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An aqueous route of synthesis is described for rapid synthesis of lead selenide quantum dots (PbSe
QDs) at room temperature in an attempt to produce water-soluble and stable nanocrystals. Several
thiol-ligands, including thioglycolic acid (TGA), thioglycerol (TGC), 3-mercaptopropionic acid
(MPA), 2-mercaptoethylamine hydrochloride (MEA), 6-mercaptohexanoic acid (MHA), and -
cysteine (L-cys), were used for capping/stabilization of PbSe QDs. The effects of the ligands on the
stability of PbSe QDs were evaluated for a period of two months at room temperature under normal
light conditions and at 4 °C in the dark. The TGA- and MEA-capped QDs exhibited the highest
stability prior to purification, almost two months when kept in the dark at 4 °C. However, the stability
of TGA-capped QDs was reduced substantially after purification to about 5 days under the same
conditions, while MEA-capped QDs did not show any significant instability. The stabilization energies
of Pb-thiolate complexes determined by theoretical DFT simulations supported the experimental
results. The PbSe QDs capped with TGA, MPA and MEA were successfully purified and re-dispersed
in water, while those stabilized with TGC, MHA and L-cys aggregated during purification attempts.
The purified PbSe QDs possess very susceptible surface resulting in poor stability for about 30-45 min
after re-dispersion in water. In the presence of an excess of free ligand, the stability increased up to 5
days for TGA-capped QDs at pH 7.19, 9-12 days for MPA-capped QDs at pH 7.3-7.5 and 45-47 days
for MEA-capped QDs at pH 7.35. X-Ray diffraction (XRD) results showed that the QDs possess

a cubic rock salt structure with the most intense peaks located at 26 = 25.3° (200) and 26 = 29.2° (100).
TEM images showed that the size of the QDs ranges between 5 and 10 nm. ICP-MS results revealed
that Pb : Se ratios were 1.26, 1.28, 3.85, 1.18, and 1.31 for the QDs capped with TGA, MPA, MEA, 1-
cys, and TGC, respectively. The proposed method is inexpensive, simple and utilizes environmentally

friendly chemicals and solvents.

1. Introduction

In recent years, lead selenide quantum dots (PbSe QDs) have
attracted much interest due to their infrared optical properties
caused by the transitions occurring in the NIR wavelength range
(A= 1.1-4.0 um)."* These semiconductor nanocrystals belong to
the TV-VI group and have extensive applications in solar cells,’
telecommunication devices,® photodetectors,” and biomedical
labeling.® The conventional syntheses of PbSe QDs use
hazardous organo-metallic precursors and high boiling-point
organic solvents, such as tri-n-octylphosphine/tri-n-octylphos-
phine oxide (TOP/TOPO).!** These approaches yield QDs
capped with organic (hydrophobic) ligands that are not suitable
for biological applications. Other non-aqueous syntheses
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reported for PbSe QDs involve the use of a microwave-assisted
polyol process,' a hydrothermal process,'' and a solvothermal
synthesis using octadecylamine.’ In these methods the final
products are not only insoluble in water, but also the fabrication
involves the use of toxic solvents that are not desirable for
environmental and biological applications.

To promote water solubility, the organic ligands can be
exchanged with water-soluble groups, such as mercaptocarbonic-
acids™ (TGA or MPA) or polymer'>!¢ (PEG-NH,) coatings to
have hydrophilic capping on the surfaces of the nanocrystals.
However, one disadvantage of ligand exchange is that physical or
optical properties of the QDs are altered that inevitably'’
decreases their efficiency for the desired applications. For
instance, oleic acid-stabilized PbSe QDs have been transferred
from organic phase into water by exchanging hydrophobic oleate
cap with hydrophilic 11-MUA (mercaptoundecanoic acid).?
Although there was no apparent change in the absorption after
ligand exchange, the results showed that the quantum yield
emission decreased from 89% to 35%. Similar behavior was
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observed by Etgar et al.*® in the stabilization of PbSe QDs by 2-
aminoethanethiol (AET), where the QDs were prepared in
organic phase, and then TOP surface-binding was replaced by
AET to produce water soluble QDs.

Another largely unknown point concerning the ligand
exchange attempts is the stability of the PbSe QDs in water,
especially after the purification and re-dispersion in water.'®
Despite the feasibility of exchanging the organically soluble
ligands with water-soluble counterparts, the extent of the
stability of the resulting PbSe QDs has not been examined in
detail yet.

An alternative to overcome the difficulties associated with
ligand exchange processes is the synthesis of PbSe QDs in
aqueous medium. In this study, experimental studies have been
conducted to achieve direct synthesis of PbSe QDs in water in an
attempt to develop an environmentally friendly route of
synthesis. Several thiol ligands were utilized and their perfor-
mances were investigated for effective stabilization of QDs in
aqueous solution. Emphasis was given to the effects of purifi-
cation and the effects of free ligands on the stability of purified
PbSe QDs.

2. Materials and methods
2.1 Reagents and solutions

Deionized water (17.8 MQ cm) obtained by dual purification
through reverse osmosis membrane coupled to a Barnstead
E-pure system was used. Lead acetate, Pb(Ac),-3H,0O (99.0—
103%), and selenium powder (99+%) were purchased from Alfa
Aesar. Thioglycolic acid (TGA, =98%), 3-mercaptopropanoic
acid (MPA, 99+%), 6-mercaptohexanoic acid (MHA, 90%),
thioglycerol (TGC, 98%), 2-mercaptoethylamine hydrochloride
(MEA, 98+%), L-cysteine (L-cys, =97%), sodium borohydride
(NaBH,4, =98%) and dimethyl sulfoxide (DMSO, ACS reagent)
were purchased from Sigma Aldrich. 5.0 M sodium hydroxide
solution was made from NaOH pellets (99.9%, Sigma Aldrich).
Trace metal grade hydrochloric acid (HCI, Fisher Scientific) and
nitric acid (HNO3, Fisher Scientific) were used for preparation of
selenium stock solution and digestion of the samples. Acetone
and 2-propanol (ACS reagent) were obtained from Fisher
Scientific.

Selenium powder (4 g) was dissolved in concentrated HNOj3
(1.0 g samples in separate polypropylene tubes) to prepare Se(1v)
solution. After dissolution, the solvent in the tube was evapo-
rated to remove excess nitric acid. The contents in each tube were
then combined and diluted to 100 mL with 10% v/v HCI to
reduce Se(vi) to Se(1v) in solution. The final concentration of the
Se(1v) stock was 0.5 M. Sodium borohydride solution (10%, m/v)
was prepared freshly by dissolving 1.0 g NaBH, in 0.1% m/v
NaOH solution.

2.2 Synthesis of PbSe QDs

All glassware used in synthesis was cleaned with freshly prepared
aqua regia (HCI : HNOs3, 3 : 1 by volume) and rinsed thoroughly
in water prior to use. The QDs were synthesized by using
aqueous solutions of Se(rv) and lead acetate trihydrate
(Pb(Ac),-3H,0) as selenium and lead sources, respectively.
Some parts of the procedure and set-up were adopted from the

protocols used for the synthesis of CdTe QDs* and CdSe QDs*!
in aqueous solutions. The thiol stabilizers and the optimal
working pHs are summarized in Table 1. In a typical synthesis,
approximately 0.190 g of lead acetate trihydrate were dissolved in
250 mL of ultra pure water in a three-neck flask (flask-1) fol-
lowed by the addition of 0.5 mL of TGA as capping ligand under
vigorous stirring. The solution was first turbid due to the poor
solubility of the lead—thiolate complex which dissolved by raising
the pH with 5.0 M sodium hydroxide (NaOH) solution. Into
a separate three-neck flask (flask-2), 2.5 mL of the 0.5 M Se(1v)
solution and 2.5 mL of 10% v/v HCI were added, which was then
connected to flask-1 (see Fig. 1) via a Teflon tubing (e.g. transfer
tubing). Both flasks were tightly connected with septa and
purged with nitrogen (N,) for 30 min under stirring. Hydrogen
selenide gas (H,Se) was generated by drop-wise addition of 10
mL of a freshly prepared 10% w/v NaBH4 (in 0.1% m/v NaOH)
into flask-2 using a 10 mL plastic syringe as described else-
where.** Under constant N, flow, the H,Se was continuously
transferred to flask-1 and reacted with Pb—thiolate complex. The
formation of PbSe QDs occurred instantaneously at room
temperature indicated by a change in the color of the solution
from colorless to black. Nitrogen was purged for an additional
20 min. Stirring was performed at room temperature for another
1 h after stopping N, flow to ensure the formation of stable
nanocrystals.

To determine the colloidal stability, each QDs solution was
split into two equal portions. One portion was kept at room
temperature (under normal light exposure) while the second
portion was wrapped by aluminium foil and stored in the dark at
4 °C in a refrigerator. The stability of each suspension was
examined visually for coagulation (e.g., aggregation) for over
a period of two months at both conditions. The information
collected formed the dataset for experimental stability (see
Section 3.3 and Table 4). Photochemical stability and the
stability of optical properties were not investigated in this study.

2.3 Purification

Different solvents, including DMSO, acetone and 2-propanol,
were used for purification of the PbSe QD solutions. Dimethyl
sulfoxide (DMSO) was used for QDs capped with TGA and
MPA. In a typical protocol, 25 mL of PbSe QDs solution was
added to a 50 mL polypropylene centrifuge tube and immersed in
an ice bath for 15 min. Then, 25 mL of DMSO was added while
shaking gently. The tubes were kept in the ice bath for another 10
min and then centrifuged. Details of the other ligands are dis-
cussed in the Results and discussion section. For all the ligands,
samples were centrifuged at 6000 rpm for 30 min. Finally, the
supernatant was carefully removed and the pellet was washed
with acetone and then immediately re-dispersed in water and in
an excess of free ligand at different pHs to affect the stability of
purified QDs suspension. Coagulation or formation of precipi-
tate at the bottom of the tube was monitored as a measure of
colloidal stability.

2.4 ICP-MS analysis of PbSe QDs and precursor solutions

The molar concentrations of lead and selenium in the QD
solutions were determined by ICP-MS using a Varian 8§20MS
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Table 1 Thiol stabilizing agents and pH conditions used for aqueous synthesis of PbSe QDs at room temperature

Ligand Chemical structure pH
0
Thioglycolic acid (TGA) S 10.0-10.1
. \)kOH
0
3-Mercaptopropanoic acid (MPA) 10.0-10.1
A~
2-Mercaptoethylamine hydrochloride (MEA) HS/\/NHZHCI 5.1-10.1
0
6-Mercaptohexanoic acid (MHA) Hq\/\/\/u\ 11.1-11.3
’ OH
HO
Thioglycerol (TGC) HOWSH 10.1-11.2
o
L-Cysteine (L-cys) HS/\HkOH 10.0-10.1
NH,

Flask 1

NaBH; (aq)
N (10 % m/v)

Flask 2

Fig. 1 Schematic representation of the experimental setup for aqueous synthesis of thiol-capped PbSe QDs at room temperature.

ICP-MS instrument (Varian, Australia). For determination, 1.0
mL of the QD solutions (n = 4) were purified as described above
with DMSO. The supernatant was carefully removed and the
QDs residue was dissolved with 1.0 mL of concentrated HNO;
by heating at 100 °C for 5-10 min. The solutions were completed
to 4 mL with water.

For determination of impurities in the precursor solutions, 50
pL of 0.5 M Se(1v) stock solution (n = 3) was placed in a 15 mL
polypropylene tube followed by addition of 5 mL of 10% v/v
HNO; and completed to 10 mL with water. For the lead acetate
solution, 50 mg samples (n = 3) were placed in 15 mL tubes and
dissolved with 5 mL of 5% v/v HNOj; solution, and then diluted
to 10 mL with water. All solutions (purified PbSe QDs and
selenium and lead acetate) were further diluted 100-fold with
deionized water and analyzed by ICP-MS to determine the
concentrations of Pb, Se and impurities. Quantification was
performed by using *°Pb and ***Pb isotopes for Pb, and "*Se and

82Se isotopes for Se. The concentrations for Pb and Se are
reported as the average + standard deviation of the two isotopes.

2.5 Characterization of PbSe QDs

X-Ray diffraction (XRD) and FTIR measurements were made
with powders of the QDs. To obtain the powders, purified QD
samples were rinsed with acetone and dried at room temperature.
XRD patterns were recorded by a Rigaku Ultima III X-Ray
diffractometer equipped with a Cu-Ka target (A = 0.15418 nm).
X-Ray profiles were recorded in the 26 range of 20-90° at room
temperature by operating the anode using a 40 kV voltage and 44
mA current. The scanning speed and step were 1° min~! and
0.02°, respectively.

The shape and size of the QDs were characterized by trans-
mission electron microscopy (TEM) by using a JEOL JEM-2100
TEM instrument. TEM samples were prepared by spotting
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a drop of a 1:10 diluted QDs solution on a CF300-Cu grid
(Electron Microscopy Sciences). The TEM images were recorded
at an accelerating voltage of 200 kV.

Fourier Transform Infrared Spectroscopy (FTIR) was used to
verify the binding of the ligands on the QDs surface. A Bruker
Optics micro-FTIR IFS/vs spectrometer equipped with a DTGS
infrared detector was used to record the FTIR spectra of the
samples of pure ligands. Spectra were collected using OPUS
Version 4.2 (Bruker software) in the range of 4000-500 cm™', at
10 scans and 4 cm™! resolution. For recording FTIR spectra of
the QD powders, a Shimadzu IRAffinity-1 FTIR instrument in
ATR mode was used at 4 cm ™! resolution and 45 scans within the
same spectroscopic range (4000-500 cm™).

2.6 Computational details

All calculations were performed with the Gaussian 03 program
code.?? Due to the large amount of the calculations to be per-
formed, we have selected the most efficient quantum mechanical
method. Density functional theory-based electronic structure
calculation is a computationally economical approach ensuring
high power for predicting structural and thermodynamic prop-
erties of various species.® Taking into account the relatively
large systems and types of metal atoms to be calculated,
including transition metal atoms, the density functional theory
(DFT) method was chosen to calculate the stabilization energies
of Pb and the ligands. The Minnesota functional M05 method
developed by Truhlar group® was selected among the various
density functional modules. The 6-31G(d,p) basis set, except for
the effective core potential (ECP) basis set LANL2DZ (Los
Alamos National Lab effective core potential with double zeta
basis set for valence electrons), for transition metal (e.g., Pb)*®
was applied in this study. The computational approach consisted
of: (1) optimization of the ligands in anionic form; (2) calculation
of the interaction of Pb atom with the ligands to estimate the
stability of the system; and (3) calculation of stabilization energy
and comparison of the data.

3. Results and discussion
3.1 Characterization of PbSe QDs

Thiol-stabilized PbSe nanocrystals were produced in aqueous
solution at room temperature by the reaction of Pb-thiolate
complexes with H,Se(g) using the thiol agents as shown in Table
1. The XRD patterns of the PbSe QDs are illustrated in Fig. 2a—
d. The molar ratio of ligand to Pb**, [ligand]/[Pb**], was 22
throughout the syntheses unless otherwise indicated differently.
The intensity and positions of the peaks are in very good
agreement with the reported values.>*'* XRD spectra evidence
the crystalline structure of the nanocrystals that exhibit eight
peaks that are assigned to (111), (200), (220), (311), (222), (400),
(420) and (422) diffractions corresponding to a rock-salt (NaCl)
cubic structure. Typical TEM micrographs of the PbSe QDs are
illustrated in Fig. 3. The images indicate small nanocrystals of
approximately 5 to 10 nm in size.

The lattice parameter values were 6.105, 6.108, 6.102, 6.092,
and 6.111 for TGA-, MEA-, 1-cys-, TGC-, and MPA-capped
PbSe QDs, respectively. These values are also consistent with the
reported values.?*® According to the XRD patterns, the degree
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Fig. 2 X-Ray diffraction patterns of PbSe QDs with different cappings.
The [ligand]/[Pb**] molar ratio is 22. (a) TGA; (b) MEA; (c) L-cys; (d)
TGC; (e) MPA.

Fig. 3 TEM images of PbSe QDs with different ligands. (a) MPA; (b)
TGA; (¢) L-cys; (d) TGC; () MHA; (f) MEA. The [ligand)/[Pb*"] ratio
is 22.

of crystallinity was better when TGA was used as the ligand. The
sharpening of the XRD peaks confirmed the formation of highly
crystalline PbSe QDs. Additional peaks (asterisks) observed at
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26 values of 31° and 38° were thought to associate with excess Pb
atoms at the surface of the QDs as confirmed by ICP-MS char-
acterization of the QDs (see Section 3.2). In the case of L-cys-
capped QDs (Fig. 2¢), the amount of purified powder was very
small, therefore, the extra splitting observed at (200) is likely
a spike due to reflection from the sample holder.

To elucidate the effect of the length of the carbon chain on the
stability, TGA, MPA and MHA were used as test ligands. As we
discuss later in this paper, the stabilities of MPA- and MHA-
capped PbSe QDs were not comparable to those capped with
TGA and MEA. In addition, the synthesis of MHA-capped QDs
was costly, and thus it was not possible to produce sufficient
amounts of powder through small-scale synthesis to acquire well-
defined peaks in X-ray measurements. Attempts with 11-mer-
captoundecanoic acid (11-MUA), another long-chain thiol
carboxylic acid, were also made. However, the synthesis with 11-
MUA was unsuccessful due to the poor solubility of this
compound in water even at high pH values.

The FTIR absorption spectra recorded for the thiol ligands on
the surface of PbSe QDs are shown in Fig. 4. The band assign-
ments are summarized in Table 2. It is important to note that the
S-H vibration located within 2400-2542 cm™" in the spectra of
pure (e.g., free) thiol ligands (data not shown) disappeared
completely in the FTIR spectra of all capped PbSe QDs
regardless of the ligand used (Fig. 4). This result indicates the
cleavage of the S-H bond of the ligands and the formation of
a new S-Pb bond between the ligand and PbSe nanocrystals.
TGA, MPA, MHA and r-cys ligands possess in their chemical
structure a C=0 functional group. The C=0 vibration band is
located at ~1700 cm™' (ref. 3,29 and 30) in the pure ligands.
However, this vibration shifted to 1657 cm™!, 1663 cm™~!, 1662
cm~!, and 1616 cm™!' for MPA, TGA, MHA and L-cys,

700
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Fig. 4 FTIR spectra of purified PbSe QDs with different ligands. The
[ligand)/[Pb**] ratio is 22. (a) MPA; (b) MEA; (c) TGA; (d) TGC; (e)
MHA; (f) L-cys.

Table 2 FTIR band assignments for purified PbSe nanocrystals

Assignment Region/cm™!
»(C-S) 660-770
C-O stretching 1206-1236
C-N“ 1327, 1074
NH, scissoring 1582

N-H bend 1500-1640
15(COO7), 7,(COO") 1400-1663
vCH, 2935-2943

“ For PbSe QDs capped with L-cys and MEA, respectively.

respectively. The bands within 1400-1470 cm~! and 1616-1663
cm™! in the spectra of PbSe QDs can be attributed to symmetric
rs(COO™) and asymmetric »,,(COO"), respectively.

The presence of these bands in the FTIR spectra confirms the
existence of carboxylate moieties on the QD surface as found in
other studies from the absorption of carboxylic acids on metal
surfaces.?*=* This is an expected result because of the use of basic
pH that resulted in deprotonation of the acid to form carboxylate
groups while ensuring complete dispersion of the QDs in water
through the electrostatic repulsions. Another band located at
~667 cm™! is attributed to the C-S vibration, which clearly
demonstrates the presence of ligand (cap) on the surface of the
purified PbSe QDs. The —NH, scissoring mode of MEA was
observed at 1582 cm™' as a very sharp peak.** In addition, the
—CH, bending and C-N stretching modes are observed in the
spectrum and are also provided in Table 2 with corresponding
wavenumbers.

3.2 ICP-MS characterization of PbSe QDs

The stoichiometric ratios of Pb and Se obtained from ICP-MS
analysis of the PbSe QDs solutions are presented in Table 3.
These QDs were synthesized at a [ligand]/[Pb] ratio of 22. The
molar ratios for [Pb]/[Se] ranged between 1.18 and 1.31 that were
close to the expected theoretical ratio of 1: 1. In all the cases,
however, the PbSe QD samples possessed an excess of Pb. This
phenomenon was also manifested in the XRD pattern with the
peaks at 26 values of 31° and 38° (marked with asterisks). The
analysis of the precursor solutions showed that both Pb(Ac), and
Se(1v) solutions were of high purity with no significant levels of
metallic impurities, indicating the peaks in XRD spectra could
not be from the presence of foreign nanocrystals. Thus, these
peaks were thought to correspond to Pb as demonstrated else-
where by Peng et al.*®

The non-stoichiometric ratio of Pb and Se in PbSe QDs has
been reported before for the nanocrystals (3-8 nm) synthesized

Table 3 Elemental composition of Pb and Se in purified PbSe QDs

QD-ligand Pb/moles Se/moles Pb/Se ratio
PbSe-MPA 1.55 £ 0.06 1.21 +£0.10 1.28
PbSe-TGA 1.06 £+ 0.03 0.84 £+ 0.06 1.26
PbSe-MEA 4.10 £+ 0.20 1.10 £ 0.10 3.85
PbSe-L-cys 1.59 + 0.06 1.35+0.11 1.18
PbSe-MHA 1.92 +£0.07 0.50 £+ 0.04 3.66
PbSe-TGC 1.85 £ 0.12 1.41 £0.12 1.31
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by the Murray protocol.?” This excess of Pb was also confirmed
with the ICP-MS measurements (Table 3). The findings from
surface chemistry studies of PbSe QDs demonstrated that the
excess Pb was indeed present as Pb atoms adsorbed on the QD
surface. These Pb atoms were found to oxidize over the time and
complex with the excess ligands in the solution.?”-3

It is important to state at this point that the synthesis of PbSe
QDs at acidic or neutral pHs was possible with MEA only. The
syntheses performed at basic pH values (~10.0) resulted in poor
stability such that the QDs in most trials aggregated at the
reaction stage. This result was due to the fact that the amine
(non-ionic) form is present in the alkaline solutions. At neutral
(~7) and acidic pH values, however, the protonated -NH;"
forms allowing the formation of stable PbSe QDs.

X-Ray diffraction patterns (data not shown) for the samples
synthesized at basic pHs did not show the reflections of a rock-
salt crystal structure indicating that PbSe QDs did not form.
However, for powders from synthesis at neutral pHs, the peaks
were observed as expected with an impurity located at 26 = 22°
value. The ICP-MS data showed an excess of Pb (Pb/Se ratio =
3.85) in the QDs as shown in Table 3. This excess of Pb
was also observed for MHA-capped PbSe QDs as shown in
Table 3.

3.3 Effects of ligands on stability of QDs before purification

The reaction of H,Se(g) with Pb-thiolate complex was very fast
leading to the formation of PbSe nanocrystals in seconds. The
QDs are formed when 10% w/v NaBH,4 solution is added to flask-
2 containing Se(1v) in 10% v/v HCI. Because the NaBH, reacts
very vigorously with Se(1v) in acidic medium, it was critical to
add NaBH, solution slowly to control the nucleation of the
nanocrystals and avoid aggregation. Rapid formation of PbSe
nanocrystals has been also reported for non-aqueous synthesis
using oleic acid (OA) as ligand.® It was found that the reaction
was completed in 4 min when the ratio between OA/Pb was set at
3/1. We also observed in this study that higher concentration of
ligands caused fast growth of PbSe nanocrystals resulting in
premature precipitation due to the formation of large nano-
crystals in the solution. Thus, the effect of Se(1v) concentration
for different ligand/Pb** ratios was examined on the stability of
the PbSe nanocrystals. In these experiments, Pb®" concentration
was kept at 0.002 M while ligand concentrations varied from 0.02
to 0.05 M, and that of Se(1v) varied from 0.005 (2.5 mL) to 0.01
M (5.0 mL). The effects of these parameters on the stability were
evaluated similarly at room temperature (18-22 °C) and at 4 °C
in the dark. The results revealed that the PbSe QDs were more
stable when the Pb/Se molar ratio was 0.4 [2.5 mL Se(1v)] than it
was 0.2 [5.0 mL Se(1v)]. For instance, for MPA stabilized QDs
(ligand/Pb** = 11), the QDs were stable at room temperature for
10 days at a Pb/Se ratio of 0.4 and 3 days for a Pb/Se ratio of 0.2.
The same behavior was observed for MEA-, TGA-, r-cys-,
MHA- and TGC-capped nanocrystals, and was related to the
rate of formation and size of the nanocrystals. A higher Pb/Se
ratio provided relatively slow growth (e.g., reaction) yielding
smaller nanocrystals that were more stable. The ligand concen-
tration also affected the stability of the QDs. At a particular
Pb/Se ratio (e.g., 0.4), the stability increased when the ligand/Pb**
ratio was increased from 11 to 22.

Photochemical instability has been reported for thiol-capped
QD suspensions of CdSe,'**” PbS* and PbSe synthesized with
non-aqueous methods.* In this study, the stability of PbSe QDs
was evaluated at room temperature (with light) and at 4 °C in
darkness (no light). As indicated in Table 4, the relative stability
was dependent on the nature of the ligand. TGA-PbSe QDs were
stable for about 16-19 days before purification at room
temperature. However, the stability increased to about 47-53
days when a portion of the same suspension was kept in the dark
at 4 °C. Likewise, MEA-PbSe QDs were found to be stable for
almost two months in the dark (4 °C). Although not systemati-
cally investigated during the course of the studies, some of the
QD suspensions were left unwrapped in the refrigerator at 4 °C.
These suspensions were found to be notably less stable than the
wrapped suspensions at the same temperature. These observa-
tions are consistent with previous reports'*3%3® and are attributed
to the light-induced oxidation/decomposition of the PbSe QDs
over the time. However, it should be stated that other factors
including, the type of ligand, concentration of the ligand, Pb/Se
ratio, and pH were also influential on the stability of the PbSe
QDs besides the effects of light and temperature.

The QDs stabilized with MHA-capped (six carbons) are
expected to be more stable than those stabilized with TGA or
MPA because of the increasing van der Waals interactions
between neighboring carbon chains.’* However, the results
showed that MHA-capped QDs were not as stable as the MPA-
and TGA-capped QDs. This effect was attributed to the insta-
bility of Pb-MHA complex because of the poor solubility of
MHA in water compared with the rest of the ligands. The data in
Table 4 indicate that MEA provided the best stabilization for
PbSe QDs even at room temperature under light exposure. At
neutral pHs (7.0-7.35), the QDs were stable for 17-32 days and
showed the diffractions corresponding to a rock-salt PbSe cubic
structure, but this crystalline structure was not observed at basic
pH values. The results presented here suggest a remarkable
stability of MEA- (neutral pH) and TGA-capped PbSe QDs
compared to the rest of the ligands considered. This phenomenon
can be explained by evaluation and comparison of the stabili-
zation energies between Pb** ion and the ligands (Table 5).

3.4 DFT theoretical studies

Theoretical investigations were performed to find the nature of
ligand’s effect on stability of the capped QDs. The quantum-

Table 4 The extent of stability recorded for thiol-capped PbSe QDs at
room temperature (20-22 °C) and light conditions, and in the dark
at4°C

Stability at room Stability in

QD-ligand conditions (day) the dark (day)
PbSe-TGA 16-19 47-53
PbSe-MEA* 17-32 >60
PbSe-MEA’ 6-9 12-16
PbSe-MHA 9 15-17
PbSe-MPA 8-10 16-21
PbSe-L-cys 6-7 12-15
PbSe-TGC 4-5 15

“ Synthesis performed at neutral pH values. ® Synthesis performed at
basic pH values.

This journal is © The Royal Society of Chemistry 2012

Nanoscale, 2012, 4, 1312-1320 | 1317



Table 5 The stability energy Est and metal-ligand bond lengths Ry 1
for different ligands

QD—ligand RM,L/A EML/B..U. ESTa Ala.u. ESTs AleV
PbSe-MEA 2.56 —144.5467 —0.8280 —22.53
PbSe-TGA 2.69 —238.4360 —0.8183 —22.27
PbSe-L-cys 2.71 —333.0133 —0.8071 —21.96
PbSe-MHA 2.55 —395.5201 —0.8035 —21.86
PbSe-TGC 2.69 —277.7001 —0.7976 —21.70
PbSe-MPA 2.57 —277.7024 —0.7903 —21.51

chemical methods demonstrate a good performance in the case of
nanoparticles’ properties modeling and also are accurate for
various metal-containing species.**** Theoretical calculations
were performed using DFT simulations of model systems. To
simplify the simulations, a single Pb atom was used with two
capping molecules attached. Representative snapshots for TGA
and MEA ligands interacted with Pb atom are shown in Fig. 5.

Pb-ligand complexes were calculated in order to predict the
stability energies and to compare energies among various Pb—
ligand systems. To characterize the investigated complexes the
stability energy Est was calculated according to the following
reaction,

Mppo+ + 2L — ML, (1)
and then corresponding equation,
Est = EmL — (Em + E1) 2

where Ey;p, Ev and Ep denote the energies of the complex ML
and its two components M and L. The components M and L are
the metal of interest (Pb?*) and a ligand, respectively. The ligands
of interest were optimized for the conformation with minimum
energy that is then used for the metal-ligand complex calcula-
tions. Geometry optimizations for ligands and Pb(i) salts were
carried out without symmetry restrictions. The optimized struc-
tures of all the Pb(1) salts display a four-coordinate pseudo-
trigonal bipyramidal bonding environment.

The calculated theoretical data (Table 5) reveal that MEA
formed more stable complex with Pb** compared to other
ligands. This complex is characterized by —22.53 eV stabilization
energy that is in good agreement with experimental data (see
Table 4) that were recorded as the daily stability of the QD
solutions during the study (e.g., two months). The theoretical

0ee
mOQZ

(6]
Pb
S

Fig. 5 Optimized geometries of the (a) Pb-TGA complex and (b) Pb-
MEA complex.

data for TGA-capped PbSe QDs (the second most stable) are
also consistent with the experimental findings (see Tables 4 and
5). For the rest of the ligands, the order of experimental stabilities
is not consistent with the theoretical values, which is attributed to
indistinguishable differences among the daily stabilities of the
QDs (e.g., stabilities varied only a day or two). However, the
theoretical calculations support the experimental findings that
the PbSe QDs capped with MPA, MHA, L-cys, and TGC are not
as stable as those of MEA and TGA because of the instability of
their Pb-thiolate complexes. The Pb—S bond lengths fall into the
range of 2.55-2.71 A.

3.5 Purification and re-dispersion of PbSe QDs

As mentioned earlier, PbSe QD solutions were purified to remove
excess of the precursors with different solvents depending of
thiol-ligand present on the nanocrystal surfaces. The results are
shown in Table 6. Although DMSO is a non-toxic solvent, the
reaction with PbSe QD solutions was exothermic increasing the
temperature of the QD solutions up to 50 °C resulting in rapid
precipitation. To avoid this effect, QD solutions were immersed
in an ice bath to keep the temperature around 18-20 °C. For QDs
capped with TGA and MPA (short chain ligands), DMSO
ensured the effective precipitation of the QDs from solution to
remove the unreacted components. However, when the carbon
chain of the acid was increased to six, 2-propanol (1 : 0.5 ratio)
was found to be the most suitable solvent for precipitation. In the
case of r-cys- and MEA-capped QDs, the precipitation was
carried out by mixing the QDs solution with acetone at 1 : 3 QD/
acetone volume ratio. While MEA-capped QDs were successfully
re-dispersed in water, those capped with L-cysteine could not,
even in the presence of free ligand. The TGC-capped QDs could
not be precipitated at room temperature since this ligand yielded
highly water soluble QDs. In this case, the suspensions were
forced to precipitate by heating in acetone, but the resulting
residue could not be re-dispersed in water as occurred with
L-cysteine. All QD solutions were purified a day after the prep-
aration and immediately re-dispersed in water with an excess of
the free ligands.

Fig. 6a—c show typical TEM images for TGA-capped PbSe
QDs. Fig. 6a illustrates that unpurified bare QDs possess well-
defined, uniform size distribution. Aggregation started in about 5
min after purification and re-dispersing the QDs in water at pH
7.8 (Fig. 6b). Within 30 min, QDs completely aggregated and fell
out of the solution (Fig. 6¢c and d, right). This type of network
formation (Fig. 6b and d) has been reported previously and used

Table 6 Solvents and volume ratios used for purification of thiol-capped
PbSe QDs

QD : solvent

QD-Ligand Solvent ratio (v/v)
PbSe-MPA DMSO 1:1
PbSe-MEA Acetone 1:3
PbSe-TGA DMSO 1:1
PbSe-MHA 2-Propanol 1:0.5
PbSe-L-cys Acetone 1:3
PbSe-TGC Acetone/heat 1:1
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Fig. 6 TEM images for TGA-capped PbSe QDs. (a) Bare QDs, (b)
purified and re-dispersed QDs in water—>5 min later and (c) 45 min later;
(d) photograph of purified PbSe QDs suspension in water. Left: bare
QDs; middle: 5 min after re-dispersion; and right: 30 min after re-
dispersion.

to obtain gels and aerogels from the thiol-capped QDs of
CdTe.**

Similar experiments were conducted with MPA-capped PbSe
QDs. It was found that the purified solutions were remarkably
less stable (10-15 min) than TGA-capped QDs. To improve the
colloidal stability in water, initially, the pH of the purified QDs
suspension was increased to basic values, but the results were not
successful since high pH only rendered the ligand more soluble.
In the next stage, free ligand concentration in water was
increased to improve the adsorption of the ligand on the QD
surface and in due course the stability of the QDs. These
experiments were performed with MPA, TGA and MEA-capped
QDs that readily dispersed in water after purification. Table 7
shows the conditions used for re-dispersion and the stabilities for
each ligand. It is clear that MEA-capped QDs were the most
stable in solution. This result is also supported by the theoretical
calculations (Table 5).

The results in Table 7 demonstrate that excess of free ligands
are necessary in the solution to maintain ligand exchange on the
QD surface. These results are also supported by those of Ji et al.**
who indicated that the interaction of the ligands with CdSe
nanocrystals was a desorption—-adsorption process.** Although

Table7 The extent of stability recorded for the purified PbSe QDs in the
presence of excess of free ligands

Concentration Stability in the

of ligand/M pH dark at 4 °C (day)
PbSe-MPA 0.01 7.3-7.5 9-12

0.02 9.7-9.8 4

0.04 7.1-7.5 1-2
PbSe-TGA 0.02 7.0-7.2 5

0.02 8.0-8.2 2

0.05 9.7-9.8 1
PbSe-MEA 0.02 7.35 45-47

0.02 8.00 30

0.02 9.82 13

Fig. 7 Picture of purified and concentrated MEA-capped PbSe QDs
solution. Left: 800 + 30 ppm and right: 1098 + 26 ppm. Samples were re-
dispersed in 0.05 M MEA solution at pH 7.0.

the presence of free ligands improved the stability of the PbSe
QDs in solution, aggregation could not be completely avoided as
they were highly susceptible to oxidation®?*® resulting in the loss
of Pb atoms and ligands from the QD surface.*®

Attempts were also made to concentrate the MPA-, TGA-,
and MEA-capped PbSe QD solutions after purification. To
scale-up the concentration, bare QDs were precipitated and re-
dispersed in a minimum volume of water (ca. 1 mL) with excess
of free ligands. Fig. 7 shows the typical images from the purified
concentrates of MEA-capped PbSe QDs that are stable for over
two months.

4. Conclusion

In this study, synthesis of PbSe QDs was described in aqueous
solution using thiol-containing ligands. The proposed method
utilizes environmentally friendly precursors and solvents, and
affords rapid synthesis at room temperature in a single step. The
XRD patterns showed that all thiol-capped QDs possess a cubic
rock salt structure regardless of the type of ligand. However, the
experimental and theoretical results demonstrate that the
stability of the PbSe QDs is dependent on multiple factors, such
as the choice of ligand, pH, temperature and light exposure. A
reasonable explanation for the observed colloidal instability is
the growth of the nanocrystals, leading finally to the coagulation
of massive particles and their aggregates. The stabilizers used
(except of MEA and TGA) are not suitable to prevent this
growth. The most stable QDs are produced by using MEA and
TGA as they could inhibit this aggregation to some extent. The
Pb-thiolate complexes of these ligands also exhibit the lowest
stabilization energy among the other ligands used confirming
that the stabilization energy of Pb-ligand complex plays an
important role in determining the overall stability of the partic-
ular PbSe QDs. It is therefore concluded that more DFT calcu-
lations are necessary to find the optimal ligand and to expand the
DFT calculations to the clusters of PbSe besides the single Pb
atom-ligand model used in this study.

The synthesis presented here yields morphologically repro-
ducible PbSe QDs. The presence of free ligands in the purified
solutions of MEA- and TGA-capped PbSe QDs is critical to
achieve prolonged stability. In addition, the method offers the
ability to concentrate the QDs to desired levels easily. Surface
modification or coating with inorganic and polymeric material is
expected to provide added surface protection for improved
stability. Studies are currently being conducted and the results
will be addressed in a future publication.

This journal is © The Royal Society of Chemistry 2012
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