, opens
new potential applications to this family of substances.

As shown in this chapter quite interesting applications of the DAB-QDs nanocomposites as

nanosensors can be designed using different strategies. Indeed, the following approaches

were observed:

i.  pH sensors can be developed taking advantage of the ionisable functional groups;

ii. the metal ion coordinating ligands of the dendrimer and/or QDs capping agents can be
used for metal ions sensing;

iii. the collision of a quencher with the external layer of the dendrimer can deactivate the
fluorescence of the fluorophore (QDs) and constitutes the bases for the development of
the sensor for the quencher;

iv. reorganization and/or modification of the dendrimer structure around the fluorophore
(QDs) can be used as a sensor for example for the ionic strength.
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