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Abstract 

In the first chapter, a brief account of the history, property and significant applications 

of nanoparticles (NPs) in modern life has been described. A concise description about the 

synthesis of NPs using various methods is presented here. In this part, the synthetic routes in 

colloidal methods are focused. The current status, conditions and advances of the micelle and 

microemulsion templates based methods are depicted schematically. Different 

characterization methods that are usually followed by experimental setups are described 

precisely. In parallel with the experimental methods the theoretical approach from the 

perspective of electronic structure theory has been described also for proper understanding of 

the properties of NPs. In this connection, the synergy among the two aspects (experimental 

and theoretical) has been given a special attention which is further elaborated to the field of 

plasmonics as its relevant application.  

The second chapter represents a concise report of the basic theoretical background 

regarding the development of the concept of surface Plasmon and quantification of the 

surface Plasmon polaritons. In the next section different phenomena associated with optical 

properties of NPs such as Plasmon modes on metal-dielectric interface, excitation of surface 

Plasmon, light absorption and scattering have been described briefly. The classical and 

quantum mechanical approaches have been stated and compared to explore the significance 

of these approaches suited for NPs with different sizes. Several elecrodynamic methods under 

classical approach have been provided here. Besides these the numerical methods have been 

mentioned. Among the numerical methods the Discrete Dipole Approximation has been 

focused specially for its utility in the execution of computational modelling. In case of 

Quantum mechanical approach, the TDDFT method with its significance in the assessment of 

optical property of NPs has been stated clearly. The linear response formalism has been 

presented elaborately due to its inclusion in TDDFT for development of computational 

modelling.  

In the third chapter, a description of the synthesis of zinc chromate (ZnCrO4) NP in 

microemulsion medium has been stated. The microemulsion composed of H2O/AOT (sodium 

bis(2-ethylhexylsulfosuccinate))/ n-heptane water-in-oil (W/O) is used to prepare the ZnCrO4 

dispersion. Various parameters such as water pool sizes, precursor concentration and 

sonication are considered to tune the size of the NPs. The formation of ZnCrO4 in the 
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microemulsion has been verified by XRD and FTIR measurements. The absorbance of the 

dispersions formed in different water pool sizes was studied. Their dimension in the 

microemulsion medium is determined by the dynamic light scattering method. Enthalpy of 

formation of ZnCrO4 in W/O microemulsion medium is measured by isothermal titration 

calorimetry (ITC). The dimension and morphology of the formed ZnCrO4 colloidal particles 

examined by transmission electron microscopy (TEM) are strongly dependent on the water 

pool size, precursor concentration and sonication. 

The fourth chapter deals with the synthesis of magnetic nanocomposite such as 

Fe3O4/Co. A novel synthetic process using the micellar template formed by sodium 

dodecylsulphate (SDS) surfactant has been described. The formation of the nanocomposite is 

confirmed by XRD, FTIR, HRTEM and SAED analysis. The size of the NPs is determined 

by DLS measurement. The morphologies and shapes of the NPs are depicted by TEM figures. 

The elemental compositions have been verified by EDAX analysis. Finally the absorption 

property is characterized by UV-visible spectra.   

In the fifth chapter, a systematic characterization of Cu2O nanoclusters using classical 

electrodynamics and time-dependent density functional theory (TDDFT) is performed to 

investigate their response to light with the alteration of size and symmetry. It has been 

reported that the absorption and scattering play a crucial role to tune the surface plasmon 

resonance (SPR), which is the focal feature of optoelectronic properties. In larger dimension 

the SPR is found to be strongly influenced by scattering and in smaller NPs it is dominated 

by absorption. A blue shift of the SPR peak is observed with decreasing cluster size. The 

symmetry aspect is also considered for optical properties of Cu2O nanoclusters. With the 

variation of size and symmetry the associated surface structure and band gap are varied. The 

TDDFT calculation has been performed to explore the impact of these two fundamental 

factors on optoelectronic nature of (Cu2O)n clusters. The TDDFT study has been carried out 

on Cu2O nanoclusters to reveal the nature of electronic excitations in photo irradiated 

(Cu2O)n clusters for n =1, 2, and 3. The transitions involved in (Cu2O)n  are basically 

categorized as ligand to metal charge transfer (LMCT) and metal to metal charge transfer 

(MMCT) processes. The change in absorption with varying cluster dimension and symmetry 

is found to be critically controlled by the relative probabilities of LMCT and MMCT 

processes. A competing surface reconstruction effect and occupied-virtual energy gap is also 

found to govern the SPR pattern of the Cu2O nanoclusters. All these observations has been 
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proposed to provide an appropriate guideline to tune SPR of Cu2O NPs for specific 

applications.  

The sixth chapter adresses  the enhancement of absorption of retinal molecule, while 

conjugated to Au14 nanocluster. This enhanced absorption of retinal has been revealed as the 

rationale for the raise of photoisomerization of retinal from visible to infrared region. The 

photoisomerization process is the triggering step of vision. Hence the shifting of 

photoisomerization has been presumed to adjust the visual response. The Au14 nanocluster 

motifs have been varied through Oh, D2h and C4v symmetries, to obtain preeminent spectral 

shifting of photoisomerization. It has been suggested that the constructive interference of the 

transition dipole moments (TDMs) in retinal-gold nanoconjugates makes the Au14 

nanocluster with D2h symmetry, the most efficient enhancer for the upgrading of 

photoisomerization. The thermodynamic feasibility of 11-cis to all-trans isomerization for the 

conjugates has been analysed by vibrational frequency analysis. The entire evaluation 

recommends to a speculation that gold nanoprobes may be used as vision enhancer. 

The seventh chapter provides a general and comprehensive conclusion of all the 
chapters. 
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Preface 

 

This thesis is devoted to a range of issues in the domain of nanoscience, aimed to 

solve with experimental and theoretical ventures. The underlying thread of this work is the 

optimization of NPs for desired applications through experimental executions, navigated by 

theoretical predictions.  

This thesis addresses two main directions. The first one is the experimental approach, 

which is aimed to exercise different synthetic routes of NPs under colloidal media. In this 

course of study, the effect of different experimental conditions such as precursor 

concentrations, surfactant concentrations, temperature, sonication etc. on the geometric 

parameters of NPs (i.e. size, shape) has been explored. This endeavor has been found to be a 

candid way to tune NPs for desired functions. The comprehensive characterizations of the 

NPs are carried out by advanced instrumentation and techniques. This property study is very 

essential for synthetic NPs to determine to their significant applications.  

The second direction is pursued by the theoretical approach. In this approach the 

unique features especially the optoelectronic nature of NPs has been explored through studies 

of electronic structure. The theoretical studies are carried out by computational executions of 

Quantum mechanical approach like Density functional theory (DFT) and Classical 

Mechanical approach such as Discrete Dipole Approximation (DDA). Finally the attempted 

correlation between the outcomes of experimental and theoretical studies is found to 

construct a new route to accomplish the entire goal.    
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Chapter 1 

A brief account of nanoparticles and related optoelectronic 

properties 
 

Abstract 

In this chapter, a brief account of the history, property and significant applications of 

nanoparticles (NPs) in modern life has been described. A concise description about the synthesis 

of NPs using various methods is presented here. In this part, the synthetic routes in colloidal 

methods are focused. The current status, conditions and advances of the micelle and 

microemulsion templates based methods are depicted schematically. Different characterization 

methods that are usually followed by experimental setups are described precisely. In parallel 

with the experimental methods the theoretical approach from the perspective of electronic 

structure theory has been described also for proper understanding of the properties of NPs. In this 

connection, the synergy among the two aspects (experimental and theoretical) has been given a 

special attention which is further elaborated to the field of plasmonics as its relevant application. 
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1. Introduction 

1.1    Brief account of nanoparticles: 

The rapid progress and significant advances of nanoparticles (NPs) is one of the major 

scientific developments and breakthroughs that are expected to affect our daily lives in near 

future. The past decades have witnessed new industrial revolutions, based on nanotechnologies. 

Nanoscience is a multidisciplinary field ranging from photonics to microelectronics, from 

biochemistry to medical science in global research activity. Overall, the whole science 

community is indebted to Nanoscience and technology for plenty of new scientific discoveries. 

On this account it is essential to define the basic object of the whole nanoscience i.e. 

nanoparticles. Nanoparticle is as an object with dimension between 1 to 100 nanometers that 

behaves as an entire entity in terms of its unique properties. The prefix ‘nano’ comes from the 

Greek word νᾶνος which means literally dwarf or very small according to the Latin 

nomenclature nanus. Nanometer scale is one billionth of a meter or 10 9 meter. Nanoparticle is 

further known as ultra fine particles (UFP) below 100nm size range. 1, 2 The diverse nature of this 

field is not only attributed to size, but also depends on wide range of shapes. According to 

internal structure, it can be homogeneous material throughout the whole structure or hetero-

structured with two materials or more. In materials the nanoparticles can be made of metals, 

semiconductors or dielectrics.  

The history of nanoparticle from ancient times to middle ages has been summarized by 

Daniel and Astruc.3 The earliest existence of preparation and application of nanoparticles date 

back to Byzantine Empire 4 century AD and has been reported.4 In order to generate coloring 

and glittering effects on the surface of glass and pottery, or on the church windows, artisan 

created and utilized gold or copper nanoparticles.5, 6 These applications can be found in the glass 

windows of many Gothic European Cathedrals, among which the León Cathedral (in Spain) is 

one of the masterpieces. Since the middle ages, the soluble gold has been very well-known 

owing to its curative powers of various diseases like heart and venereal diseases, dysentery, 

epilepsy, and tumors. In 1618, the publication of Francisci Antonii depicted the details about the 

formation of colloidal gold sols and their medical uses, including successful practical cases. In 

1728, an article based on gold by Helcher7 explored that the stability of drinkable gold 
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preparation enhanced noticeably when boiled starch was used. Once more in same decade, 

Fuhlame explored the process of dying silk with colloidal gold (1794).8 In 1818, Jeremias 

Benjamin Richter, explained the origin of colors shown by various gold preparations. Finally in 

1857, the pioneering work of Michael Faraday9 had explored the luminous optical nature of 

colloidal gold which motivated thousands of scientific investigations including synthesis, 

modifications, properties and applications. 

Particles of controlled size within the range 1 to 100 nm acquired intermediate properties 

between the atomic or molecular entity and the macroscopic bulk materials. This size dependent 

intrinsic property is the key feature of rapidly extending area of nanoscience and 

nanotechnology. Therefore it is crucial to find out the origin of these unique properties of 

nanoparticles. It is observed that two main factors are responsible for nanomaterials to behave 

significantly differently from bulk materials. The first one is surface effect that is attributed for 

large surface area of NPs. It smoothly scales the properties of NPs. 

 

 

Figure 1.1  χ(n) vs. n-β  Plots where β = 0. Small nanoparticles reveal speci c size e ects, 

while larger particles are expected to exhibit smooth size dependence, converging to the 

bulk value.10
  

 



4 

 

The fraction of atoms at the surface of the nanomaterials increase compared to the bulk 

materials. The fraction of atoms on the surface is known as dispersion (F) and it measures with 

surface area divided by volume. Atoms at the surface of a material are loosely bound, while the 

atoms in the bulk are rigidly attached to the neighboring atoms. Therefore with increase of 

fraction of atoms at the surface the mean coordination numbers (number of nearest neighbour) of 

the particles decrease. The high coordination number of the bulk atoms of a cluster results more 

cohesive force than the surface atoms.  

 

Figure 1.2 Calculated cohesive energies of various size magnesium clusters in their most 

stable geometry as function of N-1/3.11 

This results the higher stabilization energy of the bulk atoms than the surface atoms. As a 

consequence the total surface energy increases along the surface of nanoparticles. When the 

particles vary from centimeter to nanometer size range the surface energy increases seven order 

of magnitude.12  
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Scheme 1.1 Two new surfaces have been created by breaking a rectangular solid into two 

pieces. Multiplication of atoms (107) times in nanocrystal as compared to the surface 

atoms in bulk.12 

 On this account the particles are thermodynamically unstable or metastable. Thus a small 

nanocrystal with higher surface is chemically more reactive than the bulk. The other one is the 

quantum effect. The electronic states of any bulk structure are considered as a continuum and are 

described in terms of their band structure. In the band structure each atom participates with its 

atomic orbital. With reduce of size of bulk structure the electronic energy levels are no more 

continuous and become discrete due to confinement of the electron wave function. In 

nanostructures the electronic states are transferred to band like extended states and are described 

in terms of density of states (DOS). These bands are proportional to the number of atoms in an 

ensemble. The average electronic energy level spacing of successive quantum levels are known 

as Kubo gap.  The energy required to cross the Kubo gap for electronic excitation is known as 

thermal energy.13 There has been significant difference between metal and semiconductor 

nanocrystals relative to their band structures and accompanied electronic transitions. In each 

case, the density of states is discrete at the band edges. The Fermi energy level lies in the center 

of the band in metal. Consequently with reduction of size the energy levels can easily exceeds 

the thermal energy at room temperatures.  In contrast in semiconductors, the Fermi level lies in 
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between two bands. As a result the relevant Kubo gaps remain large even at small sizes. 

Therefore at a given temperature, the transition occurs for relatively large size in case of 

semiconductors NPs.14 The band width or the band gap can be tuned by manipulating the size of 

the nanoclusters. This discreteness is of fundamental importance for the properties of 

nanoparticles. 

 

                                            

 

                              

 

 

 

Scheme 1.2 (A) Density of states in one band of a semiconductor as a function of 

dimension. (B) Schematic illustration of the density of states in metal and semiconductor 

clusters.14 

Most of the properties such as intrinsic conductivity, optical transitions or electronic 

transitions, depends on it. Furthermore the qualitative change in the electronic structure arising 

due to quantum confinement also bestows unusual catalytic and magnetic properties on these 
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particles, totally different from the bulk. Some of the properties are illustrated with few examples 

from recent literature.  

1.1.1  Conductivity: 

The collective motion of electrons in a bulk metal obeys Ohm’s law U = RI, where U is 

the applied voltage, R is the resistance of the material, and I is the current.15 As the band becomes 

discrete levels, the above Ohm’s law is no longer valid. An idealized “staircase”, current-voltage 

characteristic for an ideal quantum dot occurs if the Coulomb energy of the quantum dot is 

compensated by an external voltage of U = ± ne/(2C). The step height I corresponds to current 

[e/(RC)], and the width U corresponds to voltage [e/(2C)]. 

 

 

 

Figure 1.3  I-U characteristic of ideal single electron transport, where Coulomb blocked 

is shown as the step function.16 

 

1.1.2   Optical Properties:  

The optical properties of nanomaterials are significantly different from bulk materials. 

The electronic absorption spectra of metal NPs in the visible region are dominated by the 

plasmon bands. This surface plasmon excitations impart characteristic colors to the colloidal 

metal sols.16 On the other hand, the optical absorption peak of a semiconductor NP shifts to a 
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short wavelength, due to an increased band gap. Besides this, semiconductor NPs also exhibit 

interesting luminescence behavior. The luminescence is generally dependent on the size of the 

NP and the surface structures. 

         

                 

(a)                                                                              (b)                                           

 

Figure 1.4 (a) Absorption spectra of colloidal metal NPs with different size (b) 

Luminescent colloidal semiconduntor NPs.17 

 

1.1.3  Magnetic Property: 

The dependence of magnetism on the size of NPs is well-established. For magnetic NPs, 

the maximum magnetization is known as saturation magnetization.18 The typical magnetization 

curve for different magnetic systems shows the characteristic curves associated with saturation 

magnetization (Ms, maximum induced magnetization), remanent magnetization (Mr, induced 

magnetization remaining after an applied field is removed),and coercivity (H,the intencity of an 

external coercive field needed to force the magnetizationto zero). 
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Figure 1.5  Magnetic behavior under an applied field.18 

 

With increase of size against coercivity, a critical size rc appears. This point corresponds 

to the transition from single domain to multi domain regime. The other transition point is r0, 

where superparamagnetic regime transforms to single domain regime. These changes are 

attributed to the variation Ms with size. 

 

 

Figure 1.6  Transition from superparamagnetic to single to multi-domain regimes.18 

 

1.1.4 Chemical Reactivity: 

The surface area of nanocrystals increases markedly with the decrease in size. Thus a 

small metal nanocrystal of 1 nm diameter will have ~ 100% of its atoms on the surface. A small 

nanocrystal with a high surface area would be expected to be more reactive than bulk. 

Furthermore, the qualitative change in the electronic structure arising due to quantum 
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confinement in small nanocrystals will also bestow unusual catalytic properties on these 

particles, totally different from those of the bulk metals. 

 

1.2  Applications of NPs: 

 It is necessary to outline the importance of nanomaterials in our daily life. The unique 

properties of nanomaterials enable them to be applied in a wide range of fields, from medical 

applications to environmental sciences. Nanotechnology has enormous prospects in the applied 

field of nano-electronics. The fabrication of nano-scopic electronic circuit elements serve faster 

micro processors (or better said nano-processors) that make computation at far higher speed.19 

The use of  nanocrystalline materials can greatly enhance resolution of a television or a monitor 

with reduction of pixel size.20 Disks and tapes constructed with engineered nanomaterials can 

store huge amounts of information. The future aspects of inclusion of spintronics or 

spinelectronics (intrinsic spin of the electron and its associated magnetic moment) will 

drastically increase the capability of data storage.21 The standard redox potential for Ag/Ag+ is 

0.799 V. 22 This magnitude decrease with decrease of size. At a very fine state of dispersion, the 

sign of potential may change to –ve. Thus, a metal or its salt in fine dimensions can function 

towards both oxidation and reduction processes based on its degree of fineness. Due to having 

higher capacity and better cycle life than the conventional electrodes, nanomaterials can be used 

cathodes and anodes in lithium-ion batteries.23 Nanomaterials can be used as sensors to detect 

parameters like electrical resistivity, magnetic permeability, chemical activity, thermal 

conductivity, capacitance etc. In electron microscopy it is used as probe tips.24 Not only 

electronics, in biomedical applications also nanoparticles have the leading role in early diagnosis 

and treatment of diseases. Nanofiber scaffolds are employed to regenerate central nervous 

system cells and possible other organs.25 Nanoparticles with biochemical activity can be assessed 

as coatings for surgical masks owing to antimicrobial properties.26,27 One of the most pronounced 

biomedical applications is the development of nanoparticles based drug delivery systems. The 

other medical applications including nucleic acid sequence and protein detection, medical 

imaging, smart nanophase extractors, nasal vaccination and many more are influenced by unique 

properties of nanoparticles.28-33 Nanotechnology can be applied in pollution remediations also. 
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For enhanced chemical activity, nanomaterials are used as catalysts to react with toxic gases in 

catalytic converters. In cosmetic industry, titanium dioxide and zinc oxide are currently used in 

sunscreens to absorb and reflect UV light.34 Nanoparticles are used for very thin coatings.35 

Besides these,  semiconductor nanocrystals (NCs) or quantum dots (QDs) are well known for 

their special physico-chemical and optical properties including size tunable absorption, emission 

and stability against photo bleaching which allows novel applications in bio-analytical 

research.36-38 These properties offer significant advances in the field of biosensing platforms. The 

colloid QDS are the excellent source of fluorescence and very stable in nature, that improves 

sensitivity and extended lifetime in their use as optical labels.39 Iron oxide NCs are very good 

contrast agent for Magnetic Resonance Imaging (MRI) and gold NCs are competent for 

Computed Tomography (CT).40 The size controlled luminescence allow colloidal QDs to be used 

in light emitting devices (LEDs) and modify LEDs to wider color gamut, larger color rendering 

inde.41, 42, 43 Furthermore due to the broad absorption band the thin films of colloidal QDs have 

high absorption cross section. This characteristic makes the QDs suitable for solar cells.43, 44 The 

colloidal QDs perform as photo catalysis also in the solar energy conversion. The thorough 

studies on structural properties of nanomaterials reveal that the comprising elements from the 

periodic groups ІІ–VІ, ІІІ–V, or ІV–VІ, i.e., the transition elements have been most widely used 

as precursors. Detail analysis have been carried out on their morphology and size dependent 

properties such as physical, optical, chemical and so forth. During the last two decades, the 

fabrication of semiconductor nanomaterials has received tremendous attention due to their 

applications in biodiagnosis, bioimaging, photonics, optoelectronics and sensors.16  

1.1.5 Synthesis of nanoparticles 

Owing to possess a huge surface energy, the greatest challenge in fabrication and 

processing of nanomaterials is to overcome the surface energy and to prevent the NPs from 

growth in size by reducing the overall surface energy. Studies of Nanotechnology and 

nanoscience provide opportunities for the developments of new nano-sized materials, including 

those for medical applications. Pharmaceutical NPs are biodegradable. The largest activity in the 

field of nanoscience is to optimize certain specific properties such as size (diameter, volume, 

length) granulometric distribution, surface properties, purity, and surface coverage, ease of 
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manipulation or performance in a mass production approach. Self-assembly of these NPs by 

different techniques either from the bottom-up techniques (assembling particles synthesized in 

solution) or from the top-down techniques (different lithographic methods), is being pursued. 

Thus the major goal of nanotechnology is to manipulate atoms and molecules in a user defined 

and repeatable manner to build objects with certain desired properties. Various preparation 

techniques for nanoparticles (nanomaterials) are summarized in Scheme.1.3  

 

Scheme 1.3  Typical synthetic methods for nanoparticles for the top-down and bottom-up 

approaches. 

1.3.1  Top-down Method: 

The synthesis of nanoparticles can be generally categorized into the bottom-up and top-

down methods. The first is breakdown or (top-down) method by which a large structure is 

gradually scaled down until nanometric dimensions are reached. This method consists of the 

common approaches like etching, precision, engineering lithography and grinding. 
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1.3.2  Bottom-up methods: 

 In the bottom-up approach Nanoparticles are constructed atom by atom or molecule by 

molecule. The bottom-up approach is also divided into solid phase methods and liquid phase 

methods. Depending on synthetic route nanoparticles are divided in “Colloidal” and “Epitaxial” 

QDs. 

                      

                   (a)                                                                                          (b) 

Scheme 1.4  Schematic representation of  (a) epitaxial route (pulsed laser deposition) and 

(b) colloidal route (one microemulsion method) of synthesis of NPs. 

Epitaxial NPs are synthesized in vapor phase methods such as chemical vapor deposition 

method (CVD) and physical vapor deposition method (PVD). The former involves a chemical 

reaction, whereas the later uses cooling of the evaporated material.  These methods require 

relatively high energy input, ultra-high vacuum environments and extremely high purity 

chemical precursors. Moreover, epitaxial technique does not offer size and shape selection and 

provide relatively large lateral dimensions (>10 nm).45 In contrast, liquid phase methods have 

been the major synthetic routes of Nanoparticles from the past decades. This method is further 

subdivided into liquid/liquid methods and sedimentation methods. Several methods such as 

chemical reduction method, spray drying, spray pyrolysis, solvothermal synthesis and the 

supercritical method are engaged in this method.16 The sedimentation method is also carried out 

by some well known processes like sol-gel, co-precipitation, alkaline precipitation, hydrolysis 
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and colloidal methods.16 Among all these methods colloidal method is a solution based approach 

which is relatively inexpensive, facile, scalable and less sensitive to impurities. The size and 

shape may be well controlled in colloidal synthesis. In addition the surface of colloidal NCs can 

be easily functionalized with molecules while epitaxial NCs are not available for their substrate-

bound nature. Keeping all these features in consideration, the colloidal method is designated as 

the leading route of NP synthesis by experimentalists. Regarding this, a brief account of the 

colloidal method is dicussed in the next section. 

1.3.2.1 Colloidal method: 

Through the past decade, chemists have come to appreciate that, the low cost processing 

and simplicity of this preparative route of nanocrystal has been made impressive progress toward 

the tailored synthesis of colloidal nanocrystal. Among all the chemical processes, colloidal 

methods have been established as very versatile and reproducible method. In recent times, 

several processes have been developed in colloidal methods. These processes are distinct in 

nature by different dispersion media such as microemulsions, micelles. These methods are 

superior to many others as because of their ability to deliver homogeneous and monodispersed 

NPs of variety of metals,46,47 oxides,48 and chalchogens.49 The reaction takes place in aqueous 

cores of the reverse micelles or microemulsions which are dispersed in an organic solvent and 

are stabilized by capping agents. The dimensions of these aqueous cores are in the nanoregimes 

and are being referred to as nanoreactors. 50 The fundamental mechanism of formation of NPs 

takes place in the nanoreactors through several steps. The consequential steps are displayed in 

the following Figure 1.7. The first step is the fast reaction of the precursor ions. This reaction 

would lead to presence of high amount of single atoms in solution. In the second step these 

atoms tend to bind each other and form small clusters. In the third or final step the clusters 

undergo aggregation and coalescence process until the particles becomes sufficiently stable.51 
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Figure 1.7  Mechanistic steps of nanoparticle formation.51 

 The final step where aggregation and coalescence or dissolution occurs simultaneously is 

known as Ostwald Repening.51 This Ostwald Repening has significant influence on the NP 

stabilization in the dispersing medium. The continuous growth after nucleation and subsequent 

precipitation of NPs from the dispersion medium can be prevented by using surface stabilizing 

agents. The surface stabilizing agents used are of various types for different mediums. In case of 

NP synthesis based on polymer matrix PVA (poly(vinyl alcohol)), PVP (poly (vinylpyrrolidone)) 

etc.16 Organic ligands are effective to suppress the NP aggregation via phosphine or thiol 

functionalities.52 For colloidal medium, the surfactants and cosurfactants are used to inhibit 

Ostwad Repening. Surfactants are surface-active and microstructure-forming molecules with 

strong chemical dipoles. They can be ionic (cationic or anionic), nonionic and zwitterionic. The 

most common cationic surfactants are cetyltrimethylammonium bromide (CTAB), di-n-

didodecyldimethylammoniumbromide (DDAB) etc., while bis(2-ethylhexyl)sulfosuccinate 

(AOT), sodium dodecyl benzene sulfonate (SDBS), lauryl sodium sulfate (SDS) are the well 

known anionic surfactants.36 The nonionic surfactants are Triton X-100, sorbitan monooleate, 

Span 80, nonylphenyl ether (NP-5) or polyoxyethylene (9) nonylphenyl ether (NP-9).50 Again 

co-surfactants are generally used in conjugation with surfactants for the sake of increase of 

stability of microemulsions and thus facilitate the formation. The medium chain alcohols are the 

well known co-surfactants.53  
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Figure 1.8  Surfactants (long chain) and cosurfactants (short chain alkanols) are essential 

for stable microemulsion 

 Surfactants are significantly important in the context of colloidal route of NP synthesis.   

They can form various shaped micelles, reverse micelles, microemulsion, reverse 

microemulsions etc.46 Normal micelles are oil droplets in water. The size of the droplets is 

controlled by the length of surfactant alkyl chain. The hydrophobic hydrocarbon chains of the 

surfactants are oriented toward the core of the micelles while the hydrophilic groups are directed 

to the surface of the micelles. Above CMC the surfactant molecules aggregate and form micelles. 

Normal micelles can solubilize more oil in the hydrocarbon core. It is possible to tailor the size 

of the droplets in the range 1- 100 nm approximately by varying the concentration of the 

dispersed phase and the surfactant (ω).47 On the other hand, reverse micelles are water in oil 

microemulsions in which polar head groups of surfactant molecules are attracted by aqueous 

core. It consists of nanometer sized monodispersed water droplets. (Figure 1.9) The reverse 

micelle formed at a particular ratio of aqueous phase to the surfactant (ω) leads to uniform sized 

nanoreactors with an aqueous core of 5-10 nm (Luisi et al., 1986).48 The use of reverse micelles 

is valid for both water and oil - soluble substrates to convert into products.   
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Figure 1.9  Schematic representations of micelle and reverse micelles 

In contrast, microemulsions or μ-emulsions are isotropic mixtures of oil, water and 

surfactants with greater thermodynamic stability than ordinary emulsions. Microemulsions do 

not require high energy inputs or sear conditions for their formation. The droplet sizes of 

microemulsions in the dispersed phase are generally in the magnitude of ~ 10 nm.47  The normal 

microemulsions are oil-in-water microemulsions, In this system the oil droplets are surrounded 

by surfactant (or possibly co-surfactant) film. Conversely the reverse microemulsions are water-

in-oil system, where water droplets are captured by surfactant layers. The schematic 

representations are displayed in the following Figure 1.10.  

 

 

Figure 1.10  Schematic representation of reverse and normal microemulsions 

Synthesis of NPs in different colloidal mediums is of considerable importance. At the 

core of the colloidal systems various reactions such as reduction, precipitation, hydrolysis, 

polymerization etc can take place during the very first stage of mechanism.16 Based on these 

reactions versatile methods have been proposed under colloidal condition. Among such methods 

reduction method is one of the most common methods to prepare metal NPs.57 The precipitation 

method is usually used to prepare NPs of metal salts like halides,58 sulphates,59 carbonates.60 
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Monodisperse Nanoparticles can be synthesized by careful control of the kinetics of the 

precipitation. The pH and the concentration of the reactants and ions are the major factors that 

influence the precipitation process.16 Based on the solubility of almost all inorganic substances in 

water at elevated temperatures and pressure the hydrothermal method is used to synthesis 

zeolite/molecular sieve crystals.16 The method also depends on the subsequent crystallization of 

the dissolved material from the fluid. The NPs of metal oxides are usually produced by 

hydrolysis method. The organic NPs are prepared through polymerization method. The 

advantage of this method is fast polymerization rates and high molar mass of polymers. On the 

other hand, the high weight ratio of surfactant to polymer is the key drawback. The schematic 

representations of some of the methods are displayed in the following.  

 

 

Figure 1.11  Various methods to synthesis different NPs 

 

Although various synthetic methods have been summarized in the above discussion, there 

are some features to consider that are common to all the methods. For synthesis of nanoparticles 

the following conditions to fulfill: 
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 Control of particle size, size distribution, shape, crystal structure and composition 

distribution  

 Improvement of the purity of nanoparticles (lower impurities) 

 Control of aggregation 

 Stabilization of physical properties, structures and reactants 

 Higher reproducibility 

 Higher mass production, scale-up and lower costs    

 It is widely accepted that the route of microemulsion or Micellar medium have a pivotal 

role in generalizing the fabrication of nanoparticles in a precisely controlled manner. The above 

conditions are found to be best fitted in these routes. These routes are discussed in the following 

section. 

1.3.2.2 Synthetic routes: 

 A wide range of NPs can be prepared using micellar route. Reverse micelle is an 

established platform for synthesis of metal NPs like platinum, palladium, rhodium, iridium 

through reduction of their salt solutions by appropriate reducing agents.61 Colloidal NPs of Ag 

and Au are also reported to be synthesized in water/cyclohexane/PEGDE or PEGDE/water/n-

hexane reverse micelles, when AgNO3 and HAuCl4 is reduced by NaBH4.
62 Other metal NPs 

such as Cu, Ni, Fe and further for metal alloys like Fe-Ni, Cu-Au, Co-Ni etc reverse micelle is an 

effective synthetic tool.63 Besides metal NPs colloidal semiconductor NPs like CdS, PbS, CuS, 

Cu2S, CdSe etc. may be synthesized in reverse micelles using AOT, Triton surfactants. 64 By the 

hydrolysis of metal alkoxide, metal oxide NPs such as ZrO2, TiO2, SiO2, GeO2, Fe2O3 etc.65, 66 

Reverse micelle is also an important medium for synthesizing the composite NPs. The composite 

NPs such as CdS-ZnS, CdS-Ag2S, CdSe-ZnS, CdSe-ZnSe have been successfully synthesize.69 

Magnetic NPs i.e. Fe3O4, γ-Fe2O3,
45, 67 different ferrite materials like (Mn, Zn) Fe2O4, (Ni, Zn) 

Fe2O4, ZnFeO4, and BaFe12O19
 68 can be synthesized using normal micelle. On the other hand, 

synthesis of NPs in microemulsion is of considerable importance too due to its lower energy 
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requirements, potential as drug delivery in pharmaceutical applications and in the petrochemical 

industries. In general there are two methods for nanoparticle synthesis using microemulsion 

techniques (Osseo-Asare and Arriagada, 1990).69 The first method is the one microemulsion 

method, that includes “energy triggering” and the “one microemulsion plus reactant” method. 

The next method is the two micro emulsion methods. In microemulsion templates various 

methods can be carried like micelles. In addition to the synthesized NPs in reverse micelles, an 

extended range of NPs can be achieved from microemulsions. Metal salts like metal halides 

(AgCl, AgBr), metal sulphates and metal carbonates (BaCO3, CaCO3, SrCO3) are reported to be 

obtained using W/O microemulsions.70,71 Besides inorganic nanomaterials organic NPs such as 

Cholesterol, Retinol, Rhodiarome, Rhovanil 72 can be prepared by polymerization using oil in 

water microemulsion. This leads to hydrophobic NPs (10 – 40 nm) dispersed in water.73 Finally, 

it will be incomplete if it is not acknowledged about the synthesis of NPs of pharmaceutical 

interest. Solid NPs of nimesulide, amoxicillin have been reported to be obtained from using 

water in oil microemulsion templates.74 A scale up of the synthetic route in microemulsion is 

presented in the following description.  

1.3.2.3 Mechanistic steps: 

 Reverse micelles as well as microemulsions are dynamic in nature. These methods rely 

on fusion-fission events between the nanodroplets. Due to Brownian motion, micelles frequently 

collide and coalesce to form dimmers, which may exchange contents, then break apart again. 55 

Any inorganic precursors encapsulated inside the micelles will become mixed. As the chemical 

reaction has taken place at the nanodroplets, critical number of molecules is produced (Ncrit). 

This results the nuclei formation and furthermore leads to the formation of nanoparticles. In 

some cases, where reaction rates are very rapid, the overall reaction rate is governed by the 

intermicellar exchange rate. Thus the inter micellar exchange rate plays a significant role in the 

nanoparticle formation.  Although the formation process involves diffusion, collision, exchange, 

reaction nucleation, and growth of nuclei, yet again the time scale analysis of these processes 

leads to different models.  The following figure (Figure 1.12) shows, as the reaction proceeds, 

the growth initially take place at the interface and then the core of the micelle developes. The 

reverse micelles form the encounter pair (EP) which changes to fused diameter (FD) after 
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collision. The surface tension of the FD becomes very high due to large surface area and it is 

unable to sustain its geometry. The FD breaks down into two stable smaller droplets containing 

the precipitated material. 

 

Figure 1.12 Schematic representation of steps of formation of NPs in reverse micelle 

templates 

 According to Nagy (1989), 75 all the reactions and nucleations are completed initially and 

the remaining non nucleated micelles contribute to the growth of the already formed nuclei in the 

case of the single-micro emulsion method. Natarajan et al. (1996)76 extended this model by 

considering fusion-fission mechanisms for the intermicellar exchange process. This leads to 

nuclei formation in micelles having atoms greater than the critical nucleation number and also 

subsequent growth of the nucleus. Bandyopadhyaya et al. (1997)77 explored a model to describe 

the formation of CaCO3 nanoparticles considering finite rates for the nucleation and diffusion of 

gas into a micelle.   
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Figure 1.13  Growth of AgBr NPs in CTAB colloidal dispersion. 78 

 

The product obtained after the reaction is homogeneous. The main advantage of using 

this methodology is that the morphology of the product can also be controlled as the surfactant 

aggregates form a variety of structures which are used as templates. The size of the core can also 

be controlled by changing ω ([water/surfactant]). 

1.4      Characterizations of nanoparticles: 

Several methods have been applied detecting, measuring and characterizing 

nanoparticles. The experimental characterization techniques are UV-Visible absroption 

/emission, FTIR, XRD, Raman, TEM/SEM, EDXA, DLS, AFM, calorimetry.  

1.4.1  Optical absorption: 

This is a very effective method based on the well-known phenomenon of light absorption 

by a sample. It can be used to probe the size of the nanoparticles through their optical absorption 

spectra.79 Using optical absorption spectroscopy band gap energy of nano materials can be 

estimated by several proposed methods. The information obtained on the band gap energy is 

extremely useful to evaluate the dispersion and local structure of the Nanoparticles.80 
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Figure 1.14  Absorption spectra of surfactant stabilized silver chloride NPs.81 

1.4.2    Emission spectra: 

 Emission spectroscopy is a spectroscopic technique that examines the wavelength of 

photons emitted by atoms or molecules due to their transition from an excited state to lower 

energy state. The characteristic set of discrete wavelengths corresponds to the electronic 

structure of each element. Analyzing the wavelengths the elemental composition of a sample can 

be determined. 

 

 

Figure 1.15  (A) Absorption and (B) emission spectra of 7-HC in presence of Ludox®.82 

1.4.3  Fourier transform infrared spectroscopy (FTIR): 

In nanotechnology the FTIR spectroscopy can effectively be used to measure the particle 

formation.83 Owing to high surface to volume ratio nanoparticles exhibit distinguished features 

compared to bulk form in the IR spectrum.84 The number of atoms that constitute the surface can 

influence the vibrational spectra of Nanoparticles.85 FTIR spectroscopy is widely applied to 
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identify the elements and the phase of the elements. For example, when water is in liquid phase, 

the fundamental vibrational modes are at 3219 (ν1), 1645 (ν2) and 3405(ν3) cm-1 whereas in 

vapor phase the infrared modes appear at 3652 (ν1), 1595 (ν2) and 7765 (ν3) cm-1.86 It is found 

that width and intensity of peaks in an IR spectrum have explicit dependence on the particle size. 

As particle size increases, the width of the peak decreases and intensity increases.  

 

 

Figure 1.16   FTIR spectra of Fe3O2 NPs.87 

1.4.4  X-Ray Diffraction (XRD): 

XRD can be used to explore the structure of single crystal as well as polycrystalline 

materials. X-rays are electromagnetic radiation with a very shorter wavelength (few Angstrom). 

When an incident X-ray beam encounters a crystal lattice, general scattering occurs. Diffraction 

occurs when scattering in a certain direction is in phase with scattered rays from other atomic 

planes. The diffraction follows Bragg’s law or equation. X-ray diffraction data generally provide 

information about crystallinity, orientation of the crystallites and phase composition in semi 

crystalline polymers (Figure 1.17). According to the Debye-Shcerrer formula crystallite size the 

Dhkl for a sample can be determined.88 

                                                            




Cos
Dhkl

9.0
                                                              (1.1) 
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Where β is the full width at half maxima (FWHM) of XRD lines, λ is the wavelength and θ is the 

half diffraction angle of 2θ. The use of XRD is often compared to the microscopy techniques. 

With the aid of molecular modeling X-ray diffraction instrumentation can be used to determine 

the structure of crystalline polymer. 

 

Figure 1.17  XRD patterns of Co and Fe3O4 nanoparticles.89 

1.4.5.  Raman spectra: 

Raman spectroscopy is useful for providing the information about the chemical bonds in 

molecules and regarding symmetry. From the fingerprint analysis a molecule can be identified. 

The incident laser light interacts with the molecular vibrations, phonons or other excitations in 

the systems. Hence the energy of the laser photons are shifted up and down. This shift in energy 

gives the information about the vibrational modes of the system. 

 

 

Figure 1.18  Raman spectra of surfactant stabilized AgCl NPs in aqueous media.81 
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1.4.6  Microscopic analysis: 

Optical microscopes are generally used for observing micron level materials with 

reasonable resolution. Nanoparticles are generally characterized by their size, morphology and 

surface charge, using such advanced microscopic techniques as scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM). Electron 

microscopy techniques are very useful in ascertaining the overall shape of polymeric 

nanoparticles. Basic principles and applications of all these imaging techniques used in 

nanotechnology research are described below. 

1.4.6.1 Scanning Electron Microscopy (SEM): 

By scanning the sample surface with a high energy beam of electrons Scanning electron 

microscopy (SEM) provides morphological examination with direct visualization (Figure 1.19). 

The scanning electron microscope creates the magnified images by using electrons instead of 

light waves in conventional method. The SEM can produce high resolution image up to 1-5 nm 

size in its primary detection mode. The surface characteristics of the sample are obtained from 

the secondary electrons emitted from the sample surface.  

 

 

Figure 1.19 SEM image of monodispersed superparamagnetic single-crystal magnetite 

NPs with mesoporous structure.90        
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1.4.6.2 Transmission electron microscope:   

 TEM is a microscopy technique that operates on different principle than SEM, yet it 

often brings same type of data. The beam of electrons is transmitted through an ultra thin 

specimen and interacts as passes through the sample. The nanoparticle dispersion is deposited 

onto support grids or films. An image is formed from the electrons transmitted through the 

specimen, magnified and focused by an objective lens and appears on an imaging screen (Figure 

1.20). The TEM is used widely both in 

 

Figure 1.20  Tranmission electron microscopy image of Fe3O4 NPs.91 

High resolution transmission electron microscopy allows the imaging of the 

crystallographic structure of a sample at an atomic scale. For image formation by HRTEM, 

absorption by the sample occurs and the contrast arises due to interference in the image plane of 

the electron wave with itself. This is an essential technique to explore nanoscale properties of 

crystalline material due to high resolution. At the small scale, individual atom and crystalline 

defects can be imaged. A typical HRTEM image of nanomaterials is shown in the following 

Figure 1.21.  

 

Figure 1.21  HRTEM image showing fringes in the core and shell of a particle.92 
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1.4.6.3 Atomic force microscopy: 

Atomic force microscopy (AFM) offers ultra-high resolution in particle size 

measurement. It is ideal for quantitatively measuring the nanometerscale surface roughness and 

for visualizing the surface nano texture. The prime advantage of AFM is its ability to explore the 

nanostructures, properties of surfaces. AFM provides the most accurate description of size and 

size distribution and requires no mathematical treatment. The use of this new tool is of 

importance in fundamental and practical research and development for a variety of applications. 

 

 

Figure 1.22  AFM image of the transferred films of Au nanoparticles-PMMA hybrids.93 

1.4.7.  Energy Dispersive X-ray Analysis (EDX):  

The estimation of surface elements with their proportion at different position including 

overall mapping of the sample can be achieved by Energy Dispersive X-ray Analysis. This 

technique is done in conjunction with SEM. An electron beam with energy range of 10 – 20 keV 

(Figure 1.23) strikes the surface of a conducting sample. This causes X-rays to be emitted from 

the material and provide the image of each element at the surface of the sample 87  
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Figure 1.23  EDX spectrum Nanoparticle grafted on Dendritic α-Fe2O3.
94 

1.4.8.   Particle size analysis 

1.4.8.1 Dynamic light scattering measurement 

 There are different techniques for measurement of particle size and its distribution 

(PSD). Currently the most popular method of determining particle size is photon-correlation 

spectroscopy (PCS) or Dynamic Light Scattering (DLS). It is widely used to determine the size 

of Brownian nanoparticles in colloidal suspensions. Shining monochromatic light (laser) on to a 

solution of spherical particles causes a Doppler shift. The change in the wavelength of the 

incoming light is related to the size of the particle. Analysis of these intensity fluctuations yields 

the velocity of the Brownian motion and hence the particle size (radius rk) using the Stokes-

Einstein relationship,95 as shown below: 

                                                    
D

kT
rk 6

                                                                              (1.2) 

Where, k is the Boltzmann’s constant; T, the temperature in K; η, the solvent viscosity; and D, 

the diffusion coefficient.  
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Figure 1.24  The size  distribution of recoil-implanted Au NPs.96 

1.4.8.2 Surface charge: 

The nature and intensity of the surface charge of nanoparticles is very essential to 

determine their interaction with the biological environment as well as their electrostatic 

interaction with bio active compounds. The colloidal stability is measured through zeta potential 

of nanoparticles.  

 

Figure 1.25  Schematic representation of electric double layer formation arround NPs 

It corresponds to potential difference between the outer Helmholtz plane and the surface 

of shear. High zeta potential values, either positive or negative, ensure the stability and 

prevention of aggregation of the particles. The extent of surface hydrophobicity can then be 

predicted from the values of zeta potential. The zeta potential can also provide information 

regarding the nature of material encapsulated within the nanocapsules or coated onto the surface.  
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Table 1.1 Hydrodynamic diameter and zeta potential data for thermally treated colloidal silica 

NPs.82 

 

 

         

 

 

 

 

 

 

 

1.4.8.3 Hydrophobicity: 

 Surface hydrophobicity is measured by several techniques such as hydrophobic 

interaction chromatography, biphasic partitioning, adsorption of probes, contact angle 

measurements etc. X-ray photon correlation spectroscopy allows the identification of specific 

chemical groups on the surface of the Nanoparticles.  

1.5  Basis of Theoretical investigation of optoelectronic properties: 

Although characterizing NPs experimentally using various aforementioned techniques is 

of utmost importance for understanding their properties, yet this approach has some limitations. 

The underlying mechanisms responsible for the experimental observations cannot be quantified 

through these methods. Hence it is desirable to find a strategy to compensate the limitations and 

explore the science in a more definitive fashion. Combining the experimental observations with 

the theoretical analysis has come out to be the major goal of the present work, spanning a bridge 

Wt % of colloidal silica dh / nm Z.P. / mV 

 Silica Silica-7HC Silica Silica-7HC 

0.004 25 25 -35 -23 

0.008 27 27 -35 -29 

0.012 25 27 -34 -33 

0.016 - 26 - -35 

0.02 - 28 - -35 
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between the gap of experimental and theoretical outcomes. By virtue of evolution of 

computational modeling and simulations theoretical chemistry has become a powerful tool for 

understanding and manipulating nanoscale chemical and physical processes for desired 

applications.  

 Recently this computational chemistry has been envisaged to predict the structural 

informations as well as the nature of several properties like mechanical, chemical, electrical, 

magnetism, toxicity, optical properties of NPs. The simulations carried out in the theoretical 

studies are based on various techniques, such as quantum mechanical (QM) calculations, force 

field based methods, classic and ab initio quantum dynamics (QD), classical electrodynamics 

etc. The mechanical property of NPs has been well quantified by applying the theoretical 

paradigms. The QD approaches have been found to be efficient for modeling the mechanical 

properties of NPs. Cornwell et al used molecular dynamics to predict the elastic properties of 

single walled carbon nanotubes.97 This method is also expanded to several systems like nanotube 

reinforced compounds,98-100 graphite/epoxy nanocomposites,101-103 etc. This nanomechanics-

based computer modeling and simulation of mechanical properties of nanocomposites is crucial 

to predict property relationship in material design and optimization. The enhanced catalytic 

properties of NPs can be predicted by theoretical paradigms like quantum mechanical (QM) 

methods and kinetic models.104,105 Regarding this context the transition metal NPs are considered 

mainly for superior catalytic properties. Parallel with the MD simulation, the Density functional 

theory (DFT) calculations are performed to monitor the change of electronic structures during 

chemical reactions. The structure of single wall Platinum nanotube (SWPtN) has been optimized 

for providing catalytic activity by coupling MD simulation and DFT calculation.106 The catalytic 

activity of Pt and Ir in the process of methane dehydrogenation has been compared by DFT 

study.107 This study revealed a easier or barrierless pathway for Ir. As a whole this catalytic 

property analysis has been found to be supportive for efficient catalyst selection in the design of 

hydrogen fuel cells theoretically. Computational models for toxicity prediction are important to 

support risk assessment. The model, such as Quantitative structure-activity relationships 

(QSARs) had been used by Puzyn et al (2011) to describe the cytotoxicity of metal oxide NPs 

like ZnO, CuO, V2O3, Bi2O3, Fe2O3, Cr2O3 etc.108 Surface reactivity is another measure of 

toxicity of NPs. The characterization of surface reactivity of gold NPs and nanotoxicological 
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implications of oxygen adsorption at silver surfaces 109 by DFT study provide a rational way to 

optimize NPs with less toxicity.             

The photophysical property of colloidal QDs is the center of attraction among the other 

properties for multifarious applications in the field of optics and biosensing as depicted in the 

earlier section. The optical properties are generally characterized by different experimental 

techniques (like absorption spectroscopy, fluorescence spectroscopy) with evaluation of various 

parameters (such as band gap, half life time etc). However these techniques are not enough to 

predetermine their optical nature for the best suited application. The optical properties of NPs are 

influenced by various geometric parameters of NPs. Hence it is very demanding to find out the 

appropriate analytical techniques that decides how to tune these parameters to gain optimum 

efficiency for desired opportunity. In this dearth, the theoretical studies of electronic structures of 

NPs have been found to be the exclusive way to predict the optoelectronic nature before their 

fabrication. Once the optoelectronic nature is identified, the extent of manipulation of geometric 

parameters becomes settled for certain application. Therefore theoretical investigations are the 

way out of the experimental techniques (i.e. synthesis and characterizations) to make the goals 

simpler and more precise.  

1.5.1 Optoelectronic property and Surface Plasmon Resonance:                                                                                                                             

The research community has coined the new term ‘plasmonics’ to designate the 

interactions of light with nano-structured materials. The optical property of NPs is dominated by 

a unique effect known as plasmonic effect. This effect has a significant contribution to 

optoelectronic property of NPs due to its tunable features for desired applications. The plasmonic 

effect includes two main issues. First is the Surface Plasmon Polariton (SPP) that is the charge 

density wave propagation on the interface of the metal and dielectric. Second is the Localized 

Surface Plasmon Resonance (LSPR) that is the collective oscillation of electrons of NPs coupled 

to electromagnetic field. When an electromagnetic field with sufficient frequency, propagates in 

a bulk material medium, an oscillatory motion of charged particles is coupled to the 

electromagnetic field oscillations. These coupled mechanical-electromagnetic waves are known 

as Polaritons. When the wavelength of the electromagnetic field is coupled to the collective 

motion of the valence electrons of a metal then the resonating electrons form surface plasmon 
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polaritons (SPPs). The generation of plasmon resonance is accompanied by restoring forces 

exerted by the positive nuclei. When SPPs are confined to NP geometry, the plasmon resonances 

are defined as localized surface plasmon resonances (LSPRs). In case of semiconductors the 

charge carriers are electrons or holes. Photoexcitation of semiconductor NPs deals with the 

transfer of electrons from valence to conduction band creating electron-hole pair. The short lived 

electron-hole pairs are known as excitons.110 Excitation and recombination of the excitons are the 

fundamental factors for LSPR to occur in semiconductor NPs. The LSPR frequencies are highly 

dependent on density of free charge carriers, the effective mass of charge carriers and the 

geometric factors. Metal NPs hold very high density of free electrons inherently while the 

density is low for semiconductor and metal oxide NPs. Hence the LSPR of semiconductor NPs 

appears in the lower energy or longer wavelength.14 Besides this, the resonant conditions also 

depend on the geometric parameters of NPs, i.e. size and shape, and on the polarization of the 

field with respect to the NP. Each plasmon forms different surface charge distribution (n) on the 

NP. According to the number of opposite surface charges induced, 2nth multipole and different 

plasmon modes like dipole, quadrupole, octupole are formed by varying the resonant conditions. 

Scheme 1.5 shows schematically the influence of time varying electric field to produce different 

surface charge and electric field distributions on a NP with the shape of a sphere and a triangular 

prism. 

 

 

Scheme 1.5  Schematic representation of the LSPR of NPs with the shape of a sphere (A) 

and a triangular prism (B).111 
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1.5.2 Characteristics of LSPR: 

For NPs of noble metals and semiconductors, the resonant frequencies lie in the middle 

of optical spectrum and therefore LSPR interact strongly with light. The following characteristics 

of LSPRs are essential to their applications: 

1.5.2.1 Spectral response: 

Each LSPR mode corresponds to a certain eigenfrquency i.e. each mode will interact with 

a certain color of light. The factors such as the material, size, shape and the dielectric feature of 

the immediate surroundings of the NP plays a vital role to tune the spectral position of a plasmon 

mode.  

1.5.2.2 Enhanced absorption:  

Resonant NPs show strong absorption of light with specific range of wavelength. Thus 

they are very efficient light absorbers. At the LSPR frequency, the absorption cross-section 

becomes several times greater than the actual physical cross-section of the NPs. 

1.5.2.3 Heat generation:   

The energies absorbed by metallic NPs turn into heat due to their inability to decay the 

absorbed energy in the form of emission. In combination with the enhanced resonant absorption, 

it is possible to heat different NPs selectively by tuning the color of light to their main LSPR 

modes.  

1.5.2.4 Enhanced Scattering: 

The scattering cross-section of a metallic NP is also enhanced at the LSPR frequency. 

Depending on the size of NP, either scattering or absorption may dominate. For small NP sizes 

(roughly below 15 nm) absorption dominates while scattering occurs for larger NPs.  

1.5.2.5 Specific electric field distribution around the NP: 

Each plasmon mode is associated with a specific electric field around the NP with two 

significant characteristics. First is the exponential decay of the intensity of the electric field from 
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the NP surface to the surrounding medium. Second is the presence of some regions (usually 

called hotspots) where the field intensity is several time stronger than the incident field. 

1.5.2.6 Directionality: 

Plasmon modes interact to light with specific angular patterns. Depending on the typical 

angular pattern of a dipole light, it will be absorbed or scattered with varying efficiencies. Other 

LSPR modes may show more complex angular patterns. This directional property defines the 

suitability of metallic NPs for various applications.  

1.5.3 Applications of plasmonics 

 Since 1990s, the research on plasmonics has turned to be more application oriented.  The 

concept of plasmonic waveguide of metal nanowire or nanoslit was introduced and implemented 

to explore the transmission in sub-wavelength dimensions112-115 with the basic of SPP. The 

performance of plasmonic waveguides is still limited by over optical losses. The dimensions of 

the waveguides are of several hundreds of nanometers which are usually smaller than the 

wavelength of the light to guide. Therefore they are not categorized as nanoparticles in a strict 

sense. The situation is also applied for SPP-based photodetectors.116-118 On the other hand the 

LSPR of, metal nanoparticles (especially the colloidal ones) smaller than 100 nanometers shows 

outstanding performance in an expansive space for applications. The radiative decay engineering 

is one of the significant applications where nanoparticles of noble metals (e.g. gold and silver) 

are introduced in the vicinity of fluorophores to modify the fluorescence properties of the 

latter.119-121 The manipulation is based on several interactions between the nanoparticles and the 

fluorophores such as excitation enhancement, radiative decay rate alteration, energy transfer, etc, 

leading to fluorescence peak shift, fluorescence intensity enhancement and quenching, light 

emission redirection and other effects. This technique is widely manifested in bio- labeling, 

imaging and detection.122-124 

Another prevailing application shown by metal nanoparticles (mostly gold nanoparticles) 

using LSPR is the plasmonic photo thermal therapy.125-128 Metal nanoparticles absorb 

electromagnetic radiation of high energy using LSPR and release the energy in the form of heat 

dissipation, resulting local temperature increase. The enhanced temperature can be precisely 
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tuned to kill cancer cells without effecting health tissues in their certain safe range. The LSPR 

band is tuned in such a way so that it is within the near infrared window in biological tissues 

(650 nm to 900nm). This is the key condition for the technique to become promising for in vivo 

therapy. The gold nanorods are more efficient than the spherical gold nanoparticles due to their 

ability for tunable peak absorption from 550 nm up to 1 µm depending on the aspect ratio of the 

rods. Other potential applications with metal nanoparticles include nonlinear optics (nano-

antennas and second harmonic generation),129-130 near-field scanning optical microscopy (to 

overcome the diffraction limit of light),131 thermal emitters,132 thermal control in catalysis 

(another application of the photothermal effect),133 photovoltaics,134 metamaterials,135 etc. 

Certainly the demand for devices with compact dimension and superior performance for 

industrial and military application is also the main driving force for the intensive research on this 

topic.  

Apart from metal NPs, the semiconductor NPs or the quantum dots (QDs), have also 

attracted extensive attention from the scientific (especially the photonics) community and 

experienced rapid development in the recent years. The quantum confinement of electrons occurs 

when the size decreases down to nanometer scale, thus alignment of the energy levels can be 

tuned by altering the size and shape of the QDs like metal NPs. These features allow for 

abundant freedom in tailoring the optical properties, e.g. absorption and fluorescence, of 

quantum dots. Therefore quantum dots are widely utilized in optical applications such as 

photodetectors, 136 photovoltaics,137 bio-labeling and imaging138 and light emitting devices.139 

1.6       Aims and scopes of the present study: 

The fabrication of NPs of desired application is one of the challenging deeds in active 

nano-research. Though plethora of synthetic routes of NP fabrication has been found in 

literature, yet the colloidal routes are thought to be beneficial for experimentalists due to the 

user-friendly and candid approach of the methods.  Moreover the methods are not only popular 

for their prudent skill of tuning NPs to preferred size and shape but also functionalizing the 

surface of NP to make it biocompatible.  The quality and the structure of nanoparticles play a 

pivotal role in determining their functions. Therefore comprehensive characterizations are 

essential to determine the potentiality of NPs. On this account advanced instrumentations and 
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techniques are required for characterization. In parallel with the experimental techniques 

theoretical methods have their unique perspectives for precise understanding of the properties 

that is required for development of new preparation methods for a wide variety of NPs of 

specific applications. Regarding this, study of electronic structures of NPs to predict their 

behavior toward various properties is in need. The present study bestows the synergy among the 

previous aspects that is extended to the field of plasmonics and enlightens the simpler way to 

achieve the executions. The specific aims and scopes of the present work are highlighted below: 

Need to do the theoretical investigation. 

1.            Development of novel properties in reduced dimension render 

nanoparticles excellent candidates for use in the domain of information 

technology, medical therapies, environmental science etc. Synthesis of ZnCrO4 

NP in microemulsion medium is an effective method to tune its size and shape in 

various orders. Different parameters such as concentration of surfactants, 

concentrations of precursors, sonication, temperature etc have pronounced effect 

in manipulating the size and shapes. Thus it has been found significant study to 

dig out the excellent route for fabrication of NP with imperative band gap values. 

2.  Ferromagnetic cobalt and iron oxide NPs offer unique opportunities for 

cell tracking in vivo. Both types of NPs have their individual effectiveness in NP 

based imaging studies. These NPs have been found to be effectively used as 

contrast agents in magnetic resonance imaging (MRI). Cobalt NPs show much 

higher saturation magnetization than the iron oxide NPs; while the later are 

promising agent for their low toxicity and biocompatibility. Therefore it would be 

significant if the both NPs can be combined in an ensemble to augment the 

effectiveness that support better imaging. In this regard, synthetic routes in 

micellar medium have been found essential for such manipulation. This 

manipulation not only leads to unique magnetic properties but also optical 

properties with significant applications. 

3.  The unique characteristics of nanoparticles compared to the bulk, are 

basically the outcome of surface effect and quantum confinement effect. These 
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factors have been encouraging for investigation of the variation of surface 

plasmon resonance (SPR), which is the focal feature of optoelectronic properties, 

with the shape and size of NPs. This study is performed on Cu2O nanoclusters 

using classical electrodynamics and time-dependent density functional theory 

(TDDFT). The results of classical electrodynamics has revealed exalted scattering 

in the larger dimension while increased absorption in the smaller.  A blue shift of 

the SPR peak with decreasing cluster size validates the quantum confinement 

effect in the nanoclusters. While, the highest blue shift of SPR peak for Cu2O 

nanocylinder due to its maximum surface/volume (S/V) demonstrates the 

influence of surface effect. The TDDFT study on (Cu2O)n clusters for n =1, 2, and 

3 describes the origin of absorption peaks to be ligand to metal charge transfer 

(LMCT) and metal to metal charge transfer (MMCT) processes.  

4.  The information about the correlation between the size and symmetry of 

NPs with their optoelectronic properties is further applied on retinal-gold 

nanoconjugate, which is conclusively proved to be excellent vision-enhancer. The 

absorption wavelength of retinal is found to shift from visible to infrared region 

when attached to gold nanoclusters of Oh, D2h and C4v symmetries. The 

constructive interference of the transition dipole moments (TDMs) in retinal-gold 

nanoconjugates makes the rod shaped gold nanocluster most efficient vision 

enhancer among these three shapes. The conjugation of isolated retinal with gold 

probes makes the process of 11-cis to all-trans isomerization thermodynamically 

more favourable, as evidenced through thermochemical and vibrational frequency 

analysis. Thus this total investigation bestows upon an effective algorithm to 

optimize the particle topography for targeted application. 
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Chapter 2 

Theoretical aspects of optoelectronic properties of NPs. 

 

Abstract 

This chapter represents a concise report of the basic theoretical background regarding the 

development of the concept of Surface Plasmon (SP) and quantification of the Surface Plasmon 

Polaritons (SPPs). In the next section different phenomena associated with optical properties of 

NPs such as Plasmon modes on metal-dielectric interface, excitation of surface Plasmon, light 

absorption and scattering have been described briefly. The classical and quantum mechanical 

approaches have been stated and compared to explore the significance of these approaches suited 

for NPs with different sizes. Several elecrodynamic methods under classical approach have been 

provided here. Besides these the numerical methods have been mentioned. Among the numerical 

methods the Discrete Dipole Approximation has been focused specially for its utility in the 

execution of computational modelling. In case of Quantum mechanical approach, the TDDFT 

method with its significance in the assessment of optical property of NPs has been stated clearly. 

The linear response formalism has been presented elaborately due to its inclusion in TDDFT for 

development of computational modelling. 
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2.1      Theoretical developments of surface plasmons: 

The study of plasmons on nanostructures has developed a research field of its own called 

“plasmonics”. There has been a great interest in interpreting the interactions between light and 

nanoparticles since Michael Faraday’s exploration of the optical property of colloidal gold in the 

mid 1800s.1 Around fifty years later, the pertinent scientific investigations had been carried 

ahead by Arnold Sommerfeld2 in 1899 through theoretical studies and by Robert Wood in 1902,3 

through experimental observations of plasmonic effects in light spectra. However, the theoretical 

foundation of optical property of NPs was laid in 1908 by Garnett, Mie and Beirträge, explaining 

the complete theory of electromagnetic radiation of scattering and absorption.4,5 More 

comprehensive understanding of surface plasmons was established while a number of theoretical 

studies had appeared in the 1950s. The early development of plasmonics was inaugurated by the 

work of Pines, describing the collective oscillation of free electrons as ‘plasmon’ in 1956.6 Yet 

again, the real boom of the research in this field came at the following years of 1960s. The first 

experimental benchmark of optical excitation of surface plasmons on metal films was explored 

by Otto,7 Kretschmann and Raether.8 in 1968. Kreibic and Zacharias enlightened the optical 

properties of metal NPs in terms of surface plasmons in 1970.9 The introduction of the term 

‘Surface Plasmon Polaritons’ was also propped up by Cunningham et al. in 1974.10 In the late 

1970s, the technological concern of plasmons started with the discovery of extraordinary 

enhancements in the Raman Scattering of light by molecules attached to Ag NP, through the 

investigation of Fleischmann,11 Duyne and Jeanmarie.12 In recent times, the follow up works 

have been extended to several  cutting edge developments including the advanced nano 

fabrication techniques, the expansion of high sensitivity optical characterization schemes and 

emergence of different numerical simulation algorithms together with the improvement of the 

computational executions 

2.2       Excitation of surface plasmon: 

The surface plasmon dispersion has been found below the photon dispersion for all 

energies. The momentum of incident light is found always lower than the momentum of surface 

plasmon modes. So the surface plasmons cannot be excited by plane wave incident on the 

interface from the dielectricum. In order to excite surface plasmons, additional momentum has to 
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be provided. This can be done either by placing a regular grating structure at the interface or by 

letting the excitation light pass through a medium with a high refractive index (e.g. prism). For 

the latter case the excitation light can either come from the dielectricum (Otto configuration, 

1968) or from the metal side (Kretschmann configuration, 1972). In Otto configuration, the total 

reflection at the prism/air interface generates an evanescent field that excites the surface 

plasmons at the dielectric/metal interface. [Figure 2.1 (a)] This method has a limitation of 

keeping constant distance between the metal and the prism. In Kretschmann configuration, the 

total reflection at the prism/metal interface generates an evanescent field that excites the surface 

plasmons at the opposite metal/air interface. [Figure2.1 (b)] In this method the metal film has to 

be very thin in order to allow the light field to reach through the film. 

                          

(a)                                                                          (b) 

Figure 2.1  (a) Otto configuration (b) Kretschmann configuration. 

2.3       Light scattering and absorption by nanoparticles: 

At the plasmon resonance frequency, NPs strongly absorb and scatter light. This provides 

to the brilliant colour display by NPs. The ratio of scattering to absorption changes dramatically 

with size and shape as shown in the following Figure 2.2. The optical property of large particles 

(dimension above 30 nm) is dominated by scattering while absorption is dominated in case of 

small particles.  
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Figure 2.2  Nanoparticles of various shape and size in solution – the plasmonic 

resonance determines the colour. 

The light scattering, absorption and extinction particles are described by frequency 

dependent cross-sections such as Csca, Cabs and Cext, where absscaext CCC  . When a particle is 

illuminated with the light intensity per area   AI /0  , the amount of scattered light is given by: 

                                                   
 

 


 scasca C
A

I
I  0                                                           (2.1) 

When the cross sections are normalized to particle's geometrical cross sections, new 

terms called efficiencies such as scaQ , absQ  and extQ are formed. 

2.4  Derivation of surface plasmon polaritons: 

One of the simple models to describe the response of a metallic particle exposed to an 

electromagnetic field was proposed by Paul Drude.13,14 According to Drude model, the free 

electron gas moves freely in between independent collisions such as lattice ions, other electrons, 

defects, phonons etc. These collisions occur with an average rate of γ0 = τ–1 with τ being the so 

called electron relaxation time. 

In presence of an external field, the electrons acquire drift motion due to the acceleration 

resulting from collisions. Only the electrons near the Fermi level contribute, because the Pauli 

Exclusion Principle does not allow deeper lying electrons to change their electronic state.   Band-

structure corrections lead to a modification of this motion. These corrections are customarily 
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incorporated into an effective mass m*, which is in general different from the free-electron mass 

me. 

Most of the properties of real metals, including their optical properties, are described by 

the frequency dependent dielectric function ε (ω). Here is the frequency of the applied field. This 

frequency dependent dielectric function can be well predicted from this simple model. The 

resulting equation is: 
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                                                 (2.2) 

Here pω is the plasma frequency and 0 is the electron relaxation rate. ε is the bound 

electron contribution to the polarizability and should have the value of 1 if only the conduction 

band electrons contribute to the dielectric function. 

The plasma frequency is given by  mεneωp 0
2  with n and m* being the density and 

effective mass of the conduction electrons, respectively. If γ0 and ε∞ are neglected for a while, the 

Drude dielectric function simplifies to 22
1 ωωε pd   and forms two distinguished frequency 

regions. When ω is larger than ωp, εd becomes positive and the corresponding refractive index n 

is a real quantity.15 On the contrary, if ω is smaller than ωp, εd becomes negative and n is 

imaginary.  

 

Figure 2.3 Real and imaginary part of dielectric constant for gold according to the 

Drude-Sommerfeld free electron model. The blue line is the real part, and the red dashed 

line is the imaginary part.16 
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 The consequence of ω < ωp is the reflection of light wave due to the screening effect of 

metal electrons to the incoming light. On the other hand, if ω > ωp the light wave gets 

transmitted, since the electrons in the metal are too slow and cannot respond fast enough to 

screen the field. For most metals, the specific value of ωp lies in the ultraviolet region. This is the 

reason for their shininess and glittering nature in the visible spectrum. This treatment of a free 

electron gas gives quite accurate results for the optical properties of metals in the infrared region. 

The optical properties are determined mainly by the fact that the conduction electrons can move 

freely within the bulk of materials and the interband excitations can take place if the energy of 

the photons exceeds the band gap energy of the respective metal.  For higher energy photons the 

Drude model becomes inaccurate due to promotion of electrons from lower lying bands to the 

conduction band. 

2.5      Theoretical background: 

2.5.1    Classical versus Quantum approach:  

Nanoparticles are composed of several thousands to millions of atoms. The NPs can be 

assumed as the classical limits of electrodynamics, despite of their very small size compared to 

the classical objects. In contrast, surface plasmons are bosonic quasiparticles with true quantum 

nature established by tunnelling experiments.17 Hence, it is theoretically rational to deal the 

plasmonic structures by classical electrodynamic approach as well as quantum mechanical 

treatment. The cumulative effects of many photons absorbed or emitted are considered as 

continuous macroscopically observable response. In this regard the classical description has been 

found appropriate to explain the optical properties of NPs in terms of Maxwell’s equation. A 

rough estimation of the classical treatment has been justified for a high number of involved 

photons with their momentum small compared to the material system simultaneously.18 By 

employing the fluctuation dissipation theorem, the dielectric response can be related to the 

dyadic Green tensor of Maxwell’s theory to describe the linear response of metal NPs. Thus the 

quantum mechanical properties can be explained via dielectric functions such as ε and μ 

(frequency dependent dielectric function and magnetic permeability) which are obtained by 

experiments.  
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However the concept of dielectric function has been found insignificant for NPs with too 

small dimension (less than 5 nm). Although the optical properties of small metal clusters can be 

understood in terms of collective oscillations of valence electrons described by Drude model, a 

superior description has been obtained by adapting electronic structure methods. For smallest 

clusters the electronic structure theory interprets the optical properties in terms of discrete 

molecular like transition. In this account the time dependent density functional theory (TDDFT) 

has been found effective in dealing with optical properties of smaller as well as larger clusters 

(Ag20 to Ag120).
19 Besides dealing with single NP, the quantum nature of nanoparticle aggregates 

has been well described by TDDFT studies for dimmers of small clusters.20-22 Recently an 

interest is growing in understanding the nature of nano aggregates as they provide a unique way 

of tuning the optical response by varying the distance between the NPs.19-26 Due to excitation of 

plasmons an enhanced localized electric field can be found in the gap between the nanoparticles 

(the so-called hotspots). With decrease of the gap between the particles, the coupling increases, 

resulting to the very high electric fields. A very high electric field is found for separation below 5 

nm where nonlocal dielectric effects are expected to be important.27,28 It has been found even 

more apparent when the gap is reduced even further so that the particles are nearly touching.19-26 

In this regime electron tunnelling between the NPs takes place and modifies the optical 

response.23 The clarification beyond phenomena has been well supported by quantum 

mechanical description while classical description has been found insignificant. 

Hence in the present investigation, both the classical and quantum mechanical approach 

have been carried out to explore the optical nature of NPs. For larger NPs (~50 to 200 nm) the 

classical electrodynamic approach is adapted while for small NPs (~ 1 to 2 nm) quantum 

mechanical approach is executed. 

2.5.2    Classical electrodynamics approach: 

2.5.2.1 Maxwell equations in matter 

Electrodynamics correctly describes the time and spatial evolution of electromagnetic 

fields in the presence of charges, currents and any type of matter. The theory of electrodynamics 

developed by Maxwell in the 19th century, successfully described the interaction of magnetic and 
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electric fields and their propagation in the free space. When the local electric polarization of 

matter is designated with P


 and the local magnetization with M


, then two new fields D


 and H


 

arise. These fields are defined as follow: 

                                   PEεD


 0 and MBμH


 1
0                                                           (2.3) 

The constants 0μ  and 0ε  are the permeability and permittivity of free space, respectively. 

The sources of these new fields D


 and H


 are the free charge density ρF  and the current 

density jF , respectively. The forms of Maxwell equations are as: 
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These equations have limitations. The constitutive forms of the equations are required to 

solve real problems like response of the materials. These forms are: 

                                               EσJ F  ,     HμμB 0 ,      EχεP 0                                    (2.8) 

The coefficients are conductivity, permeability and susceptibility respectively. These 

coefficients only depend on the medium under consideration and independent of the position and 

direction of the considered field. However these are frequency dependent. The time dependence 

forms of the fields are harmonic in nature. 

                                                                tωi
ω erEt,rE 


                                                        (2.9) 
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The super position of such fields generates more complicated time dependent fields 

(Fourier synthesis). Introduction of all these equations into the Maxwells equation and 

simplifying the media without free charges to: 

                                                           0  E


                                                                      (2.10) 

                                                         0  B


                                                                         (2.11) 

                                                         EωεiH 


                                                              (2.12) 

                                                      HωμiE


                                                                 (2.13) 

Here ε is the complex dielectric function described by   σωiχεε  10 . This set of 

equations together with the boundary conditions and conservation of energy and charge are 

sufficient to solve the time and spatial evolution of electromagnetic fields in the presence of 

matter.    

2.5.3    Electrodynamic theories for particle plasmon: 

A detailed understanding of plasmon resonance in NPs is described by classical 

electrodynamics. This approach has been developed based on material parameter like complex 

dielectric function ε. 

2.5.3.1 Quasi-static approximation — Rayleigh Theory: 

Here a simplified quasi-static model proposed by Lord Rayleigh has been depicted for 

evaluation of particle plasmon. The self-induction effects i.e. retardation of electromagnetic 

fields are neglected. The electromagnetic phase is assumed constant throughout the region of 

interest since the region is considered much smaller than the wavelength of light. The simple 

electro-statics can be used to calculate the response of a metal sphere to an electric field as 

depicted in the following figure.  
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Figure 2.4 Quasi-static model for particle plasmons. 

 It has been found reasonably simple for small metal particles with diameter below 40 nm 

where the microscopic dielectic function may be connected with microscopic polazability α. 

Thus the elastic scattering of light can be described in terms of Rayleigh scattering. Expressing 

the dipole moment P through the local microscopic field and relating it with the dielectric 

function ε (through P4πEεED  ) leads to the Clausius-Mossotti relation for spherical 

particles.29  
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Where V is the volume and is the effective dielectric function. The expressions for the 

scattering and absorption cross section will be as:  

                          
24 α

3

8
kCsca


 ,             mk4absC ,              absscaext CCC            (2.15) 

2.5.3.2 Mie Theory: 

The response of spherical NPs to an external electromagnetic field can be calculated by 

solving Maxwell's equations. An analytical solution exists for uncharged spherical particles in a 

homogeneous medium. The exact analytical electrodynamical treatment is known as the Mie 

theory named after the developer Gustav Mie (1908).30 Here a brief summary of main results 

derived by Bohren and Huffman (1982) has been stated.31 The spherical symmetry suggests the 

use of a multipole extension of the fields, numbered by n. In Rayleigh type plasmon resonance 
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the dipole mode n is assumed 1. In the Mie theory, the scattering and extinction efficiencies are 

calculated by: 

                                                            22
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Here  cNrωkrx medium  , k is wave vector, r is particle radius, N is refractive 

index, and an, bn are the Mie coefficients, which are calculated as: 
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Here mediumparticler NNεm  and the Riccati-Bessel functions are nψ and nξ .31 These 

equations are applied in the calculation of scattering cross sections. 

2.5.3.3 Mie-Gans solution:  

An additional analytical solution for elliptical, spheroidal particles has been reported as 

Mie-Gans solution.32, 33 This is the simple extension of the electrostatic theory for light scattering 

by spherical particles. Ellipsoidal particles are characterized by the three semi axes cba  . 

For spheroids two of these axes have identical length. The cigar shaped spheroids  cba  are 

called prolate, pancaked shaped  cba   are oblate. (Figure 2.5) 
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Figure 2.5  Prolate (left, a>b=c) and oblate (right, a<b=c) ellipsoids. 

The polarizability i  of such a spheroidal particle along the axis i is given by:31 
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Here Li is the geometrical factor related to the shape of the particle. The sum rule 

1 cba LLL  holds for Li. Thus for a sphere Li = 1/3for all i. For an arbitrary ratio of the 

particle’s semiaxis a, b and c the factor Li can be calculated as:32 
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2.6       Computational Modelling for larger NPs: 

2.6.1 Numerical methods: 

Numerical methods to solve Maxwell’s equations became powerful tools to model NPs 

and plasmonic devices of arbitrary composition and shape. In the past few years, several 

numerical methods have been developed to determine the optical properties of small particles, 

such as the discrete dipole approximation (DDA), T-matrix and spectral representation methods 

(SR).34 The DDA is a computational simulation suitable for studying scattering and absorption of 

electromagnetic radiation by particle with sizes of the order or less of the wavelength of the 

incident light. DDA has been applied to a broad range of problems, including interstellar and 

interplanetary dust grains, ice crystals in the atmosphere, human blood cells, surface features of 
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semiconductors, metal nanoparticles and their aggregates, and more. The DDA was first 

introduced by Purcell and Pennypacker35 and has been subjected to several improvements, in 

particular those made by Draine and collaborators. 36 Here the main characteristics of DDA and 

its numerical implementation: the DDSCAT code has been discussed briefly.34-36,37,38  

2.6.2    Discrete dipole approximation (DDA: 

  The main idea behind DDA is to approximate a scatterer by a large enough array of 

polarisable point dipoles. Once the location and polarizability of each dipole are specified, the 

calculation of the scattering and absorption efficiencies by the dipole array can be performed. 

The numerical problem is formulated as a set of N linear (complex) non-homogeneous equations 

which for 3 dimensions takes the shape of a 3N × 3N symmetrical matrix. The dielectric constant 

of the metal is introduced in the calculation by means of the polarizabilities. Usually 3D DDA 

calculations require less computational effort than finite differencing methods. This feature has 

made the DDA approach a powerful tool to model the optical properties of particles of different 

shapes and with dimensions of the order of a few hundred nanometres including studies of 

triangular prisms,39 cubes,40 truncated tetrahedral,41 shell shaped particles,42 disks43 and rods,44  

among others.45 

Let, an array of N polarisable point dipoles located at ir , Ni ,,2,1  , each one 

characterized by a polarizability i . The system is excited by a monochromatic incident plane 

wave   tiit,  rk
0inc eErE , where r is the position vector, t is time, ω is the angular frequency, k 

= ω/c = 2π/λ is the wave vector, c is the speed of light, and λ is the wavelength of the incident 

light. Each dipole of the system is subjected to an electric field that can be split in two 

contributions: (i) the incident radiation field, and (ii) the field radiated by all of the other induced 

dipoles. The sum of both fields is so-called local field at each dipole and is given by: 

                                             j
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                                                (2.22) 

Where, Pi is the dipole moment of the ith element, and Aij with i≠j is an interaction 

matrix with 3×3 matrixes as elements, such that 
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Here rij =  ijij rr  , and jiij rrr  , and cgs units are used. The 3N-coupled complex 

linear equations are given by the relation 

                                                             loc,E=P iii                                            (2.24) 

Solving the above equation for dipole moment Pi, one can sestimate the extinction and 

absorption cross sections for a target, Cext and Cabs in terms of the dipole moments as 
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Here * means complex conjugate. The scattering cross section is obtained by using the 

following relation (2.15): 

absscaext CCC   

Hence, the coefficients of extinction (Qext), absorption (Qabs) and scattering (Qsca) are 

defined as follows: 
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Q ext
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sca                                                 (2.27) 

Where, 2
effπaA  and 2

effa is the effective radius of the shape with volume 34π 3
effa . The optical 

coefficients calculated using DDSCAT code are represented in the following Figure. 2.6 
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Figure 2.6 Extinction, absorption and scattering efficiencies (Q) of spherical silver NPs 

(in vacuum) with increasing diameter (D).46 

2.7       Microscopic origin of plasmon 

With decrease of NP size the quantum effects predominate, which results manipulation in 

the optical property of NPs. This quantum nature enables small clusters to be treated with high 

level electronic structure. 47-59 In this context the electronic structure theory has been found in 

well agreement with the experimental results. This interprets the detail understanding of the fine 

structure in the absorption spectra. Thus the interplay between the accurate theoretical models 

and experimental results lead to an apparent description of electronic configurations of different 

geometries such as ground and excited state geometries. The fist-principle simulations have been 

found successful to describe the significant consequence of quantum effect on photo absorption 

spectra. 58, 60-62 The excellent agreement between the first-principle results and the experimental 

results describes the photo absorption spectra of NPs in terms of distinct molecular transition. 

Consequently, for larger clusters, the comprehensive analysis of the excitation using electronic 

structure theory becomes cumbersome due to the participation of large number of molecular 

transitions to construct the absorption band. For small clusters also the concept of surface 

plasmon cannot be interpreted with this viewpoint.50 Therefore, it has been very crucial to come 

across a rational concept for concise interpretation of surface plasmon. Recently it has been 

explored that the electronic excitation can be interpreted as density oscillations even for very 

small clusters in support of time-dependent density functional theory (TDDFT) studies.63,64 The 

density change due to the lowest excitation in Na2 illustrated in the following Figure 2.7, clearly 

shows a density increase at one end of the molecule and a decrease at the other. Thus, the 
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excitations in small metal clusters in terms of transitions between distinct molecular states can be 

manifested by the collective electronic excitations arising from the oscillations of the valence 

electrons. Similar to the Na clusters, the absorption spectra for small Ag clusters has interpreted 

in terms of collective excitation of the valence electrons.65-66 It has been possible to follow the 

evolution of cluster spectra from Ag20 to Ag120 by the TDDFT study.19 The blue shift in the main 

absorption band of charged gold octahedral clusters with 6-146 atoms also has been explored 

with decreasing cluster size, through a TDDFT study.67   

 

Figure 2.7 Change in valence electron density using quantum fluid dynamics, where dark 

shading indicates a density decrease for the lowest excitation in Na2. (left) Integrated electron 

density along the bond axis using TDDFT for the lowest excitation in Na2. (right)68 

2.7.1 Computatonal modelling for smaller NPs: 

 Several theoretical methods have been reported for modelling optical properties of NPs. 

First-principles modelling have been found convenient to provide accurate descriptions of the 

electronic structure and optical properties of Ag nanoclusters of different sizes.50,69-76 TDDFT 

has also been applied to interpret optical properties for small and medium Agn (n = 2  22) 

clusters.77-80 The ab initio techniques are well known for modelling the absorbance spectra for 

neutral Agn clusters (n = 2  8) and cationic Agn
+ clusters (n = 2  4) using the framework of 

linear response equation-of-motion coupled cluster (EOM-CC) method.81,82 A comparison 

between TDDFT and many-body method based on solving the Bethe-Salpeter equation (BSE) 

has been drawn for calculating the optical excitation of small Agn (n = 1  8) clusters.80 

Consequently TDDFT was found to be in good agreement with experiments, while poor 
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agreement was found for the BSE method, especially for the larger clusters. Recently, the long-

range corrected TDDFT studies of absorption properties of Agn (n = 4  20) clusters showed 

improved agreement with experiments and EOM-CCSD results compared with traditional DFT 

functional.83 In contrast to Na and Ag clusters, there have been several theoretical studies of the 

optical properties of small and medium sized Au clusters.71,75, 84-90 The UV depletion spectra of 

Aun
–. Xe (n = 7  11) have been determined experimentally and compared with TDDFT 

simulations.91 TDDFT predicted the optically allowed transitions for the most stable isomer of 

the corresponding Au clusters anions that were found to be consistent with the experimental 

observation. Overall, very good agreement between theory and experiments has been found, 

enabling a detailed understanding of the optical properties of the nano clusters to be achieved. 

2.7.1.1 Time-dependent density-functional theory: 

 The Density Functional Theory (DFT) formalism cannot be used to extract information 

on excited states. Instead of the presence of the Hohenberg-Kohn theorem, DFT does not provide 

a practical way to write the excitation energies as a functional of the ground state density. The 

excited states can be successfully studied by an analogue to DFT, namely the time-dependent 

density-functional theory (TDDFT).  The static non-relativistic many-electron Schrödinger 

equation describes the system of N particles as 

                                                        iii rEΨrΨrĤ  .                                                         (2.28)                                                             

Here E denotes the total energy of the system and the Hamiltonian consists of terms 

related to the kinetic, interactions of electrons with themselves and external potential as 
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The total particle number N is obtained by an integration of the amplitude of   ir , 

over the whole space. Now the time-dependent, non-relativistic Schrödinger equation is as 

follow: 
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Where, the initial wave function 0 is given.  In 1984, Runge and Gross 92 derived the 

analogue of the Hohenberg-Kohn theorem for time dependent systems by establishing a one-to-

one mapping between time-dependent densities  tr,n  and time-dependent potentials  t,rυext  for 

a given initial state. 

From this time-dependent Schrödinger equation all the properties can be obtained of a 

system if electron density is known. From the time-dependent Kohn-Sham scheme the equation 

turns to  
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Here  t,rψ j  is the Kohn-Sham orbital and   t,rn
KS

υ  is the Kohn-Sham potential, 

which is described as follow, 

                                          t,rnυr,tnυtr,nυt,rn
KS

υ XCHext                                       (2.32) 

There are two parallel alternatives for calculating the optical spectra within TDDFT. 

They are the linear response formalism and direct propagation in time. In the present dissertation 

the computational executions connected to TDDFT calculations are based on the linear response 

formalism, which has been stated briefly in the following section. 

2.7.1.2   Linear-response formalism: 

  In order to get the linear excitation spectrum, the linear-response theory is used to 

evaluate the susceptibility χ. The first complete formulation of the response theory used today 

was done in 1985.93 The starting point for a linear-response calculation is the first-order 

correction to the ground-state density that must produce the same density change in both the 

interacting and the Kohn-Sham system, 
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Where, χ and χKS are the linear density-response functions of the interacting system and 

the Kohn-Sham system, respectively. From the relation (2.32) the relation between the potentials 

is 
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Introducing the Fourier transform of the time-dependent kernel 
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The Fourier transformation of Eq. (2.33) to the frequency space and use of linear 

perturbation theory, forms the Dyson-like equation for the χ of the interacting system. 
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The full solution for Eq. (2.36) is still numerically difficult. Following the notation by 

Casida94 and Petersilka,95 the problem can be turned into solving the eigenvalue problem after a 

considerable amount of algebra. 

     I
2
II F=QF Ω                    (2.37) 

Above IΩdenotes the I th excitation energy and the eigenvectors FI can be used to obtain 

the oscillator strengths. The matrix elements of Q are given by  

                    klklij,ijkllj,ki,klij, ωω+ωδδ= KQ 22                              (2.38) 
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Where, i and k run over the unoccupied states and j and l over the occupied states. 

jiij εε=ω  are the differences between the energy eigenvalues of the single-particle states. K is 

a coupling matrix with elements 
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Above, adiabaticity has been assumed. Consequently, the matrix Q is independent of the 

excitation energy. For exchange-correlation functionals with memory this does not hold and the 

non-linear eigenvalue problem, Q( IΩ)F=
2

IΩ FI, has to be solved self-consistently.  

Recently, the development of improved linear-response kernels derived from many-body 

perturbation theory has been successful. 96,97 Two different classed of such approaches are being 

developed. The first one is based on approximated exchange-correlation functional or on the 

Sham-Schlüter equation, which impose the many-body density equal the DFT one. The second 

class assumes the Kohn-Sham and quasiparticle states to be the same, targeting to a kernel which 

can account for the electron-hole interaction and the excitonic effects provided by the Bethe-

Salpeter equation. This development brings TDDFT a promising method to calculate the 

electronic spectra even for extended systems.95 Recently, the linear response TDDFT method, 

typically the Casida method, has been included in all advanced computational chemistry 

packages that are based on DFT.   
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Chapter 3 
 

Synthesis and characterization of dispersions of ZnCrO4 prepared in AOT 

stabilized water/heptane microemulsion 

Abstract 

This chapter gives a description of the synthesis of zinc chromate (ZnCrO4) NP in 

microemulsion medium has been stated. The microemulsion composed of H2O/AOT (sodium 

bis(2-ethylhexylsulfosuccinate))/ n-heptane water-in-oil (W/O) is used to prepare the ZnCrO4 

dispersion. Various parameters such as water pool sizes, precursor concentration and sonication 

are considered to tune the size of the NPs. The formation of ZnCrO4 in the microemulsion has 

been verified by XRD and FTIR measurements. The absorbance of the dispersions formed in 

different water pool sizes was studied. Their dimension in the microemulsion medium is 

determined by the dynamic light scattering method. Enthalpy of formation of ZnCrO4 in W/O 

microemulsion medium is measured by isothermal titration calorimetry (ITC). The dimension 

and morphology of the formed ZnCrO4 colloidal particles examined by transmission electron 

microscopy (TEM) are strongly dependent on the water pool size, precursor concentration and 

sonication. 
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3.1. Introduction 

In general, a particle is defined as a small and stable object that possesses characteristic 

physicochemical properties.  It is classified according to its particle size.1 Fine particles cover a 

range between 100 and 2500 nm, while ultra fine particles or nanoparticles are sized between 1 

and 100 nm.  Nanoparticles normally exhibit size-regulated properties that significantly differ 

from those of fine particles or bulk.2-13 In agglomerating bodies formed from nanoparticles, 

irregular particle size and morphology often lead to non-uniform packing characteristics, viz., 

density, resistivity, dielectric constant, etc.  Difficult-to-control agglomeration of nanoparticles 

under an influence of vander Waals force of attraction can result in microstructural 

inhomogeneity.  There are thus requirements of novel processes for the preparation of uniform 

nanoparticles (with less agglomeration) to avoid inconsistencies in the synthesized products.  A 

uniformly dispersed assembly of strongly interacting nanoparticles in suspension requires total 

control over their interacting forces. Production of monodisperse nanoparticles by 

microemulsion process is well recognized as a potential mean for industrial applications.14   

Among various methods to prepare nanoparticles, in particular, the nanoscale water pool 

compartment within the water-in-oil (W/O) microemulsion is an effective and inexpensive 

template due to operation under mild conditions. 6 ,7, 10, 15-19  Many difficulties in the preparation 

of nanoparticles by other methods can be overcome by the use of microemulsion. The dispersed 

waterpool behave as microreactor in which chemical reaction can be performed to generate the 

desirable product in a form of colloidal dispersion of desired sizes in the nanometer scale.20-23  In 

this process, size of the nanoparticles can be controlled; therefore, monodispersity and prolonged 

stability can be favourably achieved.19,24 As a result, the synthesized nanoparticles exhibit 

optical, magnetic, and structural properties which are absent in bulk condition.25-29   

Regarding to a variety of novel nanoparticulate dyes, ZnCrO4 or zinc yellow has been for 

long recognized as a very useful dye/pigment.  In addition, it has been widely used as, corrosion 

inhibitor and a good catalyst.30-35 It is expected that the above mentioned properties of the 

ZnCrO4 may undergo changes due to size reduction in the nanometer scale.  
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The present manuscript describes the synthesis and characterization of nano dispersions 

of ZnCrO4 prepared in the water pool of water-in-oil (W/O) microemulsion comprising 

water/AOT/n-heptane.  The prepared ZnCrO4 nanoparticles were characterized to confirm their 

chemical constitutions by XRD, EDS and FTIR spectroscopy. Physicochemical properties of the 

nanoparticles were evaluated by UV-vis absorption spectroscopy, dynamic light scattering 

(DLS), transmission electron microscopy (TEM) and isothermal titration calorimetry (ITC). 

3.2. Experimental  

3.2.1. Materials 

Sodium bis(2-ethylhexyl)sulfosuccinate, commonly known as AOT, was a 99% pure 

product of Acros Organic (USA). Spectroscopic grade n-heptane and acetone were purchased 

from S.D. Fine Chem. Ltd. (India). AR grade zinc sulfate heptahydrate and potassium chromate 

were products of E. Merck (India). Doubly distilled water was used in the preparation of aqueous 

solutions. 

3.2.2  Methods 

3.2.2.1  Synthesis of ZnCrO4  

At different [water]/[AOT] molar ratio (ω), a W/O microemulsion containing precursor 

K2CrO4 and another containing precursor ZnSO4 were separately prepared. The precursor 

concentrations were varied in the range of 0.1 to 0.4 mol dm-3 where the template 

(microemulsion) was found to be stable.36,37 In a typical experiment, the microemulsion 

containing K2CrO4 was added drop wise into the microemulsion of ZnSO4 under gentle stirring 

up to stoichiometric requirement.  The stable microemulsions containing the orange yellow 

ZnCrO4 suspension with a specific concentration were obtained by varying [H2O]/[AOT] (ω) in 

the range of 2, 5, 10, 15 and 20.  The prepared materials in the microemulsions were aged for a 

week in prior to their physicochemical characterization.   
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3.2.2.2. Isolation of nanoparticles from microemulsion 

The colloidal nanodipersion of ZnCrO4 in W/O microemulsion was treated with excess 

acetone to stimulate instability of microemulsion and precipitation of solid ZnCrO4 particles 

settling down to the bottom of the vessel.22,23,36 The precipitate was then decanted and washed 

several times with acetone, n heptane and water to remove the residual components, viz., K2SO4, 

AOT, K2CrO4 and ZnSO4.  The ZnCrO4 particles were then dried in an oven to remove the 

remaining acetone, producing orange yellow powder which was subjected to various 

characterization.37,38   

3.2.3. Instrumentation 

 Powder X-ray diffraction (XRD) analyses were taken by a Bruker Model D8 Advance 

diffractometer (Bruker, Germany).  Fourier transform infrared (FT-IR) spectroscopic 

measurements were conducted using a Shimadzu 8300 instrument (Shimadzu, Japan).  The 

precursors and isolated ZnCrO4 were mixed separately with KBr and converted into pellets by 

compressing with a pressure of 780 MPa.  The spectra were recorded for 34 times to get the final 

results and compared with literature reported values.39  UV-visible spectra were taken in a 

Spectro UV-vis double beam PC scanning spectrophotometer, UVD-2950 (LABOMED, USA), 

using quartz cuvette of optical path length of 1.0 cm.  The hydrodynamic diameters of colloidal 

particles of ZnCrO4, embedded in H2O/AOT/n-heptane W/O microemulsion media were 

measured in a dynamic light scattering spectrophotometer (DLS-ZETA SIZER NANO Z-S90, 

Malvern Instrument, U.K.). All measurements were taken at a fixed angle of 90º.  Samples were 

filtered several timed through 0.24 μm millipore membrane filters in prior to all measurements. 

The intensity data from DLS was modified to obtain hydrodynamic diameter (dh), polydispersity 

index (PDI), and diffusion co-efficient (D) of the AOT-coated colloidal ZnCrO4 particles in the 

microemulsion medium.37,40,41 Transmission electron microscopic analysis of ZnCrO4 

nanoparticles was also conducted using JEM 2100 transmission electron microscope (JEOL, 

Japan). Carbon coated copper grid was used for such measurements. A drop of nanocolloidal 

dispersions of zinc chromate was dropped on the grid and it was then was dried at room 

temperature for 30 min and then used.  
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Enthalpies of the reaction between ZnSO4 and K2CrO4 in both aqueous and 

microemulsion media were measured in an isothermal titration microcalorimeter (Microcal, 

USA). 1.325 mL of ZnSO4 suspension was taken in the measuring cell. Then 300 μL of the 

chromate solution was stepwise injected in the cell in 30 installments with constant stirring (350 

rpm) condition. The thermal history of the mixture was recorded and processed using the 

software after subtracting the enthalpy of dilution of K2CrO4 (measured by diluting the K2CrO4 

microemulsion solution into the microemulsion containing only water).  In all the cases, 

excessive ZnSO4 solution was introduced into the microemulsion in order to ensure the complete 

formation of ZnCrO4.
37,40,41 All measurements except XRD, TEM, were taken at 303+0.01K 

3.3  Results and discussion 

3 3.1.  XRD analysis 

The characterization of isolated ZnCrO4 nanoparticles at ω=15 was made by XRD 

methods. By computer analysis the XRD data, i.e., the diffraction pattern, the angle of reflection, 

and intensities were obtained as illustrated in figure 3.1A. The diffraction patterns were 

compared with the standard reference file for confirmation of peaks at 19, 21, 32, 35, 52, 54 and 

73º which correspond to the diffraction pattern of chromate nanocrystals.38,42,43  It should be 

noted that no significant shift in the diffraction angle was observed in our analyses of all ZnCrO4 

nanoparticles synthesized at different precursor concentration and different [water]/[AOT] molar 

ratio (ω). Based on the analysis, it is confirmed that the XRD peaks shown in Figure 3.1 are 

consistent with others previous works of zinc chromate nano crystals synthesised in different 

way.42,44  
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Figure 3.1. A.  X-ray diffraction pattern of zinc chromate particles prepared in 

water/AOT/n-heptane microemulsion.  

3.3.2. FT-IR spectra analysis    

Figure 3.1.B shows the FTIR spectra of the isolated aggregates of ZnCrO4, alongwith the 

spectra of K2CrO4 and ZnCrO4 synthesized in bulk water.  Table S3.1 also summarizes the FTIR 

analytical results of K2CrO4 and ZnCrO4 synthesized by the primitive bulk reaction and 

microemulsion routes. While pure K2CrO4 showed a single peak at 882 cm-1 alongwith a faint 

peak at 719 cm-1, the ZnCrO4 synthesized by the bulk reaction route exhibited three distinctive 

peaks at 719, 879 and 955 cm-1. The characteristic peaks of the ZnCrO4 synthesized by the 

microemulsion route at different ω values were found to vary from 890 cm-1 to 928 cm-1. As ω 

values increased, distinct blue shifts in the relevant peaks were noticed. From ω20 to ω15, ω15 to 

ω10, ω10 to ω5 the shifts are 6, 3 and 29 cm-1 respectively. However another peak increment in the 

range 719 cm-1 to 723 cm-1 shows the weak peak indication of ZnCrO4.  According to Nakamoto 

et al. the spectrum of [CrO4]
2- anion should have fundamental frequencies at υ1 = 833, υ2 = 339, 

υ3 = 863 and υ4 = 375 cm-1 (of which υ1 and υ3 are IR active).45, 46 The IR spectroscopy of ZnCrO4 

show that 772 cm-1 is weak, 872 cm-1 is strong, 892 cm-1 is medium, 941 cm-1 is medium peak 

indication of of ZnCrO4 sample.44 FTIR signal shift of ZnCrO4 nanoparticles was ascribed to the 
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size confinement effect resulted from the nano scaled characteristics of the synthesized products. 

In particular, the intensities of vibrational bands of IR spectra decrease to the inverse of 

crystallite size.  It was shown that the spectra demonstrated a significant dependence on the size 

of the crystallites.47 Formation of nanoparticles of ZnCrO4 is, therefore, confirmed.  

 

Figure 3.1.B. FTIR spectra of K2CrO4 (A); ZnCrO4 prepared in bulk water (B) and in 

water/AOT/n-heptane W/O microemulsion at ω = 20 (C); 15(D); 10 (E) and 5 (F).                 

3.3.3. Absorption spectra analysis 

The visible spectra of colloidal suspensions of ZnCrO4 with four different concentrations 

are depicted in Figure 3.2.  In this figure, intensity of absorbance increased with concentration. 

This fact is similar for K2CrO4, which is shown in the inset of Figure 3.2. At a designated ω, the 

absorbance at 273 and 370 nm increased linearly with respect to the increase in the concentration 

of ZnCrO4.  The synthesized ZnCrO4 suspension behaved like normal suspension obeying Beer’s 

law similar to those results reported on other encapsulated microemulsions, such as copper 

ferrocyanide, 37 lead chromate38 and other copper salts. 
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Figure 3.2 Absorption spectra of colloidal ZnCrO4 in water/AOT/heptane W/O 

microemulsion at 303K at ω = 15. Overall concentration of complex/mmoldm3: 1, 0.10; 

2, 0.35; 3, 0.53 and 4, 0.71. Inset: absorption spectra of K2CrO4 at ω = 15. Overall 

concentration of K2CrO4 /mmoldm3: 1, 0.2; 2, 0.7; 3, 1.06 and 4, 1.42.    

 Similarly the spectra of ZnCrO4 nanoparticles at a designated concentration of 5.3x10-4 

mol dm-3 with various ω (2, 5, 10, 15 and 20) are also illustrated in Figure 3.3. 
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Figure 3.3 Absorption spectra of colloidal zinc chromate (5.3x10-4 mol dm-3) prepared in 

H2O/AOT/n-heptane W/O microemulsion at different ω values at 303K. Curves 1-5: ω 

values 2, 5, 10, 15 and 20. Inset: absorption spectra of K2CrO4 (1.0x10-4 mol dm-3) in the 

same medium at various ω values. 

 It can be noticed from Figure 3.2 and Figure 3.3 that there are two maxima at 273 and 

370 nm.   The absorbance intensity became higher with the increase in ω, resulted from the 

increase in ZnCrO4 particle size. With the increase of size of the droplets of microemulsion, the 

transmitance decrease and absorbance increase. This fact is established from the molar 

absorption coefficient values at different ω, shown in Table S3.2. Also as the particle size of 

ZnCrO4 increase the scattering property decrease and absorption increase. Due to these facts the 

intensity of absorbance increased with the increase in ω. In the inset of Figure 3.3 the spectra of 

K2CrO4 at concentration of 1.0x10-4 mol dm-3 with varied ω values are also shown.  However, 

the absorbance intensity decreased with the increase in ω value due to the dilution effect of the 

aqueous water pool.37, 38, 43  Although the absorption peaks of ZnCrO4 in microemulsion medium 

are identical to those of K2CrO4, but their absorbance ranges are different. The absorbance of 

K2CrO4, in solution, is higher than that of ZnCrO4, as the nanoparticles in microemulsion have 

relatively lower electronic transitions.  The absorbance at both 273 and 370 nm was enhanced 

almost linearly with the increase in ω value up to 12, then tended to level out with the further 

increase in ω (Figure 3.4).    
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Figure 3.4 Variation of absorbance (O, at 273nm and , at 370 nm) with ω for the 

nanocolloidal dispersion of ZnCrO4 prepared in water/AOT/n-heptane W/O 

microemulsion. 

With the increasing particle size the ZnCrO4 suspension gradually lost its transparency, 

which was linear initially up to ω = 12. Based on all linear plots, the molar absorbance 

coefficients of ZnCrO4 nanoparticles at different wavelength as well as at different ω values were 

evaluated. It should be noted that the visible spectral data were processed in terms of the 

following equation to obtain the value of band gap (εg) of the ZnCrO4 nanoparticles encapsulated 

in the microemulsion medium.48, 49  

                                                                 (εhν)2 = C(hν-εg)                                                               (3.1) 

Where, ε, h, and ν are the molar absorption co-efficient, Planck’s constant and frequency 

of light respectively and C is a constant.  
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Figure 3.5  Plot of (εhν)2 against hν at fixed concentration of  ZnCrO4 (5.3x10-4 mol dm-

3) with various ω values. The symbols O, , □,  and  display the values of increasing ω 

= 2, 5, 10, 15, 20 respectively 

 Figure 3.5 describes the variation of (εhν)2 at different hν values. The variations were 

found to be linear and the band gap values were calculated from the ratio of the intercept and the 

slope according to equation 3.1. In this evaluation, absorbance values corresponding to longer 

wavelength sides were taken into account since the lights of shorter wavelengths might cause 

transmission of electrons to energy levels higher than the band gap.50 The average εg value has 

been found to be 3.01.eV, which was found to be comparable with the previously obtained 

values for other nanoparticles containing chromate anions.  The band gap, in the present case, 

lies in the region corresponding to the normal semiconductor materials. 

3.3.4.   DLS study 

In the present study, hydrodynamic diameter of the ZnCrO4 nanoparticles prepared in 

water/AOT/n-heptane W/O microemulsion medium under different conditions (varying ω and 

concentration) were determined. Also to compare the related results for nanoparticles, the DLS 

analyses were performed with the precursor loaded and bare (containing water only) 

microemulsions. By applying the equation of Paul and Moulik 51 the dh values were evaluated: 



71 

 

                                    dh = 2 (1.185 + 0.13ω)                                                                (3.2) 

Figure 3.6 summarizes the results on the DLS studies on different microemulsions as 

mentioned above. 

 

Figure 3.6. Profile of dh/nm vs ω. The symbols ○, ●, □ and  represent the values of dh 

of microemulsion droplets containing water, K2CrO4 (0.6 mmol dm-3), ZnSO4 (0.6 mmol 

dm-3), and theoretical values (according to Moulik et al., ref. 51) respectively. Inset: (A) 

Variation of dh with the concentration of ZnCrO4 in microemulsion medium at ω= 5.  (B) 

dh (nm)  profile for a 0.3 mmol dm-3 ZnCrO4 in microemulsion medium. 

 According to Ray et al.52 dh is expected to vary linearly with ω.  With the increased ω, 

size of the ZnCrO4 nanoparticles also became larger, shown in inset (B) of Figure 3.6 Similarly, 

with the increase in concentration of ZnCrO4 the dh value also increased as could be confirmed 

by results shown in the inset (A) of Figure 3.6.  In earlier studies,37,38 the variation of dh with ω 

follows a positive deviation from the calculated values (equation 3.2). The ZnCrO4 nanoparticles 

synthesized in H2O/AOT/heptane system exhibited a higher dh values ~100 nm, when compared 

with that of the theoretically calculated values. The observed values for bare microemulsion 

droplets exhibit a higher profile with ω when compared with that of the precursor or water 

loaded microemulsions (<10 nm).  This phenomenon could be attributed to the size constriction 
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effect. The comparison of theoretical dh values, dh values of bare microemulsion and ZnCrO4 

loaded microemulsion are reported in Table 3.1 

Table 3.1 Transmission Electron Microscopic (TEM) and DLS Results of Colloidal Zinc 

Chromate prepared in H2O/AOT/n-heptane W/O Microemulsion (μE). 

TEM Diameter (nm), obtained from DLS measurements 

N
o

ns
o

n
ic

at
ed

 

ω Shape Size/nm Theoretical* Bare μE ZnCrO4 loaded μE 

2 No defined shape 100 2.89 2.50 74 

5 Aggregated 100 3.67 3.97 388 

10 Spherical(aggregated) 100 4.97 5.20 547 

15 Crystalline needle 200 6.27 7.0 815 

20 Spherical 200 7.57 8.1 953 

S
on

ic
at

ed
 

2 Crystalline needle 100 2.89 1.7 70 

5 Crystalline needle 100 3.67 2.3 200 

10 Spherical 500 4.97 4.9 275 

15 Crystalline needle 200 6.27 6.1 410 

20 Crystalline 200 7.57 7.0 495 

* According to Moulik’s formalism (ref. 51) 

The values of dh of ZnCrO4 are much more higher than theoretical, bare and precursors 

loaded microemulsions. This happened due to uncontrolled growth of ZnCrO4 nanocrystals. 

Similar to the experience of previous reports, 38, 43 with a higher ω, the colloidal particles were 

found to be larger than expected size because the decrease in surface density of the stabilizer 

(AOT) would result in the unstable droplets as a consequence of enlargement due to aggregation. 

From the DLS measurements the ratio σ/dh, where σ standing for a standard error in dh, which is 

called as polydispersity index (PDI), could be determined. 37, 38, 40, 41, 53-56 The PDI value is 0.1 

for monodispersed system. In an acceptable agreement with other results, 37, 38, 40, 41 the PDI 

values are higher than 0.1, suggesting that the ZnCrO4 suspensions were fairly polydispersed.  
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3.3.5.  Enthalpy of ZnCrO4 formation 

Dispersions of ZnCrO4 nanoparticles were formed by the reaction between ZnSO4 and 

K2CrO4 using W/O microemulsion template.  The enthalpy of formation of ZnCrO4 ( Hf) was 

determined by the ITC method. 37, 38, 40, 41 The overall process appears to be exothermic in nature.  

With the increase in the ω value, the process became less exothermic. A typical Hf - ω profile is 

been shown in Figure 3.7.   

 

Figure 3.7 Plot of Hf vs. ω for the formation of ZnCrO4 in H2O/AOT/heptane W/O 

microemulsion at 303 K. 

Evaluation of enthalpy of formation of the ZnCrO4 suspension in the water pool of W/O 

microemulsion is not very common in literature.37,41 During the self assembling reaction, mass 

exchange between ZnSO4 and K2CrO4 containing water pools would take place and dominate the 

conversion of the reactants to form the ZnCrO4 nanoparticles.  Values of the enthalpy of 

formation at different water pool size in the microemulsion were found to be comparable with 

our previously reported results.37,41 The enthalpy of formation of both the nanoparticle 

suspensions of copper ferrocyanide and tungstic acid in the water pool of W/O microemulsion 

were found to vary linearly with the reciprocal of ω. The variation of enthalpy of ZnCrO4 

formation with ω decreased exponentially which differs from the case of copper ferrocyanide. 

This is due to the difference in morphology of copper ferrocyanide and ZnCrO4. Copper 
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ferrocyanide is gelatine in nature, so the growth of the nano copper ferrocyanide can be 

controlled, but as ZnCrO4 is crystalline, growth of formation become uncontrolled at higher ω, 

so the curve becomes exponential.  The different environmental factors would also be expected 

to influence the energetics of the process. The resultant enthalpy of formation of the nanoparticle 

suspensions in W/O microemulsion is a resultant effect of the different processes, viz., droplet 

fusion, mass exchange, product formation, droplet fission and molecular reorganization of the 

formed product. With the increase in size of the water pool in the microemulsion, it is expected 

to get larger colloidal nanoparticles, which requires some additional heat for the process of 

nucleation. 

3.3.6.  Electron microscopic analysis 

The transmission electron microscopic (TEM) measurements were carried out for 

analyzing the ZnCrO4 nanoparticles of (ω = 2, 10, 20) synthesized with and without the 

sonicating conditions.  The results are summarized in Table 3.1. Some representative 

micrographs of TEM are shown in Figures 3.8 and 3.9.   
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Figure 3.8 Transmission electron micrograph of colloidal ZnCrO4 dispersions prepared 

in water/AOT/n-heptane W/O microemulsion at [water]/[AOT] mole ratio, ω = 2 (A), 

10(B) and 20 (C) 1, nonsonicated, 2,  sonicated. Scale bar: (A) 100 nm, (B) and (C), 200 

nm. 

The micrographs of unsonicated samples show an irregular morphology while the 

corresponding sonicated samples exhibits their distinct shapes.  It is expected that in the absence 

of sonication the irregular growth of the ZnCrO4 nanoparticles would be more dominated.  On 

the other hand, sonication could lead to the formation of smaller nanoparticles with well 

organized morphology. The electron microscopic data also supported this postulation. Overall 

dimension of the ZnCrO4 nanoparticles was found to increase with the increase in ω value.37,38,41, 
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55 This observation further supports the results obtained by DLS method.  The synthesized 

ZnCrO4 nanoparticles mostly exist in needle-like shape.  However, at ω = 20, the sonicated 

sample yielded fractal-like structures.  Regarding the advantage of nanoparticle synthesis using 

water in oil microemulsion template, the size and shape of the dispersed nanoparticles could be 

controlled.  With the increased water pool size it is common to expect bigger particles.  

However, it is also known that above ω~15, the water pool in the microemulsion behaved like 

bulk water, resulting in the formation of fractal-like structures.37, 38, 57, 58 In such fractal structure, 

smaller aggregates were formed then grow further through the continuous emergence of nucleate 

nanostructures.37  

Effect of concentration on the shape of the synthesized ZnCrO4 nanoparticles was also 

found to be significant. The increased concentration of the precursor led to the increase in the 

amorphous nature of the synthesized nanoparticles, consequently resulting in the irregular 

morphology of the nanoparticles.  At the same size of the water pool, if the concentration of the 

formed product was increased, then the number of stabilizing agent (herein the surfactant, AOT) 

per cluster would oppositely decrease. As a consequence, the formation of ZnCrO4 nanoparticles 

with larger heterogeneity would take place. Though the morphology the samples subjected to 

TEM analysis is different, it is still under investigation that the sample A2 with longer aspect 

would have significantly higher crystallinity than others. The dimension of ZnCrO4 nanoparticles 

obtained in DLS was found to be higher when compared with TEM results. The DLS dimensions 

were analyzed based on a postulation of spherical particles moving in solution whereas the TEM 

findings take into account of visible geometric appearance of each individual nanoparticle. 

Therefore, both results would not provide the same absolute dimension values hut it should be 

noted that ω = 10 fairly agreed with each other because of the spherical morphology of the 

synthesized ZnCrO4 nanoparticles.   
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Figure 3.9 Transmission electron micrograph of colloidal ZnCrO4 dispersions prepared 

in water/AOT/n-heptane W/O microemulsion. Scale bar: 200 nm. Concentration of 

ZnCrO4 / m moldm-3: A, 0.1; B, 0.3 and C, 0.7. 

3.4.  Summary and Conclusion 

 The ZnCrO4 nanoparticles with controllable morphology can be synthesized in W/O 

microemulsion template under simple conditions. The synthesized ZnCrO4 particle sizes were in 

a range of 100 to 200 nm, which is close to the border line dimensions between nano and micron 

scale.  The ZnCrO4 suspensions behaved like ordinary solutions obeying Beer’s law with molar 

extinctions which strongly relies upon the water pool size (ω). The enthalpy of formation of the 

synthesized ZnCrO4 obtained from ITC was exothermic with the non-linear dependence on ω.  

With an appropriate ω, the synthesized ZnCrO4 nanoparticles exhibit good crystallinity with 

needle-like morphology as revealed by the XRD and TEM analyses. The band gap value was 

found to be 3.01 eV, which was comparable with many other synthesized nanomaterials.   
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Chapter 4 

 

A novel synthetic route for Fe3O4/Co nanocomposite. 

 

Abstract 

This chapter deals with the synthesis of magnetic nanocomposite such as Fe3O4/Co. A 

novel synthetic process using the micellar template formed by sodium dodecylsulphate (SDS) 

surfactant has been described. The formation of the nanocomposite is confirmed by XRD, 

HRTEM and SAED analysis. The size of the NPs is determined by DLS measurement. The 

morphologies and shapes of the NPs are depicted by TEM figures. The elemental compositions 

have been verified by EDAX analysis. Finally the absorption property is characterized by UV-

visible spectra.   
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4.1  Introduction: 

In the recent ages, the synthesis of nanoparticles (NPs) has become an intensive area of 

research due to their potential application in catalysis,1,2 biosensing,3 optics,4,5 data storage 6,7 

and biomedical applications.8,9 In biomedical fields, magnetic NPs are crucial due to their 

application in tissue engineering,10 tumor treatment,11,12 in magnetic resonance imaging (MRI) as 

contrast enhancement 13,14 and in drug delivery.15-17 Magnetic NPs are able to cross biological 

membranes due to their controllable sizes ranging from a few nanometers up to tens of 

nanometers. Thus NPs are able to interact with biological entities of interest, like cell (10-100 

mm), virus (20-450 nm), protein (5-50 nm) or gene (2 nm wide and 10-100 nm long) of 

comparable dimensions. With decrease of size the particles become superparamagnetic as the 

spins are affected by thermal fluctuations.8,9 This superparamagnetic property of materials causes 

individual particles to be magnetized while exposed to an external magnetic field. Therefore this 

feature allows magnetic NPs to be applied for cell tracking in vivo. The position of specific cells 

inside the body can be tracked by incorporating the magnetic NPs inside the cells. This type of 

cell tracking known as magnetic resonance imaging (MRI), has become an outstanding technique 

in the field of medical imaging. In MRI, contrast agents (CAs) are used to depict anatomic 

details by enhancing the contrast sensitivity. Two types of MRI CAs, such as paramagnetic 

coordination complexes e.g. gadolinium diethylene-triaminepentaacitate (Gd-DTPA) and 

superparamagnetic NPs are currently used in practice.18-21 Particularly, the small paramagnetic 

and ultra small superparamagnetic iron oxide (SPIO and USPIO respectivly) NPs 22 are found to 

be used as MRI CAs due to involvement of larger magnetic moments. SPIONs are composed of  

monocrystalline magnetite (Fe3O4) or maghemite (γ-Fe2O4).
23 Nowadays, large number of SPIO 

NPs have been commercialized as CAs (Feridex, Endorem, Resovist, Ferumoxtran-10, Clariscan, 

AMI-121 and OMP).24 The magnetic iron oxide NPs with high oxidative stability are currently 

the only accepted nontoxic magnetic materials for medical applications.25,26 These natural 

materials are found in many biological systems.  Medical applications require this 

superparamagnetic particles to have saturation magnetization with small dimension to interact 

with the region of interest, e.g., to promote tissular diffusion.27 However, iron oxide has a 
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relatively low saturation magnetization, which requires the use of large particles to achieve 

sufficient MRI contrast.28 On the other hand, transition metals, for e.g. cobalt (Co) has much 

higher saturation magnetization value, 1422 emu/cm3 compared 395 emu/cm3, for iron oxide, at 

room temperature.28 Thus Co NPs with smaller particle cores have been found to have a larger 

effect on proton relaxation, giving improved MRI contrast. In NP-based imaging studies, higher 

particle concentration leads to better signal-to-noise contrasts, but this also initiates significant 

amount of toxicity. Therefore development of particle-based contrast has been maintained by 

safest and lowest NP concentration that offers sufficient contrast sensitivity. However, Co NPs 

are prohibited to be used as MRI CAs due to their oxidation-induced instability and toxicity.   

Recently, nanocomposites have received significant attention due to their unusual and 

even unique properties (optical, electrical and magnetic). Nanocomposites of magnetic metals 

and alloys are of practical and fundamental importance. In present days, scientists have 

developed a new class of nanomaterials where one or more inorganic NPs are integrated with 

suitable organic substances (usually polymers), namely organic-inorganic hybrids or 

nanocomposites (OIHS).29 In nanocomposites, the unique properties of the entrapped NPs can 

exist together. Among magnetic materials, the Fe/Fe3O4 composite system is found important 

due to its favorable magnetoelectric and transport properties.30-34 Furthermore, another important 

element Co has been reported to be combined with the Fe/Fe3O4 system. The addition of Co has 

been found to improve the coercivity along with the chemical stability of the material.35 Hence 

the present work has been motivated to deal with the synthesis of Fe3O4/Co nanocomposite 

where synergistic effect of the individual NPs cause to develop novel properties. In this aspect, 

the typical Fe3O4/Co nanocomposite has been expected to gain the superior advantages for 

contrast enhancement than the component NPs due to the integration of the unique properties 

belong to each NP. Besides this, the combined form of NPs can balance their disadvantages that 

cause to reduce the contrast sensitivity.    

In general, magnetic NPs experience a London type van der Waals attractive force when 

particles come into contact with one another.36 This attractive force leads to agglomerate the 

particles in the presence of gravitational field along with external magnetic field gradient. In 

order to minimize such interaction of the particle for stability, and to prevent agglomeration, a 
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surface coating is required to provide steric repulsion. Metallic magnetic materials such as iron, 

cobalt and nickel are toxic, and susceptible to oxidation. For biomedical applications, these NP 

suspensions are required to be stable enough. Hence the magnetic NPs are passivated by 

biocompatible coatings, such as, citrate, polystyrene/divinylbenzene, elemental gold and 

surfactants.37 Therefore, the synthesis of magnetic NPs with required characteristics are the 

subject of intense research.  

Various chemistry based processing routes have been developed to synthesize nanosized 

magnetic particles. Considerable efforts have been used to synthesize the magnetic 

nanocomposites, using a variety of methods such as microemulsions,38 sol-gel syntheses,39 

sonochemical reactions,40 hydrothermal reactions, 41 hydrolysis and thermolysis of precursors,42 

flow injection syntheses,43 and electrospray syntheses.44  However, it is still a great challenge to 

develop simple and reliable synthetic methods for the magnetic nano composite to be allowed for 

biomedical applications. All the biomedical applications require the NPs to have high 

magnetization values, size smaller than 100 nm, and narrow particle size distribution, that 

depend on the selected synthetic methods. Besides this, the NPs should also possess high water 

solubility, biocompatibility and stability at physiological pH. Thus it is highly preferred to 

synthesis the NPs in monodispersed colloidal form as these have been exploited in fundamental 

research. Recently, many attempts have been made to yield ‘monodispersed colloids’ consisting 

of uniform NPs both in size and shape.45-47 However, the main challenge for synthesis of 

colloidal superparamagnetic NPs is to define the experimental conditions that would lead to the 

formation of monodispersed magnetic grains of suitable size and to develop a reproducible 

process that can be industrialized without any complex purification procedure, such as 

ultracentrifugation,48 size-exclusion chromatography,49 and magnetic filtration,50 or flow field 

gradient.51 The stable aqueous magnetic solutions can also be fabricated using various saturated 

and unsaturated fatty acids as primary and secondary surfactants.52 In case of synthesis in 

micelles (1-10 nm) or water in oil emulsions (10-100 nm) surfactant molecules may form 

nanodroplets of different sizes spontaneously.53 These nanodroplets are very feasible for 

encapsulating the salt solution by surfactant coatings. Such nanodroplets, known as nanoreactors 

can impose kinetic and thermodynamic constraints on particle formation. The surfactant 

stabilized nanoreactors can provide confinement that limits particle nucleation and growth. The 
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main advantage of this micellar synthetic route is to obtain various NPs by varying the reaction 

parameters such as the nature and amount of surfactant and cosurfactant, the oil phase or the 

reacting conditions. The magnetic NPs that were first produced in micelles are γFe2O3 and 

Fe3O4.
54 The variations in temperature and concentration of iron dodecyl sulfate Fe(DS)2 

micelles, cause the formation of particles of diameters ranging from 3.7 to 11.6 nm.55 Recently, it 

has been reported by Lee, an inexpensive large-scale synthesis of uniform and highly crystalline 

magnetic NPs.56 For in vivo applications, it is required the superparamagnetic NPs to be stable in 

water at pH 7 and in a physiological environment. However, most of the magnetic particles are 

prepared under non aqueous condition, which should be dispersed in water to make them 

biocompatible and suitable for further surface functionalization. This water dispersed NPs can 

function as a unique platform for many bio-conjugation strategies and thus provide a 

multifunctional colloidal delivery system.57,58   

 Hence it has been aimed to synthesize the Co/Fe3O4 nanocomposite in SDS (sodium 

dodecylsulphate) micellar medium in the present work. After isolation of the nanocomposite in 

the powder form, it has been made to redisperse in water medium to achieve further 

functionalization for biomedical applications. The synthesized nanocomposite has been 

characterized through XRD study, electron microscopy study, dynamic light scattering study and 

optical property study accordingly for its structural conformation, morphological information, 

size measurement and optoelectronic property analysis.    

4.2 Experimental section: 

4.2.1 Materials 

The anionic surfactant sodium dodecylsulphate (SDS) was a product from Sigma-

Aldrich, USA. The surfactant was reported to be >99% pure and was used as such. The reagents 

are cobalt (II) chloride hexahydrate (99.9%) and sodium borohydride (NaBH4, 99%) were 

purchased from MERCK, India. Sodium hydroxide (NaOH, 96%) and hydrochloric acid (HCl, 

35 wt% - 37 wt%) were from Sisco Research laboratory. Iron (II) chloride tetrahydrate 

(FeCl2.4H2O, 99.7%) and iron (III) chloride hexahydrate (FeCl3.6H2O, 99.0%) were from 

Sigma-Aldrich, USA. All reagents used for synthesis of nanocomposite were of analytical grade 
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and used without further purification. Double distilled water was made deoxygenated by passing 

N2 gas at 70º to 80º C and then used for preparing the solutions.   

4.2.2 Methods 

4.2.2.1 Synthesis of Co NP 

The Co NPs were prepared by using the conventional reduction method. Initially 5.0 mL 

colloidal dispersion of Co NP was aimed to prepare in 20 mM SDS solution. The concentrations 

of the colloidal dispersions were kept from 0.4 mM to 0.7 mM. The concentrations of the 

reducing agent NaBH4 were maintained at 6:1 ratio with Co2+ concentrations to keep the water 

content remained constant after injection the reducing solution. The reducing solutions were 

stabilized by NaOH solution of certain concentrations that increase the pH of the solution. After 

addition of the reducing agent a color change from blue to green to black revealed the 

completion of the reaction after 2 Hrs. During the process of reaction the whole reaction was 

carried with N2 purging through the vigorously stirred solution at 55ºC to avoid oxidation. In 

fact, the mechanism differs markedly in aqueous and non aqueous solution. The aforesaid 

process has been schemed on the following reaction. 

In aqueous solution, black precipitates of metal boride particles are formed as follows:59  

2Co2+ + 4BH4  + 9H2O → Co2B + 12.5H2 + 3B(OH)3 

In the presence of relatively low amount of oxygen, Co2B is reduced and cobalt metal is formed 

as follows: 

4Co2B + 3O2 → 8Co + 2B2O3 

4.2.2.2 Synthesis of Fe3O4 NP 

The synthesis of Fe3O4 magnetic NP was prepared by following co-precipitation method 

of ferric and ferrous salts. Initially 1 mM FeCl3 and 0.5 mm FeCl2 stolck solutions were prepared 

in 0.5 M HCl solution. HCl solution was used for surface neutralization. A 5mL solution of Fe 

ions with a molar ratio of Fe(II)/Fe(III) ~ 0.5 was prepared in 20 mM SDS solution. The most 

stable concentration range for Fe3+ ion in the colloidal dispersion has been settled from 0.1 mM 
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to 0.4 mM. The concentration of Fe2+ counterion has been fixed half of the Fe3+ concentrations. 

In the next step, 1 mL of NaOH solution was added dropwise to the salt solution with continuous 

stirring of the solution. The concentration of NaOH solution was maintained in such a way to 

monitor the pH level of the whole solution from 11 to 12. The overall synthetic steps are carried 

out by passing N2 gas at 80ºC. The whole process is based on the following reaction. 

Fe2+ + Fe3+ + 8OH  → Fe3O4 + 4H2O 

4.2.2.3 Synthesis of Fe3O4/Co nanocomposite 

As the above reaction proceeded for half an hour, the previously prepared colloidal 

solution of Co NP was added and the color of the solution began to turn from sunset yellow to 

deep brown. After 10 minutes of vigorous stirring the solution was no longer colloidal in nature 

and a dark brown precipitate appeared. The reaction was carried out for 2Hr with N2 purging at 

80ºC for completion of precipitate formation. The isolation of the NPs was done by following 

several steps. The precipitate formed was washed by repeated cycles of centrifugation at 10000 

rpm and redispersion in deoxygenated distilled water. Washing was performed for five to six 

times in water. Then the final precipitate was separated in two parts. One part was dried in a 

vacuum oven at room temperature for 24 Hrs and the other part was finely redispersed in water 

by the process of sonication at 70º C. The individual part of nanocomposites was carried for 

characterizations to confirm their structure and applications.  
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Scheme 4.1 Synthetic steps of Fe3O4/Co nanocomposite in micellar medium. 

The diffraction patterns of the isolated NPs were recorded in a RINT 2000, Rigaku 

diffractometer (Japan) at a scan rate of 4º/min with CuKα1 radiation (λ = 0.15406 nm) in the 2θ 

range of 10-80º, using detector technique for measuring the peak intensity. The morphology was 

observed via transmission electron microscopy (Hitachi H-600, Japan). One drop of the colloidal 

nanocomposite dispersion was applied on FormverTM carbon-coated 300 mesh copper grid. 

Excess liquid on the edge of the grid was removed. The sample loaded in the grid was then dried 

in air for 10 mins and then used for TEM analysis.60 Dynamic light scattering (DLS) technique 

was used to find out the hydrodynamic diameter (dh) and polydispersity index (PDI). 

Measurements were carried out with respect to time using Zetasizer Nano ZS (Malvern 

instruments, UK) at 25ºC. A He-Ne laser with an emission wavelength at 632.8 nm was used and 

all the data were recorded at 90º scattering angle. Simultaneously PDI value was also recorded 

which gives information about the homogeneity of the solution. The absorption spectra of the 

water dispersed nanocomposite were recorded by UV -visible spectrophotometer (UVD-2950, 

Labomed Inc., USA) using matched pair of quartz cuvette of 1 cm path length. The absorption 

range was taken into account from 200 to 700 nm. 
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4.3 Results and discussion 

4.3.1 X-ray Diffraction Studies 

The typical XRD pattern of the as prepared Fe3O4/Co nanocomposite powder is shown in 

Figure 4.1. The standard peaks of Fe3O4 are observed at 2θ values of 30.0º, 35.8º, 56.1º, 62.0º 

corresponding to (220), (311), (511) and (440) crystal planes. It has been found that the position 

and relative intensities of the peaks in the obtained XRD pattern match well with the standard 

magnetite samples according to JCPDS cards No. 89-0691 and 88-0866. This demonstrates that 

these samples are in inverse spinel structure with a face-centered cubic phase. Again the standard 

peaks at 2θ values of 44.3º and 51.9º indicate the presence of (111) and (200) crystal planes of 

cubic crystalline cobalt (JCPDS, card no 15-0806). The diffraction peaks at 2θ ~ 24.5º (220), 

34.0º (400) and 39.3º (420) can be indexed to a phase centered cubic phase (space group Fm3m) 

of iron cobalt cyanide hydrate with a lattice parameter of 10.308 Å [JCPDS file no 83-2239]. 

Therefore three types crystal phases has been detected which confirms the formation of the 

nanocomposite. The strong and sharp peaks suggest that the crystals are highly crystalline. The 

relative intensities of the peaks corresponding Fe3O4 and Fe-Co crystal phases are higher than the 

Co phases. This indicates that a reaction has taken place between Fe3O4 and Co along with 

simple deposition of Co NP on the Fe3O4 NP matrix.   
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Figure 4.1 X-ray diffraction pattern of Fe3O4/Co nanocomposite. 

4.3.2 Transmission Electron microscopy analysis: 

 In Figure 4.2, the results of morphological analysis of the nanocomposites, carried by 

TEM are shown. It has been found clearly, that a uniform dispersion increases with the increase 

of precursor concentrations from (a) to (c). 

 

Figure 4.2 Morphology of nanocomposites at increasing concentration from (a) to (c) 

  

 From the above figure, it is seen that the shapes of the nanocomposites become spherical 

from arbitrary nature with increase of precursor concentrations. The crystalline cobalt NPs are 
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distributed homogeneously on Fe3O4 NP host matrix. Besides this the HRTEM is applied to 

determine the structures of the nanocomposite. 

 

 

 

Figure 4.3 HRTEM images of nanocomposites showing the fringes of the Fe3O4, Co and 

CoFe structures. Image of the SAED experiment also shows the reflections of the 

corresponding planes.     

The HRTEM images (Figure 4.3) clearly show the presence of three types of lattice 

fringes. Fringes of 1.48 Å, 1.77Å, 2Å, 1.62Å, 2.66Å, 1.14Å, 1.03Å, are suggesting the presence 

of Fe3O4 (440), Co (200), Co (111), Fe3O4 (511), Fe3O4 (311), CoFe (211), CoFe(220) planes. It 
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has been found that the NPs are composed of lattice planes of Fe3O4, Co and CoFe. This suggests 

the formation of the nanocomposites where Co NPs are dispersed on Fe3O4 NPs along with the 

formation of some CoFe structure.  In addition to real space fringe spacing analysis, the selected 

area electron diffraction (SAED) studies also have been carried out. The rings present in the 

pattern indicate the polycrystalline lattice spacing in the sample. The experimental values of 1.43 

Å, 1.72 Å, 2.08 Å, 1.66 Å, 2.6 Å, 1.14 Å and 1 Å correspond to Fe3O4 (440), Co (200), Co (111), 

Fe3O4 (511), Fe3O4 (311), CoFe (211), CoFe(220) reflections. This result confirms the formation 

of the lattice planes of Co, Fe3O4 and CoFe structures in the as prepared sample. Based on this 

analysis it can be concluded that Fe3O4/Co nanocomposite containing the CoFe phase structure, 

is formed though the adapted scheme in the present work. 

4.3.3  Energy-dispersive X-ray spectroscopy (EDS) analysis: 

The spatial distribution of atomic contents across the nanocomposites is obtained using 

the EDX line profile. The EDS data (figure 4) confirm the presence of Fe, Co and S in the 

sample. Due to minute amount of material illuminated by the probe the EDS signal intensity is 

found low. 

 

 

Figure  4.4 Image of the spectral lines obtained from EDS analysis. This clearly shows 

the lines corresponding to Fe, Co and S. 
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The elemental composition (Table 4.1) shows that 10.39% of Fe, 19.25% of Co and 

70.36% of S are present in the sample. This stoichiometry does not correspond to the brutto 

formula of CoFe2O4. Therefore no spinel structure is present in the as prepared sample. On the 

other hand the S is found due to the presence of SDS as coating agent. No impurity has been 

found which indicates the purity of the synthesis. 

Table 4.1 Elemental contribution to the nanocomposite from EDS analysis. 

Element Weight% Atomic% 

S K 56.81 70.36 

Fe K 14.61 10.39 

Co K 28.58 19.25 

Totals 100.00  

 

4.3.4  Dynamic light scattering (DLS) study: 

The light scattering experiment has been carried out with the water dispersed part of the 

NPs. The DLS image (Figure 4.5 a) depicts the increasing trend of size NP with the increase of 

total concentrations of the precipitates formed in the final step of Scheme 4.1. The poly-

dispersity index (PDI) has been found to decrease with concentration. The sizes with increasing 

concentrations vary from 156 nm to 265 nm. Thus this result validates the effect of precursor 

concentrations on the NP size. The descending value of PDI also suggests the steady rate of the 

reaction with the increase of concentration.   
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(a)                                                                            (b) 

Figure  4.5 (a) Concentration vs size and PDI profile of nanocomposite dispersed in 

water. (b) Time vs size and PDI profile of nanocomposite dispersed in water 

Besides this, the variation of size with respect to time (Figure 4.5 b) states that at the 

primary step of the reaction, size is maximum. The size decreases with the progress of time and 

at a certain time it becomes invariable. The variation of PDI value with respect to time also 

follows the same trend as that of size. The total observation indicates the completion of reaction 

with the formation of NP at a certain interval of time. After this time no aggregation takes place 

and the colloidal dispersion gains its stability.  

4.3.5 Optical property study: 

The optical property of the colloidal dispersions with various concentrations has been 

studied by UV-visible spectroscopy study. The absorption bands appear from 350 nm to 550 nm. 

With the increase of precursor concentrations the absorption maxima shit to the red region of the 

wavelength. (Figure 4.6 a) This indicates the size enhancement of the NPs with increase of 

precursor concentration. The intensities the absorption peaks also increase with concentration. 

To confirm the formation of the nanocomposite the absorption of colloidal dispersion of Fe3O4 

NP has also been measured. By comparison of the two figures [Figure 4.6 (a) and 4.6 (b)] it has 

been found that the nature of absorption of nanocomposites is different from that of Fe3O4. The 
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absorption bands for Fe3O4 suspensions are found in the 330 nm to 450 nm, which is in 

accordance with the literature.61 This difference confirms the formation of nanocomposite.  

 

            

(a)                                                                           (b) 

Figure  4.6 (a) The absorption spectra of Fe3O4/Co nanocomposite formed at different 

precursor concentrations. (b) The absorption spectra of Fe3O4 NP formed at different 

precursor concentrations. 

4.4 Conclusion: 

From the above discussion it can be concluded that the Fe3O4/Co nanocomposite can be 

prepared by adapting suggested scheme in the present work. The structure of the as prepared 

sample has been confirmed through XRD measurement, TEM analysis. The 2θ values appeared 

in XRD assures the presence of lattice planes of Fe3O4, Co and CoFe planes. On the other hand, 

TEM images have revealed that the monodispersity can be achieved by increasing the precursor 

concentrations. The fringes appeared in the HRTEM images are well matched with the 

reflections arise in the SAED experiment. These results unveil the structure of Fe3O4/Co 

nanocomposite, where Co NP is deposited over Fe3O4 NP host matrix, with the formation of 

some CoFe structure. The elemental composition has been confirmed through the EDS spectra 

analysis. Finally, from the DLS and absorption property analysis, effect of precursor 

concentration on the progress of reaction, aggregation, stability and size of the colloidal NP has 

been recognized.  
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Chapter 5 

 

The impact of surface structure and band gap on the optoelectronic 

properties of Cu2O nanoclusters of varying size and symmetry 

 

Abstract 

            A systematic characterization of Cu2O nanoclusters using classical electrodynamics and 

time-dependent density functional theory (TDDFT) is performed to investigate their response to 

light with the alteration of size and symmetry. Absorption and scattering play a crucial role to 

tune the surface plasmon resonance (SPR), which is the focal feature of optoelectronic 

properties. In larger dimension the SPR is found to be strongly influenced by scattering and in 

smaller NPs it is dominated by absorption. A blue shift of the SPR peak is observed with 

decreasing cluster size. The optical properties of Cu2O nanoclusters are also affected by the 

symmetry aspect. With the variation of size and symmetry the associated surface structure and 

band gap are also varied. The TDDFT calculation is performed to explore the impact of these 

two fundamental factors on optoelectronic nature of (Cu2O)n clusters. The TDDFT study on 

Cu2O nanoclusters reveals the nature of electronic excitations in photo irradiated (Cu2O)n 

clusters for n =1, 2, and 3. The transitions involved in (Cu2O)n  are basically categorized as 

ligand to metal charge transfer (LMCT) and metal to metal charge transfer (MMCT) processes. 

The change in absorption with varying cluster dimension and symmetry is found to be critically 

controlled by the relative probabilities of LMCT and MMCT processes. A competing surface 

reconstruction effect and occupied-virtual energy gap is also found to govern the SPR pattern of 

the Cu2O nanoclusters. All these observations provide an appropriate guideline to tune SPR of 

Cu2O NPs for specific applications.  
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5.1  Introduction 

 Multifarious application of optoelectronic  properties of nanoparticles (NPs) tantalize 

scientific community to take a closer look at the interior of photo-responsive nanoclusters.1,2 The 

central theme of this field of research has been the study of Surface Plasmon Resonance (SPR), 

which is defined as the collective oscillation of electrons brought about by the irradiation of 

light.3-5 The noble metal nanoparticles are the main representatives of SPR till date.6-8 

Interestingly, a number of semiconductor materials have also been found to be SPR-active and  

can be explored for potential applications.9-12 Through modification of the size and shape of NPs, 

the plasmon wavelength can be tuned for a wide range of applications such as in catalysis, optics, 

chemical and biological sensing, and medical therapeutics.13-17  

 The effect of size of NPs on SPR has already been explored in terms of surface area to 

volume ratio (S/V).18 Along with the size, alteration in the shape of NPs also changes the S/V 

ratio.19 With the variation of S/V, surface reconstruction takes place.20-22 The surface 

reconstruction creates energy levels in the forbidden energy gap of bulk component which is 

responsible for change in optoelectronic property of semiconductor NPs.10  Pitarke et al. have 

reported that SPR can be evaluated by dynamical structure factor,23,24 inverse dielectric function, 

and screened interaction which vary with shapes.25 According to Maxwell, dielectric function is 

the key operator to characterize the optical property of NPs. Except for the sphere, the solution of 

Maxwell equation for other arbitrary shaped Nps are very limited.26,27 Noguez has explored the 

shape effect by spectral representation formalism where polarizability and dielectric function are 

considered as spectral variables.2 Coronado et al. have suggested the geometrical probability 

model which exhibits the size and shape dependent contribution to the dielectric function of 

material in terms of mean free path ( ) 4effL V S .28  

 Though the effect of shape on optical properties is well understood in terms of dielectric 

function and polarizability, which vary with S/V ratio, the connection between the symmetry and 

optical properties is not yet properly addressed. Lowering of symmetry leads to extension of 

photonic band gap (PBG) in photonic crystals,29,30 which undoubtedly infers a pronounced effect 
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of symmetry on energy gap shift ( E ). In this work, the role of electronic transitions engaged in 

collective excitation of electrons is also cultivated. To evaluate the effect of band gap on 

optoelectronic properties in NPs of different size and shape, Discrete Dipole Approximation 

(DDA) 31-34 based on electrodynamic method is employed. The absorption, scattering and 

extinction spectra are computed on NPs with different shapes, such as nanospheres, nanocubes 

and nanocylinders. Optoelectronic property basically depends on valence electron density. The 

core electronic part belonging to periodic nature has no significant role to tune this property. The 

surface atoms of a nanoparticle are not periodic; unlike the bulk core which resemble periodic 

structure. Insufficient bonding and imperfect coordination number of surface atoms leads to 

variation in the hybridization of atomic orbitals (AOs). Due to this change in the composition of 

molecular orbitals (MOs), the nature of electronic excitation becomes distinct, which in turn 

brings about the diversity of optical response of nanoclusters of different sizes and shapes. 

Therefore, surface reconstruction has a sound impact in tuning optoelectronic nature of NPs. In 

this connection, the electronic excitations of small Cu2O molecular clusters of varying size and 

symmetry are computed in the platform of Time Dependent Density Functional Theory 

(TDDFT).35-38 Each atom in the nano-clusters sits in a different environment from that in the 

bulk structure, and hence is treated as surface atom in TDDFT calculation. Subsequently larger 

nanoclusters (of diameter 1 nm and 1.2 nm) are also considered to substantiate the nature of 

electronic and optical properties of the small clusters, with concomitant verification of the bulk 

nature of the core part. This deviation of electronic configuration in surface structure with 

respect to bulk structure enables the proper mapping of DDSCAT data with TDDFT results. 

Hence, the present work plans to systematically change the size and symmetry of the NPs so as 

to examine the correlated variation in surface structure reconstruction and band gap, which 

partakes in tuning the optoelectronic properties of NPs.  

As a representative congener of this study, we choose Cu2O nanoparticle for its 

interesting exitonic features.39-45  Cuprous oxide (Cu2O) is a p-type semiconductor with a band 

gap of 2.2 eV.46  Due to its high optical absorption coefficient, it is potentially used for gas 

sensing,47 solar energy photovoltaics,48-51 photocatalysis,52-54 cell imaging and for identification 

of proteins.55 Various interesting Cu2O nanostructures such as nanocubes,56-59 octahedra,46,60-62 

nanospheres,63-65 nanocages,66-68 hollow spheres,69 nanowires,58,70 nanorods and other highly 
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symmetrical structures have been reported.71,72 Cu2O NPs not only lead to the local structural 

alteration of proteins but also acts as a novel optical probe applied in cell or molecular biology 

imaging.73 The effect of band gap variation and surface reconstruction on the optoelectronic 

properties of Cu2O NPs are understood by altering the size of NPs with different shape 

symmetries, namely sphere, cube and cylinder, through Discrete Dipole Approximation. In order 

to draw a meaningful quantum chemical interpretation of the DDA simulation results, the 

electronic excitations in the optimised structures of (Cu2O)1, (Cu2O)2 and (Cu2O)3 are performed 

in the platform of time-dependent density functional theory (TDDFT). The effect of variation in 

size is investigated keeping the symmetry constant at C2v. On the other hand, the variation in 

symmetry from Cs to C3v is studied keeping the size constant at (Cu2O)3. For convenience, 

electronic excitations in larger and more realistic cluster of 1 nm diameter ([Cu28O15]
6+) and 1.2 

nm diametr ([Cu44O15]
6+) are also computed. The comprehensive comparison of optical 

properties of Cu2O nanoclusters having different size and symmetry guides the proper selection 

of nanoparticles for specific bio-medical applications and therapeutic uses.  

5.2  Theoretical Background and Computational Details 

5.2.1 DDA Simulation Method 

           The computation of optical response of isolated NPs  of different shapes and sizes are 

performed using the Discrete Dipole Approximation algorithm implemented in the DDSCAT 

7.1.0 code developed by Draine and Flatau.31 The isolated nanoparticles are represented as a 

lattice of polarizable cubic elements (N-point dipoles) with positions and polarisabilities ri and 

i (i = 1,2,.....,N) respectively. The target is excited by monochromatic incident plane wave. The 

polarization induced in each dipole is expressed as 

                                               , ( ).i i loc i iP E r                                                           (5.1) 

 

Here , ( )loc i iE r  is the local field, which is the sum of the incident radiation field and the 

field radiated by the other N 1 dipoles. For a given value of incident wavelength , the field can 

be expressed as 
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Where  ij i jr r r   and P is the polarization vector. Substituting eq 5.2 and 5.3 into eq 

5.1 and with subsequent rearrangement one gets 

 

                                                                 A P E                                                                     (5.4) 

The matrix A' is derived from the matrix A of equation 3 and is a 3N × 3N matrix for a 

target with a total of N dipoles. E and P in equation 5.4 are 3N dimensional vectors. The 

polarization vector P can be obtained by solving these 3N linear equations. Then the extinction 

and absorption cross sections of the NPs can be calculated by  
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Here * implies complex conjugate.74 The scattering cross section is obtained from the 

following relati 

                                                 ext sca absC C C  .                                                                                                          (5.7) 

                                                                                                                                                                                            

           The extinction efficiency ( extQ ), absorption efficiency ( absQ ), and scattering efficiency 

( scaQ ) are obtained through the following set of equations 
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Where effa is the effective radius of a sphere with volume (
34

3

effa
) equal to the volume of the 

particle of any arbitrary shaped NP. 

5.2.2 TDDFT Method  

            For the calculation of excitation energy of molecular clusters the unrestricted density 

functional formalism is adopted, which is implemented in the Amsterdam Density Functional 

(ADF) program.75,76 The ground states of all molecular clusters are studied within the Local 

Density Approximation (LDA)77 and  Generalized Gradient Approximation (GGA).78 For the 

GGA, the Becke's exchange79 and Lee-Yang-Parr correlation80 functional (BLYP) is chosen.  

The double-ζ (DZ) and the triple-ζ with double polarization (TZ2P) Slater type basis sets are 
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used for geometry optimization. To check the vibrational stability of the clusters, all the 

frequencies and normal modes are calculated using both of the prior mentioned approximations 

(LDA and GGA). To calculate the excitation energy within frozen core condition, LB9481 is 

employed as exchange and B3LYP82 as correlation functional. The basis sets employed is similar 

to that used in geometry optimization process.  

5.3.  Results and Discussion     

5.3.1  DDA calculation  

 The calculations are performed for spherical, cubic and rod shaped Cu2O nanoparticles. 

In order to produce accurate result from DDA, the inter-dipole separation d should be made 

smaller than the structural length of the target.83 Hence, with the decrease in the target size; the 

dipole size is also reduced. Thus the typical cube size of each dipole is altered from 3.0 nm to 1.5 

nm with subsequent variation in the number of dipoles (N) from 2.6×105 to 4.5×103. Though, 

polarizability i depends on the refractive index of Cu2O; 84 here the nanoparticles are assumed to 

be embedded in vacuum with refractive index one.  The incident wavelength is varied from 150 

nm to 750 nm. 

5.3.2 Effect of size on absorption and scattering properties 

5.3.2.1 Cu2O Nanospheres 

            The spherical Cu2O NPs are found to absorb in the UV region up to a limit of 80 nm in 

diameter, beyond which the absorption starts to occur at visible spectrum. Hence, the efficiency 

of absorption ( absQ ), scattering ( scaQ ) and extinction ( extQ ) are calculated for Cu2O nanospheres 

ranging from diameter (D) 100 nm to 240 nm [Figure 5.1(a), (b) and (c)].  
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Figure 5.1 Simulated spectra of (a) absorption (b) scattering and (c) extinction of Cu2O 

nanospheres with diameter 100 nm to 240 nm 

 The absorbance is displayed within the wave length region 150 nm to 750 nm. It is 

evident from the plots that decrease of the particle size causes blue shift of the peaks. A close 

inspection of the plots also reveals that with decrease in particle dimension there occurs a 

decrease in scattering and vis-à-vis increase in absorbance of the nanoparticles. As a 

consequence, the SPR peaks resemble to absorption and scattering peaks in smaller and larger 

dimensions respectively. This observation suits the relation displayed in equations 5.7 and 5.8. 

The absorbance of the nanosphere of diameter 220 nm, obtained through DDA simulation is in 

well agreement with experimental value.85 This reinforces the accuracy of the DDA simulation, 

as is reported earlier.86 The molar absorption (εabs) and scattering (εsca) coefficients of 

nanospheres show a similar variation with size as that of equivalent cross sectional areas, which 

is in agreement with the proportionality between equivalent sectional area and the coefficients, 

εabs and εsca.
87 The values of εabs and εsca in nanospheres, both measured at the same wavelength 

where SPR shows maximum efficiency, are reported in Table 5.1. 
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Table 5.1 Calculated molar absorption coefficients ( abs), molar scattering 

coefficient( sca),Surface area to volume ratio (S/V) and band gaps of NPs of varying shapes 

(sphere, cylinder, cube) and sizes at their corresponding surface plasmon resonance wavelength 

maximum (λmax) 

  

shape Size 

nm 

λmax 

nm 

 abs× 1010
 

M-1cm-1 

 sca×1010

M-1cm-1 

Ban

d 

gap 

eV 

S/V 

(nm-1) 

sphere Diameter  

404.7 

 

6.46 

 

1.75 

 

2.32 

 

100 0.06 

120 386.87 5.31 4.36 2.48 0.05 

140 459.79 4.37 8.1 2.29 0.043 

160 522.83 10.2 15 2.17 0.037 

180 576.56 11.6 26 2.03 0.033 

200 622.03 12.5 36 1.7 0.03 

220 663.32 13.4 47 1.65 0.027 

240 711.46 14.4 58 1.64 0.025 

cylinde

r 

Lon

g 

axis 

Diamete

r 

Aspect 

ratio 

 

 

181 

 

 

9.49 

 

 

5.50 

 

 

3.24 

 

553 34 16.26 0.116 

692 40 17.3 197 11.91 6.02 3.18 0.099 

796 54 14.74 229 13.97 6.03 2.89 0.073 

899 57 15.77 249 18.78 7.03 2.81 0.069 

937 63 14.87 233 25.29 9.87 2.89 0.063 

980 72 13.61 403 29.19 10.93 2.52 0.055 

1145 77 14.87 427 38.88 13.26 2.49 0.052 

1385 80 17.31 443 47.39 16.21 2.44 0.050 

cube Diameter  

339.47 

 

4.27 

 

3.2 

 

2.69 

 

 100 0.074 

120 393.09 5.86 4.54 2.46 0.062 

140 454.17 8.31 8.96 2.34 0.053 

160 511.35 10.8 16.7 2.19 0.046 

180 559.24 12.2 28.4 2.04 0.041 

200 603.08 12.9 39.9 1.93 0.041 

220 642.58 13.5 51.2 1.78 0.034 

240 687.98 14.3 63.2 1.65 0.031 
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  The SPR maxima of nanospheres of diameters with 140 nm to 180 nm are close to the 

reported values (Table 5.1).88-90  With increase of size, the magnitude of visible light scattering 

(εsca) exhibits a steeper increase than εabs, which is attributed to the decrease of band gaps with 

increasing size of NPs. (Table 5.1, Figure 5.2).  
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Figure 5.2  Variation of calculated band gaps of spheres (red), cylinders (green) and 

cubes (blue) with increasing size parameters  

  

 This observation is in qualitative agreement with the experimental findings for other 

semiconductors also. 91 Here, the band gap (Eg) is estimated from the absorbance spectra,   

( )n
abs gA h E                                                                                                      (5.9) 

 

Where, A is a frequency independent constant, hν is the energy of photons, n in the index 

depends upon the type of transition. For direct allowed band gap n = 
1

2
.92 The calculated band 

gaps are close to the value of bulk band gap and the trend of variation of the band gap values also 
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follow the literature.93 The spectra for efficiency of absorption shows two distinct peaks at larger 

dimension of the NPs. With the decrease in size, these two peaks approach each other and 

ultimately merge to a hump at a diameter of 120 nm (Figure 5.1 a).  

5.3.2.2 Cu2O Nanocylinders  

            The variation of absQ , scaQ  and extQ  in Cu2O nanocylinders with the change in the aspect 

ratio (height/diameter or long-axis/short-axis) is displayed in Figure 5.3 

 

 Figure 5.3 Simulated spectra of (a) absorption (b) scattering (c) extinction of Cu2O 

nanocylinders with size parameters long axis : diameter from 553 nm : 30 nm to 1185 nm 

: 80 nm 

  The aspect ratio of cylinders is varied from 13.6 to 17.3. The aspect ratios of 

nanocylinders are chosen, so as to be similar to the limiting size range of nanospheres. The 

resonance along the long axis is known as longitudinal mode which propagates along the 

direction of the applied field. The mode perpendicular to the applied field is known as transverse 

mode. Here only the longitudinal mode is considered as it shifts to the visible range of light. 

Similar to nanospheres, here also the SPR band shifts to the shorter wavelength with decrease of 

the size parameter (height and diameter) and the εabs value shows a monotonic decrease as well. 

Most of the peaks appear in the UV region (<350 nm). This is attributed to the higher band gap 

in cylinders than spheres. At the lowest value of aspect ratio (13.6) the sharp peaks 

corresponding to referred modes (transverse and longitudinal) merge to form a hump like curve. 
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On the contrary, with increase of aspect ratio, the sharpness of the curves increases and the 

curves corresponding to longitudinal and transverse modes appear as two distinct peaks. 

However, most of the absorbance appears in the UV region up to 63 nm diameter of 

nanocylinders. On the other hand, the nanospheres of similar size absorb at around 576 nm. In 

nanocylinders, the absQ  is higher and scaQ  is lower than that in` sphere (Figure 5.4 and Figure 

5.5). Compared to sphere, the difference in absorption is attributed to the larger surface area94 of 

cylinder which causes increment in the band gap and consequently results in higher absorption 

intensity (Figure 5.2).  

 

Figure 5.4 Variation of absorption with shapes   [sphere (red), cylinder (green), cube 

(black)] of NPs having equal volume of a sphere with effective radius 100 nm.     
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Figure 5.5 Variation of scattering with shapes [sphere (red), cylinder (green), cube 

(black)] of NPs having equal volume of sphere with effective radius 100 nm.    

5.3.2.3 Cu2O Nanocubes  

            Similar to Cu2O nanospheres, the limiting size range of Cu2O nanocubes for optical 

response to appear in visible region is 100 nm to 240 nm. The nature of variation of absQ , scaQ  

and extQ  parameters with wavelengths for Cu2O nanocubes are comparable to nanospheres 

[Figure 5.6 (a), (b) and (c)]. The SPR peaks are blue shifted with decrease in size, similar to the 

trend in Cu2O nanospheres and nanocylinders. The calculated εabs  and εsca values for nanocubes 

are close to the values of corresponding nanospheres due to comparable band gap values (Figure 

5.2). The nanocubes acquire highest scattering coefficient values (εsca) among three shapes 

having equal volumes (Table 5.1). The highest efficiency of scattering ( scaQ ) in nanocubes 

supports the above observation (Figure 5.5). The calculated band gaps are in the range of 2.69 

eV to 1.65 eV (Table 5.1). The nature of spectra of absQ  is analogous to the mentioned shapes 

with two different peaks which come closure with decrease of size and merge at the size of 100 

nm.  
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Figure 5.6 Simulated spectra of (a) absorption (b) scattering (c) extinction of Cu2O nanocubes 

having equal volume of nanospheres of diameter 100 nm to 240 nm. 
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5.3.3 Effect of symmetry on absorption and scattering properties 

            Usually the 3D shapes are represented by several descriptors, of which symmetry and 

surface area to volume ratio are maximally used. Symmetry is known as shape similarity 

descriptor and measures the similarity between two 3D shapes. Whereas, surface area to volume 

ratio (S/V) is termed as shape dissimilarity descriptor and measures the dissimilarity between two 

3D shapes.95-99 Though, the dependence of absorption and scattering properties of the nano 

particle on the S/V ratio is well-cultivated; 2, 28, 90-103 the same dependence on the symmetry needs 

a detail attention. According to nanothermodynamics, 104 with increase of surface area the surface 

energy increases due to increment of density of elastic strain energy of lattice relaxation, density 

of dangling bonds and coordination imperfection. This enhancement of surface energy leads to 

the blue shift of band gap.105According to chemical bond theory 106, 107 the optical gap shift 

(measured from the shift of absorption threshold of nanocrystal with respect to the bulk) appears 

from two types of effects. First is the quantum effect, responsible for quantum effect shift 

( kuboE ), which arises from the discretization of the band structure due to decrease in the 

dimension. Second is the surface effect, arising from termination of lattice periodicity on the 

surface of nanoclusters and responsible for surface effect shift ( surfaceE ). Thus, the energy gap 

shift ( E ) can be represented as the sum of the two mentioned shifts 

( E = kuboE + surfaceE ).The electronic structure, that defines the optical properties of NP is 

intimately related to the atomic structure and its symmetry. NPs with higher symmetry exhibit 

highly degenerate states. Reducing the symmetry split the degenerate MOs leads multiple energy 

states. Therefore tuning of symmetry affects the energy gap shift ( E ) in nanoclusters. 108 Since 

the S/V ratio of nanosphere and nanocube is comparable (Table 5.1), the distinction of absorption 

and scattering properties in those shapes is hardly correlated with surface effect shift ( surfaceE ) 

and symmetry becomes the chief reason behind the difference of their optical properties. To 

investigate this issue, the absorption and scattering efficiencies of Cu2O cluster of different 

symmetries are calculated keeping their size constant (D = 100 nm). The variation of scattering 

efficiency ( scaQ ) against different symmetries are shown in Figure 5.5, which delineates highest 

efficiency for lowest symmetric cube. Hence, aligning with this order, minimum scattering 

efficiency should be displayed by most symmetric nanospheres. However, opposed to this trend, 
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the cylinder shape is found to be associated with lowest scaQ  and highest value of absQ . This 

anomaly can be explained by the highest S/V ratio of cylinder compared to other shapes (Table 

5.1). A considerable contribution from surface effect ( surfaceE ) also acts to enhance the value of 

E  in nanocylinder, for which the band gap becomes highest in case of nanocylinders. In a 

nutshell, the symmetry turns into an effective parameter to tune the band gap, which is in turn 

responsible for differentiation of optical response in nanoclusters.     

5.3.4  TDDFT calculation    

 GGA functionals are reported to produce reasonably well prediction of excitation 

behavior in transition metal complexes.109 This functional is also found to reproduce the 

experimentally reported structure as evident from Table S1.  Hence, we finalized the optimized 

structure of the GGA functional for further calculation. A complete list of harmonic frequencies 

is given in the basic data for the optimized structures considered in this work. (Cu2O3)3 cluster 

with different symmetries imaginary frequencies of magnitude less than 31 cm–1 are found. This 

is reported to be likely due to small inaccuracy in the numerical grid.110  

5.3.4.1 Effect of size 

           The TDDFT is exercised to obtain the excitation energy of (Cu2O)1, (Cu2O)2 and (Cu2O)3 

clusters in their C2v symmetry (Figure 5.7).  
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Figure 5.7 Molecular clusters of Cu2O (a) (Cu2O)1, (b) (Cu2O)2, (d) (Cu2O)3 in C2v symmetry , 

(c) and (e) are (Cu2O)3 in Cs and C3v symmetry respectively. 

The structural parameters in the optimized geometries of (Cu2O)n clusters [n =1, 2, and 3] 

are found to be in well agreement with the reported bond distance111,112 (Table S5.3). Analysis of 

the structure of Cu2O molecular clusters reveals four different coordination environments for Cu 

and O atoms which are designated as CuCSA, CuCUS, OCSA, OCUS. Here, the CSA and CUS in the 

suffix imply coordinatively saturated and coordinatively unsaturated respectively following the 

notations of Soon et al.113 In bulk state, each O atom is surrounded by four tetrahedron Cu atoms 

and referred to as OCSA. On the other hand, the coordination number varies from two to three in 

OCUS, which are denoted by OCUS
2 and OCUS

3 respectively. Similarly, CuCSA and CuCUS denote 

copper with coordination number two and one respectively. The alteration in size of the cluster 

brings about the change in the coordination number of surface atoms, which in turn leads to the 

change in structural parameters in the clusters.114-116 Due to the change in coordination with 

increase of size (in C2v symmetry), the CuCSA OCUS and CuCUS OCUS bond lengths decrease and 

CuCSA CuCSA bond lengths increase (Table S5.3). As a consequence, the bond angle 

 CuCSA OCUS CuCSA linearly increases with size. The increase in the size of cluster increases 

the population of surface atoms. Due to unsaturated coordination number, the surface atoms 

show a greater tendency to participate in the electronic transition for having more valence 
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electrons compared to the bulk atoms.  Thus, the variation in electronic transitions taking place 

between occupied and virtual MOs in clusters of increasing size is attributed to the reduction in 

coordination number (Table 5.2). For simplicity, only the peaks with highest oscillator strength 

(OS) (designated as 1 in Figure 5.8) are reported for each cluster. 

 

 

(a) 
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z
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Peak 1 Peak 1
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(Cu2O)1(Cu2O)2(Cu2O)3

 

(b) 

Figure 5.8 (a) TDDFT valence excitation spectra (oscillator strength vs excitation 

energy) of(Cu2O)1 (black), (Cu2O)2 (red) and (Cu2O)3 (green) clusters having same 

symmetry (C2v). Only the most intense discrete transitions are reported and labelled as 1. 

(b). The representation of MOs participating in the electronic transitions to form the most 

intense peaks labelled as 1 in (Cu2O)n clusters (n = 1, 2 and 3). x, y and z are the 

reference axis of the MOs 

 The excitation peaks are directly dependent on the energy gap between occupied and 

virtual MOs (ΔEocc-vir), which can be found from Figure 5.8 and Table 5.2. To find out the MO 

and its component AOs participating in the electronic transition, the partial density of states 

(PDOS) of fragments is analysed in Table S5.1 of ES5.I. From Table S5.1, it is seen that the 

occupied MOs are dominated by p AOs of O fragments with minor contribution of d AOs of Cu 

fragments. On the other hand the virtual MOs are dominated by s and p AOs of Cu fragments. 

Again, (Cu2O)3 and (Cu2O)2 are found to have highest and lowest percentage contribution of 

oxygen p AO in their occupied MOs (Figure 5.9a). 
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Figure 5.9  Variation of extent of LMCT in terms of % contribution of (a) ligand AOs in 

occupied MOs and (b) metal AOs in virtual MOs in molecular clusters of (Cu2O)1(black), 

(Cu2O)2 (red) and (Cu2O)3 (green) 

 Nevertheless, the OS of electronic transition also increases with increase in percentage 

contribution of s AOs of Cu fragments in virtual MOs [Table 2 and Figure 9(b)].  
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Table 5.2 Discrete electronic excitations of Cu2O clusters of different sizes in C2v symmetry 

calculated through TDDFT and compared with reported values in reference (85) 

Cluster

s 

Symm

etry 

P

e

a

k

s 

Occupied 

orbital 

Virtual 

Orbital 

ΔEocc-

vir 

(eV) 

Oscillato

r 

strength 

Excitati

on 

Energy 

(eV) 

Report

ed 

excitati

on 

energya 

(eV) 

(Cu2O)1 C2v 1 5A1(HOMO-

2) 

5B1(LUMO+

1) 

3.42 0.095 3.90 3.54(6.7 

nm) 

(Cu2O)2 C2v 1 10B2(HOMO-

1) 

17A1(LUMO

+2) 

3.395 0.0822 3.69 2.76(8 

nm) 

 

(Cu2O)3 C2v 1 14A1(HOMO-

1) 

13B2(LUMO

+1) 

1.313 0.1923 1.72 2.63(14 

nm) 

 

A marked effect of variation of coordination number on the nature of electronic 

excitation has been revealed from MO diagram analysis (Fig. 5.8). In (Cu2O)1 and (Cu2O)3 the 

peaks designated as 1 are basically produced from 5A1 to 5B1 and 14A1 to 13B2 transitions 

respectively (Table 5.2). Here, nA1, nA2, nB1 and nB2 represent the n-th SCF   molecular 

orbitals as generated in ADF. A1, A2,… are the subspecies of irreducible representation 

internally used by ADF. The labels A, B and subscripts 1, 2 are associated with standard 

notations in literature.117   The source MOs (5A1 and 14A1) are dominated by pz AOs of O1CUS
2 

and O7CUS
2 in (Cu2O)1 and (Cu2O)3 respectively (The number in the subscript such as 1 and 7 

implies the atom number of the clusters depicted in Fig. 5.7). On the other hand, the destination 

MOs (5B1 and 13B2) are formed through major contributions from s AOs of Cu2CUS, Cu3CUS in 

(Cu2O)1 and s AOs of Cu8CUS, and Cu9CUS in (Cu2O)3 (Fig. 5.8b).  No OCUS
2 atom is present in 

(Cu2O)2. The peak 1 in case of (Cu2O)2 is associated with transition from 10B2 to 17A1 MO. 

The 10B2 MO is composed of Cu2CUS, Cu3CUS 22 yx
d


AOs and 17A1 MO is composed Cu2CUS, 

Cu3CUS  s AOs. Hence from the above discussion it becomes apparent that the nature of 
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electronic excitation is typically ligand to metal charge transfer (LMCT) in (Cu2O)1 and (Cu2O)3 

and metal to metal charge transfer (MMCT) in (Cu2O)2. This observation is in concordance with 

XPS (X-ray Photoelectron Spectroscopy) study and other quantum chemical computations which 

concludes that charge transfer takes place in Cu2O from oxygen to copper.118 The peak 1 at 720 

nm in case of (Cu2O)3 is found to be highest with full width at half maxima (FWHM) of 31.8 nm 

and that of (Cu2O)2 at 334 nm is lowest with FWHM of 13.6  nm among three sizes of the cluster 

(Fig. 5.8). Intensity of absorption is proportional to the product of square of OS and transition 

energy. The OS of peak 1 is lowest for (Cu2O)2 and highest for (Cu2O)3 while the OS of peak 1 

of (Cu2O)1 with FWHM 7.28 nm is in between the two. Therefore intensity of absorption is 

lowest in case of (Cu2O)2 and highest for (Cu2O)3 (Fig. S5.1). Hence, it can be expected that 

variation of absorption intensity basically depends on nature of electronic transition. The 

calculated values of Eexc of Cu2O quantum dots in table 5.2 shows the similar trend of quantum 

size effect as reported in reference 85 and thus validate the TDDFT results. 

5.3.4.2 Effect of symmetry                     

           In case of DDSCAT computation we have considered the effect of shape and associated 

symmetry of nanoparticles on the optical properties. During variation of symmetry the energy 

gap shift ( E ) is predominantly regulated by kuboE  and surfaceE . To further verify how the 

interplay between kuboE  and surfaceE play a crucial role in tuning optical features, TDDFT is 

performed by varying the symmetry of (Cu2O)3  to Cs , C2v and C3v. Elevation of symmetry 

causes change in structural parameters due to variation in coordination numbers. The 

CuCSA CuCSA bond length is shorter in C2v compared to the C3v geometry. Similarly the 

CuCSA OCUS
2 bond length decends from C2v to Cs. Consequently the relevant bond angles 

increases in higher symmetry, while the CuCSA OCUS bond length remains approximately same 

in all the cases. The blue shift of Eexc of higher symmetry appears due to increase in
occ virE  . For 

ease of analysis two types of peaks are chosen. Peak 1  corresponds to electronic transition of 

lowest excitation energy. The peaks are labelled as 1_Cs, 1_C2v and 1_C3v of their respective 

symmetries (Fig. 5.10a). The blue shift of peak 1 is attributed to ascending trend of ΔEocc-vir with 

increase of symmetry from Cs to C3v. (Fig. 5.10a and Table 5.3)  
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(b) 

Figure 5.10 (a)  TDDFT valence excitation spectra (oscillator strength vs excitation energy) of 

(Cu2O)3 clusters having different symmetries C2v (red) and D3h (black). The transitions with 

lowest excitation energy are reported as 1_Cs , 1_C2v , 1_C3v . The most intense discrete 

transitions are labelled as 2_Cs, 2_C2v and 2_C3v for  respective symmetries. The MOs involved 

in corresponding transitions are also displayed. (b). The representation of MOs participating in 

the electronic transitions to form the most intense peaks labelled as 2_Cs, 2_C2v , 2_C3v for 

respective symmetries of (Cu2O)3 cluster. x, y and z are the reference axis of the MOs. 
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With increase of symmetry degeneracy of energy levels increase. On the contrary 

reducing the symmetry split the degenerate levels to multiple states, which is attributed to the 

highest ΔEocc-vir value of  C3v and lowest of Cs. The other type of peaks labelled as 2 are chosen 

on the basis of electronic transition with highest oscillator strength. The peaks are labelled as 

2_Cs, 2_C2v and 2_C3v according to the symmetry with ascending order (Fig. 5.10a). The peak 2 

for C2v symmetry (designated as 2_C2v) is found to be most intense than the other  peaks 

(designated as 2_Cs and 2_C3v). The proper reason behind the variation of OS can be explored by 

analysis of PDOS data and MO diagram (Table S2, Fig. 10b). The peak 2_C2v is generated due to 

the transition from 14A1 to 13B2 (vide supra) whereas, peak 2_Cs  and 2_C3v are associated with 

transition from MO 20AAA to MO 22AAA and MO 95A to MO 100A. The transition from 

14A1 to 13B2 in 2_C2v is purely LMCT type; whereas transition of 20AAA to 22AAA and 95A 

to 100A contains approximately equal d AOs contribution in 2_Cs and 2_C3v respectively(Table 

S5.3 in ES5.I). Therefore oscillator strength varies linearly with extent of LMCT type transition. 

A remarkable agreement of the calculated values of Eexc of two different symmetries having 

approximately similar size (nanocubes and nanosphere) with reported results 119-120 confirms the 

reliability of TDDFT computation (Table 5.3) 

 Table 5.3 TDDFT data of discrete electronic excitations of Cu2O clusters of same sizes in 

different symmetries. (a) is from reference (119) 

Cluster
s 

Sym
metry 

P
e
a
k
s 

Occupied 
orbital 

Virtual 
Orbital 

ΔEocc-

vir 

(eV) 

Oscillato
r 
strength 

Excitati
on 
Energy 

(eV) 

Reporte
d 
excitatio
n energy 
(eV) 

(Cu2O3 Cs 1 22AA(HOM
O) 

24AA(LUM
O+2) 

1.173 0.015 1.296  

2 20AAA(HO
MO-2) 

22AAA(LU
MO+3) 

1.876 0.0302 1.98  

(Cu2O)3 C2v 1 12B2(HOMO
-2) 

13B2(LUMO
+1) 

1.337 .0018 1.409 2.36a 
(420 nm) 

2 14A1(HOM
O-1) 

13B2(LUMO
+1) 

1.313 0.1923 1.72 2.407a 

(Cu2O)3 C3v 1 96A(HOMO-
1) 

100A(LUMO
) 

1.804 0.0064 1.898 2.25b 

2 95A(HOMO-
2) 

100A(LUMO
) 

2.017 0.0126 2.13 2.38b 
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5.3.5      Interpreting optical absorption spectra of Cu2O NPs with TDDFT data 

 The analysis of electronic excitation of molecular clusters of (Cu2O)n clearly reveals that 

the variation in absorption spectra of NPs with different size and shape depends on two factors. 

The shifting of spectra (blue or red) takes place due to the variation of gaps between energy 

levels ( E ). The measure of E  in case of NPs is kuboE and in molecular cluster is occ virE  . 

The blue shift of spectra occurs when E  increases with decrease of size of nanoclusters. The 

second factor is the surface structure effect, which is dictated by the enhancement of surfaceE  

with increase of S/V ratio. This surfaceE  contributes to the total energy gap ( E ) and enhances 

the band gap value as well as absorption in NPs. The reason behind the increment of absorption 

can be rationalized by TDDFT results. The OS of excitation spectra predominantly depends on 

the nature of electronic transition among MOs. As it is suggested from earlier discussion, the 

nature of electronic transition depends on the structure of surface atoms. Two types of electronic 

transition takes place on Cu2O surface, LMCT and MMCT.  Reduction in coordination number 

of O at the surface increases the p-orbital-density at the valence band compared to conduction 

band. Thus, the valence to unoccupied orbital transition is dominated by ligand to metal 

transition when the surface is oxygen terminated. On the other hand the valence band will be 

dominated by d or s orbital of Cu if the surface is Cu terminated. This is clearly observed in the 

larger clusters calculation of [Cu28O15]
6+ and [Cu44O15]

6+ [Figure 11 5.(a) and (b)].  
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Figure 5.11 Molecular clusters of (a) [Cu28O15]
6+ and (b) [Cu44O30]

6+  in Td symmetry. 

 

Table 5.4 TDDFT data of discrete electronic excitations of larger Cu2O clusters of different sizes 

 in same symmetry. 
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 The peaks are blue shifted with decrease of size (Figure 12(a) and (b)). This blue shift 

occurs due to increase of  ΔEocc-vir (Table 5.4). This result shows a similar trend and similar kind 

of electronic excitation (Table S5.5 in S5.I) behavior as the smaller clusters which is easily 

observable from Figure 5.12 (a) and 5.12 (b). In both of the larger clusters the AOs of core part 

do not take part in the excitation, which is in accordance with the results obtained for smaller 

clusters (Figure S5.2).  

  

Figure 5. 12 TDDFT valence excitation spectra (oscillator strength vs excitation energy) of (a) 

[Cu28O15]6+ and (b) [Cu44O30]
6+  in Td symmetry. The most intense discrete transitions are 

labelled as Peak_1. 

 Enhancement of LMCT with lowering of cluster size can be attributed to the exposition 

of the O atoms to surface and thereby diminish their coordination environment. This is also 

observable from the simulated absorption spectra (Figs. 5.1a, 2a and 3a).  Therefore, it can be 

concluded that the intensity of the peaks depend on the surface structure of nanoclusters. The 

peak intensity is influenced by LMCT if the surface is O-terminated and that of MMCT when the 

surface is Cu-terminated. Therefore, two types of peaks will arise, one of which is due to LMCT 

(OCUS
2 to CuCUS) and another is due to MMCT (CuCSA to CuCUS). The peaks due to LMCT are 

found to appear in the lower energy region, while the higher energy region is dominated by 

peaks of MMCT type. Bruneval et al. who have explored from DOS and energy distribution 
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curve (EDC) analysis that optical absorption spectra of Cu2O arises from two distinct energy 

levels; one between -8 to -5 eV which is typically O 2p level and the other within -5 eV to Fermi 

level recognized as the Cu d level.121 Therefore, the two distinct absorption peaks appearing in 

DDSCAT results is justifiable on the basis of the above observation.  

5.4  Conclusion    

 The present work unravels the effect of surface structure reconstruction and variation in 

band gap upon their surface plasmon resonance and associated electronic transition of Cu2O 

nanoparticles. The SPR peaks are found to be blue shifted with decrease in the size of the 

nanoparticles irrespective of the shapes, which is attributed to the increase of Kubo gap. This 

blue shift of SPR peak is also correlated with surface effect shift due to surface reconstruction 

during NP formation. As the shape of NP changes the related symmetry and S/V ratio also 

changes. Lowering of symmetry leads to splitting of degenerate energy levels. This is the reason 

behind the systematic change in optical response in between nanosphere and nanocube following 

the symmetry trend. The anomalous nature of optical response in case of cylinder can be 

explained from the enhancement of the band gap due to the inclusion of significant contribution 

of S/V ratio. The band gap varies linearly with S/V ratio as is apparent from Table 1. As a 

consequence the cylinder symmetry of Cu2O NPs are following completely different trend. 

Irrespective of diameter, the surface plasmon wavelength maximum ( max ) of the cylinder is 

completely blue shifted compared to sphere and cube. This is due to the largest band gap of the 

cylinders among the three shapes of same volume.  

TDDFT computation is also performed to explore the phenomena of tuning optical 

response through surface structure reconstruction. The effect of size is traced by increasing the 

size of (Cu2O)n with n =1, 2 and 3, keeping the C2v symmetry intact. On the other hand, the effect 

of symmetry on absorption is studied for a specific cluster (Cu2O)3 varying its symmetry from 

C2v to D3h. The energy gap between occupied and virtual MOs (ΔEocc-vir), increases with decrease 

of cluster size from (Cu2O)3 to (Cu2O)1. Increase of symmetry leads to the blue shift of peaks, 

which is realized due to a increase in ΔEocc-vir.  The reconstruction of surface induces the 

variation in structural parameters due to change in coordination number of the surface atoms. 

The nature of electronic transition depends on the coordination number of surface atoms. On this 
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account, two types of absorption occur on the surface of Cu2O NPs. As the coordination number 

of O atom decrease the absorption becomes LMCT type and with decrease of coordination 

number of Cu atoms the absorption becomes MMCT type. A similar result of the increase in the 

size of NP is also tested with clusters of larger and more realistic sizes. The results invariably 

shows the same trend as is observed for smaller clusters. The blue shift in peaks with decrease in 

size is attributed to the increase of  ΔEocc-vir. Therefore we can conclude that with change of size 

and symmetry the variation of two major factors play an important role to tune the absorption as 

well as surface plasmon resonance of Cu2O nanoclusters.  

            In the present work, it has been systematically shown that the optical property, i.e., SPR, 

absorption, and scattering can be tuned by manipulating size and symmetry of Cu2O 

nanostructures. Hence, these observations find sophisticated applications in the fields of 

biosensors, solar cells, photodiodes, photo catalysts etc. 13-17  With the increment of size of Cu2O 

nanospheres the value of scattering coefficients become larger than the gold sphere, which is 

already employed for the selective imaging of cancer cells.122,123 The Cu2O nanospheres of D = 

140 nm, 160 nm, 180 nm, 220 nm, and 240 nm have εsca greater than that of gold NPs. So these 

size ranges for Cu2O nanospheres can be used as cell imaging and detection of proteins as 

reported earlier.73 Therefore, this work can also guide the selection of appropriate size and shape 

of nanoclusters with desired band-gap for some specific application.  
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Chapter 6 

 

The spectral tuning of photoisomerization of 11-cis retinal in 

conjugation with Au14: a theoretical outlook 

Abstract 

 Being the intrinsic property of gold nanocluster, the localised surface plasmon resonance 

(LSPR) leads to an enhancement of absorption of retinal molecule, while conjugated to Au14 

nanocluster. This enhanced absorption of retinal has been revealed as the rationale for the raise 

of photoisomerization of retinal from visible to infrared region. The photoisomerization process  

is recognized as the triggering step of vision. Hence this shifting of photoisomerization has been 

presumed to adjust the visual response. The Au14 nanocluster motifs are varied through Oh, D2h 

and C4v symmetries, to obtain preeminent spectral shifting of photoisomerization. The 

constructive interference of the transition dipole moments (TDMs) in retinal-gold 

nanoconjugates makes the Au14 nanocluster with D2h symmetry, the most efficient enhancer for 

the upgrading of photoisomerization. The conjugation of isolated retinal with gold probes makes 

the process of 11-cis to all-trans isomerization thermodynamically more favorable, as evidenced 

through thermochemical and vibrational frequency analysis. The entire evaluation recommends 

to a speculation as if gold nanoprobes may be used as vision enhancer.  
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6.1 Introduction   

Due to the presence of surface plasmon resonance (SPR) property, metal nanoparticles 

(NPs) bestow multifarious applications, spanning the fields of optics and photonics to biomedical 

applications.1-5 The localized surface plasmon resonance (LSPR) associated with the NPs 

develops a strong electromagnetic near field enhancements, that is responsible for surface 

enhanced spectroscopic properties like absorption, fluorescence, scattering, Raman scattering, in 

the proximity of the metal NP.6 When a molecule resides near the metal NP, it experiences a 

greater capacity to absorb photons. This leads to dramatic enhancement in the electronic 

excitations, known as surface-enhanced absorption of molecules, linked to NPs. This enhanced 

absorption of molecules has been interpreted by several theoretical approaches. The time-

dependent density functional theory (TDDFT) has been found to play a significant role in 

explaining this phenomenon from the perspective of electronic transition between molecular 

states.7-8 Recently the electronic excitation has been interpreted as density oscillations in spite of 

electronic transition between distinct molecular states, in support of TDDFT studies.9-10  Thereby 

TDDFT has been implemented in the present theoretical investigation to interpret the enhanced 

excitations of molecules arising from the SPR of NPs. Relevant researches in the field of 

enhanced absorption have been explored for several systems such as dyes rhodamine B and nile 

blue on Au and Cu films,11 tryptophan-silver cluster system,12,13 merocyanin dyes near silver and 

copper NPs14 etc. through TDDFT studies. The TDDFT study applied to tryptophan-silver 

cluster system12 as well as complexes of both di- and tri-peptides with silver clusters15,16 

demonstrated the reason behind the enhanced absorption experienced by the biomolecules in the 

vicinity of NPs. Pursuing this concept of enhanced absorption of molecules near NP, a 

theoretical endeavor has been taken to explore optoelectronic properties of retinal while 

conjugated to plasmonic NP and its relevant implementations in biomedical applications. A 

rational selection of retinal molecule is made due to its involvement in a complicated photo-

biochemical process, called vision.   

Vision in human eye utilizes retinal for the conversion of electromagnetic energy into 

electrochemical energy. Retinal is the photo-absorbing chromophore that resides in the photo-

receptor protein rhodopsin.  The photoisomerization of 11-cis-retinal to the all-trans retinal 
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(Figure 1), is the first step in the process of vision to trigger electrochemical signal of visual 

response.17-21 The maximum absorbance wavelength of 11-cis retinal is 500 nm (the green part of 

the spectrum),22 which initiates the process of photoisomerization of retinal. Plenty of theoretical 

works have been carried out to explain the exact molecular mechanism of the spectral shift in 

retinal in different environments. Thorough investigation on optoelectronic properties of retinal 

has been made by Merchán et al., who have studied the electronic spectrum of all-trans retinal 

and its truncated models by ab initio method.23 At low temperature, the photochemistry of 11-

cis-retinal and its mechanism of photoisomerization are also investigated.24 Send et al. have 

explored theoretically the lowest excited states of 11-cis-retinal by coupled cluster method.25 On 

the other hand, quantum chemical study have also been performed on electronic and structural 

properties of all- trans retinal and its aromatic analogs.26 Recently, the effect of protein 

environment on the photo excitation properties of retinal has been investigated experimentally 

and theoretically,27,28 which reveals the key interactions involved in the color-shifting process. 

On the other hand, recently a great interest has been developed to understand and control the 

photoresponsive behavior of the chromophores deposited on metallic surface or nanoparticles.29 

Therefore retinal has been considered as the molecule of interest in the present work.  

CHO

CHO

500 nm

 

                      11-cis-retinal                                                            all-trans retinal 

Figure 6.1 Photoisomerization of 11-cis-retinal to all-trans retinal by photo-absorption at 

500 nm wavelength. 

Retinal molecule in the proximity of plasmonic NPs is expected to exhibit enhanced 

absorption property. This enhanced absorption is presumed to shift the spectral occurrence of 

photoisomerization of 11-cis retinal. The spectral shift of photoisomerization may have an 

extensive influence in the process of vision as it is the triggering step of the entire mechanism of 

visual response. Thus adjustment of vision can be achieved through tagging the plasmonic NP to 

the retinal chromophore.30,31 It has been explored that NP based drug delivery systems (DDS) 
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may be a superior replacement of eye drops or ointments due to its excellent efficacy and safety 

for ophthalmic treatment.32-36 The NP-based DDS offers the opportunity to develop the 

environment of plasmonic NP near retinal molecule. Nanoparticles based on several metals such 

as gold, silica, silver, lanthanides,37, 38 and quantum dots based on CdSe, ZnS, PbSe, ZnSe, and 

ZnS play a substantial role in biology and medicine because of their unique size dependent 

optical properties.39,40 However for having the feature of human toxicity and cytotoxicity, 

semiconductor nanomaterials are prohibited for in vitro and in vivo applications. In contrast to 

that colloidal gold NPs (Au NPs) are found as an important substitute due to their potential 

noncytotoxic, facile immunotargeting features.41 More over Colloidal gold nanoparticles have 

been widely used for drug delivery, imaging, biomedical diagnostics, and therapeutic 

applications due to their stability, biocompatibility, very high surface area, ease of preparation, 

characterization and so on.42-44 Hence gold NPs become the ideal alternative for their nontoxic 

nature to retinal and optic nerves.45 The Au NPs can be made biocompatible through the 

functionalization of their surface which shows a strong affinity for the –SH and –NH2 group.46 

Another advantage of gold NPs is that they exhibit the plasmon resonance near the absorbance 

wavelength of the retinal.36 Thus gold NP emerges as perfect probe for conjugation with 11-cis-

retinal to carry forward the present investigation.    

In this work, we carry out a detail theoretical investigation on the molecular mechanism 

of spectral shift of 11-cis-retinal in the vicinity of gold NPs. The clear understanding of the photo 

responsive behavior of NP-chromophore conjugate is expected to provide valuable information 

for the latest ophthalmic treatments. Several gold nanoclusters such as thiolate protected Au20, 

Au23, Au24, Au25, Au28, Au30, Au36, Au38, Au102
47-56 and phosphine protected Au14, Au20, Au22, 

Au39
57-61 as well as mixed ligand (both thiolate and phosphine) protected Au24, Au25

62 have been 

reported till date. In the present work, our concern is about Au14 cluster as it has been found to 

possess highest binding energy per atom.63 A very recent report on the fabrication of Au14 cluster 

also indicates its actual existence as stabilized nanocluster.64 Therefore a performance of 

quantum chemical calculations has been carried out on the systems of Au14 nanoclusters 

conjugated to 11-cis retinal. Recently it has been shown that the photo responsive behavior can 

be tuned by changing the shape and size of the nanoclusters.65 As symmetry is one of the key 

descriptors of 3D shapes,66-68 it is considered as main variable to tune the optical properties of 
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retinal-cluster conjugates.  The considered symmetries are Oh, D2h and C4v corresponding to their 

shapes like cube, rod and cone respectively. This theoretical venture has been executed through 

excitation energy analysis of the retinal-cluster conjugates along with the isolated gold clusters 

and 11-cis-retinal individually using TDDFT approach. The corresponding excited states have 

also been estimated for further clarification. Finally the thermochemical and vibrational 

frequency analysis are carried out to validate the feasibility of photoisomerization of 11-cis-

retinal upon conjugation with gold nanoprobes. The overall protocol has successfully addressed 

the molecular mechanism of spectral shift of retinal in the proximity of gold.  

6.2 Computational details and methods: 

 Most of  the calculations are carried out using the Amsterdam Density Functional (ADF 

2010.02) program package.69,70
 The ground states of each system and the excited states of 

retinal-cluster conjugates are optimized using GGA (Generalized Gradient Approximation)71 

based functional BLYP.72,73 The Slater type triple-ζ polarized (TZP)  basis set has been used. The 

gold clusters are optimized within the scalar relativistic zeroth-order regular approximation 

(ZORA)74-76
 employing 4f frozen core TZP basis set. The full geometry optimization of ground 

and excited states of retinal-gold nanoconjugates is performed employing the same functional 

and basis set as used for individual components. A systematic analysis of the excitation energies 

of isolated 11-cis-retinal, gold clusters and retinal-gold conjugates is performed with the time 

dependent density functional theory (TDDFT), using BLYP exchange-correlation functional,77 

coupled with LB94 potential for adequate estimation of esxcitation.78  The basis set employed in 

this computation is kept similar to that used in geometry optimization process. Recently the DFT 

functional CAM-B3LYP has been proved to be consistent for long range correction effects often 

encountered in the calculation of charge transfer of molecules.79 The UV-visible spectra for the 

retinal-cluster conjugates have been calculated by performing single point time dependent 

TDDFT calculations with the long range corrected CAM-B3LYP functional using LANL2DZ 

basis set.80-82 These tests have been performed to confirm the charge transfer characteristic of the 

electronic transition of the conjugates involved in the present work. The functional CAM-

B3LYP has not been implemented in the local version of ADF. Therefore the calculations have 

been carried out using the Gaussian 09 program.83 Finally, the vibrational frequencies are 
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obtained through analytical second derivatives implementation in ADF.84,85 Enthalpies at 298.15 

K and 1 atmosphere ( H298) were calculated from electronic bond energies ( E) and vibrational 

frequencies using standard thermochemistry relations for ideal gas86 according to the following 

equation: 

                        
   pVEEEEH 

2980,vib0,vib298,rot298,trans298 .                          (6.1) 

Here Etrans,298, Erot,298, and Evib,0 are the differences between the reactant and the 

product in translational, rotational, and zero point vibrational energy respectively; ( Evib,0)298 is 

the change in the vibrational energy difference from 0 to 298.15 K change in temperature. The 

vibrational energy corrections are based on our frequency calculations. The molar work term 

(pV) is ( n)RT. The thermal corrections for the electronic energy are neglected. 

6.3 Results and Discussion 

 Light induced isomerization of photochromic retinal is one of the fastest processes in 

nature, taking place on a femtosecond timescale.87 In the entire mechanism of vision (depicted in 

Scheme 6.1), only the Step 2 emerges as the triggering step, can be manipulated when the 

chromophore has been tagged with gold nanoprobe. Due to the inherent accumulation of LSPR 

property of the gold nanoprobe, it can be possible to promote the spectral shift of 

photoisomerization. Hence the underlying theme of the present work is to explore the effect of 

LSPR of gold nanocluster on the molecular mechanism of photoisomerization of retinal.  

 

                   

CHO

CH NH

NH3

Opsin

Opsin

Step 1

Step 2

Several steps
CH NH

Opsin

11-cis-retinal
Rhodopsin

Bathorhodopsin
(contains 
all trans retinal)

Retinal Isomerase
h

500 nm

CHO

all-trans-retinal

 

Scheme 6.1  Schematic representation of the primary steps in the mechanism of vision. 
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6.3.1  Analysis of photoexcitation  

 The optimized geometry of 11-cis-retinal, considered for excitation study, is found to be 

in close agreement with the experimental XRD data (Figure S1 in the supporting information).88 

Besides that, the optimized parameters (specially Au–Au distance) of the gold clusters with 

different symmetries (Oh, D2h and C4v), vary from 2.87 Å to 3.11 Å according to their position 

from internal to peripheral which is also found to be in well agreement with reported data.89,90 

The absorption spectra of 11-cis-retinal, obtained through TDDFT, appears with two distinct 

peaks at 389 nm and 500 nm [Figure 6.2(a)], which are concordant with reported values (Table 

6.1).23, 91 The second peak at 500 nm corresponds to the transition from highest occupied 

molecular orbital (HOMO) 57A (π bonding) to lowest unoccupied molecular orbital (LUMO) 

58A (π* antibonding) as represented in Figure 2b. This π-π* transition has been considered as a 

significant step leading to the photoisomerization of rhodopsin (11-cis form) to bathorhodopsin 

(all-trans form).92   

 
 

(a) 

 
LUMO 

 

 
HOMO 

 
(b) 

 
Figure 6.2 (a) TDDFT valence excitation spectra (oscillator strength vs excitation 

energy) of 11-cis-retinal molecule. (b) The representation of MOs participating in π-π* 

transition leading to photoisomerization of 11-cis-retinal to all-trans retinal at 500 nm. 

The HOMO-LUMO energy gap ( EHOMO-LUMO) corresponding to this transition is found to be 

1.74 eV (Table 6.1), which is approximately equal to the reported value of π-π* transition 

energy, 2 eV.93 This subtle difference in the absorption energy may be attributed to the protein 

environment, which is not considered in the present calculation. Next, the optimized gold 

π* 

π 
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nanoclusters (Au14) with different symmetries (i.e. Oh, D2h and C4v in Figure 6.3) are considered 

for excitation energy study.  

(a)

(c)

(b)

 

                                     along x axis                     along xy plane                 along z axis 

Figure 6.3  Optimized Au14 clusters with (a) Oh, (b) D2h and (c) C4v symmetries 

respectively.   

The excitation energies of the gold nanoclusters are found approximately close to the 

reported values (Table 6.1 and Figure 6.4) irrespective to their symmetries.94,95 The trend of the 

excitation energies with respect to symmetries has also been compared with that of experimental 

data exhibited by synthetic gold nanoclusters having shapes (cube, rod and cone) corresponding 

to relevant symmetries (Oh, D2h and C4v). This brings a good correspondence between the 

calculated and reported trend mentioned in Table 6.1. This resemblance of computed and 

experimental values of isolated retinal along with gold nanoclusters, thus solicits for the validity 

of adopted methodology.   
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Figure 6.4  The most intense excitations (λmax) for Au14 clusters having Oh, D2h and C4v 

symmetries, are depicted in black, green and red colors respectively.
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Table 6.1  Discrete electronic excitation of 11-cis-retinal and its gold conjugates with different symmetries calculated using TDDFT. 

(Superscripts to the numerical values in the last column indicate corresponding references). 

Systems 
Au14 

Symmetry 
Spectra 

Source 
MO 

Destination 
MO 

ΔEocc-vir 

(eV) 
Oscillator 
strength 

Excitation 
Energy 

(eV) 

Wavelength 
(nm) 

Reported 
wavelength 

(nm) 

11- cis- 
Retinal 

--------- 

Peak @ 
500 nm 
(Figure 

2a) 

57A 
(HOMO) 

58A 
(LUMO) 

1.738 0.656 2.46 500 50023,91,96 

Au14 

Oh max  

(Figure 4) 

10T2.g 
(HOMO) 

13T1.u 
(LUMO+3) 

2.111 0.279 2.346 528 
50094,95, 

540 54529 

D2h max  

(Figure 4) 

16B3.g 
(HOMO

─5) 

19B2.u 
(LUMO) 

2.244 0.03 2.272 545 
50094,95, 

510 54097 

C4v max  

(Figure 4) 

18B1 
(HOMO

─2) 

33E1 
(LUMO) 

1.715 0.052 1.902 651 
50094,95, 

750 130098 

11- cis- 
Retinal - 

Au14 
conjugates

. 

Oh 
A
max  

(Figure 6) 

189A 
(HOMO

─1) 

191A 
(LUMO) 

0.418 0.025 0.454 2726  

D2h 
B
max  

(Figure 6) 

188A 
(HOMO

─2) 

192A 
(LUMO+1) 

0.481 0.113 0.563 2200  

C4v 
C
max  

(Figure 6) 

190A 
(HOMO) 

194A 
(LUMO+3) 

0.687 0.009 0.882 1405  
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  Prior to the excitation energy study of retinal-gold nanoconjugates, their ground state 

geometries are optimized followed by frequency calculation to check their vibrational stability. 

Complete list of harmonic frequencies of the ground state retinal-gold conjugates are given in 

Tables S6.1, S6.2, S6.3 in the supporting information. Imaginary frequencies of magnitude less 

than 36 cm─1 is attributed to the small inaccuracy in numerical grid.99 The calculated frequencies 

of retinal-gold conjugates are found close to the reported values.100 The most intense excitation 

peaks for retinal-gold conjugates with symmetries Oh, D2h and C4v (designated as A
max , B

max , and 

C
max  respectively in Figure 6.5(a) are found to be red shifted in the order C

max < B
max < A

max , 

though all the peaks belong to the IR region. This trend corresponds to the descending value of 

Eocc-vir from C4v to Oh symmetry of Au14-retinal conjugates (Table 1). When 11-cis retinal is 

conjugated to gold clusters, unique electronic structures develop. It has been observed that some 

MOs of gold cluster encounter into the gap of HOMO-LUMO of 11-cis retinal. This leads to a 

more discrete electronic distribution and thereby decreases Eocc-vir in the conjugates (Figure S2 

of supporting information). The smaller Eocc-vir in retinal-gold conjugates thus enhances the 

absorption wavelength. The TDDFT analysis performed for retinal-gold conjugates reveals the 

nature of source and destination MOs, from and to which the excitations take place (Figure 5b). 

The source MOs are found to be composed exclusively of Au atomic orbitals whereas the 

destination MOs are identical to the LUMO of the free retinal (Figure 5b). Therefore, the most 

intense peaks of the retinal-gold conjugates originate from the gold to retinal charge transfer 

(CT) excitation in all the cases. 
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(a) 

System Source MO  Destination MO 

(i) 

 
189A(HOMO 1) 

 

 
191A (LUMO) 

(ii) 

 
188A(HOMO 2) 

 

 
192A(LUMO+1) 

(iii) 

190A(HOMO) 

 

 
194A(LUMO+3) 

(b) 
 

Figure 6.5 (a) UV-visible excitation spectra with most intense excitations (λmax) for 

retinal-cluster conjugates with symmetries Oh, D2h and C4v are shown in black (λA
max), 

green (λB
max) and red (λC

max) colors respectively. The peak λC
max is also displayed in the 

inset for clarity. (b) The source and destination MOs responsible for the peaks λA
max, 

λB
max,  λ

C
max respectively.  
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For further confirmation about the CT excitation, the excitation energy calculation has 

been carried out using long range corrected functional CAM-B3LYP. Here also the most intense 

excitation peak of the retinal-gold (D2h) conjugate i.e. B
max  is red shifted (Figure S6.3). The 

analysis of most intense peaks shows a good convergence about CT nature of excitation with the 

previous one. Here also the transition of electron appears from the cluster (gold) MO to the 

retinal MO. (Figure 6.6) 

 

 

Figure 6.6  The source and destination MOs obtained from the UV-visible excitation 

energy calculation of the conjugates using CAM-B3LYP long range corrected functional.  

To check the accountability of the role of CT excitation in photoisomerization of 11-cis 

retinal, analysis of the excited state of the conjugates corresponding to particular excitations has 

been carried out. The retinal-Au14 (C4v) has not been considered due to its incomparable small 

value of excitation energy with respect to the other conjugates. A justification of the 

isomerization is revealed from a close inspection of the optimized excited state geometries, 
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where trans-retinal moiety is seen in conjugation with the Au14 clusters (Figure 6.7). Relevant 

frequency calculation has been reported in tables S4 and S5 of the supporting information.  

 

Figure 6.7  An apparent isomerization is displayed as the cis- retinal is transformed into 

trans-form in the estimation of the excited states corresponding to the most intense 

excitations for (a) retinal-gold (Oh) and (b) retinal-gold (D2h) conjugates. 

Comparison of the absorption maxima (λmax) of free retinal and the conjugates bearing 

gold clusters with different symmetries also reveals an interesting difference in their oscillator 

strength. At a specific frequency, the peak intensity depends on the constructive or destructive 

interference of transition dipole moments (TDMs).101 In case of retinal-Au14 (Oh) and retinal-

Au14 (C4v), the different signs of the TDMs corresponding to three major transitions (Table 6.2) 

suggests a destructive interference, while the same signs of principle TDMs in case of retinal-

Au14 (D2h) advocates for the constructive interference. This fact well explains the maximum 

oscillator strength for the conjugate of retinal with gold cluster of D2h symmetry.  
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Table 6.2  TDDFT data most intense excitation wavelengths of 11-cis-retinal, gold clusters of 

different symmetries and corresponding retinal-gold conjugates with involved transitions and 

their dipole contribution to transition dipole moments.    

System λmax (nm) Transitions Weight Dipole 
contribution 

Retinal-
Au14(cube) 

2725.99 HOMO─1→ LUMO 0.984 1.343 
HOMO→ LUMO 0.014 0.071 

HOMO─2→ LUMO 0.001 0.004 
Retinal-

Au14(rod) 
2200.39 HOMO─2→LUMO+1 0.826 1.051 

HOMO→ LUMO+1 0.12 0.972 
HOMO→ LUMO+3 0.023 0.562 

Retinal-
Au14(cone) 

1405.41 HOMO→ LUMO+3 0.449 0.643 
HOMO→ LUMO+2 0.333 0.669 
HOMO→ LUMO+5 0.115 0.269 

 

6.3.2  Feasibility of the photoisomerization of retinal-gold conjugates 

 Finally it becomes essential to check the thermochemical feasibility of isomerization of 

11-cis-retinal to all-trans retinal in the proximity of gold cluster. Thus, the free energy change 

( G) associated with the photoisomerization of 11-cis-retinal is compared with that of retinal-

gold conjugates to assess the spontaneity of the isomerization. The thermo chemistry analysis of 

isomerization of 11-cis-retinal to all-trans retinal gives the G value of 4.47 kcal/mole which is 

in good agreement with reported value of 4 kcal/mole (Table 6.3).102 For retinal-gold 

conjugates, the retinal–Au14 (Oh) conjugate is preferred for themochemistry analysis owing to the 

maximum shift of its most intense excitation peak ( C
max ) in the IR region. For retinal–Au14 (Oh) 

conjugate, the G value of 11-cis-retinal to all-trans retinal isomerization is found to be ≈ 5 

kcal/mole (Table 6.3), which satisfies the criterion of spontaneity even in retinal-gold conjugates.  
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Table 6.3 Thermochemical data of 11-cis-retinal and its gold conjugate calculated from 

vibrational frequency analysis. 

System 
Total bonding 

energy 
(kcal/mole) 

Total 
internal 

energy(U) 
(kcal/mole) 

Enthalpy(H) 
(kcal/mole) 

Free 
energy(G) 
(kcal/mole) 

Free energy 
change( G) 
(kcal/mole) 

11-cis-retinal 6308 6033.63 6034.22 6080.46 

4.47 
All-trans 

retinal 
6313.37 6039.23 6038.64 6084.93 

11-cis-retinal 
- Au14 

conjugate 
6895.98 6601.44 6600.84 6691.85 

5.33 
  All-trans 

retinal-Au14 
conjugate 

6900 6605.09 6604.49 6697.18 

 

Earlier theoretical studies have revealed the excited state isomerization dynamics of 

rhodopsin,103,104 where it has been found that the ethylenic double bond (C11=C12) completely 

breaks via bicycle pedal motion.105 This leads to decrease in the force constant of torsional 

oscillations around the C11=C12 double bond and thereby decreasing the potential energy barrier 

of torsional oscillations with respect to the C11=C12 bond.93,106-107 Subsequently the observation 

of structural change during isomerization of 11-cis-retinal to all-trans retinal by time resolved 

femtosecond stimulated Raman spectra of transient photoproduct, photorhodopsin signifies the 

red shifting of C11=C12 stretching frequency along with the frequency of hydrogen out of plane 

(HOOP) around the C11=C12 bond.18,108 It has been reported that the vibrational spectrum of 

rhodopsin includes the symmetric C=C ethylenic stretch at 1548 cm 1 and the HOOP wagging 

motion at 969 cm 1.18 In the present study the vibrational spectrum of 11-cis retinal 

corresponding to C=C stretching at 1526 cm─1 is lower than the reported value due to absence of 

the protein environment. An apparent red shift of the C=C ethylenic stretching frequency has 

been found for the ground as well as excited states of retinal-cluster conjugates compared to free 

retinal (Figure 8 and Table S6). Moreover in the HOOP region, the wagging motions of H–C11 

and H–C12 bonds in opposite direction have been found red shifted too for the ground along with 

their excited state analogues of the conjugates with respect to free cis- and trans- retinal (Figure 
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6.9A, 6.9B, 6.9C, 6.9D and Table S6.6).  The intensities of the referred frequencies are also 

found higher than that of the same for free retinal forms (Figure 6.8 and Figure 6.9A, 6.9B, 6.9C 

and 6.9D). This indicates the greater degree of deformation of the polyene backbone of retinal in 

the conjugates than the free retinal isomers. Thus the entire frequency drops with superior 

intensity in the symmetric stretching mode along with all the hydrogen wagging modes around 

C11=C12 bond implies the large scale backbone distortions of retinal moiety in the conjugates. 

The changes in vibrational structures thus facilitate the dynamics of rhodopsin to 

photorhodopsin. This will decrease the force constant value of the H–C11=C12–H bond along 

with the relevant potential energy barrier for the torsional oscillations. Therefore it is evidenced 

that the decrease of related forces constants and potential energy barrier of torsional oscillations 

around the C11=C12 double bond facilitates the process of isomerization in the conjugates.  

 
 

Figure 6.8. The symmetric ethylenic stretching frequency of C11=C12 double bond. Here     for 

11-cis retinal,       for all-trans retinal,        for ground state of retinal-gold (Oh) conjugate,        for 

ground state of retinal-gold (D2h) conjugate,          for excited state of retinal-gold (Oh) conjugate,             

        for excited state of retinal-gold (D2h) conjugate.  
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Figure 6.9  (A) Frequency of the torsional motion of H–C11 and H–C12 bond in the HOOP region 

of C11=C12 bond. For better clarification the regions spotted by (B), (C), and (D) are amplified 

individually. Here        for 11-cis retinal,         for all-trans retinal,        for ground state of retinal-

gold (Oh) conjugate,         for ground state of retinal-gold (D2h) conjugate,          for excited state 

of retinal-gold (Oh) conjugate,       for excited state of retinal-gold (D2h) conjugate.  

 

6.4 Conclusion 

The present study imprints the spectral shift of photoisomerization of 11-cis retinal while 

conjugated to Au14 nanoclusters of different symmetries. The red shift in the absorption wave 

lengths of the conjugates recommends for the photoisomerization occurring in the IR region. 
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This red shift is attributed to the decrease of Eocc-vir value in retinal-gold conjugates with respect 

to free retinal. Furthermore the excited state estimation of the retinal-cluster conjugates warrants 

for the occurrence of photoisomerization in the IR region. Being the triggering step of the entire 

mechanism of vision, the red shifting of this photoisomerization process highlights the 

possibility of vision enhancement to the IR region. The analysis of major excitations reveals that 

the absorption in retinal-gold conjugates is due to the charge transfer from gold cluster to retinal 

molecule. Among all the gold-retinal conjugates, maximum red shifting of the absorption occurs 

in case of retinal-Au14 (Oh). On the other hand, the retinal-Au14 (D2h) shows the most intense 

peak in the absorption profile due to the constructive interference of individual transitions dipole 

moments. Hence, one can infer this retinal-Au14 (D2h) conjugate to be the preeminent elevator of 

photoisomerization process. The vibrational and subsequent thermochemical analysis of ground 

states along with the excited states of the conjugates have verified the occurrence as well as 

spontaneity of photoisomerization of retinal despite of its conjugation with Au14 cluster. Finally 

the speculation of enhancement of vision through the spectral shift of photoisomerization has 

emerged as the consequence.  
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Chapter 7 

 

This chapter provides a general and comprehensive conclusion of all the chapters. 
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Conclusion 

7.1 General conclusion  

This chapter contains the general conclusive remarks drawn from the previous chapters. 

The general introduction of nanoparticles including historical background, property and 

applications has been described precisely in the first chapter. The advancement of research in the 

field of nanoparticle fabrication has been paid an attention. The fabrication of NPs of desired 

application is one of the challenging deeds in active nano-research. Though plethora of synthetic 

routes of NP fabrication has been found in literature, yet the colloidal routes are thought to be 

beneficial for experimentalists due to the user-friendly and candid approach of the methods.  

Moreover the methods are not only popular for their prudent skill of tuning NPs to preferred size 

and shape but also functionalizing the surface of NP to make it biocompatible.  The quality and 

the structure of nanoparticles play a pivotal role in determining their functions. Therefore 

comprehensive characterizations are essential to determine the potentiality of NPs. On this 

account advanced instrumentations and techniques are required for characterization. In parallel 

with the experimental techniques theoretical methods have their unique perspectives for precise 

understanding of the properties that is required for development of new preparation methods for 

a wide variety of NPs of specific applications. Regarding this, study of electronic structures of 

NPs to predict their behavior toward various properties is in need. The present study bestows the 

synergy among the previous aspects that is extended to the field of plasmonics and enlightens the 

simpler way to achieve the executions. 

In the second chapter a brief theoretical framework of the evaluation of optical property 

of NP has been discussed. Both the classical and quantum mechanical approach have been 

carried out to explore the optical nature of NPs. For larger NPs (~50 to 200 nm) the classical 

electrodynamic approach is adapted while for small NPs (~ 1 to 2 nm) quantum mechanical 

approach is executed. The computational execution to evaluate the nature of surface plasmon 

resonance of larger NPs has been done by DDSCAT code based on DDA method. For smaller 

clusters the concept of surface plasmon can be interpreted as density of oscillations in support of 

TDDFT studies. The excitations in small metal clusters in terms of transitions between distinct 

molecular states can be manifested by the collective electronic excitations arising from the 
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oscillations of the valence electrons. The detailed discussion of TDDFT approach along with 

linear response formalism explores that the implementation of linear-response kernels to TDDFT 

brings a promising method to calculate the electronic spectra even for extended systems.  

The third chapter describes synthesis of ZnCrO4 NPs with controllable morphology in 

W/O microemulsion template under simple conditions. The synthesized ZnCrO4 particle sizes 

are in a range of 100 to 200 nm, which is close to the border line dimensions between nano and 

micro scale. The ZnCrO4 suspensions behave like ordinary solutions obeying Beer’s law with 

molar extinctions which strongly relies upon the water pool size (ω). The enthalpy of the 

formation of the synthesized ZnCrO4 obtained from ITC was exothermic with the nonlinear 

dependence on ω. With an appropriate ω, the synthesized ZnCrO4 NPs exhibit good crystallinity 

with needle-like morphology as revealed by XRD and TEM analysis. The band gap value has 

been found to be 3.01 eV, which was comparable with many other synthesized nanomaterials.  

From fourth chapter, it can be concluded that the Fe3O4/Co nanocomposite can be 

prepared by adapting suggested scheme in the present work. The structure of the as prepared 

sample has been confirmed through XRD measurement, TEM analysis. The 2θ values appeared 

in XRD assures the presence of lattice planes of Fe3O4, Co and CoFe planes. On the other hand, 

TEM images have revealed that the monodispersity can be achieved by increasing the precursor 

concentrations. The fringes appeared in the HRTEM images are well matched with the 

reflections arise in the SAED experiment. These results unveil the structure of Fe3O4/Co 

nanocomposite, where Co NP is deposited over Fe3O4 NP host matrix, with the formation of 

some CoFe structure. The elemental composition has been confirmed through the EDS spectra 

analysis. Finally, from the DLS and absorption property analysis, effect of precursor 

concentration on the progress of reaction, aggregation, stability and size of the colloidal NP has 

been recognized.  

 

The fifth chapter unravels the effect of surface structure reconstruction and variation in 

band gap upon their surface plasmon resonance and associated electronic transition of Cu2O 

nanoparticles. The SPR peaks are found to be blue shifted with decrease in the size of the 
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nanoparticles irrespective of the shapes, which is attributed to the increase of Kubo gap. This 

blue shift of SPR peak is also correlated with surface effect shift due to surface reconstruction 

during NP formation. As the shape of NP changes the related symmetry and S/V ratio also 

changes. Lowering of symmetry leads to splitting of degenerate energy levels. This is the reason 

behind the systematic change in optical response in between nanosphere and nanocube following 

the symmetry trend. The anomalous nature of optical response in case of cylinder can be 

explained from the enhancement of the band gap due to the inclusion of significant contribution 

of S/V ratio. The band gap varies linearly with S/V ratio. As a consequence the cylinder 

symmetry of Cu2O NPs are following completely different trend. Irrespective of diameter, the 

surface plasmon wavelength maximum ( max ) of the cylinder is completely blue shifted 

compared to sphere and cube. This is due to the largest band gap of the cylinders among the 

three shapes of same volume.  

TDDFT computation is also performed to explore the phenomena of tuning optical 

response through surface structure reconstruction. The effect of size is traced by increasing the 

size of (Cu2O)n with n =1, 2 and 3, keeping the C2v symmetry intact. On the other hand, the effect 

of symmetry on absorption is studied for a specific cluster (Cu2O)3 varying its symmetry from 

C2v to D3h. The energy gap between occupied and virtual MOs (ΔEocc-vir), increases with decrease 

of cluster size from (Cu2O)3 to (Cu2O)1. Increase of symmetry leads to the blue shift of peaks, 

which is realized due to a increase in ΔEocc-vir.  The reconstruction of surface induces the 

variation in structural parameters due to change in coordination number of the surface atoms. 

The nature of electronic transition depends on the coordination number of surface atoms. On this 

account, two types of absorption occur on the surface of Cu2O NPs. As the coordination number 

of O atom decrease the absorption becomes LMCT type and with decrease of coordination 

number of Cu atoms the absorption becomes MMCT type. A similar result of the increase in the 

size of NP is also tested with clusters of larger and more realistic sizes. The results invariably 

show the same trend as is observed for smaller clusters. The blue shift in peaks with decrease in 

size is attributed to the increase of  ΔEocc-vir. Therefore we can conclude that with change of size 

and symmetry the variation of two major factors play an important role to tune the absorption as 

well as surface plasmon resonance of Cu2O nanoclusters.  



145 

 

       In the present work, it has been systematically shown that the optical property, i.e., SPR, 

absorption, and scattering can be tuned by manipulating size and symmetry of Cu2O 

nanostructures. Hence, these observations find sophisticated applications in the fields of 

biosensors, solar cells, photodiodes, photo catalysts etc.  With the increment of size of Cu2O 

nanospheres the values of scattering coefficients become larger than the gold sphere, which is 

already employed for the selective imaging of cancer cells. The Cu2O nanospheres of D = 140 

nm, 160 nm, 180 nm, 220 nm, and 240 nm have εsca greater than that of gold NPs. So these size 

ranges for Cu2O nanospheres can be used as cell imaging and detection of proteins as reported 

earlier. Therefore, this work can also guide the selection of appropriate size and shape of 

nanoclusters with desired band-gap for some specific application.  

In the sixth chapter the entire analysis imprints the spectral shift of photoisomerization of 

11-cis retinal while conjugated to Au14 nanoclusters of different symmetries. The red shift in the 

absorption wave lengths of the conjugates recommends for the photoisomerization occurring in 

the IR region. This red shift is attributed to the decrease of Eocc-vir value in retinal-gold 

conjugates with respect to free retinal. Furthermore the excited state estimation of the retinal-

cluster conjugates warrants for the occurrence of photoisomerization in the IR region. Being the 

triggering step of the entire mechanism of vision, the red shifting of this photoisomerization 

process highlights the possibility of vision enhancement to the IR region. The analysis of major 

excitations reveals that the absorption in retinal-gold conjugates is due to the charge transfer 

from gold cluster to retinal part. Among all the gold-retinal conjugates, maximum red shifting of 

the absorption occurs in case of retinal-Au14 (Oh). On the other hand, the retinal-Au14 (D2h) 

shows the most intense peak in the absorption profile due to the constructive interference of 

individual transitions dipole moments. Hence, one can infer this retinal-Au14 (D2h) conjugate to 

be the preeminent elevator of photoisomerization process. The vibrational and subsequent 

thermochemical analysis of ground states along with the excited states of the conjugates have 

verified the occurrence as well as spontaneity of photoisomerization of retinal despite of its 

conjugation with Au14 cluster. Finally the speculation of enhancement of vision through the 

spectral shift of photoisomerization has emerged as the consequence of the entire write up.  

 



146 

 

Bibliography 

Chapter 1 

References 

1. Granqvist, C. G.; Buhrman, R. A.; Wyns, J.; Sievers, A. J. Phys. Rev. Lett. 1976, 37, 625. 

2. Hayasi, C.; Udeya, R.; Tasaki, A. Ultra-fine Particles: Exploratory Science and 

Technology (1997 Translation of the Japan Report of the related ERATO Project 1981-

86) (Noyes Publications, 1997) 

3. Daniel, M. –C.; Astruc, D. Chem. Rev. 2004, 104, 293-346. 

4. Brongersma, M. L.; Kik, P. G. Surface Plasmon Nanophotonics, Springer, Dordrecht, 

2007 

5. Spoto, G.; Torrisi, A.; Contino, A. Chem. Soc. Rev. 2000, 29, 429. 

6. Hunt, L. B. Gold Bull. 1976, 9, 134. 

7. Helcher, H. H. Aurum Potabile Oder Gold Tinstur, J. Herbord Klossen Breslau and 

Leipzig,  Germany. 1718. 

8. Fulhame, M. An Essay on Combustion with a View to a New Art of Dying and Painting, 

J. Cooper, London, UK. 1794. 

9. Faraday, M. Philos. Trans. R. Soc. 1857, London. 147, 145-181. 

10. Rao, C. N. R.; Thomas, P. J.; Kulkarni, G. U. Nanocrystals:: Synthesis, properties and 

Applications. Springer Berlin Heidelberg, 2007. 

11. Köhn, A.; Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2001, 3, 711. 

12. Behari, J. Ind. J. Exp. Biol. 2010, 48, 1008-1019. 

13. Edwards, P. P.; Johnston, R. l.; Rao, C. N. R. On the Size-Induced Metal-Insulator 

Transition in Clusters and Small Particles, in Metal Clusters in Chemistry, Vol. 3, ed. P. 

Braunstein, L. A. Oro, P. R. Raithby, Wiley, Weinheim, 1999.  

14. Alivisatos, A. P. Science 1996, 271, 5251, 933-937. 

15. Schmid, G. In Nanoscale Materials in Chemistry, Klabunde, K. J., Ed.; Wiley-

Interscience: New York, 2001. 

16. Burda, C.; Chen, X.; Narayanan, R.; El-Sayed, M. A. Chem. Rev. 2005, 105, 1025-1102. 



147 

 

17.  Link, S.; El-Sayed, M. A.; Int. Rev. Phys. Chem. 2000, 19, 409. 

18. Kolhatkar, A. G.; Jamison, A.C.; Litvinov, D.; Willson, R. C.; Lee, T. R. Int. J. Mol. Sci. 

2013, 14, 15977-16009. 

19. Jacoby, M. Chem. Eng. News. 2002, 80, 38-43. 

20. Buzea, C.; Robbie, K. Supercond. Sci. Technol. 2005, 18, R1-R6. 

21. Shil, S.; Misra, A. J. Phys. Chem. A 2010, 114, 2022-2027. 

22. Ivanova, O. S.; Zamborini, F. P. J. Am. Chem. Soc. 2010, 132, 70-72. 

23. Liu. H. K.; Wang, G. X.; Guo, Z.; Wang, J. Konstantinov, K. Nanosci. Nanotechnol. 

2006, 6, 1-15. 

24. Hafner, J. H.; Cheung, C. L.; Woolley, A. T.; Lieber, C. M. Prog. Biophys. Mol. Biol. 

2001, 77, 73-110. 

25. Ellis-Behnke, R. G.; Liang, Y. X.; You, S. W.; Tay, D. K.; Zhang, S.; So, K. F. 

Schneider, G. E. Proc. Natl. Acad. Sci. 2006, 103, 5054-5059. 

26. Koper, O. B.; Klabunde, J. S.; Marchin, G. L.; Klabunde, K. J.; Stoimenov, P.; Bohra, L. 

Curr. Microbiol. 2002, 44, 49-55. 

27. Bosi, S.; da Ros, T.; Spalluto, G.; Prato, M. Eur. J. Med. Chem. 2003, 38, 913 – 923. 

28. Martin, C. R.; Kohli, P. Nature. Rev. Drug. Discovery. 2003, 2, 29-37. 

29. Urich, K. E.; Cannizaro, S. M. Langer, R. S.; Shakeself, K. M. Chem. Rev. 1999, 99, 

3181-3198. 

30. Kneuer, C.;Sameti, M.; Bakowsky, U.; Schiestel, T.; Schirra, H.; Schmidt, H.; Lehr, C. 

M. Bioconj. Chem. 2000, 11, 926 – 932. 

31. Harisinghani, M. G.; Barentsz, J. Hahn, P. F.; Deserno, W. M.; Tabatabaei, S.; van de 

Kaa, C. H.; de la Rossete, J.; Weissleder, R. N. Engl. J. Med. 2003, 19, 2491 – 2499. 

32. Rosi, N. L.; Mirkin, C. A.; Chem. Rev. 2005, 105, 1547- 1562. 

33. Renehan,E. M.; Enneking, F. K.; Varshney, M.; Partch, R.; Dennis, D. M.; Morey, T. E. 

Region. Anesth. Pain. Med. 2005, 30, 380 -384. 

34. Nohynek, G. J.; Lademann, J.; Ribaud, C.; Roberts, M. S. Crit. Rev. Toxicol. 2007, 37, 

251 – 277. 

35. Seshan, K. Handbook of Thin-Film Deposition Processes and Techniques-Principles, 

Methods, Equipment and Applications Ed 2002. William Andrew Publishing/Noyes. 



148 

 

36. Bruchez, M.; Moronne, M.; Gin, P. Weiss, S.; Alivisatos, A. P. Science 1998, 281, 2013-

2016.  

37. Michalet, X. et al. Science 2005, 307, 538-544. 

38. Alivisatos, A. P.; Gu, W.; Larabell, C. Annu. Rev. Biomed. Eng. 2005, 7, 55-76. 

39.  

40.  Zhou, T.; Wu, B.; Xing, D. J. Mater. Chem. 2012, 22, 470 – 477. 

41. Yin, Y.; Alivisatos, A. P. Nature, 2005, 437, 664-670. 

42. Tessler, N.; Medvedev, V.;Kazes,M.; Kan, S.; Banin, U.; Science 2002, 295, 1506-1508. 

43. Rosencher, E.; Vinter, B. Optoelectronics, Cambridge University Press, Cambridge, UK. 

2004 

44. Huynh, W. U.; Dittmer, J. J.; Alivisatos, A. P. Science 2002, 29, 2425-2427.  

45. Peng, X.; Schlamp, M. C.; Kadavanich, A.V.; Alivisatos, A.P. J. Am. Chem. Soc. 1997, 

119, 7019. 

46. Chen, M.; Wu, Y.; Zhou, S.; Wu, L. J. Phys. Chem. B, 2008, 112, 6536-6541. 

47. Chen, D. H.; Chen, C. J. J. Mater. Chem. 2002, 12, 1557-1562. 

48. Lopez-Quintela, M. A.; Tojo, C.; Blanco, M. C.; Garcia Rio, L.; Leis, J. R. Curr. Opin. 

Colloid. Interf. Sci. 2004, 9, 264-278. 

49. Binder, J. R.; Wedmeyer, H. Adv. Mater. 1997, 9, 1049. 

50. Eastoe, J.; Hollamby, M. J.; Hudson, L. Adv. Coll. Int. Sci. 2006, 128-130, 5-15. 

51. Polte, J. CrystEngComm. 2015, 17, 6809-6830. 

52. Murray, C. B.; Kagan, C. R.; Bawendy, M. G. Annu. Rev. Mater. Sci. 2000, 30,545. 

53. Ahmad, T.; Chopra, R.; Ramanujachary, K. V.; Lofland, S. E.; Ganguly, A. K. State Sci. 

2005, 7, 891. 

54. Meith, G. Becher, P: Encyclopedia of Emulsion Technology, Volume 1 Basic Theory. 725 

Seiten, zahlreiche Abb. Und Tab. Marcel Dekker, Inc, New York and Basel 1983.  

55. Malik, M. A.; Wani, M. Y.; Hasim, M. A. Arabian journal of chemistry 2012, 5, 397-

417. 

56. Luisi, P. L.; Majid, L. j.; Fendler, J. H. Crit. Rev. Biochem. 1986, 20, 409 – 474.  

57. Boutonnet, M.; Kizling, J.; Stenius, P.; Maire, G. Colloids Surf. 1983, 5, 209. 



149 

 

58. Dvolaitzky, M.; Ober, R.; Taupin, C.; Anthore, R.; Auvrav, X.; Peptipas, C.; Williams, C. 

J. Dispersion Sci. Technol. 1983, 4(1), 29. 

59. Kandori, K.; Kon-No, K.; Kitahara, A. J. Colloid Interface Sci. 1987, 122, 78. 

60. Qi, L. M.; ma, J.; Chen, H.; Zhao, Z. J. Phys. Chem. B 1997, 101, 3460. 

61. Boutonnet, M.; Kizling, J.; Stenius, P.; Maire, G. Colloids Surf. 1982, 5, 209. 

62. Barnickel, P.; Wokaum, A. Mol. Phys. 1990, 69, 1-9. 

63. Monnoyer, P.; Fonseka, A.; Nagy, J. B. Colloid. Surf. A: Physicochem. Eng. Asp. 1995, 

100, 233 – 243.  

64. Petit, C.; Lixon, P.;  Pileni, M. P. J. Phys. Chem. 1990, 94, 1598-1603. 

65. Chang, S. Y.; Liu, L.; Asher, S. A. J. Am. Chem. Soc. 1994, 116, 6739-6744. 

66. Esquena, J.; Tadros, T. F.; Kostareios, K.; Solans, C. Langmuir 1997, 13, 6400 – 6406.  

67. Han, M. Y.; Huang, W.; Chew, C. H.; Gan, L.M.; Zhang, X. J.; Ji, W. J. Phys. Chem. B 

1998, 102, 1884 – 1887. 

68. Yener, D. O.; Giesche, H. J. Am. Ceram. Soc. 2001, 84, 1987 – 1995. 

69. Osseo-Asare, K.; Arriagada, F. J. Proceeding of the Third International Conference on 

Powder Processing Science, San Diego, ISBN 0-944904-28-9. 

70. Chew, C. H.; Gan, L. M.; Shah, D. O. J. Dispersion Sci. Technol. 1990, 11, 593-609. 

71. Bagwe, R. P.; Khilar, K. C. Langmuir 1997, 13, 6432-6438. 

72. Destree, J.; Nagy, B. Adv. Colloid. Interf. Sci. 2006, 123, 353-367. 

73. Canadu, F. In Scientific Methods for the Study of Polymer Colloids and their 

Applications, Kluwer Academic Publ., Dorrecht, The Netherlands, 1990. 

74. Debuigne, F.; Cuisenaire, J.; Jeunieau, l.; Masereel, B.; Nagy, J. B. J. Colloid. Interf. Sci. 

2001, 243, 90-101. 

75. Nagy, J. B. Colloid. Surf. 1989, 3, 201-220. 

76. Natarajan, U.; Handique, K.; Mehra, A.; Bellare, J. R.; Khilar, K. C.; Langmuir, 1996, 

12, 2670-2678. 

77. Bandyopadhaya, R.; Kumar, R.; Gandhi, K. S.; Ramkrishna, D. Langmuir, 1997, 13, 

3610-3620.     

78. Chakraborty, M.; Hsiao, F. W.; Naskar, B.; Chang, C. –H.; Panda, A. K. Langmuir, 2012, 

28, 7282-7290. 



150 

 

79. Roy, D.; Fendler, J. Adv. Mater. 2004, 16, 6, 479-508. 

80. Singha, A.; Satapati, B.; Satyam, P. V. et al. J. Phys. Condens Mater, 2005, 17, 37, 5697-

5708 

81. Majumder, S.; Naskar, B.; Ghosh, S.; Lee, C.-H.; Chang, C.-H.; Moulik, S. P.; Panda, A. 

K. Colloids and Surfaces A: Physicochem. Eng. Aspects, 2014, 443, 156-163. 

82. Chakraborty, M.; Bardhan, S.; Saha, S. K.; Panda, A. K. Spectrochimia Acta Part A: 

molecular and Biomolecular Spectroscopy, 2012, 97, 722-727. 

83. Hollenstein, C.; Howling, A. A.; Courteille, C.; J. Phys. D, 1998, 31, 74. 

84. Jonsson, B. J.; Turkki, T.; Strom, V.; Shall, M. S. E. I.; Rao, K. V. J. Appl. Phys. 1996, 

79, 8. 

85. Bobovich, Y. Appl. Spectroscopy, 1988, 49, 869. 

86. Ravikumar, R. V. S. S. N.; Chandrasekhar, A. V.; Reddy, B. J.; Reddy, Y. P.; Ikeda, K. 

Cryst. Res. Technol. 2002, 37, 10, 1127. 

87. Sun, T.; Fan, H.; Wang, Z.; Liu, X.; Wu, Z. Materials and Design, 2015, 87, 10-16. 

88. Berrington de Gonzalez, A.; Darby, S. Lancet. 2004, 363, 345. 

89. Wang, G.; Chang, Y.; Wang, L.; Liu, C. Advanced Powder Technology, 2012, 23, 861-

865. 

90. Guo, S.; Li, D.; Zhang, L.; Li, J.; Wang, E. Biomaterials 2009, 30, 1881-1889. 

91. Xie, J.; Xu. C.; Xu, Z.; Hou, Y.; Young, K. L.; Wang, S. X.; Pourmand, N.; Sun, S. 

Chem. Mater. 2006 18, 5401-5403. 

92. Knappett, B. R.; Abdulkin, P.; Ringe, E.; Jefferson, D. A.; Lozano-Perez, S.; Rojas, T. 

C.; Fernández, A.; Wheatley, A. E. H.; Nanoscale 2013, 5, 5765 – 5772. 

93. Ohno, K.; Koh, K.; Tsujji, Y.; Fukuda, T. Angew. Chem. Int, Ed. 2003 42, 2751- 2754. 

94. McCarthy, S. A.; Davies, G.-L.; Gun’ko, Y. K. Nature Protocols  2012, 7, 1677-1693. 

95. Pal, S. L.; Jana, U.; Manna, P. K.; Mohanta, G. P.; Manavalan R. J. Appl. Pharma. Sci. 

2011, 01, 06, 228-234. 

96. Singh, U. B.; Agarwal, D. C.; Khan, S. A.; Mohapatra, S.; Amekura, H.; Dutta, D. P.; 

KumarAjay.; Choudhary, R. K.; Chan, T. K.; Thomas Osipowicz.; Avasthi, D. K. 

Beilstein. J. Nanotechnol. 2014, 5, 105-110. 

97. Cornwell, C. F.; Wille, L. T.; Solid State Commun 1997, 101, 555-558. 



151 

 

98.  Zhu, R.; Pan, E.; Roy, A. K. Mater. Sci. Eng. A 2007, 447, 51-57. 

99. Mokashi, V. V.; Qian, D.; Liu, Y. J. Compos. Sci. Technol. 2007, 67, 530-540. 

100. Zheng, Q. B.; Xue, Q. Z. Yan, K. O.; Hao, L. Z.; Li, Q.; Gao, X. L. J. Phys. Chem. C 

2007, 111, 4628-4635. 

101. Scarpa, F.; Adhikary, S.; Phani, A. S.; Nanotechnology 2009, 20, 065709. 

102. Hemmasizadeh, A.; Mahoon, M.; Hadi, E.; Khandan, R. A. Thin Solid Films 2008, 516, 

7636-7640. 

103. Cho, J.; Luo, J. J.; Danial, I. M. Compos. Sci. Tech. 2007, 67, 2399-2407. 

104. Durdagi, S.; Mavromoustakos, T.; Chronakis, N.; Papadopoulos, M. G. Bioinorganic & 

Medicinal Chemistry letters 2008, 16, 23, 9957-9974. 

105. Vittadini, A.; Casarin, M.; Selloni, A. Theo. Chem. Acc. 2007, 117, 663-671. 

106. Xiao, L.; Wang, L. Chem. Phys. Lett. 2006, 430, 319-322. 

107. Xiao, L.; Wang, L. J. Phys. Chem. B 2007, 111, 1657-1663. 

108. Puzyn, T.; Rasulev, B.; Gajewicz, A.; Hu, X.; Dasari, T. P.; Michalk-ova, A.; Hwang, H. 

M.; Toropov, A. Leszczynska, D.; Leszc-zynski. J. Nat. Nanotechnol. 2011, 6, 175-178. 

109. Nørskov, J. K.; Bligaard, T.; Rossmeisl, J.; Christensen, C. H. Nat. Chem. 2009, 1, 37-46.  

110. Bawendi, M.; Stegerwald, M. L. Brus, L. Ann. Rev. Phys. Chem. 1990, 44, 21. 

111. Coronado, E. A.; Encina, E. R.; Stefani, F. D. Nanoscale 2011, 3, 4042. 

112. Quinten, M.; Leitner, A.; Krenn, J. R.; Aussenegg, F. R. Opt. Lett. 1998, 23, 1331 

113. Zia, R.; Selker, M. D.; Catrysse, P. B.; Brongersma, M. L.; J. Opt. Soc. Am. 2004, 21, 

2442. 

114. Tanaka, K.; Tanaka, M. Appl. Phys. Let. 2003, 82, 1158. 

115. Veronis, G.; Fan, S. Opt. let. 2005, 30, 3359. 

116. Ishi, T.; Fujikata, T.; Makita, K.; Baba, T.; Ohashi, K. Jpn. J. Appl. Phys. 2005, 44, 364. 

117. Tang, L.; Kocabas, A. C.; Larif, S.; Okyay, A. K.; Ly-Gagnon, S.; Saraswat, K. C.; 

Miller, D. A. B. Nature Photon. 2008, 2, 226. 

118. Neutens, P.; Van Dorpr, P.; De Vlaminck, I.; Lagae, L.; Borghs, G. Nature Photon. 2009, 

3, 283.  

119. Anger, P.; Bharadwaj, p.; Novotny, L. Phys. Rev. Lett. 2006, 96, 113002. 



152 

 

120. Kuhn, S.; Hakanson, U.; Rogobete, L.; Sandoghdar, V. Phys. Rev. Lett. 2006, 97, 

017402. 

121. Mertens, H.; Koenderink, A. F.; Polman, A. Phys. Rev. B 2007, 76, 115123. 

122. Daniel, M. C.; Astruc, D. Chem. Rev. 2004, 104, 293. 

123. Kumar, N. A.; Bund, A.; Cho, B. G.; Lim, K. T.; Jeong, Y. T. Nanotechnology 2009, 20, 

225608. 

124. De, M.; Ghosh, P. S.; Rotello, V. M. Adv. Mater. 2008, 20, 4225. 

125. Diagaradjane, P.; Shetty, A.; Wang, J. C.; Elliott, A. M.; Schwartz, J.; Shentu, S.; Park, 

H. C.; Deorukhkar, A.; Stafford, R.J.; Cho, S. H.; Tunnell, J. W.; Hazel, J. D.; Krishnan, 

S. Nano. Lett. 2008, 8, 1492.  

126. Tong, L.; Wei, Q. S.; Wei, A.; Cheng, J. X. Photochem. Photobiol 2009, 85, 21. 

127. Lal, S.; Clare, S. E.; Halas, N. J.; Acc. Chem. Res. 2008, 41, 1842. 

128. Nahata, A.; Linke, R. A.; Ishi, T.; Ohashi, K. Opt. Lett. 2003, 28, 423. 

129. Kim, S.; Jin, J.; Kim, Y. J.; Park, I. Y.; Kim, Y.S.; Kim, S. W. Nature 2008, 453, 757.  

130. Kalkbrenner, T.; Ramstein, M.; Mlynek, J.; Snadoghar, V. J. Micros. 2001 202, 72. 

131. Schuller, A.; Taubner, T.; Brongersma, M. L. Nature Photon. 2009, 3, 658. 

132. Baffou, G.; Kreuzer, M. P.; Kulzer, F.; Qiudant, R. Opt. Express 2009, 17, 3291. 

133. Atwater, H. A.; Polman, A. Nature mater. 2010, 9, 205. 

134. Shalaev, V. M. Nature Mater. 2007, 1, 41.  

135. Ekimov, A. I.; Onushchenko, A. A. JEPT Lett. 1981, 345-349. 

136. Konstantatos, G.; Sargent, E. H.; Proceedings of IEEE 2009, 97, 1666. 

137. Santra, P. K.; Kamat, P. V. J. Am. Chem. Soc. 2012, 134, 2508. 

138. Ravindran, S.; Kim, S.; Martin, R.; Lord, E. M.; Ozkan, C. S. Nanotechnology 2005, 16, 

1. 

139. Hoshino, K.; Gopal, A.; Glaz, M.; Vanden Bout, D.; Zhang, X. J.  Appl. Phys. Lett. 2012, 

101, 043118. 

 

 

 



153 

 

Chapter 2 

Reference 

1. Faraday, M.;Philos. Trans.R. Soc. London 1857, 147, 145. 

2. Sommerfeld, A.;Academic Press, New York, 1952. 

3. Wood, R. W. Philos. Mag. 1902, 4, 396-402. 

4. Garnett, J. C. M. Philos. Trans. Soc. London. Ser. A, 1904, 203, 385-420. 

5. Mie, G.; Beirträge, G. Ann. Phys. 1908, 25, 37. 

6. Pines, D. Res. Mod. Phys. 1956, 28, 184-198. 

7. Otto, A. Z. Phys. 1968, 216, 398. 

8. Krestschmann, E.; Raether, H. Z. Naturf. 1968, 23A, 2135. 

9. Kreibig, U.; Zacharias, P. Z. Physik 1970, 231,128. 

10. Cunningham, S. L.; Maradudin, A. A.; Wallis, R. F. Phys. Rev. B 1974, 10, 3342. 

11. Fleischmann, M.; Hendra, P. J.; McQuillan, A. J. Chem. Phys. Lett. 1974, 26, 163. 

12. Jeanmarie, D. L.; Duyne, van R. P. J. Electroanal.Chem. 1977, 84, 1-20. 

13. Drude, P. Ann. Phys. 1900, 306, 3, 566-613. 

14. Drude, P. Ann. Phys. 1900, 3, 369-402. 

15. Pendry, J. B. Phys.Rev. Lett. 2000, 85, 3966. 

16. Okamoto, T.; Topics in Applied Physics, 2001, 81, 97-122. 

17. Altewischer, E.; Exter, van W. P.; Woerdman, J. P. Nature 2002, 418, 304-306. 

18. Taniguchi, N. ed., On the basic Concept of Nano-Technology, Proceedings of the 

International Conference on production Engineering. Japan Scociety of Precision 

Engineering, Tokyo, 1974. Part II. 

19. Aikens, C. M.; Li, S.; Schatz, G. C. J. Phys. Chem. C 2008, 112, 11272. 

20. Zhao, K.; Troparevsky, M. C.; Xiao, D.; Eguiluz, A. G.; Zhang, Z. Phys. Rev. Lett. 2009, 

102, 186804. 

21. Vincenot, J.; Aikens, C. M. In Quantum Mechanical Examination of Optical Absorption 

Spectra of Silver Nanorod Dimers; Springer: Dordrecht, Netherlands, 2009. 

22. Troparevsky, M. C.; Zhao, K.; Xiao, D.; Eguiluz, A. G.; Zhang, Z. Phys. Rev. B 2010, 82, 

045413. 



154 

 

23. Zuloaga, J.; Prodan, E.; Nordlander, P. Nano. Lett. 2009, 9, 887. 

24. Atay, T.; Song, J.-H.; Nurmikko, A. V. Nano. Lett. 2004, 4, 1627. 

25. Lassiter, J. B.; Aizpurua, J.; Hernandez, L. I.; Brandl, D. W.; Romero, I.; Lal, S.; Hafner, 

J. H.; Nordlander, P.; Halas, Halas, N. J. Nano. Lett. 2008, 8, 1212. 

26.  Romero, I.; Aizpurua, J.; Bryant, G. W.; García De Abajo, F. J. Opt. Exp. 2006, 14, 

9988. 

27. Mcmohan, J. M.; Gray, S. K.; Schatz, G. C.; Phys. Rev. Lett. 2009, 103, 097403. 

28. García De Abajo, F. J. J. Phys. Chem. C 2008, 112, 17983. 

29. Ascroft, N. W.; Mermin, N. D. Festkörperphysik. Oldenbourg, München, 2007, ISBN 

978-3-48658273-4 

30. Mie, G. Ann. Phys. 1908, 330, 3 , 377-445. 

31. Bohren, C.; Huffman, D. Absorption and Scattering of Light by Small Particles. John 

Wiley & Sons, New York. 1982. 

32. Hulst, van de H. C.; Light Scattering by Small Particles, Dover Publications, New York, 

1981, ISBN 978-0486642284. 

33. Bohren, C. F.; Huffman, D. R. Absorption and Scattering of Light by Small Particles, 

Wiley-Interscience, ISBN 978-0471293408. 

34. Mishchenko, M. I.; Hovenier, J. W.; Travis, L. D. Light Scattering by nonspherical 

particles; Eds.; Academic Press: San Diego, CA, 2000. 

35. Purcell, E. M.; Pennypacker, C. R. Astrophys. J. 1973, 186, 705 

36. Draine, B. T. Astrophys. J. 1998, 333, 848. Draine, B. T.; Goodman, J.J. Astrophys. J. 

1993, 405,685. Draine, B. T.; Flatau, P. J. J. opt. Am. A 1994, 11, 1491. 

37. Kelly, K. L.; Lazarides, A. A.; Schatz, G. C. Comput, Sci. Eng. 2001, 3, 67. 

38. Draine, B. T.; Flatau, P. J. Program DDSCAT; University of California at San Diego: San 

Diego, CA. 

39. Xiong, Y.; Mclellan, J. M.; Chen, J.; Yin, Y.; Li, Z. –y.; Xia, Y. J. Am. Chem. Soc. 2005, 

127, 17118-17127. 

40. Mahmoud, M. A.; Snyder, B.; El-Sayed, M. A. J. Phys. Chem. C 2010, 114, 7436-7443.  

41. Jensen, T. R.; Schatz, G. C.; Duyne, van R. P. J. Phys. Chem. B 1999, 103, 2394-2401. 



155 

 

42. Logsdail, A. J.; Cookson, N. J.; Horswell, S. L.; Wang, Z. W.; Li, Z. Y.; Johnson, R. L. J. 

Phys. Chem. C 2010, 114, 21247-21251.  

43.  Zhao, J.; Pinchuk, A. O.; Mcmahon, J. M.; Li, S.; Ausman, L. K.; Atkinson, A. L.; 

Schatz, G. C. Acc. Chem. Res. 2008, 41, 1710-1720. 

44. Payne, E. K.; Shuford, K. L.; Park, S.; Schatz, G. C.; Mirkin, C. A. J. Phys. Chem. B 

2006, 110, 2150-2154. 

45. Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C. J. Phys. Chem. B 2003, 107, 668-

677. 

46. Coronado, E. A.; Encina, E. R.; Stefani, F. D. Nanoscale 2011, 3, 4042. 

47. Wang, C. R. C.; Pollack, S.; Cameron, D.; Kappes, M. M. J. Chem. Phys. 1990, 93, 3787. 

48. Bonačić-Koutecký, V.; Fantucci, P.; Koutecký, J. J. Chem. Phys. 1990, 93, 3802. 

49.  Pollack, S.; Wang, C. R. C.; Kappes, M. M. J. Chem.. Phys. 1991, 94, 2496.  

50.  Bonačić-Koutecký, V.; Fantucci, P.; Koutecký, J. Chem. Rev. 1991, 91, 1035. 

51. Blanc, J.; Bonačić-Koutecký, V.; Broyer, M.; Chevakeyre, J.; Dugourd, P.; Koutecký, J. 

Scheuch, C.; Wolf, J. P.; Wöste, L. J. Chem. Phys. 1992, 96, 1793. 

52. Bonačić-Koutecký, V.; Fantucci, P.; Fuchs, C.; Gatti, C.; Pittner, J.; Polezzo, S. Chem. 

Phys. Lett. 1993, 213, 522. 

53. Rubio, A.; Balbás, L. C.; Alonso, J. A. Phys. Rev. B 1992, 45, 13657. 

54. Pacheco, J. M.; Martins, J. L.; J. Chem. Phys. 1997, 106, 6039. 

55. Pecul, M.; Jaszuńsky, M.; Jørgensen, P. Mol. Phys. 2000, 98, 1455. 

56. van Gisbergen, S. J. A.; Pacheco, J. M.; Baerends, E. J. Phys. Rev. A 2001, 63, 063201. 

57. Vasiliev, I.; Ögüt, S.; Chelikowsky, J. R. Phys. Rev. B 2002, 65, 115416. 

58. Della Sala, F.; Rousseau, R.; Görling, A.; Marx, D. Phys. Rev. Lett. 2004, 92, 183401. 

59. Blase, X.; Ordejόn, P. Phys. Rev. B 2004, 69, 085111. 

60. Röthlisberger, U.; Andreoni, W. J. Chem. Phys. 1991, 94, 8129. 

61. Moseler, M.; Häkkinen, H.; Landman, U. Phys. Rev. Lett. 2001, 87, 053401. 

62. del Puerto, M. L.; Tiago, M. L.; Chelikowsky, J. R. J. Chem. Phys. 2007, 127, 144311. 

63. Kümmel, S.; Andrae, K.; Reinhard, P. –G. Appl. Phys. B 2001, 73, 293. 

64. Kümmel, S.; Brack, M. Phys. Rev. A 2001, 64, 022506. 

65. Harbich, W.; Fedrigo, S.; Buttet, J. Z. Phys. D 1993, 26, 138. 



156 

 

66. Fredigo, S.; Harbich, W.; Buttet, J. Phys. Rev. B 1993, 47, 10706 

67. Stener, M.; Nardelli, A.; De Francesco, R.; Fronzoni, G. J. Phys. Chem. C 2007, 111, 

11862. 

68. Kümmel, S.; Andrae, K.; Reinhard, P. –G. Appl. Phys. B 2001, 73, 293.  

69. Link, S.; El-Sayed, M. A. Annu. Rev. Phys. Chem. 2003, 54, 331PMID: 12626731. 

70. de Heer, W. A. Rev. Mod. Phys. 1993,65, 611. 

71. Zhao, J.; Yang, J.; Hou, J. G. Phys. Rev. B 2003, 67, 085404. 

72. Jensen, L.; Autschbach, J.; Schatz, G. C. J. Chem. Phys. 2005, 122, 224115. 

73. Zhao, L.; Jensen, L.; Schatz, G. C. J. Am. Chem. Soc. 2006, 128, 2911. 

74. Pereiro, M.; Baldomir, D. Phys. Rev. A 2007, 75, 033202. 

75. Idrobo, J. C.; Walkosz, W.; Yip, S. F.; Ögüt, S.; Wang, J.; Jellinek, J. Phys. Rev. B 2007, 

76, 205422. 

76. Jensen, L.; Aikens, C. M.; Schatz, G. C. Chem. Soc. Rev. 2008, 37, 1061. 

77. Harb, M.; Rabilloud, F.; Simon, D.; Rydlo, A.; Lecoultre, S.; Conus, F.; Rodrigues, V.; 

Félix, C. J. Chem Phys. 2008, 129, 194108. 

78. Yabana, K.; Bertsch, G. F. Phys. Rev. A 1999, 60, 3809. 

79. Idrobo, J. C.; Ögüt, S.; Jellinek, J. Phys. Rev. B 2005, 72, 085445. 

80. Tiago, M. L.; Idrobo, J. C.; Ögüt, S.; Jellinek, J.; Chelikowsky, J. R. Phys. Rev. B 2009, 

79, 155419. 

81. Bonačić-Koutecký, V.; Veyret, V.; Mitrić, R. J. Chem. Phys. 2001,115, 10450. 

82. Bonačić-Koutecký, V.; Pittner, J.; Boiron, M.; Fantucci, P. J. Chem. Phys. 1999, 110, 

3876. 

83. Silverstein, D. W.; Jensen, L. J. Chem. Phys. 2010, 132, 194302. 

84. Aikens, C. M.; Schatz, G. C. J. Phys. Chem. A 2006, 110, 13317. 

85. Cottancin, E.; Celep, G.; Lerme, J.; Pellarin, M.; Huntzinger, J. R.; Vialle, J. L.; Broyer, 

M. Theor. Chem. Acta 2006, 116, 514. 

86. Fa, W.; Zhou, J.; Luo, C.; Dong, J. Phys. Rev. B 2006, 73, 085405. 

87. Devarajan, A.; Gaenko, A.; Autschbach, J. J. Chem. Phys. 2009, 130, 194102. 

88. Castro, A.; Marques, M. A. L.; Romero, A. H.; Oliveira, M. J. T.; Rubio, A. J. Chem. 

Phys. 2008, 129, 144110. 



157 

 

89.  Lermé, J.; Palpant, B.; Prével, B.; Cottancin, E.; Pellarin, M.; Treilleux, M.; Vialle, J.; 

Perez, A.; Broyer, M. Eur. Phys. J. D. 1998, 4, 95.  

90. Wang, J.; Yang, M.; Jellinsky, J.; Wang, G. Phys. Rev. A 2006, 74, 23202. 

91. Gilb, S.; Jacobsen, K.; Schooss, D.; Furche, F.; Ahlrichs, R.; Kappes, M. M. J. Chem. 

Phys. 2004, 121, 4619. 

92.  Runge, E.; Gross, E. K. U. Phys. Rev. Lett. 1984, 52, 997. 

93. Olsen, J.; Jørgensen, P. J. Chem. Phys. 1985, 82, 3235. 

94. Casida, M. E., In Recent Developments and Application of Modern Density Functional 

Theory, Elsevier, Amsterdam, 1996. 

95. Petersilka, M.;Gossmann, U. J.; Gross, E. K. U. Phys. Rev. Lett. 1996, 76, 1212. 

96.  Marques, M. A. L.; Ullrich, C. A.; Nogueira, F.; Rubio, A.;Burke, K.; Gross, E. K. U. 

eds., Time-Dependent Density Functional Theory; Springer-Verlag, Berlin Heidelberg, 

2006. 

97. Botti, S.; Schindlmayr, A.; Del Sole, R.; Reining, L. Rep. Prog. Phys. 2007, 70, 357  

 

Chapter 3 

References: 

1. Buzea, C.; Pacheco, I. I.; Robbie, K. Biointerphases 2007, 2, MR17-MR71. 

2. An-Hui Lu, E.L.S.F.S. Angew. Chem. 2007, 46, 1222-1244. 

3. Antonietti, M.; Kuang, D.; Smarsly, B.; and Zhou, Y. Angew. Chem. 2004, 43, 4988-

4992. 

4. Collier, C.P.; Vossmeyer, T.; Heath, J.R. Anal. Rev. Phys. Chem. 1998, 49, 371-404. 

5. Daniel, M.C.; Astruc, D. Chem. Rev. 2004, 104, 293-346. 

6. Date, A. A.; Patravale, V. B. Current Opin. Colloid  Interface Sci. 2004, 9, 222-235. 

7. Eastoe, J.; Hollamby, M. J.; Hudson, L. Adv. Colloid Interface Sci. 2006, 128-130, 5-15. 

8. Fendler, J. H. Chem. Rev. 1987, 87, 877-899. 

9. Kubo, R.; Kawabata, A.; Kobayashi, S.-i. Anal. Rev. Mat. Sci. 1984, 14, 49-66. 



158 

 

10. Lopez-Quintela, M. A.; Tojo, C.; Blanco, M.C.; Garcia Rio, L.; Leis, J. R. Current Opin. 

Colloid Interface Sci. 2004, 9, 264-278. 

11. Sjöblom, J.; Lindberg, R.; Friberg, S.E. Adv. Colloid Interface Sci. 1996, 65, 125-287. 

12. Tan, W.; Wang, K.; He, X.; Zhao, X. J.; Drake, T.; Wang, L.; Bagwe, R. P. Med. Res. 

Rev. 2004, 24, 621-638. 

13. Wise, F. W. Acc. Chem. Res. 2000, 33, 773-780. 

14. Lange, F. F.; Metcalf, M. J. Am. Ceramic Soc. 1983, 66, 398-406. 

15. Abarkan, I.; Doussineau, T.; Smaihi, M. Polyhedron 2006, 25, 1763-1770. 

16. Capek, I. Adv. Colloid Interface Sci. 2004, 110, 49-74. 

17. Liu, J.; Ikushima, Y.; Shervani, Z. Current Opin. Solid State Mat. Sci. 2003, 7, 255-261. 

18. Moulik, S. P.; Rakshit, A. K. J. Surf. Sci. Technol. 2006, 22, 159-186. 

19. Uskokovic, V.; Drofenik, M. Adv. Colloid Interface Sci. 2007, 133, 23-34. 

20. Luisi, P. L.; Straub, B.E. (1984) Reverse Micelles (New York: Plenum Press). 

21. Pileni, M. P. J. Phys. Chem. 1993, 97, 6961-6973. 

22. Pileni, M. P. Cryst. Res. Technol. 1997, 33, 1155-1186. 

23. Pileni, M. P. J. Phys. Chem. B 2001, 105, 3358-3371. 

24. Andersson, M.; Pedersen, J. S.; and Palmqvist, A. E. C. Langmuir 2005, 21, 11387-

11396. 

25. Braun, M.; Link, S.; Burda, C.; El-Sayed, M. Chem. Phys. Lett. 2002, 361, 446-452. 

26. Braun, P.V.; Osenar, P.; Stupp, S. I. Nature 1996, 380, 325-328. 

27. Dabbousi, B. O.; Bawendi, M. G.; Onitsuka, O.; Rubner, M. F. Appl. Phys. Lett. 1995, 

1316. 

28. Dabbousi, B. O.; Rodriguez-Viejo, J.; Mikulec, F. V.; Heine, J. R.; Mattoussi, H.; Ober, 

R.; Jensen, K. F.; Bawendi, M. G. J. Phys. Chem. B 1997, 101, 9463-9475. 

29. Murray, C. B.; Kagan, C. R.; Bawendi, M.G. Science 1995, 270, 1335-1338. 

30. Abu-Zied, B. M. Appl. Catal. A: 2000, 198, 139-153. 

31. Langard, S.; Norseth, T. British J. Ind. Med. 1975, 32, 62-65. 

32. Mahdavian, M.; Attar, M. M. Prog. Org. Coatings 2005, 53, 191-194. 



159 

 

33. McDaniel, M. P. (1985) Supported chromium catalysts for ethylene polymerization, 

Volume 33 (Orlando, Florida: Academic Press). 

34. Tronconi, E.; Lietti, L.; Forzatti, P;. Pasquon, I. Appl. Catal. 1989, 47, 317-333. 

35. Weckhuysen, B. M.; Schoonheydt, R. A. Catal. Today 1999, 51, 215-221. 

36. Pillai, V.; Kumar, P.; Hou, M. J.; Ayyub, P.;  Shah, D. O. Adv. Colloid Interface Sci. 

1995, 55, 241-269. 

37. Moulik, S. P.; De, G. C.; Panda, A. K.; Bhowmik, B. B.; Das, A. R. Langmuir 1999, 15, 

8361-8367. 

38. Panda, A. K.; Bhowmik, B. B.; Das, A. R.; Moulik, S. P. Langmuir 2001, 17, 1811-1816. 

39. Nyquist, R. A. and Kagel, R. O. (1971) Infrared Spectra of Inorganic Compounds (New 

York: Wiley). 

40. Moulik, S. P.; De, G. C.; Bhowmik, B. B.; Panda, A. K. J. Phys. Chem. B 1999, 103, 

7122-7129. 

41. Panda, A. K.; Moulik, S. P.; Bhowmik, B. B.; Das, A.R. J. Colloid Interface Sci. 2001, 

235, 218-226. 

42. Bagaba, A. A.; Akhmedov, V. M.; Abdulrahaman, M.; Mohamed, M. Synthesizing  

            and utilizing novel nano crystalline zinc chromate supported nano palladium catalyst 

            (2011): USA Patent, No. 7951976 

43. Biswas, S.; Hait, S. K.; Bhattacharya, S. C.; Moulik, S. P. J. Dispersion Sci. Technol. 

2004, 25, 801-816. 

44. Antropova, O. A.; Nikonenko, E. A.; Blokonova, N. A.; Purtov, A. I. Chem. Inform.  
 

1993, 24, 30. 
 
45. Nakamoto, K. (1997) Infrared and Raman Spectra of Inorganic and Coordination 

Compounds, Volume 84, John Wiley and Sons, New York. 

46. Yang, X. H.; Wu, Q. S.; Liu, J. K. Crystal Res. Technol. 2007, 42, 211-215. 

47. Bednarkiewicz, A.; Maczka, M.; Strek, W.; Hanuza, J.; Karbowiak, M. Chem. Phys. Lett. 

2006, 418, 75-78. 

48. Haram, S. K.; Mahadeshwar, A. R.; Dixit, S. G. J. Phys. Chem. 1996, 100, 5868-5873. 

49. Rossetti, R.; Hull, R.; Gibson, J. M.; Brus, L. E. J. Chem. Phys. 1985 83, 1406-1410. 

50. Kittel, C. (1996) Introduction to Solid State Physics. 



160 

 

51. Paul, S.; Moulik, S. P. Tenside, Surfactants, Deterg. 1995, 6, 32. 

52. Ray, S.; Bisal, S. R.; Moulik, S. P. J. Chem. Soc. Faraday Trans. 1993, 89, 3277-3282. 

53. Chakraborty, I.; Moulik, S. P. J. Colloid Interface Sci. 2005, 289, 530-541. 

54. Wang, W.; Chen, X.; Efrima, S. J. Phys. Chem. B 1999, 103, 7238-7246. 

55. Wang, Y. Acc. Chem. Res. 1991, 24, 133-139. 

56. Wang, Y.; Herron, N. J. Phys. Chem. 1991, 95, 525-532. 

57. Paul, B. K.; Moulik, S. P. J. Dispersion Sci. Technol. 1997, 18, 301-367. 

58. Paul, B. K.; Moulik, S. P. Current Sci. 2001, 80, 990-1001. 

Chapter 4 

References: 

1. Toshima, N. Pure Appl. Chem. 2000, 72, 317-325. 

2. Bai, D.; Wang, Q.; Song, Y.; Li, B.; Jing, H. Catal. Commun. 2011, 12, 684-                  

688 

3. Miller, M. M.; Prinz, G, A.; Cheng, S. F.; Bounnak, S. Appl. Phys. Lett. 2002,   81, 2211. 

4. Pendry, J. B. Science 1999, 285, 1687. 

5. Maier, S. A.; Kik, P. G.; Atwater, H. A.; Meltzer, S.; Harel, E.; Koel, B. E.; Requicha, A. 

G.; Nat. Mater. 2003, 2, 229-232. 

6. Todorovic, M.; Schultz, S.; Wong, J.; Scherer, A. Appl. Phys. Lett. 1999, 74, 2516. 

7. Speliotis, D. E.; J. Magn. Magn. Mater. 1999, 193, 29. 

8. Willard, M. A;. Kurihara, L. K.; Carpenter, E. E.; Calvin, S.; Harris, V. G. In 

Encyclopedia of Nanoscience and Nanotechnology, Vol. 1, H. S. Nalwa (Ed.), p. 815, 

American Scientific Publishers, Stevenson Ranch, CA (2004). 

9. Leslie-Pelecky, D. L.; Rieke, R. D.; Chem. Mater. 1996, 8, 1770. 

10.  Babic, M.; Horák, D.; Trchová, M.; Jendelová, P.; Glogarová, K.; Lensý, P.; Herynek, 

V.; Hájek, M.; Syková, E. Bioconjugate Chem. 2008, 19, 740-750. 

11. Mikhaylova, M.; Kim, D. K.; Bobrysheva, N.; osmolowsky, M.; Semenov, V. et al: 

Langmuir 2004, 20, 6, 2472-2477. 



161 

 

12. Kim, J.; Park, S.; Lee, J. E.; Jin, S. M.; Lee, J.H.; et al: Angew Chem Int Ed 2006, 45 

(46): 7754-7758. 

13. Qiao, R.; Yang, C.; Gao, M. J. Mater. Chem. 2009, 19, 6274-6293. 

14. Lee, H.; Lee, E.; Kim, D. K.; Jang, N. K.; Jeong, Y. Y.; Jon, S. J. Am. Chem. Soc. 2006, 

128, 7383-7389. 

15. Torchilin, V. P.; Eur. J. Pharm. Sci. 2000, 11, S81. 

16. Xuan, S.; Wang, F.; Lai, J. M. Y.; Sham, K. W. Y.; Wang, Y-X. J.; Lee, S.-F.; Yu, J. C.; 

Cheng, C. H. K.; Leung, K. C-F. ACS Appl. Mater. Interface  2011, 3, 237 244. 

17. Dobson, J.;  Drug Dev. Res., 2006, 67, 55–60. 

18. Na, H. B.; Song, I. C.; Hyeon, T. Adv. Mater. 2009, 21, 2133-2148. 

19. Caravan, P. Chem. Soc. Rev. 2006, 35, 512-523. 

20. Weinmann, H. J., Ebert, W., Misselwitz, B.; Schmitt-Willich, H. Eur. J. Radiol., 2003, 

46, 33-44. 

21. Frullano, L.; Meade, T. J. J. Biol. Inorg. Chem. 2007, 12, 939-949. 

22. Blasiak, B.; Veggel, van F.C. J. M.; Tomanek, B. J. Nanomat. 2013, 12, 148578. 

23. Lawaczeck, R.; Menzel, M.; Pietsch, H. Applied Organometallic Chemistry 2004, 18, 10, 

506-513. 

24. Wang, Y.-X. J. Quant. Imaging Med. Surg., 2011, 1, 35–40. 

25. Müller, R.; Steinmetz, H.; Hiergeist, R.; Gawalek, W. J. Magn. Magn. Mater. 2004, 

1539, 272-276. 

26. Häfeli, U. O.; Pauer, J. J. Magn. Magn. Mater. 1999, 194, 76. 

27. Häfeli, U. O. Int. J. Pharm. 2004, 277, 19. 

28. Parkes, L. M.; Hodgson, R.; Lu, L. T.; Tung, L. D.; Robinson, I.; Fernig, D. G.; Thanh, 

N. T. K. Contrast Media Mol. Imaging  2008, 3 150-156. 

29. Guan, J. G.; Wang, W.;Gong, R. Z.; Yuan, R. Z.; Gan, L. H.; Tam, K. C. Langmuir 2002, 

18, 4198-4204. 

30. Zeng, H.; Li, J.; Liu, J. P.; Wang, Z. L.; Sun, S. Nature 2002, 420, 395. 

31.   Yang, J. B.; Malik, S. K.; Zhou, X. D.; Kim, M.S.; Yelon, W. B.; James, W. J.; 

Anderson, H. U. J. Phys. D: Appl. Phys. 2005, 38, 1215. 

32. Bonetti, E.; Del Bianco, l.; Signoretti, S.; Tiberto, P. J. Appl. Phys. 2001, 89, 1806.  



162 

 

33. Ding, J.; Miao, W. F.; Street, R.; McCormick, P. G. Scr. Mater. 1996, 35, 1307. 

34. Park, T.-J.; Wong, S. S. Chem. Mater. 2006, 18, 5289-5295. 

35. Cullity, B. D. Introduction to Magnetic Materials; 1972 Addison-Wesley: 

  Reading, MA. 

36. Charles, S. W.; Popplewell, J. Ferromagnetic Materials: A Handbook on the Properties of 

Magnetically Ordered Substances, 1980, North-Holland Publishing, Amsterdam. 

37. Bouchard, L-S.; Anwar, M. S.; Liu, G. L.; Hann, B.; Xie, Z. H.; Gray, J. W.; Wang, X.; 

Pines, A.; Chen, F. F. PNAS 2009, 106, 11, 4085-4089. 

38. Chin, A. B.; Yaacob, I. I. J. Mater. Process. Technol. 2007, 191, 235-237. 

39. Albornoz, C.; Jacobo, S. E. J. Magn. Magn. Mater. 2006, 305, 12. 

40. Kim, E. H.; Lee, H. S.; Kwak, B. K.; Kim, B. K. J. Magn. Magn. Mater. 2005, 289, 328. 

41. Wan, J.; Chen, X.; Wang, Z.; Yang, X.; Qian, Y. J. Cryst. Growth. 2005, 276,571. 

42. Kimita, M.; Nakagawa, D.; Hasegawa, M. Powder Technol. 2003, 132-112. 

43. Alvarez, G. S.; Muhammed, M.; Zagorodni, A. A. Chem. Eng. Sci. 2006, 61, 4625. 

44. Basak, S.; Chen, D. R.; Biswas, P. Chem. Eng. Sci. 2007, 62, 1263.     

45. Bao, Y.; Pakhomov, A. B.; Krishnan, K. M. J. Appl. Phys. 2006, 99, 8: 08H107. 

46. Kim, K. S.; Park, J. K. Lab Chip 2005, 5, 6, 657-664. 

47. Kotitz, R.; Weitschies, W.; Trahms, L.; Brewer, W.; Semmler, W. J. Magn. Magn. 

Mater. 1999, 194, 1-3, 62-68. 

48. Sjogren, C. E.; Johansson, C.; Naevestad, A.; Sontum, P. C.; Briley-Saebo, K.; Fahlvik, 

A. K. Magn. Reson. Imaging 1997, 15, 55. 

49. Nunes, A. C.; Yu, Z. C. J. Magn. Magn. Mater. 1987, 65, 265. 

50. Babes, L.; Denizot, B.; Tanguy, G.; Le Jeune, J. J.; Jallet, P. J. Colloid Interface Sci. 

1999, 212, 2, 474. 

51. Thurm, S.; Odenbach, S. J. Magn. Magn. Mater. 2002, 252, 247. 

52. Rosensweig, R. E. 1985, Ferrohydrodynamics. Cambridge 

53. Pileni, M. P.; Duxin, N. Chem. InnoV. 2000, 30,25. 

54. Inouye, K.; Endo, R.; Otsuka, Y.; Miyashiro, K.; Kaneko, K.; Ishikawa, T. J. Phys. 

Chem. 1982, 86, 1465. 



163 

 

55. Pileni, M.; Feltin, N.; Moumen, N. Scientific and Clinical Applications of Magnetic 

Carriers;  1997 Plenum Press: New York. 

56. Lee, Y.; Lee, J.; Bae, C. J.; Park, J. G.; Noh, H. J.; Park, J. H.; Hyeron, J. H. Adv. Funct. 

Mater. 2005, 3, 503. 

57. Shao, L.; Caruntu, D.; Chen, J. F.;  O’Connor,C. J.; Zhou, W. L. J. Appl. Phys. 2005, 97, 

10, 10Q908(1-3). 

58. Salgueirino-Maceira, V.; Correa-Duarte, M. A.; Spasova, M.; Liz-Marzan, L. M.; Farle, 

M. Adv. Funct. Mater. 2006, 16, 4, 509-514. 

59. Glavee, G. N.; Klabunde, K. J.; Soresen, C.M.; Hadjipanayis, G. C. Langmuir, 1993, 9, 

162.    

60. Koirala, S.; Roy, B.; Guha, P.; Bhattarai, R.; Sapkota, M.; Nahak, P.; Karmakar, G.; 

Mandal, A. K.; Kumar, A.; Panda, A. K. RSc Adv. 2016, 6, 13786 -13796. 

61. Rahman, O. u.; Mohapatra, S. C.; Ahmad, S. Materials Chemistry and Physics, 2012, 

132, 196-202. 

Chapter 5 

References 

(1)   Morton, S. M.; Silverstein, D. W.; Jensen, L. Chem. Rev. 2011, 111, 3962 – 3994. 

(2)   Noguez, C. J. Phys. Chem. C 2007, 111, 3806 – 3819.  

(3)    Kreibig, U. ; Völlmer, M. Optical Properties of Metal Clusters  Berlin: Springer  

1995. 

(4)   Brongersma,  M. L.; Kik, P. G. Surface Plasmon Nanophotonics Springer: Berlin 1988. 

(5)       Maier, S. A. Plasmonics Springer: Berlin 2006. 

(6)   Liz-Marzán, L. M. Langmuir 2006, 22, 32-41. 

(7)   Jakab, A.; Rosman, C.; Khalavka, Y.; Becker, J.; Trügler, A.; Hohenester, U.; 

Sönnichsen, C. ACS Nano, 2011, 5 (9), pp 6880–6885. 

(8)   Noguez, C.; Garzón, I. L. Chem. Soc. Rev., 2009, 38, 757–771. 

(9)   Irmer, G.; Monecke, J.; Verma, P. Encyclopedia of Nanoscience and Nanotechnology 

American Scientific Publishers: Los Angeles, California, USA 2003 volume Χ:1-26. 

(10)   Alivisatos, A. P. Science 1996, 271, 933-937. 



164 

 

(11)   Hines, M. A.; Guyot-Sionnest, P.  J. Phys. Chem. 1996, 100, 468–471. 

(12)   Dabbousi, B. O.; Rodriguez-Viejo, J.; Mikulec, F. V.; Heine, J. R.; Mattoussi, H.;  

  Ober, R.; Jensen, K. F.; Bawendi, M. G. J. Phys. Chem. B 1997, 101, 9463–9475. 

(13)   Halparin, W. P. Rev. Mod. Phys. 1986, 58, 533. 

(14)   Link, S.; El-Sayed, M. A.  Annu. Rev. Phys. Chem. 2003, 54, 331 PMID: 12626731. 

(15)   Kalsin, A.; Fialkowski, M.; Paszewski, M.; Smoukov, S. K.; Bishop, K. J. M.;  

Grzybowski, B. A. Science 2006, 312, 420. 

(16)   Stuart, D. A.; Yuen, J. M.; Shah, N.; Lyandres, O.; Yonzon, C. R.; Glucksberg, M. R.; 

Walsh, J. T.; Duyne, P. V.  Anal. Cham. 2006, 78, 7211.   

(17)   Huang, X.; El-Sayed, I. H.; Qian, W.; El-Sayed, M. A. J. Am. Chem. Soc. 2006, 128, 

2115. 

(18)   Roduner, E. Chem. Soc. Rev., 2006, 35, 583–592. 

(19)   Sattler, K. D. Handbook of Nanophysics: Nanoparticles and Quantum Dots CRC  

Press: United States of America, 2011. 

(20)   Hamad, K. S.; Roth, R.; Rockenberger, J.; Buuren, T.; Alivisatos, A. P. Phys.  

Rev. Lett. 1999 83, 17. 

(21)   Pizzagalli, L.; Galli, G. Mat. Sci. Eng. B 2002, 96  86-89.   

(22)   Djurabekova, F.; Nordlund, K.  Phys. Rev. B 2008, 77, 115325.  

(23)  Pines, D.  N. The Theory of Quantum Liquids (Addison-Wesley: New York) 1989. 

(24)   Fetter, A. L.; Walecka, J. D. Quantum Theory of Many-Particle Systems (McGraw- 

Hill: New York) 1971. 

(25)    Pitarke, J. M.; Silkin, V. M.; Chulkov, E V. Echenique, P M. Rep. Prog. Phys.  2007, 70, 

1–87. 

(26)   Asano, S.; Yamamoto, G. Appl. Opt. 1980, 14, 29. 

(27)   Lind, A. C.; Greenberg, J. M.  J. Appl. Phys. 1966, 37, 3195. 

(28)   Coronado, E. A.; Schatz, G. C.  J. Chem. Phys., 2003, Vol. 119, No. 7.  

(29)    Anderson, C. M.; Giapis, K. P.  Phys Rev B. 1997, 56, 12. 

(30)    Zoorob, M.E.; Charlton, M.D.B.; Parker, G.J. Baumberg, J. J. Netti, M. C. Mat. Sci. and 

Eng. B. 2000, 74,168–174. 

(31)   Draine, B. T. ;  Flatau, P. J.  J. Opt. Soc. Am. A Vol. 1994, 11, No. 4.  



165 

 

(32)   Félidj, N.; Aubard, J.;  Lévi, G.  J. Chem. Phys., 1999, Vol. 111, No. 3.  

(33)   Yurkin, M. A.; Hoekstraa, A.G.  Journal of Quantitative Spectroscopy & Radiative  

Transfer 2007, 106, 558–589. 

(34)   Penttila, A.; Zubko, E.; Lumme, K.; Muinonen, K.; Yurkin, M. A.; Draine, B.;  

Rahola, J.;  Hoekstra, A. G.; Shkuratov, Y. Journal of Quantitative Spectroscopy & 

Radiative Transfer 2007, 106 417–436. 

(35)   Wang, F.; Ziegler, T. Mol. Phys. 2004, 102, 23–24, 2585–2595. 

(36)   Seth, M.;  Ziegler, T.  J. Chem.  Phys. 2005, 123, 144105.  

 (37)   Durante, N.;  Fortunelli, A.; Broyer, M.; Stener, M.  J. Phys. Chem. C 2011,  

115, 6277–6282. 

(38)   Aikens, C. M.; Li, S.;  Schatz, G. C.  J. Phys. Chem. C 2008, 112, 11272– 

11279. 

(39)   Snoke, D.;  Wolfe, J. P.; Mysyrowicz, A.  Phys. Rev. Lett. 1987, 59, 827–830. 

(40)   Snoke, D. Science 1996, 273, 1351–1352. 

(41)   Snoke, D. Science 2002, 298, 1368–1372. 

(42)   Jolk, A.; Klingshirn, C. F. Phys. Status Solidi B 1998, 206, 841–850. 

(43)   Matsumoto, H.; Saito, K. Hasuo, M.; Kono, S. Nagasawa, N.  Solid State Commun. 1996, 

97, 125–129. 

(44)   Ettema, A.; Versluis, J. Phys. Rev. B 2003, 68, 235101. 

(45)  Karpinska, K.; Mostovoy, M.; van der Vegte, M. A.; Revcolevschi, A.; van Loosdrecht, 

P. H. M. Phys. Rev. B 2005, 72, 155201. 

(46)   Ng, C. H. B.; Fan, W. Y.  J. Phys. Chem. B 2006, 110, 20801. 

(47)    Zhang, J.; Liu, J.; Peng, Q.; Wang, X.; Li, Y. Chem. Mater. 2006, 18, 867. 

(48)   Briskman, R. N. Sol. Energy Mater. Sol. Cells 1992, 27, 361–368. 

(49)   Musa, A. O.; Akomolafe, T.; Carter, M. J.  Sol. Energy Mater. Sol. Cells 1998, 51, 305– 

316. 

(50)    Olsen, L. C.; Addis, F. W.; Miller, W.  Sol. Cells 1982, 7, 247–279. 

(51)    Rai, B. P. Sol. Cells 1988, 25, 265–272. 

(52)   de Jongh, P. E.; Vanmaekelbergh, D.; Kelly, J. J. Chem. Commun. 1999, 1069–1070. 

(53)   Hara, M.; Kondo, T.; Komoda, M.; Ikeda, S.; Shinohara, K.; Tanaka, A.; Kondo, J. N.;  



166 

 

Domen, K. Chem. Commun. 1998, 357–358. 

(54)    Xu, L.; Jiang, L. P.; Zhu, J. J.  Nanotechnology 2009, 20, 045605. 

(55)    Gou, L.;  Murphy, C. J. Nano. Lett. 2003, 3, 231.  

(56)    Gou, L.; Murphy, C. J.  J. Mater. Chem. 2004, 14, 735. 

(57)   Wang, D.; Mo, M.; Yu, D.; Xu, L.; Li, F.; Qian, Y. Cryst. Growth Des. 2003, 3, 717.  

(58)   Wang, Z.; Chen, X.; Liu, J.; Mo, M.; Yang, L.; Qian, Y.  Solid State Commun. 2004, 130,  

585. 

(59)   Siegfried, M. J.; Choi, K. S.  J. Am. Chem. Soc. 2006, 128, 10356. 

(60)   Singh, D. P.; Neti, N. R.; Sinha, A. S. K.; Srivastava, O. N. J. Phys. Chem. C 2007, 111,  

1638. 

(61)   Xu, H.; Wang, W. W.;  Zhu, W.  J. Phys. Chem. B 2006, 110, 13829. 

 

(62)   Siegfried, M. J.;  Choi, K. S.  Adv. Mater. 2004, 16, 1743. 

(63)   Li, H.; Liu, R.; Zhao, R.; Zheng, Y.; Chen, W.; Xu, Z. Cryst. Growth Des. 

2006, 6, 2795. 

(64)   Jiao, S.; Xu, L.; Jiang, K.; Xu, D.  Adv. Mater. 2006, 18, 1174. 

(65)   Lu, C.; Qi, L.; Yang, J.; Wang, X.; Zhang, D.; Xie, J.; Ma, J.  Adv. Mater. 2005, 17, 

2562. 

(66)   Teo, J. J.; Chang, Y.; Zeng, C. Langmuir 2006, 22, 7369. 

(67)   Chang, Y.; Teo, J. J.; Zeng, H. C.  Langmuir 2005, 21, 1074. 

(68)   Wang, W.; Wang, G.; Wang, X.; Zhan, Y.; Liu, Y.; Zheng, C.  Adv. Mater. 2002, 14, 67. 

(69)    Siegfried, M. J.;  Choi, K.S.  Angew. Chem. Int. Ed. 2005, 44, 3218. 

(70)    Chang, Y.; Zeng, H. C. Cryst. Growth Des. 2004, 4, 273. 

(71)   Jung, J. H.; Kim, T. W.; Song, M. S.;  Kim, Y. H.; Yoo, H. J. Appl. Phys. 2007, 101,  

093708. 

(72)    Balamurugan, B.;  Metha, B. R. Thin Solid Films 2001, 396, 90–6. 

(73)    Qi, W. J.; Huanga, C. Z. ; Chen, L. Q. Talanta  2010, 80,1400–1405. 

(74)   Yurkin, M. A.; Hockstra A. G.  J. Quan. Spec. Rad. Trans. 2007, 106, 558-589 

(75)    Baerends, E. J.; Ellis, D. E.; Ros, P. Chem. Phys. 1973, 2, 41. 

(76)    Guerra, C. F.; Snijders, J. G.; Velde, G.; Baerends, E.  J. Theor. Chem. Acc.  



167 

 

1998, 99, 391. 

(77)   Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, 58, 1200. 

 (78)   Cohen, A.; Chem. Phys. Lett. 2000, 316, 160-166. 

(79)   Becke, A. D. Phys. Rev. A 1988, 38, 3098. 

(80)   Lee, C. Tang, W. Parr, R. G. Phys. Rev. B 1988, 37, 785. 

(81)    Leeuwen, R. V.; Baerends, E.;  J. Phys. Rev. A 1994, 49, 2421. 

(82)   Stephens, P. J.; Devlin, F. J.; Chablowski C. F.; Frisch, M. J. J. Phys. Chem. 1994, 98,  

11623. 

(83)   Draine, B. T.; Flatau, P. J. 2010, “User Guide for the Discrete Dipole  Approximati– – 

on  Code DDSCAT 7.1”, http://arxiv.org/abs/1002.1505. 

(84)   Palik, E. D. Handbook of Optical Constants of Solids; Academic Press: Boston, 1985. 

(85)   Zhang, J.; Liu, J.; Peng, Q.;  Wang, X.; Li, Y. Chem. Mater. 2006, 18, 867-871. 

(86)   Salzemann, C.; Brioude, A.; Pileni, M. -P.  J. Phys. Chem. B., 2006, 110, 7208-7212. 

(87)   Jain, P. K.; Lee, K. S.; El-Sayed, I. H.; El-Sayed, M. A. J. Phys. Chem. B 2006, 110, 

7238-7248.  

(88)   Zhang, L.; Jing, H.; Boisvert, G.; He, J. Z.; Wang, H.  ACS Nano. 2012, 6, 3514-3527. 

(89)   Zhang, L.; Blom, D. A.; Wang, H. Chem. Mater. 2011, 23, 4587–4598. 

(90)   Zhang, L.; Wang, H.  ACS Nano 2011, 5, 3257–3267. 

(91)    Cheng, C. S.; Serizawa, M.; Sakata, H.;  Hirayama, T.  Mater. Chem. Phys. 1998,  

53, 225. 

(92)   Rosencher, E.; Vinter, B. Optoelectronics Cambridge University Press: Cambridge,  

2002 

(93)   Liu, D. Y.; Ding, S. Y.; Lin, H. X.; Liu, B. J.; Ye, Z. Z.; Fan, F. R.; Ren, B.; Tian, Z. Q.; 

J. Phys. Chem. C 2012, 116, 4477–4483.  

(94)   Guan, L.; Pang, H.; Wang, J.; Lu, Q.; Yinac, J.; Gao, F. Chem. Commun. 2010, 46, 7022–

7024. 

(95)   Iyer, N.; Jayanti, S.; Lou, K.; Kalyanaraman, Y.; Ramani, K. Computer-Aided  

Design 2005, 37, 509–530. 

(96)   Kassimi, M. A.; El beqqali, O. International Journal of Computer Science Issues,  

2011, 8, 3. 



168 

 

(97)   Kazhdan, M.; Chazelle, B.; Dobkin, D.; Stein, A. F.; Funkhouser, T. A. reflective 

symmetry descriptor ECCV 2002, 642, 656.  

(98)   Kazhdan, M.; Chazelle, B.; Dobkin, D.; Funkhouser, T.; Rusinkiewicz, S. A.  

reflective symmetry descriptor for 3d models. Algorithmica: Special Issue 2004.  

(99)   Papadakis, P.; Pratikakis, I.; Theoharis, T.; Perantonis S. Int. J. Comput. Vis.  

DOI 10.1007/s11263-009-0281-6. 

(100)   Bauer, C.;  Abid, J.-P.; Fermin, D.; Girault, H. H.  J. Chem. Phys. 2004, 120, 19.  

(101)   Requejo-Isidro, J.;  Coso, R.; Solis, J.; Gonzalo, J.;  Afonso, C. N. Appl. Phys.  

Lett. 2005, 86, 193104.  

(102)   Abdelhalim, M. A. K.; Mady, M. M.; Ghannam, M. M.  J Nanomed Nanotechol  

2012, 3, 3. 

(103)   Burda, C.;  El-Sayed, M. A. Pure Appl. Chem. 2000, 72, 1–331. 

(104)   Ouyang, G.;  Li, X. L.; Tan, X.; Yang, G. W.  Appl. Phys. Lett. 2006, 89, 031904. 

(105)  Ouyang, G. ; Zhang, A.;  Zhu, Z.;  Zhu, W.; Yang, G.  J. Appl. Phys. 2011,  

110, 033507. 

(106)    Gao, F.  Inorg. Chem. 2010, 49, 10409–10414.   

(107)   Gao, F. Appl. Phys. Lett. 2011, 98, 193105. 

(108)   Häkkinen, H.; Moseler, M.; Kostko, O.; Morgner, N.; Hoffmann, M. A.; Issendorff, B.;  

Phys. Rev. Lett. 2004, 93, 9. 

(109)   Rosa, A.; Ricciardi, G.; Gritsenko, O.; Baerends, E. J.  Struct. Bond., 2004, 112, 49-116 

(110)   Zhao, L.; Jensen L.; Schatz, G. C.  J. Am. Chem. Soc., 2006, 128, 2911-2919. 

(111)   Jadraque, M.; Martin, M. Chem. Phys. Lett. 2008, 456, 51–54. 

(112)   Wang, L.-S.; Wu, H.; Desai, S. R.  Phys. Rev. B 1996, 53, 12. 

(113)   Soon, A.; Todorova, M.; Delley, B.; Stampfl, C. Phys. Rev. B 2007, 75, 125420. 

(114)   Le, D.; Stolbov, S.; Rahman, T. S. Surface Science, 2009, 603, 1637–1645. 

(115)  Islam, M. M.; Diawara, B.; Maurice, V.; Marcus, P.  Journal of Molecular Structure:  

 THEOCHEM, 2009, 903, 41–48. 

(116)   Altarawneh, M.; Radny, M. W.; Smith, P.V.; Mackie, J. C.; Kennedy, E. M.;  

Dlugogorski, B. Z.; Soon, A.; Stampfl, C.  J. Chem. Phys., 2009,130, 184505. 

(117)   Ladd, M.  “Symmetry and Group Theory in Chemistry”, Horwood Publishing, Chichester,  



169 

 

1998, p89-91 

(118)   Morales, J.;  Espinos, J. P.;  Caballero, A.; Gonzalez-Elipe, A. R.  J. Phys.  

Chem. B 2005, 109, 7758-7765. 

(119)   Borgohain, K.; Murase, N.; Mahamuni, S.  J. Appl. Phys., 2002, 92, 3,  

(120)   Kuo, C.-H.; Chen, C.-H.;  Huang, M. H.  Adv. Funct. Mater. 2007, 17, 3773–3780. 

(121)   Bruneval, F.; Vast, N.; Reining, L.; Izquierdo, M.; Sirotti, F.; Barrett, N. Phys.Rev.Lett.  

2006, 97, 267601.  

(122)  Sokolov, K.; Follen, M.; Aaron, J.; Pavlova, I.; Malpica, A.; Lotan, R.; Richards-Kortum, 

R. Cancer Res. 2003, 63, 1999. 

(123)  El-Sayed, I. H.; Huang, X.; El-Sayed, M. A.  Nano Lett. 2005, 5, 829. 

 

Chapter 6 

References 

1. Halperin, W. P. Rev. Mod. Phys. 1986, 58, 533.  

2. Link, S.; El-Sayed, M.A. Annu. Rev. Phys. Chem. 2003, 54, 331PMID: 12626731.     

3. Kalsin, A.; Fialkowski, M.; Smoukov, S. K.; Bishop, K. J. M.; Grzybowski, B. A. 

Science 2006, 312, 420.    

4. Stuart, D. A.; Yuen, J. M.; Shah, N.; Lyandres, O.; Yonzon, C. R.; Glucksberg, M. R.; 

Walsh, J. T.; Duyne, P. V. Anal. Chem. 2006, 78, 7211.   

5. Huang, X.; El-Sayed, I. H.; Qian, W.; El-Sayed, M. A. J. Am. Chem. Soc. 2006, 128, 

2115. 

6. Morton, S. M.; Silverstein, D. W. and Jensen L. Chem. Rev. 2011, 111, 3962-3994. 

7. Della Sala, F.; Rousseau, R.; Görling , A.; Marx, D. Phys. Rev. Lett. 2004, 92, 183401. 

8. Del Puerto, M. L.; Tiago, M. L.; Chelikowsky, R. J. Chem. Phys. 2007, 127, 144311. 

9. Kümmel, S.; Andrae, K.; Reinhard, P.-G. Appl. Phys. B 2001, 73.  

10. Kümmel, S.; Brack, M. Phys. Rev. A 2001, 64, 022506. 

11. Glass, A. M.; Liao, P. F.; Bergman, J. G.; Olson, D. H. Opt. Lett. 1980, 5, 368. 

12. Compagnon, I.; Tabarin, T.; Antoine, R.; Broyer, M.; Dugourd, P.; Mitric, R.; Petersen, 

J.; Bonacic-Koutecky, V. J. Chem. Phys. 2006, 125, 164326. 



170 

 

13. Mitrić, R.; Petersen, J.; Kulesza, A.; Bonačić-Koutecký, V.; Tabarin, T.; Compagnon, I.; 

Antoine, R.; Broyer, M.; Duogourd, P. J. Chem. Phys. 2007, 127, 134301. 

14. Corni, S.; Tomasi, J. J. Chem. Phys. 2001, 114, 3739. 

15. Tabarin, T.; Kulesza, A.; Antoine, R.; Mitrić, R.; Broyer, M.; Dugourd, P.; Bonačić-

Koutecký, V.; Phys. Rev. Lett. 2008, 101, 213001. 

16. Kulesza, A.; Mitrić, R.; Bonačić-Koutecký, V. J. Phys. Chem. A 2009, 113, 3783. 

17. Wald, G. Science 1968, 162, 230-239. 

18. Kakura, P.; McCamant, D. W.; Yoon, S.; Wandschneider, D. B.; Mathies, R. A. Science 

2005, 310, 1006-1009.  

19. Kandori, H.; Furutani, Y.; Nishimura, S.; Shichida, Y.; Chosrowjan, H.; Shibata, Y.; 

Mataga, N. Chem. Phys. Lett. 2001, 334, 271-276. 

20. Becker, R. S.; Freedman, K. J. Am. Chem. Soc. 1985, 107, 1477-1485. 

21. Kakitani, T.; Akiyama, R.; Hatano, Y.; Imamoto, Y.; Shichida, Y.; Verdegem, P.; 

Lugtenburg, J. J. Phys. Chem. B 1998, 102, 1334-1339. 

22. Kochendoerfera, G. G.; Lin, S. W.; Sakmar, T. P.; Mathies, R. A. Trends Biochem. Sci. 

1999, 24, 300-305. 

23. Merchán, M.; Gonzalez-Luque, R. J. Chem. Phys. 1997, 106,1112. 

24. Yang, L. Y.; Liu, R. S. H. J. Chin. Chem. Soc. 2006, 53, 1219-1224. 

25. Send, R.; Sundholm, D. Phys. Chem. Chem. Phys. 2007, 9, 2862-2867. 

26. Savedra, R. M. L.; Pinto, M. F. S.; Trsic, M. J. Chem. Phys. 2006, 125, 144901. 

27. Zhou, X.; Sundholm, D.; Wesołowski, T. A.;  . Kaila, V. R. I. J. Am. Chem. Soc. 2014, 

136, 2723-2726. 

28. Kaila, V. R. I.; Send, R.; Sundholm, D. J. Phys. Chem. B 2012, 116, 2249-2258. 

29. Kim, D. Y.;  Im, S. H.; Park, O. O. and Lim, Y. T. Cryst. Eng. Comm. 2010, 12, 116-121. 

30. Lawandy, N. M. method for enhancing biological photon receptors using plasmon 

resonance 2006, Publication number WO2006073421 A3, Application number 

PCT/US2005/011868. 

31. Lawandy, N. M. Method to extend vision to infrared wavelengths 2011, Publication 

number US20110171320 A1, Application number US 10/749,095.  

32. Cunha-Vaz, J. Surv. Opthalmol. 1979, 23, 279-296. 



171 

 

33. Cunha-Vaz, J. G. Trans Opthalmol. Soc. U. K. 1980, 100, 337-340. 

34. Duvvuri, S.; Majumdar, S.; Mitra, A. K. Expert. Opin. Biol. Ther. 2003, 3, 45-56. 

35. Geroski, D. H.; Edelhauser, H. F. Invest. Opthalmol. Vis. Sci. 2000, 41, 961-964. 

36. Farjo, K. M.; Ma, J. Journal of Angiogenesis Research 2010, 21, 1-14. 

37. Patra, C. R.; Bhattacharya, R.; Patra, S.; Basu, S.; Mukherjee, P. and Mukhopadhyay, D. 

J. Nanobiotechnol. 2006, 4, 1-15. 

38. Patra, C. R.; Bhattacharya, R.; Patra, S.; Vlahakis, N. E.; Gabashvili, A.; Koltypin, Y.; 

Gedanken, A.; Mukherjee, P. and Mukhopadhyay, D. Adv. Mater. 2008, 20, 753–756. 

39. Michalet, X.; Pinaud, F. F.; Bentolila, L. A.; Tsay, J. M.; Doose, S.; Li, J. J.; Sundaresan, 

G.; Wu, A. M.; Gambhir, S. S. and Weiss, S. Science 2005, 307, 538–544. 

40. Medintz, I. L.; Uyeda, H. T.; Goldman, E. R. and Mattoussi, H.  Nat. Mater 2005, 4, 435 

– 446. 

41. Katz, E.; Willner, I. Angew. Chem., Int. Ed. 2004, 43, 6042 and references therein. 

42. Patra, C. R.; Bhattacharya, R.; Mukhopadhyay, D. and Mukherjee, P. Adv. Drug Deliv. 

Rev. 2010, 62, 346–361. 

43. Patra, C.R.; Bhattacharya, R.; Wang, E.; Katarya, A.; Lau, J. S.; Dutta, S.; Muders, 

M.; Wang, S.; Buhrow, S. A.; Safgren, S. L.; Yaszemski, M.J.; Reid, J.M.; Ames, M. 

M.; Mukherjee, P.; Mukhopadhyay, D. Cancer Res. 2008, 68, 1970–1978. 

44. Connor, E. E.; Mwamuka, J.; Gole, A.; Murphy, C. J. and Wyatt, M. D. Small 2005, 1, 

325–327. 

45. Bakri, S. J.; Pulido, J. S.; Mukherjee, P.; Marler, R. J.; Mukhopadhyay, D. Retina 2008, 

28, 147-149. 

46. Sandhu, K. K.; McIntosh, C. M.; Simard, J. M.; Smith, S. W. and Rotello, V. M. 

Bioconjug. Chem. 2002, 13, 3–6. 

47. Jadzinsky, P. D.; Calero, G.; Ackerson, C. J.; Bushnell, D. A.; Komberg, R. D. Science 

2007, 318, 430. 

48. Qian, H.; Eckenhoff, W. T.; Zhu, Y.’ Pintauer, T.; Jin, R. J. Am. Chem. Soc. 2010, 132, 

8280. 

49. Crasto, D.; Malola, S.; Brosofsky, G.; Dass, A.; Häkkinen,H. J. Am. Chem. Soc. 2014, 

136, 5000. 



172 

 

50. Zeng, C.; Qian, H.; Li, T.; Li, G.; Rosi, N. L.; Yoon, B.; Barnett, R. N.; Whetten, R. L.; 

Landman, U.; Jin, R. Angew. Chem., Int. Ed. 2012, 51, 13114. 

51.  Zeng, C.; Li, T.; das, A.; Rosi, N. L.; Jin, R. J. Am. Chem. Soc. 2013, 135, 10011. 

52. (a) Heaven, M. W.; Dass, A.; White, P. S.; Holt, K. M.; Murray, R. W. J. Am. Chem. Soc. 

2008, 130, 3754. (b) Zhu, M.; Aikens, C. M.; Hollander, F. J.; Schatz, G. C.; Jin, R. J. 

Am. Chem. Soc. 2008, 130, 5883. 

53. Das, A.; Li, T.; Nobusada, K.; Zeng, Q.; Rosi, N. L.; Jin, R. J. Am. Chem. Soc. 2012, 134, 

20286. 

54. Song, Y.; Wang, S.; Zhang, J.; Kang, X.; Chen, S.; Li, P.; Sheng, H.; Zhu, M. J. Am. 

Chem. Soc. 2014, 136, 2963. 

55. Das, A.; Li, T.; Nobusada, K.; Zeng, C.; Rosi, N. L.; Jin, R. J. Am. Chem. Soc. 2013, 135, 

18264. 

56. Zeng, C.; Liu, C.; Chen, Y.; Rosi, N. L.; Jin, R. J. Am. Chem. Soc. 2014, 136, 11922. 

57. Teo, B. K.; Shi, X.; Zhang, H. J. Am. Chem. Soc. 1992, 114, 2743. 

58. Chen, J.; Zhang, Q. -F.; Bonaccoroso, T. A.; Williard, P. G.; Wang, L. -S.; J. Am. Chem. 

Soc. 2014, 136, 92. 

59. Wan, X. -K.; Lin, Z. -W.; Wang, Q. -M. J. Am. Chem. Soc. 2012, 134, 14750. 

60. Wan, X. -K.; Yuan, S. -F.; Lin, Z. -W.; Wang, Q. -M. Angew. Chem., Int. Ed. 2014, 53, 

2923. 

61. Gutrath, B. S.; Oppel, I. M.; Presly, O.; Beljakov, I.; Meded, V.; Wenzel, W.; Simon, U.; 

Angew. Chem., Int. Ed. 2013, 52, 3529. 

62. (a) Das, A.; Li, T.; Nobusada, K.; Zeng, Q.; Rosi, N. L.; Jin, R. J. Am. Chem. Soc. 2012, 

134, 20286. (b) Shichibu, Y.; Negishi, Y.; Watanabe, T.; Chaki, N. K.; Kawaguchi, H.; 

Tsukuda, T. J. Phys. Chem. C 2007, 111, 7845. 

63. Gao, Y.;Bulusu, S.; Zeng, X. C. chem. Phys Chem. 2006, 7, 2275-2278. 

64. Basu, S.; Paul, A.; Chattopadhay, A. J. Mater. Chem. A. 2016, 4, 1218-1223. 

65. Sinha, B.; Goswamy, T.; Paul, S. and Misra, A. RSC. Adv. 2014, 4, 5092-5104. 

66. N. Iyer, S. Jayanti, K. Lou, Y. Kalyanaraman, K. Ramani, Computer-Aided Design 2005, 

37, 509–530. 



173 

 

67. M. Kazhdan, B. Chazelle, D. Dobkin, A. F. Stein, T. A Funkhouser, reflective symmetry 

descriptor ECCV 2002, 642, 656.  

68.  M. Kazhdan, B. Chazelle, D. Dobkin, T. Funkhouser, S. A Rusinkiewicz, reflective 

symmetry descriptor for 3d models. Algorithmica: Special Issue 2004.  

69. Baerends, E. J.; Ellis, D. E.; Ros, P. Chem. Phys. 1973, 2, 41-51. 

70. Guerra, C. F.; Snijders, J. G.;  Velde, G.; Baerends, E. J. Theor. Chem. Acc. 1998, 99, 

391-403. 

71. Cohen, A. Chem. Phys. Lett. 2000, 316, 160-166. 

72.  Becke, A. D. Phys. Rev. A 1988, 38, 3098-3100. 

73. Lee, C.; Tang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789. 

74. van Lenthe, E.; Baerends, E. J. and Snijders, J. G. J. Chem. Phys.1993, 99, 4597. 

75. van Lenthe, E.; Baerends, E. J. and Snijders, J. G. J. Chem. Phys. 1994, 101, 9783. 

76. van Lenthe, E.; Ehlers, A.  and Baerends, E. J. J. Chem. Phys. 1999, 110, 8943. 

77. Rosencher, E.; Vinter, B.; Optoelectronics Cambridge University Press: Cambridge, 

2002. 

78. Cheng, C. S.; Serizawa, M.; Sakata, H. Hirayama, T.  Mater. Chem. Phys. 1998,53,225-

230.  

79. Liu, R.; Azenkeng, A.; Zhou, D.; Li, Y.; Glusac, K. D.; Sun, W. J. Phys. Chem. A 2013, 

117, 1907-1917. 

80. (a) Yanai, T.; Tew, D. P.; Handy, N. C.; Chem. Phys. Lett. 2004, 393, 51-57; (b) Dunning 

Jr., T. H.; Hay, P. J. Gaussian Basis Sets for Molecular Calculations. In Methods of 

Electronic Structure Theory SE - 1; Schaefer III, H., Ed.; Modern Theoretical 

Chemistry;Springer US, 1977; Vol. 3, pp. 1–27. 

81. Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 270–283. 

82. Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299–310. 

83. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, 

J. R.; Gaussian 09, revision A.02. Pittsburgh PA: Gaussian, Inc; (2009). 

84. Bérces, A.; Dickson, R. M.; Fan, L.; Jacobsen, H.; Swerhone, D.; Ziegler, T. Comp. Phys. 

Commun. 1997, 100, 247. 



174 

 

85. Jacobsen, H.; Bérces, A.; Swerhone, D.; Ziegler, T. Comp. Phys. Commun. 1997, 100, 

263. 

86. Jensen, F. Introduction to Computational Chemistry; Wiley: Chichester, UK, 

1999.84 298. 

87. Kaila, V. R. I.; Send, R.; Sundholm, D. J. Phys. Chem. B 2012, 116, 2249-2258. 

88. Gilardi, R. D.; Karle, I. L.; Karle, J. Acta Cryst. 1972, B28, 2605-2612. 

89. Knoppe, S.; Maloa, S.; Lehtovaara, L.; Bürgi, T.; Häkkinen, H. J. Phys. Chem. A 2013, 

117, 10526-10533. 

90. Gao, Y.; Wang, B.; Lei, Y.; Teo, B. K.; Wang, Z. Nano. Res. 2016, 9, 3, 622-632.  

91. Inoue, K.; Reissig, L.; Sakai, M.; Kobayashi, S.; Homma, M.; Fujii, M.; Kandori, H.; 

Sudo. Y. J. Phys. Chem. B 2012, 116, 5888 5899. 

92. Schoenlein, R. W.; Peteanu, L. A.; Mathies, R. A.; Shank, C. V. Science, 1991, 254, 412-

415.  

93. Vassilieva-Vashakmadze, N. S.;  Gakhokidze, R. A. and Gakhokidze A. R. Biochemistry 

(Moscow), 2008, 73, 730-732. 

94. Idrobo, J. C.; Walkosz, W.; Yip, S. F.; Öğüt, S.; Wang, J.; Jellinek, J. Phys, Rev. B 2007, 

76, 205422. 

95. Lian, S.; Hu, D.; Zeng, C.; Zhang, P.; Liu, S.; Cai, L. Nano. Res. Lett. 2012, 7, 348. 

96. Lee, H. M.; Kim, J.; Kim, C. J.; Kim, K. S. J. Chem. Phys. 2002, 116, 15. 

97. Millstone, J. E.; Park, S.; Shuford, K. L.;  Qin, L.; Schatz, G. C.; Mirkin, C. A. J. Am. 

Chem. Soc. 2005, 127, 5312-5313. 

98. Shi, W.; Casas, J.; Venkataramasubramani, M.; Tang, L. ISRN Nanomaterials, 2012, 

659043. 

99. Zhao, L .; Jensen L.; Schatz, G. C. J. Am. Chem. Soc., 2006, 128, 2911-2919. 

100. Boca, S.; Rugina, D.; Pintea,  A.;  Leopold, N. and Astilean, S. J. Nanotech. 2012,    

961216. 

101. Guidez, E. B.; Aikens, C. M. J. Phys. Chem. C 2013, 117, 21466-21475. 

102. Hermone, A.; Kuczera, K. Biochemistry 1998, 37, 2843-2853. 



175 

 

103. Frutos, L. M.; Andruniόw, T.; Santoro, F.; Ferré, N.; Olivucci, M. Proc. Natl. Acad. Sci. 

2007, 104, 7764-7769. 

104. Strambi, A.; Coto, P. B.; Frutos, L. M.; Ferré, N.; Olivucci, M. J. Am. Chem. Soc. 2008, 

130, 3382-3388. 

105. Warshel, A. Nature 1976, 260, 679-683. 

106. Shaitan, C. V. Soros Obrazovat. Zh., 1999, 5, 8-13. 

107. Baudry, J.; Crouzy, S;, Roux, B.; Smith, J. C. Biophys. J., 1999, 76, 1909-1917. 

108. Hosseini, S. M. S.; Mohammadi, M. A.; Mousavi, M. Int. J. Adv. Biol. Biom. Res. 2013, 

1, 1505-1511. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



176 

 

 

 

 

 

Basic Data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



177 

 

Chapter 3 

Table S3.1  FTIR data of K2CrO4, isolated ZnCrO4 synthesized in bulk water and in 

water/AOT/n-heptane W/O microemulsion at different [water]/[AOT] mole ratio, ω. 

Sample Appearance of peaks / cm-1 

K2CrO4 719, 881 

Bulk ZnCrO4 719, 879, 955 

 

 

Nano ZnCrO4 

ω=5 723, 928 

ω=10 723, 899, 936 

ω=15 722, 896 

ω=20 721, 890 

 

Table S3.2  Molar absorbance coefficient values of nanocolloidal dispersions of ZnCrO4 at two 

absorbance peaks 370 nm and 273 nm at different ω values.  

 103 
x ε/ mol-1dm3cm 

ω At 273 nm At 370 nm 

2 1.110 2.680 

10 0.927 2.747 

15 1.054 2.919 

20 1.166 3.660 
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Chapter 5 

 

Table S5.1: Optimised structural parameters of Cu2O clusters 

Cluster
s 

Symmet
ry 

Bond distances (d)/Å Reporte
d 
(d)/Å 

Angles Report
ed 

(Cu2O)

1 
C2v Cu2 CUS O1 

CUS
2 

Cu3 CUS O1 

CUS
2 

1.76
5L 
1.78
8G 

(a) 1.75  Cu2 CUS O1 

CUS
2 Cu3 CUS 

90.9°
L 
93.1°
G 

(a) 87° 

Cu2 CUS Cu3 

CUS 

2.51
6L2.
611G 

(a) 2.41  O1 CUS
2 Cu2 

CUS Cu3 CUS 
44.5°
L 
43°G 

 

(Cu2O)

2 
C2v Cu2 CSA O1 

CUS
3 

Cu3 CSA O1 

CUS
3 

Cu2 CSA O4 

CUS
3 

Cu3 CSA O4 

CUS
3 

1.99
9L 
2.02
6G 

(b) 1.91  Cu2 CSA O1 

CUS
3 Cu3 CSA 

 Cu2 CSA O4 

CUS
3 Cu3 CSA 

72.4°
L 
74.2°
G 

 

 O1 CUS
3 Cu2 

CSA O4 CUS
3 

 O1 CUS
3 Cu3 

CSA O4 CUS
3 

107.5
L 
105.3
G 

(b) 

109.6° 

Cu6 CUS O1 

CUS
3 

Cu5 CUS O4 

CUS
3 

1.83
0L 
1.83
0G 

(b) 1.76  O1 CUS
3 Cu2 CSA  

Cu 3CSA 
 O1 CUS

3 Cu3 CSA  
Cu 2CSA 
 O4 CUS

3 Cu2 CSA  
Cu 3CSA 
 O4 CUS

3 Cu3 CSA  
Cu 2CSA 

53.8°
L 
52.9°
G 

 

Cu2 CSA Cu3 

CSA 

2.36

1L2.

445G 

  Cu2 CSA O1 

CUS
3 Cu6 CUS 

 Cu3 CSA O1 

CUS
3 Cu6 CUS 

 Cu2 CSA O4 

CUS
3 Cu5 CUS 

 Cu3 CSA O4 

CUS
3 Cu5 CUS 

82.6°
L 
87.4°
G 

 

(Cu2O)

3 
C2v Cu2 CSA O1CSA 

Cu2 CSA O4 CSA 
Cu3 CSA O1 CSA 
Cu3 CSA O4 CSA 

2.02
6L 
2.05
7G 

  Cu2 CSA O1 CSA 
Cu3 CSA 

 Cu2 CSA O4 CSA 
Cu3 CSA 

75.1°
L 
74.4°
G 
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 O1 CSA Cu2 CSA 
O4 CSA 

 O1 CSA Cu3 CSA 
O4 CSA 

104.8
L 
105.5
G 

 

 O1 CSA Cu2 CSA  
Cu 3CSA 
 O1 CSA Cu3 CSA  
Cu 2CSA 
 O4 CSA Cu2 CSA  
Cu 3CSA 
 O4 CSA Cu3 CSA  
Cu 2CSA 

52.4°
L 
52.8°
G 

 

Cu8 CUS O1 CSA 
Cu9 CUS O4 CSA 

1.82
2L 
1.82
8G 

(b) 1.78  Cu2 CSA O1 CSA 
Cu8 CUS 

 Cu3 CSA O1 CSA 
Cu8 CUS 

 Cu2 CSA O4 CSA 
Cu9 CUS 

 Cu3 CSA O4 CSA 
Cu9 CUS 

141.1
L 
138.7
G 

 

Cu6 CSA O1 CSA 
Cu5 CSA O4 CSA 

1.95

6L1.

966G 

  Cu5 CSA O4 CSA 
Cu9 CUS 

 Cu6 CSA O1 CSA 
Cu8 CUS 

112.8
L 
119.9
G 

 

Cu6 CSA O7 

CUS
2 

Cu5 CSA O7 

CUS
2 

1.83
2L 
1.81
3G 

   O4 CSA Cu5 CSA  
O7 CUS 
  O1 CSA Cu6 CSA  
O7 CUS 

147.7
L 
147.8
G 

 

Cu2 CSA Cu3 

CSA 
2.47
0L 
2.48
8G 

   Cu5 CSA O7 CUS 
Cu6 CSA 

85.8°
L 
87.2°
G 

 

Cu5 CSA Cu6 

CSA 
2.49
3L 
2.5G 

 

(Cu2O)

3 
C3v Cu1 CSA O4 

CUS
3 

Cu1 CSA O5 

CUS
3 

Cu2 CSA O4 

CUS
3 

Cu2 CSA O6 

CUS
3

 

Cu3 CSA O5 

CUS
3

 

1.83
2L 
1.91
2G 

(b) 1.91  Cu1 CSA O4 CSA 
Cu8 CUS 

 Cu2 CSA O4 CSA 
Cu8 CUS 

 Cu1 CSA O5 CSA 
Cu7 CUS 

 Cu3 CSA O5 CSA 
Cu7 CUS 

 Cu2 CSA O6 CSA 
Cu9 CUS 

136.1
L 
101.2
G 

(b) 

109.6° 



180 

 

Cu3 CSA O6 

CUS
3

 

 Cu3 CSA O6 CSA 
Cu9 CUS 

Cu7 CUS O5 

CUS
3

 

Cu8 CUS O4 

CUS
3

 

Cu9 CUS O6 

CUS
3 

1.76
2L 
1.81
1G 

(b) 1.77  Cu1 CSA O4 CSA 
Cu2 CSA 

 Cu2 CSA O6 CSA 
Cu3 CSA 

 Cu3 CSA O5 CSA 
Cu1 CSA 

87.7°
L 
83.2°
G 

 

Cu1 CSA Cu2 

CSA 

Cu2 CSA Cu3 

CSA 

Cu1 CSA Cu3 

CSA 

2.53
9L 
2.53
9G 

   O4 CSA Cu1 CSA  
Cu2CSA 

  O4 CSA Cu2 CSA  
Cu1CSA 

  O5 CSA Cu1 CSA  
Cu3CSA 

  O5 CSA Cu3 CSA  
Cu1CSA 

  O6 CSA Cu2 CSA  
Cu3CSA 

  O6 CSA Cu3 CSA  
Cu2CSA 

46°L 
48.4°
G 

 

(Cu2O)

3 
Cs Cu2 CSA O1 

CUS
2 

Cu3 CSA O1 

CUS
2 

1.77
6 

  Cu2 CSA O1 

CUS
2 Cu3 CSA 

114.2
° 

 

  Cu2 CSA O4 

CUS
3 

Cu3 CSA O7 

CUS
3 

1.83
9 

  Cu2 CSA O4 

CUS
3 Cu6CUS 

 Cu3CSA O7 

CUS
3 Cu8CUS 

108.3
° 

 

  Cu6 CUS O4 

CUS
3 

Cu8 CUS O7 

CUS
3 

1.85
7 

  Cu2 CSA O4 

CUS
3 Cu5 CUS 

 Cu3 CSA 
O7CUS

3 Cu9CUS 

96.6°  

  Cu5 CUS O4 

CUS
3 

Cu9 CUS O7 

CUS
3 

1.87
2 

  Cu5 CUS O4 

CUS
3 Cu6 CUS 

 Cu8 CUS O7 

CUS
3 Cu9CUS 

86.2°  

(a) is from reference 100. 

(b) is from reference 101. 

 

 

 



181 

 

Table S5.2: Partial DOS (PDOS) data of Cu2O clusters with increasing size at C2v symmetry 

Cluste
rs 

Sy
m
me
try 

P
e
a
k
s 

MOs. involved in         
Transition              

MO
s. 

Contribution of AOs of 
Cu atom in forming 
MOs. 
                 (%) 

Contribution of 
AOs of O atom 
in forming 
MOs.(%) 

Occupie
d 

Virtua
l 

 s p d s p 

(Cu2O)

1 
C2v 1 5A1 5B1 5A1 30 2.1 30  34.08 

  5B1 50 35.6   13.04 
(Cu2O)

2 
C2v 1 10B2 17A1 10B

2 
8  55.5 1.1 28.2 

  17A
1 

61.6 25.5 6.4  21.01 

(Cu2O)

3 
C2v 1 14A1 13B2 14A

1 
26  25  44.41 

  13B
2 

57.17 20.27 4.59  13.81 

 

 

Table S5.3: Partial DOS (PDOS) data of Cu2O clusters with fixed size at different symmetries 

cluster
s 

Sy
m
me
try 

p
e
a
k
s 

MOs. involved in 
Transition 

MOs 
. 

Contribution of 
AOs of Cu atom in 
forming MOs. 
             (%) 

Contribution 
of AOs of O 
atom in 
forming MOs. 
           (%) 
 

Occupie
d 

Virtual  s p d s p 

(Cu2O

)3 

Cs 2 
 

20AAA 22AAA 20AAA 17.9 2.21 35.9  37 

22AAA 59.6 28   9.06 

(Cu2O
)3 

C2v 2 14A1 13B2 
 

14A1 26  25  44.41 
13B2 57.1

7 
20.27 4.59  13.81 

(Cu2O
)3 

C3v 2 95A 100A 95A 2.58  40.7  44.3 
100A 62.1 13.6   14.7 
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Table S5.4. Vibrational frequencies of clusters of different size and symmetry calculated using 

GGA as exchange and BLYP as correlation functional. 

Clusters Symmetry Frequencies (cm-1) 

(Cu2O)1 C2v ν1= 99.011, ν2 = 566.589, ν3 = 594.664 

(Cu2O)2 C2v ν1 = 15.04, ν2 = 49.45, ν3 = 59.767, ν4 = 74.66, ν5 = 123.785, ν6 

= 150.66, ν7 = 165.108, ν8 =241.094, ν9 =317.499, ν10 = 413.617, 

ν11 =525.733, ν12 =547.473 

(Cu2O)3 C2v ν1 = i13.422, ν2 =17.442, ν3 = 25.247, ν4 = 45.538, ν5 = 60.975, ν6 

= 97.623, ν7 = 99.626, ν8 = 103.112, ν9 = 116.452, ν10 = 153.383, 

ν11 =195.809, ν12 = 197.193, ν13 = 199.533, ν14 = 206.058 ν15 

=221.477, ν16 = 316.122, ν17 = 334.313, ν18 = 506.849, ν19 = 

597.349, ν20 = 607.34, ν21 =612.904. 

(Cu2O)3 C3v ν1 = i17.692, ν2 =10.035, ν3 =11.067, ν4 = 21.395, ν5 = 27.751, ν6 

= 30.145, ν7 = 103.919, ν8 = 104.917, ν9 = 133.134, ν10 = 

147.902, ν11 = 148.521, ν12 = 200.889, ν13 = 342.961, ν14 = 

344.991, ν15 = 408.415, ν16 = 449.01, ν17 = 484.134, ν18 = 

486.374, ν19 = 563.883 ν20 = 566.764, ν21 = 584.341. 

(Cu2O)3 Cs ν1 = i11.756, ν2 = i1.781, ν3 = 7.733, ν4 = 12.833, ν5 = 26.312, ν6 

= 34.469, ν7 = 43.984 ν8 = 86.646, ν9 = 107.612, ν10 = 119.286, 

ν11 = 141.953, ν12 = 144.674, ν13 = 193.337, ν14 = 421.759, ν15 = 

425.993, ν16 = 442.952, ν17 = 472.448, ν18 = 517.353, ν19 = 

529.809, ν20 = 590.120, ν21 = 714.755. 
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Table S5.5: Partial DOS (PDOS) data of larger Cu2O clusters with different size at fixed 

symmetries 

clusters Symmetry p

e

a

k

s 

MOs. involved in 

Transition 

MOs 

. 

Contribution of 

AOs of Cu atom in 

forming MOs. 

             (%) 

Contribution 

of AOs of O 

atom in 

forming 

MOs.(%) 

 

Occupied Virtual s p d s p 

[Cu28O15]
6+ Td 1 71T2 38A1 71T2   40  47 

38A1 74.8

6 

 15.4

5 

 10.75 

[Cu44O15]
6+ Td 1 19A1 43T2 19A1 76.0

7 

 20.9   

43T2 62.0

8 

 2.24  15.01 
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Figure S5.1: TDDFT valence excitation spectra (intensity vs wavelength) of (Cu2O)1 (black), 

(Cu2O)2 (red) and (Cu2O)3 (green) clusters having same symmetry (C2v). Only the most intense 

discrete transitions are reported and labelled as 1. In the inset the intensity of peak 1 of (Cu2O)2 

is displayed distinctly. 
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Figure S5.2: The representation of MOs participating in the electronic transitions to form the 

most intense peaks labelled as 1 (a) [Cu28O15]
6+ and (b) [Cu44O30]

6+  in Td symmetry. 
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Figure S6.1  The optimised parameters (bond distances) of 11-cis retinal using GGA:BLYP 

functional. 
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Figure S6.2 Energy level diagram of retinal and its gold conjugates 
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Figure S6.3  UV-visible excitation spectra with most intense excitations (λmax) for retinal-cluster 

conjugate with symmetries Oh, D2h and C4v are shown in black (λA
max), green (λB

max), and red 

(λC
max) colors respectively. In the inset excitation peak of retinal gold (Oh) conjugate is 

deconvoluted further for better clarification. 
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Table S6.1  Vibrational frequencies of 11-cis retinal Au14 (Oh) conjugated system 

 

ῦ1 i27.8.2  ῦ2 19.4  ῦ3 i32.5  ῦ4 i13.2  ῦ5 i5.5  ῦ6 1.9  ῦ7 6.3  ῦ8 13.3  ῦ9 15.02  ῦ10 17.2  ῦ11 18.2   
 
ῦ12 22.4 ῦ13 28.3 ῦ14 30.6 ῦ15 32.2 ῦ16 33.9 ῦ17 39.7 ῦ18 40.9 ῦ19 42.2 ῦ20 44.7 ῦ2146.8 ῦ22 50.1 ῦ23  
 
52.4 ῦ24 53.9 ῦ25 55.2 ῦ26  58.8 ῦ27 61.5  ῦ28 62.7 ῦ29 65.1  ῦ30 67.9  ῦ31 69.7  ῦ32 75.5  ῦ33 80.9   
 
ῦ34 81.4  ῦ35 87.3  ῦ36 88.4  ῦ37 92.07  ῦ38 96.8  ῦ39 98.1  ῦ40 101.5  ῦ41 104.9  ῦ42 107.9  ῦ43108.7   
 
ῦ44 114.5  ῦ45 123.3  ῦ46 124.9  ῦ47 129.1  ῦ48 131.2  ῦ49 131.3  ῦ50 139.6  ῦ51 140.1  ῦ52 148.2  ῦ53  
 
170.4  ῦ54 177.9  ῦ55 197.3  ῦ56 203.3  ῦ57 218.1  ῦ58 222.5  ῦ59 238.7  ῦ60 251.5  ῦ61 262 ῦ62  
 
264.8  ῦ63 270.9  ῦ64 291.2  ῦ65 318.3  ῦ66 327.9  ῦ67 337.4  ῦ68 342.4  ῦ69 375.2  ῦ70 383.8  ῦ71  
 
404.1  ῦ72 422 ῦ73 447.9  ῦ74 462.5  ῦ75 485  ῦ76 493.6 ῦ77 509.3  ῦ78 524.8  ῦ79 557.8  ῦ80 567.7   
 
ῦ81 580.4  ῦ82 626.2  ῦ83 687.3  ῦ84 738.7  ῦ85 764.6  ῦ86 802.4  ῦ87 805.8  ῦ88 831.3  ῦ89 834.6  ῦ90  

 

858  ῦ91 860  ῦ92 880  ῦ93 885  ῦ94 901 ῦ95 905.8  ῦ96 909  ῦ97 956.5  ῦ98 959.5  ῦ99 964.6  ῦ100  
 
975.9  ῦ101 979.8  ῦ102 984.3  ῦ103 987.7  ῦ104 1001.7  ῦ105 1008.7  ῦ106 1027.7  ῦ107 1030.9  ῦ108  
 
1031.6  ῦ109 1044.5  ῦ110 1084.7  ῦ111 1108.2  ῦ112 1123.5 ῦ113  1147.5 ῦ114 1156.4 ῦ115 1166  ῦ116  
 
1184.6  ῦ117 1195.9  ῦ118 1203.3  ῦ119 1221.3  ῦ1201242.1  ῦ121 1263.8  ῦ122 1270.4  ῦ123 1298.4   
 
ῦ124 1311.4  ῦ125 1331.1  ῦ126 1332.7 ῦ127 1334.9  ῦ128 1349.2  ῦ129 1352.8  ῦ130 1361.3  ῦ131  
 
1363.3  ῦ132 1377.6  ῦ133 1381.9  ῦ134 1385.9  ῦ135 1388.8  ῦ136 1422.7  ῦ137 1432.9  ῦ138 1435.9   
 
ῦ139 1450  ῦ140 1452.1  ῦ141 1453.4 ῦ142 1454.9  ῦ143 1457.2  ῦ144 1459.7  ῦ145 1465.2  ῦ146 1465.4   
 
ῦ147 1468.9  ῦ148 1471  ῦ149 1474.9  ῦ150 1478.4  ῦ151 1513.1  ῦ152 1524.2  ῦ153 1541  ῦ154 1563   
 
ῦ155 1583  ῦ156 2875.6  ῦ157 2909.4  ῦ158 2910 ῦ159 2921.7  ῦ160 2927.4  ῦ161 2928.9  ῦ162 2938.6   
 
ῦ163 2942.3  ῦ164 2944.7  ῦ165 2950  ῦ166 2957.9  ῦ167 2971.4  ῦ168 2975.6  ῦ169 2992.4  ῦ170 2993.6   
 
ῦ171 2998  ῦ172 3005.6  ῦ173 3009.3  ῦ174 3012.3  ῦ175 3038.5  ῦ176  3048.2  ῦ177 3054.1  ῦ178  
 
3059.5  ῦ179 3069.2  ῦ180 3070.2  ῦ181 3076  ῦ182 3077.1  ῦ183 3114.2.   
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Table S6.2  Vibrational frequencies of 11-cis retinal Au14 (D2h) conjugated system 

ῦ1 i36.6  ῦ2 i34.2  ῦ3 i24.6  ῦ4 i23.1  ῦ5 i21.9  ῦ6 i17.7  ῦ7 i12.1  ῦ8 i8.5  ῦ9 i2.9  ῦ10 2.1  ῦ11 7.4   
 
ῦ12 11 ῦ13 14.3  ῦ14 17.5 ῦ15 18.1  ῦ16 18.9   ῦ17 23.1   ῦ18 28.2   ῦ19 31.8  ῦ20 34.1 ῦ2139.3  ῦ22 41.1  
 
ῦ23 44.5 ῦ24 47.6 ῦ25 51  ῦ26 54.1 ῦ27 57  ῦ28 58.1  ῦ29 60.5  ῦ30 61 ῦ31 63.7  ῦ32 64.3  ῦ33 66.8 ῦ34 68  
 
ῦ35 70.1 ῦ36 73.5  ῦ37 74.9 ῦ38 75.4  ῦ39 79.2 ῦ40 85.7  ῦ41 86.5 ῦ42 87.3 ῦ43 91.2 ῦ44 102.3 ῦ45 108.2  
 
ῦ46 114.3 ῦ47 115.5  ῦ48 120.9  ῦ49 124.5 ῦ50 129.7 ῦ51 132.5 ῦ52 143.1 ῦ53 167.8 ῦ54 180.1 ῦ55  
 
198.3 ῦ56 207.7 ῦ57 218.1 ῦ58 226  ῦ59 237.9 ῦ60 250.3 ῦ61 263.7 ῦ62 264.9 ῦ63 271.8 ῦ64 294.2 ῦ65  
 
318.4 ῦ66 323.5 ῦ67 339.5 ῦ68 342.4 ῦ69 372.8  ῦ70 384.8 ῦ71 404.1 ῦ72 420.2 ῦ73 449.9 ῦ74 463.7 ῦ75  
 
489.4 ῦ76 496 ῦ77 512.5  ῦ78 522.2 ῦ79 557.8  ῦ80 566.4 ῦ81 582 ῦ82 630.1 ῦ83 687.6 ῦ84 738.1 ῦ85  
 
765.4 ῦ86 804.3 ῦ87 807.2  ῦ88 830.4 ῦ89 832.6 ῦ90 858.6 ῦ91 861.4 ῦ92 881 ῦ93 887.7 ῦ94 901.5 ῦ95  

 

905.5 ῦ96 911.4 ῦ97 949.1 ῦ98 957  ῦ99  965.3 ῦ100 974.3  ῦ101 979.3  ῦ102 983.8  ῦ103 988.6  ῦ104  
 
1000.5  ῦ105 1007.8  ῦ106 1026.5 ῦ107 1030.7  ῦ108 1031  ῦ109 1043.9  ῦ110 1084.3  ῦ111 1108.2  ῦ112  
 
1124.1 ῦ113  1148.1 ῦ114 1154.4 ῦ115 1170  ῦ116 1184.6  ῦ117 1196.7  ῦ118 1202.6  ῦ119 1221.3   
 
ῦ1201242.1  ῦ121 1264.7  ῦ122 1270.6  ῦ123 1298.4  ῦ124 1319.9  ῦ125 1323.1  ῦ126 1333.3 ῦ127 1335.3   
 
ῦ128 1348.1  ῦ129 1350.8  ῦ130 1357.3  ῦ131 1362.8  ῦ132 1377.5  ῦ133 1379.9  ῦ134 1384.7  ῦ135  
 
1388.8  ῦ136 1419.4  ῦ137 1429.8  ῦ138 1431.1  ῦ139 1450.3  ῦ140 1451.9  ῦ141 1453.7 ῦ142 1454.8   
 
ῦ143 1456  ῦ144 1459.6  ῦ145 1465.8  ῦ146 1466.3  ῦ147 1468.9  ῦ148 1469.3  ῦ149 1472.7  ῦ150 1478.8   
 
ῦ151 1507.2  ῦ152 1518.1  ῦ153 1532.6  ῦ154 1558  ῦ155 1580  ῦ156 2874.6  ῦ157 2911.4  ῦ158 2912.2  
 
ῦ159 2923.2  ῦ160 2929  ῦ161 2930.1  ῦ162 2941.4  ῦ163 2942.8  ῦ164 2944.2  ῦ165 2960.1  ῦ166 2966.1   
 
ῦ167 2977.2  ῦ168 2980.4  ῦ169 2995.1  ῦ170 2999  ῦ171 2999.2  ῦ172 3001.2  ῦ173 3012.4 ῦ174 3013.9   
 
ῦ175 3028.5  ῦ176  3047.7  ῦ177 3062.9  ῦ178 3063.5  ῦ179 3067.3  ῦ180 3070.8  ῦ181 3075.7  ῦ182  
 
3095.7  ῦ183 3104.2.   
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Table S6.3  Vibrational frequencies of 11-cis retinal Au14 (C4v) conjugated system 

ῦ1 i29.2 ῦ2 i25.3 ῦ3 i20.7 ῦ4 i15.5 ῦ5 i11.9 ῦ6 i8.3 ῦ7 i5.9 ῦ8 i3.7 ῦ9 i2.3 ῦ10 3.8  ῦ11 8.5 ῦ12 15.6 ῦ13 

16.8 ῦ14 22.8 ῦ15 25.1 ῦ16 27.5 ῦ17 28.8 ῦ18 30.4 ῦ19 33.4 ῦ20 35.2 ῦ21 41.6 ῦ22 42.6 ῦ23 44.9 ῦ24 

46.1 ῦ25 46.8 ῦ26 48.4 ῦ27 49.9 ῦ28 52.6 ῦ29 55.4 ῦ30 57.1 ῦ31 60.8 ῦ32 63 ῦ33 72.7 ῦ34 74.5 ῦ35 83.9 

ῦ36 85.8 ῦ37 95.9 ῦ38 99.4  ῦ39 99.9 ῦ40 102.6 ῦ41 105.7 ῦ42 106.7 ῦ43 107.2 ῦ44 117.2 ῦ45 119.9 ῦ46 

123.1 ῦ47 134.8 ῦ48 140.2 ῦ49 141.4 ῦ50 144.6 ῦ51 153.7 ῦ52 154.4 ῦ53 160.2 ῦ54 170.8 ῦ55 190.4 ῦ56 

214 ῦ57 221.6 ῦ58 236.4 ῦ59 250.1 ῦ60 252.3 ῦ61 262.9 ῦ62 266.4 ῦ63 287.3 ῦ64 309.7 ῦ65 315.9 ῦ66 

333.7 ῦ67 341.7 ῦ68 374.8 ῦ69 384 ῦ70 402.9 ῦ71 418.3 ῦ72 440.4 ῦ73 461 ῦ74 470 ῦ75 487 ῦ76 500.8 

ῦ77 522.1 ῦ78 557.2 ῦ79 565.4  ῦ80 573.8 ῦ81 625.2 ῦ82 686.8 ῦ83 738 ῦ84 764 ῦ85 792.7 ῦ86 801.8 ῦ87 

829  ῦ88 834.3 ῦ89 853.8 ῦ90 859.6 ῦ91 878.3 ῦ92 881 ῦ93 900.4 ῦ94 903 ῦ95 907.9 ῦ96 956.5 ῦ97 

962.1 ῦ98 965.8 ῦ99 974.1 ῦ100 977.9 ῦ101 983.1 ῦ102 987.3 ῦ103 1001.2 ῦ104 1008.3 ῦ105 1028.3 ῦ106 

1031.7 ῦ107 1034.3 ῦ108 1043.8 ῦ109  1074.4 ῦ110 1105 ῦ111 1115.3  ῦ112 1128.4 ῦ113 1147.1 ῦ114 

1156.1 ῦ115 1183.9 ῦ116 1195.5 ῦ117 1197.5 ῦ118 1212.7 ῦ119 1240.6 ῦ120 1269.9 ῦ121 1270.2 ῦ122 

1291.7 ῦ123 1313.5 ῦ124 1331.9 ῦ125 1333.4 ῦ126 1334 ῦ127 1344.5 ῦ128 1348.3  ῦ129 1360.9 ῦ130 

1369.3 ῦ131 1377.7 ῦ132 1383.6 ῦ133 1384.6 ῦ134 1386.2 ῦ135 1430 ῦ136 1436 ῦ137 1447.3 ῦ138 

1449.5 ῦ139 1453.5 ῦ140 1454.4 ῦ141 1455.3 ῦ142 1459.2 ῦ143 1460.5 ῦ144 1463.9.6 ῦ145 1465.1 ῦ146 

1468 ῦ147 1470 ῦ148 1478 ῦ149 1501.6 ῦ150 1520.6 ῦ151 1544.9 ῦ152 1559.9 ῦ153 1584.7  ῦ154 1594.2 

ῦ155 2820.2 ῦ156 2875.8 ῦ157 2908.1 ῦ158 2910.1 ῦ159 2921.9 ῦ160 2925.9 ῦ161 2928.7 ῦ162 2935 ῦ163 

2939.9 ῦ164 2940.3 ῦ165 2956.8 ῦ166 2965.2 ῦ167 2973.1 ῦ168 2987.4  ῦ169 2994 ῦ170 2998.2 ῦ171 

2999 ῦ172 3010.9 ῦ173 3013.6 ῦ174 3036.8 ῦ175 3044.3 ῦ176 3053.4 ῦ177 3059 ῦ178 3059.7 ῦ179 

3063.6 ῦ180 3067.7 ῦ181 3075 ῦ182 3095.7  ῦ183 3098.4.   
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Table S6.4  Vibrational frequencies of all trans retinal Au14 (Oh) conjugated system 

ῦ1 i18.2 ῦ2 i11.6 ῦ3 i8.9  ῦ4 i3.1  ῦ5 3.7 ῦ6 9.4  ῦ7 12.2  ῦ8 14.3  ῦ9 14.7  ῦ10 17  ῦ11 20.5 ῦ12 26  ῦ13  
 
28.6  ῦ14 29  ῦ15 32.2  ῦ16 37.2  ῦ17 40.1 ῦ18 40.3 ῦ19 45.5 ῦ20 46.4 ῦ21 48.7 ῦ22 50.7 ῦ23 51.3 ῦ24 53  
 
ῦ25 56.2 ῦ26 58.5 ῦ27 59.7 ῦ28 61.3 ῦ29 66.2 ῦ30 67.6 ῦ31 68 ῦ32 76 ῦ33 80.8 ῦ34 88 ῦ35 90.7 ῦ36 97.2   
 
ῦ37 98.5 ῦ38 100.3 ῦ39 100.4 ῦ40 105 ῦ41 106.7 ῦ42 108.3 ῦ43 111.4 ῦ44  117.3 ῦ45 127.8 ῦ46 129.4  
 
ῦ47 131.1  ῦ48 133.1 ῦ49 133.8 ῦ50 134.2 ῦ51 137.6 ῦ52 146.6 ῦ53 155.4 ῦ54 161.6 ῦ55 175 ῦ56 199.1  
 
ῦ57 221.4 ῦ58 227.3 ῦ59 247.8 ῦ60 250.9 ῦ61 260.9 ῦ62 266.1 ῦ63 289.2 ῦ64 299.7 ῦ65 311.7 ῦ66 318  
 
ῦ67  330.7 351.2 ῦ68 356.3 ῦ69 371.8 ῦ70 406.2 ῦ71 414.6 ῦ72 425.6 ῦ73 464 ῦ74 482.7 ῦ75 491.2 ῦ76  
 
505.5 ῦ77 526.8  ῦ78 548.8 ῦ79 557.4 ῦ80 593.9 ῦ81 625.8  ῦ82 648.2 ῦ83 714.9 ῦ84 764.4 ῦ85 807.9  
 
ῦ86 833.4 ῦ87 837.2 ῦ88 844.1 ῦ89 859 ῦ90 863.5 ῦ91 879.9 ῦ92 894.8 ῦ93 900.3 ῦ94 902.9 ῦ95 908 ῦ96   
 
941.1 ῦ97 957 ῦ98 963.9 ῦ99  976.1 ῦ100 983.5 ῦ101 986.2 ῦ102 998.9  ῦ103 1004.1 ῦ104 1019.3 ῦ105   
 
1027.8 ῦ106 1031.4 ῦ107 1031.8 ῦ108 1044.1 ῦ109 1104.1 ῦ110 1118.1 ῦ111 1141.8 ῦ112 1148.6 ῦ113  
 
1155.6  ῦ114 1177.3 ῦ115 1184.6  ῦ116 1193.8  ῦ117 1197.1  ῦ118 1223.5  ῦ119 1242.2 ῦ120 1266.2 ῦ121  
 
1270.6  ῦ122 1288.6  ῦ123 1308.7  ῦ124 1313  ῦ125 1326.3  ῦ126 1332.4 ῦ127 1335.2  ῦ128 1348.2  ῦ129  
 
1353.2  ῦ130 1362.4  ῦ131 1368.2  ῦ132 1378.4  ῦ133 1384  ῦ134 1385.3  ῦ135 1387.3 ῦ136 1436.4  ῦ137  
 
1445.3 ῦ138 1449.5  ῦ139 1452.2  ῦ140 1453.2  ῦ141 1455 ῦ142 1458  ῦ143 1459.6 ῦ144 1464.3  ῦ145  
 
1464.6  ῦ146 1468.8  ῦ147  1471.6 ῦ148 1477.8  ῦ149  1480.9 ῦ150  1505.8 ῦ151 1531.8  ῦ152 1544.8   
 
ῦ153 1569.2  ῦ154 1586.9 ῦ155 2874.7 ῦ156 2912.9  ῦ157  2913  ῦ158 2922.9 ῦ159 2928.7 ῦ160 2930.1   
 
ῦ161 2931  ῦ162 2936  ῦ163 2941.9 ῦ164 2944.5  ῦ165 2960.3  ῦ166 2974.9  ῦ167  2976.5 ῦ168 2990.1   
 
ῦ169 2993.7  ῦ170 2997.7 ῦ171  2998.7 ῦ172 3010.3  ῦ173 3015.1 ῦ174 3037.4  ῦ175 3040.1  ῦ176 3047.9    
 
ῦ177 3053.2  ῦ178 3054.1  ῦ179 3056.6  ῦ180 3066.8  ῦ181  3070  ῦ182 3080.8  ῦ183 3088.8.   
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Table S6.5  Vibrational frequencies of all trans retinal Au14 (D2h) conjugated system 

ῦ1 i34.9 ῦ2 i26.5 ῦ3 i23.5  ῦ4 i19.9  ῦ5 i8.4 ῦ6 i6.6  ῦ7 i3.6  ῦ8 7.2  ῦ9 7.9  ῦ10 9.9  ῦ11 11.2 ῦ12 13.8  ῦ13  
 
14.6  ῦ14 16.3  ῦ15 20.8  ῦ16 23.5  ῦ17 28.7 ῦ18 30.2 ῦ19 36.3 ῦ20 37.4 ῦ21 44.5 ῦ22 46.8 ῦ23 51.8 ῦ24 55.3  
 
ῦ25 57.4 ῦ26 61.5 ῦ27 63.6 ῦ28 64.6 ῦ29 66.1 ῦ30 68.2 ῦ31 70.5 ῦ32 72.3 ῦ33 74.7 ῦ34 76.1 ῦ35 79.3 ῦ36 80.9   
 
ῦ37 81.2 ῦ38 81.8 ῦ39 83.4 ῦ40 87.2 ῦ41 94 ῦ42 95.3 ῦ43 102.9 ῦ44  107.6 ῦ45 116 ῦ46 124.1  
 
ῦ47 128.6  ῦ48 131.4 ῦ49 134.7 ῦ50 136.5 ῦ51 138.9 ῦ52 162.9 ῦ53 168.8 ῦ54 180.8 ῦ55 191.4 ῦ56 219.7  
 
ῦ57 229.7 ῦ58 247 ῦ59 261 ῦ60 265.4 ῦ61 270 ῦ62 278.9 ῦ63 300 ῦ64 314.1 ῦ65 328.9 ῦ66 336.1  
 
ῦ67  350.6 ῦ68 363.6 ῦ69 381.4 ῦ70 414.3 ῦ71 423.54 ῦ72 433 ῦ73 474.4 ῦ74 493.9 ῦ75 502.4 ῦ76  
 
512.4 ῦ77 534.4  ῦ78 546.8 ῦ79 564.6 ῦ80 605.7 ῦ81 633.2  ῦ82 659.5 ῦ83 724.3 ῦ84 766.8 ῦ85 805.6  
 
ῦ86 835.6 ῦ87 845.9 ῦ88 851.6 ῦ89 869.8 ῦ90 874.4 ῦ91 891.3 ῦ92 905.4 ῦ93 909.3 ῦ94 909.8 ῦ95 917.6 ῦ96   
 
936.6 ῦ97 957.7 ῦ98 976.6 ῦ99  982.5 ῦ100 994.5 ῦ101 1003.7 ῦ102 1018.1  ῦ103 1028.5 ῦ104 1044.2 ῦ105   
 
1050.8 ῦ106 1062 ῦ107 1063.5 ῦ108 1067.5 ῦ109 1118.6 ῦ110 1138.1 ῦ111 1150.9 ῦ112 1161.9 ῦ113  
 
1175.1  ῦ114 1195.8 ῦ115 1201.5  ῦ116 1209.4  ῦ117 1220.6  ῦ118 1235.2  ῦ119 1262.5 ῦ120 1281 ῦ121  
 
1293.8  ῦ122 1298.6  ῦ123 1310.2  ῦ124 1324.9  ῦ125 1331.4  ῦ126 1348.2 ῦ127 1364.4  ῦ128 1365.8  ῦ129  
 
1373.5  ῦ130 1390.7  ῦ131 1400.8  ῦ132 1408.5  ῦ133 1427.7  ῦ134 1428.9  ῦ135 1432 ῦ136 1433  ῦ137  
 
1466.8 ῦ138 1472.2  ῦ139 1481.3  ῦ140 1482.1  ῦ141 1486.3 ῦ142 1488.9  ῦ143 1494.2 ῦ144 1498.3  ῦ145  
 
1501.6  ῦ146 1503.6  ῦ147  1505.2 ῦ148 1506.9  ῦ149  1512.6 ῦ150  1516.5 ῦ151 1523.1  ῦ152 1537.9   
 
ῦ153 1563.1  ῦ154 1581.4 ῦ155 2889.8 ῦ156 2920.7  ῦ157  2926.9  ῦ158 2935.3 ῦ159 2940.3 ῦ160 2943.3   
 
ῦ161 2944.7  ῦ162 2951  ῦ163 2959.9 ῦ164 2972.2  ῦ165 2973.4  ῦ166 2988.7  ῦ167  2998.5 ῦ168 2999.6   
 
ῦ169 3003.9  ῦ170 3010.9 ῦ171  3015.1 ῦ172 3016.3  ῦ173 3021.5 ῦ174 3039.8  ῦ175 3055.9  ῦ176 3061.3    
 
ῦ177 3063.5  ῦ178 3069.8  ῦ179 3076.1  ῦ180 3078.3  ῦ181 3090.5  ῦ182 3117.2  ῦ183 3115.3.   
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Table S6.6  Comparison of calculated and reported value of C11=C12  stretching frequency and 

frequency of wagging motion in HOOP region in the following systems. 

System –C11=C12  
stretching 

frequency (cm-1) 

Frequency of wagging motions in HOOP region (cm-1) 

For H–C11,C12 H  bonds 
 
 

11 cis retinal 1526 969 
all trans retinal 1528 898,887,859 

Rhodopsin 1548 969 
Bathorhodopsin 1535 920,875,850 

11 cis retinal-
gold(Oh) 

conjugate 

1513 965 

all-trans retinal-
gold(Oh) 

conjugate 

1506 
 

903,864,837 
 

 
 

11 cis retinal-
gold(D2h) 
conjugate 

1507 
 

965 
            

 
 

all-trans retinal-
gold(D2h) 
conjugate 

1467 905,846,836 
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1. Introduction

In general, a particle is defined as a small and stable object that
possesses characteristic physicochemical properties. It is classified
according to its particle size [1]. Fine particles cover a range between
100 and 2500 nm, while ultra fine particles or nanoparticles are sized
between 1 and 100 nm. Nanoparticles normally exhibit size-regulated
properties that significantly differ from those of fine particles or bulk
[2–13]. In agglomerating bodies formed from nanoparticles, irregular
particle size andmorphology often lead to non-uniformpacking charac-
teristics, viz., density, resistivity, dielectric constant, etc. Difficult-to-
control agglomeration of nanoparticles under an influence of vander
Waals force of attraction can result in microstructural inhomogeneity.
There are thus requirements of novel processes for the preparation of
uniform nanoparticles (with less agglomeration) to avoid inconsis-
tencies in the synthesized products. A uniformly dispersed assembly
of strongly interacting nanoparticles in suspension requires total con-
trol over their interacting forces. Production of monodisperse nanopar-
ticles by microemulsion process is well recognized as a potential mean
for industrial applications [14].
Among various methods to prepare nanoparticles, in particular,
the nanoscale water pool compartment within the water-in-oil (W/O)
microemulsion is an effective and inexpensive template due to operation
under mild conditions [6,7,10,15–19]. Many difficulties in the prepara-
tion of nanoparticles by other methods can be overcome by the use of
microemulsion. The dispersed waterpool behaves as microreactor in
which chemical reaction can be performed to generate the desirable
product in a form of colloidal dispersion of desired sizes in the nanome-
ter scale [20–23]. In this process, size of the nanoparticles can be con-
trolled; therefore, monodispersity and prolonged stability can be
favorably achieved [19,24]. As a result, the synthesized nanoparticles
exhibit optical, magnetic, and structural properties which are absent
in bulk condition [25–29].

Regarding to a variety of novel nanoparticulate dyes, ZnCrO4 or
zinc yellow has been for long recognized as a very useful dye/
pigment. In addition, it has been widely used as, corrosion inhib-
itor and a good catalyst [30–35]. It is expected that the above men-
tioned properties of the ZnCrO4 may undergo changes due to size
reduction in the nanometer scale.

The presentmanuscript describes the synthesis and characterization
of nanodispersions of ZnCrO4 prepared in thewater pool ofwater-in-oil
(W/O)microemulsion comprising water/AOT/n-heptane. The prepared
ZnCrO4 nanoparticles were characterized to confirm their chemical
constitutions by XRD, EDS and FTIR spectroscopy. Physicochemical
properties of the nanoparticles were evaluated by UV–vis absorption

http://dx.doi.org/10.1016/j.molliq.2011.09.004
mailto:akpanda1@yahoo.com
http://dx.doi.org/10.1016/j.molliq.2011.09.004
http://www.sciencedirect.com/science/journal/01677322


Fig. 1. A. X-ray diffraction pattern of zinc chromate particles prepared in water/AOT/n-
heptane microemulsion. B. FTIR spectra of K2CrO4 (A); ZnCrO4 prepared in bulk water
(B) and in water/AOT/n-heptane W/O microemulsion at ω=20 (C); 15(D); 10 (E) and
5 (F).
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spectroscopy, dynamic light scattering (DLS), transmission electron
microscopy (TEM) and isothermal titration calorimetry (ITC).

2. Experimental

2.1. Materials

Sodium bis (2-ethylhexyl)sulfosuccinate, commonly known as
AOT, was a 99% pure product of Acros Organic (USA). Spectroscopic
grade n-heptane and acetone were purchased from S.D. Fine Chem.
Ltd. (India). AR grade zinc sulfate heptahydrate and potassium chro-
mate were products of E. Merck (India). Doubly distilled water was
used in the preparation of aqueous solutions.

2.2. Methods

2.2.1. Synthesis of ZnCrO4

At different [water]/[AOT] molar ratio (ω), a W/O microemul-
sion containing precursor K2CrO4 and another containing precursor
ZnSO4 were separately prepared. The precursor concentrations were
varied in the range of 0.1 to 0.4 mol dm−3 where the template (micro-
emulsion) was found to be stable [36,37]. In a typical experiment, the
microemulsion containing K2CrO4 was added dropwise into themicro-
emulsion of ZnSO4 under gentle stirring up to stoichiometric require-
ment. The stable microemulsions containing the orange yellow ZnCrO4

suspension with a specific concentration were obtained by varying
[H2O]/[AOT] (ω) in the range of 2, 5, 10, 15 and 20. The prepared mate-
rials in the microemulsions were aged for a week prior to their physico-
chemical characterization.

2.2.2. Isolation of nanoparticles from microemulsion
The colloidal nanodipersion of ZnCrO4 in W/O microemulsion was

treated with excess acetone to stimulate instability of microemulsion
and precipitation of solid ZnCrO4 particles settling down to the bot-
tom of the vessel [22,23,36]. The precipitate was then decanted and
washed several times with acetone, n heptane and water to remove
the residual components, viz., K2SO4, AOT, K2CrO4 and ZnSO4. The
ZnCrO4 particles were then dried in an oven to remove the remaining
acetone, producing orange yellow powder which was subjected to
various characterizations [37,38].

2.2.3. Instrumentation
Powder X-ray diffraction (XRD) analyses were taken by a Bruker

Model D8 Advance diffractometer (Bruker, Germany). Fourier trans-
form infrared (FT-IR) spectroscopic measurements were conducted
using a Shimadzu 8300 instrument (Shimadzu, Japan). The precursors
and isolated ZnCrO4 were mixed separately with KBr and converted
into pellets by compressing with a pressure of 780 MPa. The spectra
were recorded for 34 times to get the final results and compared
with literature reported values [39]. UV–visible spectra were taken
in a Spectro UV–vis double beam PC scanning spectrophotometer,
UVD-2950 (LABOMED, USA), using quartz cuvette of optical path
length of 1.0 cm. The hydrodynamic diameters of colloidal particles
of ZnCrO4, embedded in H2O/AOT/n-heptane W/O microemulsion
media were measured in a dynamic light scattering spectrophotome-
ter (DLS-ZETA SIZER NANO Z-S90, Malvern Instrument, U.K.). All
measurements were taken at a fixed angle of 90°. Samples were fil-
tered several times through 0.24 μm millipore membrane filters
prior to all measurements. The intensity data from DLS was modified
to obtain hydrodynamic diameter (dh), polydispersity index (PDI),
and diffusion co-efficient (D) of the AOT-coated colloidal ZnCrO4

particles in the microemulsion medium [37,40,41]. Transmission
electron microscopic analysis of ZnCrO4 nanoparticles was also con-
ducted using JEM 2100 transmission electron microscope (JEOL,
Japan). Carbon coated copper grid was used for such measurements.
A drop of nanocolloidal dispersions of zinc chromate was dropped on
the grid and it was then dried at room temperature for 30 min and
then used.

Enthalpies of the reaction between ZnSO4 and K2CrO4 in both
aqueous and microemulsion media were measured in an isothermal
titration microcalorimeter (Microcal, USA). 1.325 mL of ZnSO4 sus-
pension was taken in the measuring cell. Then 300 μL of the chromate
solution was stepwise injected in the cell in 30 installments with con-
stant stirring (350 rpm) condition. The thermal history of the mixture
was recorded and processed using the software after subtracting the
enthalpy of dilution of K2CrO4 (measured by diluting the K2CrO4

microemulsion solution into the microemulsion containing only
water). In all the cases, excessive ZnSO4 solution was introduced
into the microemulsion in order to ensure the complete formation
of ZnCrO4[37,40,41]. All measurements except XRD, and TEM, were
taken at 303+0.01 K.

3. Results and discussion

3.1. XRD analysis

The characterization of isolated ZnCrO4 nanoparticles at ω=15
was made by XRD methods. By computer analysis the XRD data, i.e.,
the diffraction pattern, the angle of reflection, and intensities were
obtained as illustrated in Fig. 1A. The diffraction patterns were com-
pared with the standard reference file for confirmation of peaks at
19, 21, 32, 35, 52, 54 and 73° which correspond to the diffraction pat-
tern of chromate nanocrystals [38,42,43]. It should be noted that no
significant shift in the diffraction angle was observed in our analyses
of all ZnCrO4 nanoparticles synthesized at different precursor concen-
trations and different [water]/[AOT] molar ratios (ω). Based on the



Fig. 3. Absorption spectra of colloidal zinc chromate (5.3×10−4 mol dm−3) prepared in
H2O/AOT/n-heptane W/O microemulsion at different ω values at 303 K. Curves 1–5: ω
values 2, 5, 10, 15 and 20. Inset: absorption spectra of K2CrO4 (1.0×10−4 mol dm−3) in
the same medium at various ω values.
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analysis, it is confirmed that the XRD peaks shown in Fig. 1 are consis-
tent with other previous works of zinc chromate nanocrystals synthe-
sized in different ways [42,44].

3.2. FT-IR spectra analysis

Fig. 1B shows the FTIR spectra of the isolated aggregates of
ZnCrO4, along with the spectra of K2CrO4 and ZnCrO4 synthesized
in bulk water. Table S1 also summarizes the FTIR analytical results
of K2CrO4 and ZnCrO4 synthesized by the primitive bulk reaction
and microemulsion routes. While pure K2CrO4 showed a single peak
at 882 cm−1 along with a faint peak at 719 cm−1, the ZnCrO4 synthe-
sized by the bulk reaction route exhibited three distinctive peaks
at 719, 879 and 955 cm−1. The characteristic peaks of the ZnCrO4 syn-
thesized by the microemulsion route at different ω values were found
to vary from 890 cm−1 to 928 cm−1. As ω values increased, distinct
blue shifts in the relevant peaks were noticed. From ω20 to ω15, ω15 to
ω10, andω10 toω5 the shifts are 6, 3 and 29 cm−1 respectively. However
another peak increment in the range 719 cm−1 to 723 cm−1 shows the
weak peak indication of ZnCrO4. According to Nakamoto et al. the spec-
trum of [CrO4]2−anion should have fundamental frequencies at
υ1=833, υ2=339, υ3=863 and υ4=375 cm−1 (of which υ1 and υ3
are IR active) [45,46]. The IR spectroscopy of ZnCrO4 shows that
772 cm−1 is weak, 872 cm−1 is strong, 892 cm−1 is medium, and
941 cm−1 is medium peak indication of the ZnCrO4 sample [44]. FTIR
signal shift of ZnCrO4 nanoparticles was ascribed to the size confine-
ment effect resulted from the nano scaled characteristics of the synthe-
sized products. In particular, the intensities of vibrational bands of IR
spectra decrease to the inverse of crystallite size. It was shown that
the spectra demonstrated a significant dependence on the size of the
crystallites [47]. Formation of nanoparticles of ZnCrO4 is, therefore,
confirmed.

3.3. Absorption spectra analysis

The visible spectra of colloidal suspensions of ZnCrO4 with four
different concentrations are depicted in Fig. 2. In this figure, intensity
of absorbance increased with concentration. This fact is similar for
K2CrO4, which is shown in the inset of Fig. 2. At a designated ω, the
absorbance at 273 and 370 nm increased linearly with respect to
the increase in the concentration of ZnCrO4. The synthesized
ZnCrO4 suspension behaved like normal suspension obeying Beer's
law similar to those results reported on other encapsulated micro-
emulsions, such as copper ferrocyanide [37], lead chromate [38]
Fig. 2. Absorption spectra of colloidal ZnCrO4 in water/AOT/heptane W/O microemul-
sion at 303 K at ω=15. Overall concentration of complex/mmol dm3: 1, 0.10; 2,
0.35; 3, 0.53 and 4, 0.71. Inset: absorption spectra of K2CrO4 at ω=15. Overall concen-
tration of K2CrO4/mmol dm3: 1, 0.2; 2, 0.7; 3, 1.06 and 4, 1.42.
and other copper salts [43]. Similarly the spectra of ZnCrO4 nano-
particles at a designated concentration of 5.3×10−4 mol dm−3 with
various ω (2, 5, 10, 15 and 20) are also illustrated in Fig. 3. It can
be noticed from Figs. 2 and 3 that there are two maxima at 273 and
370 nm. The absorbance intensity became higher with the increase
in ω, resulted from the increase in ZnCrO4 particle size. With the in-
crease of size of the droplets of microemulsion, the transmittance
decreases and absorbance increases. This fact is established from
the molar absorption coefficient values at different ω, shown in
Table S2 (Supplementary section). Also as the particle size of ZnCrO4-

increases the scattering property decreases and absorption increases.
Due to these facts the intensity of absorbance increased with the in-
crease inω. In the inset of Fig. 3, the spectra of K2CrO4 at concentration
of 1.0×10−4 mol dm−3 with variedω values are also shown. However,
the absorbance intensity decreased with the increase inω value due to
the dilution effect of the aqueous water pool [37,38,43]. Although the
absorption peaks of ZnCrO4 in microemulsion medium are identical to
those of K2CrO4, but their absorbance ranges are different. The absor-
bance of K2CrO4, in solution, is higher than that of ZnCrO4, as the nano-
particles in microemulsion have relatively lower electronic transitions.
The absorbance at both 273 and 370 nm was enhanced almost linearly
with the increase inω value up to 12, then tended to level out with the
further increase in ω (Fig. 4). With the increasing particle size the
ZnCrO4 suspension gradually lost its transparency, which was linear
initially up to ω=12. Based on all linear plots, the molar absorbance
coefficients of ZnCrO4 nanoparticles at different wavelength as well
Fig. 4. Variation of absorbance (○, at 273 nm and Δ, at 370 nm) withω for the nanocol-
loidal dispersion of ZnCrO4 prepared in water/AOT/n-heptane W/O microemulsion.
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Table 1
Transmission electron microscopy (TEM) and DLS results of colloidal zinc chromate
prepared in H2O/AOT/n-heptane W/O microemulsion (μE).

TEM Diameter (nm), obtained
from DLS measurements

ω Shape Size/nm Theoreticala Bare
μE

ZnCrO4

loaded μE

Nonsonicated 2 No defined shape 100 2.89 2.50 74
5 Aggregated 100 3.67 3.97 388

10 Spherical(aggregated) 100 4.97 5.20 547
15 Crystalline needle 200 6.27 7.0 815
20 Spherical 200 7.57 8.1 953

Sonicated 2 Crystalline needle 100 2.89 1.7 70
5 Crystalline needle 100 3.67 2.3 200

10 Spherical 500 4.97 4.9 275
15 Crystalline needle 200 6.27 6.1 410
20 Crystalline 200 7.57 7.0 495

a According to Moulik's formalism (Ref. [51]).

Fig. 5. Plot of (εhν)2 against hν at fixed concentration of ZnCrO4 (5.3×10−4 mol dm−3)
with various ω values. The symbols ○, Δ, □, ∇ and ◊ display the values of increasing
ω=2, 5, 10, 15, 20 respectively.
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as at different ω values were evaluated. It should be noted that the
visible spectral data were processed in terms of the following equa-
tion to obtain the value of band gap (εg) of the ZnCrO4 nanoparticles
encapsulated in the microemulsion medium [48,49].

εhνð Þ2 ¼ C hν−εg
� �

ð1Þ

where, ε, h, and ν are the molar absorption co-efficient, Planck's
constant and frequency of light respectively and C is a constant.

Fig. 5 describes the variation of (εhν)2 at different hν values. The
variations were found to be linear and the band gap values were
calculated from the ratio of the intercept and the slope according
to Eq. (1). In this evaluation, absorbance values corresponding to
longer wavelength sides were taken into account since the lights
of shorter wavelengths might cause transmission of electrons to
energy levels higher than the band gap [50]. The average εg value
has been found to be 3.01 eV, which was found to be comparable
with the previously obtained values for other nanoparticles con-
taining chromate anions. The band gap, in the present case, lies
in the region corresponding to the normal semiconductor materials.

3.4. DLS study

In the present study, hydrodynamic diameter of the ZnCrO4 nano-
particles prepared in water/AOT/n-heptane W/O microemulsion
Fig. 6. Profile of dh/nm vs.ω. The symbols○,●,□ andΔ represent thevalues of dh ofmicro-
emulsion droplets containing water, K2CrO4 (0.6 mmol dm−3), ZnSO4 (0.6 mmol dm−3),
and theoretical values (according to Moulik et al., Ref. [51]) respectively. Inset: (A) Varia-
tion of dh with the concentration of ZnCrO4 in microemulsion medium at ω=5.
(B) dh(nm) ω profile for a 0.3 mmol dm−3 ZnCrO4 in microemulsion medium.
medium under different conditions (varying ω and concentration)
were determined. Also to compare the related results for nanoparticles,
the DLS analyses were performed with the precursor loaded and bare
(containing water only) microemulsions. By applying the equation of
Paul and Moulik [51] the dh values were evaluated:

dh ¼ 2 1:185þ 0:13ωð Þ: ð2Þ

Fig. 6 summarizes the results on the DLS studies on different
microemulsions as mentioned above. According to Ray et al. [52], dh
is expected to vary linearly with ω. With the increased ω, size of the
ZnCrO4 nanoparticles also became larger, shown in inset (B) of
Fig. 6. Similarly, with the increase in concentration of ZnCrO4 the dh
value also increased as could be confirmed by results shown in the
inset (A) of Fig. 6. In earlier studies [37,38], the variation of dh with
ω follows a positive deviation from the calculated values (Eq. (2)).
The ZnCrO4 nanoparticles synthesized in H2O/AOT/heptane system
exhibited higher dh values ~100 nm, when compared with that of
the theoretically calculated values. The observed values for bare
microemulsion droplets exhibit a higher profile with ω when com-
pared with that of the precursor or water loaded microemulsions
(b10 nm). This phenomenon could be attributed to the size constric-
tion effect. The comparison of theoretical dh values, dh values of bare
microemulsion and ZnCrO4 loaded microemulsion are reported in
Table 1. The values of dh of ZnCrO4 are much more higher than theo-
retical, bare and precursor loaded microemulsions. This happened
due to uncontrolled growth of ZnCrO4 nanocrystals. Similar to the ex-
perience of previous reports [38,43], with a higher ω, the colloidal
particles were found to be larger than expected size because the
decrease in surface density of the stabilizer (AOT) would result in
Fig. 7. Plot of ΔHfvs. ω for the formation of ZnCrO4 in H2O/AOT/heptane W/O micro-
emulsion at 303 K.
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the unstable droplets as a consequence of enlargement due to
aggregation. From the DLS measurements the ratio σ/dh, where σ
stands for a standard error in dh, which is called as polydispersity
index (PDI), could be determined [37,38,40,41,53–56]. The PDI value
is 0.1 for monodispersed system. In an acceptable agreement with
other results [37,38,40,41], the PDI values are higher than 0.1, suggest-
ing that the ZnCrO4 suspensions were fairly polydispersed.

3.5. Enthalpy of ZnCrO4 formation

Dispersions of ZnCrO4 nanoparticles were formed by the reaction
between ZnSO4 and K2CrO4 using W/O microemulsion template. The
enthalpy of formation of ZnCrO4 (ΔHf) was determined by the ITC
method [37,38,40,41]. The overall process appears to be exothermic
Fig. 8. Transmission electron micrograph of colloidal ZnCrO4 dispersions prepared in water/
20 (C) 1, nonsonicated, 2, sonicated. Scale bar: (A) 100 nm, (B) and (C), 200 nm.
in nature. With the increase in the ω value, the process became less
exothermic. A typical ΔHf−ω profile has been shown in Fig. 7. Eval-
uation of enthalpy of formation of the ZnCrO4 suspension in the
water pool of W/O microemulsion is not very common in literature
[37,41]. During the self assembling reaction, mass exchange between
ZnSO4 and K2CrO4 containing water pools would take place and
dominate the conversion of the reactants to form the ZnCrO4 nano-
particles. Values of the enthalpy of formation at different water
pool sizes in the microemulsion were found to be comparable with
our previously reported results [37,41]. The enthalpy of formation
of both the nanoparticle suspensions of copper ferrocyanide and
tungstic acid in the water pool of W/O microemulsion was found to
vary linearly with the reciprocal of ω. The variation of enthalpy of
ZnCrO4 formation with ω decreased exponentially which differs
AOT/n-heptane W/O microemulsion at [water]/[AOT] mole ratio, ω=2 (A), 10 (B) and

image of Fig.�8


Fig. 9. Transmission electron micrograph of colloidal ZnCrO4 dispersions prepared in water/AOT/n-heptane W/O microemulsion. Scale bar: 200 nm. Concentration of ZnCrO4/
mmol dm−3: A, 0.1; B, 0.3 and C, 0.7.
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from the case of copper ferrocyanide. This is due to the difference
in morphology of copper ferrocyanide and ZnCrO4. Copper ferrocy-
anide is gelatine in nature, so the growth of the nano copper ferro-
cyanide can be controlled, but as ZnCrO4 is crystalline, growth of
formation becomes uncontrolled at higher ω, so the curve becomes
exponential. The different environmental factors would also be
expected to influence the energetics of the process. The resultant
enthalpy of formation of the nanoparticle suspensions in W/O
microemulsion is a resultant effect of the different processes, viz.,
droplet fusion, mass exchange, product formation, droplet fission
and molecular reorganization of the formed product. With the in-
crease in size of the water pool in the microemulsion, it is expected
to get larger colloidal nanoparticles, which requires some additional
heat for the process of nucleation.

3.6. Electron microscopic analysis

The transmission electron microscopic (TEM)measurements were
carried out for analyzing the ZnCrO4 nanoparticles (ω=2, 10, 20)
synthesized with and without the sonicating conditions. The results
are summarized in Table 1. Some representative micrographs of
TEM are shown in Figs. 8–9. The micrographs of unsonicated samples
show an irregular morphology while the corresponding sonicated
samples exhibit their distinct shapes. It is expected that in the ab-
sence of sonication the irregular growth of the ZnCrO4 nanoparticles
would be more dominated. On the other hand, sonication could lead
to the formation of smaller nanoparticles with well organized mor-
phology. The electron microscopic data also supported this postula-
tion. Overall dimension of the ZnCrO4 nanoparticles was found to
increase with the increase in ω value [37,38,41,55]. This observation
further supports the results obtained by DLS method. The synthesized
ZnCrO4 nanoparticles mostly exist in needle-like shape. However, at
ω=20, the sonicated sample yielded fractal-like structures. Regard-
ing the advantage of nanoparticle synthesis using water in oil micro-
emulsion template, the size and shape of the dispersed nanoparticles
could be controlled. With the increased water pool size it is common
to expect bigger particles. However, it is also known that aboveω~15,
the water pool in themicroemulsion behaved like bulk water, resulting
in the formation of fractal-like structures [37,38,57,58]. In such fractal
structure, smaller aggregates were formed then grow further through
the continuous emergence of nucleate nanostructures [37].

Effect of concentration on the shape of the synthesized ZnCrO4

nanoparticles was also found to be significant. The increased concen-
tration of the precursor led to the increase in the amorphous nature of
the synthesized nanoparticles, consequently resulting in the irregular
morphology of the nanoparticles. At the same size of the water pool, if
the concentration of the formed product was increased, then the
number of stabilizing agent (herein the surfactant, AOT) per cluster
would oppositely decrease. As a consequence, the formation of
ZnCrO4 nanoparticles with larger heterogeneity would take place.
Though the morphology of the samples subjected to TEM analysis is
different, it is still under investigation that the sample A2 with longer
aspect would have significantly higher crystallinity than others. The
dimension of ZnCrO4 nanoparticles obtained in DLS was found to be
higher when compared with TEM results. The DLS dimensions were
analyzed based on a postulation of spherical particles moving in solu-
tion whereas the TEM findings take into account of visible geometric
appearance of each individual nanoparticle. Therefore, both results
would not provide the same absolute dimension values but it should
be noted that ω=10 fairly agreed with each other because of the
spherical morphology of the synthesized ZnCrO4 nanoparticles.
4. Summary and conclusion

The ZnCrO4 nanoparticles with controllable morphology can be
synthesized in W/O microemulsion template under simple condi-
tions. The synthesized ZnCrO4 particle sizes were in a range of 100
to 200 nm, which is close to the border line dimensions between
nano and micron scale. The ZnCrO4 suspensions behaved like ordinar-
y solutions obeying Beer's law with molar extinctions which strongly
relies upon the water pool size (ω). The enthalpy of formation of the
synthesized ZnCrO4 obtained from ITC was exothermic with the non-
linear dependence on ω. With an appropriate ω, the synthesized
ZnCrO4 nanoparticles exhibit good crystallinity with needle-like mor-
phology as revealed by the XRD and TEM analyses. The band gap
value was found to be 3.01 eV, which was comparable with many
other synthesized nanomaterials.
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The impact of surface structure and band gap on
the optoelectronic properties of Cu2O nanoclusters
of varying size and symmetry†

Banita Sinha, Tamal Goswami, Satadal Paul and Anirban Misra*

A systematic characterization of Cu2O nanoclusters using classical electrodynamics and time-dependent

density functional theory (TDDFT) is performed to investigate their response to light with the alteration

of size and symmetry. Absorption and scattering play a crucial role in tuning the surface plasmon

resonance (SPR), which is the focal feature of optoelectronic properties. In larger dimensions the SPR is

found to be strongly influenced by scattering and in smaller NPs it is dominated by absorption. A blue

shift of the SPR peak is observed with decreasing cluster size. The optical properties of Cu2O

nanoclusters are also affected by the symmetry aspect. With the variation of size and symmetry the

associated surface structure and band gap are also varied. The TDDFT calculation is performed to

explore the impact of these two fundamental factors on the optoelectronic nature of (Cu2O)n clusters.

The TDDFT study on Cu2O nanoclusters reveals the nature of electronic excitations in photoirradiated

(Cu2O)n clusters for n ¼ 1, 2, and 3. The transitions involved in (Cu2O)n are basically categorized as ligand

to metal charge transfer (LMCT) and metal to metal charge transfer (MMCT) processes. The change in

absorption with varying cluster dimension and symmetry is found to be critically controlled by the

relative probabilities of LMCT and MMCT processes. A competing surface reconstruction effect and

occupied–virtual energy gap are also found to govern the SPR pattern of the Cu2O nanoclusters. All of

these observations provide an appropriate guideline to tune SPR of Cu2O NPs for specific applications.
1. Introduction

Multifarious application of optoelectronic properties of nano-
particles (NPs) tantalize the scientic community to take a
closer look at the interior of photo-responsive nanoclusters.1,2

The central theme of this eld of research has been the study of
Surface Plasmon Resonance (SPR), which is dened as the
collective oscillation of electrons brought about by the irradia-
tion of light.3–5 The noble metal nanoparticles are the main
representatives of SPR till date.6–8 Interestingly, a number of
semiconductor materials have also been found to be SPR-active
and can be explored for potential applications.9–12 Through
modication of the size and shape of NPs, the plasmon wave-
length can be tuned for a wide range of applications such as in
catalysis, optics, chemical and biological sensing, and medical
therapeutics.13–17
rth Bengal, Siliguri, Darjeeling 734013,

yahoo.com

(ESI) available: Optimised structural
of Cu2O clusters with increasing size

ries at xed size are given in tabulated
(intensity vs. wavelength) of (Cu2O)n
e symmetry (C2v) and of different

39/c3ra45387a
The effect of size of NPs on SPR has already been explored in
terms of surface area to volume ratio (S/V).18 Along with the size,
alteration in the shape of NPs also changes the S/V ratio.19 With
the variation of S/V, surface reconstruction takes place.20–22 The
surface reconstruction creates energy levels in the forbidden
energy gap of bulk component which is responsible for change
in optoelectronic property of semiconductor NPs.10 Pitarke et al.
have reported that SPR can be evaluated by dynamical structure
factor,23,24 inverse dielectric function, and screened interaction
which vary with shapes.25 According to Maxwell, dielectric
function is the key operator to characterize the optical property
of NPs. Except for the sphere, the solution of Maxwell equation
for other arbitrary shaped Nps are very limited.26,27 Noguez has
explored the shape effect by spectral representation formalism
where polarizability and dielectric function are considered as
spectral variables.2 Coronado et al. have suggested the
geometrical probability model which exhibits the size and
shape dependent contribution to the dielectric function of
material in terms of mean free path (Leff) ¼ 4V/S.28

Though the effect of shape on optical properties is well
understood in terms of dielectric function and polarizability,
which vary with S/V ratio, the connection between the symmetry
and optical properties is not yet properly addressed. Lowering of
symmetry leads to extension of photonic band gap (PBG) in
photonic crystals,29,30 which undoubtedly infers a pronounced
This journal is © The Royal Society of Chemistry 2014
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effect of symmetry on energy gap shi (DE). In this work, the
role of electronic transitions engaged in collective excitation of
electrons is also cultivated. To evaluate the effect of band gap on
optoelectronic properties in NPs of different size and shape,
Discrete Dipole Approximation (DDA)31–34 based on electrody-
namic method is employed. The absorption, scattering and
extinction spectra are computed on NPs with different shapes,
such as nanospheres, nanocubes and nanocylinders. Opto-
electronic property basically depends on valence electron
density. The core electronic part belonging to periodic nature
has no signicant role to tune this property. The surface atoms
of a nanoparticle are not periodic; unlike the bulk core which
resemble periodic structure. Insufficient bonding and imperfect
coordination number of surface atoms leads to variation in the
hybridization of atomic orbitals (AOs). Due to this change in the
composition of molecular orbitals (MOs), the nature of elec-
tronic excitation becomes distinct, which in turn brings about
the diversity of optical response of nanoclusters of different
sizes and shapes. Therefore, surface reconstruction has a sound
impact in tuning optoelectronic nature of NPs. In this connec-
tion, the electronic excitations of small Cu2O molecular clusters
of varying size and symmetry are computed in the platform of
Time Dependent Density Functional Theory (TDDFT).35–38 Each
atom in the nano-clusters sits in a different environment from
that in the bulk structure, and hence is treated as surface atom
in TDDFT calculation. Subsequently larger nanoclusters (of
diameter 1 nm and 1.2 nm) are also considered to substantiate
the nature of electronic and optical properties of the small
clusters, with concomitant verication of the bulk nature of the
core part. This deviation of electronic conguration in surface
structure with respect to bulk structure enables the proper
mapping of DDSCAT data with TDDFT results. Hence, the
present work plans to systematically change the size and
symmetry of the NPs so as to examine the correlated variation in
surface structure reconstruction and band gap, which partakes
in tuning the optoelectronic properties of NPs.

As a representative congener of this study, we choose Cu2O
nanoparticle for its interesting exitonic features.39–45 Cuprous
oxide (Cu2O) is a p-type semiconductor with a band gap of
2.2 eV.46 Due to its high optical absorption coefficient, it is
potentially used for gas sensing,47 solar energy photovoltaics,48–51

photocatalysis,52–54 cell imaging and for identication of
proteins.55 Various interesting Cu2O nanostructures such as
nanocubes,56–59 octahedra,46,60–62 nanospheres,63–65 nanocages,66–68

hollow spheres,69 nanowires,58,70 nanorods and other highly
symmetrical structures have been reported.71,72 Cu2O NPs not
only lead to the local structural alteration of proteins but also acts
as a novel optical probe applied in cell or molecular biology
imaging.73 The effect of band gap variation and surface recon-
struction on the optoelectronic properties of Cu2O NPs are
understood by altering the size of NPs with different shape
symmetries, namely sphere, cube and cylinder, through Discrete
Dipole Approximation. In order to draw a meaningful quantum
chemical interpretation of the DDA simulation results, the elec-
tronic excitations in the optimised structures of (Cu2O)1, (Cu2O)2
and (Cu2O)3 are performed in the platform of time-dependent
density functional theory (TDDFT). The effect of variation in size
This journal is © The Royal Society of Chemistry 2014
is investigated keeping the symmetry constant at C2v. On the
other hand, the variation in symmetry from Cs to C3v is studied
keeping the size constant at (Cu2O)3. For convenience, electronic
excitations in larger and more realistic cluster of 1 nm diameter
([Cu28O15]

6+) and 1.2 nm diameter ([Cu44O15]
6+) are also

computed. The comprehensive comparison of optical properties
of Cu2O nanoclusters having different size and symmetry guides
the proper selection of nanoparticles for specic bio-medical
applications and therapeutic uses.

2. Theoretical background and
computational details
A. DDA simulation method

The computation of optical response of isolated NPs of different
shapes and sizes are performed using the Discrete Dipole
Approximation algorithm implemented in the DDSCAT 7.1.0
code developed by Draine and Flatau.31 The isolated nano-
particles are represented as a lattice of polarizable cubic
elements (N-point dipoles) with positions and polarisabilities ri
and ai (i ¼ 1,2,.,N) respectively. The target is excited by
monochromatic incident plane wave. The polarization induced
in each dipole is expressed as

Pi ¼ aiEloc,i(ri). (1)

Here Eloc,i(ri) is the local eld, which is the sum of the inci-
dent radiation eld and the eld radiated by the other N � 1
dipoles. For a given value of incident wavelength l, the eld can
be expressed as

Eloc;iðriÞ ¼ Einc;i þ Edip;i ¼ E0 expðikriÞ �
X
jsi

AijPj (2)

where E0 and k ¼ 2p
l

are the amplitude and wave number of the
incident wave respectively. The interaction matrix A can be
represented as

AijPi ¼
exp
�
ik
��rij
���

��rij
��3

(
k2rij �

�
rij � Pj

�þ
�
1� ik

��rij
���

��rij
��2

�
h��rij

��2Pi � 3rij
�
rijPj

�i)
j ¼ 1; 2; :::;N; jsi (3)

where |rij| ¼ |ri � rj| and P is the polarization vector.
Substituting eqn (2) and (3) into eqn (1) and with subsequent
rearrangement one gets

A0P ¼ E. (4)

The matrix A0 is derived from the matrix A of eqn (3) and is a
3N � 3N matrix for a target with a total of N dipoles. E and P in
eqn (4) are 3N dimensional vectors. The polarization vector P
can be obtained by solving these 3N linear equations. Then the
extinction and absorption cross sections of the NPs can be
calculated by

Cext ¼ 4pk

jE0j2
XN
i¼1

Im
�
E*

loc;iPi

�
(5)
RSC Adv., 2014, 4, 5092–5104 | 5093
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Cabs ¼ 4pk

jE0j2
XN
i¼1

�
Im
h
Pi

�
ai

�1
�*
P*

i

i
� 2k3

3
jPij2

�
(6)

here * implies complex conjugate.74 The scattering cross section
is obtained from the following relation

Cext ¼ Csca + Cabs. (7)

The extinction efficiency (Qext), absorption efficiency (Qabs),
and scattering efficiency (Qsca) are obtained through the
following set of equations

Qext ¼ Cext

pa2eff

Qabs ¼ Cabs

pa2eff

Qsca ¼ Csca

pa2eff

(8)

where aeff is the effective radius of a sphere with volume 
4pa3eff

3

!
equal to the volume of the particle of any arbitrary

shaped NP.
B. TDDFT method

For the calculation of excitation energy of molecular clusters the
unrestricted density functional formalism is adopted, which is
implemented in the Amsterdam Density Functional (ADF)
program.75,76 The ground states of all molecular clusters are
studied within the Local Density Approximation (LDA)77 and
Generalized Gradient Approximation (GGA).78 For the GGA, the
Becke's exchange79 and Lee–Yang–Parr correlation80 functional
(BLYP) is chosen. The double-z (DZ) and the triple-z with double
polarization (TZ2P) Slater type basis sets are used for geometry
optimization. To check the vibrational stability of the clusters,
all the frequencies and normal modes are calculated using both
of the prior mentioned approximations (LDA and GGA). To
calculate the excitation energy within frozen core condition,
LB94 (ref. 81) is employed as exchange and B3LYP82 as corre-
lation functional. The basis sets employed is similar to that
used in geometry optimization process.
Fig. 1 Simulated spectra of (a) absorption (b) scattering and (c)
extinction of Cu2O nanospheres with diameter 100 nm to 240 nm.
3. Results and discussion
A. DDA calculation

The calculations are performed for spherical, cubic and rod
shaped Cu2O nanoparticles. In order to produce accurate result
from DDA, the inter-dipole separation d should be made
smaller than the structural length of the target.83 Hence, with
the decrease in the target size; the dipole size is also reduced.
Thus the typical cube size of each dipole is altered from 3.0 nm
to 1.5 nm with subsequent variation in the number of dipoles
(N) from 2.6 � 105 to 4.5 � 103. Though, polarizability ai

depends on the refractive index of Cu2O;84 here the nano-
particles are assumed to be embedded in vacuum with
5094 | RSC Adv., 2014, 4, 5092–5104
refractive index one. The incident wavelength is varied from 150
nm to 750 nm.

Effect of size on absorption and scattering properties
Cu2O nanospheres. The spherical Cu2O NPs are found to

absorb in the UV region up to a limit of 80 nm in diameter,
beyond which the absorption starts to occur at visible spec-
trum. Hence, the efficiency of absorption (Qabs), scattering
(Qsca) and extinction (Qext) are calculated for Cu2O nano-
spheres ranging from diameter (D) 100 nm to 240 nm
[Fig. 1(a)–(c)]. The absorbance is displayed within the wave-
length region 150 nm to 750 nm. It is evident from the plots
that decrease of the particle size causes blue shi of the peaks.
This journal is © The Royal Society of Chemistry 2014
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A close inspection of the plots also reveals that with decrease
in particle dimension there occurs a decrease in scattering and
vis-à-vis increase in absorbance of the nanoparticles. As a
consequence, the SPR peaks resemble to absorption and
scattering peaks in smaller and larger dimensions respec-
tively. This observation suits the relation displayed in eqn (7)
and (8). The absorbance of the nanosphere of diameter
220 nm, obtained through DDA simulation is in well agree-
ment with experimental value.85 This reinforces the accuracy
of the DDA simulation, as is reported earlier.86 The molar
absorption (3abs) and scattering (3sca) coefficients of nano-
spheres show a similar variation with size as that of equivalent
cross sectional areas, which is in agreement with the pro-
portionality between equivalent sectional area and the coeffi-
cients, 3abs and 3sca.87 The values of 3abs and 3sca in
nanospheres, both measured at the same wavelength where
SPR shows maximum efficiency, are reported in Table 1. The
SPR maxima of nanospheres of diameters with 140 nm to
180 nm are close to the reported values (Table 1).88–90 With
increase of size, the magnitude of visible light scattering (3sca)
exhibits a steeper increase than 3abs, which is attributed to the
decrease of band gaps with increasing size of NPs. (Table 1 and
Fig. 2). This observation is in qualitative agreement with the
experimental ndings for other semiconductors also.91 Here,
the band gap (Eg) is estimated from the absorbance spectra,

3abs z A(hn � Eg)
n (9)
Table 1 Calculated molar absorption coefficients (3abs), molar scattering
NPs of varying shapes (sphere, cylinder, cube) and sizes at their corresp

Shape Size nm lma

Sphere Diameter
100 404
120 386
140 459
160 522
180 576
200 622
220 663
240 711

Cylinder Long axis Diameter Aspect ratio
553 34 16.26 181
692 40 17.3 197
796 54 14.74 229
899 57 15.77 249
937 63 14.87 233
980 72 13.61 403
1145 77 14.87 427
1385 80 17.31 443

Cube Diameter
100 339
120 393
140 454
160 511
180 559
200 603
220 642
240 687

This journal is © The Royal Society of Chemistry 2014
where, A is a frequency independent constant, hn is the energy
of photons, n in the index depends upon the type of transition.

For direct allowed band gap n ¼ 1
2
.92 The calculated band gaps

are close to the value of bulk band gap and the trend of variation
of the band gap values also follow the literature.93 The spectra
for efficiency of absorption shows two distinct peaks at larger
dimension of the NPs. With the decrease in size, these two
peaks approach each other and ultimately merge to a hump at a
diameter of 120 nm (Fig. 1a).

Cu2O nanocylinders. The variation of Qabs,Qsca and Qext in
Cu2O nanocylinders with the change in the aspect ratio (height/
diameter or long-axis/short-axis) is displayed in Fig. 3 The
aspect ratio of cylinders is varied from 13.6 to 17.3. The aspect
ratios of nanocylinders are chosen, so as to be similar to the
limiting size range of nanospheres. The resonance along the
long axis is known as longitudinal mode which propagates
along the direction of the applied eld. The mode perpendic-
ular to the applied eld is known as transverse mode. Here only
the longitudinal mode is considered as it shis to the visible
range of light. Similar to nanospheres, here also the SPR band
shis to the shorter wavelength with decrease of the size
parameter (height and diameter) and the 3abs value shows a
monotonic decrease as well. Most of the peaks appear in the UV
region (<350 nm). This is attributed to the higher band gap in
cylinders than spheres. At the lowest value of aspect ratio (13.6)
the sharp peaks corresponding to referred modes (transverse
coefficient (3sca), surface area to volume ratio (S/V) and band gaps of
onding surface plasmon resonance wavelength maximum (lmax)

x nm
3abs � 1010

M�1 cm�1
3sca � 1010

M�1 cm�1
Band
gap eV

S/V
(nm�1)

.7 6.46 1.75 2.32 0.06

.87 5.31 4.36 2.48 0.05

.79 4.37 8.1 2.29 0.043

.83 10.2 15 2.17 0.037

.56 11.6 26 2.03 0.033

.03 12.5 36 1.7 0.03

.32 13.4 47 1.65 0.027

.46 14.4 58 1.64 0.025

9.49 5.50 3.24 0.116
11.91 6.02 3.18 0.099
13.97 6.03 2.89 0.073
18.78 7.03 2.81 0.069
25.29 9.87 2.89 0.063
29.19 10.93 2.52 0.055
38.88 13.26 2.49 0.052
47.39 16.21 2.44 0.050

.47 4.27 3.2 2.69 0.074

.09 5.86 4.54 2.46 0.062

.17 8.31 8.96 2.34 0.053

.35 10.8 16.7 2.19 0.046

.24 12.2 28.4 2.04 0.041

.08 12.9 39.9 1.93 0.041

.58 13.5 51.2 1.78 0.034

.98 14.3 63.2 1.65 0.031

RSC Adv., 2014, 4, 5092–5104 | 5095
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Fig. 2 Variation of calculated band gaps of spheres (red), cylinders
(green) and cubes (blue) with increasing size parameters.

Fig. 3 Simulated spectra of (a) absorption (b) scattering (c) extinction
of Cu2O nanocylinders with size parameters long axis : diameter from
553 nm : 30 nm to 1185 nm : 80 nm.
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and longitudinal) merge to form a hump like curve. On the
contrary, with increase of aspect ratio, the sharpness of the
curves increases and the curves corresponding to longitudinal
and transverse modes appear as two distinct peaks. However,
most of the absorbance appears in the UV region up to 63 nm
diameter of nanocylinders. On the other hand, the nanospheres
of similar size absorb at around 576 nm. In nanocylinders, the
Qabs is higher and Qsca is lower than that in' sphere (Fig. 4 and 5).
Compared to sphere, the difference in absorption is attributed
to the larger surface area94 of cylinder which causes increment
in the band gap and consequently results in higher absorption
intensity (Fig. 2).

Cu2O nanocubes. Similar to Cu2O nanospheres, the limiting
size range of Cu2O nanocubes for optical response to appear in
visible region is 100 nm to 240 nm. The nature of variation of
Qabs, Qsca and Qext parameters with wavelengths for Cu2O
nanocubes are comparable to nanospheres [Fig. 6(a)–(c)]. The
SPR peaks are blue shied with decrease in size, similar to the
trend in Cu2O nanospheres and nanocylinders. The calculated
3abs and 3sca values for nanocubes are close to the values of
corresponding nanospheres due to comparable band gap values
(Fig. 2). The nanocubes acquire highest scattering coefficient
values (3sca) among three shapes having equal volumes
(Table 1). The highest efficiency of scattering (Qsca) in nano-
cubes supports the above observation (Fig. 5). The calculated
band gaps are in the range of 2.69 eV to 1.65 eV (Table 1). The
nature of spectra of Qabs is analogous to the mentioned shapes
with two different peaks which come closure with decrease of
size and merge at the size of 100 nm.

Effect of symmetry on absorption and scattering properties.
Usually the 3D shapes are represented by several descriptors, of
which symmetry and surface area to volume ratio are maximally
used. Symmetry is known as shape similarity descriptor and
measures the similarity between two 3D shapes. Whereas,
surface area to volume ratio (S/V) is termed as shape dissimi-
larity descriptor and measures the dissimilarity between two 3D
shapes.95–99 Though, the dependence of absorption and scat-
tering properties of the nano particle on the S/V ratio is well-
5096 | RSC Adv., 2014, 4, 5092–5104
cultivated;2,28,90–103 the same dependence on the symmetry needs
a detail attention. According to nanothermodynamics,104 with
increase of surface area the surface energy increases due to
increment of density of elastic strain energy of lattice relaxation,
density of dangling bonds and coordination imperfection. This
enhancement of surface energy leads to the blue shi of band
gap.105 According to chemical bond theory106,107 the optical gap
shi (measured from the shi of absorption threshold of
nanocrystal with respect to the bulk) appears from two types of
effects. First is the quantum effect, responsible for quantum
effect shi (DEkubo), which arises from the discretization of the
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/C3RA45387A


Fig. 4 Variation of absorption with shapes [sphere (red), cylinder
(green), cube (black)] of NPs having equal volume of a sphere with
effective radius 100 nm.

Fig. 5 Variation of scatteringwith shapes [sphere(red), cylinder(green),
cube(black)] of NPs having equal volume of sphere with effective
radius 100 nm.

Fig. 6 Simulated spectra of (a) absorption (b) scattering (c) extinction
of Cu2O nanocubes having equal volume of nanospheres of diameter
100 nm to 240 nm.
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band structure due to decrease in the dimension. Second is the
surface effect, arising from termination of lattice periodicity on
the surface of nanoclusters and responsible for surface effect
shi (DEsurface). Thus, the energy gap shi (DE) can be repre-
sented as the sum of the two mentioned shis (DE ¼ DEkubo +
DEsurface). The electronic structure, that denes the optical
properties of NP is intimately related to the atomic structure
and its symmetry. NPs with higher symmetry exhibit highly
degenerate states. Reducing the symmetry split the degenerate
MOs leads multiple energy states. Therefore tuning of symmetry
affects the energy gap shi (DE) in nanoclusters.108 Since the S/V
ratio of nanosphere and nanocube is comparable (Table 1), the
distinction of absorption and scattering properties in those
shapes is hardly correlated with surface effect shi (DEsurface)
and symmetry becomes the chief reason behind the difference
of their optical properties. To investigate this issue, the
absorption and scattering efficiencies of Cu2O cluster of
This journal is © The Royal Society of Chemistry 2014
different symmetries are calculated keeping their size constant
(D ¼ 100 nm). The variation of scattering efficiency (Qsca)
against different symmetries are shown in Fig. 5, which delin-
eates highest efficiency for lowest symmetric cube. Hence,
aligning with this order, minimum scattering efficiency should
be displayed by most symmetric nanospheres. However,
opposed to this trend, the cylinder shape is found to be asso-
ciated with lowest Qsca and highest value of Qabs. This anomaly
can be explained by the highest S/V ratio of cylinder compared
to other shapes (Table 1). A considerable contribution from
surface effect (DEsurface) also acts to enhance the value of DE in
RSC Adv., 2014, 4, 5092–5104 | 5097
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Fig. 7 Molecular clusters of Cu2O (a) (Cu2O)1, (b) (Cu2O)2, (d) (Cu2O)3
in C2v symmetry, (c) and (e) are (Cu2O)3 in Cs and C3v symmetry
respectively.
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nanocylinder, for which the band gap becomes highest in case
of nanocylinders. In a nutshell, the symmetry turns into an
effective parameter to tune the band gap, which is in turn
responsible for differentiation of optical response in nanoclusters.
B. TDDFT calculation

GGA functionals are reported to produce reasonably well
prediction of excitation behavior in transition metal
complexes.109 This functional is also found to reproduce the
experimentally reported structure as evident from Table S1 in
the ESI.† Hence, we nalized the optimized structure of the
GGA functional for further calculation. A complete list of
harmonic frequencies is given in the electronic (ESI†) for the
optimized structures considered in this work. (Cu2O3)3 cluster
with different symmetries imaginary frequencies of magnitude
less than 31 cm�1 are found. This is reported to be likely due to
small inaccuracy in the numerical grid.110

Effect of size. The TDDFT is exercised to obtain the excitation
energy of (Cu2O)1, (Cu2O)2 and (Cu2O)3 clusters in their C2v

symmetry (Fig. 7). The structural parameters in the optimized
geometries of (Cu2O)n clusters [n ¼ 1, 2, and 3] are found to be
in well agreement with the reported bond distance111,112 (Table
S3 of electronic (ESI†)). Analysis of the structure of Cu2O
molecular clusters reveals four different coordination
Table 2 Discrete electronic excitations of Cu2O clusters of different s
reported values in ref. 85

Clusters Symmetry Peaks Occupied orbital Virtual or

(Cu2O)1 C2v 1 5A1(HOMO � 2) 5B1(LUM
(Cu2O)2 C2v 1 10B2(HOMO � 1) 17A1(LUM
(Cu2O)3 C2v 1 14A1(HOMO � 1) 13B2(LUM

5098 | RSC Adv., 2014, 4, 5092–5104
environments for Cu and O atoms which are designated as
CuCSA, CuCUS, OCSA, OCUS. Here, the CSA and CUS in the suffix
imply coordinatively saturated and coordinatively unsaturated
respectively following the notations of Soon et al.113 In bulk
state, each O atom is surrounded by four tetrahedron Cu atoms
and referred to as OCSA. On the other hand, the coordination
number varies from two to three in OCUS, which are denoted by
OCUS

2 and OCUS
3 respectively. Similarly, CuCSA and CuCUS denote

copper with coordination number two and one respectively. The
alteration in size of the cluster brings about the change in the
coordination number of surface atoms, which in turn leads to
the change in structural parameters in the clusters.114–116 Due to
the change in coordination with increase of size (in C2v

symmetry), the CuCSA–OCUS and CuCUS–OCUS bond lengths
decrease and CuCSA–CuCSA bond lengths increase (Table S3†). As
a consequence, the bond angle :CuCSA–OCUS–CuCSA linearly
increases with size. The increase in the size of cluster increases
the population of surface atoms. Due to unsaturated coordi-
nation number, the surface atoms show a greater tendency to
participate in the electronic transition for having more valence
electrons compared to the bulk atoms. Thus, the variation in
electronic transitions taking place between occupied and virtual
MOs in clusters of increasing size is attributed to the reduction
in coordination number (Table 2). For simplicity, only the peaks
with highest oscillator strength (OS) (designated as 1 in Fig. 8)
are reported for each cluster. The excitation peaks are directly
dependent on the energy gap between occupied and virtual MOs
(DEocc–vir), which can be found from Fig. 8 and Table 2. To nd
out the MO and its component AOs participating in the elec-
tronic transition, the partial density of states (PDOS) of frag-
ments is analysed in Table S1 of ESI.† From Table S1,† it is seen
that the occupied MOs are dominated by p AOs of O fragments
with minor contribution of d AOs of Cu fragments. On the other
hand the virtual MOs are dominated by s and p AOs of Cu
fragments. Again, (Cu2O)3 and (Cu2O)2 are found to have
highest and lowest percentage contribution of oxygen p AO in
their occupied MOs (Fig. 9a). Nevertheless, the OS of electronic
transition also increases with increase in percentage contribu-
tion of s AOs of Cu fragments in virtual MOs (Table 2 and
Fig. 9b). A marked effect of variation of coordination number on
the nature of electronic excitation has been revealed from MO
diagram analysis (Fig. 8). In (Cu2O)1 and (Cu2O)3 the peaks
designated as 1 are basically produced from 5A1 to 5B1 and
14A1 to 13B2 transitions respectively (Table 2). Here, nA1, nA2,
nB1 and nB2 represent the n-th SCF molecular orbitals as
generated in ADF. A1, A2,. are the subspecies of irreducible
izes in C2v symmetry calculated through TDDFT and compared with

bital
DEocc–vir
(eV)

Oscillator
strength

Excitation
energy (eV)

Reported
excitation
energy (eV)

O + 1) 3.42 0.095 3.90 3.54 (6.7 nm)
O + 2) 3.395 0.0822 3.69 2.76 (8 nm)
O + 1) 1.313 0.1923 1.72 2.63 (14 nm)

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/C3RA45387A


Fig. 8 (a) TDDFT valence excitation spectra (oscillator strength vs.
excitation energy) of (Cu2O)1 (black), (Cu2O)2 (red) and (Cu2O)3 (green)
clusters having same symmetry (C2v). Only the most intense discrete
transitions are reported and labelled as 1. (b) The representation of
MOs participating in the electronic transitions to form themost intense
peaks labelled as 1 in (Cu2O)n clusters (n ¼ 1, 2 and 3). x, y and z are the
reference axis of the MOs.

Fig. 9 Variation of extent of LMCT in terms of % contribution of (a)
ligand AOs in occupied MOs and (b) metal AOs in virtual MOs in
molecular clusters of (Cu2O)1(black), (Cu2O)2 (red) and (Cu2O)3 (green).

Paper RSC Advances

Pu
bl

is
he

d 
on

 1
1 

D
ec

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

or
th

 B
en

ga
l o

n 
27

/0
1/

20
14

 0
6:

48
:0

0.
 

View Article Online
representation internally used by ADF. The labels A, B and
subscripts 1, 2 are associated with standard notations in liter-
ature.117 The source MOs (5A1 and 14A1) are dominated by pz
AOs of O1CUS

2 and O7CUS
2 in (Cu2O)1 and (Cu2O)3 respectively

(the number in the subscript such as 1 and 7 implies the atom
number of the clusters depicted in Fig. 7). On the other hand,
the destination MOs (5B1 and 13B2) are formed through major
contributions from s AOs of Cu2CUS, Cu3CUS in (Cu2O)1 and s
AOs of Cu8CUS, and Cu9CUS in (Cu2O)3 (Fig. 8b). No OCUS

2 atom is
present in (Cu2O)2. The peak 1 in case of (Cu2O)2 is associated
with transition from 10B2 to 17A1 MO. The 10B2 MO is
composed of Cu2CUS, Cu3CUS dx2�y2 AOs and 17A1 MO is
composed Cu2CUS, Cu3CUS s AOs. Hence from the above
discussion it becomes apparent that the nature of electronic
excitation is typically ligand to metal charge transfer (LMCT) in
(Cu2O)1 and (Cu2O)3 and metal to metal charge transfer
(MMCT) in (Cu2O)2. This observation is in concordance with
This journal is © The Royal Society of Chemistry 2014
XPS (X-ray photoelectron spectroscopy) study and other
quantum chemical computations which concludes that charge
transfer takes place in Cu2O from oxygen to copper.118 The peak
1 at 720 nm in case of (Cu2O)3 is found to be highest with full
width at half maxima (FWHM) of 31.8 nm and that of (Cu2O)2 at
334 nm is lowest with FWHM of 13.6 nm among three sizes of
the cluster (Fig. 8). Intensity of absorption is proportional to the
product of square of OS and transition energy. The OS of peak 1
is lowest for (Cu2O)2 and highest for (Cu2O)3 while the OS of
peak 1 of (Cu2O)1 with FWHM 7.28 nm is in between the two.
Therefore intensity of absorption is lowest in case of (Cu2O)2
and highest for (Cu2O)3 (Fig. S1†). Hence, it can be expected that
variation of absorption intensity basically depends on nature of
electronic transition. The calculated values of Eexc of Cu2O
quantum dots in Table 2 shows the similar trend of quantum
size effect as reported in ref. 85 and thus validate the TDDFT
results.

Effect of symmetry. In case of DDSCAT computation we have
considered the effect of shape and associated symmetry of
nanoparticles on the optical properties. During variation of
symmetry the energy gap shi (DE) is predominantly regulated
by DEkubo and DEsurface. To further verify how the interplay
between DEkubo and DEsurface play a crucial role in tuning optical
RSC Adv., 2014, 4, 5092–5104 | 5099
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Fig. 10 (a) TDDFT valence excitation spectra (oscillator strength vs.
excitation energy) of (Cu2O)3 clusters having different symmetries C2v

(red) and D3h (black). The transitions with lowest excitation energy are
reported as 1_Cs, 1_C2v, 1_C3v. The most intense discrete transitions are
labelled as 2_Cs, 2_C2v and 2_C3v for respective symmetries. The MOs
involved in corresponding transitions are also displayed. (b). The repre-
sentation of MOs participating in the electronic transitions to form the
most intense peaks labelled as 2_Cs, 2_C2v, 2_C3v for respective
symmetries of (Cu2O)3 cluster. x, y and z are the reference axis of theMOs.
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features, TDDFT is performed by varying the symmetry of
(Cu2O)3 to Cs, C2v and C3v. Elevation of symmetry causes change
in structural parameters due to variation in coordination
Table 3 TDDFT data of discrete electronic excitations of Cu2O clusters

Clusters Symmetry Peaks Occupied orbital Virtual Orb

(Cu2O)3 Cs 1 22AA(HOMO) 24AA(LUM
2 20AAA(HOMO � 2) 22AAA(LUM

(Cu2O)3 C2v 1 12B2(HOMO � 2) 13B2(LUM
2 14A1(HOMO � 1) 13B2(LUM

(Cu2O)3 C3v 1 96A(HOMO � 1) 100A(LUM
2 95A(HOMO � 2) 100A(LUM

a Is from ref. 119. b Is from ref. 120.

5100 | RSC Adv., 2014, 4, 5092–5104
numbers. The CuCSA–CuCSA bond length is shorter in C2v

compared to the C3v geometry. Similarly the CuCSA–OCUS
2 bond

length descends from C2v to Cs. Consequently the relevant bond
angles increases in higher symmetry, while the CuCSA–OCUS

bond length remains approximately same in all the cases. The
blue shi of Eexc of higher symmetry appears due to increase in
DEocc�vir. For ease of analysis two types of peaks are chosen.
Peak 1 corresponds to electronic transition of lowest excitation
energy. The peaks are labelled as 1_Cs, 1_C2v and 1_C3v of their
respective symmetries (Fig. 10a). The blue shi of peak 1 is
attributed to ascending trend of DEocc–vir with increase of
symmetry from Cs to C3v (Fig. 10a and Table 3). With the
increase of symmetry degeneracy of energy levels increase. On
the contrary reducing the symmetry split the degenerate levels
to multiple states, which is attributed to the highest DEocc–vir
value of C3v and lowest of Cs. The other type of peaks labelled as
2 are chosen on the basis of electronic transition with highest
oscillator strength. The peaks are labelled as 2_Cs, 2_C2v and
2_C3v according to the symmetry with ascending order
(Fig. 10a). The peak 2 for C2v symmetry (designated as 2_C2v) is
found to be most intense than the other peaks (designated as
2_Cs and 2_C3v). The proper reason behind the variation of OS
can be explored by analysis of PDOS data and MO diagram
(Table S2† and Fig. 10b). The peak 2_C2v is generated due to the
transition from 14A1 to 13B2 (vide supra) whereas, peak 2_Cs

and 2_C3v are associated with transition from MO 20AAA to MO
22AAA and MO 95A to MO 100A. The transition from 14A1 to
13B2 in 2_C2v is purely LMCT type; whereas transition of 20AAA
to 22AAA and 95A to 100A contains approximately equal d AOs
contribution in 2_Cs and 2_C3v respectively (Table S3 in ESI†).
Therefore oscillator strength varies linearly with extent of LMCT
type transition. A remarkable agreement of the calculated
values of Eexc of two different symmetries having approximately
similar size (nanocubes and nanosphere) with reported
results119,120 conrms the reliability of TDDFT computation
(Table 3).

C. Interpreting optical absorption spectra of Cu2O NPs with
TDDFT data

The analysis of electronic excitation of molecular clusters of
(Cu2O)n clearly reveals that the variation in absorption spectra
of NPs with different size and shape depends on two factors.
The shiing of spectra (blue or red) takes place due to the
of same sizes in different symmetries

ital
DEocc–vir
(eV)

Oscillator
strength

Excitation
energy (eV)

Reported
excitation
energy (eV)

O + 2) 1.173 0.015 1.296
O + 3) 1.876 0.0302 1.98

O + 1) 1.337 0.0018 1.409 2.36a (420 nm)
O + 1) 1.313 0.1923 1.72 2.407a

O) 1.804 0.0064 1.898 2.25b

O) 2.017 0.0126 2.13 2.38b

This journal is © The Royal Society of Chemistry 2014
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Fig. 11 Molecular clusters of (a) [Cu28O15]
6+ and (b) [Cu44O30]

6+ in Td
symmetry.
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variation of gaps between energy levels (DE). The measure of DE
in case of NPs is DEkubo and in molecular cluster is DEocc�vir.
The blue shi of spectra occurs when DE increases with
decrease of size of nanoclusters. The second factor is the surface
structure effect, which is dictated by the enhancement of
DEsurface with increase of S/V ratio. This DEsurface contributes to
the total energy gap (DE) and enhances the band gap value as
well as absorption in NPs. The reason behind the increment of
Fig. 12 TDDFT valence excitation spectra (oscillator strength vs. excitati
most intense discrete transitions are labelled as peak_1.

Table 4 TDDFT data of discrete electronic excitations of larger Cu2O c

Clusters Symmetry Peaks Occupied orbital Virtual orb

[Cu28O15]
6+ Td 1 71T2 38A1

2 71T2 73T2
[Cu44O15]

6+ Td 1 19A1 43T2
2 19A1 44T2

This journal is © The Royal Society of Chemistry 2014
absorption can be rationalized by TDDFT results. The OS
of excitation spectra predominantly depends on the nature of
electronic transition among MOs. As it is suggested from earlier
discussion, the nature of electronic transition depends on the
structure of surface atoms. Two types of electronic transition
takes place on Cu2O surface, LMCT and MMCT. Reduction in
coordination number of O at the surface increases the p-orbital-
density at the valence band compared to conduction band.
Thus, the valence to unoccupied orbital transition is dominated
by ligand to metal transition when the surface is oxygen
terminated. On the other hand, the valence band will be
dominated by d or s orbital of Cu if the surface is Cu terminated.
This is clearly observed in the larger clusters calculation of
[Cu28O15]

6+ and [Cu44O15]
6+(Fig. 11(a) and (b)). The peaks are

blue shied with decrease of size (Fig. 12(a) and (b)). This blue
shi occurs due to increase of DEocc–vir (Table 4). This result
shows a similar trend and similar kind of electronic excitation
(Table S5 in ESI†) behavior as the smaller clusters which is
easily observable from Fig. 12(a) and (b). In both of the larger
clusters the AOs of core part do not take part in the excitation,
which is in accordance with the results obtained for smaller
clusters (Fig. S2 in ESI†). Enhancement of LMCT with lowering
of cluster size can be attributed to the exposition of the O atoms
to surface and thereby diminish their coordination environ-
ment. This is also observable from the simulated absorption
spectra (Fig. 1a, 2a and 3a). Therefore, it can be concluded that
the intensity of the peaks depend on the surface structure of
nanoclusters. The peak intensity is inuenced by LMCT if the
surface is O-terminated and that of MMCT when the surface is
Cu-terminated. Therefore, two types of peaks will arise, one of
which is due to LMCT (OCUS

2 to CuCUS) and another is due to
on energy) of (a) [Cu28O15]
6+ and (b) [Cu44O30]

6+ in Td symmetry. The

lusters of different sizes in same symmetry

ital DEocc–vir (eV) Oscillator strength Excitation energy (eV)

2.157 0.00024 2.2
2.405 0.00011 2.4
1.198 0.116 1.514
1.567 0.0268 1.786

RSC Adv., 2014, 4, 5092–5104 | 5101
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MMCT (CuCSA to CuCUS). The peaks due to LMCT are found to
appear in the lower energy region, while the higher energy
region is dominated by peaks of MMCT type. Bruneval et al.who
have explored from DOS and energy distribution curve (EDC)
analysis that optical absorption spectra of Cu2O arises from two
distinct energy levels; one between �8 and �5 eV which is
typically O 2p level and the other within �5 eV to Fermi level
recognized as the Cu d level.121 Therefore, the two distinct
absorption peaks appearing in DDSCAT results is justiable on
the basis of the above observation.

4. Conclusion

The present work unravels the effect of surface structure
reconstruction and variation in band gap upon their surface
plasmon resonance and associated electronic transition of
Cu2O nanoparticles. The SPR peaks are found to be blue shied
with decrease in the size of the nanoparticles irrespective of the
shapes, which is attributed to the increase of Kubo gap. This
blue shi of SPR peak is also correlated with surface effect shi
due to surface reconstruction during NP formation. As the
shape of NP changes the related symmetry and S/V ratio also
changes. Lowering of symmetry leads to splitting of degenerate
energy levels. This is the reason behind the systematic change
in optical response in between nanosphere and nanocube
following the symmetry trend. The anomalous nature of optical
response in case of cylinder can be explained from the
enhancement of the band gap due to the inclusion of signicant
contribution of S/V ratio. The band gap varies linearly with S/V
ratio as is apparent from Table 1. As a consequence the cylinder
symmetry of Cu2O NPs are following completely different trend.
Irrespective of diameter, the surface plasmon wavelength
maximum (lmax) of the cylinder is completely blue shied
compared to sphere and cube. This is due to the largest band
gap of the cylinders among the three shapes of same volume.

TDDFT computation is also performed to explore the
phenomena of tuning optical response through surface struc-
ture reconstruction. The effect of size is traced by increasing the
size of (Cu2O)n with n ¼ 1, 2 and 3, keeping the C2v symmetry
intact. On the other hand, the effect of symmetry on absorption
is studied for a specic cluster (Cu2O)3 varying its symmetry
from C2v to D3h. The energy gap between occupied and virtual
MOs (DEocc–vir), increases with decrease of cluster size from
(Cu2O)3 to (Cu2O)1. Increase of symmetry leads to the blue shi
of peaks, which is realized due to a increase in DEocc–vir. The
reconstruction of surface induces the variation in structural
parameters due to change in coordination number of the
surface atoms. The nature of electronic transition depends on
the coordination number of surface atoms. On this account, two
types of absorption occur on the surface of Cu2O NPs. As the
coordination number of O atom decrease the absorption
becomes LMCT type and with decrease of coordination number
of Cu atoms the absorption becomes MMCT type. A similar
result of the increase in the size of NP is also tested with clusters
of larger and more realistic sizes. The results invariably show
the same trend as is observed for smaller clusters. The blue shi
in peaks with decrease in size is attributed to the increase of
5102 | RSC Adv., 2014, 4, 5092–5104
DEocc–vir. Therefore we can conclude that with change of size
and symmetry the variation of two major factors play an
important role to tune the absorption as well as surface plas-
mon resonance of Cu2O nanoclusters.

In the present work, it has been systematically shown that
the optical property, i.e., SPR, absorption, and scattering can be
tuned by manipulating size and symmetry of Cu2O nano-
structures. Hence, these observations nd sophisticated appli-
cations in the elds of biosensors, solar cells, photodiodes,
photo catalysts etc.13–17 With the increment of size of Cu2O
nanospheres the value of scattering coefficients become larger
than the gold sphere, which is already employed for the selec-
tive imaging of cancer cells.122,123 The Cu2O nanospheres of
D ¼ 140 nm, 160 nm, 180 nm, 220 nm, and 240 nm have 3sca

greater than that of gold NPs. So these size ranges for Cu2O
nanospheres can be used as cell imaging and detection of
proteins as reported earlier.73 Therefore, this work can also
guide the selection of appropriate size and shape of nano-
clusters with desired band-gap for some specic application.
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