
Cadmium aud Lead Thiosemicarbazide Complexes: Precursors for the

Synthesis of CdS Nanorods and PbS Nanoparticles

Sibusiso Nkosikhona Mlondo

(991530)

Department Of Chemistry

University Of Zululand

Private Bag XI00l

KwaDlangezwa

3886

July 2005



Cadmium and Lead Thiosemicarbazide Complexes: Precursors for the Synthesis of

CdS and Nanorods PbS Nanoparticles

A dissertation submitted by

Sibusiso Nkosikhona Mlondo

991530

to the Faculty ofScience and Agriculture in fulfilment of the requirements for the award ofthe

degree of

Master of Science

in the Department of Chemistry

University of Zululand

Supervisor: Prof. N. Revapfasadu

July 2005

i



Declaration

"I declare that 'Cadmiwn and Lead Thiosemicarbazide Complexes: Precursors for the

Synthesis of CdS nanorods and PbS nanoparticles' is my own work, which was

conducted in the Department of Chemistry at the University of Zululand and in the

Department of Chemistry at the University of Manchester. 1 declare that all the sources

used or quoted have been indicated and acknowledged by means of complete references"

Mlondo, Sibusiso Nkosikhona

ii



Abstract

This work reports the shape controlled synthesis of metal sulfide nanomaterials with

varying morphologies using single source precursors based on the thiosemicarbazide

ligand. The single crystal X-ray structures of [Cd(NH2CSNHNH2)Chln,

[Cd(NH2CSNHNH2hChln and [Pb(NH2CSNHNH2 )(N03hl precursor complexes are

reported and discussed. The non crystalline analogue of the cadmium complexes,

[Cd(NH2CSNHNH2hClzl was also synthesized and principally used to determine the

effect of the precursor concentration and the growth temperature on the growth and final

morphology of the CdS nanoparticIes. The precursors were thermolysed in a hot co­

ordinating solvent such as hexadecylamine (HDA) for CdS and tri-n-octylphosphine

(TOPO) for PbS, using the "one-paf' single-molecule precursor route. The shape was

found to move from short rods and dots to long rods at higher temperatures, where the

growth is not easy to control. By contrast, at moderate temperatures the shape evolution

was the opposite with the precursor concentration being the variation, as we moved from

higher to lower concentrations. On the temperature variable's front, higher temperatures

were found to favour the formation of shorter rods and dots whereas lower temperatures

favour longer rods. By varying the important parameters such as precursor concentration

and reaction temperature, various nanomaterials with a range of morphologies and sizes

could be prepared. The effect of the nature of the precursor was also varied by

synthesising nanoparticles from different crystalline complexes of the same metal

(cadmium) and ligand (thiosemicarbazide) as precursors, which were found to give the

nanoparticles ofdifferent crystallinity and aspect ratios. [pb(NH2CSNHNH2 )(N03hl was

also used to synthesize PbS nanoparticIes, in which determination shape control could not
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be achieved. UVNis and photoluminescence spectra were used to study the materials

optical properties of the material. The structural properties of the materials were studied

by X-ray diffraction and TEM instruments.
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Chapter 1

Introduction



1.1 General Introduction to Nauoparticles

Nanoscale materials have attracted significant scientific and industrial interest during

the last decade.I
-
5 These materials are novel compounds oftheoretical interest currently,

but have huge potential to develop as important classes of materials for the electronics

and photonics industries in the current century. This field of research has been widely

recognized as one of the most promising and rapidly emerging research area in various

scientific disciplines. The functional materials for information storage have stimulated

great interest in recent years, with metal sulfide semiconductor nanomaterials being an

area of intense activity./H! The ultimate scientific and technological impact of these

materials mainly depend on their novel electronic, optical, and catalytic properties.

Hence, studies concerning quantum and electronic confinement observed in these

materials are ofexceptional importance.

Semiconductor nanoparticles are materials which fall in an intermediate position

between the metals and insulators, exhibiting both physical and chemical properties

within an intermediate state of matter, between molecular and bulk. These materials

have dimensions ranging from 1-20 nm, which allows them to exhibit unique properties

that are due to their reduced size in relation to the excitonic radius of their bulk

materials and their large surface to volume ratios. The quantum size effect of

nanomaterials results in their exhibiting novel electronic, magnetic and optical

mechanical properties that differ from their bulk counterparts. Metal chalcogenide

nanocrystals have been the most studied among the various nanoerystals due to their

I



Over the past 15-20 years, remarkable progress has been made in the synthesis of the

nanomaterials using various methods. Il-VI semiconductor quantum dots were the

materials of immense interest since they exhibit a wide range of electrical and optical

properties that are tunable by tailoring the sizes and shapes of the nanocrystals and

consequently find potential applications in optoelectronic devices. I
2,13 One of the first

attempts to produce Il-VI nanoparticles by Spenhel, et al. 14
,15 was the synthesis of the

colloidal suspensions where CdS was formed by the precipitation of Cd2+ in aqueous

solution by adding H2S. Growth was controlled conveniently by using

microheterogeneous media, which was pioneered by Steigerwald and Brus,16 and Petit,

et a/. 17 Subsequent interest was devoted to the study focusing on the synthesis of Il-VI

quantum dots using a very successful organometallic process developed by Bawendi,

Alivisatos and their co-workers.18
,19 The nanoparticles prepared by this method were of

high quality, but the reaction required harsh conditions such as injection of hazardous

metal alkyls at elevated temperatures, which was clearly undesirable for health and

safety. Trindade and O'Brien20
,21 investigated cadmium dithio- and diseleno- carbamate

complexes as single molecular precursors for preparation of TOPO-eapped II-VI

materials. The use of single source molecular precursors is a very good way to avoid

such problems incurred in organometallic route, since the metal chalcogen bond is

2



already in place in this route. Revaprasadu, et a/.45 also reported the synthesis of many

metal chalcogenides nanoparticles including the doped nanoparticulates using single

source complexes. Thiourea, xanthate and the thiosemicarbazide complexes of

cadmium and zinc were also used by Revaprasadu et a/.45 and Nair, et a/.22
,48 as the

single source precursors to synthesize the nanoparticles that displayed both isotropic

and anisotropic morphologies. Recent interest in this field is now devoted to the control

of size in the quantum confmement range, since the electronic properties of the

nanocrystals are also shape-dependent. It is a challenge to chemists to synthesize

anisotropic shaped metal chalcogenides nanoparticles, since they offer tunability of

properties of materials via control of shape in addition to size-dependent quantum

confinement effects.

1.2 Electronic properties ofnanoparticles

One of the defining features of a semiconductor is the energy gap separating the

conduction and the valence energy bands. The color of light emitted by the

semiconductor material is determined by the width of the gap.

3
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Figure 1.1: The spatial electronic state diagram showing the quantum
confinement effect in bulksemiconductors (a) andnanoparticles (b).24

For a semiconductor crystal, electronic excitation consists of loosely bounded electron-

hole pair (Mott-Wannier exciton) usually delocaIized over a length much longer than

the lattice constant. For the exciton to occur, hv > energy gap. Pumping energy into a

semiconductor can excite an electron, e', into the conduction band (Figure l.l), leaving

behind a hole, h, in the nonnaIly filled valence band, and thus an electron-hole pair is

created. The electron and hole each relax to the respective band edge states by non-

radiative processes. During the band edge transition a photon is emitted as the excited

electron spontaneously recombines with the hole. The band-edge is explained as the

direct recombination of charge carriers from atomic-like orbitals. Charge carriers in

bulk semiconductor recombine from deep and shallow traps giving emission at different

wavelengths from the band edge.23

4



In the case of nanoscale semiconductor particles with smaller sizes «10 nm), the

situation, however, changes. As the diameter of the crystalline material approaches the

exciton Bohr diameter, its electronic properties start to change. This size range

corresponds to the regime of the so-called quantum confinement effect, which can be

observed as a blue shift in the band gap or exciton energy. The charge carriers are

confIDed in all three dimensions in a quantum dot and thus the exciton has zero degrees

of freedom for its motion, with the result that the electron exhibits a discrete atomic

like-spectrum. As a result of these geometrical constrains an electron feels the particle

boundaries and responds to particle sizes by adjusting their. This phenomenon is known

as the quantum size effect. 23,24

Figure 1.2: Simulation ofthe exciton Bohr radius, and its confinement25

Nanocrystalline materials which conserve the wave function are called direct band gap

materials, and those where the lowest electronic transition between valence band and

conduction band is forbidden are said to be indirect band gap materials, which have

5



very small absorption coefficients. Typically, bulk samples ofCdS, irrespective of their

size, once> ca. 20 run will absorb all electromagnetic radiation with an energy greater

than the band gap (hv > 2.42 eV); which is classified as direct band gap in this case.

However, as particles become smaller, their electronic structure starts to change as

highlighted previously. Eventually continuous bands break down and there are discrete

bonding and antibonding orbitals in this material. The electronic properties of such

small particles are more like those of the molecule than an extended solid. Figure 1.1

shows a spatial electronic state diagram showing the quantum confinement effect. As

the cluster properties are intermediate between molecules and bulk semiconductors, the

quantum size effect can be best explained with hybrid molecular and semiconductor

nomenclature.

In a bulk semiconductor, the electron and hole are bound together by a screened

Coulomb interaction to form a so-called Mott-Wannier exciton.16 This electron-hole

interaction has to be induced for a more qualitative treatment of the quantum

confmement effects. By assuming the energy band to be parabolic near the band gap

(i.e., the effective mass approximation), the size-dependent shift (with respect to the

bulk band gap) in the exciton energy of a small cluster (cluster radius - exciton radius)

can be derived as

E(R) =Eg + r1-r1/2pK - 1.78002
{ eR - 0.248E*Ry (I)

where R is cluster radius, IIm = lime*+ l/mh*, me* is the electron effective mass, mh*

is the hole effective mass, E is the dielectric constant, and E*Ry is the effective Rydberg

6



energy, e4I2rltr(m.*-1 + mh*-l). The first term in the above equation is the band gap of

the bulk materials, the second represents the particle-in-a-box quantum localization

energy and has a simple l/Rz dependence, the third term the Coulomb energy with l/R

dependence, and the last term is the result of the spatial correlation effect. This last

size-independent term is usually small but can become significant for semiconductors

with small dielectric constant. Therefore, the cluster radius can be easily determined

according to the above formula based on the absorption spectra.23

The quantum size effect can be clearly explained by a simple quantum size box model

in which the electron is restricted in all three dimensions by impermeable walls. For a

spherical quantum dot with radius R, this model predicts that a size independent

contribution to the energy gap is simply proportional to l/Rz, which implies that the gap

increases as the quantum dot size decreases. Moreover, quantum confinement leads to a

collapse of the continuous energy bands of a bulk material into discrete, atomic-like

energy levels.23 The discrete structure of energy state leads to a discrete absorption

spectrum of quantum dots, which is in contrast to the absorption spectrum of a bulk

semiconductor.

The uanocrystaIs quantum dots discussed earlier in this context are small quantum dots

made by organometallic chemical methods and are composed of a semiconductor core

capped with a layer of organic molecule. The organic capping prevents uncontrolled

growth and agglomeration of nanoparticles. It also allows the nanocrystals quantum

dots to be chemically manipulated as if they were large molecules, with solubility and

7



chemical reactivity determined by the identity of the organic molecules. The capping

also provides electronic passivation of the nanocrystals quantum dot. It terminates the

dangling bonds that remain on the semiconductor's surface as they might affect

nanocrystals quantum dot's emission efficiency. This is done through a mechanism

where electrons are rapidly trapped at the surface before they have a chance to emit a

photon. Because of quantum size effect, this ability to tune nanocrystals quantum dot

translates into means of controlling its various properties such as emission and

absorption wavelengths.

1.3 Luminescence Properties

Luminescent properties i.e. emission color, quantum yield, luminescent lifetime and

stability must be strictly controlled to realize a wide range of potential applications of

the semiconductor nanocrystals. The fluorescence spectroscopy is the key tool to

examine the nanoparticle's size and quality. Nanoparticles that fluoresce with a narrow

line width and small Stokes shift are dominated by what is referred to as near band gap

emission and characterized by a generally continuous surface with most surface atoms

exhibiting the coordinated and oxidation state of their bulk counterparts. In contrast,

nanoparticles that emit broadly with a larger Stokes shift are considered to exhibit deep

trap emission.24

Deep trap emission is characterized as emission from the recombination of trapped

electrons and holes with broad energy distributions. For example, the sulfur deficiency

in CdS is due to the S2-(Vs"1 defects. The V/ is a deep trap and can exothennically

8



extract an electron from the valence band A hole is left behind by an electron, which

localizes away from the V/ site. It is virtually impossible for V/ site to pull out

another electron from the valence band. The V/ vacancy sets a deep (c. 0.007 eV) trap

for a photo-generated electron in the conduction band, which combines forming the V/

state. The photo-generated electron is quickly trapped by the V/, forming a Vs0 site,

which could then either be quenched by some surface species or recombine with the

nearest pre-existing hole.

The role of surface in determining the luminescence quantum yields of semiconductors

is fundamental and has long been recognized and ascribed to the higher concentration

of defects at the surface e.g. unsaturated bonds, ion vacancies, disorder due to adsorbed

impurities, or uncommon oxidation states, which gives rise to high density mid-gap

states acting as electron and hole states. The surface properties are expected to have

large influence on the optical properties of the semiconductor nanocrystals because of

the high surface to volume ratio.

When a nanoparticle size is reduced such that the particle is essentially all the surface,

the curvature of the surface is so high that virtually all the surface atoms have slightly

different coordination or effective oxidation state?6-29 The experimental and theoretical

studies of very small metal chalcogenides are examples of such nanoparticle systems

that are dominated by surface interactions. These small nanoparticles emit light that is

characteristic of deep trap luminescence, unless they are coated with a wider band gap

material which confines the carriers to the materials core.

9



To understand how the growth conditions that determine the surface structure of the

nanocrystals contribution of each individual parameter (growth temperature, precursor

concentration and capping group) should be considered, and later consider the effect of

their combination. The solvent composition is known to have large impact on the

growth kinetics and quantum yields of the nanocrystals.29-31 The influence of the

growth temperature can be understood in terms of the growth rates and surface

annealing. The initial period after hot injection is characterized by rapid growth which

results in the surface disorder and low quantum yields. Surface ordering and

reconstruction can subsequently be achieved during annealing (prolonged heating),

reducing the concentration of the defects and increasing quantum yields.

The use of lower temperatures during the surface reorganization process has proven to

be very advantageous in maintaining high yields for hours during the growth.29 Higher

growth temperatures lead to faster growth rates and therefore the surface roughening

and degradation compete with surface ordering. Higher temperatures induce fuster

surface degradation, which reduces the luminescence efficiency shortly after the

maximum efficiency has been reached. Surface degradation can also be observed at

lower temperatures for specific growth, but after much longer heating times, as could

be expected for thermally induced process. This could be stopped by quenching

ensemble of nanocrystals with optimum surface-to-room temperature. Furthermore,

addition of metal or chalcogenides precursors (in case of metal chalcogenides) during

thermolysis has the effect of bringing back the quantum yields and thus luminescence,
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by filling the vacancies of either the metal or chalcogenides and growing the fresh

surface.29

In broad scope of semiconductor quantum dots, high emission from band edge states

would be required ifone wants to study their electronic structure or more practically if

they are to be used as emitters in any application. It is most unfortunate that the band

edge emission from nanocrystals has to compete with both radiative and non-radiative

decay channels, originating from surface electronic states. Coating the surface of the

nanocrystals with suitable organic molecules can minimize this problem. The judicious

choice of passivation agent can, in fact, improve the size-dependent band edge state

luminescence efficiency, while promoting the solubility and the processibility of the

nanoparticles. Passivation by means of organic molecules accomplishes this role and is

widely used but can sometimes have a drawback of incomplete or irreversible

passivation. This passivation can expose some of the regions of the surface to

degradation effects such as photo oxidation. In some cases, chemical degradation of the

ligand molecule itself or its exchange with other Iigands might lead to unstable surfaces

and therefore unusable nanocrystals.

In the case of nanorods, there are two additional factors that might further reduce the

luminescence band edge states when compared to spherical nanocrystals. In nanorods,

the surface-ta-volume ratio is higher than in spheres and this increases the occurrence

of surface trap states. In larger dots the increased delocalization of carriers reduces the

overlap of the electron and hole wave functions, lowering the probability of radiative
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combination. The delocalization of carriers should be particularly higher in nanorods,

where they are free to move throughout the length ofthe rod thereby leading to reduced

luminescence in nanorods. Quantum confinement effects are most prominent in the

luminescent properties of the nanoparticles in the so called strong conImement regime

when L~ aB where aa is the exciton Bohr radius and L is the size of the nanocrystals, as

opposed to these bulk solids with Uaa 00. At the same time, nanocrystals, even

with a size of an order of magnitude larger than the exciton Bohr radius still show

quantum confinement effects as well as the same bulk properties and are interesting

areas for research.32

1.4 Preparative methods for the synthesis of the nanoparticles

1.4.1 Conoidal Routes

La Mer et alY explained the synthesis of highly monodispersed colloids in the past

decades; they suggested that if seeds (nuclei) could be made to grow in concert into

larger particles, monodispersed sols could be formed. The first reported routes to such

small particles involved the precipitation of dilute colloidal solution and the cessations

of growth soon after nucleation. In early years of this work, the particles were typically

monomeric. Later on, nucleation and growth were properly monitored and the particles

with dimensions of the order of the nanometers could be reproducibly synthesized as

small crystals which are less stable, dissolved, and then recrystallize on larger and more

stable crystals. This process is known as Oswald ripening. Solvent, pH and the

passivating agent are chosen such that nanoparticles possess low solubility. The highly

monodispersed samples are obtained if nucleation and growth process are distinctly
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separated (fast nucleation and slow growth). The colloidal growth stability of those

crystals has been improved by using solvents with low dielectric constant or by using

stabilizers such as styrenelmaleic acid copolymer, Henglein and Weller et al.,14,15 and

Hrus et af. 16,19,34 have made significant contributions to this field, especially studies of

CdS,

Reaction between aqueous solution of CdS04 and <NH4hS is a typical example for

colloidal route preparation method, The particle size of the CdS was controlled by

varying the pH, altering the nucleation kinetic. Although these methods can be

efficient, some important semiconductors cannot be easily synthesized and there is

annealing of amorphous colloidal particles which tend to be low temperature processes

producing poorly crystalline materia1.35 The particles prepared via this method are not

sufficiently stable at higher temperatures before annealing without agglomeration.36

Colloidal methods have also been used to grow a solid on the surface of another solid,

the latter acting as a seed for heterogeneous nucleation of the former. Ti02fCd3P2 and

the other similar systems are good examples of the system ofthis nature.37

1.4.2 Synthesis in confined matrices

Quantum dots have been synthesized by using materials which provide distinct defined

., be' used ,. t' h b 38 Z I't 39 '11caVIties, mg as nanomenc sIZe reac Ion c am ers, eo I es, mice es

molecular sieves4lJ and polymers41 have all been used to restrict growth. The matrix

may also play a role in determining the [mal properties of the particle; e.g. micelles are

labile. Nanoparticles of cadmium and zinc chalcogenides have produced inverse
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micelle solutions. A microemulsion containing the metal ion was reacted with a silyl

chalcogenide resulting in nanoparticles; the surface was then capped by phenyl groups

or another semiconductor. The surface compositions of the crystal were interesting

owing to their ability to react further with other silyl groups owing to excess Cd2
+ sites

effectively growing larger and developing a different surface capping.42
,43

Internal cavities of the zeolites have also been used as substrates to grow the

nanocrystals; which also limits the particle size of the materiral, typically less than 20

nrn. Cadmium sulfide has been synthesized in two different zeolites by ion exchange

from the sodium cationic form to the cadmium cationic form, followed by the exposure

to H2S gas. The size of the nanoclusters could be controlled by using either the

potassium or sodium resin, which altered pore diameters. Transition metal

chalcogenides have also been reported ID be synthesized in the cavities ofzeolites.36

1.4.3 Metal-Organic Routes

Murray, et a1.44 first prepared the semiconductor nanoparticles using organometallic

and/or metal-{)rganic compounds under anaerobic conditions, involving organic main

group compounds. In this method, a volatile metal alkyl and a chalcogenide source

TOPX (tri-n-{)ctylphosphine chalcogenide) was mixed in TOP (tri-n-{)ctylphosphine)

and injected into hot TOPO (tri-n-octylphosphine oxide), a polar coordinating Lewis

base solvent at high temperatures (120-300 cC). The thermolysis of molecular

precursors in high boiling point coordinating solvent like TOPO, was reported to be a

very efficient method not only for lI-VI, but also for Ill-V nanomaterials, which are
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more difficult to prepare because of their numerous difficulties in preparation such as

their increased covalent nature, highly toxic reagents used and fast oxidation.44
,45

During this preparation method, short burst nucleation was followed by slow growth

and annealing, consistent with Ostwaid ripening. This is then followed by the addition

of the solvent to a cooled solution, thereby increasing the barriers to flocculation. The

solid nanoparticles were then separated from decomposition by-products in the

centrifuge, and then the solids were dissolved in a solvent (e.g. toluene) followed by

centrifugation to dispose the by~products resulting in an optically clear solution of

TOPO-eapped nanoparticles. The coordinating solvent plays a major role in stabilizing

the nanocrysta1line colloidal dispersions and passivating the semiconductor surface.

Using a similar approach as above, III-V nanomaterials were also prepared by

thermolysis of single molecular source precursors at 167 QC in 4-ethylpyridine acting

both as a solvent and a capping agent. High quality nanoparticles were produced

showing distinct quantum size effects in their optical properties.45 Alivisatos, et al.46

reported the synthesis of exclusive TOPO capped InP nanoparticles using a similar

method to that of Murray, et al.44 inCh was reacted with P(SiMeJ)J in hot TOPO

(Scheme I), with subsequent annealing of the particles in the presence of a surfactant

(dodecylamine).
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InCh + TOP ---...,.~ In-TOP complex
12hrs

(PSiMe3)3

I n-TOP complex • InPfTOP
265°C

surfuctant
InPffOP _____• InPfTOPO + S

Scheme 1: Preparation ofthe TOPO capped InP nanoparticles,
via the meta/-organic route

Trindade and O'Brien,20,2I,41 first reported the use of dithio- and diseleno-carbamato

complexes as single molecule precursors for the preparation of the TOPO-eapped II-VI

materials. Bis(dialkyl/selenocarbamato)cadmium(II)/zinc(II) compounds were

thermolysed in 4-ethylpyridine to prepare MS and MSe nanoparticIes (M = Cd, Zn).

The preparation of these precursors follow a simple procedure in which CSe2 or CS2 is

reacted with an excess of the amine and hydroxides at below 0 °C to give the

dithio/seleno carbamate as the salt. This compound is then reacted with stoichiometric

quantity of aqueous solution of cadmium(II) chloride/zinc(II) chloride, to give the

(dialkyldithio/diseleno-carbamato)cadmium(II)/zinc(II) compound as a precipitate,

which is then recrystallized to give the pure precursor. The O'Brien group prepared a

number ofbis(dialkyldithio/diseleno-carbamato)cadmium(II)/zinc(II) compounds ofthe

type M(E2CNRRh either containing symmetric amine alkyl groups (R = R'= alkyl) or

having asymmetric groups on the amine (R = Me or Et and R' = "Hex, "au) (see the

reaction scheme: 2),z0-22,31,45,41
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MeOH
HNRR' + C~ + NaOHII----..- Na(E2CNRR') + H20

M=Cd/Zn
MCIz

E=S/Se

R and R' =Alkyl
M(E2CNRR')z

H20

Scheme 2: The schematic reactionfor the preparation ofsingle-source precursors

This method has an advantage over the other methods of preparation as it avoids the

need for volatile, pyrophoric and toxic decomposition by-products. The use of this

route lessens the chances of incorporating impurities into the nanoparticles, and low

deposition rates are possible. Revaprasadu, et at.45 reported the use of the single source

precursor method in preparing InS and InSe mmoparticles, using similar metal thio- and

se1eno- precursors.

Nair, et at.48 has recently reported the synthesis of CdS nanoparticles from the complex

of cadmium with dithiobiurea. The precursor was decomposed in tri-n-octylphosphine

oxide to give CdS nanoparticles that show quantum confinement effects with

characteristic close-to-band edge luminescence. Anisotropic-shaped CdS nanoerysta1s

were also prepared by Nair, et al.22 using [Cd(NH2NHNH2)zCh] as a single-source
I

precursor. The prepared rods exhibited a very slight blue shift in relation to bulk CdS.
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1.5 General applications of the nanoparticles

The most physical advancement to date has undeniably been in the field of

nanomaterials, where the speed of development has been remarkable. Of course, it

could be argued that nanomaterials are not new, given that Raney nickel catalysts,

nanoporous a1uminosilicate zeolites, activated carbons, glazes for early dynasty

Chinese porcelain, and a Roman 'Lycurgus cup' (Fig. 1.2) have been around for

centuries. What is certainly new, however, is the availability of an extraordinarily wide

range of nano-sized materials, many of which have unique functional properties with

potential in many exciting new applications. Given that the venture capital community

has become relatively conservative over the last few years, it is not surprising that a

large amount of the nanotechnology start-ups attracting venture capital funding are in

the nanomaterials area.

Figure 1.3: The Lycurgus Cup made ofgold nanocrystals,
from r Century A. D.

An assortment of up to date technologies and technological devices are already

employing the use of nanoparticles with communal and economic impact.
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1.5.1 Biological Applications

It is the application of nanomaterials to biology and medicine which has attracted the

most attention in modern-day research. Living organisms are built of cells that are

approximately 10 microns in size, with the cell parts a fraction of this. Proteins, which

are about 5 nanometers, are even smaller. Now one could imagine nanoparticles which

are 1-J nanometers in size which can act as probes within cells causing much

interference. In order for the nanoparticles to function as biological labels or tags, the

particles have to interact with the biological targets, which can be done through the

attachment of a molecular coat or layer which acts as a bioinorganic interface.

Antibodies, biopolymers or monolayers of small molecules that make nanoparticles

compatible are examples of biological coatings. A control of the average particle size

and size distribution tunes the wavelength of emission in wide range of wavelengths,

making them very efficient probes.

The nanoparticles are brighter and last longer than conventional fluorescent dyes

making them potentially useful for diagnosing cancers. Recent animal studies

conducted showed that nanoparticles could be used to map the lymph node nearest a

breast cancer. These nodes are checked to see if the cancer has spread. The fluorescent

properties of the particles also could make them an energy source for certain therapies.

Inactivated drugs could be attached to nanoparticles and once they have reached a

tumor they could be activated by a flash of light. Insoluble nanoparticles of varying

sizes and colors could be packed inside a bead the size of a vims. Subsequently each
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microbead has a distinctive optical signature that can be used as a barcode to label

individual cells and proteins.

The majority ofcommercial nanoparticle applications in medicine are focused on drug

delivery. Magnetic nanoparticles have properties which would render them useful in

biomedicine. The magnetic nature of the particles implies that they could be

manipulated from an external magnetic field gradient. This almost "remote control"

action means that they could deliver a package such as an anticancer drug to a targeted

region of the body. The nanoparticle could also be heated through transfer of energy

from the exciting field to the nanoparticie thereby making them useful as hyperthermia

agents, delivering toxic amounts of thermal energy to tumors or as chemotherapy and

radiotherapy enhancement agents.

Recently a variety of magnetic nanoparticles have been developed to deliver drugs to

specific sites in vivo. The magnetic component of the particle is coated by a

biocompatible polymer such as PVA (polyvinyl alcohol) or dextran. The coatings

protect the magnetic particle from the surrounding environment. Functional groups

such as carboxyl groups, biotin, avidin, carbodi-irnide could also be attached. These

molecules could then be used as attachment points for the coupling of cytotoxic drugs

or target antibodies to the carrier complex. This advancement overcomes a major

disadvantage for impreciseness of most chemotherapies, in which intravenous

administration of the drug results in side effects as the drug attacks healthy cells in

addition to the target tumor cells. Another breakthrough has been the transportation of
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drugs bound to nanoparticles across the blood brain barrier (BBB). The

nanoparticIe/drug systems are coated with a surfactant. The drugs are attached to the

surface of the nanoparticles and/or incorporated into poly(butylcyanoacrylate) particles

(PBCA). This almost "Trojan horse" drug delivery mechanism allows for efficient

delivery ofthe drug specifically into the Central Nervous System (CNS).

1.5.2 Energy Storage

Energy storage is needed to store electricity, heat and cold, after it is produced at times

of low demand and low cost and from intermittent energy sources such as wind and

solar power. Reliable and affordable energy storage is a prerequisite for using

renewable energy in remote locations, for integration into the energy system and the

development in a future decentralized energy supply system. Energy storage therefore

has a pivotal role to play in the effort to combine a future, sustainable energy supply

with the standard of technical services and products that we are accustomed to and

need. Moreover, due to increased global consumption of energy owing to

industrialisation, alternative sources of energy may be essential, in which case

renewable energy sources such as hydro energy, combustible renewables, solar and

wind may play an increasing role in total energy consumption. Novelty will be a driver

of the uptake of renewable energy sources and there are forecasts in cost reductions in

some renewable energy technologies.

Nanotechnology is making a significant contribution in innovation in the area of solar

photovoltaic electricity production. The enormous amount of solar energy radiated
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towards the earth has not been optimally converted into electricity. It is very clear that

in order for solar ceUs to become an attractive and commerciaUy successful source of

energy, there has to be an increase in efficiency and decrease in cost of manufacturing

and maintenance of a solar conversion system. Nanotechnology is currently being used

to address this dilemma, since semiconductor nanoparticles exhibit the properties of

being potentially ideal for increasing the efficiency of the solar ceUs. The engineering

of the band gap through size tuning renders them useful in optimizing the single

junction solar cells. The maximum attainable thermodynamic conversion efficiency of

solar photon conversion of about 66 % could be potentiaUy achieved by utilizing hot

photogenerated carriers to produce higher photovoltages or higher photocurrents or by

creating multiple junction ceUs. The synthesis ofnanoparticles in solution makes it easy

for them to be processed in semiconductor polymers or porous sol-gel films. This low

temperature liquid phase processing aUows for the creation of junctions on

inexpensive substrates such as coated glass, metal sheets etc. thereby reducing the cost

ofmanufacture.

The fundamental pathways for enhancing the conversion efficiency can be accessed

through photovoltaic cells composed of nanocrystal arrays, through the dispersion of

nanoparticles in organic semiconductor polymer matrices or through nanocrystal­

sensitized TiOz solar cells also known as Gratzel ceUs (Fig. 1.3 ).96-98 The Gratzel cel1

consists of photoelectrode made up of 10-20 micron film of porous TiOz particles that

are 20 nm in diameter. Organic dye molecules are adsorbed in the pores between the

TiOz particles surrounded by an electrolyte fluid. The ceU is completed by two
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transparent electricity conducting electrodes and a catalyst. The Gratzel cell effectively

separates light collection and charge separation with dye and Titania respectively,

unlike conventional solar cells which perform both functions at a single junction.96-98

5n02 coated glass pt coated glass

Figure 1.4: The schematic diagram ofthe YiO} Gratzel cell. 96

For the nanocrystal-sensitized cell, the dye molecules are substituted by nanoparticles

such as InP, CdSe, CdS and PbS. The use of nanoparticles enhances efficiency and

lengthens operational lifespan. Unlike organic dyes that absorb over a narrow region,

nanoparticles absorb strongly all light greater than the band gap thereby converting a

higher proportion of light into energy. Another advantage is the relative stability of

nanoparticles compared to organic dyes which tend to photobleach over a short period

of time. A recent breakthrough has been the attainment of photoelectric conversion

efficiencies of up to II %. Some start-up companies are already producing Gratzel cells

for niche markets.
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Energy storage devices may be broadly characterized by their energy density (energy

stored per unit volwne or mass) and by their power, i.e. how fast that energy can be

delivered from the device. At one end of the scale, conventional capacitors have

enormous power but store only tiny amounts of energy. At the other end, batteries can

store lots of energy but take a long time to be charged up or discharged. That is, they

have low power. Relative to these established technologies, supercapacitors offer a

unique combination of high power and high-energy performance parameters with

commercial relevance. Nanotechnology is being used to develop smaller and faster

supercapacitors, with higher-power density and higher energy density. Nanotechnology

wiIl allow production costs to be 10werCd with an expectation of 50% cost reduction

year-on-year. One ofthe enabling materials of supercapacitors is carbon, and it is in the

engineering of this material where nanotechnology is utilized. Based on activated

carbon an increase of the surface area is looked for by working down the particle size

from 50 nm to 2 nm. Also the pore size is tailored for the particular power and amount

ofenergy store required.

1.5.3 Fuel Cells

There is a lot of discussion at the moment about the Hydrogen Economy, where

hydrogen will be the dominant fuel, converted into electricity in fuel ceIls, leaving only

water as waste prodl,lct Hydrogen is not freely available in nature in large quantities, so

it must be produced by conversion of other energy sources, including fossil fuels and

renewables. Only renewables-based hydrogen production can contribute to COz

emission reduction. Current renewable production methods of hydrogen include Hz

production from biomass, microorganisms and algaes, from water by electrolysis
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(where the electricity has been produced by wind, solar or hydro-energy). Metal­

organic 'nanocubes' for storing hydrogen in portable fuel cells is currently being

developed for laptop computers and other portable devices. The nanocubes consist ofa

periodic lattice of terephthalic acid and zinc oxide molecules connected through

carboxylate bonds, with pores in the nanometre range. They can store hydrogen in the

pores at lOx the atmospheric pressure. They can release the hydrogen to a fuel cell,

which can work for 10 hours. The material is about twice as porous as carbon

nanotubes. At the moment kilograms of the nanocubes with a controlled size are being

produced. This production still needs to be scaled up for mass production.

Hydrogen can be stored in different kinds ofmaterials, in gaseous, liquid or solid form.

Early forms of solid storage were the use of conventional hydride materials. This was

followed by the shift to amorphous hydrides. In the 1990s the focus has been on

nanostroctured hydrides including carbon nanotubes, nanomagnesium-based hydrides,

metal hydride-carbon nanocomposites, nanochemical hydrides and alanates. SOFC

(Solid Oxide Fuel Cell) fuel cells could be used for the electrochemical oxygen

production in manned space stations, or for the in-situ resource production on other

planets. Nanotechnology offers different possibilities to increase the conversion

efficiencies of fuel cells, in particular, within the ranges of catalysts, membranes and

hydrogen storage, which in many cases is critical for the employment of fuel cell

technology in space.
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Precious metal nanoparticles improve the high-efficient production of hydrogen in

direct methanol fuel cells. This type of fuel cell needs liquid methanol as fuel, from

which the hydrogen is generated by a catalyst. The main obstacle here is the poisoning

of the catalysts through by-products like carbon monoxide. Improved

nanotechnological catalysts, which are more insensitive against carbon-containing

gases, could contribute to a solution of this problem. One of the main obstacles to the

implementation of fuel cells for mobile application is, at present, still the

technologically and economically reasonable storage of the fuel (especially hydrogen).

Nanomaterials, due to their increased active surface area, basically possess potential to

be lightweight high-efficient storage media for hydrogen. With regard to operating

conditions (temperature, pressure), different material types should be taken into

consideration. NanocrystaIIine light metal hydride particles from magnesium-nickel

alloys are suitable for operating temperatures up to 300°C, and LaNis alloys for low

temperature hydrogen storage up to 80°C. Also, for carbon nanotube materials or alkali

metal-doped graphite nanofibers, high hydrogen absorption capacities are reported, but

were partly not reproducible.

1.5.4 Computing

The technologies in this area are at the forefront of nanotechnology's

commercialisation. Nanotechnology has the potential for smaller and faster computers
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with larger memories than current processes of making transistors and other

components permit. These will reach their limits in miniaturisation within the next

decade or two, creating the demand for new methods ofmanufacturing, nanotechnology

being one of them. Techniques such as soft lithography and bottom-up approaches to

forming nanoscale components by self-assembly could produce cheap and effective

microscale circuits. Molecular electronics, with molecular switches and circuits only a

few atoms wide, offers the possibility of using molecular components in electronic

devices, greatly reducing their size, although there are many practical issues to be

addressed before this technique can be fully developed. However, new defect tolerant

architectures for computing make highly integrated molecular electronics a possibility.

Numerous organic and inorganic materials have already been analysed for non-volatile

memory applications. Organic memories offer the potential of simple integration and

simple cell concepts with very small cell sizes. In comparison to inorganic materials,

the properties of the organic memory layers can be tailored by a selective change of the

molecular structure. Furthermore, organic materials are often suitable for vacuum

deposition as well as for low-cost spin coating processes. Researchers described the cell

concepts and requirements for non-volatile memories based on novel organic memory

materials. Memory cells built with this technology have already shown promising

reliability data. For the fust time, retention data of more than a year are shown for an

organic memory material exhibiting conductance switching. Further investigations

show the potential for scaling the material down to feature sizes of less than 2Onm. This

organic storage material is an attractive candidate for non-volatile memories.
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Intel has claimed to have produced fully functional 65 run SRAM (Static Random

Access Memory) chips using 12-inch (JOOmm) silicon wafers, which are expected to go

into market this year (2005). The chips use a second generation version of InteI's

strained silicon, copper interconnections, and low-k dielectrics. The 4Mbit SRAM cells

are only .57,i in size which means that 10 million chips could fit inside the tip of a ball

point pen.

1.5.5 Lubricants

In mechanical systems much of the energy is required to overcome friction between

surfaces. The use of nanoscale lubricants and high-precision surface engineering on a

nanometer scale should substantially reduce the energy requirements. Reduction of the

material content ofproducts is a key issue for sustainability.

1.5.6 The design of lighter stronger materials

The design of lighter, stronger materials can also lead to savings in energy and raw

materials, especially in the transport sector. Nanotechnology will impact on the

industrial use of energy by reducing component size and thus using less resources and

developing new materials that are cheaper to produce. Nanotechnology contributes to

material design by altering the types ofmaterials that can be produced.
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1.5.7 Visual Displays

Visual displays can be made more efficient by using carbon nanotubes and band-gap

engineering using nanostructured materials that optimise the emission spectrum of

Light Emitting Diodes. Also nanolayered organic light emitting diodes (OLEDs) are

now coming to the market.

1.5.8 Plastic and CoUoids

Nanoparticles are highly effective catalysts, due to the increased surface area at such a

small scale, and are being tested for use in plastics manufacturing to improve the

properties and versatility of the resulting materials. Nanoparticles are also used in

colloids, which in turn are being used in sunscreens, printer ink, and paints. Zinc and

titanium oxide sunscreens, for instance, use nanoparticles that are so small they do not

scatter light, leaving the end product clear instead ofwhite.

1.5.9 Other applications

In the area of life sciences, for example, several start-ups are addressing the challenges

posed by bioterrorism by developing sensors that use nanoparticies of CdSe QDs or Au
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that are functionalized with strands of DNA. Others are exploring nanoparticles of iron

metal or iron oxide as magnetic delivery systems for drugs. Security devices based on

nanomaterials are also very fashionable. Nanophosphors made of rare-earth phosphates

are being developed for security printing, and invisible nanorods of Au and Ag can be

used as sophisticated bar codes. In the catalysis area, cerium dioxide (ceOz)

nanocrystals are being used as fuel additives for diesel engines, where they improve

fuel efficiency and reduce emissions, while nanofoils of MoSz are of interest for

hydrodesulfurization catalysis. Some of the applications for nanomaterials are more

prosaic. For example, nanocrystals of Al react explosively with molybdenum trioxide

(MoOJ) - the thermite reaction - and are available for military ordinance applications;

they also oxidize very rapidly and are being developed for rocket fuels.

Other inorganic nanoparticles, especially clays, are being incorporated into polymer

composites, where they confer better flame resistance, mechanical properties, or gas

penneability. In the case of dental fillings, the use of rare earth-containing

nanoparticles gives rise to better contrast in X-ray imaging. The fields of bio- and

organic nanoparticles are also mushrooming. Block copolymers can self-assemble to

fonn nanostructures that create excellent templates for laying down other materials.99

Similarly, surfactants and lipids, which are well-known to fonn submicron-sized

vesicles, can also be used as the basis for creating nanocapsules, which are of

interest for targeting and delivery systems in pharmaceutical and personal care

products. Encapsulation can also be achieved by using nanoemulsions, dendrimers,IOO

or crosslinking micelles.IOI
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Chapter 2

Synthesis of Cadmium and Lead

Thiosemicarbazide complexes



2.1 General introduction

This chapter presents a detailed discussion, including the bonding status and the

coordination of the metal thiosemicarbazide complexes synthesized and the related

ones reported in the literature, in both the crystalline and non-crystalline form. The

crystal structures ofthese complexes are reported in this section.

2.1.1 Cadmium Complexes

Cadmium(II) complexes have been extensively studied from a chemical and struetural

point ofview, mainly due to the capability of cadmium(II) to adopt different modes of

coordination (shared by most dlO metal ions) determined by consideration of size, as

well as electrostatic and bonding forces.49 Amongst these complexes are

thiosemicarbazides, a class of metal complexes that have been shown to exhibit a wide

range ofbiological activities, which is considered to be related to their ability to chelate

metals.5o Some complexes ofthiosemicarbazide derivatives are potential anti-tumor and

hypertensive agents and others are active against influenza, protozoa and small poX.51

A number of complexes of transition metals with thiosemicarbazide-based ligands have

found extensive application in medicine, technology and analytical chemistry.52 Interest

in the crystal engineering of metal complexes has stimulated investigation of means of

thiosemicarbazide-based metal complexes in supramolecular structureS.53 The relatively

rigid structure of metal thiosemicarbazide chelate rings and the capacity of the ligand

for hydrogen bonding make these molecules potentially important for stabilization of
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supramolecular structures. In its complexes, thiosemicarbazide behaves as a chelating

bidentate ligand coordinated through the tenninal hydrazine N atom and S atom. Upon

alkylation of the S atom, the manner of coordination of thiosemicarbazide changes, so

that it coordinates through the thioamide N atom instead of S.54,55

Complexes of the dlO metal ions of mixed diimine and thiolate ligands have also been

shown to exhibit an interesting type of intra-ligand charge transfer transition in the

visible region without the involvement of the metal ion.53 These kinds of non-linear

optical (NLO) complexes are characterized with a central metal ion surrounded by a

number of organic and/or inorganic ligands.55
,56 The organic ligand is usually more

dominant in the NLO effect. Much focus has been on the lill (Zn, Cd, Hg) group metal

complexes, as these metals have a high transparency in the DV region because of their

closed dlO shell. Half-filled metals with a d5 electronic configuration is also good for

such applications.56

This has stimulated research on the excited state electronic properties of thiolato­

complexes of these metal ions. A comparison of the previously reported structures of

Ni(II) and Cu(II) complexes with S-methylisothiosemicarbazide and the corresponding

thiosemicarbazide analogues shows that in both types of compound, the geometry of

the coordination polyhedron is similar.52,57,58 In order to investigate the influence of a

different coordination mode on the geometry of the coordination polyhedron in the

absence ofligand field stabilWition energy, and also the packing characteristics of the
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corresponding compound, Novacovic, et al.52 determined the crystal structure of

[ZnCI(C2H1N3Sh]CI.

In spite ofthe frequent use of the thiosemicarbazides as ligands, mainly with transition

metals, only six complexes of the thiosemicarbazide ligand have been fully identified

by X-Ray diffraction: namely five adducts of cadmium with neutral thiosemicarbazide

and halide ligands and the complex [Cd(TSCh] (TSC- = pyridine-2-carbaldehyde

thiosemicarbazonate). The six compounds exhibit a surprising range of coordination

numbers (4, 5, 6, 7) and coordination polyhedra (tetrahedral, trigonal bipyrarnidal,

highly distorted octahedral and distorted trigonal bipyrarnidal pentagonal).54,59.60 It

could be expected that the design of the lIB metal complexes derived from

thiosemicarbazones might be a possible way to obtain applicable non-linear optical

materials.50
,54-56 This characteristic could be exploited by using these complexes, of

course employing their bonding status (metal-chalcogen bond), to make a new class of

materials with tunable properties through varying their sizes and shapes. These

materials are embodied within the size ofthe nanometer range.

2.1.2 Lead Complexes

Lead(II) has a particular fuscination for coordination chemists almost of all p-block

elements, as it can adopt many different geometries in its complexes. This allows a

degree of tolerance for ligand confignrations, which is not seen in elements fromother
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groups, particularly d-block elements. Lead is coupled with the ability to bind well to

both hard and soft donor atoms, which makes it an interesting metal to study, forming

complexes which are different from those which might be conventionally expected.

This is in any case quite often for lead(lI). Subsequent to its many applications in

technology, the toxic nature of lead(lD and its widespread occurrence in the

environment adds a focus to search for powerful and selective lead binding materials

and ligand systems.61

With regard to the coordination and stereo-activity of the valence lone electron pairs,

details of the coordination chemistry oflead(lD compounds are frequently discussed.62

Recently, Shimoni-Livny, et a1.62,63 has recently discussed the possible stereo-chemical

activity of the lone pair in divalent lead compounds, based on a thorough review ofthe

crystal data available in the Cambridge structural database. They classifY lead

coordination as holodirected, which refers to complexes in which the bonds to ligands

atoms are directed throughout the surface of the encompassing sphere, while

hemidirected refers to those cases in which the bond to ligand atoms are directed

throughout only part of the coordination sphere, leaving a gap in the distribution of

bonds to the ligand.62

The latter, present in all Pb(II) compounds with coordination number 2-5, is quite

common in Pb(lI) compounds with coordination numbers 6, 7 and 8, but does not exist

in lead complexes with higher coordination numbers (9 and 10), where holodirected

geometry is the rule. For divalent lead, relatively few structures with high coordination

34



numbers (9 and 10) were identified and with these high coordination numbers, all

Pb(1I) compounds have holodirected geometry.6H5 Extensive recent structural studies

of lead(11) compounds in particular have provided a basis for rather detailed analysis of

the evidence for coordination sphere distortions which may be a consequence of the

presence of lone-electron pairs.63 However, since the presence of the lone pair is not

directly detected but recognized on the basis of the atoms assumed to be donors to the

central ion, the identification ofthese donor atoms is fundamental to the analysis of any

system.65

There is an increasing interest in the study of magnetic, electronic and optoelectronic

properties of low-dimensional organic-inorganic hybrid compounds including lead

compounds. Studies suggest that complex systems consisting of inorganic and organic

components have great potential for the creation of functional materials utilizing the

wide variety of properties associated with each component65-72 Hence the synthesis of

low-dimensional organic inorganic hybrid compounds giving materials with novel

physical properties is motivated by this notion. Consequently, quite a remarkable

interest has been focused on lead containing materials developed for industrial

applications, such as lead containing thin films and nanoparticles.72-75 PbS is a

particular case of such materials.
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2.2 Experimental

2.2.1 Instrumentation

2.2.1.1 CHN elemental analysis

The elemental analyses of the samples were perfonned by the University ofManchester

micro-analytica1laboratory

2.2.1.2 Infrared spectroscopy

Infrared measurements were perfonned using a Perkin Elmer Paragon 1000 FT-IR

spectrometer. The samples were measured as KBr pellets and as Nujol mulls.

2.2.1.3 Crystal data collection

The crystal data was collected using Broker Smart Apex CCD Diffiactometer. The low

temperature apparatus used was Oxford Cryosystems 700 Series Cryostream Cooler, at

100 K as a collection temperature. Mo radiation was applied at the potential/current of

50 kV, 40 mA, over 0.3 degrees rotation per frame, and the exposure time per frame

was 10 seconds. The crystal mounting was done using a drop of fomblin

(perfIuoropolymethylisopropyl ether) oil in a Hamilton Cryoloop. X-ray crystal

structure analysis takes advantage of state-of-the-art diffiactometer facilities.

Computing and molecular graphics display is based on a suite of high perfonnance

Silicon Graphics computers and PCs and a wide range of software.
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2.2.2 Synthesis ofthe metal complexes

2.2.2.1

Cadmium chloride (CdChj, 2.1 g (10 rnmol) was dissolved in 100 mL ethanol. A

solution of thiosemicarbazide, 1.82 g (20 rnmol), in 100 mL was added and the mixture

was refluxed for ca. 8 h. The solution was allowed to evaporate to deposit white solid,

which was filtered, washed with ethanol and dried. C, H, N, S analyses (%)

experimental: Found: C, 6.8; H, 2.5; N, 23.6, S, 17.2. Calculated: C, 6.6; H, 2.7; N,

23.1; S, 17.6. Yield: 85 %. SignificantIR bands (cm-I): v(N-H) 2355, 3167, 3448;

v(C-N) 1592; v(N-N) 1380; v(C=S) 1039; v(Cd-CI) 257; v(Cd-S) 201.

2.2.2.2 Synthesis ofcrystalline complex A, [Cd(NH2CSNHNH2)CI2].

Cadmium chloride (I.I g, 6 rnrnol) and thiosemicarbazide (I.I g, 12 rnrnol) were each

dissolved in hot ethanol 50 mL in a 1:2 mole ratio, and mixed. A white precipitate

(formed on mixing two solutions) was collected and re-dissolved in hot methanol (100

m!). The solution was quickly filtered through suction whilst hot, which enhances the

fast cooling rate. The supematant was formed a cream white precipitate, which was re­

crystallised in 100 ml of water, and left for about 2 days to crystallise. Cream white

prismatic crystals of [Cd(NH2CSNHNH2)Ch]. (1.5 g, 85 %) were obtained by re­

crystallisation from hot water. Micro Analysis: Expected: C, 4.1 I; H, 1.72; N, 14.37.

Found: C,4.32; H, 2.35; N, 14.37.

Significant IR bands (cm-I): v(N-H) 2347, 3165, 3441; v(C-N) 1589; v(N-N) 1371;

v(C=S) 1049; v(Cd---CI) 250; v(Cd-S) 198.
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2.2.2.3 Synthesis ofcrystalline complex B, [Cd(NHICSNHNH1hCh].

Cadmium chloride (CdCIz) (2.5 g, 13 mmo!) and thiosemicarbazide (2.5 g, 26 mmol)

were each dissolved in 70 mL ethanol. Here, the white precipitate formed was re­

dissolved in hot methanol (lOO mL), and left to cool slowly at room temperature. The

cream white flakes were obtained and re-crystallised in hot water (100 m!). The mixture

of light brown flat crystals and of different shapes, and some cream white prismatic

crystals (showed to be complex A) were obtained after ca. 3 days. The crystals filtered

through, and light brown flat crystals of [Cd(NHICSNHNH2hCIz]. (3.1 g) were taken

for analysis.

Micro: Expected: C 6.3, H 2.2, N 21.9; Found, C 6.17, H 2.21, N 21.0 Yield: 62 %

Significant IR bands (cm-I): v(N-H) 2355, 3167, 3448; v(C-N) 1592; v(N-N) 1380;

v(C=S) 1039; v(Cd-CI) 257; v(Cd-S) 201.

2.2.2.4

Lead nitrate was reacted with thiosemicarbazide in a 1:2 (10 mmol) ratio, 1 g of

NH1CSNHNH1 and 1.53 g ofPb(N03h, each dissolved separately in hot water (200

mL) before mixing. The solution turned clear brown in color, which was left open for

evaporation. After two days, brown crystals of the complex were collected, filtered and

taken for analysed. Yield: 1.10 g (86 %) Found: C, 2.51; H, 1.73, N, 16.45. Calculated:

C, 2.84; H, 1.20; N; 16.58. Significant IR bands (cm-I): v(N-H) 2040, 3033; v(C-N)

1590; v(C=S) 1010; v(Pb-S) 735; v(Pb-N) 1385.
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2.3 Results and Discussions

One of the new methods for synthesis of metal sulfides is based on decomposition (or

combustion) of single-molecular precursors with sulfur-containing organic ligands

coordinated with formation of metal sulfur bonds.76 It therefore remains to be of great

interest to use pure and crystalline precursor complexes and to investigate the structure

of the complexes by X-ray diffiaction analysis. However, in the case of metal

thiosemicarbazide complexes with cadmium, crystallinity was not as easy to achieve

since the final crystals formed were polymeric. The crystals were not as good for the X­

ray diffiaction, which made it a little difficult to pick a crystal and this can be attributed

to the semi-crystallinity of the crystals.

The most common state ofmolecular order in polymers is the crystalline state, with full

three dimensional positional order. However, in contrast to the situation in elemental

solids and small molecules, very few polymer systems can attain a state of complete

crystallinity. Instead, almost all polymers are semi-crystalline, consisting of a

composite ofvery small crystals in a matrix ofmuch less ordered material. The reasons

for this partial crystallinity are:

• Slow kinetics- Polymers are entangled, so it takes a long time for the molecules to

arrange themselves in perfect crystals. Even quite modest cooling rates allow one to

produce a glass.

• Quenched disorder- Polymers may have disorder built into the polymer chain. This

can take the form of randomness in the sterochemistry or tacticity (polystyrene for
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example is usually atactic and does not readily crystallise at all), or a random sequence

ofmonomers in a random copolymer.

• Branching- Ifthe polymer chains have many branches, this makes it more difficult to

pack the chains into regular crystals. This is why low density polyethylene, which is

branched, is less crystalline than high density polyethylene, which is strictly linear.77

2.3.1 Cadmium Complexes

2.3.1.1

.This complex is similar to the one reported by Woode, et al.51 The thiosemicarbazide

ligand bonds to Cd through S and N. The complex (Figure 2.1) is polymeric with the

metal octahedrally coordinated to the ligand. There are three Cl atoms bonded to the Cd

with one of them along with S forming a bridge with the adjacent Cd. The unit cell

dimensions are: Monoclinic, Cc, a = 10.136(2) A, 13.893(3) A, c = 6.8116(14) A. There

is a water molecule (excluded in the structure with H atoms) in the complex. However,

this water molecule is of hydration and is not part of the coordination sphere, but is

involved with it in five separate hydrogen bonds, acting as an acceptor from N(2) and

N(3) in two adjacent thiosemicarbazide, as a single donor to one Cl atom and as shared

donor to two other Cl.

There also is a weak hydrogen bond between the chains acting through the N(2)H(2A)

group and the Cl(2) atom. Within the chains the bridging of the chloride is almost

symmetrical (2.648(3) A vs 2.629(3) A) with a significantly shorter bond length than the

apical Cl (Cd(I}-CI(I) 2.648(3) A cjCd(l) -Cl(2) 2.511(2) A). However, the sulfur
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bridge shows a bias towards the cadmium ion to which the rest of the thiosemicarbazide

molecule is attached (Cd(I)-S(1) 2.585(3) A cjCd'(I) -S(1) (S(I}--Cd(l)#I) 2.860(3)

A. This may be rationalised by considering the orientation of the atoms. The

thiosemicarbazide ligand lies almost in the plane of the Cd(l) ion and therefore allows

the possibility of electron delocalisation through the NH---C=S-Cd system. However,

the adjacent cadmium ion lies orthogonal to the plane of the ligand resulting in an

unfavourable orientation for orbital overlap. The polymeric complex has epical positions

on Cd occupied by a Cl atom from the layer below and the S atom from the layer above.

Figure 2.2 shows the packing diagram ofthe crystal complex and its unit cell.
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Figure 2.1: The single crystal X-Ray strocture of[Cd(NH2CSNHNH;)Clif.
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Figure 2.2: The packing ofthe [Cd(NH2CSNHNH~2cqncomplex
and its unit cell.

The water molecule stabilizes the crystal structure; however, by participation in five

separate hydrogen bonds. It acts as an acceptor in a hydrogen bond from N(2) in the

parent ligand, and from N(3) of an adjacent thiosemicarbazide. One of the H atoms of

the water participates in a single donor bond to CI(I) and CI(2) of two other neighbors.

The crystal data for this complex is shown below.
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Table 1: Crystal data and structure refinement for [Cd(NH2CSNHNH2)Cb]n

Identification code

Empirical Formula

Fonnula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, calculated density

Absorption coefficient

F(OOO)

Crystal size

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta=26.34

Absorption correction

Max. and min. transmission

Refinement method

Data / restrains / paranJeters

Goodness-of-fit on F2

Final R indices [I>2sigma(I))]

R indices (all data)

Absolute structure paranJeter

Largest diff. peak and hole

S2081abs

C H7 Cd C12 N3 0 S

292.46

100(2) K

0.71073 A

Monoclinic, Cc

a = 10.136(2) A alpha = 90 deg.

b = 13.893(3) A beta = 124.655(3) deg.

c=6.8116(l4)A gamma=90deg.

789.1(3) A3

4, 2.462 Mglm3

3.637 mm-I

560

0.20 x 0.20 x 0.10 mm

2.85 to 26.34 deg.

-ll<=h<=12, -17<=k<=15, -8<=1<=6

2229 / 1118, [R(int) = 0.0267]

99.1 %

Semi-empirical from equivalents

0.7124 and 0.5299

Full-matrix least-squares on F2

1118/7 /104

1.095

RI =0.0417, WR2=0.1163

RI = 0.0420, WR2 = 0.1167

0.14(6)

2.172 and -1.328 eX3
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Table 2: Atomic coordinates (x 104
) and equivalent isotropic parameters (Az x IlY). U

(eq) is dermed as one third ofthe trace ofthe orthogonaIized U;j sensor.

Cd(l)
S(l)
CI(I)
CI(2)
N(I)
N(2)
N(3)
C(l)
0(1)

x
10832(1)
8976(4)
12547(4)
12100(3)
7301(9)
8675(9)
5965(10)
7372(10)
5102(8)

y
9362(1)
10666(2)
10704(2)
7881(2)
9010(6)
8458(5)
10423(6)
9969(6)
7814(4)

z
10259(1)
10158(6)
9979(6)
9899(4)
9183(14)
9889(14)
8599(15)
9278(14)
9293(15)

U(eq)
10(1)
9(1)
12(1)
14(1)
13(1)
14(1)
14(1)
II(2)
I7(1)

Table 3: Bond lengths [A] and angles [deg] for [Cd(NHzCSNHNHz)Ch]n

Cd(l}-N(2)
Cd(l}-C1(2)
Cd(l}-S(I)
Cd(I}-CI(I)
Cd(l}-CI(I) #1
Cd(I}-S(I) #2
S(I)-Cd(l)
S(I}-Cd(l) #1
Cl(l}-Cd(l) #2
N(I}-C(I)
N(l}-N(2)
N(I}-H(I)
N(2}-H(2A)
N(2}-H(2B)
N(3}-C(I)
N(3}-H(3A)
N(3}-H(3B)
O(l}-H(IO)
0(I}-H(20)
N(2}-Cd(1}-CI(2)
N(2}-Cd(I}-S(I)
CI(2}-Cd(I}-S(I)
N(2)-Cd(I}-CI(I)
CI(2}-Cd(1}-CI(I)
S(l}-Cd(l}-CI(I)
N(2}-Cd(l}-CI(I) #1

2.407(8)
2.511(2)
2.585(3)
2.629(3)
2.648(3)
2.860(3)
1.718(9)
2.860(3)
2.648(3)
1.333(12)
1.413(10)
0.87(2)
0.87(2)
0.87(2)
1.338(12)
0.87(2)
0.86(2)
0.88(13)
0.83(13)
92.71(19)
76.03(18)
167.73(7)
163.94(16)
100.27(8)
90.II(7)
92.2(2)
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CI(2}-Cd(I}-CI(1) #1
S(1}-Cd(I}-CI(1) #1
CI(1}-Cd(I}-CI(1) #1
N(2}-Cd(1}-S(I) #2
CI(2}-Cd(I}---S(I) #2
S(1}-Cd(I}-S(1) #2
CI(1}-Cd(1}-S(I) #2
CI(1)#I-ed(1}-S(1) #2
C(I}-S(1}-Cd(1)
C(I}-S(I}-Cd(l) #1
Cd(I}---S(I}-Cd(I) #1
Cd(1}---S(1}---Cd(l) #2
C(I}---N(I}---N(2)
C(I}---N(I}---II(I)
N(2}---N(1}---II(I)
N(I}---N(2}-Cd(1)
N(I}---N(2}---1I(2A)
Cd(1}---N(2}---1I(2A)
N(1}---N(2}---lI(2B)
Cd(1}---N(2}---1I(2B)
1I(2A}---N(2}---1I(2B)
C(I}---N(3}---II(3A)
C(I}----N(3}---II(3B)
1I(3A}---N(3}---1I(3B)
N(I}-C(I}---N(3)
N(I}-C(I}---S(l)
N(3}-C(I}---S(I)
1I(1O}-O(1}---II(20)

94.08(8)
9125(10)
96.21(10)
86.3(2)
83.68(8)
90.64(10)
85.82(9)
177.22(5)
99.4(3)
104.7(3)
89.55(9)
93.37(9)
122.5(7)
113(7)
125(7)
114.4(5)
100(8)
112(8)
104(8)
110(8)
115(10)
119(9)
118(7)
121(10)
117.8(7)
124.6(6)
117.6(7)
153(10)

Symmetry transformations used to generate equivalent atoms: # I X, -y+2, z+1/2
#2 X, -y+2, z-1/2

Table 4: Anisotropic displacement ~arameters (A2 x 103
). The anisotropic displacement

factor exponent takes the fonn -2 pi [h2 a*2 Ull + + h k a* b* U12]

Ull U22 U33 U23 U13 Ul2
Cd(l) 8(1) 11(1) 12(1) 0(1) 7(1) 2(1)
S(1) 8(1) 11(1) 11(2) 0(1) 6(1) 0(1)
Cl(1) 9(1) 16(1) 10(1) 1(1) 4(1) 0(1)
Cl(2) 14(1) 14(1) 15(1) 1(1) 8(1) 6(1)
N(l) 8(3) 12(3) 20(4) 2(3) 8(3) 2(3)
N(2) 12(3) 15(3) 15(4) 0(3) 7(3) -3(3)
N(3) 9(3) 18(3) 14(4) -5(3) 6(3) -1(3)
C(I) 8(3) 19(4) 5(3) -1(3) 2(3) 0(3)
0(1) 13(3) 18(3) 17(3) 2(2) 7(3) -1(2)
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Table 5: Hydrogen coordinates (x 104
) and anisotropic displacement parameters (A2x

103
).

X Y z U(eq)
H(I) 6360(60) 8770(70) 8620(180) 10(20)
H(2A) 8250(130) 8050(60) 8720(130) 21
H(2B) 8980(140) 8220(80) 11270(100) 21
H(3A) 5980(160) 11040(20) 8800(200) 22
H(3B) 5070(70) 101110(70) 7700(190) 22
H(lO) 5620(160) 7630(90) 10800(200) 26
H(20) 4820(140) 7740(90) 7900(200) 26

Table 6: Hydrogen bonds for [Cd(NH2CSNHNH2)CIz]n [A and deg.]

D-H...A d(D-H) D(H...A) d(D...A) <(DHA)
O(I}-H(20)...CI(2) #3 0.83(13) 2.37(12) 3.047(11) 139(11)
O(I}-H(1O)...CI(2) #4 0.88(13) 2.41(14) 3.289(8) 178(11)
N(3}-H(3B)...CI(1) #5 0.86(2) 2.43(2) 3.289(9) 176(11)
N(3}-H(3A)...CI(2) #6 0.87(2) 2.73(5) 3.552(8) 160(11)
N(2}-H(2B)...O(l) #7 0.87(2) 222(5) 3.047(11) 158(11)
N(2}-H(2A)...CI(2) #3 0.87(2) 2.52(3) 3.375(8) 169(10)
N(I}-H(I)...O(l) 0.87(2) 2.07(6) 2.815(10) 144(9)

Symmetry transformation used to generate equivalent atoms: #1 X, -y+2, z+112 #2 x,­
y+2, z-1I2 #3 x-1I2,-y+3/2,z-1I2 #4 x-1I2,-y+3/2,z+1I2 #5 x-l,-y+2,z-1I2 #6 x­
1I2,y+1I2,z #7 x+1I2,-y+312,z+1I2
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2.3.1.2

In this complex, Cd is coordinated to two thiosemicarbazide ligands. Each ligand bonds

through S and N. The Cd(I}--S(I) bond length for complex A is 2.585 A shorter than

that for the Cd (I}--S(I), 2.735 A for complex (B); the Cd(l}--N(5) bond length, 2.407

A in complex (A) is slightly longer than the corresponding Cd(2}--N(5) bond, 2.343 A,

in complex B. The space group for the crystal system is monoclinic e2/c, and the unit

cell dimensions are: a = 16.103(6) A, a = 90°; b = 8.074(3) A, 13 = 95.011(6)°; c =

16.483(6), Y= 90°. The lattice consists of infinite chains of CdC4 units linked to CdL2

units via a Cd-S--Cd bridge (L is thiosemicarbazide). The chloride ions lie almost

symmetrically around the cadmium centre in the CdC4 moiety in a square planar

geometry. The sulfur bridge is generated though a thiosemicarbazide ligand which lies

fractionally closer to the CdC4 moiety then the CdL2 (cj2.735(1) A vs 2.862(I)A). This

is probably a result of the thiosemicarbazide molecules tilted orientation toward the

CdC4 moiety (N(I}--S(I}--Cd(l» 86° cj98° for Cd(2». The CdL2 units have the two

thiosemicarbazide ligands lying in a square planar arrangement bound through both the

sulfur and the nitrogen. This results in a considerably shorter Cd-S bond for the chelating

ligand than for the bridging (Cd(2}--S(I) 2.862(1) A cjCd(2}--S(I) 2.589(1) A). There

are significant inter-chain and intra-chain bonding through NH-S and NH-CI

interactions (e.g. CI(I}--N'(2), 3.400(3) A; CI(2}--N'(I), 3.234(3) A; S(2}--N'(3),

3.582(3) A; S(2}--N'(2), 3.395 A). It is interesting to note the significance of the

chelation of the thiosemicarbazide ligand on the length of the Cd-S bond. In both

structures the chelate results in a Cd-S bond length of 2.585(3) A whereas the non-
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chelating results in a bond length of2.860(3) A. Figure 2.4 (a-c) shows the packing ofthe

crystal and its unit cell from different view angles.
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Figure 1.4(a): The crystal structure's packing diagram of[Cd(NH2CSNHNH2hChln and its
unit cell (view angle a)

Figure 1.4(b): The crystal structure'spacking diagram of[Cd(NH~SNHNH2hCI2Inand its
unit cell (view angle b)
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Figure 2.4(c): Packing structure of[Cd(NH2CSNHNH;hCl2J. complex.

The difference between the complex structure (A) and (B) could be attributed to the

different conditions during the synthesis of the two. Complex B was obtained through

slow cooling, whereas fast cooling was employed in A to achieve crystallization

(Figure 2.5). Complex B crystals were too thin and unstable compared to A. This could

be due to unfavorable energy from their fold surfaces, leading to smaller

thermodynamic driving forces for the growth of the crystal. However, B forms over a

much longer time, which could be attributed to the fact that this polymer is more

entangled, so it takes a longer time for the molecules to arrange themselves in perfect
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crystals. This (8) polymer chains have many branches, and this makes it more difficult

to pack the chains into regular crystals.77 This could also account for the complexity

and branching of B compared to A. The crystal data for the complex B is presented

below.

1:2 in EtOH

Prod. recL In

~
Complex (8)

[Cd(NH2CSNHNH,)C/Jn

Left to cool

'\

rCJ:?- and precipitate

r.,
C'r."

"-S­
""0

Complex (A) [Cd(NH2CSNHNH,)2C/Jn

Figure 2.5: Reaction route for the synthesis ofcomplex (A) and complex (B)
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Table 1: Crystal data and structure refmement for [Cd(NH2CSNHNH2)2Ch]n

Identification code

Empirical Formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, calculated density

Absorption coefficient

F(OOO)

Crystal size

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta=26.34

Absorption correction

Max. and min. transmission

Refinement method

Data / restrains / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l))]

R indices (all data)

Largest diff. peak and hole

S2089abs

C2 HIO Cd C12 N6 S2

365.58

100(2) K

0.71073 A

Monoclinic, C2Ic

a = 16.103(6) A alpha = 90 deg.

b = 8.074(3) A beta = 95.011(6) deg.

c = 16.483(6) A gamma = 90 deg.

2134.9(14) A3

8,2.275 Mglm3

2.903 mm-1

1424

0.20 x 0.20 x 0.20 mm

2.48 to 26.39 deg.

-19<=h<=20, -IO<=k<=IO, -20<=1<=20

8100/2187, [R(int) = 0.0239]

99.8%

Semi-empirical from equivalents

0.5944 and 0.5944

Full-matrix least-squares on F2

2187/0/160

1.162

RI = 0.0206, WR2 = 0.0538

RI = 0.0213, WR2 = 0.0544

0.726 and -0.729 eX3
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Table 2: Atomic coordinates (x 104
) and equivalent isotropic parameters (A2x IlY). V

(eq) is defined as one third of the trace of the orthogonalized Vij tensor.

Cd(l)
Cd(2)
CI(I)
CI(2)
S(1)
S(2)
N(I)
N(2)
N(3)

N(4)

N(5)

N(6)

C(1)

C(2)

x
o
o
1153(1)
-1128(1)
154(1)
1564(1)
1778(1)
2621(1)
1380(2)

752(1)

6(1)

2145(2)

II84(2)

1427(2)

y
8074(1)
5000
10289(1)
5727(1)
8079(1)
4264(1)
7988(3)
8266(3)
9395(3)

2552(3)

3430(3)

2254(3)

8540(3)

2973(3)

z
2500
o
2935(1)
2307(1)
860(1)
274(1)
1258(1)
1122(2)
87(1)

1386(2)

1196(1)

1449(2)

724(2)

1086(2)

V(eg)
10(1)
17(1)
14(1)
12(1)
12(1)
16(1)
13(1)
15(2)
14(1)

16(1)

15(1)

21(1)

11(1)

14(1)

Table 3: Bond lengths [A] and angles [deg] for [Cd(NH2CSNHNH2)2Ch]n

Cd(l}--Cl(2)
Cd(l}--Cl(2) #1
Cd(l}--CI(I)
Cd(I}--Cl(1) #1
Cd(l)-S(l) #1
Cd(l}--S(I)
Cd(2}--N(5) #2
Cd(2}--N(5)
Cd(2)-S(2) #2
Cd(2)-S(2)
Cd(2}--S(1)
Cd(2)-S(I) #2
S(I}--C(I)
S(2}--C(2)
N(1}--C(I)
N(I}--N(2)
N(1}----H(I )
N(2}--H(2A)
N(2}--H(2B)
N(3}--C(I)

2.6252(9)
2.6252(9)
2.6318(9)
2.6318(9)
2.7351(12)
2.7351(12)
2.343(2)
2.343(2)
2.5886(11)
2.5886(11)
2.8621(10)
2.8621(10)
1.735(3)
1.713(3)
1.319(3)
1.413(3)
0.82(4)
0.78(4)
0.88(4)
1.319(3)
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N(3)-H(3A)
N(3}--H(3B)
N(4}--C(2)
N(4}--N(5)
N(4}--H(4)
N(5}--H(5A)
N(5}--H(5B)
N(6}--C(2)
N(6)-H(6A)
N(6}--H(6B)
CI(2}--Cd(l}--CI(2)#1
CI(2}--Cd(l}--CI(I)
CI(2)#I-ed(I}--CI(I)
CI(2}--Cd(1}--CI(I)#1
CI(2)#I-ed(I}--CI(I) #1
CI(I}--Cd(l}--CI(I)#1
CI(2}--Cd(I}--S(I)#1
CI(2)#I-ed(I}--S(I) #1
CI(I}--Cd(I}--S(I) #1
CI(I)#I-ed(I}--S(I) #1
CI(2}--Cd(l}--S(I)
CI(2)#l-ed(l}--S(I)
Cl(1}--Cd(1}--S(1)
Cl(1)#l-ed(l}--S(I)
S(I)#l-ed(l}--S(I)
N(5)#2-ed(2}--N(5)
N(5)#2-ed(2}--S(2)#2
N(5}--Cd(2}--S(2)#2
N(5)#2-ed(2}--S(2)
N(5}--Cd(2}--S(2)
S(2)#2-ed(2}--S(2)
N(5)#2-ed(2}--S(I)
N(5) -ed(2}--S(I)
S(2)#2-ed(2}--S(1)
S(2}--Cd(2}--S(I)
N(5)#2-ed(2}--S(I)#2
N(5}--Cd(2}--S(I)#2
S(2)#2-ed(2}--S(1)#2
S(2}--Cd(2}--S(1)#2
S(I}--Cd(2}--S(I)
C(1}--S(I}--Cd(l)
C(1}--S(I}--Cd(2)
Cd(l}--S(I}--Cd(2)
C(2}--S(2}--Cd(2)
C(1) -N(I}--N(2)

0.71(4)
0.87(4)
1.343(4)
1.406(3)
0.79(3)
0.90(4)
0.84(4)
1.325(4)
0.83(4)
0.81(4)
87.59(4)
171.058(19)
89.60(3)
89.60(4)
171.058(19)
94.40(4)
89.99(2)
90.13(2)
81.53(2)
98.36(2)
90.13(2)
89.99(2)
98.36(2)
81.53(2)
179.84(3)
180.0
78.24(6)
101.76(6)
101.76(6)
78.24(6)
180.0
86.62(7)
93.37(7)
85.86(2)
94.14(2)
93.38(7)
86.63(7)
94.14(2)
85.86(2)
180.00(2)
107.36(9)
99.46(8)
118.50(3)
97.32(10)
119.4(2)
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<:(I)---~(I)---II(I)

~(2)---~(I) -H(I)
~(I)---~(2)---II(2A)

~(I)---~(2)---H(2B)

ql)---N(3)---II(3A)
ql)---~(3)---H(3B)

H(3A)---~(3)---H(3B)

(2)---~(4)---~(5)

(2)---~(4)---II(4)
~(5)---~(4)---H(4)

~(4)---~(5)---(;d(2)

~(4)---~(5)---H(5A)

<:d(2)---~(5)---H(5A)

~(4)---~(5)---H(5B)

<:d(2)---~(5)---H(5B)

H(5A)---~(5)---H(5B)

(2)---~(6)---H(6B)

H(6A)---~(6)---H(6B)

~(3)---(;(1)---~(1)

~(3)---(;(I)---S(1)
~(I )---(;(I)---S(I)
~(6)---(;(2)---~(4)

~(6)---(;(2)---S(2)

~(4)---(;(2)---S(2)

121(2)
120(2)
108(3)
107(2)
111(3)
114(3)
121(2)
122(4)
122.6(2)
119(2)
114(2)
113.62(16)
105(2)
113(2)
1ll(2)
100(3)
114(3)
114(2)
120(2)
125(3)
119.1(2)
115.0(3)
119.8(2)
125.2(2)

Symmetry transformations used to generate equivalent atoms: # I x, -y+2, z+1/2
#2 x, -y+2, z-1I2

Table 4: Anisotropic displacement parameters (A2x 10\ The anisotropic displacement
factor exponent takes the form -2 pe [h2 a*2 U11 +....... + h k a* b* U12]

U11 U22 U33 U23 U13 U12
<:d(l) 10(1) 9(1) 12(1) 0 0(1) 0
<:d(2) 12(1) 22(1) 17(1) 6(1) 1(1) 3(1)
<:1(1) 16(1) 13(1) 14(1) 1(1) -1(1) -4(1)
<:1(2) 11(1) 11(1) 15(1) -2(1) 1(1) -1(1)
S(I) 10(1) 14(1) 12(1) 1(1) 1(1) 0(1)
S(2) 12(1) 17(1) 19(1) 4(1) 2(1) 1(1)
~(I) 10(1) 15(1) 15(1) 3(1) 2(1) -1(1)
~(2) 9(1) 14(1) 21(1) 0(1) 1(1) 1(1)
~(3) 1O(l) 18(1) 15(1) 4(1) 1(1) 1(1)
~(4) 16(1) 15(1) 15(1) 3(1) 0(1) 2(1)
~(5) 14(1) 15(1) 17(1) 0(1) 3(1) 2(1)
~(6) 16(1) 21(1) 25(1) 5(1) -2(1) 2(1)
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C(1) 12(1) 9(1) 12(1) -5(1) 2(1) -1(1)
C(2) 16(1) 12(1) 15(1) -2(1) 1(1) -1(1)

Table 5: Hydrogen coordinates (x 104
) and anisotropic displacement parameters (A2x

10\

x Y z U(eq)
H(l) 1660(20) 7440(50) 1650(20) 21(9)
H(2A) 2840(20) 7410(50) 1120(20) 21(9)
H(2B) 2840(20) 8890(40) 1520(20) 21(8)
H(3A) 1040(20) 9800(40) -130(20) 20(10)
H(3B) 1900(20) 9650(40) 20(20) 27(9)
H(4) 769(19) 2070(40) 1800(20) W(8)
H(5A) -400(20) 2650(50) 1180(20) 32(10)
H(5B) -50(20) 4190(50) 1530(20) 25(9)
H(6A) 2070(20 1840(40) 1900(20) 17(8)
H(6B) 2590(20) 2370(40) 1270(20) 17(8)

Table 6: Hydrogen bonds [A and deg.] for [Cd(NH2CSNHNH2)zCh]n

D-H...A d(D-H) D(H...A) d(D...A) <(DRA)
N(6}-H(6A)...Cl(1) #3 0.83(4) 2.67(4) 3.427(3) 153(3)
N(5}-H(5B)...Cl(2) #1 0.84(4) 2.86(4) 3.466(3) 131(3)
N(5}-H(5B)...Cl(2) 0.84(4) 2.56(4) 3.273(3) 143(3)
N(5}-H(5A)...Cl(1) #4 0.90(4) 2.75(3) 3.527(3) 145(3)
N(4}-H(4)...S(2) #3 0.79(3) 2.39(3) 3.160(3) 164(3)
N(3}-H(3B)...S(2) #5 0.87(4) 2.71(4) 3.582(3) 174(3)
N(3}-H(3A)...S(1) #6 0.71(4) 2.77(4) 3.467(3) 169(3)
N(2}-H(2B)...Cl(2) #7 0.88(4) 2.51(4) 3.337(3) 158(3)
N(2}-H(2A)...Cl(l) #8 0.78(4) 2.75(4) 3.400(3) 143(3)
N(l}-H(I)...Cl(2) #1 0.82(4) 2.42(4) 3.234(3) 173(3)

Symmetry transformation used to generate equivalent atoms: #1 -x,y,-z+1/2 #2 -x, ­
y+l,-z #3 x,y-l,z #4-x,y-l,-z+1/2 #5 -x+II2,-y+312,-z #6 -x,-y+2,-z #7
x+112,y+1/2,z #8 -x+112,y-II2,-z+1/2
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2.3.1.3 [Pb(NH2CSNHNH2)(N03)z)

A novel single X-ray crystal structure, for the Pb(NH2CSNHNH2)(N03h complex is

reported (Figure 2.6). The lead thiosemicarbazide complex is four coordinate,

tetrahedral. The bond angles O(5)#2-Pb(I}-O(2), 139.20(12) 0; N(2)--Pb(I}-O(2),

77.32(14)° and N(2)--Pb(l)--S(I), 69.67(10)", suggest, with reference to the

literature,62,64,65 that the coordination geometry around the lead atom is hemidirected,

with the chelating thiosemicarbazide. The complex clearly shows that the lone pair of

the Pb(ll) atom is stereochemically active, which also accounts for the geometry, of the

complex. As the formal oxidation state of lead is +2, the 6s orbital is populated by a

pair of non-bonding electrons. The presence of the lone pair generally results in a non­

spherical charge distribution around lead cations in solids, and furthermore, to a

lowering ofthe symmetry of the coordination ofthe negative ions around them.62-65

The bond lengths Pb(l}-S(I), 2.7017 A; Pb(l)--N(2), 2.551 A; Pb(I}-O(5),

2.663(4) A and Pb(I}-O(2), 2.700(4) are comparable with the ones reported for the

related lead complexes in the literature.62,64,65,78,79 It has been previously suggested that

metal-ligand distances are shorter in lead complexes where the lone pair is

stereochemically active.62,64,65 The unit cell dimensions are: a = 5.2292 (5) A, alpha =

75.3400(10) 0; b = 7.1519(6) A, beta = 88.8810(10) 0; c =12.4064(11) A, gamma =

79.6350(10) 0. The space group of the crystal system is triclinic, P-l. Figure 2.7 shows

the packing diagram of the crystal and its unit cell, showing the It-lt stacking
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interactions charge transfer arrays between the parallel thiosemicarbazide rings. The

rest ofthe crystal data is shown at the end of this section.

A simple model to describe the nature of 1t-1t interactions has been developed by

Hunter et al.62 This model predicts that face-to-face p-stacked interactions will be

disfavored due to the dominance of 1t-1t repulsion. However, in offset 1t-stacked, and

edge-on or T-shaped geometries, favorable 1t-<r attractions dominate. The polarization

of aromatic systems, through the introduction of heteroatoms, electron-withdrawing

groups or electron-donating groups, alters the nature ofany 1t-1t interactions. 62,64,65
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Figure 1.6: The single crystal structure of[Pb(NH2CSNHNH:<J(NO;}i1
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, , , ,

Figure 2. 7: The crystalpacking of[Pb(NH2CSNHNH]j(N03hJ and its unit cell
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Table 1: Crystal data and structure refmement for [Pb(NH2CSNHNH2)(N03h]

Identification code

Empirical Formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, calculated density

AbsOlption coefficient

F(OOO)

Crystal size

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta=26.34

Absorption correction

Max. and min. transmission

Refinement method

Data / restrains / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(I))]

R indices (all data)

Largest diff. peak and hole

S2092na

CH5N506PbS

422.35

100(2) K

0.71073 A

Triclinic, Cc

a = 52292(5) A alpha = 75.3400(10) deg.

b = 7.1519(6) A beta = 124.655(3) deg.

c = 12.4064(11) A gamma = 79.6350(10) deg.

441.39(7) A3

2,3.178 Mglm3

19.366 mm-I

384

0.20 x 0.15 x 0.15 mm

2.99 to 28.68 deg.

-6<=h<=6, -9<=k<=9, -15<=1<=15

3832/2016, [R(int) = 0.0293]

92.6%

Semi-empirical from equivalents

0.1592 and 0.1128

Full-matrix least-squares on F2

2016/0/127

1.082

RI = 0.0238, WR2 = 0.0550

RI = 0.0251, WR2 = 0.0555

1.023 and -1.730 eX3
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Table 2: Atomic coordinates (x 104
) and equivalent isotropic parameters (A2x IlY). V

(eq) is defined as one third ofthe trace ofthe orthogonalized Vij sensor.

x y z V(eq)
C(1) 10004(10) 2865(7) 3510(4) 9(1)
N(1) 10897(9) 3680(6) 2516(4) 10(1)
N(2) 9992(8) 3299(6) 1544(4) 8(1)
N(3) 1097(4) 3234(7) 4397(4) 11(1)
N(4) 6101(9) 2926(7) -481(4) 12(1)
N(5) 3942(7) -2075(6) 3115(4) 9(1)
0(1) 8521(7) 2468(6) -465(3) 14(1)
0(2) 4882(8) 2417(7) 397(3) 22(1)
0(3) 4903(8) 3932(6) -1360(6) 18(1)

0(4) 6152(7) -2807(6) 3498(6) 14(1)

0(5) 3535(7) -416(5) 2383(6) 12(1)

0(6) 2010(7) -2899(6) 3414(3) 12(1)

Pb(l) 8510(1) -4(1) 1870(1) 7(1)

S(1) 7635(3) 1435(2) 3685(1) 10(1)

Table 3: Bond lengths [A] and angles [deg] for [Pb(NH2CSNHNH2)(N03)z]

C(1}-N(3)
C(1}-N(1)
C(1}-S(l)
N(1}-N(2)
N(1}-H(l)
N(2}-Pb(1)
N(2}-H(2A)
N(2}-H(2B)
N(3}-H(3A)
N(3}-H(3B)
N(4)-Q(I)
N(4}-O(3)
N(4}-O(2)
N(5}-O(4)
N(5}-O(6)
N(5}-O(5)
0(2}-Pb(l)
0(5}-Pb(I)#1
0(5}-Pb(1)
Pb(I}-O(5)#2
Pb(l}-S(l)

1.324(7)
1.339(7)
1.720(5)
1.409(6)
0.8800
2.551(4)
0.9200
0.9200
0.8800
0.8800
1.248(6)
1.251(6)
1.258(6)
1.230(6)
1.263(6)
1.284(6)
2.700(4)
2.662(4)
2.716(4)
2.663(4)
2.7017(13)
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~(3~(1)--~(1)

~(3~(1)--S(1)

~(I~(I)--S(I)

(;(1)--~(1)--~(2)

(;(I)--~(l)--II(I)

~(2)--~(1 )--1I(1)
~(I)--~(2)--Pb(l)

~(1)--~(2)--lI(2A)

Pb(1)--~(2)--lI(2A)
~(1)--~(2)--1I(2B)

Pb(1)--~(2)--1I(2B)
1I(2A)--~(2)--1I(2B)

ql)--~(3)--1I(3A)

(;1(1)--~(3)--1I(3B)
1I(3A)--~(3)--1I(3B)

O(1)--~(4)----0(3)
O(I)--~(4)----O(2)

O(3)--~(4)----0(2)
O(4)--~(5)----O(6)

O(4)--~(5)----O(5)

O(6)--~(5)----O(5)

~(4)----O(2)--Pb(l)

~(5)----O(5)--Pb(1)#1
~(5)----O(5)--Pb(1)

Pb(1)#I---O(5)--Pb(l)
~(2)--Pb(I)----O(5)#2
~(2)--Pb(1 )----0(2)
O(5)#---Pb(I)----O(2)
~(2)--Pb(1 )--S(I)
O(5)#2-Pb(1)--S(1)
O(2)--Pb(I)--S(1)
~(2)--Pb(I)----O(5)

O(5)#2-Pb(l)----O(5)
O(2)--Pb(1)----O(5)
S(I)--Pb(I)----O(5)
(;(I)--S(l)--Pb(l)

117.3(5)
119.1(4)
123.6(4)
120.0(4)
120.0
120.0
114.1(3)
108.7
108.7
108.7
108.7
107.6
120.0
120.0
120.0
120.1(5)
1l9.7(5)
120.2(5)
122.3(4)
120.1(4)
1l7.6(4)
104.7(3)
101.9(3)
100.2(3)
152.96(16)
67.87(12)
77.32(14)
139.20(12)
69.67(10)
85.64(9)
101.99(10)
122.05(120
152.96(16)
65.54(12)
76.30(9)
99.00(19)

Symmetry transfonnations used to generate equivalent atoms: #1 x, -y+2, z+1/2
#2 X, -y+2, z-l/2
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Table 4: Anisotropic displacement parameters (AZ x 103). The anisotropic displacement
factor exponent takes the fonn -2 pi2 [hz a*z U11 +....... + h k a* b* U12]

U11 U22 U33 U23 U13 Ul2
CCl) 10(2) 5(2) 11(3) 1(2) -1(2) -1(1)
N(I) 13(2) 11(2) 7(2) -2(2) 1(2) -6(2)
N(2) 8(2) 11(2) 5(2) -3(2) -2(2) -1(2)
N(3) 16(2) 13(2) 7(2) -1(2) 1(2) -8(2)
N(4) 12(2) 11(2) 14(2) -5(2) 0(2) -3(2)
N(5) 11(2) 11(2) 7(2) -3(2) 1(2) -4(2)
0(1) 8(2) 21(2) 15(2) -8(2) 3(2) 0(2)
0(2) 13(2) 32(2) 12(2) 5(2) 6(2) 0(2)
0(3) 18(2) 19(2) 8(2) 2(2) -2(2) 5(2)
0(4) 12(2) 14(2) 14(2) -2(2) -4(2) -3(2)
0(5) 11(2) 9(2) 16(2) -1(2) 1(1) -3(1)
0(6) 10(2) 13(2) 15(2) -1(2) 5(2) -8(2)
Pb(l) 6(1) 9(1) 7(1) -3(1) 1(1) -2(1)
S(I) 12(1) 14(1) 8(1) -5(1) 4(1) -8(1)

Table 5: Hydrogen coordinates (x 104
) and anisotropic displacement parameters (Az x

103
).

x y z U(eq)
H(1) 12048 4453 2468 12
H(2A) 11300 3339 1037 9
H(2B) 8623 4282 1236 9
H(3A) 12156 3989 4317 14
H(3B) 10436 2725 5065 14

Table 6: Torsion angles [deg.] for [pb(NHzCSNHNHz)(N03)z]

N(3}-C(1}-N(1}-N(2)
S(I}-C(I}-N(I}-N(2)
CCl}-N(I}-N(2}-Pb(l)
0(1}-N(4}-O(2}-Pb(l)
0(3}-N(4}-O(2}-Pb(l)
0(4}-N(5}-O(5}-Pb(1)#1
0(6}-N(5}-O(5}-Pb(l)#1
0(4}---N(5}-O(5}-Pb(1)
0(6}-N(5}-O(5}-Pb(l)
N(I}-N(2}-Pb(1}-O(5)#2
N(1}-N(2}-Pb(1}-O(2)
N(I}-N(2}-Pb(1}-S(1)

178.3(4)
-3.4(7)
-27.4(6)
-8.0(6)
173.9(4)
175.6(4)
-4.4(5)
11.3(5)
-168.7(4)
-62.2(3)
139.5(3)
31.4(3)
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N(l}--N(2}--Pb(l}-O(5)
N(4}-O(2}--Pb(l}--N(2)
N(4}-O(2}--Pb(l}-O(5)#2
N(4}-O(2}--Pb(1}--S(l)
N(4}-O(2}--Pb(l}-O(5)
N(5}-O(5~b(l}--N(2)

Pb(l}#1---Q(5}--Pb(l}--N(2)
N(5}-O(5}--Pb(l}-O(5}#2
Pb(1}#l---Q(5}--Pb(l}-O(5}#2
N(5}-O(5}--Pb(l}-O(2)
Pb(1}#l---Q(5}--Pb(l}-O(2)
N(5}-O(5~b(l}--S(l)

Pb(1}#l---Q(5}--Pb(1}--S(1)
N(3~(l}--S(l}--Pb(1)

N(l~(l}--S(l}--Pb(l)

N(2}--Pb(l}--S(1~(1)

0(5}#2----Pb(l}--S(1~(1)

0(2}--Pb(1}--S(1~(1)

0(5}--Pb(l}--S(l~(l)

89.4(3)
66.1(3)
34.4(3)
131.7(3)
-159.5(4)
-140.1(3)
75.6(4)
-35.7(6)
180.0
164.6(3)
20.3(3)
-85.2(3)
130.5(3)
-153.6(4)
28.2(5)
-26.2(2)
41.77(19)
-97.7(2)
-158.5(2)

Symmetry transfonnations used to generate equivalent atoms: #1 x-1,y,z #2 x+1,y,z

Table 6: Hydrogen bonds [A and deg.]

D-H...A
N(l}--H(l) 0(3) #3
N(l}--H(1) 0(6) #4
N(2}--H(2A) 0(2) #2
N(2}--H(2B) 0(3) #5
N(3}--H(3A) 0(6) #4
N(3}--H(3B) CI(2) #6
N(3}--H(3B) S(1}#7

d(D-H)
0.88
0.88
0.92
0.92
0.88
0.88
0.88

D(H...A)
2.35
2.46
2.08
2.07
2.21
2.28
2.99

d(D...A)
3.128(6)
3.080(6)
3.948(6)
3.915(6)
3.870(6)
3.084(6)
2.538(6)

<(DHA)
146.9
127.5
156.4
151.5
131.2
152.6
122.5

Symmetry transfonnation used to generate equivalent atoms: #1 x-I, y, z #2 x+l, y, z
#3 -x+2,-y+l,-z #4x+l,y+1,z #5 -x+l,-y+l,z #6 -x+1,-y,-z+1 #7-x+2,-y,­
z+l
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2.4 Conclusions

The cadmium complexes crystallize in two forms A and B, which exhibit the distorted

octahedral geometry, with the coordination number of six. The distortion of the

coordination octahedron could be mainly caused by the relatively small bite of the

bidentate thiosemicarbazide ligand and its rigid planar configuration which is almost

perpendicular to the chain direction. Both complexes are polymeric, with the water

molecule acting as a transverse intennolecular weak bridge between adjacent polymeric

chains on the corresponding thiosemicarbazide. In all the complexes, the bonds,

confmned by the IR bands (experimental section) gave v(C=S) 101O-105Ocm-1 and

v(N-H) 2340-2360 cm-1 suggesting N,S-coordination. This renders the complexes

perfectly suitable for the use as single-source precursors for metal chalcogenides. The

lead complex was also found to be a suitable single-source precursor for the synthesis

of PbS nanoparticIes through its Pb-S bond, letting aside its poor results on shape­

control (see later). It was found that there are two factors that principally control the

coordination sphere of this complex, and thus the geometry of the entire complex,

which are the lone pair activity and It-lt stacking.
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Chapter 3

Synthesis and shape control of

CdS nanorods and PbS

nanoparticles



3.1 Shape Control of Nanoparticles

3.1.1 General Introduction

The dependence of optical properties of semiconductor nanoparticIes on their size and

shape makes shape control fundamentally important.BO,81 This has led to shape control

being the topic of substantial interest to nanomaterials chemists in the attempt to

prepare nanomaterials of desired electronic properties for specific applications. Metal

chalcogenides, such as edSe, CdS and PbS remain materials of considerable interest in

shape control thus far, due to their wide variation in one dimensional morphology

which occur with changes in reaction conditions during synthesis. These materials also

offer interesting properties for applications e.g. solar cells (CdS & CdSe) and near IR

communications (PbS).

For a given solution system used in the synthesis of nanocrystals, one could get a

variety of shapes e.g. dots, rice "grains", rods, or branched structures depending on the

preferred growth regime within the system.82
,83 As the size of the nanoparticIes

decreases to a size comparable to the Bohr radius (Figure 1.2, page 5) around few

nanometers, all bulk electronic properties start to change and, equally important,

become dependent on size. At the nanoscale a semiconductor-nanoparticIe transition

occurs in which electrons are confined beyond their natural Bohr radius. The properties

become dependent not only on size regime but also on sbape of the nanocrystal. For

example if an electron-hole pair (exciton) is formed in a sphere and in a place equal to

or smaller than its natural separation, there is no room for exciton to move. This system
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is referred to as a quantum 'dot' and as its exciton has zero degrees of freedom for its

motion, in other words, the exciton is confined in all three dimensions (x, y, z) or a, b,

c). Ifthe particle is elongated, for example along the c-axis, the exciton formed will still

be confined in the x and y direction (a and b) but can be transported along the z,

exhibiting the rod-like structure. This suggests an exciton is confined in one in two

directions, but can move in the third direction. If on the other hand the original sphere

(dot) is compressed along the z-axis and equally extended in x and y (e.g. nanodisks),

the exciton's motion is confined in one direction but has a room to move along x and y,

Le., in two dimensions and therefore referred to as 2D structures.24
,82,83

In quantum dot structures, like CdS dots, some optical properties are the aspect ratio

(length to breadth) dependence of the polarized emission and the ensemble Stokes shift

(the shift between the first exciton absorption peak and the emission peak). Since a

nanorods lie in the size regime that is between that of zero dimensional dots and one

dimensional wires, the ability to fmely control the degree of confinement (diameter and

length) of the rods independently provides a unique system with which to study the

shape-dependent properties. Because of the small dimensions (2-10 nm) of the rod

diameter, there is still lateral confmement of carriers in the nanocrystal. The ability to

control the length of the nanorods allows fine tuning of the degree of confinement

along the c-axis.

In CdS the atoms are tetrabedrally bonded with alternating layers of Cd and S atoms

stacked to yield wurtzite-like crystal structures. Since the nanocrystals are in a quantum
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confinement regime, there is a very large dependence of the band gap on the size of the

crystals. Excitation of an electron from the highest occupied electron state (which has

high contribution from Jp atomic orbitals) to the lowest unoccupied electronic state

(which has a high contribution from Cd 5s orbitals) results in the excited electronic

structure of CdS. This theory could be linked with empirical pseudopotential

calculations for spherical nanocrystals by Hu, et al. 84
,85 for CdSe. According to these

calculations, the electronic states with predominantly Se 4Px, 4Jly components have

higher energy than that of states with mainly 4pz components. The energy levels of all

these increase with increasing size of the nanoparticle. When changing from spherical

nanocrystals to nanorods, we are in fact changing the size of the nanocrystal along the

c-axis, increasing the aspect ratio without changing its diameter. The aspect ratio only

reduces confinement along the c-direction, as highlighted earlier on. The 4Pz orbital has

greater momentum projection onto the c-axis of the nanocrystal than 4Px and 4py

orbitals have. Therefore the energy levels with more 4pz components are much more

sensitive to the rod length than others, and level crossing occurs. Pseudopotential

calculations performed on this system as a function ofthe aspect ratio show that there is

a crossover of the two highest occupied electronic states at an aspect ratio of ca. 1.5:1

around this band crossover, the energy levels with predominantly Se 4pz components.

The same could be assumed and applied to S JPx, Y. z orbitals in the case of the CdS

nanocrystals.85

71



3.1.2 Critical parameters for shape guiding process of nanocrystals

The final morphology of nanocrystals in any solution system for the synthesis is

determined by the growth regime the reaction prefers, which in turn depends on the

variation of critical parameters for the shape controlling process. The reaction can

proceed in either the kinetic growth or thermodynamic growth control regime. After the

determination of the preferred crystalline phase of the seed during the initial nucleation

stage, the subsequent growth stage strongly governs the [mal architecture of the

nanocrystals through a delicate balance between the kinetic growth and the

thermodynamic growth regimes. The thermodynamic growth regime is driven by

sufficient supply of thermal energy and low flux of monomers (low monomer

concentration), yielding isotropic shaped, the most stable form of nanocrystals (e.g.

cubes, spheres). In contrast under non-equiIibrium, kinetic conditions with a relatively

high flux of monomers, selective anisotropic growth (e.g. rod-like structures) between

different crystallographic surfaces is facilitated.8
2,83,85,86

In general, there are four different parameters which influence the growth pattern of

nanocrystals and hence their morphology (Figure 3.1): The intrinsic surface energy of

the crystallographic face ofthe seed is important, since the kinetic energy barrier LlGf is

inversely proportional to the surface energy of the crystal. These surface properties can

be tailored by the types and the amounts of adsorbing organic capping molecules

present (see later). The growth process should be quenched at appropriate times, since

longer growth times can result in thermodynamically stable shapes ofnanocrystals. The

72



molecular precursor which can decompose under mild conditions (e. glow

temperatures) is critical for kinetic growth processes.86

Figure 3.1: (a) Schematic energy diagram for the
formation of different nanocrystal morphologies. (b)
Important parameters irifluencing growth and hence the
morphology ofthe nanocrystals.89

By using surfactants that bind differently to the crystallographic faces, one can control

the shape of the nanocrystal.88 At high temperatures (200-400 0c) the surfactant

molecules are dynamically adsorbed to the surface of the growing crystal. The good

surfactant molecules must be: mobile enough to provide access for the addition of the

monomer units, while stable enough to prevent aggregation of the nanocrystals. The

surface molecule must be stable at the high temperature required for the growth. The

choice of surfactants varies from case to case: a molecule that binds too strongly to the

surface of the crystal is not suitable, as it would not allow the crystal to grow. On the

other hand, weakly coordinating molecule would yield large particles, or aggregates. At

low temperatures, the surfactants are strongly bound to the surface of the nanocrystals
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and provide appreciable solubility in organic solvents.85,87,88 For example, HDA

adsorbs selectively (with its amine) on the surface of the CdS favoring the fonnation of

anisotropic morphology and appreciable solubility, compared with TOPO.86

Some examples of the good choice of surfactants include alkyl phosphines, phosphine

oxides, phosphates, phosphonates, amides or amines, and nitrogen containing

aromatics. In the case of mixed surfactant media used during the synthesis of the

nanocrystals, ratios of surfactants (in case of surfactant mixtures) also affect the

resulting phase and shape of nanocrystals. Another way to control branching might be

to add surfactants during the growth, in order to change the energies of different faces

relative to each other. In this way it would be possible to promote growth of zinc­

blende CdSe phase by increasing the concentration of one surfactant. Another

surfactant could then be added to bring the surfactant ratio back to conditions favoring

rod growth to generate a new set ofanns.85

Principally, the two conditions that influence whether a reaction undergoes kinetic or

thennodynamic growth are the temperature of growth and the concentration of

monomers. In the case of CdSe nanocrystals grown in a mixture of surfactants,

conditions can be set to promote the fonnation of cubic (zinc blende) nuclei. Suppose

now that, after this nucleation stage, one wants to control the phase in which the

crystals will continue to grow, ifwe set conditions that still favour the cubic phase, then

large spherical or tetrahedral nanocrystals will be obtained. One way of achieving this

would be to keep the system at low temperature. On the other hand, if we want to
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promote the hexagonal (wurtzite-like) growth, we have to keep the system in the high

temperature kinetic regime, or we have to increase the concentration of monomers. In

this situation, wurtzite-like rods (or arms) will form out of the (l II) faces of the

original zinc blende nucleus (Figure 32). 82-89

zinc blende

Figure 3.2: A two dimensional presentation shawing the
structure of a tetrapod. The nucleus is zinc-blende with
wurtzite arms growing out of each of the four (111)­
equivalentfaces. 85

Suppose now that, after the arms of the nanocrystal have reached a desired length, we

want to re-enter the thermodynamic growth regime so that zinc-blende phase is favored

again. This can be achieved by lowering the temperature, or by lowering the monomer

concentration, or both, since any of these changes will push the system closer to

equilibrium conditions. In this case, zinc blende tetrahedra will form on the ends of the

wurtzite-like arms. We could yet again increase the concentration of monomers by

means of an additional injection, or alternatively we could increase the temperature of

the growth medium, again pushing the system into the kinetic growth regime: three new

hexagonal CdSe arms will then grow out of the end of each previously existing arm
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(forming "multipods"). In principle this process could be cycled to produce even more

complex dendrimers.82-s9

If the remaining monomer concentration in the growth solution is kept extremely high,

the solution can supply a sufficient amount of monomers for each seed to fully grow

arms on the four (111) facets of the zinc blende structure of the tetrahedral seed, which

yields tetrapoles. A moderately high monomer concentration can only support the

growth of a single arm in its ID growth stage (Figure 3.3), which generates rod shaped

nanocrystals. A median monomer concentration can only support those existing seeds

in the 3D growths stage (see Figure 3.3), as a result, the nanocrystals are developed to

the rice shape. The entire of those elongated nanocrystals are unable to co-exist with the

low chemical potential environment at low monomer concentrations, as a result of the

system generating only dots.82
•
83

Extremely high
Monomerconcenuation

I High monomer
~ concenuation

~
Rods

o0:JJ
"Magic..Sized"

Nuclei

Median monomer
concenuation

Lowmonomer
concenuation

Rice-shape

Dots

Figure 3.3: Monomer - concenlration dependenl growth paths influencing Ihe shape
ofIhe nanocryslals.
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The majority of synthetic reactions for the growth of elongated semiconductor

nanocrystals in solution have been initiated by introducing certain amounts of

monomers into the reaction systems. Consequently, the remaining concentration of

monomers after nucleation process is reliant on the number of nuclei formed. In

general, a relatively small number of nuclei are desirable for the growth of elongated

nanocrystals because the change of the monomer concentration in the solution caused

by the nucleation process and the subsequent growth process should be relatively smalL

Such conditions should result in a relatively stable monomer concentration in the

solution and be suited for the growth of a given shape. Based on this principle, a

relatively more stable precursor should promote the formation of nanocrystals with

monodisperse size and shape.

3.1.3 Theoretical Aspects ofShape Control

The high monomer concentration impacts the formation of the nuclei as a consequence

of the growth of rods in the ID-growth mode or the 3D-growth mode. However, for

further understanding ofthe relationship between the nucleation ofthe growth of shape

controlled nanocrystals, necessary theoretical aspects should be understood. The Gibbs­

Thompson equation is the basis ofclassic crystallization theory. Although it may not be

regarded accurate enough for a quantitative description of a crystallization process in

the nanometer regime, it should provide us with the starting point.

(2)
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where r is the radius of the crystal, (j is the specific surface energy, Vm is the molar

volume of the material, Sb and 8, are the solubility of bulk crystals and crystals with a

radius r, R is the gas constant, and T is the absolute temperature.

The Gibbs-Thompson equation tells us that the solubility of a particular sized crystal is

strongly dependent on its size. However, the solubility of a crystal with its size in

nanometer regime is a relative term, since it is impossible to reach an ultimate chemical

equilibrium between the nanocrystal and the monomers at the concentration of S,

determined from eq. 2. This is so because nanocrystals are thermodynamically

mesostable species. Therefore, it should be more thermodynamically relevant to

consider 8, determined from eq. 2 as being a measure of the chemical potential of

nanocrystals. Therefore, the chemical meaning of the Gibbs-Thompson equation is that

the chemical potential of a collection of nanocrystals with a given radius r is the same

as that of the monomers at the concentration 8,. A simple mathematic treatment can

change eq 2 to eq 3:

RT In S,= RT In Sb+ 2cNm l rRT (3)

Ifpr and pb, respectively, represent the chemical potentials ofthe crystals with a radius

r and with an infinite size, eq 3 can be converted into eq 4:

IIr= lib + 20VmlrRT (4)

Here, we assume that crystals with different sizes share the same standard state.
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For spherical crystals, the number of the surface atoms and the total atoms should be

proportional to the surface area and the volume, respectively. If we define the surface

atom ratio as 8, then

(5)

and kI, k2, and k3 are all proportional constants. Combining eqs 4 and 5 and setting the

chemical potential of infinite sized crystals as the relative standard, the relative

chemical potential of a crystal with a finite size should then be proportional to the

surface atom ratio, t5.

(6)

Equation 5 indicates that the relative chemical potential of crystals is simply

proportional to their surface atom ratio. This is understandable from a structural point

of view. The difference between bulk crystals with an infinite size and crystals with a

finite size is the surface atoms, which possess some dangling bonds. The average

dangling bonds per atom over the entire crystal will thus determine the relative

chemical potential of the crystal. As a result, the relative chemical potential of the

crystal with a finite size should be proportional to the surface atom ratio, if we assume

each surface atom of the crystal possesses the same number of dangling bonds. Notice

that this assumption is actually one of the basic assumptions of the Gibbs Thompson

equation. It should be pointed out that the structural argument suggests that eq. 6 should

be also applicable to crystals with different shapes. 82,83
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Figure 3.4:(a) Size dependence of the size atom ratio and the relative chemical
potential ofCdse nanocrystals, assuming a spherical shape.82.83
(b) Shape dependent chemical potential ofCdse quantum rods. The volume ofall
nanocrystals is set to the same value ofan 8 nm CdSe dot. 82,83

For dot-shaped crystals, their relative chemical potential is plotted in Figure 3.4, (a),

which indicates a very strong size-dependence of the relative chemical potential in the

nanometer regime. The shape effect on the relative chemical potential of nanocrystals

with different aspect ratios is plotted in Figure 3.4, (b). The volume of all the

nanocrystals in Figure 3.4, (b), is set to the value ofan 8 nrn CdSe dot. The plot reveals

the strong shape dependence of the relative chemical potential of crystals. For instance,

the chemical potential doubled when the CdSe crystal is elongated from an 8 nrn dot to

a rod with its aspect ratio equal to about 30. The related solubility change would be

much more pronounced, since the factor of 2 will apply to the exponential function (eq

2). 82,83

However, there are two basic assumptions on which the theoretical treatment of this

section, like the Gibbs-Thompson equation, is based, by Peng, et al.:82.83
;J5
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• All surface atoms bear the same amount of surface free energy independent of the

position of the atoms, and the size or the shape of the crystals, which is equivalent to

the specific surface energy argument in eq 2.

• Secondly, the relative chemical potential discussed in this section is an average

value over all the atoms in a crystal. A quantitative thermodynamic consideration of

crystallization in nanometer regime based on the structural argument described above is

in development, which aims to remove these two assumptions.

As far as ID shape controlled synthesis is concerned, CdSe nanocrystals constitute the

most extensively investigated II-VI semiconductors.82 CdS is one of the II-VI

semiconductors, but the independent theoretical and practical aspects of the ID shape

control of its nanocrystals have rarely been reported, and so CdSe has almost always

been used as a model to further provide some insight for understanding the

phenomenon of shape control for CdS nanocrystals. In this section, CdSe has been

majorly used to claritY some and most of the theoretical aspects for the understanding

ofthe CdS shape evolution at large.
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3.1.4 Brief backgronnd to the cnrrent work

The use of the single source molecular precursor method is an efficient route to high

quality nanoparticles. Various single source precursors for the preparation ofrespective

nanoparticles have been developed and reported in the literature. O'Brien, et al.93
-
95

first reported the use of these compounds, as a way to high quality nanoparticles whilst

avoiding the need for volatile precursors and working under extremely harsh

conditions. The single molecular approach provides both elements within a molecule,

which allows the preparation of semiconductor nanocrystals in a one-step process by

the thermal decomposition of the molecular precursor in a convenient dispersing

medium.91 TIris method makes use ofvarious metal complexes such as dithio-/diseleno­

carbamato complexes of cadmium/zinc containing asymmetrical alkyl groups. These

precursors are non-air sensitive, stable for a period of months, easy to synthesize and

most of all pyrolyse cleanly to give the highest yield. Revaprasadu, et af.45 and Malik,

et al. 93 reported the use of the single source precursor method in preparing the

nanoparticles, using the similar metal thio- and seleno- precursors to prepare

nanoparticles along with ethyl-hexyl-seleno analog, for the production of the respective

II-IV nanoparticles.

Nair et al.48 has recently reported the synthesis of CdS nanoparticles from the complex

of cadmium with dithiobiurea. The precursor was decomposed in tri-n-octylphosphine

oxide to give CdS nanoparticles that show quantum confinement effects with

characteristic close to band edge luminescence. Anisotropic shaped CdS nanocrystals

were also prepared by Nair, et al.22 using [Cd(NH1NHNH1nCIz] as a single-source
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precursor. The as-prepared rods exhibited a very slight blue shift in relation to bulk

CdS. In this work, the ultimate shape control parameters are employed to synthesize

CdS nanorods and, PbS nanoparticles, using the respective thiosemicarbazide

complexes of cadmium and lead described in chapter 2. The nanoparticles are prepared

at different monomer concentrations and temperatures to vary their effect in the growth

and final morphologies. The method used involves dissolving the precursor in TOP,

which is then injected into hot TOPO at high temperatures. The temperature is

maintained for a specified amount of time, with the size of the resulting particles

depending on the reaction time, temperature and the precursor concentration. The

resulting precipitate is cooled (to -70oq followed by the addition of the excess

methanol to flocculate the particles. The resulting solid is then separated by

centrifugation and dispersed in toluene. The optical properties are investigated using

DV-Vis and photoluminescence, whereas structural analysis is achieved by the use of

X-ray and electron microscopy. In this work, the effect of the growth temperature,

monomer concentration and the precursor on the final morphology of CdS

nanoparticles in studied.
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3.2 Experimental

3.2.1 Instrumentation

3.2.1.1 UV-Vis speetroscopy

A Perkin Elmer Lambda 20 DV-Vis spectrophotometer was used to perform the optical

measurements. The samples were measured in quartz cells (I cm path length) using

toluene as the reference.

3.2.1.2 Photoluminescence

The photoluminescence of the samples was collected using the Perkin Elmer LS 55

spectrometer. The samples were run with toluene as the reference solvent

3.2.1.3 X-Ray diffraction

The materials research Broker Axis, D8 Advance, X-ray diffractometer was used to

measure the crystallinity of the nanoparticles. The samples were radiated using

secondary graphite monochromated Cu Ka (A. = 1.54060 A) at 40 kV/50 mA. The

samples were supported on silicon slits.

3.2.1.4 Electron microscopy

The TEM (transmission electron microscopy) and HRTEM (higher resolution

transmission electron microscopy) patterns were taken using a Phillips CM 200

computage electron microscopy operated at 200 kV with an EDS analyzer. The samples

were prepared by placing a drop of dilute solution of the sample in toluene on a copper

grid (400 mesh, Agar). The samples were dried completely at room temperature.
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3.2.2 Synthesis ofNanoparticles

3.2.2.1 Synthesis of CdS nanoparticles using non-crystalIine
ICd(NH2CSNHNH2hCh]: Variation oftemperature

For the study of the concentration dependence of the growth of nanoparticles, 0.35 g of

precursor was suspended in 4 mL (tri-n-octylphosphine) TOP. The suspension was then

injected into 4 g hot lIDA (hexadecylamine) at temperatures specific for each

detennination (120 QC, 160 QC and 180 QC). The amount of the precursor, TOP and

TOPO (tri-n-octylphosphine oxide) was kept constant throughout The reaction was

carried on for one hour after the injection of the precursor. After cooling to 70 QC,

methanol was added to flocculate the nanoparticles. The resultant precipitate was

separated by centrifugation, followed by a further washing with methanol. The particles

were finally suspended in toluene to determine the optical properties.

3.2.2.2 Synthesis of CdS nanoparticles using non-crystaIline
ICd(NH2CSNHNH2)2C12]: Variation of concentration at 200 QC

For the study of concentration-dependence of the growth, a certain amount of precursor

specific for the determination was dissolved in 4 mL TOP. The suspension was then

injected into 4 g hot lIDA at 200 QC. The amounts of precursor varied for growth in

each determination are 1.0 g, 0.75 g and 0.35 g. The temperature parameter was kept

constant. The precursor was injected and the reaction proceeded for one hour, after

which methanol was added to the cooled solution. The flocculated nanoparticles were

then separated by centrifugation. The particles were then washed with methanol and

finely dissolved in toluene for their optical measurements.
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3.2.2.3 Synthesis of CdS
[Cd(NH1CSNHNH1hCh!
concentration at 120°C

nanoparticles using
precursor material: .

non-crystalline
Variation of

A certain amount of precursor specific for the determination was dissolved in 4 mL

TOP. In this series, the suspension was injected into 4 g hot HDA at 120 QC. The

amounts of precursor varied for growth in each determination were 1.0 g, 0.75 g and

0.35 g, varying the effect of the precursor concentration while keeping the temperature

parameter constant. The temperature parameter was kept constant. The precursor was

injected and the reaction proceeded for one hour, after which methanol was added to

the cooled (to ca. 70 QC) solution. The flocculated nanoparticles were then separated by

centrifugation. The particles were then washed with methanol and finely dissolved in

toluene for their optical measurements.

3.2.2.4 Synthesis of CdS nanoparticles using crystalline complex A,

[Cd(NHICSNHNHl)Ch!. precursor material: Variation of the nature

ofthe precursor

Hexadecylamine (4 g) was degassed at 120 QC for 30 min. The HDA was then heated to

140 QC under nitrogen. Complex B (0.25 g, 0.684 mmol) was suspended in tri-n-

octylphosphine (4 mL) and injected into the hot HDA. The reaction was allowed to

proceed for 30 min and then the yellow suspension was cooled to 70 QC and the product

isolated by washing with methanol (2x50 mL) and centrifuging.
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3.2.2.5 Synthesis of CdS nanoparticles using crystalline complex B,
ICd(NH2CSNHNH2}zCh]. precursor material: Variation ofthe nature
ofthe precursor

Hexadecylamine (4 g) was degassed at 120 'C for 30 min. The HDA was then heated to

140 'c under nitrogen. Complex B (0.25 g, 0.684 mmol) was suspended in tri-n-

octylphosphine (4 ml) and injected into the hot HDA. The reaction was allowed to

proceed for 30 min and then the yellow suspension was cooled to 70 'C and the product

isolated by washing with methanol (2x50 mL) and centrifuging.

3.2.2.6

0.25 g of (pb(NH2CSNHNH2)(N03}z]n was suspended in 6 mL TOP and injected into

10 g of TOPO at 240 'C. The reaction was allowed to proceed for 1 hr. Methanol was

added to give a grey precipitate, which was dried and re-dispersed in chloroform.
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3.3 Results and discussions

3.3.1

3.3.1.1

Synthesis of CdS
[Cd(NH2CSNHNH2hCI2]
temperature

Optical properties

nanoparticles using
precursor material:

non-crystalIine
Variation of

For the temperature dependence on the growth of nanoparticles, the determinations

were carried out at the constant precursor concentration (0.35 g in 4 mL TOP injected

into 4 gTOPO) at 120°C, 160 °C and 180°C. The onset DV/visible light absorption of

semiconductor nanoparticles is attributed to the band gap absorption, and this will be

blue shifted (shift to shorter wavelengths) relative to the absorption of their bulk

materials due to quantum size confinement effects. Thus Figure 3.5(a) shows that the

DV/visible thresholds of all the samples for this determination are blue shifted relative

to the bulk CdS nanoparticles (Eg = 515 nm, 2.41 eV), suggesting the formation of the

nanoparticles. The samples exhibit band edges at 450 nm (2.76 eV), 470 nm (2.63 eV)

and 510 nm (2.43 eV), respectively, with the increase in growth temperature (from 120

- 180°C). At 120 cC, the absorption spectrum shows a sharp excitonic peak at 410 nm

due to strong quantum confmement. The shift from the blue to the red region (as the

temperature increase from 120 - 180°C) could be attributed to the decreasing degree of

confinement of the charge carriers within the excitonic Bohr radius, as a result of the

increase in size with the increasing temperature. Consequently, the broadened band

edge ofthe particles at 180°C is at 510 nm (2.43 eV), suggesting a weaker confmement

due to larger particle sizes. The peaks for the particles made at 120 and 140°C show

excitonic shoulders in their absorptions owing to the monodispersity ofthe particles.
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The variation of the CdS nanoparticles in the fluorescence spectrum of the

nanoparticles with temperature is shown in Figure 3.5 (b). The peak with the maximum

intensity at 473 nm for CdS made at 120 QC is sharp and locates near the absorption

edge, suggesting the occurrence of an excitonic emission. As the reaction temperature

is elevated to 160 QC and 180 QC the longer wavelength emission loses intensity and

thus their quantum yield. The emission for the sample at 180 QC can be assigned to

deeply trapping surface states (trapped charge carriers on the nanocrystals surface

because of surface defects) because it occurs at lower energy relative to the absorption

band edge. However as we move to the higher temperatures the process becomes out of

control and the particles aggregate, also forming surface irregularities as a result of

trapped luminescence. The surface states result from defects, dangling (coordination)

bonds, and polar adsorbates. Higher growth temperatures lead to faster growth rates and

therefore the surface roughening and degradation compete with the surface ordering.

Higher temperatures induce surface degradation, which reduces the luminescence

shortly after the maximum efficiency has been reached.81
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3.3.1.1 Structural properties

The Transmission Electron Microscopy (TEM) image ofthe CdS nanocrystals prepared

at different temperatures is presented in Figure 3.6. This picture shows how

significantly the reaction temperature affects the growth and shape of the nanocrystals.

In this series the temperature detennines whether the reaction would either undergo a

kinetic or a thennodynamic growth regime. Very long rods with ca. 40 nm in length

and 6 nm in breadth are fonned at 120 cC (Figure 3.7 A). These nanorods have an

average aspect ratio of 6.7. Since this detennination was done at a median monomer

concentration and moderate reaction time, there is a very low consumption of the

monomers at this temperature, which keeps the reaction at kinetic growth regime,

enhancing the seeds of the anisotropically-shaped CdS nanocrystals.

As the temperature is increased to 160 cC, shorter and more monodispersed rods, with

an average length of25 nm and a breadth of5 nm fonned. Relative to the rods obtained

at 120 cC (A), the rods in this detennination are shorter and thus their average aspect

ratios decrease to ca. 5. At 180 cC (C), the evolution to very short and irregular shaped

rods and dots occur, with particle sizes of ca. 16 nm in length and 10 nm in breadth.

The average aspect ratio decreases significantly to 3.5 on average (Figure 3.8). At this

temperature there is a high consumption of the monomers and the thennodynamic

growth regime takes over the kinetic growth, as a result of the coexistence of the two

regimes. Consequently, one-dimension to two dimension inter-particle ripening (or

ID/2D-ripening) occurs, in which case the rod shape particle changes to dot shape
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particles. The micrograph shown in (Figure 3.7 C) could be attributed to the

consequence of this effect. These particles (Figure 3.7 C) are somewhat bulky, which

could be attributed to uncontrollable growth at higher temperatures. The size

distribution histograms for the as prepared nanorods are shown in Figure 3.8 (a), Cb)

and (c) for nanorods made at 120, 160, and 180 QC, respectively.
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Figure 3.7: TEM images of CdS nanoparticles synthesized at A, 120 ·C; B, 160 ·C; and C,
180 ·C; each at two different regions of the sample, from 0.35 g of {Cd(NH2 CSNHNH:JCI:J".
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The XRD of the respective nanocrystaIs are shown in Figure 3.9 (a), (b) and (c). In all

three samples, the patterns can be indexed to wurtzite-phase CdS confirmed by the

peaks indexed at (1I0), (I03) and (l 12). The (110), (002) and (IOI) peaks observed at

diffraction patterns (a) and (b) suggest the elongation of the hexagonal phase along the

c-axis, forming rod-shaped particles. The XRD in Figure 3.9 (c) suggests the formation

of the simple hexagonal shape, since the (I 10), (002) and (I0I) peaks are merged into

one broad peak. It is, however, observed that the higher the reaction temperature, the

weaker and broader the diffraction peaks of the resultant CdS nanocrystals. This

observation is contrary to the report by Li, et al. 86 in which the mean size of the

nanocrystals increased with increasing reaction temperature using ethyl xanthate

precursor. This suggests that there is amorphous mass of particles which do not yield

adequate XRD patterns, as confirmed to the micrographs in Figure 3.7 (C).

3.3.2

3.3.2.1

Synthesis of CdS nanoparticles nsing non-crystaIIine
[Cd(NHzCSNHNHz)zCIz]: Variation of concentration at 200°C

Optical properties

For this synthesis, the reaction temperature was kept at 200 QC and the amount of

precursor was varied from 1.0 g, 0.70 g to 0.35 g. This (200 QC) is at a very high

reaction temperature and it was chosen to compensate for higher precursor

concentrations enhancing the quantitative conversion of the magic nuclei into particles

of defined shapes and sizes. Figure 3.10 shows the DV/visible spectra of CdS

nanocrystaIs at varied conditions. The CdS nanoparticles synthesized using 1.0, 0.70
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and 0.35 g of the precursor exhibit band edges at 512 run (2.42 eV), 507 nm (2.45 eV)

and 500 nm (2.48 eV).

It is noted that the increase in the particle size is pronounced as the absorption edge

shifts from the blue to the red region of the UVNisible spectrum, which also results on

the tailing of the spectra towards the red region. The band edges of these samples are

blue-shifted with respect to bulk CdS (Eg =515 nm, 2.41 eV), confirming the existence

of the quantum confinement effects in the samples. However, it is observed that the

confinement (band edges in relation to the bulk) is rather weak, which could be

attributed to the larger particle size.

Since the precursors were injected and the growth was carried out at 200°C it could be

concluded that irrespective of precursor concentration, high temperatures favor the

formation of large and aggregated particles. As a result of very weak quantum

confinement is observed in the UVNisible light absorption spectrum. The samples

exhibit emission (Figure 3.11) assigned to deep trap surface states because the

emissions occurs at higher energies relative to the absorption band edge. At the

wavelengths expected for the emission of the normal surface ordered CdS, the spectra

flattens. The emission maximum peaks in the photoluminescence spectra is observed at

451 run (2.75 eV), 457 nm (2.71 eV) and 470 nm (2.63 eV) for the 0.35, 0.7, and 1.0 g

samples, respectively(Figure 3.11).
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3.3.2.2 Structural properties

When the temperature of the system is fixed, the chemical potential of the reaction

environment in the synthesis of the nanoparticles is mainly determined by the monomer

concentration.82
-86 In this concentration effect determination system, the reaction is

driven at 200 QC, which supplies the high thermal energy. Injecting 1.0 g (high

monomer concentration) into this system causes the system to be highly kinetically

driven in a growth regime "extremely far away from a thermodynamic equilibrium.

Under these conditions, a fast reaction rate would be expected, as a result of the system

becoming completely out of control, thereby worsening the monodispersity. This

accounts for the aggregated shapes observed in the TEM images shown in Figure 3.12

(A) with average particle sizes of ca. 40 nm. The mean particle size distribution is

shown in Figure 3.13. In this image, hexagonal shapes are observed, which suggests

kinetically driven reaction procedure. However, the hexagonal shape is used as an

advantage to grow elongated anisotropic shapes (rod shape is the result of the

elongation ofthe hexagonal shape along the c-axis).

At 0.7 g, the monomer concentration was high enough to grow the nanocrystals in the

one-dimensional mode. At sufficiently high monomer concentrations, the incoming

monomers which diffuse into the diffusion sphere are mainly consumed by the facets

perpendicular to the c-axis of the nanocrystals, which results into the one dimensional

growth stage.82,83,86 Figure 3.12 B shows the TEM images (taken at various regions of

the sample) at this determination.
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Figure 3.12: TEM images of CdS nanoparticles synthesized from A, 1.0 g;
B, 0.70 g; and C, 0.35 g C ofCd(NH2CSNHNH~2CI2at 200 ·C.
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The rods have relatively large diameters, which show that the reaction was at kinetic

growth regime, with the reaction completely out of control due to higher concentration

and reaction temperature, as a result of non-uniform rods consisting of poorly or

undefined shapes (Figure 3.12 B). The rods are ca. 45 om in length and 15 nm in

breadth. Figure 3.12 (C) shows perfect uniform rods compared to the latter (Figure 3.12

B) . Here the rods are ca. 50 om long and 6 om across, which clearly shows that the

reaction was in a rather more ordered procedure. It also shows that this monomer could

perfectly compensate for the extremely high temperature to push the reaction to a

considerable reaction drive. The average aspect ratio of the rods increase as we move

from higher to the lower monomer concentration, giving rods with more defined shapes

(Figure 3.13 B-C) and aspect ratios as the reaction gets in control. The size distribution

histograms are shown as the frequency versus aspect ratio histograms in Figure 3.13 for

the nanoparticles made with 1.0 g (a), 0.70 g (b) and 0.35 g (c).

The powder diffiaction patterns ofCdS nanocrystals are shown at Figure 3.14 (a), (b)

and (c). All diffiaction spectra show the presence of (110), (103) and (112) planes

indexed to the hexagonal phase of CdS. The narrow peaks at (100), (002) and (101) at

(b) and (c) suggest that these nanocrystals are elongated towards the c-axis. However,

these peaks are broadened, relative to the ones for bulk CdS, showing the presence of

the quantum confinement effects at the crystals as a result of [mite sized crystallites.

Normally, for the elongated hexagonal shapes, the three narrow peaks would be

expected (at 29 = 25-35°), but these peaks merge to form one broad peak in case of

non-elongated, faceted CdS. This is observed in the XRD pattern in Figure 3.14 A.
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3.3.3

3.3.3.1

Synthesis of CdS nanoparticles nsing non-crystalline
(Cd(NH2CSNHNH2hCI2]: Variation of concentration at 120°C.

Optical Properties

The effect of the precursor concentration on the growth was further varied at a lower

temperature. This was done to target the monodispersity of the nanoparticles, since it

was poorly achieved at higher temperature (200°C). The amounts of precursor used

were 0.35 g, 0.7 g and 1.0 g. The UVNisible spectra of these determinations are shown

in Figure 3.15. The absorption edge shifts towards the blue region as the concentration

of the precursor is decreased, exhibiting the band edges at 485 om (2.56 eV), 473 om

(621 eV) and 452 om (2.74 eV).

All these spectra exhibit an excitonic shoulder, which suggests that the nanoparticles

are monodisperse. For the nanoparticles prepared with 0.35 g, this argument is

supported by the narrow emission peak on the photoluminescence spectrum (Figure

3.16). This peak is very narrow (ca. 20 om) and the relative intensity shows good

quantum yields of the sample, peaking at 470 om (emission maximum), which is a very

small shift (3 om) from its absorption edge.
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The photoluminescence peak of the sample at 1.0 g with the emission maximum at 501

nm (2.48 eV) is very broad and Stokes-shifted undergoing spectral diffusion. Spectral

diffusion can be explained as the trapping of photogenerated excess charge carriers in

the surface defects of the nanocrysta1.24 The local electric field created by these charges

presumably disturbs the energy levels of the nanocrystal causing a shift in the emission

energy. The energy band bending, caused by the increase of electric field inside the

nanopartide, tends to separate a confined electron and a hole thus reducing their

overlap of wave functions and reducing the effective band gap, which leads to reduced

oscillator strength. So the quantum confined stark effect manifests itself as a decrease

of the intensity of the emission peak, concomitantly with its red shift, as well as its

broadening. However, with the release of the trapped charge carrier, the induced local

electric field decreases, the emission energy increases and its intensity increases?4 The

sample where 0.70 g is used shows luminescence at 470 nm (2.64 eV) with the major

peak at 490 nm (2.53 eV) with a minor peak linked to it at 515 nm (2.41 eV). The first

major peak can be attributed to the sample's luminescence and the second minor peak

attributed to the trapping of the charge carriers due to the surface irregularities in the

sample.

3.3.3.2 Structural properties

When the reaction temperature for the above determination was decreased to 120 QC

and repeated, the shape evolution was different from that one observed for the

determination at 200 QC. In principle, the higher the monomer concentration at lower
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temperatures, the smaller the critical nuclei, facilitating the nucleation process.8
2,83,86

Figure 3.17 A shows the formation oflong rods with high aspect ratios (6 in average) of

50 nm average length and 7.3 nm average breadth. If the monomer concentration is

decreased to 0.70 g (Figure 3.17 B), the average aspect ratio of the nanorods is

decreased to ca 6.2.

If the chemical potential of the monomers in the bulk solution is comparable to the

overall chemical potential of the entire crystal, there is no net diffusion flux between

the bulk solution and the diffusion sphere. The monomers on the surface of the

nanocrystaI adjust their positions to minimize the total surface energy of a given

crystal, resulting in a change from a rod-shape to a dot shape, when the reaction reaches

the thermodynamic growth regime. This effect is observed in the TEM image in Figure

3. I7 C, which shows particles with average particle sizes of ca. 13 as the concentration

is decreased to 0.35 g. It was interesting to find out that the complete shape evolution

from high aspect ratio rods to the shorter rods, and eventually dots could be related to

the one reported by Li, et a1.86 for CdS nanocrystals and Peng, et al. 8
2,83 for CdSe

nanocrystals. The aspect ratio histograms are shown in Figure 3.18 (a), (b) and (c) for

nanoparticles made from 1.0, 0.70 and 0.35 g ofprecursor, respectively.
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Figure 3.17: TEM images of CdS nanocrystals showing variation of
morphology with different precursor amounts concentrations synthesized
from A, 1.0 g; B, 0.70 g; and C, 0.35 g at 120 ·C using
Cd(NH2CSNHNH2YnCI2'
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The diffraction patterns for the CdS made from I g (Figure 3.19 (a)) of the precursor

shows the peaks at (11 0), (103) and (112) planes, which can indexed to the wurtzite

phase hexagonal CdS presenting in all the spectra. The narrow peaks at (100), (002)

and (101) show that these nanocrystals are elongated towards the c-axis. The CdS

nanoparticles synthesized using 0.70 g (b) and 0.35 g (c) of the precursor show the

diffraction peaks at (Ill), (200), (220) and (311) suggesting the formation of the face

centered cubic phase in the nanoparticles.

3.3.4

3.3.4.1

Synthesis of CdS nanoparticles using crystalline complex A,
[Cd(NH2CSNHNH2)CI2]. and B, [Cd(NH2CSNHNH2hCI2]: Variation
the natnre of the precursor

Optical Properties

In order to investigate the effect of the molecular architecture of the complex on the

morphology of the final nanomaterials both complexes were decomposed in

hexadecylamine (lIDA) under the same conditions. In both cases a pale yellow product

was isolated. The UVNisible absorption spectra were recorded and showed a

significant blue shift in the optical band edge of the materials compared to that for the

bulk material (515 om, 2.41 eV) (A = 430 om, 2.88 eV; B = 418 om, 2.96 eV) shown in

Figure 3.20. Both spectra exhibit excitonic peaks which is the evidence of the strong

confinement of the exciton, also suggesting the formation of the nanoparticulate

materials. The photoluminescence spectra both showed a large broad peak at 500 om

which is consistent with the trap defect in cadmium sulfide.
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3.3.4.1 Structural Properties

The TEM images of the CdS nanorods made from complex A and B are shown in

Figure 3.21 and 3.22, respectively. Complex A gave the rods of the lower aspect ratios

(Figure 3.23) compared to the complex B. However, observing in Figure 3.21 (insert),

it is pretty obvious that good crystallinity of the CdS nanorods is achieved with

complex A rather than with complex B. This is clearly confirmed by the lattice fringes,

with clear and rather accurate 0.334 om spacing, which was difficult or not possible at

all to achieve using complex B. This could be attributed to the entangling of this

complex and its branching, compared to A. Powder XRD (Figure 3.24) of the materials
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all to achieve using complex B. This could be attributed to the entangling of this

complex and its branching, compared to A. Powder XRD (Figure 3.24) of the materials

showed a significant difference between the two products. The product from complex A

resulted in a typical hexagonal diffiaction pattern. However, the diffiaction pattern for

B was less clear. Initially the pattern seems approximately consistent with a cubic

lattice, typified by the absence of the {102} and {I03} lines. However, the sharp

diffiaction line at 25° cannot be ignored and as it is consiStent with the {lOO} plane for

the hexagonal form ofCdS.

The powder XRD results can be best understood in light ofthe nanomorphology of the

material (Figure 3.24). In both cases there is a predominance of anisotropic material.

Whilst in the aspect ratios ofthe materials, there is a significant difference in the widths

of the rods, this feature can be seen from the aspect ratio distributions of the nanorods

in Figure 3.23. Compound A gave rods with widths approaching the Bohr radius at 6

om (±1.5 om); however compound B results in the formation ofrods with significantly

smaller widths of 3 om (±O.5 om). These rod widths are consistent with the observed

DV/visible absorption spectra. Furthermore measurement of the lattice spacing of the

rods leads to the conclusion that the long axis is the c-axis ofthe unit cell. If the powder

XRD patterns are considered in the light of this data it may be seen that diffiaction

from the {I GO} planes will approximate to an infinite lattice much more closely than

planes with contributions from an orthogonal axis. Taking this into account one would

expect to see a broadening of the {002} and {I01} as well as the {I10} and the {I12}.
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Figure 3.21: TEM image of the CdS nanorods made from complex A, Cd(NH2CSNHNH2YCI21n_
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Figure 3.22: TEM image of CdS nanorods made from complex B,
[Cd(NH2CSNHNHv2Cliln.
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3.3.5 Synthesis of the PbS nanoparticles using [Pb(NH1CSNHNH1)(NOJh]

3.3.5.1 Optical Properties

PbS has a smalI bulk band gap of 0.41 eV (3100 run) which makes them suitable for

applications ID the near IR such as in optical communication.

[pb(NH2CSNHNH2)(N03kl was thennolysed in TOPO at 240 cC to give the dark grey

colored nanoparticles. The UVNis spectrum ofPbS shows an absorption peak that does

not have an excitonic feature in the band edge. The UVNis. spectrum of the

nanoparticles is shown in Figure 3.25. The PbS nanoparticles exhibit band edges at 375

om (3.31 eV) and 630 om (1.97 eV), which is a huge blue shift with respect to the bulk
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PbS (3100 nm, 0041 eV). However, it was rather surprising that these nanoparticles

were non-luminescent, which could have been due to their insufficient coating by the

surfactant. Sufficient coating renders the nanoparticles soluble in the non-polar solvents

(such as toluene), which was not the case with PbS nanocrystals. No further

determinations on shape control could therefore be carried out with this precursor

because of inconsistent solubility in the polar solvents used for the optical and TEM

. properties of the nanocrystals, which would have lead to very inaccurate and biased

results.
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Figure 3.25 : The UVlvis spectrum ofPbS nanoparticles
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3.3.5.2 Structural properties

The prepared nanoparticles were characterized by powder XRD and TEM. PbS can

exist either as the cubic or hexagonal phase even though a mixture of cubic and

hexagonal phase is also possible. The powder XRD peaks observed are indexed as the

face-centered cubic rock salt-like structure of PbS (Figure 326 (C)).90 The sharpness

and strength of the diffraction peaks suggests that the particles are crystalline. The

TEM image (Figure 3.26 (a)) shows well-defined particles which are predominantly

hexagonal in shape. The particles have an average size of ca. 7 nID. Their size

distribution histograms are shown in (figure 3.26 (b)).
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3.4 Conclnsions

The crystallographic phase of the initial nuclei and the following growth rate of the

nanocrystals were found to be strongly dependent on the temperature. At higher

temperatures, the reaction was thermodynamically driven, owing to the sufficient

supply of the thermal energy and thus pushing the reaction system closer to the

thermodynamic equilibrium. Hence, the formation of the thermodynamically

determined morphology of nanocrystals is favored. In contrast, lower temperatures,

under the conditions of high enough monomer concentration leads to a kinetically

driven growth regime, giving nanocrystals with anisotropic morphologies. So, the shape

evolution goes from higher aspect ratio rods to lower aspect ratio rods, and then to dots,

as the temperature of growth is increased. The purity of the precursor plays a key role

in achieving the good crystallinity of the nanoparticles, with the lattice fringes

confirming this effect observed in the nanoparticles. The nature of the precursor also

appears to play a profound role on the resultant crystallinity of the nanoparticles, with

the more complex (complex B) analogue of the precursor giving the nanoparticles of

lower crystallinity compared to the complex A analogue.

In order to synthesize anisotropic and thermodynamically metastable rod-like

nanocrystals, it is necessary to maintain high monomer concentration in the reaction

environment to shift the reaction far from thermodynamic equilibrium. It can be

therefore concluded that the monomer concentration plays a key role in the shape

controlled growth of the CdS nanocrystals. So, from higher. to lower concentrations
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under a condition of a moderate reaction temperature, the shape evolution goes from

rods to dots, resulting from kinetic and thermodynamic regime, respectively. Shape

control of PbS nanocrystaIs could not be achieved, due to insolubility of the

nanocrystals as we move to the reaction conditions favoring larger sized structures,

such as higher concentration, and hither temperatures. This precursor was not ideal for

the determination of the shape evolution based on the critical parameters affecting

growth.
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