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Abstract Different PbX, (X=AcO, Cl, Br, I) metal salts
were complexed to cinnamaldehyde thiosemicarbazone
ligand. The resulting complexes were characterised using
Fourier Transform Infrared spectroscopy, 'H and '*C {'H}
Nuclear Magnetic Resonance spectroscopy, elemental analy-
sis and thermogravimetric analysis techniques. They were
then used as single source precursors for the preparation
of lead sulfide (PbS) nanoparticles using the colloidal ther-
molysis route where oleylamine is used as the passivating
agent. Each SSP is thermolysed at reaction temperatures of
190, 230 and 270 °C. Predominantly cubic-shaped PbS nan-
oparticles were obtained, with an exception of the truncated
nanocubes obtained from thermolysis of the SSP prepared
from lead bromide. Varying particle sizes are obtained when
the halogen is varied, ranging from ca. 50 to 400 nm. The
optical absorbance of the PbS nanoparticles in the UV-Vis-
NIR range was found to be blue-shifted when compared to
bulk PbS.

1 Introduction

Lead sulfide (PbS) is a group IV-VI semiconducting mate-
rial which has received unprecedented attention over the last
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decade, owing to its tunable electronic and morphological
properties [1-3]. Regardless of its toxic nature [4], PbS has
unique quantization effects, properties which are accom-
panied by a direct band gap of 0.41 eV at 300 K, and a
large excitonic Bohr radius of 18 nm [5-7]. These interest-
ing properties have captured the attention of researchers,
who have explored many synthetic routes and applications
of this material [8—10]. PbS in the nano-size regime also
exhibits interesting physical and chemical properties. A
good example is the tuning of its broad, near infrared band
edge to the ultra violet range through the engineering of the
particle size and morphology. This is an important feature
for optoelectronic devices which allows the material to har-
ness energy within this broad range [11]. For this purpose,
PbS nanomaterials have potential applications in solar cells
[12], NIR communications [11, 13], thermal and biological
imaging [14], tuneable near infrared detectors [15] and light
emitting diodes [16].

Synthesis protocols for PbS nanostructures, can uti-
lize either multiple or single source precursors (SSPs)
[6, 17-25]. Joo et al. [21], for example used lead chlo-
ride and sulfur dissolved in oleylamine as dual sources
to synthesize PbS particles. The use of SSPs has recently
been preferred for size and shape-control, due to high
quality materials obtained previously [6, 22-25]. This
is easily achieved through the decomposition or disin-
tegration of the SSP, which is usually a metal-organic
compound bearing the preformed metal—-chalcogen bonds.
Furthermore, the SSPs have the advantage of ascertained
purity and stability under ambient conditions, as well
as the omission of pre-reactions prior to nanomaterial-
based fabrication processes. The majority of the work on
lead complexes used as SSPs for PbS nanostructures has
been dominated by thiolates such as dithiocarbamates,
xanthates and thiosermicarbazides [6, 19, 25, 26]. Other
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similar compounds continue to receive considerable
attention mainly in other fields of research. For exam-
ple, thiosemicarbazones which predominate in biological
applications [27, 28]. Garje and co-workers have explored
the use of these compounds as ligands for various metal
complexes [29-33].

Although diverse fabrication protocols have been
established for PbS nanomaterials [20, 23, 24, 34-37],
very few allow easy access to size, shape and morphology
control. As a result, solvent-based fabrication protocols
such as the solvothermal method [38-40], address this
issue by employing coordinating solvents which play a
major role in: (i) lowering the decomposition temperature,
and (ii) stabilizing nanomaterials during and after fabri-
cation. Many coordinated solvents have been explored to
achieve this, including non-toxic cetytrimethylammonium
bromide (CTAB) and polyethylene glycol 400 (PEG-400)
[38]. Long alkyl chain amines such as hexadecylamine
and oleylamine, have taken precedence due to high effi-
ciency in producing good quality nanostructures [41, 42].

Size and morphology control, in the context of SSPs,
has mainly focused on organic ligands which can either
be constituents within the SSPs or the capping agents [2,
43, 44]. Recent work has identified the addition of halo-
genated compounds to synthesis protocols as a means to
control size, shape and phase of nanoparticles [45, 46].
Klinke et al. [46] investigated the morphology, size and
phase of CdSe nanoparticles through the influence of the
chemical structure and type of halogen atom introduced
into the reaction. Very few reports have focused on inor-
ganic ligands incorporated in the chemical structures of
SSPs. To the best of our knowledge, these reports have
been restricted to common anionic ligands such as CI7,
CH,COO0~,NO;, SO,*", PF,~, BPh,” and BF,” on Zn*",
Ni?*, Ce?*, In**, Co?*, Cu™, Rh® and Cd** metal centres
([47], and references therein). However, studies that con-
centrate on the halogen series are rare, hence our recent
report provided an opportunity towards this direction
[48]. Our work demonstrated the size, shape and mor-
phology control on CdS nanoparticles by altering the
organic and halogen (CI™ and Br™) components of the
Cd(II)-thiosemicarbazone complexes.

We have thus extended our work to further study
the morphological evolution and possible effect on the
properties of PbS nanoparticles, focusing on the broader
halogen series (C17, Br~ and I") complimented by a non-
halogenated precursor. The nanoparticles are prepared
by the solvothermal decomposition of halogenated and
non-halogenated Pb(II)-cinnamaldehyde thiosemicar-
bazone complexes in oleylamine at different reaction
temperatures.
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2 Experimental details
2.1 Materials and methods

Tri-n-octylphosphine and oleylamine were purchased from
Sigma-Aldrich. Acetone, methanol, cyclohexane and hexane
were purchased from Merck. Lead(II) acetate trihydrate and
lead(Il) iodide were procured from S D Fine-Chem, while
lead(IT) chloride and lead(IT) bromide were procured from
Alfa-Aesar. All chemicals were used as received. The cin-
namaldehyde thiosemicarbazone ligand and complexes were
synthesized by previous methods [48, 49] with minor modi-
fications detailed in the ESI.

Elemental analyses (C, H, N and S) of ligands and the
corresponding Pb(II) complexes were carried out using
a Thermo Finnigan Italy Model FLASH EA 1112 Series
elemental analyser. The lead and chloride content was
determined by the complexometric method and Volhard
titration, respectively. Melting points of the ligand and the
corresponding lead complexes were carried out on a Cen-
trofix Scientific sales syndicate melting point apparatus.
Infrared spectra of ligand and complexes were recorded on
a Perkin Elmer Spectrum One FTIR Spectrometer and the
measurements taken in the 4000-400 cm™! range. Thermo-
gravimetric analysis was carried out at 10 °C min~! heating
rate using a Perkin-Elmer Pyris 6 TGA from 30 to 700 °C
in a closed perforated aluminium pan under N, gas. The 'H
and 13C{ 'H} NMR spectra were recorded on a Bruker-300
spectrophotometer, using DMSO-Dg solvent. The chemical
shifts are relative to internal standard, tetramethylsilane.
Molar conductance measurements were made in dimethyl-
formamide (DMF) (10~ mol L") using a Toshniwal con-
ductivity meter.

Optical absorption measurements of the nanoparticles
were carried out using a Perkin-Elmer Lambda 1050 NIR
UV-Visible spectrophotometer. The samples were placed
in silica cuvettes (1 cm path length), using hexane as a
reference solvent. TEM and HRTEM analyses were per-
formed using a JEOL 1400 TEM and JEOL 2100 HRTEM,
respectively. Samples were prepared by placing a drop of
dilute solution of nanoparticles on Formvar-coated grids
(150 mesh) for TEM, and holey carbon grids for HRTEM.
The samples were allowed to dry completely at room tem-
perature and viewed at an accelerating voltage of 100 kV
(TEM) and 200 kV (HRTEM), and images captured digi-
tally using a Megaview III camera. The acquired images
were further processed using Soft Imaging Systems iTEM
software (TEM), and Gatan camera with Gatan software
(HRTEM). A Zeiss Ultra Plus FEG SEM was used for sur-
face morphology analysis, equipped with an Oxford detec-
tor EDX at 20 kV which uses Aztec software for elemental
analysis. The samples were carbon coated using Quo-
rum coater (Model Q150TE). Powder X-Ray Diffraction
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(p-XRD) patterns were recorded in the high angle 20 range
of 20°-80° using a Bruker AXS D8 Advance X-Ray dif-
fractometer, equipped with nickel filtered Cu Ka radiation
(A=1.5406 /3;) at 40 kV, 40 mA and at room temperature.

2.2 Synthesis of lead(II) cinnamaldehyde
thiosemicarbazone (1)

In a round-bottom flask, was dissolved Pb(OAc),-3H,0
(966 mg, 2.54 mmol) in dry methanol (15.0 mL). To this
colourless solution, was added a solution of cinnamalde-
hyde thiosemicarbazone (1.04 g, 5.09 mmol) in dry metha-
nol (25.0 mL), under vigorous stirring. The resulting pale
green-coloured mixture was continued to stir and refluxed
for 10 h. The mixture was then cooled to room tempera-
ture, prior to evaporating the solvent under vacuum. The
pale green solids were repeatedly washed with copious
amounts of cyclohexane and n-hexane, in this order. The
solids, which are the products, were dried under vacuum
at room temperature. Yield: 1.16 g, 73.9%. M. P.: 136 °C.
Elemental analyses for PbC,,H,4N¢S,, % found (calcd):
Pb: 33.90 (33.64). C: 39.32 (39.00). H: 3.14 (3.27). N:
13.38 (13.64). S: 10.18 (10.41). IR: 3480, 3355 cm™!
(Ongo asym. and sym.), 1556 cm™! (ve_y), 973 cm™!
(Vc_g), 503 cm™! (vp,_n); NMR (8 in ppm) 'H: 6.89-8.05
(m, NH, + C(H;~CH=CH-CH=N), 13C: 177.53 (C=9),
146.24 (CH=N), 138.00, 136.01 (CH=CH), 128.80,
128.59, 126.76, 125.65 (aromatic carbons).

2.3 Synthesis of lead(II) chloride cinnamaldehyde
thiosemicarbazone (2)

In a round bottom flask, was prepared a solution of lead
chloride (807 mg, 2.90 mmol) dissolved in deionised
water (20.0 mL). To this solution, was added drop-wise
a solution of cinnamaldehyde thiosemicarbazone (1.19 g,
5.80 mmol) in tetrahydrofuran (20.0 mL), under constant
stirring. The reaction mixture was stirred for a further
24 h, at room temperature. A yellow-coloured precipi-
tate was formed, filtered, washed with copious amounts
of deionised water, and then finally dried under vacuum.
Yield: 1.46 g, 73.0%. M.P.: 165 °C. Elemental analyses for
PbCl,C,H,,N¢S, (%) found (calcd): Pb: 30.47 (30.08).C:
35.10 (34.88). H: 3.42 (3.21). N: 12.08 (12.20). S: 9.18
(9.31). Cl: 10.54 (10.29). IR: 3413 cm™, 3271 cm™" (v,
asymm. and symm.), 3161 cm™! (on_pp)s 1607 cm™! (CREOR
972 ecm™! (ve_g), 513 em™" (vpy_y)- NMR (8 in ppm) 'H:
6.82-8.16 (m, NH, + C(H;—CH=CH-CH=N), 11.39 (s,
NH), '3C: 177.63 (C=S), 144.70 (CH=N), 138.83, 135.83
(CH=CH), 128.84, 128.80, 126.88, 125.03 (aromatic
carbons).

2.4 Synthesis of lead (II) bromide cinnamaldehyde
thiosemicarbazone PbBr,(cinnamtsczH), (3)

The reaction protocol used for (2) was followed. Cinnamal-
dehyde thiosemicarbazone (1.41 g, 6.84 mmol) and PbBr,
(1.26 g, 3.42 mmol) were used. A yellow coloured precur-
sor (3) was obtained. Yield: 2.19 g, 82.2%. M.P.: 172 °C.
Elemental analyses for PbBr,C,,H,,N¢S, (%) found (calcd):
Pb: 26.79 (26.64), C: 30.97 (30.89), H: 2.64 (2.85), N: 10.67
(10.80), S: 8.08 (8.24). IR: 3422, 3276 cm™! (N asym.
and sym.), 3165 cm™! (vy_yy), 1607 cm™! (0p_y), 973 cm™!
(vc_g); 508 cm™! (0pp_n)- NMR (8 in ppm) 'H 6.82-8.17 (m,
NH, + C;H;—CH=CH-CH=N), 11.39 (s, NH), 3¢ 177.61
(C=S), 144.71 (CH=N), 138.83, 135.82 (CH=CH), 128.84,
128.80, 126.88, 125.01 (aromatic carbons).

2.5 Synthesis of lead(II) iodide cinnamaldehyde
thiosemicarbazone (4)

The reaction protocol used for (2) was followed. Cinnamal-
dehyde thiosemicarbazone (1.11 g, 5.40 mmol) and Pbl,
(1.25 g, 2.70 mmol) were used. A yellow coloured precur-
sor (4) was obtained. Yield: 1.70 g, 72.0%. M.P.: 224 °C.
Elemental analyses for Pbl,C,,H,,N¢S, (%) found (calcd):
Pb: 23.25 (23.77).C: 27.94 (27.56). H: 2.24 (2.54). N: 9.32
(9.64). S: 7.12 (7.35). IR: 3419, 3287 cm™" (vyy, asymm.
and symm.), 3181 cm™" (vy_g), 1579 cm™! (0e_y), 978 cm™!
(0c_s)> 499 cm™" (vp,_x)- NMR (8 in ppm) 'H: 6.82-8.16
(m, NH, + CqH;~CH=CH-CH=N), 11.39 (s, NH), *C:
177.60 (C=S), 144.69 (CH=N), 138.83, 135.83 (CH=CH)),
128.85, 128.80, 126.88, 125.01 (aromatic carbons).

2.6 Preparation of lead sulfide nanoparticles

In a three-necked flask, equipped with a reflux condenser,
thermometer and a rubber septum, was charged oleylamine
(3.00 g) which was subsequently heated and maintained to
an appropriate temperature (190, 230 or 270 °C). To the
heated oleylamine, was injected a suspension of a complex
(250 mg) dispersed in tri-n-octylphosphine (6.0 mL), using
a glass syringe. The reaction is cooled to room tempera-
ture after 2 h. The solids were separated by precipitation
using methanol, followed by centrifugation. The resultant
precipitate was then washed three-times using acetone; the
supernatant was discarded. The samples were dissolved in
hexane, prior to spectroscopic and TEM analyses. Acetone
was used as a dispersing solvent for HRTEM analyses.

3 Results and discussion

The study investigates the influence of halogen ligands on
the decomposition behaviour of the Pb(II)-cinnamaldehyde
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thiosemicarbazone complexes, which is subsequently moni-
tored through size and morphology of PbS nanoparticles
produced. Complementary to this, the complexes were pre-
pared from the PbX, (X=Cl, Br and I) series, as illustrated
in Scheme la. The preparation protocols are adapted from
the procedures which previously afforded Cd(II) counter-
parts [48], where the 1:2 (ligand to metal salt) is essential
to form structurally-stable compounds. The hydrated lead
acetate salt, Pb(OAc),-3H,0, was used to prepare a non-
halogenated complex which would serve as a reference
material, Scheme 1b. The structures of the complexes (ESI,
Fig. S1) were elucidated through use of FT-IR and 'H and
BC{'H} NMR spectroscopic data acquired from the com-
plexes (ESI, Figs. S2—-S18).

A prominent band appearing at around 1625 cm™! is
typical of the azomethine (C=N) functional group [50, 51].
This is indicative of a successful condensation between the
aldehyde and amino moieties, thus forming the desired cin-
namaldehyde thiosemicarbazone ligand (Scheme 1). When
the ligand is complexed to Pb salts, the v(C=N) band shifts
to lower wave numbers by 10—15 cm™, this suggests that the
nitrogen atom of the azomethine group has bonded to the Pb
atom [52-54]. A similar trend is observed for the second-
ary amine functional group which appears at 3156 cm™' in
the ligand. Interestingly, this v(NH) band is absent in non-
halogenated-(1) complex which thus prompts deprotonation.
Due to this observation, accompanied by the absence of the
acetate component in non-halogenated-(1) complex, we pro-
pose that an acetic acid by-product is formed (Figs. S2 and
S3). A plausible mechanism is illustrated in Scheme 2.

The results from the elemental analysis and molar con-
ductance studies on the complexes corroborated with the

Scheme 1 The synthesis of
a [PbX,(LH),], and b [PbL,] (a)
precursors

(b)  Pb(OAc), 3H,0 + 2(LH)
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spectroscopic data. The complexes were found to be rel-
atively pure, and the anticipated 1:2 metal to ligand stoi-
chiometry was confirmed, as suggested by the elemental
analysis data. Molar conductance readings were taken from
the pre-made 10~ M solutions of complexes in dimethyl-
formamide, and were recorded to be 13.5, 25.4, 19.5, and
14.8 Q7! cm? mol~! for complexes (1), (2), (3) and (4),
respectively. These molar conductance readings are con-
sistent with ionic adducts or uncharged complexes, i.e. non-
electrolyte properties [55].

The halogen ligands have been found to exert an influ-
ence on the thermal stability of the complexes, although no
significant trend is observed (Fig. 1a). The chlorido-(2) and
iodido-(4) complexes show two relatively clean decomposi-
tion patterns, whereas those of the remaining complexes are
undefined. Nonetheless, the solid residues retained from this
thermogravimetric analysis study were matched to the PbS
(card number: 00-005-0592) as shown in Fig. 1b.

The morphological properties of the lead sulfide (PbS)
nanoparticles, are influenced by both the thermolytic reac-
tion temperature and the type of halogen ligand incorporated
within the lead complexes. The investigated halogen series
consist of chloride (CI), bromide (Br) and iodide (I)-incorpo-
rated SSPs, where the precursor obtained from lead acetate
serves as a reference material. Prior to this investigation, it
was necessary to confirm whether PbS nanoparticles had
formed after thermolytic processes. For this purpose, p-XRD
and scanning electron microscopy energy dispersive X-ray
(SEM-EDX) studies were conducted.

The p-XRD patterns confirmed that the products of the
thermolytic reactions correspond to PbS (Fig. 2). The pat-
terns also reveal the formation of face centered cubic (FCC)

H,O/THF
PbX, + 2(LH) — 2~ . PbX,(LH
2+ 2LH) RT.,24h ALH)
MeOH
PbL, + CH;COOH
Reflux, 10 h
0
~ _N_ _NH
LH= N N \H/ 2
S
~. _N_ _NH
.
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Scheme 2 Mechanism illustrat-
ing the formation of a non-
halogenated-(1) complex
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Fig. 1 a Thermogravimetric (solid line) and differential thermogravimetric (dash line) decomposition profiles of the complexes, with the cor-

responding b powder X-ray diffraction patterns of the residues obtained

rock-salt structure (card number: 00-005-0592) of PbS. This
was observed for the PbS nanoparticles obtained from all
the precursors, there was no phase change observed when
temperature was varied. The additional unindexed peaks
observed in the diffraction patterns on Fig. 1b compared to
those of Fig. 2, can be attributed to impurities resulting from
high decomposition temperatures in the absence of a capping
agent. This clearly demonstrates the advantages and/or capa-
bilities of a capping agent in lowering the decomposition

energy of the precursor to afford phase-pure nanomaterials.
The SEM-EDX studies also confirmed the material to have
Pb and S components (Figs. S17-S20). Interestingly, sub-
stantial amounts of halogen content were detected in some
of the samples. Due to the nature of our study, no further
investigations were conducted to determine in what chemical
form the halogen species exist in/within the material. How-
ever, the elemental mapping images suggest homogeneity
throughout the samples (Fig. 3). This could indicate either
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Fig. 2 Powder X-ray diffraction (XRD) patterns of PbS nanoparticles
synthesized at 270 °C using lead thiosemicarbazone complexes made
from (a) lead acetate (b) lead chloride (c¢) lead bromide and (d) lead
iodide metal salts

halogen-PbS solid solution, or adhesion by the halogens
on the PbS surfaces similarly to inorganic capping groups
reported elsewhere [56-58].

From the TEM studies, it was evident that the size of the
nanoparticles increases with reaction temperature from 190
to 270 °C. This is generally attributed to the Ostwald ripen-
ing growth process. At relatively lower reaction temperature
(190 °C), close to uniform particle sizes are obtained from
the halogenated complexes (2), (3) and (4) (Figs. 4a, Sa, ¢)
respectively. An increase to 230 °C adversely affects the
monodispersity, for example, the nanoparticles obtained
from chlorido-(2) exhibits a mixture of three average sizes

where the largest particles are + 100 nm (Fig. 4b). A similar
trend was observed for the bromido-(3) and iodido-(4) com-
plexes (ESI Fig. S21c and e, respectively). A further increase
to 270 °C showed an interesting observation, the larg-
est particle sizes obtained from chlorido-(2), bromido-(3)
and iodido-(4) are found to be + 100, +200 and +400 nm,
respectively. Coincidently, this observation coincides with
an increasing trend in atomic diameter of elements in the
group VII halogen series. Furthermore, improvement in
monodispersity drops significantly down the halogen series.
At this point, there is insufficient evidence to conclude if
this observation is as a result of either electronic or steric
differences exerted by the halogens on the decomposition
of the complex.

The non-halogenated-(1) complex, on the other hand,
exhibits different behaviour to that of the halogen deriva-
tives. The nanoparticles agglomerate at lower-to-moderate
reaction temperatures, 190 and 230 °C, thus making it dif-
ficult to investigate and conclude on the sizes of the as-pre-
pared nanoparticles (Fig. S21a and b, respectively). How-
ever, as the temperature is raised to 270 °C, pronounced
and almost uniform cubic-shaped nanoparticles are obtained
(Fig. 6a).

Although the study has failed to achieve a uniform
and controlled size of the nanoparticles, the opposite was
observed with regards to their shape. The work by Cao et al.
[38] has established a detailed growth mechanism for PbS
nanoparticles. Briefly, the mechanism involves the nuclea-
tion where growth starts from the rock salt like seed crys-
tal of PbS. These seed crystals are responsible for the final
morphology of the material obtained. It is known that the
PbS seeds are tetradecahedrons, i.e. truncated cubes with
exposing [100] and [111] facets. The growth along <100>
facet would lead to pods, whereas, preferential growth

Fig. 3 Representative elemental mapping images for PbS nanoparticles obtained from bromido-(3) at 270 °C
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Fig. 4 TEM images of PbS
nanoparticles obtained from
the thermolysis of chlorido-(2)
complex in oleylamine at a
190 °C, b 230 °C, ¢ 270 °C, as
well as d the HRTEM image
obtained at 230 °C decomposi-
tion temperature

50 nm

along <111> direction would lead to cubes. Therefore, the
final shape of the PbS nanoparticles will depend on rela-
tive growth along <100>and <111> directions. Crystal-
lographic [111] facets of the rock salt structure have high
intrinsic surface energy. This leads to higher growth rate
along <111> direction resulting into cubes. Thus, stabilizing
surfactants which can block or enhance growth of certain
facet, temperature and concentration of precursor are among
reaction parameters used to manipulate the morphology of
the materials prepared. Certain stabilizing agents like amines
are known to stabilise [100] facets, thus indirectly enhanc-
ing growth along <111> direction. This leads to growth of
octopods along <111> direction, the further repining, i.e.
space filling between octopods results into final cubes. In
our work, we have observed the role of the halogen ligands
incorporated within the precursor complexes, in addition
to reaction temperature, to have had an influence on the
morphology of the nanoparticles. Interestingly, the shape
of the nanoparticles become more pronounced as the reac-
tion temperature increases, when the non-halogenated-(1)
complex and chlorido-(2) complex are used. However, the
opposite is observed for the bromido-(3) and iodido-(4)

complexes. Additionally, the nanoparticles obtained from
the bromido-(3) complex exhibit truncated cubic-like shape
at a relatively lower temperature (190 °C), which is differ-
ent from the cubes observed at other temperatures across
all complexes (Fig. 5a). The clearly visible lattice fringes
observed from the HRTEM image confirmed that the nan-
oparticles are crystalline, regardless of the morphology
(Figs. 6b and S22). It was further noted that nanoparticles
obtained from the chlorido-(2) and iodido-(4) complexes
were disintegrating into smaller nanoparticles, while acquir-
ing lattice fringes (Figs. 4d, 5d) respectively. The absence
of the chloride content in the nanoparticles obtained from
chlorido-(2) ruled out the possibility of the role of halogens
in such a phenomenon.

As a result of the relatively varied morphology of PbS
nanoparticles obtained from bromido-(3), further studies
were carried out. For this purpose, UV-Vis-NIR optical
absorption studies were conducted. As shown in ESI Fig.
S23, these NPs absorb strongly in Visible-NIR region due
to their strong size quantization [59]. Remarkably, the influ-
ence of temperature gave a strong absorption band 715 nm
(1.73 eV) from truncated cube-shaped NPs synthesized at
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Fig. 5 TEM images of PbS
nanoparticles obtained from the
thermolysis of a bromido-(3)

at 190 °C, and ¢ iodido-(4) at
190 °C, with the corresponding
HRTEM images obtained at b
190 °C and d 270 °C decompo-
sition temperatures, respectively

Fig. 6 The a TEM image of
PbS nanoparticles obtained
from the thermolysis of non-
halogenated-(1) at 270 °C, and
the corresponding b HRTEM
image (insert: FFT of PbS
nanoparticles)

190 °C. At relatively higher reaction temperatures, 230 and
270 °C, the samples exhibited strong absorption peaks at
much lower wavelength 395 nm (3.14 eV), progressively
blue shifted from both the bulk material and nanoparticles
obtained at 190 °C. The absorption spectra wavelength
for the 190 °C sample is consistent with literature reports,
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however, a decrease in absorption wavelength (blue shift)
at higher reaction temperatures is not commonly reported.
We then further conducted absorption measurements
of NPs obtained from other complexes. As a result of the
interesting observation made from bromido-(3) at higher
temperatures, we focused our absorption studies on NPs
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synthesized at 270 °C (Fig. 7). The PbS NPs obtained from
the iodido-(4) complex showed a broad absorption in the
NIR region around 1150 nm (1.08 eV) and an excitonic
absorption peak at 390 nm (3.18 eV). The nanoparticles
obtained from the non-halogenated-(1) and chlorido-(2)
complexes showed absorption bands around 500 nm
(2.48 eV) and 1100 nm (1.13 eV), respectively. The bro-
mido-(3) complex showed an excitonic absorption peak at
around 390 nm (3.18 eV). The absorption band energies
observed here are typical of PbS nanoparticles [60]. The
differences in band-edge excitonic features could be due to
the structural differences in the single source precursors.

4 Conclusions

In this study, PbX, (X=CI, Br, I) and non-halogenated
Pb** cinnamaldehyde thiosemicarbazone complexes have
been prepared in good yields and characterized fully by
elemental analysis, FT-IR and 'H and 3C {'H} NMR
spectroscopy techniques. The thermogravimetric analysis
confirmed that the complexes are suitable for use as single
source molecular precursors (SSPs) towards the synthesis of
PbS, albeit at moderate decomposition temperatures. Thus,
the SSPs were used to demonstrate the role of the halide
ligands on the size and shape of the PbS nanoparticles, as
well as their optical absorption properties. The formation
of PbS material (card number: 00-005-0592) through the
oleylamine-mediated hot-injection reaction was confirmed
using powder X-ray diffraction and energy dispersive X-ray
(EDX) spectroscopy. Significant amounts of the bromide
and iodide elements were detected in nanoparticles obtained
from the corresponding complexes. Average particle sizes
are found to be in the 50-400 nm range, were estimated

Absorbance (a.u.)

T T T T T T T T
500 750 1000 1250 1500
Wavelength (nm)

Fig.7 The UV-Vis-NIR absorption spectra of oleylamine-capped
PbS nanoparticles synthesized at 270 °C

using transmission electron microscopy imaging; increase
in reaction temperature results in an increase in particle
size. Furthermore, the dominant cubic-shape morphology
becomes less pronounced down the halogen series. Interest-
ingly, the bromide-incorporated complex produced truncated
cube-shaped nanoparticles at relatively lower temperatures.
The optical absorbance for all nanoparticles were found to
be blue-shifted when compared to the bulk material; band
gaps of between 1.08 to 3.18 eV were obtained.
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