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Abstract A fluorescent hybrid cadmium sulphide quantum
dots (QDs) dendrimer nanocomposite (DAB-CdS) synthes-
ised in water and stable in aqueous solution is described.
The dendrimer, DAB-G5 dendrimer (polypropylenimine
tetrahexacontaamine) generation 5, a diaminobutene core
with 64 amine terminal primary groups. The maximum of
the excitation and emission spectra, Stokes’ shift and the
emission full width of half maximum of this nanocomposite
are, respectively: 351, 535, 204 and 212 nm. The
fluorescence time decay was complex and a four component
decay time model originated a good fit (χ=1.20) with the
following lifetimes: τ1=657 ps; τ2=10.0 ns; τ3=59.42 ns;
and τ4=265 ns. The fluorescence intensity of the nano-
composite is markedly quenched by the presence of
nitromethane with a dynamic Stern-Volmer constant of
25 M−1. The quenching profiles show that about 81%
of the CdS QDs are located in the external layer of the
dendrimer accessible to the quencher. PARAFAC analysis of
the excitation emission matrices (EEM) acquired as function
of the nitromethane concentration showed a trilinear data
structure with only one linearly independent component
describing the quenching which allows robust estimation of
the excitation and emission spectra and of the quenching

profiles. This water soluble and fluorescent nanocomposite
shows a set of favourable properties to its use in sensor
applications.
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Introduction

The discover of luminescent semiconductor nanocrystals,
also known as quantum dots (QDs), lead to extensive
research in several areas of science [1–5]. Due to their
unique and excellent luminescent properties, QDs have
demonstrated several remarkable and attractive optoelec-
tronic characteristics especially suited to analytical and
bioanalytical applications [6–8] The synthesis of water
soluble and stable derivates of QDs markedly open the
research to new applications, for example, sensing [9–
17], diagnosis [18, 19], imaging [20] and optical tracking
[21].

Surface modification of QDs is particularly important in
sensor designing, where the conjugation of suitable recog-
nition groups will target an analyte, creating a hybrid QD-
receptor sensing system. Dendrimers are artificial polymers,
which combine the typical characteristics of small organic
molecules, like defined composition and monodispersivity,
with those of polymers, such as high molecular weight that
results in multitude of physical properties [22–24]. The
coating of QDs, rendering them biocompatibility and
biostability, confers an important biomedical role in
diagnostics and biochemical sensing [25–27]. Moreover,
dendrimers are a particularly interesting class of emerging
nanopharmaceuticals [28].
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The most used dendrimer for QDs capping are of the
poly(amidoamine) type (PAMAM) polymers [29–34].
Hybrid CdS QDs and PAMAM nanocomposites have been
proposed for fingerprint detection [33], discrimination of
drugs [35] and proteins [36] or DNA analysis [37].
Dendrimers of the (polypropylenimine tetrahexaconta-
amine) type (DAB) in methanol solution have been used
as capping agents for CdS QDs [31, 32].

In this paper, the synthesis of a hybrid cadmium
sulphide quantum dots (QDs) dendrimer (DAB, gener-
ation 5) nanocomposite (DAB-CdS) in water is de-
scribed. The synthesised nanocomposite (DAB-CdS) is
stable in aqueous solution and its steady state and
lifetime fluorescent properties will be presented and
discussed. Also, the quenching of the fluorescence of
DAB-CdS by nitromethane is presented and analysed
using Stern-Volmer models and PARAFAC (parallel
factor analysis) method. PARAFAC is a chemometric
multi-way decomposition method particularly suitable
for the analysis of excitation emission matrices (EEM)
[15, 16, 38–43].

Experimental section

Reagents

DAB-G5 dendrimer (polypropylenimine tetrahexaconta-
amine) generation 5 (diaminobutene core and 64 amine
terminal primary groups, Fig. 1), cadmium chloride (CdCl2,
99.9%), sodium sulphide and 3-mercaptopropinoic acid
(MPA) (Fluka, 99%) were obtained from Sigma-Aldrich

Química S. A. (Spain). All solutions were made with
deionised water with resistivity higher than 4 MΩ/cm.

Synthesis of DAB-CdS QDs

The synthesis procedure uses 85.1 mg of DAB-G5

(0.0119 mmol) dissolved in water (170 mL) with contin-
uously stirring for 24 h. After that, 21.9 mg of CdCl2
(0.119 mmol) was added and left to stabilize for about
24 h. 850 μL (9.70 mmol) of MPA was added and left to
stabilize during 24 h. Equimolar sodium sulfide
(0.129 mmol) was then added and stirred for 72 h to
afford a transparent solution that was dialyzed using a
MW CO 12,000–14,000 Dalton dialysis tube (Medicell
International) for 12 h against deionized water at room
temperature. After dialysis the solution was centrifuged at
13,000 rpm for 10 min to remove suspended solids. The
obtained solution of DAB-CdS QDs was used for further
experiments.

The DAB-CdS solution, kept at room temperature and
protected from light, was stable in aqueous solution and its
fluorescent properties do not show marked variation for at
least three months.

DAB-CdS/nitromethane mixtures

Rigorous aliquots of nitromethane were added to a 5 mL
volumetric flask with 3 mL of DAB-CdS solution and the
meniscus adjusted with deionizer water. Nitromethane
concentration in the DAB-CdS solutions were:
0.00365 M; 0.0365 M; 0.0730 M; 0.109 M; 0.146 M;
0.182 M; 0.219 M.

Instrumentation

Excitation emission matrices of fluorescence (EEM)
[excitation between 199.4 and 672.8 nm and emission
between 349.7 and 719.7 nm] were obtained with a Spex
3D luminescence spectrophotometer equipped with a
Xenon pulse discharge lamp (75 W) and a CCD detector,
0.25 mm slits and 1 s integration time were 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 μs; peak
preset; 10,000 counts; repetition rate, 500 kHz; synchronous
delay, 25 ns; emission detection: 535 nm. Quartz cuvettes
were used.

Energy dispersive X-Ray analysis (EDS) of the three
purified QDs were done on a FEI Quanta 400FEG/
EDAX Genesis X4M high resolution scanning electronic
microscope. For EDS analysis the DAB-CdS solution
was evaporated under vacuum at room temperature and
placed in an aluminum support. Absorbance measure-
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Fig. 1 Molecular structure of DAB-G5
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ments were made in a Hewlett-Packard HP8452A diode-
array spectrophotometer.

Data analysis

Lifetime deconvolution analysis was done using Decay
Analysis Software v6.4.1 (Horiba Jovin Yvon). Fluorescence
decays were interpreted in terms of a multiexponential model:

I tð Þ ¼ Aþ Σ Bi exp �t=t ið Þ ð1Þ
where Bi are the preexponential factors and τi the decay
times. The fraction contribution (percentage of photons) of
each decay time component is represented by Pi.

In this study collisional quenching of fluorescence by
nitromethane was described using the Stern-Volmer equation:

Io=I ¼ 1þ KD nitromethane½ � ð2Þ
where Io is the fluorescence intensity without nitromethane, I
is the fluorescence intensity observed in the presence of
nitromethane and KD is the dynamic (collisional) Stern-
Volver constant. The quenching was also described by a
modified Stern-Volmer equation accounting for a fractional
accessibility to quenchers:

Io=ΔI ¼ 1= f a Ka nitromethane½ �ð þ 1=f a ð3Þ

where ΔI = (Io−I), fa is the fraction of initial fluorescence
that is accessible to quencher and Ka is the Stern-Volmer
quenching constant of the accessible fraction.

The PARAFACmodels a three-way tri-linear data structure
X(i×j×k) with elements xijk corresponds to the product of
three matrices A(i×n), B(j×n) and D(k×n) plus the matrix of
error (E(i×j×k)). Each element xijk can be calculated by:

xijk ¼
XN

n¼1

ainbjndkn þ eijk ð4Þ

where ain, bjn, ckn and eijk are respectively the elements of the
A, B, D and E matrices. If the EEM folows a trilinear model
(number of components equals the number of fluorophores)
then the PARAFAC solution (a, b and d) should be
equivalent to the physico-chemical quantities (quenching
profiles, exitation and emission spectra).

The results obtained from the different PARAFAC
models were compared using the model fit [Fit (%)]
defined by Eq. 5 [43]:

Fit %ð Þ ¼ 100� 1�
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Also, the results obtained with PARAFAC models are
assessed using the corcondia test defined by Eq. 6 [43]:

Corcondia %ð Þ ¼ 100
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In this equation gefg and tefg denote the elements of the
calculated core and of the intrinsic super-diagonal core,
respectively, and N the number of components of the
model. If they are equal, the core consistency is perfect
and has a value of unity (100%). Models with a corcondia
value signifcantly lower than 100% should not be
considered.

For PARAFAC analysis raw EEM were reduced to an
excitation wavelength range from 288 to 382 nm (46 data
points) and an emission wavelength range from 432 to 680 nm
(121 data points). Experimental data matrices were arranged
as a three dimensional array nitromethane concentrations �½
emission ðnmÞ � excitation nmð Þ�—a typical dimension
was (7, 121, 46). Data analysis was performed in MATLAB
version 7.5.0.342. The PARAFAC code was obtained from
http://www.models.kvl.dk/source/nwaytoolbox.

Results and discussion

EDS/SEM and absorption spectra of DAB-CdS

Figure 2a and b shows the EDS spectrum and a SEM image
of the purified DAB-CdS. The presence of the signals in the
EDS spectrum due to elements Cd and S confirms the
presence of the QDs; C and N are due to DAB capping
the QDs; the detection of the elements O, C and S suggests
that MPA is also capping the QDs and contribute to their
stabilization. SEM images (Fig. 2b shows an example) do
not give information about the morphology of the material
but amorphous structures with several hundreds nm can be
observed.

Figure 2c shows the absorption spectrum of DAB-CdS
in water. The analysis of the spectrum shows the existence
of a broad absorption band in the wavelength range
between 300 and 400 nm. A detailed analysis of this band
suggests that it result from the overlapped of at least two
bands with maximum absorbance at 325 and 375 nm. This
existence of absorption bands in this wavelength range is
characteristic of QDs with nanometre diameter sizes [32].
The existence of an absorption broad band suggests a
relatively high heterogeneity of the sizes of the CdS QDs
capped with DAB and MPA.
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Steady state fluorescence

Figure 3a shows a typical EEM of aqueous solutions of
DAB-CdS. This nanoparticle is fluorescent showing
maximum excitation and emission at 351 and 535 nm,

respectively. The analysis of the EEM also shows that the
maximum of the emission spectra is not dependent on the
excitation wavelength as observed in other dendrimer-CdS
nanocomposites [30]. This result shows that this substance
has a relatively high Stokes’ shift of 204 nm.

0.0
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Wavelength (nm)
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c

Fig. 2 EDS spectra (a),
SEM image (b) and room
temperature absorption spectra
of DAB-CdS in water (c)
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The emission full width of half maximum (fwhm) is
212 nm which is a relatively high value when compared
with typical narrow emission bands of QDs. This relatively
high fwhm suggests that the fluorophores (CdS QDs) show
a high degree of size and shape heterogeneity when
bounded to the dendrimer. Indeed, this property is typical
of colloidal CdS QDs, as well of their nanocomposites with
organic molecules [30–32].

The effect of the dendrimer capping on the fluorescence
intensity (quantum yield) of CdS QDs could not be
rigorously study because the repetition of the described
synthesis (Experimental section) without DAB failed to
obtain CdS QDs. CdS QDs could only be obtained with
higher MPA concentrations and after adjusting the pH of
the solution before the addition of sulphide to 6.5. The
comparison of the fluorescence intensity of the two CdS
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Fig. 3 Excitation emission
matrices of fluorescence of
aqueous solutions of
DAB-CdS without (a) and with
nitromethane: 0.0365 M (b)
and 0.109 M (c)
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QDs (without and with DAB) showed that the CdS QDs
capped with DAB were about four times more fluorescent
that the MPA capped CdS QDs. This enhancement of the
fluorescence of CdS QDs by dendrimers has already been
described in the literature [32].

The synthesized DAB-CdS nanocomposite show a
similar emission maximum to literature reports of mercap-

toacetic acid-capped-CdS (541 nm) [44], dendrimer-
encapsulated CdS nanoparticles (465 to 480 nm [31])
(470 to 510 nm [32]).

Lifetime analysis

Typical fluorescence time decay profiles of DAB-CdS are
shown in Fig. 4. The preliminary analysis of the time decay
shows that it is complex showing the presence of lifetimes
ranges from the picoseconds and up to almost the micro-
seconds. Indeed, as shown in Table 1, only a four component
decay time model originated a good fit (χ=1.20) with the
following lifetimes: τ1=657 ps; τ2=10.0 ns; τ3=59.42 ns;
and τ4=265 ns. The existence of relatively long lived
components in dendrimer stabilized QDs (in the range of τ3
and τ4) has already been observed in studies using methanol
as solvent [30, 32].

Figure 4 also shows the fluorescence time decay profiles
in the presence of a quencher (nitromethane). The analysis
of these decays shows that the longer lifetimes components
are particular sensible to the presence of the quencher.

Table 1 Lifetime intensity decays of DAB-CdS nanoparticles in water without and in the presence of nitromethane

N τi (ns) Bi Pi (%)

Without nitromethane

1 0.657(36) 0.726(7) 6.4

2 10.0(4) 0.0845(7) 11.3

3 59.42(8) 0.0430(2) 34.3 A=6.8(1)

4 265(2) 0.01350(4) 48.0 χ=1.20

[Nitromethane] = 0.00365 M

1 0.514(33) 1.012(9) 8.3

2 9.6(4) 0.0873(7) 13.4

3 56.5(8) 0.04396(5) 39.6 A=6.2(1)

4 226(2) 0.011(9) 38.7 χ=1.17

[Nitromethane] = 0.0730 M

1 0.77(4) 0.616(5) 11.7

2 10.7(5) 0.0880(6) 23.2

3 53.7(5) 0.0350(1) 46.1 A=8.82(8)

4 241(4) 0.00321(3) 19.0 χ=1.27

[Nitromethane] = 0.146 M

1 0.58(3) 0.884(8) 15.2

2 8.2(4) 0.0973(8) 23.9

3 39.5(7) 0.0357(2) 42.1 A=3.24(8)

4 173(3) 0.00363(3) 18.7 χ=1.29

[Nitromethane] = 0.219 mol/L

1 0.52(3) 0.987(9) 18.6

2 7.2(4) 0.1086(9) 28.3

3 32.2(7) 0.0345(2) 40.5 A=4.18(6)

4 130(3) 0.00264(4) 12.5 χ=1.27

Counts

0

4000

8000

100 150 200 250 300
Channels

|nitromethane| = 0 M 

|nitromethane| = 0.00365 M 

|nitromethane| = 0.0730 M 

|nitromethane| = 0.146 M 

|nitromethane| = 0.219 M 

Fig. 4 Fluorescence decays of aqueous solutions of DAB-CdS in the
presence of increasing concentrations of nitromethane
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Table 1 shows the life times calculated with a four
component decay time model when nitromethane is present.
The analysis of Table 1 shows that when the concentration
of nitromethane is increased the lifetimes of the longer
lifetimes components as well as the correspondent fraction
contribution decreases.

PARAFAC analysis of the quenching

As shown in Fig. 3, the presence of nitromethane provokes
an overall decrease of the fluorescence of DAB-CdS. In

order to analyze the structure of the EEM acquired as
function of the nitromethane concentration, i.e. if besides
quenching a shift of the emission or excitation wavelength
is observed, PARAFAC analysis was done using different
component models (from one and up to three components)
[15, 16]. Typical values for the corcondia test (explained
variance) for these three models were: one component,
100% (99.58%); two components, −11.78% (99.84%); and,
three components, −0.24% (99.96%). These error parameters
show that the intrinsic EEM model is constituted by one
component [43], showing that only spectral variations due to
quenching are observed.

Figure 5 shows typical results of the trilinear decompo-
sition of sets of EEM collected in the presence of increasing
amounts of nitromethane. Figure 5a shows the excitation
and Fig. 5b shows the emission spectra. Figure 5c shows
typical quenching profiles that are going to be analysed in
the following section.

Quenching of the fluorescence of DAB-CdS by nitromethane

In order to analyze the quenching mechanism provoked by
nitromethane, Stern-Volmer plots were done which shows a
linear trend (Fig. 6a and Table 2). From these plots a Stern-
Volmer constant of 9.0(4) M−1 can be estimated. This order
of magnitude is compatible with a dynamic quenching
(collisional) between the DAB-CdS and nitromethane.
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Fig. 6 Stern-Volmer plots of the quenching of the fluorescence of
aqueous solutions of DAB-CdS by nitromethane
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Fig. 5 PARAFAC estimation of the excitation (a) and emission
spectra (b), and quenching profiles in the presence of nitromethane (c)
of aqueous solutions of DAB-CdS
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However, a detailed analysis of the Stern-Volmer plots
shows the existence of a slightly downward curvature. This
observation is supported by the calculated intercept, 1.32
(5), which is significantly higher than the expected unity,
and suggests that the fluorophores dispersed on the
dendrimer structure are not all accessible to the quencher
(nitromethane) [45]. To assess this hypotheses a modified
Stern-Volmer plot was done (Fig. 6b and Table 2) and, with
this model, a better linear fitting of the quenching profiles
as function of nitromethane concentration is achieved.

From the modified Stern-Volmer plots a Stern-Volmer
constant of 25(6) M−1 is calculated and the percentage of
fluorophores accessible to the quencher is about 81%. This
result shows that about 19% of the CdS QDs (fluorophores)
are located in the inner layers of the dendrimer while about
81% are located in the external layer of the dendrimer. As
discussed above, the components with longer lifetimes are
particularly sensible to the presence of nitromethane. As
hypotheses one can associate these longer lifetimes compo-
nents to those fluorophores that are located in the external
lay of the dendrimer.

Conclusions

A fluorescent hybrid CdS QDs dendrimer nanocomposite
synthesised in water and stable in aqueous solution is
described. It is excited in the near UV and emits blue
radiation. The fluorescence decay time profiles are complex
and can be described using a four component model. It was
observed that nitromethane is a collisional quencher of the
fluorescence of the nanomaterial and it allow the estimation
of the percentage of fluorophores accessible to the external
chemical environment.

This nanomaterial is characterized by a relatively high
Stokes’ shift and has a high percentage of the fluorophores
accessible to the external chemical environment character-
ized with a lifetime in the micromolar range. These set of
favourable properties show that this nanomaterial has great
potential as sensor.
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