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Abstract The synthesis and characterization of cadmium
sulphide (CdS) quantum dots, conjugated in a porous
phosphate heterostructure functionalized with aminopropyl
groups is described. The resulting material has fluorescence
properties with maximum emission intensity at 575 nm.
The fluorescent materials are not soluble in water and
exhibit high stability in aqueous solution in the pH ranges
from 2 to 9. Energy dispersive X-ray spectroscopy con-
firmed the qualitative elemental composition of the syn-
thesized materials and X-ray photoelectron spectra showed
a surface S/Cd atomic ratio of 1.09. SEM images show that
the materials are amorphous, possessing porous with sizes
of several tens nanometres, homogeneous and exhibit a
layered morphology. The adsorption—desorption analysis
by N, at 77 K showed the accessibility of the CdS quantum
dots onto the pores of the structure. The CdS quantum dots
were stabilized by mercaptopropionic acid and bounded to
the host materials by amine groups.
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Introduction

Modern material science devotes particular attention to
studies of new materials for a wide range of applications.
Nowadays an area of interest is closely related to the
development of highly luminescent quantum dots (QDs),
nanoparticles with semiconductor character which posses
unique electronic properties and great analytical chemical
potential [1-4]. Moreover, it is a focus of interest the
development of assemblies of QDs into appropriate con-
finement to enhance their stability and luminescent and
create nanostructural materials with unique physical and
chemical properties [5, 6]. Moreover, nanoparticles
aggregation is a problem [7] that can be minimized by their
encapsulation in a chemically inert matrix also, this allow
an accurately control dispersion of the nanoparticles. The
extension of the dispersion of nanoparticles on a solid
material depends on the uniformity of the pores of the
matrix. Matrices with uniform pore structure and controlled
diameter are preferable as host materials for nanoparticles.

The nanolevel uniform pore structures of mesoporous
materials, such porous phosphate heterostructure (PPH)
[8], seems a challenge system to build nanocomposites
systems, owing to the possibility to obtain materials with
different pore size (2-50 nm) and structures. Mesoporous
materials are being developed as a very promising and
aesthetically appealing area of chemistry since the dis-
closure of the MCM 41 family, in the earliest nineties
[9, 10].

PPH are being proposed due to the new strategies of
synthesis, are the latter template obtained by using
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zirconium phosphate as a layered structure which is
expanded with cationic surfactants in order to form silica
galleries in the interlayer space, by coupling synthetic
methodologies used for producing pillared layered struc-
tures and mesoporous solids such as the MCM 41 family. A
porous material with a high specific surface area is
obtained when the surfactant molecule, used as template is
removed. The presence of this porous distribution confers
these materials excellent potential host properties for
nanoparticles, as QDs [11]. Moreover, PPH are materials
that can be easily functionalised allowing an increased
affinity towards selected substances and nanoparticles. For
example, to facilitate the transport of nanoparticles pre-
cursor molecules or ions inside the channels of mesoporous
materials, it is proposed the use of functional ligands ran-
domly distributed through the internal surface of PPH [12].
Recently, PPH have been successfully investigated as
supported of copper [13] and ruthenium [14] in catalyst
process.

In this work, a simple and flexible method for the direct
synthesis of a conjugated N-PPH-CdS is presented. The
CdS are formed in the functionalized hybrid PPH structure.
The CdS is a very attractive semiconductor material due to
its stability, photochemical properties and easy preparation
and handling as well as the practical applications in pho-
tonics and electronics [15] or analytical purposes [16—18].
Because the novelty of these synthesised materials and
their wide applications, functionalized PPH are used as
host materials for CdS QDs nanoparticles to obtain their
spectroscopy behaviour in such as matrix.

Materials and methods
Synthesis of PPH host and functionalized N-PPH

The synthesis of the host PPH and the PPH functionalized
with amine groups (N-PPH) were synthesised according
the previous published bibliography [8, 19]. In this work,
was chosen a molar ratio of 5 and 50 in tetraethylortho-
silicate (TEOS) and the corresponding aminopropyl tri-
ethoxysilane (APTEOS).

Synthesis of N-PPH-CdS QDs conjugated material

N-PPH (6.2 mg) was suspended in 1-propanol and stirred
for 4 h at room temperature, excess of cadmium chloride
(CdCl,) was added (7.5 mg) and left to stabilize for 24 h in
order to allow the coordination of Cd*" by the amine
groups of N-PPH. Gently, 100 pL (1.14 mmol) of 3-mer-
captopropinoic acid (MPA) was added and left to stabilize
during 4 h, equimolar sodium sulfide (Na,S), 9.07 x
107° moles, was added to obtain a turbid yellowish solu-
tion; its centrifugation allowed the separation of brightness
yellowish solid. This solid was washed twice with ethylic
ether to remove the 1-propanol residues and left to evap-
orate in vacuum. The purification of the N-PPH-CdS was
done by dialyzes for 48 h against deionised water using a
MW CO 12,000-14,000 Da dialysis tube from Medicell
International. The density of aminopropyl groups and the
textural parameters of these materials used as host for QDs
are presented in the Table 1. As expected when the density
of aminopropyl groups increases, the surface area and
volume of pores of the materials decreases.

The CdCl, and Na,S were added into the 1-propanol
suspension containing N-PPH, Cd*" was absorbed onto the
surface of the PPH by both electrostatic and coordination
interactions between Cd>" and the aminopropyl groups on
N-PPH [20], and S*~ bounded to Cd*" originating CdS
QDs. Also, nanoparticles of CdS of highest size can be
formed onto the surface of N-PPH host, where also ami-
nopropyl groups are presented. After purification a bright
yellowish powder was obtained. Figure la shows a pho-
tograph of grains of N-PPH-CdS dispersed in a buffer
solution excited at 401 nm, the Fig. 1b shows the corre-
sponding emission spectra.

The fluorescence properties of the material were ana-
lysed by dispersing grains in different pH buffer solutions,
in the range 2-9, and any variation of the emission maxi-
mum was observed. Also, the material did not dissolve or
decompose in these aqueous buffer solutions for several
days. The maximum of the emission spectra at all pH
values was 576 + 3 nm (average and standard deviation).
It is suggested that the N-PPH structure confer a protection
to thus luminescent system.

Table 1 Textural parameters of N-PPH materials before and after conjugation with QDs

Material N-PPH host N-PPH-CdS

Aminopropyl groups (mmol/100 g) SBET (m2 gfl) Vo (cm3 gfl) SBET (m2 gfl) Vo (cm3 gfl)
Ns-PPH-CdS 127 223 0.411 41 0.219
Nso-PPH-CdS 20 556 0.618 186 0.502

SgeT, surface area per gram of material calculated using BET method; V},, volume of pores per gram of material calculated using BJH method
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Fig. 1 a Luminescence image (a)
of N-PPH-CdS grains

(excitation at 401 nm) and b the
corresponding emission spectra

This maximum emission wavelength fall in the range
observed for CdS QDs literature values for the maximum
emission wavelength for CdS QDs are: L-cysteine-capped-
CdS, 495 nm [18], L-cysteine-capped-CdS, thioglycerol-
capped-CdS and polyphosphate-capped-CdS, 460, 560 and
650 nm, respectively [16], mercaptoacetic acid-capped-
CdS, 541 nm [17].

Characterization methods

Scanning Electron Microscopy (SEM) and energy-disper-
sive X-ray spectroscopy (EDS) of the purified material were
carried out on a FEI Quanta 400FEG/EDAX Genesis X4M
High Resolution Scanning Electronic Microscope, the sam-
pling accessory was 400 mesh copper/carbon grids (Electron
Microscopy Sciences, Hatfield, PA, USA) attached to a steal
support. Transmission Electron Microscopy (TEM) was
carried out with a Philips CM-200.

Confocal microscope images were acquired with a Leica
SP2 AOBS SE (Leica Microsystems, Germany) using solid
N-PPH-CdS dispersed in 0.1 M phosphate buffer solutions
in the pH range between 2 and 9.

X-ray photoelectron spectra (XPS) were obtained using a
Physical Electronics PHI 5700 spectrometer with a non-
monochromatic Al Ko radiation (300 W, 15 kV, hv =
1486.6 eV) as the excitation source. Spectra were recorded
at 45° take-off angle by a concentric hemispherical analyser
operating in the constant pass energy mode at 25.9 eV, using
a 720 um diameter analysis area. Under these conditions the
Au 4f,, line was recorded with 1.16 eV FWHM at a binding
energy of 84.0 eV. The spectrometer energy scale was cal-
ibrated using Cu 2p3,, Ag 3ds,, and Au 4f;,, photoelectron
lines at 932.7, 368.3 and 84.0 eV, respectively. Charge
referencing was done against adventitious hydrocarbon
(C 15284.8 eV). Powdered solids were mounted on a sample
holder without adhesive tape and kept overnight in high
vacuum in the preparation chamber before they were
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transferred to the analysis chamber of the spectrometer.
Each region was scanned with several sweeps until a good
signal to noise ratio was observed. The pressure in the
analysis chamber was maintained lower than 10~ Torr. A
PHI ACCESS ESCA-V6.0 F software package was used for
acquisition and data analysis. A Shirley-type background
was subtracted from the signals. Recorded spectra were
always fitted using Gauss—Lorentz curves in order to
determinate more accurately the binding energy of the dif-
ferent element core levels. The accuracy of binding energy’s
(BE’s) values was within +0.1 eV.

FTIR spectra were recorded in the 4,000-400 cm™'
frequency region using a Brucker Tensor-27 IR-spectro-
photometer equipped with a room temperature DTGC-
detector. The measurements of the absorption bands
integrated intensity were made using the OPUS software
supplied by the Brucker Instrument. The pellet discs of
0.8 cm diameter were prepared by mixing 1 mg sample
with 200 mg KBr and pressing at 14 kg/cm?. Prior to
analysis, the pellets were overnight heated at 80 °C to
remove any adsorbed water.

X-ray diffraction (XRD) spectroscopy patterns of pow-
dered specimens were obtained using a Rigaku Miniflex
D/max-C series automated diffraction system equipped
with a graphite monochromator and a Cu Ko radiation.
Samples were analyzed in the range 4-70°20, using a 1°
divergence slit, a step increment of 0.05°260 and a counting
time of 5 s/step.

Textural parameters were obtained from N, adsorption—
desorption isotherms (BET method) with a Micromeritics
ASAP 2020. The specific surface area and pore volume of
the CdS-NPPH were determined by the adsorption—
desorption of N, at —196 °C with a Micromeritics ASAP
2020. The specific surface area of N-PPH-CdS in a dry
state was determined by multipoint Brunauer—-Emmett—
Teller (BET) method. Before analysis, the N-PPH-CdS
sample was degassed at 150 °C up to 10~* Torr. Pore
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volume and an average pore diameter for N-PPH-CdS were
determined by the Barrett, Joyner, Halenda model.

Results and discussion
EDS and XPS analysis

EDS qualitative measurements were performed on the
N-PPH-CdS and the corresponding spectrum is shown in
Fig. 2. This spectrum shows strong signals of Cd and S
from the CdS QDs, and Zr, P, N and O from N-PPH-CdS
(the signals of Cu, Al and C are due to the SEM grids).
These EDS results confirm the presence of CdS QDs
conjugated with N-PPH.

The XPS, in terms of surface composition, showed a
surface S/Cd atomic ratio is 1.09, near to the theoretical
S/Cd atomic ratio value for bulk CdS (1.00). This is
indicative of a homogeneous distribution of the CdS
nanoparticles on the external surface. The core level S 2p
and Cd 3d spectra are shown in Fig. 3. The S 2p3,, peak
appears at 162.1 eV, slightly higher than the value reported
in the literature for pure CdS (161.7 eV) [21] and can be
attributed to the interaction of amino groups from N-PPH
with CdS. While the Cd 3ds,, peak appears at 405.4 eV,
similar to the value observed for pure CdS [22]. These data
confirm the presence of CdS on the surface of the solids.

SEM and TEM images

A typical SEM image of the material is shown in Fig. 4.
The analysis of this figure confirm that the material is
amorphous possessing porous with sizes of several tens
nanometres, is homogeneous and present a layered mor-
phology. The size distributions of CdS QDs synthesized
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Fig. 2 EDS spectra of N-PPH-
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Fig. 3 a Cd 3d and b S 2p core level spectra of CdS in the N-PPH
materials

inside N-PPH are comprised between 20 and 40 nm. While
for the CdS nanocrystals, due to the hardness for control-
ling their surface situation, in most cases, the visible
emission around orange region arise from the recombina-
tion of CdS nanocrystal surface trap states is inevitably
observed, and their bandgap emission at blue region is
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Fig. 4 SEM photograph of N-PPH-CdS

hardly realized because of the trap states abundant on the
nanocrystal surfaces. Therefore, by changing the surface
situation, it is possible to leverage the band-edge emission
and surface trap state emission of CdS nanocrystals to
achieve orange luminescence. TEM image (Fig. 5a) shows
the CdS nanoparticles (see darks bits) which are occluding
the porous of pristine NH-PPH materials. The measure-
ment size of the CdS nanoparticles is about 1-3 nm. Also,
aggregates of CdS and pristine are shown in Fig. 5b. The
chemical elements distribution along a horizontal profile at
about 800 nm in length using energy dispersive X-ray
spectroscopy analysis show to the left part of the profile
line a composition constituted by S and Cd, whereas the

particles located to the right part have a chemical compo-
sition (O, Si, P and Zr) corresponding to N-PPH material.

FT-IR analysis

The FT-IR spectrum of the host materials suffers marked
modifications when conjugated, example for N-PPH in
Fig. 6. Host materials exhibit a band at 1,640 cm_l,
characteristic of primary amines. This band suffers a shift
and apparent intensity attenuation when the material is
conjugated, suggesting that the amine groups of N-PPH
participate in the bounding to CdS QDs. The broad band
with a maximum at 1,080 cm™" is the overlapped of sev-
eral stretching bands, for example, P-O and C-N. The
conjugated materials show a strong band at 1,700 cm™ ',
not detected in the host materials, which is due to the
stretching of the carbonyl groups of MPA. These results
show that CdS QDs are stabilized by MPA and bounded to

the host materials by amine groups.
XRD

Figure 7 shows the XRD pattern of N-PPH-CdS. The XRD of
hosts N-PPH showed, as expected, an amorphous structure,
due to that the silica structure of galleries is non-crystalline.
The powder XRD patterns is characterised by a broad peak
with a mean value occurring at about 3.36 A (26.51, 20),
corresponding to the d(111) diffraction plane of p-CdS
(Hawleyite) by comparison with data from JCPDS file no.
10-454. Also, two more bands, at 2.06 A (43.9,20and 1.75 A
(52.0, 20) corresponding to d(220) and d(311) diffraction

200.0kV x80000 200.0nm —

Fig. 5 a TEM images of CdS nanoparticles (dark bits) confined in the pristine N-PPH. b EDS spectra obtained on the CdS and pristine

aggregates
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Fig. 6 FT-IR spectra of N-PPH
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Fig. 7 XRD patterns of randomly powdered oriented samples of
N-PPH-CdS

planes, are associated with $-CdS (cubic system, F43M)
[JCPDS file, no. 10-454], [23]. The broadness of the d(111)
peak could be related to the smaller size of the CdS nano-
particles, where the mean size estimated from the Schrerrer’s
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2800

equation is about 3.4 nm [23]. Nevertheless, two other peaks
are observed at 3.53 and 3.15 A after the d(111) peak
decomposition, that could correspond to the d(100) and
d(101) diffraction planes of -CdS (Greenockite) [JCPDS file,
no. 6-314]. Both peaks and the peak at 3.36 A corresponding
to d(002) plane could be also associated with a hexagonal
form of CdS (P63mc) [JCPDS file, no 6-314]. Evidences of
the d(100) and d(101) planes were observed several published
works [23, 24]. Therefore, the band broadening should be
caused by a mixture constituted by both hexagonal and cubic
forms of -CdS and -CdS. As the time reaction run increases,
the d(002) plane become sharper, meaning that a possible
transformation from «-CdS to -CdS could occur. The broad
band peaks are characteristic of CdS QDs and an indication
the nano-dimensions of the samples [25].

Textural properties of N-PPH-CdS

The surface area of the QDs conjugated materials were
evaluated by the BET method the corresponding results are

Fig. 8 Adsorption—desorption 450
isotherms of N, at 77 K of N5
(filled diamond) and N50 400 1
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compiled in Table 1 and the adsorption—desorption iso-
therms shown in Fig. 8. The surface area values (Sggr) of
the host materials suffer a marked decrease when conju-
gated with QDs, being more marked for the N5,-PPH-CdS
sample (82% reduction) which had more available amino
groups to coordinate CdS particles. For the other two
materials the reduction in the Sggt was 67% (Ns-PPH).
This marked decrease in the Sggr point out that CdS QDs
are formed inside the galleries of the host materials, pro-
voking a blockage of the mesopores, impeding the filling of
the pores by N,. In opposition to the samples Ns-PPH-CdS-
and Nso-PPH-CdS, which show the expected volumes of
pores reduction upon conjugation.

Conclusions

CdS QDs were successfully conjugated with N-PPH via
complexation at room temperature under ambient pressure.
Well-dispersed CdS QDs were bounded to the mesoporous
nanostructure of the N-PPH. CdS QDs were stabilized by
MPA and bounded to the host materials by amine groups.
The conjugated materials were fluorescent and their
photophysical properties were independent of the pH of the
aqueous solution in the range of pH between 2 and 9. Also,
the conjugated materials were mechanically stable in
aqueous solution.
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