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This paper reports the synthesis and characterization of ternary CdTe:Zn?*" quantum dots (QDs)
passivated with reduced L-glutathione (GSH) dispersed in water. The synthesis was performed
through a one-pot approach and their size-dependent optical properties were investigated through
steady-state absorption and emission spectroscopies along with the evolving factor analysis/
multivariate curve resolution alternating least squares (EFA/MCR-ALS) method. Our results
show that the incorporation of Zn?** ions in CdTe:Zn** QDs, during the synthesis time, decreases
the CdTe:Zn* QDs predominant diameter in the ensemble and increases their size dispersion. In
addition, fluorescence quantum yield measurements suggest a reduction in the number of surface
defects in CdTe:Zn?** QDs as compared with CdTe QDs, when both are produced from the same

synthesis route.
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Introduction

In the last few decades, nanostructured materials,
such as fullerenes, nanotubes, nanoribbons, nanowires
and nanocrystals (NCs), have attracted great attention due
to their remarkable optical and electronic properties. In
particular, semiconductor NCs, crystalline structures that
can be confined in one, two or three spatial dimensions
with length varying from 1 to 100 nm,"? present special
optical features related to the strong confinement effect
of electrons, which occurs when the NC radius becomes
smaller than the Bohr radius.’* Materials that exhibit a
system of electrons confined in all three spatial dimensions
have quantized energy levels, such as atoms and molecules.
Such systems are called artificial atoms or quantum dots
(QDs). Nowadays, QDs are active materials used in several
kinds of applications, such as solar cells, electronic and
photonics devices, fluorescence probes, to cite a few, due
to their size-dependent optical properties.>® For example,
for colloidal semiconductor QDs, the smaller the dot size
the higher the electron-hole pair (exciton) recombination
energy. Consequently, one can tune the QDs optical

*e-mail: schiavon @ufsj.edu.br

responses from UV to near infrared region by changing
only its size.”?

II-VI semiconductor QDs represent one of the most
important types of nanomaterials.'*!” One common
characteristic of all nanostructures is the high ratio of surface
area/volume as compared with bulk materials. Therefore,
surface chemistry and polydispersity are the factors that
most influence the heterogeneity of the optical properties
of QDs.'"#! Although QDs can be applied in photovoltaic
industries, thermal or light-emitting diodes, its applications
in life sciences have revolutionized the state of the art of
some biological assays, including fluorescence-linked
immunosorbent assays (FLISA),* fluorescence resonance
energy transfer (FRET) assays,?! immunosensors,”?> DNA
probes® or multicolor imaging dyes,** commonly being
a real alternative to the use of traditional organic dyes.
In this context, great effort has been made to synthesize
novel nanomaterials, in particular, QDs with high surface
quality and biocompatible ability, to enhance and fine tune
the optical response, concomitantly becoming less harmful
to human health.?>* A commonly used method for this
purpose is to modify the capping molecule, which acts to
reduce the surface defects and toxicity.?® Another method
is based on the introduction of transition elements like
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zinc into the QDs structure.””-?® Thus, ternary CdTe:Zn**
QDs passivated with L-glutathione (GSH) surface binding
dispersed in water have been synthesized and characterized.
The synthesis was performed through a one-pot approach,
using the procedure described by Wang and Liu.* To
aid in understanding the structure and optical properties
relationship, we have performed steady-state absorption
and emission spectroscopies, along with the evolving
factor analysis/multivariate curve resolution alternating
least squares (EFA/MCR-ALS) method.***! Through this
methodology, we have investigated the optical features,
such as steady-state absorption and emission, fluorescence
quantum yield (FQY) and size dispersion as a function
of synthesis time. Our results pointed out that with the
incorporation of Zn?** ions in CdTe:Zn* QDs the QD
predominant diameter in the ensemble decreases and their
size dispersion concomitantly increases. We interpreted
these results in light of the Ostwald ripening mechanism.***
At the same time, our results indicate that there is a
reduction in the number of surface defects in CdTe:Zn**
QDs as compared with CdTe QDs produced from the same
synthesis route.

Experimental
Chemicals

CdCl,.H,O (99%; lot 0501337) was purchased from
Vetec. Zn(NO;), (98%; lot S80603-359), GSH (98%; lot
SLBB3118V), Na,TeO, (99%; lot MKBG7198V) and
rhodamine 6G (lot 04718TH) were obtained from Sigma-
Aldrich. NaBH, (99%; lot 0471BJH) was purchased
from Fluka. All chemicals were used as received, without
further purification. Ultrapure water (type I) was used for
experiments.

Synthesis of GSH-capped CdTe:Zn?* QDs

The synthesis method used was modified from
Wang and Liu.? Briefly, 0.427 mmol CdCl,.H,O and
0.067 mmol Zn(NO,), were diluted in 80 mL ultrapure
water in a 100 mL beaker. GSH (0.52 mmol) was added
while stirring, followed by adjusting the pH to 10.0 with
a solution of 1.0 mol L' of NaOH. Then, this solution
was added to a 100 mL three-neck flask with a reflux
column and a thermocouple coupled with a thermal
heater (Cole-Parmer) to control the temperature. Then,
0.04 mmol Na,TeO, and 1.0 mmol NaBH, were added to
the solution, followed by reflux at 100 °C for up to 120 min.
Aliquots were taken out at different time intervals and used
to record the UV-Vis and photoluminescence (PL) spectra.
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Characterization

The Zn:Cd molar ratio was measured by atomic
absorption spectrophotometry (Varian Spectra AA 20).
UV-Vis absorption and fluorescence spectra were acquired
on a Shimadzu UV-2550 spectrophotometer and Shimadzu
RF-5301 PC fluorimeter, respectively. Absorption
and fluorescence measurements were performed with
10 mm quartz cuvettes using air-saturated solutions at
room temperature. The FQYs of the nanocrystals were
estimated using the fluorescence spectrum of the samples
and a reference method described in detail by Kubin and
Fletcher.>* Here, we have used rhodamine 6G dissolved
in water as the standard fluorescent dye (QY = 92%).
The X-ray diffraction (XRD) pattern was obtained on a
XRD-6000 (Shimadzu) using CuKo radiation, and the
Fourier transform infrared (FTIR) spectra of samples
were recorded using a Spectrum GX spectrophotometer
(PerkinElmer), operating between 4000 and 400 cm’'.

Results and Discussion

Figure 1 depicts the absorbance and fluorescence spectra
for five (CdTe:Zn*")-GSH samples with different synthesis
times. The steady-state absorption spectra (Figure la)
illustrate the first excitonic transition 1S;,(h) — 1S(e),
which is a function of QD size. This transition undergoes
a considerable red shift of approximately 264 meV,
indicating an increase in dots size during the course of the
synthesis (from 15 to 120 min). The same behavior was
observed for the fluorescence spectra (Figure 1b) excited
at the wavelength corresponding to the 1S;,(h) — 1S(e)
transition of each QD sample. At the same time, an increase
in fluorescence intensity was observed. However, the
fluorescence measurements were performed at different
concentrations, for instance, we used 14 uM for the QDs
synthesized for 15 min and 5.5 pM for 120 min. It is worth
mentioning that, as shown in Figure 1, the incorporation of
Zn** ions in CdTe QDs does not modify the line shape of
the absorption and emission spectra. The same result was
found in Wang et al.” and, according to them, the diameters
obtained through the high-resolution transmission
electronic microscopy (TEM) are consistent with the results
obtained from Yu’s formula for CdTe QDs.* In this way,
we can use the empirical relation obtained by Yu et al.®
to estimate the average diameter for the (CdTe:Zn**)-GSH
samples and verify the influence of Zn>** on their size-
dependent optical properties.

In addition, we have estimated the band gap for the
(CdTe:Zn**)-GSH samples using the method described
in the literature®**” (data not shown). Comparing these
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Figure 1. Evolution of the (a) absorption and (b) fluorescence spectra for GSH-capped CdTe:Zn** dispersions excited at the peak of absorption band

related with the first excitonic transition.

results with those found for CdTe-GSH QDs of the same
diameter," it is noted that the band gap values are slightly
higher in the presence of Zn** with increasing magnitude
of 0.01, 0.04 and 0.05 eV for diameters 2.8, 3.1 and
3.3 nm, respectively. This outcome is also indicative of
Zn* incorporation into the CdTe QDs.

To evaluate an interaction of the GSH ligand with an
inorganic part of the nanoparticles, we have performed
FTIR spectroscopy. Figure 2 shows the FTIR spectra
for GSH, CdTe-GSH and (CdTe:Zn?*)-GSH. As can be
seen, the FTIR spectra of the QDs stabilized with GSH
are mainly characterized by pronounced IR absorption
bands that occur between 3500 and 3000 cm™ (voy,
Vi), and peaks at 1562 cm! (V,ymco0) and 1397 cm’!
(VsymC*O) are consistent with the fact that the carboxylic
acid group is deprotonated at pH 10. The S—H vibrations
(2525 cm™) are not detectable in the IR spectra of any of
CdTe-GSH and (CdTe:Zn*")-GSH bound ligands, which is
expected for thiols covalently bound to the surface of the
nanocrystals.*®*! Furthermore, we did not observe a big
difference between the FTIR spectra for CdTe-GSH and
(CdTe:Zn**)-GSH samples.
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Figure 2. FTIR spectra of (a) free GSH, (b) GSH-capped CdTe QDs,
(c) GSH-capped CdTe:Zn* QDs.

We have also performed XRD to check the dominant
crystal phase. Figure 3 illustrates the XRD pattern of
CdTe bulk and (CdTe:Zn*)-GSH QDs. The XRD pattern
for (CdTe:Zn>*)-GSH is characterized by a broad peak at
ca. 40° (20), characteristic of CdTe QDs. In addition, the
peaks for (CdTe:Zn>*)-GSH QDs match well with the bulk
phase of CdTe, suggesting that the nanocrystals belong to
the cubic zinc blende structure.
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Figure 3. XRD pattern for (a) CdTe bulk and (b) (CdTe:Zn**)-GSH QDs.

Figure 4 shows the increase of the QDs average
diameter from 2.29 to 3.30 nm during the course of the
synthesis (from 15 to 120 min).

As previously described, the optical properties for
semiconductor QDs are size-dependent and, therefore,
determining its average size is extremely important. Here,
as mentioned, we have used the methodology described
by Yu et al.® to determine the average size of the five
(CdTe:Zn**)-GSH samples. Therefore, all QDs synthesized
(diameter < 4 nm) exhibit a very strong quantum
confinement effect because the exciton Bohr radius for
CdTe QDs is ca. 7.5 nm.** According to Figure 4, a great
growth rate of QDs is predominant in the first 60 min
(1.75 x 102 nm min™'), and with longer times it undergoes
a great reduction (3.7 X 10 nm min). This outcome is
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Figure 4. Synthesis time vs. size of CdTe:Zn?* QDs.

characteristic of colloidal QDs synthesis, which is driven
by the Ostwald ripening mechanism.®

Figure 5a illustrates the correlation between the dot
size and fluorescence maximum position (FMP) parameter,
while Figure 5b shows the correlation between the FQY
and the QDs average diameter. For that, we have used the
methodology described in the literature* and rhodamine
6G dissolved in water as standard sample.** The solid line
in Figure 5a represents the fitting curve used to model FQY
for GSH-capped CdTe:Zn** QDs with different sizes. In
Figure 5b it is observed that the FQY reached a maximum
of ca. 36% at 60 min and subsequently reduced at longer
times, suggesting an increase in the number of defects on
the QD surface, as previously reported.*>4

This is also a typical behavior of colloidal synthesis as in
the one-pot method used in the present work. Moreover, the
(CdTe:Zn*")-GSH QDs exhibit higher FQY than CdTe QDs
obtained from the same synthesis route,'* even for the larger
QDs. According to He and co-workers,*? CdTe QDs exhibit
oxidized Te surface sites that enhanced the nonradiative
electron-hole recombination pathways, decreasing FQY. A
possible explanation for this process has been suggested,*
in which the authors describe that the Zn** ions in CdTe:Zn?*
QDs act in recovering the defect sites (oxidized Te), which
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generate improvements in the quality of the QDs’ surface
and, consequently, increases FQY.

To gain more information about (CdTe:Zn?*")-GSH QDs
ensemble, we measured the fluorescence spectra after
stepwise excitation (intervals of 2 nm) at all wavelengths
along the lowest energy excitonic band of the QDs. In
Figure 6a, we show graphs (color maps) of the emission vs.
excitation wavelengths obtained for each synthesis time.
The first aspect to highlight is that depending on the
excitation wavelength, we observed different regions of
emission. This occurs because the sample has an ensemble
of QDs with distinct sizes. Nevertheless, each QD emits
at a particular wavelength, as shown in Figure 6a, and,
therefore, we observed a specific range of emission
wavelengths for each sample. The second aspect is related
to the increase in synthesis time (and consequent increase
of QDs average size) that induces a red shift in the range
of emission wavelengths, which can be easily visualized
in Figure 6a (displacement of the emission region along
the horizontal axis).

From Figure 6a, we employed the EFA/MCR-ALS
method*’ to determine the predominant QD diameters in
the ensemble for each synthesis time. This method makes a
decomposition of all the QDs’ fluorescence spectra excited
along the lowest energy absorption band and through a
specific iterative procedure determines the predominant QD
diameter in the ensemble. Details about this method can be
found in Mutavdzic et al.* Figure 6b depicts the normalized
emission spectra obtained from the EFA/MCR-ALS
analysis for each synthesis time indicating the predominant
QD diameters in the ensemble. According to this method,
all samples have four predominant QD diameters (see
number of spectra in Figure 6b). However, three of them
have the same diameter within the experimental error.
Therefore, according to EFA/MCR-ALS analysis, the
predominant QD diameters were 2.09 and 2.30 nm for
15 min, 2.53 and 2.75 nm for 30 min, 2.91 and 3.06 nm
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Figure 5. (a) Size/FMP dependence and (b) fluorescence quantum yield vs. average diameter for GSH-capped CdTe:Zn** QDs.
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Figure 6. (a) Color map representing the emission vs. excitation wavelengths for each synthesis time; (b) normalized characteristic emission spectra

obtained from the EFA/MCR-ALS method for each QDs solution.

for 60 min, 3.10 and 3.20 nm for 90 min, and 3.20 and
3.27 nm for 120 min.

If we compare these results with the ones obtained
through the same synthesis route for GSH-capped
CdTe" we observe a reduction of approximately 10%
in predominant QD diameter in each sample. This result
suggests that the incorporation of the Zn?** ions causes
a reduction in predominant QD diameters in ensemble.
Moreover, from the EFA/MCR-ALS analysis, an increase
in the range of the predominant QD diameters (related to
the increase of size dispersion) is observed for CdTe:Zn?** as
compared with the CdTe produced from the same synthesis
route. Finally, both effects (decrease of average size and
increase of size dispersion) seem to be associated with the
reduction in number of surface defects occasioned by the
Zn* ions. It is worthwhile to remember that the Zn?* ionic
radius (60 pm) is smaller than the Cd?** ionic radius (78 pm);
this makes it possible for zinc ion to be incorporated into
the CdTe crystalline structure,* in addition to the possible
interaction on the surface.

Conclusions

Here, we have synthesized and reported the optical
properties for five samples of (CdTe:Zn*)-GSH QDs
dispersed in water containing different average sizes and
dispersions. We observed that the incorporation of Zn?*
ions in (CdTe:Zn*)-GSH QDs decreases the predominant
diameter in the ensemble and increases their size dispersion
as we compared them with CdTe-GSH QDs synthesized
using the same synthesis route.'* Another significant outcome
reported here is that the presence of Zn** ions increases
the FQY in relation to QDs synthesized in the absence of

metal, most probably because Zn** ions reduce the surface
defects, even for larger QDs. All these results are ruled by
the Ostwald ripening mechanism, which is characteristic of
colloidal synthesis like the one-pot method employed here.
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Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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