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4.0 INTRODUCTION

The anisotropic growth of nanomaterials has lethéodevelopment of complex and
diverse nanostructures such as rddg]| tetrapods 3], prisms fi], cubes §], and other
non-spherical morphologies,[7]. The synthesis of metal nanoparticles and that of
semiconductors have been widely reported in theraiire. Semiconductor particles
exhibit size dependent properties such as thengcafithe energy gap and corresponding
change in the optical properties. They are conettleas the front runners in
technologically important materials. CdSe is onesath materials, it shows strong
fluorescence which can be tuned according to thicfesize. CdSe has been considered
in many applications such as optoelectronic devi@slight sensors 9], biological

labels [LO], chemical libraries11] etc.

Nanosized metal chalcogenides particles are importhspersed phases within
polymer matrices owing to their important non-linegptical properties, luminescent
properties, quantum size effects, and other imponpdysical and chemical properties
[12,13]. Such novel properties of the quantum dots (QdPe)generally known as a result
of the size quantization of semiconductor QDs dedarge surface to volume ratio when
compared to bulk material44]. Most importantly, CdSe semiconductor has ofteerb
investigated due to its well-known physical projgsrtand potentially controllable band-
gap energy in the full visible spectral randeb][ CdSe QDs have been synthesized
mainly by using organometallic precursors in staddar-less conditions at relatively
high temperatures (250 — 500 °C)6]. However, a few studies investigated the
preparation of CdSe QDs at mild conditions at adotoom temperaturelf]. Yu et al.
prepared highly monodispersed CdS nanocrystaldzZeyselective photocorrosiod ],
while Zhouet al. developed ann situ ultraviolet irradiation polymerization-photolysis
technique for fabrication of polyacrylamide-MS (MCsl, Pb, and Zn) nanocomposites at
room temperaturelP]. Most classical preparative and spectroscopidistuhave been
carried out on CdSe nanocrystal with hexagonal f@ite) structures. These were
obtained by the reaction of cadmium and seleniugtymsors in the presence of the
stabilizing agents tm-octylphosphine oxide (TOPO), trioctylphosphine @)Oand
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hexadecylamine (HAD) at high temperatur@®,p]. CdSe nanocrystals with a cubic
(zinc-blende) structure have been synthesized wrakgroups22,23.

The synthesis of multi-component materials compg®f a metal and semiconductor
material have also been developed. This combingiomides new functionalities to the
nanostructures. Systems like these represent actems of materials, where catalytic
metals are paired with a semiconductor materiahiwitthe same structure. These
heterostructured materials have been studied amgdtalysts in photochemical water
splitting to produce hydrogen in photoelectrocherhicells, and in photochemical
purification of organic contaminants, and bactediadtoxification P4]. The excitation of
the surface plasmon in metal nanoparticles plastda semiconductor can be expected
to enhance optical phenomena, such as absorptidrplaotoluminescence of incident
photons within the semiconductor region near eaatoparticle due to localized field
amplification. Saundera al. have reported a novel route to form heterostrestiny the
selective growth of metals on semiconduct@d.[Numerous approaches have been used
to selectively grow metals on semiconductors suciheduction, physical deposition or
photochemical methods. Au-CdS#5], Au-CdS R5], Au or Ag on ZnO 7], Co and Au
on TiO, [28] are examples of hybrid nanoparticles that havenleveloped. Pullabhotla
and Revaprasad®9] have synthesized Au-CdSe hybrid nanoparticleshieyreduction
of HAuCl, and selenium powder together with the NaBHlution and capping agent.

The main major challenge in synthesizing multicomga nanostructures is the
understanding of how to form an interface betweeatennels which may have different
crystallographic structures, lattice dimensionsgritil stability as well as chemical
reactivity. The use of these materials then reguidentifying and understanding the
emergence of new properties due to the combinatiahfferent material systems on the
nanometer length scale. The optical propertiesheké nanostructures, often exhibit
interesting deviations from either their individeaimponents or from a physical mixture
of the two components. These optical effects ineladshift in the surface plasmon
resonance (SPR) of noble metal nanocrystals whenbiced or coated with other

materials or changes in the photoluminescence sittenf semiconductor nanocrystals
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which can be attributed to the overlap of the eteut structures of different components
[25,30]. In this chapter the selective growth of two diffint material systems, that is, a
metal onto a semiconductor (Au-CdSe), AuNPs andeQushoparticles is reported. We
have recently reported the synthesis of anisotrgpid nanoparticles in water-soluble
PVP as a stabilizer using UV-irradiation technid®d], as reported in the previous
chapter Chapter three The concentrations of starting materials, lamgvelength and

irradiation time they all played major roles towsudktermining the size and morphology
of the final gold nanoparticles. Our group has regab the synthesis of water-soluble
CdSe nanopatrticles passivated with cysteB®. [In current work, the above synthetic

procedures were adapted in order to synthesize d&eQybrid particles.

41 EXPERIMENTAL

4.1.1 Materialsand I nstrumentation

Cadmium chloride, cadmium carbonate, chloroauriad aHAuCl,;), sodium
borohydride, acetone, methanol, L-cysteine, trigpttosphine, hexadecylamine,
polyvinyl alcohol and poly vinyl pyrrolidone werdl gourchased from Aldrich and
selenium powder from Merck. All the chemicals wefeanalytical grade and used as

purchased.

Thisisexplained in Chapter Two under Experimental section.
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4.1.2 Synthesis of PVP-Capped CdSe Nanoparticles

In this reaction, selenium powder (0.0253 g, 0.8#00l) was dissolved in distilled
water (20.0 mL) in a three necked round bottomkflasder a nitrogen atmosphere. The
selenium was reduced by the addition of a solu(@hO0 mL) of sodium borohydride
(0.030 g, 0.320 mmol). The reaction was allowegrticeed for 3 h in order to allow the
complete reduction of selenium. After 3 h a solitfa0.0 mL) of CdCl (0.0644 g, 0.320
mmol) was simultaneously added with a solution @2®L) of PVP (1.288 g). The Se:
Cd: NaBH;: PVP mole ratio of 1:1:1:20 was maintained in teiperiment. A further
number of reactions were carried out in which dédf¢ mole ratios were used and
cadmium source was changed to a carbonate sakeThele ratios are outlined Trable
4.1 below.

Table 4.1: Mole ratios used for the synthesis of CdSe semigoiogl nanopatrticles.
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4.1.3 Synthesis of PVP-Capped Au-CdSe Hybrid Nanoparticles

In this method, two solutions were prepared ated#fit reaction conditions before
they were both mixed in different concentrationsonder to produce Au-CdSe hybrid
nanoparticles. Firstly, the metal nanoparticlesengnepared with the method previously
reported B1]. Briefly, in this typical procedure, chloroaurizid (0.3146 g, 4.00 x 10
M) was mixed with PVP (0.900 g) in distilled wat200.0 mL). This solution was
irradiated with UV-light [mercury lamp (450 - 500n)] for an hour in order to reduce the
metal to form the metal nanoparticles. The CdSeopariicles were prepared by
dissolving selenium powder (0.0253 g, 0.320 mmolXistilled water (20.0 mL) in a
three necked flask under,tmosphere with continuous stirring. To this solutNaBH,
(0.03 g, 0.320 mmol) dissolved in distilled wat20.0 mL) was added. The NaBMas
allowed to completely reduce the selenium for £admium chloride (0.0644 g, 0.320
mmol), dissolved in distilled water (20.0 mL) wédeh added to this solution to produce
CdSe.

To the solution containing CdSe nanoparticles, htism containing Au-metal
nanoparticles (4.00 x TOM) was added in order to produce Au-CdSe hybridigas.
This addition resulted in a colour change to puwpiee-red solution. This solution was
allowed to completely react for an hour undegraimosphere with continuous stirring.

4.1.4 Synthesis of L-Cysteine-Capped Au-CdSe Hybrid Nanoparticles

In this procedure, an AuNP stock solution and Cd@aoparticles capped with
cysteine were prepared separately. The final seeptasmix the two solutions at different
concentrations in order to produce Au-CdSe hybrahaparticles. The Au-metal
nanoparticles were prepared using the UV-irradmtiechnique discussed in Chapter
three. In preparing the metal nanoparticles a mat® of HAuCl-3H,O: L-cysteine
(1:40) was used. Briefly, in this typical proceduckloroauric acid (0.1258 g, 1.60 X310
M) was mixed with L-cysteine (1.5508 g, 12.8 mmialdistilled water (200.0 mL). This
solution was irradiated with UV-radiation for anumoin order to reduce the metal
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forming L-cysteine capped Au nanoparticles. CdSaoparticles were prepared by
dissolving selenium powder (0.0253 g, 0.32 mmol2@0 mL distilled water in a three
necked flask under Natmosphere with continuous stirring. To this SolutNaBH, (0.03

g, 0.32 mmol) dissolved in distilled water (20.0 )mas added. NaBHwas allowed to
completely reduce the selenium for 3 h. Then, cadmgarbonate (0.0556 g, 0.32 mmol)
dissolved in distilled water (20.0 mL) and cyste{@e’754 g) (1:20 mole ratio) dissolved
in distilled water (20.0 mL) were simultaneouslydad to this solution resulting in a light
brown colour change in the solution, and its inityriacreased with the reaction time.

Finally, to the solution containing CdSe nanop#&tica solution containing metal
(Au) nanoparticles (1.60 x ToM) was added to produce Au-CdSe hybrid particléss
addition resulted in a colour change to purple-wie@ solution. This solution was
allowed to completely react for an hour under dtimosphere with continuous stirring.
The solution was finally separated through cengation before further analyses were
performed. Further experiments were conducted ifchvidifferent concentrations of
metal nanoparticles were added, that is 4.80 %MP3.20 x 10 M and 1.60 x 14 M

respectively.

4.1.5 Synthesis of L-Cysteine Capped Gold Nanoparticles

The gold nanoparticles were synthesized by UV-lighMough the reduction of
HAuCI, dissolved in distilled water in the presence afyisteine. In a typical reaction,
HAuClI;3H,0 (0.1258 g) and L-cysteine (1.5508 g) were bodisalved in distilled water
(200 mL) forming a yellow solution. This solutionaw irradiated with a column like

mercury lamp (450 — 500 nm) under nitrogen atmosphgth continuous stirring.

4.1.6 Synthesis of L-Cysteine-Capped Au-CdSe Hybrid Nanoparticlesin the UV-
Reactor

The synthesis carried in this experiment was ne#lny same as above, with

differences outlined in the procedure below. Bdkicaelenium powder (0.0253 g) was
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dissolved in distilled water (20.0 mL). This wa®ithreduced by a solution of NaBH
(0.03g, 20.0 mL). Selenium reduction was allowedptoceed for 3 h to allow its
complete reduction. In the UV-irradiation reactet sp, HAuCJ}-3H,O (0.1258 g) and L-
cysteine (0.7754 g) dissolved in distilled waterevprepared. The reduced selenium and
CdCG; (0.0550 g) solution in distilled water were sinaméously added to the solution in
the UV-reactor. The volume of the final solutiontime reactor was then increased to

200.0 mL using distilled water.

Finally the UV-reactor reduction with a low-mercdamp light (450 — 500 nm) was
started with all the reactants in one reactor.idit the solution colour changed from
light yellow to brown and then to dark purple caladter 1 h of irradiation. This reaction
was repeated three times varying the amount of HAa@ded while the other reactants

were kept constant, as outlinedTiable 4.2

Table 4.2. Amounts used and varied for the synthesis of L-€lgst capped Au-CdSe
hybrid nanoparticles.

HAUCI, (M) Se(g) NaBH. (g) CdCO3(g) | L-Cysteine(g)
1.60 x 10° 0.0253 0.0300 0.0550 0.7754
1.20 x 1C° 0.0253 0.0300 0.0550 0.7754
8.00 x 1¢° 0.0253 0.0300 0.0550 0.7754
4.00 x 10 0.0253 0.0300 0.0550 0.7754

4.2 RESULTSAND DISCUSSION

4.2.1 Synthesis of PVP-Capped CdSe Nanoparticles

CdSe nanoparticles have been synthesized by thetred of Se powder with NaBH
in the presence of PVP as the stabilizing agerffei®int cadmium sources (carbonate
and chloride salts) were used in this study. Varimaction conditions such as cadmium
source concentration, selenium concentration, addaing agents were applied for the
controlled synthesis of CdSe QDs as outlinedTable 4.1.The generation of CdSe
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nanoparticles could also be identified from botle ttolour change and the UV-Vis
spectra of the as-prepared prod&igure 4.1presents the UV-Visible absorption spectra
of PVP-capped CdSe nanoparticles synthesized ukagarbonate salt. The spectra at
different mole ratios exhibit weak absorption shieus at around 300 nm; however, no
other features were observed at higher wavelendtbshe mole ratio of the capping
agent was increased up to a factor of 4 (from 1010:40), smoother curves and longer
wavelength shoulders were observed.order to obtain the structural information and
particle morphology of the CdSe nanoparticles,drelucts were centrifuged before the
TEM analysis. Figure 4.2 shows TEM micrographs of the CdSe semiconductor
nanocrystals dispersed in the polymer matrix peghat room temperature at low PVP
concentration. Particles with a plate-like morplyylowere observed. As the PVP
concentration was increased i.e. (1:2:10 and 1)X#0ilar plate-like morphologies were

observed with the length of the longest plate plr@pproximately 800 nm.

A (1:2:40)

B (1:2:10)

C (2:1:40)
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Figure 4.1: UV-Visible absorption spectra of PVP-capped CdSe semiconductor

nanoparticles at different Cd(COzs),: Se: PVP ratios: A. (1:2:40), B.
(2:2:10), C. (2:1:40), D. (2:1:10), E. (1:1:10) and F. (1:1:40).
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A

Figure 4.2: TEM images of PVP-capped CdSe semiconductor nanoparticles at a mole
ratio of Cd(COs),: Se: PVP; A. (1:2:10) and B. (1:2:40).

The shape and the size of gold nanowires depend tgoadsorption of PVP on the
surface of the gold particle83]. The PVP plays an important role in controllirfget
growth rate between the {100} and {111} plane direes of cubic gold 34]. Reyes-
Gasgaet al. have proposed that nanowires evolve from a meltipinned nanopatrticle
(MTP) of silver with the help of PVP at the initi@stwald ripening stage3$]. The
growth of the nanowires was facilitated by PVP cilely covering the {100} facet.
This is done through chemical interactions with tiiteogen and or oxygen atoms of the
pyrrolidone units of PVP36]. On the other hand the interaction between PN the
{111} facet is weaker allowing the nanowires to\groontinuously during the Ostwald
ripening process. Due to force fields which existween atoms, they will begin to
agglomerate to form colloidal gold particles wharte dominated by the {110} facet. The
{110} facet forms a weak interaction with the PV®letules due to the weak binding
energy. In the literature it is reported that P\&a bind strongly with the {100} plane as
compared to the {111} plangT]. Since there is competition between {111} and @10
facets to absorb PVP molecules, a certain amouR¥/&f will be adsorbed on each facet.
A concentration of PVP is not favourable for thenfation of pentagonal and trigonal
shaped particles. The high concentration of PVHdda the formation of a thick coating

over the entire surface of the spherical particgleduding the twin boundarieS§).
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Powder X-ray diffraction measurements were perfarnmeorder to characterize the
crystal structure of the CdSe nanocrystals as shoviaigure 4.3 The CdSe displays a
polycrystalline hexagonal wurtzite structure. Thidfraction pattern of nanocrystals
shows (102) and (103) reflections &t2 36.7° and 44.1° respectively, characteristics of
the wurtzite phase. The peak aroud=225° in the diffraction pattern of wurtzite CdSe
nanocrystals is a combination of (100), (002) ab@ilf reflections. In agreement with
previous studies, the (102) and (103) reflectianghe XRD patterns of wurtzite are
reduced because of the presence of stacking faldtey the (002) direction, a typical
phenomenon in wurtzite II-IV nanocrystal2(]. Additional peaks may be due to the

impurities in solution.
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Figure 4.3: Powder XRD pattern of PVP-capped CdSe semiconductor nanoparticles at
different Cd(COg3),: St PVP ratios: A. (1:1:10), B. (2:1:10), and C.
(1:2:40).

The cadmium source was further changed to a cle@adt with the mole ratios kept
constant as outlined ihable 4.1 The optical properties and structural informatafrihe
produced CdSe nanoparticles were obtained fronUWé/isible and TEM.Figure 4.4
shows the UV-Visible absorption spectra of thesaisenductors dispersed in PVP. The

CdSe QDs prepared with chloride salt present tiserghion spectra with similar spectral
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changes to that of the CdSe QDs prepared with lzonate salt. Beside the absorption
shoulders no peak or distinct band gap in the Uvitlie CdSe particles are observed.
Similar spectral overlap has previously been oleskrin semiconductor QDs with

multiple size distribution39].
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Figure 4.4: UV-Visible absorption spectra of PVP-capped CdSe semiconductor
nanoparticles at different CdCl,: Se: PVP ratios. A. (1:2:10), B. (1:2:40),
C. (1:1:40), D. (2:1:10), E. (2:1:40) and F. (1:1:10).

The direct band gap in bulk CdSe is 1.74 eV, aom@i®n peak for CdSe is therefore
expected at ~716 nnd()]. Thus, there is a strong blue-shift in the abB8orpspectra in
the as synthesized nanoparticles, indicating thaigbes must be smaller than the Bohr
radius of exciton which is 5.4 nm for CdS&l]. Figures 4.5 — 4.8how the TEM
micrographs for the CdSe QDs synthesized from thémeum chloride salt in the
presence of PVP. Micrographs for the CdSe nanatestsynthesized with a mole ratio
of Cd: Se: PVP 1:1:20 showed a combination of naresmvith multi-shaped particles

dispersed in PVP shown Figure 4.5A The thin nanowires were observed and had an
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average length of approximately 55 nm. Metallicowaines have been intensively studied
because of the fundamental interests in low-dinggradiphysics and their technological
applications as molecular device$2[43,44,4% Long metallic nanowires with well-
defined structures and a diameter of several natesméave been fabricated by using
different methods46,47,48. Therefore, detailed studies on the structures@operties

of such long and nearly free standing ultrathinavéires are needed. Previous theoretical
work include the melting behavior of Pb nanowiréS][ nanocrystalline structures of Al
and Pb nanowires), structural and vibration properties of finite Aanowires $1],
and electronic structures and conductance of Alowies [2]. However, the size
dependence of atomic structure, vibrational speetegtronic states, and conductance as
well as the structural effect on electronic anch¢port properties of metallic nanowires

are still unclear.

100 hm

Figure 4.5: TEM micrographs of PVP-capped CdSe semiconductor nanoparticles at a
mole ratio of CdCl,: Se: PVP; A. (1:1:20) and B. (1:1:40).

Figure 4.5Bshows the semiconductor nanoparticles when the BMigentration
(1:1:40) is increased while the other parametersane constant. The increased capping
agent concentration resulted in the formation ef ¢bncentrated short rods in solution.
The average rod size was about 13.94 nm in lengthaavidth of 2.73 nm. From the
structural analysis, further variation of the camication resulted in the formation of short
rods that are well dispersed in the polynfégures4.6 and4.7. In the same solutions
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ordinary shaped patrticles other than rods weredatserved. The average particle size of
such nanomaterials is summarized able 4.3

Ry ‘ [

S L

Figure 4.6: TEM micrographs of PVP-capped CdSe semiconductor nanoparticles at a
mole ratio of CdCl,: Se: PVP; A. (1:1:10) and B. (2:1:10).

100 nm 200nm

Figure 4.7: TEM images of PVP-capped CdSe semiconductor nanoparticles at a mole
ratio of CdCly: Se: PVP; A. (1:2:10) and B. (1:2:40).

Murray et al. reported the synthesis of high quality CdSe narimbes based on the

high-temperature nucleation and growth of nanoglagifrom organometallic precursors

122



Chapter Four Synthesis of CdSe and Au-CdSe Hybrid Nanoparticles

[20]. This was done by injecting a solution of dimddagimium and selenium in
tributylphosphine into a mixture of hexylphosphoaicd (HPA) and trioctylphosphine
oxide (TOPO) at 340 — 360 °G3,54.

Table 4.3: Average patrticle sizes for the PVP-capped Cd®eperticles.

Image/ Figure Average particle size (nm)
4.5 A 6.10 + 1.46
45B 8.70£1.95
46 A 7.92+1.18
4.6 B 11.21 +1.67

Alivisatoset al. systematically studied the shape evolution of Ca&@®oparticles and
various other morphologies, including arrows, pirees, teardrops, and tetrapo8$][
They further demonstrated that seeded growth obergstals offers a convenient way to
design CdSe/CdTe, CdSe/CdS nanoheterostructured witmplex shapes and
morphologies by changing the crystalline structufrthe seed6).

4.2.2 PVP-Capped Au-CdSe Hybrid Nanoparticles

While possessing uniform and periodic crystal $tmes, hybrid structures exhibit a
very large blue shift in their optical adsorptiatige due to strong quantum confinement
effects induced by the internal sub-nanostruct{@s58,59. These compounds exhibit
significantly enhanced electronic and optical prtipe [59,60,6], including a tunable
band gap as a result of the strong quantum conénereffect and high band edge
absorption $2]. Figure 4.8Ashows the absorption spectrum of the Au-CdSe dybri
nanoparticles prepared with the 4.00 X1 gold nanoparticle solution. Significantly,
the SPR peak for gold in Au-CdSe metal-semicondunemoparticles was broad as
compared to that of pure AuNPs solution as insefigtire 4.8B Previous reports of
hybrid nanocrystals have demonstrated that thecapproperties of the colloids are
simply a linear combination of the properties a thdividual component$B,64. In the

current results the plasmon peak for the sampleudPs is located at 540 nrrigure
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4.8A). The plasmon peak of the hybrid Au-CdSe particgesed-shifted by 10 nm
compared with the pure AuUNPs which absorb at 530Trrs could be due to the overlap
of the electronic states of the different composeaitthe hybrid particles which modifies

the surface plasmon resonanéa,pq.

0.65
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Figure 4.8: A. UV-Visible absorption spectrum of PVP-Capped Au-CdSe hybrid
nanoparticles at 4.00 x 10° M gold nanoparticle solution. Inset B. UV-
Visible absorption spectrum of AuNPs synthesized by UV-irradiation
technique light wavelength (450 - 500 nm).

Alternatively, the shift may reflect that the Aurpon of the hybrid nanocrystals is
partially covered with CdSe, which possesses tlghdni index of refraction than the
organic capping ligands. The presence of a matesthl a higher index of reflection is

expected to shift the Au plasmon towards longer elengths and has been observed
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experimentally by varying the reflective index bétsolvent $6,67, as well as in hybrid
nanocrystals containing Au domair&]. These Au-CdSe hybrid nanocrystals stabilized
by PVP were also analyzed for their structural praps and size using both transmission
electron microscopy (TEM) and high resolution TEHMgures 4.9and4.10shows TEM
and HRTEM images of Au-CdSe hybrid nanoparticlspeetively.

Figure 4.9: TEM micrograph of PVP-capped Au-CdSe hybrid nanoparticles at Au
precursor concentration of 4.00 x 10° M.

Figure 4.10: HRTEM micrograph of PVP-capped Au-CdSe hybrid nanoparticles with a
Au precursor concentration of 4.00 x 10° M.
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The TEM micrograph illustrates that the nanomalkeriexist as closely packed
spherical particles, exhibiting well-defined edgeslicating the composite is composed
of individual nanopatrticles without evidence of eral alloying. The average particle
size observed with this precursor concentration &89 + 1.1 nm. The denser spherical
gold particles are distinctly visible in the TEMage. The HRTEM micrograph of these
metal-semiconductors shows the presence of |dtiroges at different orientation as seen
in Figure 4.10 Such lattice fringes correspond to the gold pdads the XRD inFigure
411 The HRTEM micrograph indicates the crystalliniof the produced hybrid
nanocrystal. The lattice spacing of 14@nd 2.4Q4 are assigned to the (111) and (222)
planes of Au respectively. This is confirmed by a§powder diffraction pattern for such

nanomaterials as illustratedkingure 4.11

500 -
S o
— o
—
A M
A"
o~
_— o] —
o SUU —a
gl :'—u‘ n o
> | == L AU
= | === N ~d
@ | = AU e L L 1o 1 1Y
c [ (220 AU (222}
= ZU0D il A AAN b ¥’ |
c (I | Ivrriy | M1y |
[ | | \ | I wriso
Il (I | ] " \ |
i1l LI | L ] | ! Il
Inni I n Il ] b *« 1
100 InmA I n [/ [} L | n
EEO LRI I I by 1 hi I & |
uluulﬁﬁk. i Il .|II.‘_!II I " rl'IL Li n 'lﬁil“ ] li
U T T T T T T 1
20 30 40 50 60 70 80 90
2 Theta (degree)

Figure 4.11: Powder XRD pattern of PVP-capped Au-CdSe hybrid nanoparticles with a
Au precursor concentration of 4.00 x 10 M.

The peaks (100), (002) and (101) characterize th8eanocrystals and display a
hexagonal phase CdSe. This is in agreement witlprgs@ous work on the cubic phase
CdSe R9. The (111), (220), (311) and (222) peaks of Aa also observed in the XRD
pattern. The XRD data indicate that the Au-CdSeridyinanoparticles are of good

crystalline quality.
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4.2.3 L-Cysteine-Capped Au-CdSe Hybrid Nanoparticles

Au-CdSe hybrid semiconductor nanocrystals cappeth Wicysteine were also
synthesized and are reported in this section. is tfpical experiment, a AuNP stock
solution and CdSe nanoparticles capped with cysteiere prepared separately. In the
final step, the two solutions were mixed at diffédreoncentrations in order to produce
Au-CdSe hybrid nanoparticles. Some functional gspuguch as cyano (-CN), mercapto
(-SH), and amino (-Nk) are known to have high affinity for gold and hergrotective
polymers having such functional groups are expetdegroduce AuNPs with a narrow
size distribution $8,69. L-cysteine is a small, zwitterionic molecule,dawell used in
biochemical and electrochemical research, for amgte on a gold surface it has been
used to immobilize protein molecule8q]. Figure 4.12shows the UV-Vis spectrum of
cysteine-capped Au-CdSe metal semiconductor nastaisy The spectrum shows very
little adsorption features. There is a presencgight shoulder at around 525 nm and no

other clear absorption peaks were observed.
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Figure 4.12: UV-Visible absorption spectrum of L-cysteine-capped Au-CdSe hybrid
nanoparticles at 1.60 x 10 M Au precursor concentration.
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The synthesized Au-CdSe metal semiconductors wether analyzed by TEM for
structural informationFigures 4.13and4.14revealed micrographs taken in the presence
of 1.60 x 10° M gold precursor concentration in solution takemlifferent parts of the

copper grid used and the corresponding XRD pattern.

2 : 2000 iy

Figure 4.13: TEM micrographs (A and B) of L-Cysteine-capped Au-CdSe hybrid
nanoparticles at Au precursor concentration of 1.60 x 10 M.
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Figure 4.14: Powder XRD pattern of L-Cysteine-capped Au-CdSe hybrid nanoparticles
at Au precursor concentration of 1.60 x 10°° M.
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These images revealed well-dispersed nanopartigigs the presence of shaped-
nanocrystals which confirms the presence of theorgien shoulder at longer
wavelengths in the UV-Visible spectrum. The hybkig-CdSe particles produced at this
precursor concentration is reasonably monodispersieowing a combination of
morphologies with an average particle size of %6674 nm. XRD pattern shows the
diffraction peaks that can be indexed to the charestics of Au and CdSe. The strong
(111) peak for both the Au and CdSe is clearly olegkin the XRD pattern.

4.2.4 L-Cysteine Capped Gold Nanoparticles

A separate experiment was conducted for the syistttdsAUNPs capped with L-
cysteine under UV-light using a column-like mercdamp (450 — 500 nm) as the
reducing agent. In the typical procedure, the Aecprsor together with L-cysteine was
dissolved in distilled water. The solution was tiptaced in the UV-reactor and irradiated
with UV-light for 1 h with continuous stirring undéN, atmosphere. The as produced
nanoparticles were characterized for their optazal structural properties. From the UV-

Visible spectrum, few absorption features were olexefor Au as shown iRigure 4.15.

The TEM revealed the presence of gold nanopartields varying shapes, but
predominantly spherical, ranging from 2 - 14 nmhvan average size of 8.29 + 1.08 nm
(Figure 4.16. Particles were widely distributed and were stablsolution for a period of
couple of months at room temperaturegg(ire 4.17. All the diffraction peaks observed in
XRD pattern can be indexed to the characterisicBulNPs. The peaks are assigned to
the (111), (200), (220) and (311) diffraction plarad cubic gold respectivel FT-IR
spectrum was employed to detect the charactebsiincls of cysteine moiety after gold
nanoparticle conjugation. Generally, amino acids said to exit as zwitterions (internal
salts) and exhibit spectral characteristic of bcdiboxylate and primary amine salts. It
shows NH' stretch which is very broad, N-H bend (asymmeétsgmmetric) and COO

(carboxylate ion) stretch (asymmetric / symmetaig)characteristic vibrationg(,71].

129



Chapter Four Synthesis of CdSe and Au-CdSe Hybrid Nanoparticles

0.38

0.33

0.28

Absorbance (a.u)

0.13

T T T T T
230 330 430 530 630 730
Wavelength (nm)

Figure 4.15: UV-Vis spectrum of L-Cysteine capped AuNPs synthesized under the UV-
reactor technique at 1.60 x 10 M Au precursor concentration.

Figure 4.16: TEM micrograph of L-Cysteine capped AuNPs synthesized under the UV-
reactor technique at 1.60 x 10 M Au precursor concentration.
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Figure 4.17: Powder XRD pattern of L-Cysteine capped AuNPs synthesized under the
UV-reactor technique at 1.60 x 10° M Au precursor concentration.

Figure 4.18shows the FT-IR spectrum of cysteine capped galibparticles. The
band in cysteine at 1600 and 1390 ctoorresponds to the asymmetric and symmetric
stretching of COO A band at 1532 cthcorresponds to N-H bend and the very broad
band of NH" is observed in the 3000 — 3500 tmange. Such results are in good
agreement with IR spectra of a typical amino atidaddition, a weak band near 2550
cm? virtually confirms the presence of S-H group ire thysteine molecule7,71].
However slight changes in the reported absorptiocysteine capped gold nanoparticles
are observed. A shift in the position of CO&hd NH' stretching is likely due to a
change in their dipole moment when cysteine bindsnetal surface with high electron
density. Significantly, the band due to S-H was olderved in the spectrum of cysteine

capped gold nanoparticles that confirms the S-Aeraction.
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Figure 4.18: FT-IR spectrum of L-Cysteine capped AuNPs synthesized under the UV-
reactor technique at 1.60 x 10 M Au precursor concentration.

4.2.5 Synthesis of L-Cysteine-Capped Au-CdSe Hybrid Nanoparticlesin the UV-
Reactor

L-cysteine capped Au-CdSe hybrid semiconductor aystals were also synthesized
under the UV-irradiation technique. In this typigabcedure, selenium was reduced in a
three necked flask by NaBHinder N atmosphere for 3 h. The second solution in the
UV-irradiation set-up was composed of the precursAuCl, and L-cysteine dissolved
in distilled water. The reduced selenium and Cd@@re simultaneously added to the
solution in the UV-reactor. Immediately after thiddition the UV-reactor was started in
order to reduce the precursor with light and predtlee Au-CdSe L-cysteine capped
metal semiconductors. The effect of precursor cotnagon on the synthesized metal
semiconductors was studied as outlinedlable 4.2 Figure 4.19presents the optical
properties of hybrid materials taken at differergéqursor concentrations. These spectra

show an absorption shoulder at 255 nm. A broadrphea peak is visible in the long
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wavelength range of 530 - 720 nm which could ingidhe presence of rods or shaped

particles in solution.
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Figure 4.19: UV-Visible absorption spectra of L-cysteine capped Au-CdSe hybrid
nanoparticles at different Au precursor concentration in the UV-reactor:
A. (4.00 x 10 M), B. (8.00 x 10* M), C. (1.60 x 10 M) and
D. (1.20 x 103 M).

Figures 4.20and4.21 shows the TEM micrographs of L-cysteine cappedChise
hybrid nanomaterials at different precursor con@gians. Micrograph A irFigure 4.20
shows the morphology of these materials at a lopestursor concentration of
4.00 x 106" M to be cloudy due to the higher concentratiocagping agent. This cloudy
appearance makes it challenging to calculate arabune the particle size. The measured
average particle size at this concentration waadao be around 4.64 + 0.5 nm. As the
precursor concentration in solution was increased.00 x 10 M, clearly visible
spherically shaped nanoparticles were observed. ifloeease in the precursor
concentration resulted in an increase in the awepagticle size to 9.63 + 1.34 nffigure

4.20B
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Figure 4.20: TEM micrographs of L-Cysteine capped Au-CdSe hybrid nanoparticles at
Au precursor concentration of A. 4.00 x 10* M and B. 8.00 x 10°* M.

Figure 4.21: TEM micrographs of L-Cysteine capped Au-CdSe hybrid nanoparticles at
Au precursor concentration of A. 1.20 x 10> M and B. 1.60 x 10° M.

A further increase in precursor concentration ®01x 10° M and 1.60 x 18 M
resulted in well-dispersed metal-semiconductor naaterials with an average particle
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size 0f 8.07 £ 1.16 nm and 8.63 £ 1.27 nm as shovagure 4.21 In these micrographs

the denser Au appearing as dark spots are cleddgreed which are surrounded by
CdSe semiconductors capped with cysteine. PowdeayXdiffractions measurements
were performed in order to characterize the crydtaicture of the Au-CdSe nanocrystals

as shown irFigure 4.22
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Figure 4.22: XRD pattern of L-cysteine capped hybrid AuNPs at Au precursor
concentration of 4.00 x 10™ M.

From the XRD pattern, two strong (111) peaks cpaoading to CdSe and Au are

present. Other peaks at this precursor concemntratese suppressed.

4.3 CONCLUSIONS

In this chapter, CdSe semiconductor nanopartickege hbeen produced at room
temperature in the presence of PVP as the capmegtaDifferent cadmium sources
were used and the mole ratio of the starting meltenvas varied in order to obtain
monodispersed CdSe nanoparticles. TEM images shidveedCdC} is a good source of

cadmium as it produced well-defined and dispersedoparticles. Plate-like and
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nanowires CdSe nanoparticles were obtained as agn§5 nm and nanorods with an
average length of 13.94 nm and width of 2.73 nnontthe X-ray diffraction data it is
clear that the synthesized CdSe semiconductor @atcps are of highly polycrystalline
and has hexagonal wurtzite structure. L-cysteind BWVP-capped Au-CdSe hybrid
nanostructures have also been synthesized at rocampetature. These hybrid
nanoparticles display obvious quantum size effact their optical properties could be
fine tuned. The UV-Vis of such materials had showettl absorption features for the
PVP-capped Au-CdSe while for cysteine capped hypadicles very little features were
observed on the spectrum. The structural analysisved gold as dark spot on TEM
images having an average patrticle size of 6.091tntn for the PVP capped hybrid
nanoparticles and 9.65 + 1.74 nm for cysteine cdppbe high resolution TEM clearly
showed the lattice fringes that confirm the crystay of the formed PVP capped Au-
CdSe hybrid nanoparticles which are also evideminfiXRD. The XRD data showed
strong (111) peak corresponding both to Au and Cd®e cysteine capped AuNPs
showed few absorption features in their opticalpprties, while the TEM showed the
predominance of spherically shaped particles withagerage size of 8.28 £ 1.08 nm.
These particles were cubic from the XRD data. Frrticharacteristics of these
nanoparticles were determined by the FT-IR whicbmadd the stretching bands due to
the presence of L-cysteine. Understanding theswtgrprocesses and the differences
between similar material systems will provide aiswder the rational design of other

hybrid nanomaterials and their inclusion into fettechnologies.

136



Chapter Four Synthesis of CdSe and Au-CdSe Hybrid Nanoparticles

4.4 REFERENCES

[1] X.G. Peng, L. Manna, W.D. Yang, J. Wickham, &cher, A. Kadavanich, A.P.
Alivisatos, Nature, 2000,404, 59.
[2] S.H. Kan, T. Mokari, E. Rothenberg, U. BanNgt. Mater., 2003,155, 2.
[3] L. Manna, D.J. Milliron, A. Meisel, E.C. SchehA.P. Alivisatos,Nat. Mater., 2003,
382, 2.
[4] R. Jin, Y. Cao, C.A. Mirkin, K.L. Kelly, G.C. &artz, J.G. Zhendscience, 2001,
1902, 294.
[5] F. Dumestre, B. Chaudret, C. Amiens, P. Ren&udkejesScience, 2004,821, 303.
[6] Z. Tang, N.A. Kotov, M. Giersigscience, 2002,237, 297.
[7] J. Goldberger, R.He, Y. Zhang, S. Lee, H. YHn]. Choi, P. YangNature, 2003,
599, 422.
[8] A.Y. Nazzal, L. Qu, X. Peng, M. Xiadyano Lett., 2003,3, 819.
[9] M. Bruchez, M. Moronne, P. Gin, S. Weiss, AAlivisatos, Science, 1998, 281,
2013.
[10] V.L. Colvin, M.C. Schlamp, A.P. Alivisatodlature, 1994,370, 354.
[11] N. Gaponik, I.L. Radtchenko, G.B. Sukhorukdvl. Rogach,Adv. Mater., 2002,
12, 879.
[12] L.E. Brus,Appl. Phys. A, 1991,53, 465.
[13] L. OuahabChem. Mater., 1997,9, 1909.
[14] K.E. Andersen, C.Y. Fong, W.E. PeckdttNon-Cryst. Solids, 2002,299, 1105.
[15] J. Lee, V.C. Sundar, J.R. Heine, M.G. BaweKdk. JensenAdv. Mater., 2002,12,
1102.
[16] Z.A. Peng, X. Pengl. Am. Chem. Soc., 2001,123, 1389.
[17] S.H. Liu, X.F. Qian, J.Y. Yuan, J. Yin, R. H&K. Zhu,Mater. Res. Bull., 2003,38,
1359.
[18] S.H. Yu, Y. Yang, Z.H. Han, Y. Zhou, R.Y. Yang.T. Qian, Y.H. Zhang). Mater.
Chem., 1999,9, 1283.
[19] Y. Zhou, L.Y. Hao, Y. Yu, Y.R. Zhu, Z.YChen, Chem. Lett., 2000,29, 1308.
[20] C.B. Murray, D.J. Norris, M.G. Bawendi, Am. Chem. Soc., 1993,115, 8706.

137



Chapter Four Synthesis of CdSe and Au-CdSe Hybrid Nanoparticles

[21] D.V. Talapin, A.L. Rogach, A. Kornowski, M. ldae, H. WellerNano Lett., 2001,
1, 207.

[22] A.L. Rogach, A. Kornowski, M. Gao, A. Eychmeit| H. Weller,J. Phys. Chem. B,
1999,103, 3065.

[23] L. Han, D. Qin, X. Jiang, Y. Liu, L. Wang, Ghen, Y. Cao,Nanotechnology, 2006,
17, 4736.

[24] C. Ronny, A.E. Saunders, E. Elmalem, A. Sal&ht Banin,Nano Lett., 2008, 8,
637.

[25] A.E. Saunders, |. Popov, U. BanihPhys Chem. B, 2006,110, 25421.

[26] T. Mokari, T. Rothenberg, I. Popov, R. Costi,Banin,Science, 2004,304, 1787.

[27] C. Pacholski, A. Kornowski, H. WelleAngew Chem. Int. Ed, 2004,43, 4774.

[28] D.V. Talapin, H. Yu, E.V. Shevchenko, A. LobG,B. Murray,J. Phys. Chem. C,
2007,111, 14049.

[29] V.S.R. Rajasekhar Pullabhotla, N. Revaprashthier. Lett., 2009,63, 2097.

[30] W.L Shi, H. Zeng, Y. Sahoo, T.Y. Ohulchans, Ding, Z.L. Wang, M. Swihart,
P.N. Prasad\ano Lett., 2006,6, 875.

[31] M.M. Chili, N. Revaprasadwater. Lett., 2008,62, 3896.

[32] S.O. Oluwafemi, N. Revaprasadu, A. RamikZLryst. Growth, 2008,310, 3230.

[33] J.H. Lee, K. Kamada, N. Enomoto, J. HqJoColloid and Interface Sc., 2007,316,
887.

[34] Y.T. Lee, S.H. Im, B. Willey, Y. XiaChem. Phys. Lett., 2005,411, 479.

[35] A.R. Roosan, W.C. CartdPhysica A, 1998,261, 232.

[36] I. Washio, Y.J. Xiong, Y.D. Yin, Y.N. XiaAdv. Mater., 2006,18, 1745.

[37] Y. Sun, B. Mayers, T. Herricks, Y. Xialano Lett., 2003,7, 955.

[38] Y. Gao, P. Jiang, D.F. Liu, H.J. Yuan, X.Q.rW&.P. Zhou, J.X. Wang, L. Song,
L.F. Liu, W.Y. Zhou, G. Wang, C.Y. Wang, S.S. Xl Phys. Chem. B, 2004,108,
12877.

[39] T. Vossmeyer, L. Katsikas, M. Giersig, |.G.gewic, K. Diesner, A. Chemseddine,
A. Eychmuller, H. MullerJ. Phys. Chem., 1994,98, 7665.

138



Chapter Four Synthesis of CdSe and Au-CdSe Hybrid Nanoparticles

[40] A. R. Rogach, A. Korwniwski, M. Gao, A. Eychitter, H. Weller,J. Phys. Chem. B,
1999,103, 3065.

[41] S.S. Ashtaputre, A. Deshpande, S. Marathe, . M\Eankhende, J. Urban, S.K.
Kulkarni, J. Phys., 2005,65, 615.

[42] U. Landman, W.D. Luedtke, N.A. Burnham, R.&ItGn, Science, 1990,248, 454.

[43] Y. Kondo, K. TakayanagRhys. Rev. Lett., 1997,79, 3455.

[44] W.S. Yun, J. Kim, K.H. Park, J.S. Ha, Y.J. Kb,Vac. Si. Technol. A, 2000, 18,
1329.

[45] Y. Kondo, K. TakayanagEcience, 2000,289, 606.

[46] C.J. Muller, J.M. van Ruitenbeek, L.J. de Jorighys. Rev. Lett., 1992,69, 140.

[47] U. Landman, W.D. Luedtke, B.E. Salisbury, RWhetten,Phys. Rev. Lett., 1996,
77, 1362.

[48] H. Hakkinen, R.N. Barnett, U. LandmahPhys. Chem. B, 1999,103, 8814.

[49] O. Gulseren, F. Ercolessi, E. Tosd®tys. Rev. B, 1995,51, 7377.

[50] O. Gulseren, F. Ercolessi, E. Tosd®tys. Rev. Lett., 1998,80, 3775.

[51] G. BilalbegovicPhys. Rev. B, 1998,58, 15412.

[52] F. Di Tolla,Surf. Sci., 2000,454, 947.

[53] X.G. Peng, L. Manna, W.D. Yang, J. Wickam, &cher, A. Kadavanich, A.P.
Alivisatos, Nature, 2000,404, 59.

[54] L. Manna, E.C. Scher, A.P. Alivisatas, Am. Chem. Soc., 2000,122, 12700.

[55] D.J. Milliron, S.M. Huhges, Y. Cui, L. Mannd,B. Li, LW. Wang, A.P. Alivisatos,
Nature, 2004,430, 190.

[56] D.V. Talapin, J.H. Nelson, E.V. Shevchenko,A%ni, B. Sadtler, A.P. Alivisatos,
Nano Lett., 2007,7, 2951.

[57] S.H. Yu, M. YoshimuraAdv. Mater., 2002,14, 296.

[58] Z.X. Deng, L.B. Li, Y.D. Li,Inorg. Chem., 2003,42, 2331.

[59] X.Y. Huang, J. Li, X. FuJ. Am. Chem. Soc., 2000,122, 8789.

[60] C.Y. Moon, G.M. Dalpian, Y. Zhang, S.H. Wei,¥X Huang, J. LiChem. Mater.,
2006,18, 2805.

[61] J. Lu, S. Wei, W.C. Yu, Y.T. Qiad, Phys. Chem. B, 2003,107, 3427.

139



Chapter Four Synthesis of CdSe and Au-CdSe Hybrid Nanoparticles

[62] Y. Zhang, G.M. Dalpian, B. Fluegel, S.H. WAi, Mascarenhas, X.Y. Huang, J. Li,
L.W. Wang,Phys. Rev. Lett., 2006,96, 026405.

[63] H. Yu, M. Chen, P.M. Rice, S.X. Wang, R.L. )i S.H. SunNano Lett., 2005,5,
379.

[64] W.L. Shi, H. Zeng, Y. Sahoo, Y. Ding, Z.L. W@anM. Swihart, P.N. Prasadllano
Lett., 2006,6, 875.

[65] D. Steiner, T. Mokari, U. Banin, O. Mill&hys. Rev. Lett., 2005,95, 056805.

[66] A.C. Templeton, J.J. Pietron, R.W. Murray,Ntulvaney, J. Phys. Chem. B, 2000,
104, 564.

[67] K.G. Thomas, J. Zajicek, P.V. Kamagngmuir, 2002,18, 3722.

[68] J. Shan, M. Nuopponen, H. Jiang, E. Kauppit&nTenhu,Macromolecules, 2003,
36, 4526.

[69] T.K. Mandal, M.S. Fleming, D.R. Walano Lett., 2002,2, 3.

[70] D.L. Pavia, G.M. Lampman, G.S. Kritz, Introdien to spectroscopy,3Ed., USA,
2001.

[71] A. Pawlukoje, I. Padureanu, D. Aranghel, Is#ila Neutron Scattering, Infrared,
Raman Spectroscopy and AB Initio Study of L-cysteiReport 3 IDRANA 67-
04/2004.

140



CHAPTER FIVE

SUMMARY AND FUTURE WORK



Chapter Five Summary and Future Work

5.0 SUMMARY AND FUTURE WORK

5.1 Summary

The present project resulted in the development of environment friendly
methodologies to produce biologicaly benign gold nanoparticles labeled with
biologically and organicaly relevant molecules. Methods for preparing gold
nanoparticles with decreased size, shape dispersity and increased purity are required to
ensure that the promise of gold nanoparticles in future technologies is met. In this thesis,
several techniques for the synthesis of gold nanoparticles, such as the chemical reduction,
seed-mediated method, two-phase method and uv-irradiation technigque to synthesize gold
nanoparticles were explored. The polymer-protected gold nanoparticles were then
expected to have different solubilities in water and in organic solvents. Accordingly,
water-soluble particles were obtained, depending on the polymers used in the synthesis.
Two kinds of polymers with various molar masses, polyvinylpyrrolidone (PVP), and
polyvinyl acohol (PVA), were chosen for this study and synthesis of gold nanoparticles.
Hybrid-gold nanocrystals were synthesized in the presence of either PVP or L-cysteine as
capping materials. The optical properties of such materials showed gold absorption
features for the PVP-capped Au-CdSe while for cysteine-capped hybrid particles had
very little features observed on the spectrum. The structural and crystallographic analysis
showed the presence of Au and CdSe.

The synthesis of CdSe semiconductor nanoparticles and Au-CdSe hybrid
nanostructures are reported. These semiconductors and hybrid nanostructures were
produced at room temperature in the presence of PVP or L-cysteine as capping agents.
Understanding these growth processes and the differences between similar materia
systems will provide a basis for the rational design of other hybrid nanomaterials and
their inclusion into future technologies. These semiconductors and gold nanoparticles
generated were in the nanometer size range which is deemed realistic for several
biological, electronic and catal ytic applications.
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5.2 Recommendations for Future Work

The knowledge gained from the preliminary experiments done in this project could
potentially open new avenues for further research in the development of new synthesis
methods for gold nanoparticles with desired properties for various technological and
biological applications. The possible pathways to continue the present work are as
follows:

1. To usethe uv-irradiation technique to synthesize other precious metals such as P,

Pd which have usesin catalysis.

2. To further study the reaction parameters such as temperature, pH, stirring or not

stirring of the solution on the final morphology of the particles.

3. Todevelop amethod of separating particles to achieve a monodispersed shape.

4. To develop areaction mechanism for the formation of Au nanoparticles from the

starting materials.
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