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PREFACE 

There is a growing interest on the development of newer spectroscopic 

techniques for the enhancement of molecular signals, particularly for the detection and 

identification of chemically and biologically important molecules. Among the various 

techniques, surface-enhanced Raman spectroscopy (SERS) has emerged as one of the 

most powerful tools due to the unique ability of the nanoparticles to interact with light. 

Interactions of light with metal nanoparticles results in the coherent oscillation of 

electrons on the surface of nanoparticle (surface plasmons) giving rise to a region of 

increased electric field around the vicinity of the particle. A Raman-active molecule 

when placed in the vicinity of the nanoparticle’s surface give rise  to enhancement in 

signal intensity due to (i)  high electric field prevailing on the metal surface 

(electromagnetic enhancement) and (ii) a charge-transfer interaction between the 

metal nanoparticle and the molecular system (chemical enhancement). The overall 

objective of thesis is to fabricate efficient SERS substrates and create hotspots which 

are capable of producing large signal enhancements of various molecules. 

Detailed literature review regarding Raman Spectroscopy with special reference 

to Surface Enhanced Raman Spectroscopy (SERS) is presented in the first chapter of 

the thesis. Different approaches adopted for the enhancement in Raman signal 

intensity are also presented in this chapter.  

Chapter two of the thesis, probes the Surface Enhanced Raman Spectroscopic 

investigations of isolated Au nanorods, having various aspect ratios, with analyte 

molecules. Electrostatic interactions of analyte molecules onto the surface of Au 

nanorods were investigated by following isothermal titration calorimetric (ITC) 

studies. A comparative investigation on the SERS efficiency of spherical Au 

nanoparticles and 1D Au nanorods were carried out. Au nanorods were found to be 

better substrates for SERS investigations and the enhancement factor was found to 

increases with the aspect ratio of the nanorods. The high electric field concentrated at 

the edges of nanorods contributes primarily towards the enhancement in signal 

intensity. 



xx 
 

A new methodology have been developed for enhancing the Raman signals of 

analyte molecules by placing them (i) at the edges of Au nanorods, using monothiol 

derivatives and (ii) at the junctions of two Au nanorods using dithiol derivatives. These 

aspects are presented in Chapter three. Edges of Au nanorods are regions of high 

electric field and when two Au nanorods are brought together in a linear fashion, 

through dithiol linkages, their longitudinal plasmon oscillations couple each other, 

creating regions of enhanced electric field (hot spots) at the junctions.  An 

enhancement of Raman signals was observed when these molecules are placed at the 

edges and junctions of Au nanorods. The enhancement factors were estimated as 1.2 x 

104 for isolated Au nanorods and 1.5 x 105 for dimeric systems. (J. Phys. Chem. Lett. 

2010, 1, 610-615). 

Fabrication of Au nanorod quartets and their use as SERS substrate is described 

in the fourth chapter. The lateral assembly was achieved by using a thiol derivative 

which possesses hydrophobic and hydrophilic moieties. The extinction spectral 

changes were monitored as function of time and aspect ratio of Au nanorods. It was 

observed that the side-by-side assembly proceeds through dimers, trimers and 

tetramers to larger aggregates and can be controlled by varying the concentration of 

the thiol derivative. It was also found that the extent of lateral coupling increases with 

increase in the aspect ratio of nanorod. Further, the lateral and longitudinal assembly 

processes were combined for the fabrication of nanorod quartets and higher order 

assemblies. When four nanorods are brought close together to form the quartet 

junctions, their plasmons couple each other, to form a region of enhanced electric field 

and molecules placed at the junction show enhanced signal intensity. The methodology 

developed can be further extended for the detection of biologically important 

molecules such as amino acids and proteins. 

Chapter 5 describes the single particle investigations on the Au nanorods 

assembled (i) in a linear fashion utilizing the covalent interaction of dithiols and (ii) in 

a lateral fashion through electrostatic interaction. The scattering properties of the 

various assemblies were investigated at the single particle level by adopting a 

correlation method involving high resolution scanning electron microscopy and dark-

field spectroscopy. The scattering wavelength and intensity of the peaks were highly 



xxi 
 

dependent on the number of nanorods and their orientation in the assembly. Au 

nanorods assembled in a linear fashion showed a gradual bathochromic shift in the 

longitudinally coupled plasmon band with increase in the number of rods in a chain. 

Laterally assembled Au nanorods showed a gradual hypsochromic shift in the 

longitudinally coupled plasmon band and bathochromic shift in the transverse coupled 

band. The effect of orientation on the optical properties of linearly assembled Au 

nanorod dimers was investigated. It is observed that the position and intensity of the 

coupled plasmon resonance largely depends on the angle between the dimers. All the 

assembled nanostructures exhibited polarization dependent scattering and the energy 

levels involved in various modes of excitation were calculated from theoretical studies 

using Field Element Method and plasmon hybridization models.  



CHAPTER 1 

Surface Enhanced Raman Spectroscopy: An Overview  
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1.1.  History of Raman Spectroscopy  

In 1928, five years after the discovery of Compton Effect [Compton 1923], the 

Indian physicist Chandrasekhar Venkata Raman and his student Kariamanikam Srinivasa 

Krishnan discovered another effect involving a change in wavelength of scattered 

monochromatic visible light [Raman 1928]. Both of them, in a series of experiments tried to 

focus sunlight onto samples of purified liquids or gases. In the initial experiments, they used 

sunlight as source, a narrow band photographic filter to create monochromatic light, and a 

crossed filter to block this monochromatic light. He found that a small amount of light 

changed frequency and passed through the crossed filter (Scheme 1.1). The experiment was 

repeated with about sixty common liquids and found that the results were the same, with 
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varying degrees of the effect. They could observe a frequency shift in the scattering of the 

light. This resulted in the discovery of a “new type of secondary radiation” that has since 

then known as Raman scattering [Raman 1928]. The principle of Raman effect or the 

inelastic scattering of light was actually predicted by the Austrian scientist Adolf Smekal 

(1923) some five years earlier [Smekal 1923], and the same effect was also observed by 

Landsberg and Mandelstam (Soviet Union) at about the same time as Raman’s discovery 

[
a
Landsberg 1928 and

 b
Landsberg 1928]. However, Raman’s papers represented the more 

thorough and conclusive investigations for which he was awarded the Nobel Prize for 

physics in the year 1930 [Raman 1928]. Due to its generality, scientists around the world at 

that time stated the discovery of the phenomena of light scattering, as one of the most 

convincing proofs of the quantum theory of light. The theory of the Raman Effect was 

developed by George Placzek (Czechoslovakia) in early 1930s [Placzek 1934].  

 

Scheme 1.1. Schematic illustration of the experiment carried out by Prof. Sir C. V. Raman 

[Colthup 1990 and Long 2002]. 
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1.1. Introduction to Raman Spectroscopy 

Raman spectroscopy is a spectroscopic technique that results from the inelastic 

scattering of monochromatic light and is used to study the vibrational, rotational and other 

low-frequency modes in a molecular system.
 
 Raman spectroscopy arises due to a change in 

frequency when light is scattered by molecules or atoms with which it interacts. When a 

photon collides with a scattering molecule, the collision can be considered either elastic or 

inelastic. In the former case, there is no change in the frequency of scattered light. In 

contrary, there is a small probability that the inelastic collision can cause a change in the 

frequency of the scattered light. When a photon of frequency ν0 collides with a scattering 

molecule, most of the light scattered has the same frequency as that of the incident light and 

the phenomenon is termed as Rayleigh scattering (case 1, Figure 1.1) [Weber 1979 and Ball 

2001]. The Rayleigh lines are the most intense lines and in an ordinary Raman spectrometer 

these lines are eliminated using a notch filter. However, a small component of the scattered 

light has a frequency νr which is different from that of the incident light and the difference 

(νr - ν0 = Δν), is referred to as the Raman frequency [Woodward 1967, Ball 2001 and Long 

2002]. A particular molecule may have a characteristic range of Raman frequencies and is 

collectively referred to as the Raman spectrum of the molecule. During the transition, if the 

molecule relaxes to a higher energy state, then the corresponding shift in frequency, Δν, will 

be negative (case 2, Figure 1.1). The resulting Raman scattered photon possesses a lower 

energy, hνr, than that of the incident photon. The difference in energies of the incident and 

scattered photons can be represented as hΔν which gives rise to the Stokes lines in Raman 

spectrum. On the other hand, if a molecule in the excited state relaxes to a lower energy 

level,   then  the scattered  photon  may  possess  greater energy than incident photon  energy  

http://en.wikipedia.org/wiki/Spectroscopy
http://en.wikipedia.org/wiki/Inelastic_scattering
http://en.wikipedia.org/wiki/Inelastic_scattering
http://en.wikipedia.org/wiki/Monochromatic
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(case 3, Figure 1.1). In such a situation, the difference in energy, Δν is positive, which give 

rise to anti-Stokes lines in Raman spectrum. Thus, while observing Raman scattering, there 

will be at least three possibilities: spectral lines due to (i) the corresponding incident light 

frequency ν0 (Rayleigh scattering), (ii) one having lower energy of νr = ν0 – Δν (Stokes lines), 

and (iii) the other one at higher energy νr = ν0 + Δν (anti-stokes lines). The Stokes lines are 

usually more intense than the anti-Stokes lines, since the number of molecules excited from 

the higher energy level of the ground state is generally small at room temperature (case 2, 

Figure 1.1). By comparing the ratio of the heights of the Stokes and anti-Stokes lines, 

Raman spectroscopy can be used as a sensitive temperature probe. The shift in frequency is 

independent of the frequency of the incident photon and is rather a characteristic of the 

vibrational energy levels of the scattering molecule. Thus, Raman spectroscopy provides 

fingerprint of the molecule under investigation and can be used for the detection and 

identification of a variety of molecular systems. 

Virtual state

Electronic state

Ground state

Rayleigh 
Scattering

Stokes 
Raman

Anti-stokes
Raman

Infrared
Absorption

S1 = 0

v = 3

v = 0

v = 1

v = 2

Energy

Case#1 Case#2 Case#3
 

Figure 1.1. Energy level diagram showing the states involved in Raman scattering and 

Infrared absorption [Woodward 1967 and Long 2002]. 
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The principle of Raman scattering resembles with that of fluorescence in many 

aspects, but closer analysis reveals that the two processes are completely different. Sir C. V. 

Raman in his original paper [Raman 1928] stated that the observed shift in frequencies were 

too small to be due to fluorescence. He also found that unlike fluorescence, which tends to 

emit depolarized light, Raman scattering gives rise to strongly polarized light depending 

upon the polarization of the incident light [Raman 1928]. The major difference between the 

two techniques is that fluorescence is associated with the possibility of quenching. In 

contrast, quenching is not observed in the process of Raman scattering. This is due to the 

fact that the molecule does not absorb the photon, and there is no transition to a higher 

intermediate excited state, upon collision with the incident photon. Instead the molecule is 

perturbed, and the photon is immediately scattered. Since the molecule was not excited to an 

intermediate state, there is no possibility of the molecule to transfer electron or energy to 

another molecule ruling out the possibility of quenching in Raman scattering [Woodward 

1967]. Another feature that distinguishes the Raman effect from fluorescence is the presence 

of anti-Stokes lines, which are absent in fluorescence spectrum since the molecules always 

lose some energy before emitting the photons from the singlet excited state through 

vibrational relaxation (case 2, Figure 1.2). The major difference is that, unlike fluorescence 

which requires specific wavelength of excitation, Raman effect is observed for incident light 

of any frequency. Therefore in contrast to the fluorescence effect, the Raman Effect is not a 

resonant effect [Tian 2004].  
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Figure 1.2. Energy level diagram showing the difference between the energy states involved 

in Raman Scattering, Fluorescence and Resonance Raman Scattering [Tian 2004]. 

1.2. Principle of Raman Scattering 

We know that the intensity of Raman spectrum depends on the ability of sample to 

scatter light. Then an important question arises: what causes the scattering of a photon? It 

has been observed that the main property of a molecule to scatter a photon is its 

polarizability. The polarizability, α, represents the ability of an applied electric field, E, to 

induce a dipole moment, µinduced, in an atom or a molecule: 

                                                     IRaman = µinduced = α. E                                                    (1.1)  

where IRaman is the intensity of Raman spectrum, µinduced is the induced dipole moment, α is 

the polarizability and E is the applied electric field. Polarizability of atoms is isotropic, 

whereas polarizability of molecules may be anisotropic depending on its symmetry of the 

molecule [Ball 2001]. Certain rotational or vibrational changes in a molecule induce 
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polarization. Thus, the oscillating electric field associated with the electromagnetic radiation 

can distort the electron cloud of the molecule thereby creating an induced electric dipole 

moment. This oscillating induced dipole moment in turn emits or scatters electromagnetic 

radiation, giving rise to Raman spectrum. Thus the selection rule states that Raman transition 

from one state to another is activated optically only in the presence of non-zero polarizability 

derivative with respect to the normal coordinate or  

α/ Q ≠ 0 

where α is the change in polarizability and Q is the change in position with respect to 

normal coordinates. This condition may be physically interpreted to mean that the 

vibrational displacement of atoms corresponding to a particular vibrational mode results in a 

change in the polarizability. 

+

E

+

- +

A B

-

 

Figure 1.3. A molecule (A)  in the absence of electric field and (B) in the presence of electric 

field that distorts the molecular orbitals. 

The major advantage of Raman spectroscopy over other spectroscopic techniques is 

that it provides the fingerprint of the molecule under investigation. Due to this unique 

feature, the technique is found to be extremely important in almost all the branches of 

science. However, the low intensity of signals limits the use of Raman spectroscopy. This is 

due to the fact that the Raman scattering cross section is extremely small compared to other 
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spectroscopic techniques such as infrared and fluorescence [Tian 2004]. Attempts have been 

made to improve the number density of molecules absorbed upon irradiation and thereby 

enhancing the Raman scattering cross section. With the advent of newer laser sources, 

substantial improvement has been achieved in enhancing the Raman scattering cross section. 

This has opened up a new field of coherent or stimulated Raman spectroscopy wherein 

molecular vibrations are coherently excited. Various other enhanced Raman spectroscopic 

techniques developed in recent years include Resonance Raman Scattering (RRS), Surface 

Enhanced Raman Scattering (SERS) and Coherent Antistokes Raman Scattering (CARS). 

The studies in this thesis mainly focus on SERS and brief description on the underlying 

principles is given below. 

1.4. Surface Enhanced Raman Spectroscopy 

One of the breakthroughs in the field of Raman spectroscopy came in 1970s, largely 

through the experiments carried out by three different groups. Substantial enhancement in 

Raman signals, of about a million times greater than expected, were observed when 

molecules are adsorbed onto a specially prepared silver surface. Intense Raman scattering 

was first observed by Fleischmann et al. in 1974 from aqueous solution of pyridine adsorbed 

onto a roughened silver electrode surface [Fleishmann 1974]. In late 1970s, two different 

groups, Jeanmaire and Van Duyne from Northwestern University [Jeanmaire 1977], and 

Albrecht and Creighton from University of Kent [Albrecht 1977], independently tried to 

explain the mechanism of large Raman signal enhancement. They recognized that the large 

intensities observed may not be due to the increase in the number of scattering molecules. 

Two different mechanisms were proposed: Jeanmaire and Van Duyne suggested an electric 

field  enhancement  mechanism  whereas  Albrecht  and  Creight on  put   forward  a  charge- 
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transfer effect due to the broadening of molecular electronic states through their interaction 

with the metal surface. Thus, the discovery of this new technique, which was termed as 

"Surface Enhanced Raman Spectroscopy", led to a revolution in the field of Raman 

spectroscopy, since it could overcome the inherent problem associated with low signal to 

noise ratio.  

It is further interesting to compare the spectrum obtained through SERS and normal 

Raman spectroscopy (Scheme 1.2). While the spectra obtained in most SERS experiments 

are similar to the non-surface enhanced spectra, with an enhancement in signal intensity, 

there are often differences in the number of modes present [Campion 1998 and Kneipp 

1999]. Certain modes which are not found in the ordinary Raman spectrum may appear in 

SERS spectrum, while certain other modes observed in Raman spectrum may disappear. The 

different modes observed in a spectroscopic experiment are governed by the symmetry of 

the molecules and these are usually summarized by selection rules. The mutual exclusion 

principle states that "in molecules with a center of symmetry, the vibrational modes that are 

Raman active are infrared inactive and vice versa". Interestingly, modified selection rules 

are applicable for SERS since many molecules lose their center of symmetry when adsorbed 

onto a surface. The loss of a center of symmetry eliminates the requirements of the mutual 

exclusion rule, which states that modes can only be either Raman or Infrared active. Thus 

modes that would normally appear only in the infrared spectrum of the free molecule and 

(not in the normal Raman spectrum) can appear in the SERS. The intensities of the bands 

observed in SERS generally fall off with increasing vibrational frequency; C–H stretches, 

for example, tend to be relatively weak in SERS. The spectra tend to be depolarized, in 

contrast  to those taken from molecules adsorbed on atomically smooth  surfaces.  Excitation  
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profile largely depends on the electrode potential in electrochemical experiments and varies 

for different vibrational modes. Depending on the substrate morphology, the enhancement 

may be long ranged, extending tens of nanometers from the surface. 

Laser

Strong EM Field
Strong EM Field

 

Laser

Raman Scattering Surface Enhanced Raman Scattering

Metal Nanoparticles Raman Active Analyte

Smooth glass surface

 

Scheme 1.2. Schematic representation comparing the Raman scattering and SERS. In SERS, 

analyte molecules adsorbed on to metal nanoparticles generate high electric field on 

illumination with light of appropriate wavelength, giving rise to enhanced Raman signal 

intensities.  

Surface Enhanced Raman Spectroscopy provides greatly enhanced signals from 

Raman-active analyte molecules when adsorbed onto certain specially prepared metal or 

metal nanoparticle surfaces [Campion 1998 and Kneipp 1999]. An increase in the intensity 

of signal on the order of 10
4
-10

6 
has been regularly observed and can be as high as 10

8
 and 

10
14

 for some specially designed systems. SERS is both surfaces selective and sensitive. 

Even though many of the transition metals can be used, metal nanoparticles such of silver, 

gold and copper show large enhancements. It is also observed that metal nanoparticles in the 

size range of 20-300 nm show large enhancement. In general smooth surfaces are not Raman 
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active compared with rough surfaces, and have a long-range effect ranging to about tens of 

nanometers. In case of multilayer substrates, molecules adsorbed on the first layer on the 

surface show largest enhancements.  Enhancement of Raman signal operates through two 

mechanisms namely an electromagnetic enhancement (EME) [Schatz 1984 and Moskovits 

2005] and chemical enhancement (CE) [Otto 1992 and Otto 2005] mechanisms. The 

electromagnetic effect is dominant compared to the chemical effects, contributing 

substantially to the enhancement factor. The electromagnetic enhancement is dependent on 

the roughness of the metal surface, while the chemical enhancement involves changes in the 

electronic states of the adsorbate due to chemisorptions of the analyte onto the surface. 

1.5. Enhancement Mechanisms 

As mentioned in the previous section, electromagnetic enhancement mechanism is a 

direct consequence of the presence of metal roughness features at the metal surface and 

contributes substantially towards the enhancement mechanism. The Raman scattering 

intensity is proportional to the induced dipole moment (µind) in the molecule, which in turn is 

proportional to the molecular polarizability (α) and the electric field strength (E) as given by 

the Equation 1 

                                                 IRaman = µind = α. E                                                                 (1) 

High electric field is generated in the vicinity of metal surface on interaction with a highly 

directional and focused laser beam, compensating the inherent weakness associated with 

Raman scattering. 

The metal nanoparticle absorbs electromagnetic radiation of appropriate wavelength 

when the frequency of incident light is in resonance with the free electrons on the surface of 

nanoparticle.  A  brief  description  on  the metal nanomaterials and the plasmon resonance is  
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given in section 1.5. The nanoparticle absorbs light when the frequency of laser is in 

resonance with the plasmon oscillation of the nanoparticle, leading to the concentration of 

large amount of energy at the surface (Figure 1.4A). The nanoparticle reemits a portion of 

this energy by Mie scattering, resulting in the creation of a region of high electric field on 

the surface with very high energy density (Figure 1.4A). In electrostatics, the scattered field 

intensity (Esurf) is given by  

                                                 Esurf
2
 = 4 E0 

2
 g

2
                                                                     (2) 

where g is related to the complex dielectric function of metal given by 

                                                  g = ɛ - ɛm / ɛ + 2ɛm                                                                (3) 

where =1 + i 2 and m is the medium's dielectric constant at optical frequency. 

The field on the nanoparticle surface [Eq. (3)] interacts with adsorbate (Raman active 

molecule) and causes an induced dipole in the molecule, which radiates at a Raman-shifted 

optical frequency. In addition, there is also enhanced emission from the induced dipole; this 

enhancement is determined by an expression similar to Equation (3); hence, the SERS 

intensity is the product of the squares of the incoming field and the outgoing field. An 

approximation gives rise to the well-known fourth-power dependence of SERS signals on 

the electric field [Eq. (5)]: 

                                                   ISERS α16 E0
4
 g

4
                                                                  (4) 

Therefore, it is observed that the intensity of Raman signals in SERS is proportional to the 

forth power of electric field. Thus, according to the electromagnetic SERS mechanism, the 

amplification of both the incident laser field and the scattered Raman field occurs on 

interaction of electromagnetic radiation with nanoparticles under the resonance conditions of 

surface plasmon excitation.  
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Figure 1.4. A) Electromagnetic energy concentrated by an Ag nanoparticle when its surface 

plasmon is resonantly excited. The particle’s extinction cross section is much larger than its 

geometrical cross section. B) Calculated near-field distribution of Mie scattering [Schatz 

2002]. 

Apart from the EME, other factor that contributes to the SERS enhancement 

mechanism is the chemical enhancement. Raman active molecule can undergo electronic 

coupling with metal nanoparticles forming charge-transfer intermediates with higher Raman 

scattering cross-sections. Chemical enhancement mechanism can also be explained as 

follows: the molecular orbitals of the adsorbate broaden in to the conducting electrons of the 

metal, altering the energy levels of the analyte. The exact mechanism involved in the charge 

transfer process is still not understood. The proposed steps in the chemical enhancement 

mechanism are (i) excitation of an electron into a hot electron state and its transfer to the 

LUMO of the molecule (ii) transfer of the hot electron from the LUMO to the metal and (iii) 

Return of the electron to its initial state and stokes photon creation. 
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Figure. 1.5. Typical energy level diagram for a molecule adsorbed on a metal surface. The 

occupied and unoccupied molecular orbitals are broadened into resonances by their 

interaction with the metal states; orbital occupancy is determined by the Fermi energy. 

Possible charge transfer excitations are shown [Campion 1998]. 

Interestingly, the charge transfer mechanism influences the scattering cross-section: 

the chemical nature of the analyte undergoes variation as a result of the interaction with the 

metal. In contrast, the scattering cross section is not influenced by the electromagnetic 

effect; however, it influences the intensity of those analyte molecules which scatter 

electromagnetic radiation. For systems in which both electromagnetic and chemical 

mechanisms operate simultaneously, the effects are multiplicative and it is difficult to obtain 

the contribution of induced components.  

1.6. Brief Introduction to Nanomaterials 

Nanoscience and nanotechnology pertain to the synthesis, characterization, 

exploration of their properties and utilization of materials, which possess at least one of its 

dimensions in the nanometer size regime (~1-100 nm). A comparison of the size domains of 
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various naturally existing systems is presented in Figure 1.6. Nanomaterials incorporate 

collections of atoms or molecules, whose properties are distinctly different from those of 

isolated atoms/molecules or bulk systems [Kreibig 1995, El-Sayed 2001, Katz 2003 and 

Thomas 2007]. Thus, nanostructured materials can act as a bridge between single 

atoms/molecules and bulk systems. The difference in properties at the nanoscale arises 

mainly due to the confinement of electrons that do not scale linearly with size. The 

interesting property of materials having nanoscale dimension is that they show fascinating 

size and shape dependent properties and these properties are least dependent on their 

chemical composition [Kelly 2003, Shenhar 2003, Thomas 2003, Daniel 2004 and Burda 

2005]. Some of the examples of nanostructured materials include metal and semiconductor 

nanoparticles and carbon based nanostructured systems such as fullerenes, carbon nanotubes 

and graphene. A unique feature associated with these materials is their large surface to 

volume ratio which makes them a suitable candidate in catalytic applications. Another 

attractive property of noble metal nanoparticles is that they possess strong optical absorption 

arising from the surface plasmon resonance (yellow, red and blue color for Ag, Au and Cu, 

respectively). Theoretical description on surface plasmon resonance of metal nanoparticle is 

presented below. 

 

Figure 1.6. Comparison of size domains of naturally existing systems. 
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Interaction of light with metal nanoparticles and nanostructured films results in the 

collective oscillation of free electrons on the surface, giving rise to hybrid surface waves 

known as surface plasmons. An interesting property of surface plasmons is that it can trap 

light at the metal/dielectric interface resulting in the enhancement of field at the metal 

surface. According to the Drude-Lorentz model, metal can be treated as plasma consisting of 

an equal number of positive ions and conduction electrons. In the presence of 

electromagnetic radiation, the electric vector displaces the free electrons in the metal, 

whereas the columbic attraction between the electron cloud and nuclei acts as the restoring 

force. The oscillating nature of the electric field of light induces coherent oscillation of the 

electron cloud over the nanoparticle surface, with a resonance frequency which is dependent 

on the size and nature of the material. The surface plasmons can be broadly classified as 

Propagating Surface Plasmons (PSP) and Localized Surface Plasmons (LSP). Propagating 

surface plasmons are associated with smooth, thin metallic films where the plasmon feels a 

boundary due to the planar surface. These surface plasmons have a combined 

electromagnetic wave as well as surface charge character and are highly bound to the surface 

(Figure 1.7A). The surface plasmon in such a metal/dielectric interface is highly bound to 

the surface. As a result, an enhanced field is observed near the surface in the perpendicular 

direction, the amplitude of which decays exponentially with distance from the surface 

[Barnes 2003]. Localized surface plasmons (LSPs) originate from the collective oscillation 

of free electrons on the surface of a nanoparticle, when excited with electromagnetic 

radiation [Kelly 2003]. In contrast to the propagating surface plasmons, localized surface 

plasmons are confined in a finite volume on the surface, depending upon the size and shape 

of the nanoparticle.  When a metal nanoparticle is irradiated by light, the oscillating electric 
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field causes the conduction electron to oscillate coherently (Figure 1.7B). The absorption 

occurs when the incident photon frequency is in resonance with the collective oscillation of 

the conduction electrons, resulting in unique optical properties. For Ag, Au and Cu 

nanoparticles, the frequency of the oscillating electron cloud matches with that of the visible 

radiation and hence the surface plasmon resonance absorption is usually in the spectral range 

of 400-800 nm depending on the size and shape. The presence of surface plasmons gives rise 

to regions of high electric field on the nanoparticles' surface and the use of this field for 

sensing application is discussed in this thesis. 

A B

 

Figure 1.7. (A) Surface plasmons at the interface between a metal and a dielectric material 

having a combined electromagnetic wave and surface charge character [Barnes 2003] (B) 

Schematic of plasmon oscillation for a sphere, showing the displacement of the conduction 

electron charge cloud relative to the nuclei [Kelly 2003]. 

1.7. Au Nanorods and Edge Effect  

Electron density distribution on the surface of metal nanoparticle and the electric 

field around them is mainly dependent on their size and shape. Most of the early 

investigations on the electric field distribution around the metal nanostructures are mainly 

focused on spherical nanoparticles. Attempts have been made to use the electric field around 

spherical Au nanoparticle for sensing application. However, the major drawback associated 
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with spherical particle is that they undergo random aggregation on binding with analyte due 

to their isotropic nature. 

Gold nanorods are one dimensional system having promising optical properties. 

More recently these systems are extensively utilized for sensing applications. Various 

approaches have been reported for the synthesis of Au nanorods. The most common one are 

(i) hard and (ii) soft template mediated synthesis. In the former case, the metal ions are 

reduced inside the cylindrical pores of oxide or polymeric membranes, usually called ‘hard 

template synthesis’ [Brumlik 1991 and Martin 1996]. In the latter method, neutral or charged 

surfactants are used for growing nanorods, usually known as ‘soft template syntheses by 

adopting electrochemical, photochemical or seed mediated methods [Yu 1997, Link 1999, 

Jana 2001 and Busbee 2003]. Electrochemical synthesis of Au nanorods involves the 

reduction of HAuCl4 in the presence of ‘shape-inducing’ cationic surfactants and other 

additives [Yu 1997]. These cationic surfactants were found to favor rod formation and act as 

both the supporting electrolyte and stabilizer. Electrochemical synthesis is carried out in the 

presence of a cationic surfactant, namely, cetyltrimethylammonium bromide (CTAB) and a 

hydrophobic surfactant such as tetradecylammonium bromide (TDAB). The ratio between 

the surfactants controls the average aspect ratio of the Au nanorods. 

The seed mediated method developed by Murphy and coworkers for the synthesis of 

Au nanorods has excellent control over the aspect ratio [Jana 2001 and Busbee 2003]. 

Chloroauric acid (HAuCl4) was reduced using a mild reducing agent namely, ascorbic acid 

in the presence of Au nanoparticle as seed and CTAB as the capping agent. Au nanorods 

having different aspect ratios were synthesized by varying the volume of the seed solution 

added.  Later, this  method  was  modified  by El-Sayed and coworkers, which improved the  



Chapter 1: Surface Enhanced Raman Spectroscopy: An Overview 

 

19 

 

yield of nanorods [Link 1999]. A photochemical method was developed for the synthesis of 

Au nanorods by Yang and coworkers which involved the reduction of HAuCl4 in the 

presence CTAB as surfactant and tetraoctylammonium bromide (TOAB) as the co-surfactant 

[Kim 2002]. Photographs of nanorod solutions of various aspect ratio and the corresponding 

extinction spectrum are shown in Figure 1.8. In this case, the aspect ratio of nanorods was 

conveniently varied by varying the concentration of AgNO3 added.  

a b c d e
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Figure 1.8. (a) Photographs of photochemically prepared gold nanorods solution and (b) 

the corresponding UV-vis spectrum. The solution 'a' was prepared in the absence of silver 

ions and spherical Au nanoparticles were obtained. The other solutions (b-e) were prepared 

by adding 15.8, 31.5, 23.7, and 31.5 µL of silver nitrate solution, respectively. The middle 

solution was prepared with longer irradiation time (54 h) compared to that for all other 

solutions (30 h), and the transformation into shorter rods can be observed [Kim 2002]. 

1.8. Hot spots in SERS 

Fabricating efficient and reproducible nanoparticle assemblies that can produce large 

enhancement in Raman signals is one of the major challenges in the field of Surface 

Enhanced Raman Spectroscopy (SERS). Creating regions on the surface of the substrates 

which can produce large enhancement in signal intensities are called "hot spots". Various 

methods have been reported in the literature for the creation of such hot spots which can 

produce enhancement factors of the order of 10
5
-10

8
 and values as high as 10

14
 has been 
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reported for single molecule detection. Different methodologies have been adopted for 

increasing the scattering cross section and enhancing molecular signals in Raman 

spectroscopy. Various methods include (i) exciting at the plasmon resonance of the 

nanomaterial, (ii) using sharp edged nanostructures wherein their fields are concentrated at 

the edges and (ii) use of coupled plasmons which arises when two or more nanoparticles are 

brought in close proximity. The design and fabrication of substrates possessing a 

combination of these properties can result in higher enhancement factor values. 

Ensemble-averaged SERS enhancement factors (EF) from isolated colloidal 

nanoclusters have been reported by Chen and coworkers using Au@Ag core-shell 

nanoparticles as substrates [
a
Chen 2010]. Uniform sized Au@Ag core-shell nanoparticles 

were synthesized by reducing AgNO3 using ascorbic acid in presence of Au nanoparticles as 

the seed and sodium citrate as capping agent (Figure 1.9). The extinction peak of the 

Au@Ag core-shell system (400 nm) was similar to that of 20 nm silver nanoparticles, 

suggesting that the Au cores did not contribute to the plasmon resonance of the core-shell 

system. Monolayer coverage of the SERS analytes, namely 2-naphthalenethiol over the 

nanoparticle system was achieved by incubation. Sodium Chloride was then added to induce 

aggregation of nanoparticles which was further encapsulated in a polymer, namely 

polystyrene-block-poly-(acrylic acid) (PSPAA). Resulting nanoclusters were separated by 

differential centrifugation method leading to the enrichment of one type of aggregate (dimers 

as well as trimers). The uniform polymer coating over the nanoparticle surface and the 

formation of monomers and trimers were confirmed with the help of TEM images (Figure 

1.9 e-g). SERS studies of these systems gave an ensemble averaged EF of 1.3 × 10
3 

for the
 

monomers (Figure 1.11a) and in the range of 10
5
-10

7 
at the hotspots of the dimers and 

trimers (Figures 1.9c and 1.9c).  
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Figure 1.9. SERS spectra of (a) monomers and samples enriched with (b) dimers and (c) 

trimers of Au@Ag nanoparticles of diameter 20 nm; excitation: 785 nm at 290 mW; (insets: 

the histograms of these samples).(d) The schematics in the lower panel show the SERS 

intensity ratio of the nanoclusters. (e-g) TEM images of (e) monomers of Au@Ag 

nanoparticles and the samples enriched with Au@Ag, (f) dimers, and (g) trimers; inset 

shows the corresponding magnified images [
a
Chen 2010]. 

A detailed investigation on the specific nanoparticle structures that give rise to Single 

Molecule Surface Enhanced Raman Scattering (SMSERS) was carried out by Van Duyne 

and coworkers [Camden 2008]. Citrate reduced silver nanoparticles were treated with a 

mixture of Rhodamine 6G and were aggregated by the addition of NaCl for the fabrication 

of SERS active substrates. Even though a variety of structures giving rise to large 
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enhancements were observed, dimers consisting of two Ag nanocrystals form the basic 

model of the organized assembly (Figure 1.10A). The Raman spectrum and the Rayleigh 

scattering spectrum from a nanoparticle assembly are collected by utilizing the correlation 

method involving TEM and dark field microscopy (Figures 2.10C and 2.10D). The 

electrodynamics calculations suggested that the enhancement factor in SMSERS is 

consistent with a combination of molecular resonance enhancement and electromagnetic 

enhancement (Figure 1.10B).  
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Figure 1.10. (A) TEM image and (B) contour plot of maximum SERS enhancement at 532 

nm (where the maximum value of enhancement factor is 3.9 × 10
8
) of the single-molecule 

SERS active dimer. (C) Raman spectra of Rhodamine 6G molecule trapped at the dimer 

junction (excitation wavelength = 532 nm). (D) Dark-field scattering spectrum of a single-

molecule SERS active structure [Camden 2008]. 

High electric field and preferential reactivity at the edges of the gold nanorods make 

them promising SERS substrates compared to spherical nanoparticles. The preferential 
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binding of the thiol molecules on the {111} facets, at the edges of Au nanorod allows their 

one dimensional organization. Detailed mechanistic investigations on the end-to-end 

assembly of Au nanorods using α,ω-dithiols showed that the nanochain formation proceeds 

through three distinct steps: (i) incubation, (ii) dimerization and subsequent (iii) 

oligomerization.  

Another factor that influences the SERS signal intensity is the orientation of 

molecules on the surface of metal nanoparticles. Recently, Chen and coworkers studied the 

changes in SERS fingerprints of the molecules trapped at the hot spots [
b
Chen 2010]. Hot 

spots were created by the salt-induced assembly of Au nanorods as linear chains by blocking 

their lateral sides with polymers (Figure 1.11j). The TEM images of the polymer coated Au 

nanorods and the nanorod assemblies formed through the salt induced aggregation are shown 

in Figures 1.11f and 1.11g respectively. Molecules such as 4-mercaptobenzoic acid were 

incorporated at the hot spots and large enhancement in the molecular signals corresponding 

to the analyte was observed during the assembly process (Figure 1.11c). Transformation in 

the position and intensity of SERS signals corresponding to the analyte molecules were 

observed during the assembly of nanorods. The variation in the SERS signals were attributed 

to the formation of hot spots and detailed spectral analysis showed that the reorientation of 

analyte molecules from nearly upright to parallel/tilted conformation at the nanorod 

junctions was the reason for these variations in signals (Figures 1.11h and 1.11i).  The 

aggregation of Au nanorods exerts physical stress on the molecules at the nanorod junctions 

resulting in the molecular reorientation during the linear assembly of nanorods.  
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Figure 1.11. (a) Raman spectrum of 50 mM 4-mercaptobenzoic acid in 5 M aq NaOH; (b) 

SERS spectrum of 4-mercaptobenzoic acid adsorbed onto the edges of polymer capped 

isolated Au nanorods; (c) SERS spectrum of sample b after the salt-induced linear 

aggregation (d) absence of SERS of dimethylamine trapped at the junctions of in linearly 

aggregated Au nanorods;(e) SERS spectrum of sample d after incubation with 4-

mercaptobenzoic acid at 60 °C for 24 h; (f and g) TEM images of polymer encapsulated (f) 

isolated Au nanorods and (g) their linear aggregates; (h) Schematic illustrations of the 

surface ligands adsorbed onto isolated rod   and  (i) at the junctions of two rods. (j) 

Structure of Raman reporter molecules (1 and 2), polymer used for encapsulating the lateral 

surface of nanorods (3) and the schematics showing the nanorod wrapped with polymer and 

Raman reporter molecules [
b
Chen 2010].  
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Interestingly, the detection limit of SERS has been achieved at single molecular level 

using various methods. Two different groups independently reported the single molecule 

detection of analyte using SERS for the first time in late 1990s. Single molecule detection of 

cresyl violet adsorbed on aggregated silver clusters was reported by Kneipp et al. They used 

near-infrared excitation, non-resonant without any intramolecular optical transitions of the 

dye but exciting the plasmon of the fractal aggregate [Kneipp 1997]. On the other hand, Nie 

and Emory combined surface plasmon and resonance enhancement (SERRS) to produce the 

required sensitivity for the detection of single dye molecule adsorbed on a single silver 

particle [Nie 1997]. 

Using standard citrate reduction method, Nie and Emory synthesized a collection of 

isolated silver nanoparticles having various sizes and shapes [Nie 1997]. Interestingly, only a 

small number of particles gave high enhancement in signals (‘hot’ particles). Combined 

optical and AFM measurements showed that for large enhancements observed, most of the 

particles were isolated having a size of ~100 nm and shapes ranging from spherical to rod-

like (Figure 1.12 A-D). Samples were prepared with less than one adsorbed molecule per 

particle on average, by using appropriately dilute solutions. Highly intense scattering was 

observed when the laser polarization was aligned along the long axis of an ellipsoidal 

particle. Also, large enhancement was observed for particles having their plasmon in 

resonance with the excitation wavelength, emphasizing the role of electromagnetic theory of 

enhancement. For single rhodamine 6G molecules adsorbed on the selected nanoparticles, 

the intrinsic Raman enhancement factors were on the order of 10
14

 to 10
15

, much larger than 

the ensemble-averaged values. Hence, Raman scattering cross sections on the order of 10
-15

 

cm
2
 per molecule is obtained which is comparable with that of the optical cross sections of 

single-chromophoric fluorescent dyes. This enormous enhancement leads to vibrational 
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Raman signals that are more intense and stable than single-molecule fluorescence. It was 

estimated that only one out of a hundred or a thousand particles is ‘hot’ and, in addition, that 

only about one in ten thousand surface sites leads to efficient enhancement. Support for this 

conclusion comes from the rapid saturation of the effect with surface coverage. Further, 

polarization dependent Raman measurements were carried out at the single-particle level. 

Excitation polarization data obtained for two different silver nanoparticles under identical 

conditions showed that, intense signals can be observed with either s- or p-polarized light 

(parallel or perpendicular to the plane of incidence), depending on the orientation of the 

particle relative to the polarization axis. When one is maximally excited along the s 

polarization, the other is minimally excited, and vice versa, indicating that the two 

nanoparticles should have orthogonal orientations. 

E G

F H

 

Figure 1.12. (A-D) Tapping-mode AFM images of screened Ag nanoparticles. (A) Large 

area image showing four single nanoparticles. Particles 1 and 2 were highly efficient for 

Raman enhancement, but particles 3 and 4 (smaller size) were not. (B) Hot aggregate 

containing four linearly arranged particles, (C) rod-shaped hot particle and (D) faceted hot 

particle. (E-H) SERS spectra of Rhodamine 6G (2 x 10
-11

M) adsorbed onto two different 

silver nanoparticles obtained with a linearly polarized laser beam. The direction of laser 

polarization and the expected particle orientation are shown schematically for each 

spectrum. Wavelength of laser beam used is 514.5 nm with a laser power of 250 nW. Laser 

focal radius is 250 nm and integration time is 30 s [Nie 1997]. 
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There are several reports on the use of nanoparticle assemblies as hot spots in SERS. 

Hybridized plasmons originate when two nanoparticles are brought in close proximity which 

generate regions of enhanced electric field near the surface of the particle leading to the 

creation of hot spots. Raman-active molecules when trapped at the hotspots give rise to 

enhancement of SERS signals upon illumination with light of appropriate wavelength. 

Various approaches adopted in the literature for the design of nanoparticle assemblies with 

hot spots include various lithographic methods, salt-induced aggregation methods and DNA 

based assembling using various chemical methods. 

1.9. Applications of SERS 

Raman spectroscopy provides useful information about various molecular vibrations 

and provides fingerprint of the molecular systems. Raman spectroscopy offers various 

advantages over conventional microscopic analysis. A small volume of sample (1 µM in 

volume) is sufficient and spectra obtained can provide useful information about the identity 

of molecular systems present. One of the major advantage is that water does not generally 

interfere in Raman spectra analysis and hence SERS is suitable for the microscopic 

investigations of a wide range of systems such as inorganic materials (minerals and 

ceramics), polymeric materials, biological materials (cells, proteins, nucleic acids, lipids) 

and forensic trace materials. The technique is widely used for the (i) rapid detection of 

explosives and landmines, (ii) identification of adulterated medicine, (iii) detection and 

structural identification of molecules and (iv) following chemical and biological reactions. 

One of the recent studies indicate that the SERS is useful in the in vivo detection of cancer 

cells and details are given below.  
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The use of biocompatible and nontoxic nanoparticles for in vivo tumor targeting and  

detection, based on surface enhanced Raman scattering have been reported by Nie and 

coworkers [Qian 2008]. A Raman reporter molecule, namely malachite green was attached 

onto Au nanoparticle and this was covered by a layer of polyethylene glycol (PEG). These 

PEGylated SERS nanoparticles were found to be brighter with emission in the near infrared 

window, compared to that of semiconductor quantum dots. These nanoparticles were 

modified with tumor-targeting antibodies (single-chain variable fragment, ScFv) and 

specifically targeted to the tumor biomarkers such as epidermal growth factor receptors 

(EGFR) on human cancer cells and in xenograft tumor models (Figure 1.13 A). The SERS 

spectra were obtained by incubating the ScFv-conjugated gold nanoparticles with human 

carcinoma cells and are shown in Figure 1.13 b. The human head-and-neck carcinoma cells 

(Tu686) were EGFR positive, and were detected by strong SERS signals. In contrast, the 

human non-small cell lung carcinoma (NCI-H520) which did not express EGFR, showed 

little or no SERS signals. For control cancer cells (EGFR negative) and control nanoparticles 

(plain PEG-coated nanotags and PEG-nanotags functionalized with a nonspecific antibody), 

the spectra showed a weak but reproducible background (Figure 1.13 b). This may be due to 

the presence of residual SERS nanoparticles in the mixing solution that were not completely 

removed during cell isolation. Also, substantial differences were observed in signal 

intensities for the targeted and nontargeted nanoparticles in the tumor, whereas the SERS 

signals from nonspecific liver uptake were similar. This result indicates that the ScFv-

conjugated gold nanoparticles were able to target EGFR-positive tumors and in vivo 

detection could be achieved using SERS (Figure 1.13 C). 
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Figure 1.13. (A) Schematic representation of cancer cell targeting and spectroscopic 

detection by using antibody-conjugated SERS nanoparticles. (B) SERS spectra were 

obtained from EGFR-positive cancer cells (Tu686) and EGFR negative cancer cells (human 

non-small cell lung carcinoma NCI-H520), together with control data and the standard tag 

spectrum. (C) SERS spectra obtained from the tumor and the liver locations by using 

targeted (a) and non-targeted (b) nanoparticles. Photographs showing a laser beam 

focusing on the (c) tumor site or on the (d) anatomical location of liver. The Raman reporter 

molecule is malachite green [Qian 2008]. 
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1.10. Objectives of the present work 

The objective of the thesis is to design plasmonic assemblies for Surface Enhanced 

Raman Spectroscopy (SERS) and investigate the optical properties of single nanoparticle 

assemblies. A comparative investigation on the SERS efficiency of Au nanoparticles and Au 

nanorods is presented in the second chapter. The Raman spectroscopic investigations of 

various analyte molecules, when bound on the surface of isolated Au nanorods having 

different aspect ratios were also probed. The mode of analyte-substrate interactions were 

investigated in detail, in the second part of the chapter, using Isothermal Titration 

Calorimetry (ITC). Raman signal enhancement of analyte molecules when bound at the (i) 

edges of Au nanorods, using monothiol derivatives and (ii) junctions of two Au nanorods 

using dithiol derivatives is discussed in the third chapter. The details of the new 

methodology developed for the organization of Au nanorods in lateral fashion and Au 

nanorod quartets, through the combination of lateral and longitudinal assembly, are 

presented in the fourth chapter. The use of Au nanorod quartets as substrates for enhancing 

the Raman spectroscopic signal is also discussed. The optical properties of various single 

nanorod assemblies are discussed in chapter 5. The scattering spectra of nanorod assemblies 

were investigated by combining the dark-field spectroscopy with high resolution scanning 

electron microscopy. The energy levels involved in the excitation of various modes are 

deduced with the help of polarization dependent studies and from the plasmon hybridization 

model. 

 

 



CHAPTER 2 

Gold Nanorods as Substrates for Surface Enhanced             

Raman Spectroscopy   
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2.1. Abstract 

 The main objective of the present investigation is to probe the Raman signal intensity 

of various analyte molecules when bound onto isolated Au nanorods, having various aspect 

ratios. Analyte molecules can bind to the surface of Au nanorods through various 

interactions (for example, electrostatic, hydrogen bonding and covalent) and these aspects 

were investigated by following Isothermal Titration Calorimetric (ITC) studies. The 

enhancement of Raman signal of analyte molecules bound onto spherical Au nanoparticles 

and Au nanorods were compared. Au nanorods were found to be a more efficient substrate 

for Surface Enhanced Raman Spectroscopy (SERS), compared to Au nanoparticles and the 

enhancement factor was found to increase with the aspect ratio of nanorods.  The analyte 

molecules can preferentially bind onto the {111} facets at the edges of Au nanorods and the 

high electric field concentrated at the edges are primarily responsible for the enhancement 

of Raman signal intensity through electromagnetic enhancement mechanism. 
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2.2. Introduction 

Raman spectroscopy, discovered in 1928 by Sir C. V. Raman [Raman 1928] did not 

gain much attention in early years, compared to other spectroscopic techniques, mainly due 

to the low scattering cross section. The Raman scattering cross section is 10
13

-10
16

 times 

lower when compared to other spectroscopic techniques such as infrared and fluorescence 

[Tian 2004]. This inherent problem associated with Raman scattering was resolved with the 

advent of lasers and various surface enhanced techniques. Among various surface enhanced 

techniques, surface enhanced Raman spectroscopy (SERS), which uses metal surfaces or 

metal nanoparticles as substrates, has gained much attention [Moskovits 1985 and Kneipp 

1999]. In recent years, efforts have been focused on fabricating efficient SERS substrates 

using a variety of nanostructured materials [Campion 1998]. It is theoretically proposed and 

experimentally demonstrated that the size, shape and composition of the material plays a 

dominant role in the enhancement of signals [Margueritat 2011 and Zhu 2011]. It is also 

observed that the way in which nanomaterials organize can influence the enhancement of 

signals of analyte molecules [Camden 2008]. In this Chapter, efforts are directed towards 

optimizing the size and shape of Au nanoparticles as substrates in SERS. 

The chemical and physical properties of materials at the nanoscale depend on the size 

and shape of the material which can be well explained by quantum confinement effect [Kelly 

2003]. The shape of the nanoparticle plays a crucial role in the distribution of the surface 

electron density and hence the electric field around the nanoparticles [Hao 2004]. The way 

in which the surface electrons are distributed has a dramatic influence on the oscillation of 

electrons in the presence of electromagnetic field which contribute to different properties 

such as absorption and scattering. For example, spherical Au nanoparticles (Figure 2.1A) 



Chapter 2: Gold Nanorods as Substrates for Surface  Enhanced Raman Spectroscopy 

 

33 

 

having smaller size possess identical oscillation of electrons along the three directions 

resulting in only one band in the extinction spectrum (Figures 2.1B and 2.1D). On the other 

hand, Au nanorods (Figure 2.1C) split the dipolar resonance into two surface plasmon bands 

wherein the induced dipole oscillates along the transverse and longitudinal axes (Figures 

2.1B and 2.1E) [Link 2005]. The position of longitudinal surface plasmon band shifts to 

longer wavelengths with increase in aspect ratio, while the transverse surface plasmon band 

remains more or less unaffected. These results indicate that the dimensionality plays a 

crucial role in determining the plasmon resonance of metal nanoparticles [Templeton 2000].  

A B C

D E

 

Figure 2.1. (A) TEM images of gold nanoparticles; (B) extinction spectrum of Au 

nanoparticles and nanorods; (C) TEM images of gold nanorods; (D) identical surface 

plasmon oscillation of spherical gold nanoparticles and (E) the surface plasmon oscillation 

of gold nanorods in the transverse and longitudinal axes [Thomas 2009]. 

2.2.1. High Edge Reactivity of Au Nanorods  

It has been proved from the electron diffraction analysis and HRTEM studies that the end 

facets of Au nanorods are dominated by {111} planes and the lateral facets by {100} and 
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{110} planes [Wang 1999, Wang 2000, Gao 2003, Johnson 2002 and Murphy 2005]. The 

surface of nanorods is protected using suitable capping agents such as surfactants and 

polymers [Nikoobakht 2001]. A surfactant-directed nanorod growth mechanism proposed by 

Murphy and coworkers involves the differential blocking of {100} or {110} crystallographic 

facets of Au nanorod by CTAB, promoting the anisotropic growth along the {111} edges 

(Figure 2.2A) [Gao 2003]. The specific interaction of thiols to the {111} planes of Au 

nanorods facilitates their 1D organization in an end-to-end fashion [Thomas 2004, Chang 

2005, Sudeep 2005 and Joseph 2006].  

Several theories have been proposed for the growth of nanomaterials in one 

dimension. One of the well accepted mechanisms for Au nanorod growth is based on the 

presence of high electric field at the edges. According to the mechanism proposed by 

Mulvaney and coworkers, the reduction of Au (III) ions to Au (I) ions occurs in presence of 

a suitable reducing agent, which further complexes with CTAB micelle [Pérez-Juste 2004]. 

Electric potential around the spherical seed remains uniform. The change in morphology 

leads to the concentration of field at points of higher curvature. With the beginning of 

nanorod formation, preferential reduction at any site will increase the curvature at that point, 

leading to the faster deposition of ions. The slow collision frequency and the enhanced 

electric field at the tips allow the reduction of Au (I) almost exclusively at the termini 

leading to their growth in one dimension (Figure 2.2B). 
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Figure 2.2. (A) Cartoon illustrating the formation of the bilayer of CTAB molecules on the 

surface of Au nanorod (black rectangle) that may assist nanorod formation as more gold 

ions (black dots) are introduced [Gao 2003]. (B) Mechanism for gold nanorod formation 

proposed by Mulvaney and coworkers. AuCl4
-
 ions are bound to cationic CTAB micelles, 

displacing Br
-
 ions [Pérez-Juste 2004]. 

Due to these unique properties, Au nanorods are considered as ideal substrates for 

SERS. However, most of the studies reported in the literature on the Au based systems are 

related to spherical nanoparticles (Cao 2002 and Yang 2009). There are only a few reports 

related to the SERS using Au nanorods [Chen 2010, Doherty 2010 and Pedano 2010]. 

Murphy and coworkers investigated the effect of excitation wavelength on the enhancement 

using silver and gold nanorods having aspect ratios varying from 1 to 16 [Orendorff 2006]. 

Different degrees of overlap between the nanorod longitudinal plasmon band and excitation 

source  was  obtained  by  varying  the  aspect  ratio  of nanorods.  A factor of 10-10
2
 greater  
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enhancements for substrates having plasmon band overlap with the excitation source was 

observed in comparison with that for substrates whose plasmon bands do not possess any 

overlap. In general, silver nanorods having aspect ratio 10 and gold nanorods having aspect 

ratio 1.7, with their longitudinal band at excitation wavelength, give ten to hundred times 

greater SERS enhancements than nanorods of other aspect ratios having their surface 

plasmon bands away from wavelength of excitation (Figure 2.3). Larger SERS 

enhancements observed in the case of substrates having plasmon resonance with the 

excitation source are attributed to greater contributions from the electromagnetic 

enhancement mechanism. 
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Figure 2.3. Absorption spectra of (A) silver nanorods with aspect ratios 1(trace I), 3.5 

(trace II), and 10 (trace III) and (C) gold nanorods with aspect ratios 1 (trace I), 1.7 (trace 

II), 4.5 (trace III), and 16 (trace IV). Surface enhanced Raman spectra of 2,2'-bipyridine, 4-

aminothiophenol and 4-mercaptopyridine at 10
-6

 M using (B) silver nanorods with aspect 

ratios 10 (a, d and g), 3.5 (b, e and h), and 1 (c, f and i) and (D) using gold nanorods with 

aspect ratios 1.7 (a, e and i), 4.5 (b, f and j), 16 (c, g, and k) and 1 (d, h and l) [Orendorff 

2006]. 
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2.2.2. Stability of Au Nanorods 

Detailed study on the stability of Au nanorods in varying solvent compositions was 

obtained from zeta potential (ζ) studies. It has been observed that CTAB-stabilized Au 

nanorods are stable in water and in CH3CN/H2O mixtures containing more than 70% 

acetonitrile [Pramod 2008]. It is found that Au nanorods readily precipitate in a mixture 

(1:4) of CH3CN and H2O, irrespective of the aspect ratio. In water, Au nanorods possess 

positive ζ values which decreases with increase in CH3CN content and approaches zero in a 

mixture (1:4) of CH3CN and H2O. With further increase in acetonitrile content, Au nanorods 

attain a negative ζ value and its magnitude increases with increase in aspect ratio. Thus, the 

stability of Au nanorods in water and acetonitrile-rich solvents may be attributed to the large 

positive and negative ζ values. As the magnitude of the zeta potential increases, the 

nanoparticle experiences greater interparticle repulsion and remains isolated in solution; the 

higher the magnitude of zeta potential, the greater the stability of nanoparticle system. Au 

Nanorods with larger aspect ratios are found to be more stable in water than those having 

short aspect ratios due to an increase in positive surface charge. Since the nanorods are 

stable in water and acetonitrile-rich solvents, all the studies are carried out with nanorods in 

water and in a mixture (1:4) of water and acetonitrile.  

2.2.3. Isothermal Titration Calorimetry 

Currently there is a large interest in fabrication of hybrid organic-inorganic 

nanostructured systems for various applications in material science and biomedical field. 

Understanding the nature of interactions between organic molecules and metal nanoparticles 

is an important step in this direction. Isothermal titration calorimetry (ITC) is a unique 

technique  that   can   directly   measure  the  binding  energetics  of  different  chemical  and   
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biological processes, including metal-ion binding, host-guest interactions, protein-ligand 

binding, DNA-protein binding, protein-lipid binding and antigen-antibody binding [Burrows 

1994, Lovatt 1996, Zhang 1998 and Baier 2011]. This technique can precisely determine the 

Gibbs energy, enthalpy, entropy and heat capacity changes associated with binding [Matulis 

2000 and Lang 2010]. The instrument operates based on the principle of dynamic power 

compensation, i.e., it measures the amount of power required to maintain a constant 

temperature difference between the sample and the reference cell [Campoy 2004]. A small 

power is continuously applied to the sample cell by the feedback system, to determine the 

baseline level. Each injection of the syringe solution triggers the binding reaction; depending 

on the binding affinity and the concentration of reactants in the cell, a certain amount of 

complex is formed. The formation of complex is accompanied either by the release of heat 

(exothermic reaction) or by the absorption of heat (endothermic reaction) which causes a 

difference in temperature between the sample and the reference cell. Depending on the 

nature of reaction, the feedback system either lowers or raises the thermal power applied in 

order to compensate the temperature difference. After each injection, the system reaches 

equilibrium and the temperature balance is restored. Therefore, the recorded signal shows a 

typical deflection pattern in the form of a peak (Figure 2.4). The amount of heat associated 

with the injection is obtained by integrating the area under the peak, assuming the baseline 

as reference. As the reactant in the cell becomes saturated, the signal due to heat change 

diminishes and only the background heat due to ligand dilution or liquid friction is observed. 

The technique has been extensively used in recent years to investigate the binding energetics 

in various chemical and biological processes [Nair 2009 and Krishnan 2011]. 
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Figure 2.4. (A) Schematic illustration of the ITC instrument, showing (i) the two cells 

(sample and reference) surrounded by the thermostated jacket, (ii) the injection syringe that 

also works as stirring device and (iii) the computer-controlled thermostatic and feedback 

systems. (B) Illustration of a typical ITC experiment. The top panel shows the sequence of 

peaks, corresponding to individual injection of solution and the integrated heat plot in the 

bottom panel. The area under each peak was calculated and normalized per mol of ligand in 

individual injection and plotted against the molar ratio [Campoy 2004]. 

ITC has been used by different groups to probe strong interactions of ligands with 

gold nanoparticles (AuNP) [Cedervall 2007, De 2007, Klein 2007, Varghese 2008 and You 

2008]. Sastry and coworkers have showed that ITC can be used to directly observe the 

energetics of interaction of DNA bases as well as the corresponding PNA base monomers 

with Au nanoparticles [Gourishankar 2004]. The strength of interaction of the nucleobases 

and PNA analogues with Au nanoparticles were evaluated on the basis of the exothermicity 

during the initial stages of interaction when the surface of nanoparticle is bare. The 

exothermicity of the interaction of the PNA base monomers during titration with Au 

nanoparticles (Figure 2.5 E-G) is much higher than for the corresponding DNA bases 
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(Figure 2.5 A-D) and a concentration 10 times smaller than that of the DNA bases could 

saturate the gold nanoparticle surface. The strength of interaction of the nucleobases/PNA 

analogues decreases in the order cytosine (C) > guanine (G) > adenine (A) > thymine (T). It 

has been shown that amine groups have strong binding affinity with aqueous Au 

nanoparticles and the weak interaction of thymine with the nanoparticles is due to the 

absence of an exocyclic amino group in this nucleobase (Figure 2.5 D and 2.5H).  

 

Figure 2.5. AuNP-DNA base interactions and AuNP-PNA monomer interaction investigated 

using ITC. Curves A-D correspond to AuNP interactions with C, A, G, and T, respectively. 

Curves E-H corresponds to AuNP interaction with PNA-C, PNA-A, PNA-G, and PNA-T, 

respectively. ITC experiments were carried out by injection of 300 µL of 2.5 mM aqueous 

solution of DNA bases and 0.25 mM aqueous solution of PNA monomers in equal steps of 10 

µL into 1.47 mL of dialyzed borohydride-reduced gold hydrosol (Gourishankar 2004). 

2.3. Results and Discussion 

2.3.1. Au Nanoparticles and Au Nanorods as SERS Substrates  

In the present study, a comparison of the SERS efficiency of spherical Au 

nanoparticles and 1D Au nanorods was carried out using 4-mercaptopyridine as the analyte. 

CTAB   capped   Au   nanoparticles   and   nanorods   were    synthesized    by   following   a  
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photochemical method. Au nanoparticles possess an average diameter of 30 nm with its 

plasmon band at 530 nm (Figure 2.7 A) and Au nanorods having an aspect ratio of 2.7 with 

the longitudinal plasmon band at 670 nm (Figure 2.7 D) were selected. The zeta potential (ζ) 

values of CTAB capped Au nanoparticles as well as Au nanorods are influenced by solvent 

polarity. In aqueous medium, both the systems possess a high positive ζ value (~ 30 mV) 

which shifts to a negative ζ value  on increasing the acetonitrile content (for example, -29.7 

mV for Au nanoparticles and -39.9 mV for Au nanorods). A plot of variation in zeta 

potential of spherical Au nanoparticles and 1D Au nanorods on varying the solvent 

composition is shown in Figure 2.6. Both nanoparticles and nanorods are found to be stable 

in water and solvent systems containing acetonitrile (> 70%) due to high positive and 

negative zeta potential values, respectively. In the intermediate solvent compositions, the 

zeta potential values approaches zero and the particles undergo aggregation and precipitates 

out of the solution. Thus, in our present chapter we have focused our studies on Au 

nanoparticles and nanorods in either water or in a mixture (1:4) of water and acetonitrile 

wherein the nanomaterials are stable for hours. 
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Figure 2.6. Zeta potential changes of Au nanorods (black trace) and spherical Au 

nanoparticles (red trace) on addition of varying amount of CH3CN to water. 
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The intensity of Raman peaks of 4-mercaptopyridine on adding varying 

concentrations (0.0-0.5 μM), to an aqueous solution of Au nanoparticles and nanorods were 

investigated. The nanoparticle/nanorod solutions were kept for 10 min after the addition of 

4-mercaptopyridine and the Raman as well as absorption spectra were recorded. No 

appreciable changes were observed in the absorption spectral features of either Au 

nanoparticles or Au nanorods (Figures 2.7A and 2.7D). These results clearly indicate that the 

Au nanoparticles/nanorods do not undergo any aggregation during the course of experiment, 

which was further confirmed by following TEM studies (Figures 2.7C and 2.7F). The 

nanoparticle/nanorod solutions were drop-casted onto a TEM grid at the end of the addition 

and images were recorded. Au nanoparticles/nanorods remain isolated ruling out the 

possibility of any aggregation. Interestingly, SERS spectrum showed peaks corresponding to 

various vibrational modes of 4-mercaptopyridine, the intensity of the peaks were found to be 

dependent on the size and shape of the nanomaterials (Figures 2.7B and 2.7E).  One of the 

factors which may influence the enhancement factor (EF) is the orientation of molecules on 

the surface; however, it is difficult to quantify this. Hence, variations due to orientation of 

molecules are not accounted during the estimation of enhancement factor [Ru 2007]. The EF 

on addition of 4-mercaptopyridine was estimated using the Equation (1)  

 EF = (ISERS × Nbulk) ⁄ (Ibulk × Nads) (1) 

where Ibulk and ISERS are the intensities of the ring deformation band of 4-mercaptopyridine 

in the absence and in the presence of nanoparticles/nanorods. Raman signals were observed 

only at a very high concentration of 4-mercaptopyridine (10 µM). The EF was calculated to 

be 1.1 x 10
4
 for spherical Au nanoparticles and 3.0 x 10

4
 for Au nanorods. From these 

studies it is concluded that Au nanorods are better SERS substrates compared to spherical 

Au nanoparticles.  
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Figure 2.7. Extinction spectral changes of (A) spherical Au nanoparticles and (D) Au 

nanorods on addition of varying amounts of 4-mercaptopyridine in water. The Raman 

spectra of 4-mercaptopyridine (0.5 µM) attached onto (B) spherical Au nanoparticles and 

(E) Au nanorods. (C,F) The corresponding TEM images are also provided.  

The larger enhancement in Raman signal intensities observed in the case of nanorods 

can be explained both experimentally and theoretically based on edge effect. The electric 

field around a spherical Au nanoparticle is uniformly distributed whereas, for nanorods the 

field gets concentrated at the edges. It is reported that the edges of Au nanorods are 

dominated by {111} facets and the thiol derivatives preferentially bind onto these {111} 

planes of the Au nanorods [Gao 2003, Wang 1999 and Johnson 2002]. This specific 

interaction leads to the localization of analyte molecules at the edges. Thus a thiol 

functionalized molecule when added to a solution of Au nanorods, results in the preferential 

binding of molecules at the nanorod edges giving rise to enhanced signal intensities through 

both chemical as well as electromagnetic enhancement mechanisms. It is assumed that both 



Chapter 2: Gold Nanorods as Substrates for Surface  Enhanced Raman Spectroscopy 

 

44 

 

mechanisms contribute towards enhancement in signal intensities, with the electromagnetic 

enhancement being the major contributor. However, it is difficult to separate the 

contributions of each component. The higher enhancement observed in the case of 1D 

nanorods may be attributed to the higher contribution from the electromagnetic enhancement 

arising from the edge effect in anisotropic materials (localization of electric field at the 

edges).  

2.3.2. Edge Effect in Anisotropic Materials 

The divergence of the electric field and charge accumulation at the edges and corners 

of a conductor at a fixed potential is termed as “edge effect". It is well known that the 

surface charge density as well as the external electric field is high at sharp points and edges. 

The edge effect of metallic rods has been widely used for the accumulation of charges and 

utilized for protecting buildings from damage due to lightening. The lightning rod has a 

sharp end and the lightning bolts pass through a conducting path in air to the rod, protecting 

the nearby structures from damage. Enhancement in the electric field intensity at the edges 

of nanomaterials has been successfully demonstrated by various theoretical methods. The 

enhancement in electric field intensity, calculated using finite difference time domain 

(FDTD) for nanomaterials of various shapes are shown in Figure 2.8 [Kou 2007]. From 

these images, it is clear that in the case of anisotropic nanomaterials the electric fields are 

more concentrated on the edges and corners. The enhancement of field intensity of nanorods 

is found to be about one sixth of that of the bipyramid, indicating that the shape of the 

nanoparticles play a dominant role. In a recent report, Swathy and coworkers have 

theoretically demonstrated that for longitudinal polarization at the resonance and off-

resonance conditions, magnitudes of the electric field enhancements for nanorods is an order 
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of magnitude higher compared to spherical nanoparticles [Thomas 2012]. This is due to the 

fact that the charges tend to accumulate at the rounded corners (longitudinal edges) of these 

anisotropic structures, leading to high enhancements of the field which are usually referred 

to as the “lightning rod effect” or the “edge effect”. The higher charge density at the edges of 

Au nanorods has been experimentally demonstrated by our group through the electrostatic 

interaction of oppositely charged Au nanoparticles [Pramod 2007]. Thus, when a molecule is 

localized at the edges, the higher electric field prevailing at the edges of nanorods 

contributes towards enhancement in Raman signals through elctromagnetic enhancement 

mechanism.  

A B C

 

Figure 2.8. Electric field intensity enhancement contours along the longitudinal direction 

for a (A) nanosphere, (B) nanorod and (C) nanobipyramid obtained from FDTD calculation 

[Kou 2007]. 

2.3.3. Dependence of Aspect ratio on Raman Signal Enhancement 

Further, we have investigated the variations in Raman signal intensities by varying 

the aspect ratio of Au nanorods. Au nanorods having aspect ratios 2.7, 3.0 and 3.3 with their 

longitudinal plasmon bands centered at 660 nm, 700 nm and 730 nm respectively were 

synthesized by following a photochemical method [Kim 2002]. The analyte molecule was 

added to the Au nanorod solution in water and was incubated for 10 min. The extinction and 

SERS spectra were monitored simultaneously. The SERS spectra were monitored by 
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exciting the solution using 632 nm laser on exposure for 10 sec. The nanorods with their 

longitudinal plasmon band having no overlap with the excitation wavelength were used, 

ruling out the contribution from the direct plasmon excitation towards SERS intensity in all 

the three sets of nanorods. The extiction spectra showed no appreciable changes after the 

addition of 4-mercaptopyridine, confirming that the nanorods remained isolated without 

undergoing any aggregation (Figure 2.9A-C). This rule out the contribution of coupled 

plasmon towards SERS intensity. On addition of 0.3 µM of 4-mercaptopyridine to Au 

nanorod solution in water, we observed an increase in intensity of the Raman peaks with 

increasing aspect ratio of the rod (Figure 2.9D-F). For nanorods having aspect ratio of 2.5, 

peaks of lower intensity were observed, whereas nanorods with aspect ratio 3.5 showed 

peaks with higher intensity. The enhancement factor values calculated for the nanorods 

having aspect ratios 2.7, 3.0 and 3.3 were found to be 2.6 x 10
4
, 3.7 x 10

4
 and 7.0 x 10

4
, 

respectively. It has been experimentally demonstrated by our group that the edges have high 

electric field and the strength of this field increases with increase in aspect ratio (Pramod 

2007). Swathy and coworkers have theoretically demonstrated that, under the longitudinal 

polarization, the magnitude of the dipolar resonance created in the rods increases with the 

increase in the aspect ratio of the nanorod [Thomas 2012]. The increased electric field at the 

edges contributes towards enhancement in SERS signal intensity through electromagnetic 

mechanism. Thus, the use of anisotropic materials like nanorods can lead to huge 

enhancements in the electromagnetic field resulting in enhanced spectroscopic signals. 
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Figure 2.9. Extiction spectral changes of  Au nanorods of aspect ratio (A) 2.7, (B) 3.0 and 

(C) 3.3 on addition of varying amounts of 4-mercaptopyridine (0.0 – 0.5 µM) in water. 

(D,E,F) The corresponding SERS spectra obtained on addition of 0.3 µM of 4-

mercaptopyridine to the nanorod solution in water. 

2.3.4. Probing the interactions between analytes and SERS substrates 

The interaction between analyte molecule and SERS substrates can play a significant 

role in the enhancement of Raman signals. We have further investigated the strength of 

interaction between the analyte molecules and Au nanorods by following Isothermal 

Titration Calorimetry (ITC). Various types of interactions can operate between the analyte 

molecule and the SERS substrates including covalent bond formation, hydrogen bonding, 

electrostatic interactions, van der Waals interaction and π stacking. The covalent bond 

formation between a thiol bearing molecule, namely, 4-mercaptopyridine and Au nanorod 

surface was investigated using ITC titrations. Electrostatic interactions with the surface of 

Au nanorods (note: surface charge depends on the solvent composition) was probed using a 

positively charged molecule, namely, methyl viologen. Au nanorods having an aspect ratio 
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of 2.5 were synthesized by following photochemical method [Kim 2002] and excess capping 

agents were removed through centrifugation (experimental section for details). ITC 

experiments were carried out in two solvent systems: aqueous solution and a mixture of (1:4) 

of water and acetonitrile. All ITC experiments were carried out at room temperature (25 ± 

1°C). Interaction between 4-mercaptopyridine and Au nanorods in aqueous medium was 

investigated as follows: An aqueous solution (40 µL) of 4-mercaptopyridine (10 µM) was 

injected in equal steps of 2µL to an aqueous solution of Au nanorods (200 µL; 0.12 nM 

particle concentration) taken in a cell. Experiments carried out in aqueous medium showed 

negligible heat change and the results are presented in Figures 2.10A, 2.10C and 2.10E. In 

contrast, large heat change was observed when the experiments were carried out in a mixture 

(1:4) of water and acetonitrile (Figures 2.10B, 2.10D and 2.10F). The positive peaks shown 

in the heat signal curve (Figure 2.10D) indicate that the process is exothermic. The traces 

presented in Figure 2.10D corresponds to raw calorimetric data obtained during titration and 

the lower plot represents integrated heat response obtained from the raw data plotted against 

the volume of the solution added to the reaction vessel containing the aqueous Au nanorods 

(Figure 2.10F). While investigating the interaction of two species in solution (e.g. protein-

substrate reaction), the binding isotherm can be directly plotted against the molar ratio of 

reactants in solution. However, in the present case, the lack of information on the exact 

surface area of the nanoparticles (i.e., number of moles of surface gold atoms) restricts us 

from plotting the binding isotherms against molar ratio involving the analyte and gold 

nanorod. In the present case, the binding isotherms were plotted against the total volume of 

the analyte molecule added to the reaction cell (Figures 2.10E and 2.10F). This was used to 

identify  the  trends  in  the  binding  behavior.  From  the  data  presented,  it  is  clear that in  
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acetonitrile-rich solvents, the reaction is endothermic. From the plot of binding isotherm 

against the volume of analyte, it is clear that the analyte molecule interacts strongly onto the 

surface of nanorods. In contrast, under similar conditions in aqueous medium, the analyte-

substrate interactions were found to be weak and the heat changes are negligible. This 

clearly shows that the analyte molecules bind effectively onto the surface of nanorods in 

acetonitrile-rich solvents; however the interactions are weak in aqueous medium. 
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Figure 2.10. ITC titration illustrating the binding of 4-mercaptopyridine onto gold nanorods 

with aspect ratio 2.5. Panels A and B show the schematic representation of the interaction of 

4-mercaptopyridine with the surface of Au nanorods in (A) water and (B) mixture (1:4) of 

water and acetonitrile (  = 4-mercaptopyridine). Panels C and D shows the raw 

calorimetric data obtained during injection of 4-mercaptopyridine (10 µM) into the 

calorimetric cell (200 µL; particle concentration of 0.12 nM) (C) in water and (D) mixture 

of (1:4) water and CH3CN. Panels E and F show the integrated data of the curves in panels 

C and D respectively, plotted as a function of total volume of the 4-mercaptopyridine added 

to the reaction cell.  
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The interactions between the analyte and the Au nanorods were further probed by 

following SERS studies. Raman spectra were recorded using a confocal Raman spectrometer 

by exciting at 633 nm (He-Ne laser). The Au nanorod solutions were kept for 10 min after 

the addition of 4-mercaptopyridine, and the Raman and extinction spectra were recorded. It 

is reported that the thiol derivatives preferentially bind onto the {111} planes of the Au 

nanorods resulting in the localization of molecules at the edges [Gao 2003]. CTAB-capped 

Au nanorods suspended in both water and a mixture (1:4) of water and acetonitrile showed 

Raman signals corresponding to the solvent molecules; however, no spectroscopic signals 

corresponding to the CTAB molecules were observed. Au nanorods were found to be stable 

in both the solvent media even after the addition of higher concentrations of the analyte 

molecules. It may be noted that Raman signals of 4-mercaptopyridine were not observed in 

the absence of Au nanorods even in the concentration range of 5 mM of the solution. The 

Raman spectra obtained on addition of 4-mercaptopyridine (0.5 µM) to an aqueous solution 

of Au nanorods (particle concentration of 0.12 nM) showed peaks corresponding to the 

various molecular vibrational modes of 4-mercaptopyridine (Figure 2.11 C); however, the 

intensity of the peaks were low. Under similar conditions, intense Raman signals 

corresponding to the molecular vibrations of 4-mercaptopyridine was observed in a mixture 

containing (1:4) of water and CH3CN (Figure 2.11 D). The difference in the peak intensities 

on changing the solvent composition is again a clear indication that the interactions are 

strong in water-acetonitrile mixture compared to that in aqueous medium. The spectral data 

and the vibrational assignment of various peaks of 4-mercaptopyridine are listed in Table 2.1. 

The information on the interaction of analytes on the surface of Au nanorods obtained from 

ITC measurements and Raman spectral studies are in good agreement.  
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Figure 2.11. Panels A and B shows the schematic representation of the interaction of 4-

mercaptopyridine with the surface of Au nanorods (A) in water and (B) in a mixture (1:4) of 

water and CH3CN (  = 4-mercaptopyridine). Panels C and D corresponds to the 

Raman spectra obtained on addition of 4-mercaptopyrine (0.5 µM) to Au nanorods (particle 

concentration of 0.12 nM) (C) in water and (D) in a mixture (1:4) of water and CH3CN. 

 

Table 2.1. Spectral data and vibrational assignment of 4-mercaptopyridine [Chao 2007] 

 

SERS peaks (cm
-1

)          Assignment 

485 

679, 705 

1000 

1092,1207, 1274 

1495 

1588 

1616 

δ(C-S)/γ(CCC) Ring breathing 

δ(C-C)/ν(C-S) 

ν(ring breathing) 

β(C-H) 

ν(C=C/C=N) 

ν(C-C) 

ν(C-C)  Ring stretching 
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The obvious question is why the interaction of analyte molecules on the surface of 

Au nanorods is influenced by varying the composition? It is reported that Au nanorods 

suspended in water are covered by a bilayer of cetyltrimethylammonium bromide (CTAB) 

molecules, as illustrated in Scheme 2.1. The excess positive charge originates from the polar 

head groups of CTAB molecules (A in scheme 2.1) and hence the zeta potential (ζ) value 

increases with aspect ratio in water. Interestingly, with increase in the composition of 

organic solvent, the bilayer structure collapses to a monolayer, resulting in the loss of CTAB 

from the surface of the Au nanorods; as a result, a decrease in ζ was observed. In a mixture 

(1:4) of CH3CN and water, the negative surface charge on Au nanorods may be neutralized 

by the positive charge on CTAB molecules and ζ approaches zero (‘‘B’’ in Scheme 2.1). 

Interestingly, a charge reversal from positive ζ to negative ζ was observed with further 

increase in CH3CN content. In acetonitrile-rich solvents, the number of CTAB molecules 

protecting the Au nanorods may be much lower compared to that in a mixture (1:4) of water 

and CH3CN and the inherent negative surface on Au nanorods contribute high negative ζ 

value.  

Au Nanorod Au Nanorod

water
CTAB bilayer  

(Positive z)

Au Nanorod

(1:4) CH3CN:water
CTAB monolayer  

(z ~ 0)

(1:4) water: CH3CN
CTAB monolayer 

(Negative z )

A B C

 

Scheme 2.1. Schematic representation of charge reversal in Au nanorods as a function of 

solvent composition. 
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The structure presented in the earlier section clearly indicates that in aqueous 

medium, nanorods are thickly packed by the bilayer of CTAB and the analyte molecules 

have less interaction with the surface of the nanorods. This results in a weak binding of 

analyte molecules with Au nanorod surface as evidenced by ITC. On increasing the 

composition of CH3CN, the CTAB bilayer breaks into monolayer, exposing the nanorod 

surface to the solvent environment. In acetonitrile-rich solvents, analyte molecules can easily 

penetrate through the monolayer of CTAB and interact with the nanorod surface giving rise 

to intense Raman signals. The variation in the intensity of the ring breathing mode of 4-

mercaptopyrine were plotted against varying concentration of the analyte molecule as shown 

in Figure 2.12. A large increase in Raman signal was observed in acetonitrile-rich solvent 

compared to that of aqueous medium. The TEM images of Au nanorods in water and a 

mixture (1:4) of water and acetonitrile after the addition of 1µM of the analyte molecule are 

presented in Figures 2.12B and 2.12C. These results indicate that Au nanorods are stable and 

remain isolated; they do not undergo any aggregation. 
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Figure 2.12. (A) Variation in Raman signal intensity of the ring breathing mode of 4-

mercaptopyridine on addition of varying concentrations of 4-mercaptopyridine to Au 

nanorods (particle concentration of 0.12 nM) in water as well as in a mixture (1:4) of water 

and CH3CN. TEM images of Au nanorods (B) in water and (C) in a mixture (1:4) of water 

and CH3CN after the addition of 4-mercaptopyridine.  
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Further, the electrostatic interaction between the positively charged molecule, 

namely, methyl viologen and Au nanorods was probed by following ITC and Raman spectra. 

The ITC data obtained on addition of methyl viologen in aqueous medium and in a mixture 

(1:4) of water and CH3CN are presented in Figure 2.13. In aqueous medium, experiments are 

carried out as follows: an aqueous solution of methyl viologen (10 µM) was added in 2 µL 

quantities (20 additions) to Au nanorods (particle concentration of 0.12 nM) in water kept in 

the cell. The heat changes after each addition was monitored. Experiments carried out in 

aqueous medium showed negligible heat change, whereas, a large heat change was observed 

on addition of the methyl viologen to a solution of Au nanorods in a mixture (1:4) of water 

and CH3CN (Figure 2.13). The spectrum presented in Figures 2.13C and 2.13D show the 

raw calorimetric data obtained during analyte-substrate titration. As in the earlier case with 

4-mercaptopyridine as analyte, the lack of information on the exact surface area of the 

nanoparticle restricts us from plotting the binding isotherms against molar ratio involving the 

analyte and gold nanorods. Integrated heat responses obtained from the raw data are plotted 

against the volume of the solution added to the reaction vessel containing gold nanorods. 

These results are presented Figures 2.13E and 2.13F. The positive peaks represent 

endothermic process (Figure 2.13 D) indicating that heat is absorbed after each injection of 

the methyl viologen into the gold nanorod solution as a function of time. The heat changes 

from the ITC clearly indicate that, in acetonitrile-rich solvents, nanorods possess a negative 

surface charge. The positively charged analyte molecule strongly interacts with the surface 

of rods. On the other hand, under similar conditions, in aqueous medium where the nanorods 

possess a positive zeta potential, the analyte-substrate interactions were found to be 

negligible. 
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Figure 2.13. Interaction of methyl viologen with gold nanorods followed by ITC. Panels A 

and B shows the schematic representation of the interaction of methyl viologen with the 

surface of Au nanorods (A) in water and (B) in a mixture (1:4) of water and CH3CN. Panels 

C and D show the raw calorimetric data obtained during injection of methyl viologen (10 µ 

M) into the calorimetric cell containing gold nanorods (200 µL; particle concentration of 

0.12 nM (C) in water and (D) a mixture (1:4) of water and CH3CN. Panels E and F shows 

the integrated data of the curves in panels C and D respectively plotted as a function of total 

volume of the 4-mercaptopyridine solution added to the reaction cell. 
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The electrostatic interactions of analyte molecules with Au nanorods in water and a 

mixture (1:4) of water and CH3CN were probed by following Raman spectra. The Raman 

spectra obtained on addition of methyl viologen to Au nanorod solution are presented in 

Figure 2.14. On addition of methyl viologen (1 µM) to Au nanorod (particle concentration of 

0.12 nM) in water showed Raman peaks of low intensity corresponding to the molecular 

vibrations of methyl viologen. Under similar conditions, intense peaks were observed when 

solvent system was varied to a mixture (1:4) of water and CH3CN. The variation in the peak 

intensities on changing the solvent composition clearly indicate that the positively charged 

analyte molecules interact more effectively with the surface of nanorods in a mixture (1:4) of 

water and CH3CN compared to that of aqueous medium.  
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Figure 2.14. Panels A and B shows the schematic representation of the interaction of methyl 

viologen on to the surface of Au nanorods (A) in water and (B)in a mixture (1:4) of water 

and CH3CN. Panels C and D correspond to the SERS spectra obtained on addition of methyl 

viologen (1 µM) to Au nanorods (particle concentration of 0.12 nM) (C) in water and (D) in 

a mixture (1:4) of water and CH3CN.  
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Table 2.2. Raman spectral data and vibrational assignment of methyl viologen [Zheng 2002 

and Feng1990] 

SERS peaks (cm
-1

)          Assignment 

1027 

1320 

1376 

1490 

1565 

1602 

ν(ring breathing) 

interring (C-C), ν(C-C) 

ν(N-CH3) 

ν(C=C) 

ν(C≡N) 

ν(C-C),  Ring stretching 

 

It has been reported that Au nanorods possess positive ζ value in water and a 

negative ζ value in acetonitrile-rich solvents. The stability of Au nanorods in H2O and 

acetonitrile-rich solvents may be attributed to the large positive and negative ζ values in the 

respective solvent environments. Au nanorods that possess a positive ζ in water experience a 

repulsive interaction with positively charged methyl viologen molecules. As a result, the 

heat change observed is negligible ruling out the possibility of any interaction and weak 

Raman signals were observed. Under similar conditions, addition of the methyl viologen to 

Au nanorods in a mixture (1:4) of water and CH3CN leads to strong electrostatic attraction 

between the positively charged analyte and the negatively charged SERS substrate. These 

interactions are endothermic in nature and intense signals are observed in the Raman 

spectrum. 
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2.4. Conclusions 

In summary, SERS efficiency of spherical Au nanoparticles and Au nanorods were 

compared. Covalent and electrostatic interactions of analyte molecules on the surface of Au 

nanorods were followed using ITC. It was observed that analyte molecules interact with the 

surface of nanorods more effectively in acetonitrile-rich solvents. Detailed investigations on 

the surface charge of nanorods have revealed that nanorods have a positive zeta potential in 

water due to the presence of CTAB bilayer. The bilayer structure breaks into monolayer in 

acetonitrile-rich solvents, resulting in negative surface charge. The positively charged 

molecule interacts effectively with the negative surface of nanorods in acetonitrile-rich 

solvents, through electrostatic interaction, giving rise to appreciable heat response in ITC 

and intense peaks in SERS spectrum. The analyte molecules having thiol groups can 

preferentially bind onto the edges of nanorods and the high electric field prevailing at the 

edges contributes primarily towards the enhancement in signal intensity through an 

electromagnetic enhancement mechanism. Based on SERS investigations, it is concluded 

that Au nanorods are more efficient substrates, in comparison with spherical particles, and 

the enhancement factor was found to increases with the aspect ratio of the nanorods. 
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Scheme 2.2. Schematic representation demonstrating the covalent and electrostatic 

interactionsbetween analyte and substrate using Isothermal Titration Calorimetry and 

Surface Enhanced Raman Spectroscopy. 

2.5. Experimental Section 

2.5.1. Materials and Instrumental Techniques 

Solvents and reagents used were purified and dried by standard methods. 

Photophysical studies were carried out using spectroscopic grade solvents. The absorption 

spectral changes, upon the addition of aromatic dithiols, were recorded in a UV-Visible 

diode array spectrophotometer (Agilent 8453). Stock solutions of 4-mercaptopyridine and 

methyl viologen were prepared in acetonitrile and water. For HRTEM studies, samples were 

prepared by drop casting dilute solution from the cuvette on a carbon coated Cu grid and the 

solvent was allowed to evaporate. The specimens were examined on a FEI-Tecnai 30G
2
S-

Twin or with a 300 kV (JEOL 3010) transmission electron microscope operated at an 

accelerating voltage of 300 kV. Raman and SERS spectra were recorded using a HR800 



Chapter 2: Gold Nanorods as Substrates for Surface  Enhanced Raman Spectroscopy 

 

60 

 

LabRAM confocal Raman spectrometer operating at 20 mW laser power using a peltier 

cooled CCD detector. Raman spectra were collected in a quartz cuvette using a He-Ne laser 

source having an excitation wavelength of 633 nm and with an acquisition time of 10 

seconds using a 5x objective. All the studies were carried out in a mixture (1:4) of water and 

acetonitrile. The baseline was corrected and the spectra were presented after subtracting the 

gold nanorod spectra from the original ones. No noticeable absorption spectral changes were 

observed for the nanorod solution during the measurements, confirming that the nanorods 

remain stable in solution even after exposure to laser beam. Isothermal titration calorimetry 

was carried out using a Micorcal VP-ITC instrument. Doubly distilled water and 

spectroscopic grade acetonitrile was used for all the ITC studies. All experiments were 

carried out at room temperature. 

2.5.2. Synthesis of Au nanorods 

A growth solution was prepared by dissolving 440 mg of cetyltrimethylammonium 

bromide and 4.5 mg of tetraoctylammonium bromide in 15 mL of water in a cylindrical 

quartz tube (length 15 cm and diameter 2 cm). To this solution, 1.25 mL of 0.024 M HAuCl4 

solution was added along with 325 μL of acetone and 225 μL of cyclohexane. It is reported 

that AgNO3 is essential for synthesizing Au nanorods and controlling their aspect ratio. To 

the above solution, 325 μL of 0.01 M AgNO3 was added for synthesizing Au rods of aspect 

ratio 2.2 , 400 μL of 0.01 M AgNO3 was added for synthesizing Au rods of aspect ratio 3.0 

and 450 μL of 0.01 M AgNO3 was added for synthesizing Au rods of aspect ratio 3.7. The 

quartz tube was closed with a rubber stopper through which a glass rod was inserted (15 cm 

length and 1 cm diameter). The glass rod helps in reducing the effective thickness of the 

solution and increases the light absorbance.  A  photochemical  reaction  was  carried  out  at  
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300 nm irradiation in a Rayonet photochemical reactor for 18 h. Gold nanoparticles and 

nanorods prepared by a photochemical method were first purified by centrifugation. The 

residue obtained after 10 min of centrifugation (7000 rpm) was dispersed in 2 mL of 0.7 M 

CTAB solution and kept undisturbed for 12 h. The supernatant solution was carefully 

decanted and the residue was suspended in water. The solution was kept at 5°C for 2 h to 

remove excess CTAB. Upon cooling, excess CTAB crystallized out which was separated by 

filtration. The filtrate contains monodisperse Au nanorods that were used directly for various 

studies. 

2.5.3. Synthesis of Au nanoparticles 

A growth solution was prepared by dissolving 440 mg of cetyltrimethylammonium 

bromide and 4.5 mg of tetraoctylammonium bromide in 15 mL of water in a cylindrical 

quartz tube (length 15 cm and diameter 2 cm). To this solution, 1.25 mL of 0.024 M HAuCl4 

solution was added along with 325 μL of acetone and 225 μL of cyclohexane. The quartz 

tube was closed with a rubber stopper and was irradiated under 300 nm in a Rayonet 

photochemical reactor for 18 h. Gold nanoparticles prepared by a photochemical method 

were subjected to repeated centrifugation at 7000 rpm for 20 min. The supernatant solution 

was carefully decanted and the residue was suspended in water. This solution contains 

monodisperse Au nanoparticles that were used directly for various studies. 

2.5.4. Calculation of Enhancement Factor (EF) 

EF = [ISERS]/[IRaman] x [Nbulk]/[Nads] 

Ibulk and ISERS correspond to the intensities of the ring deformation band of 

monothiols/dithiols in the absence and presence on Au nanorod, containing various 

concentrations of monothiols/dithiols. Nbulk and Nads are the number of molecules probed in 

acetonitrile solution in the absence and presence of Au nanorods. 
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Au nanorods possess a capsule shape having two hemispherical caps at the two ends of a 

cylinder and various calculations are carried by following an ealier procedure [Joseph 2006]. 

Volume of sample probed   (for depth of focus 1.01 mm) = 168 pL 

Concentration of Au nanorod = 0.12 nM  

Number of nanorods in 3 mL of the solution = ~2.16 x 10
11

 

Number of nanorods in the probed volume = ~1.2 x 10
4
 

In the absence of nanorods 

No. of analyte molecules in the probed volume (10 mM in water), Nbulk = 1.01 x 10
11

  

Intensity of the ring deformation band of 4-mercaptopyridine (10 mM in water), Ibulk = 79 

In the presence of nanorods 

No. of thiol molecules at each edge after the addition of 0.3 µM 4-mercaptopyridine = ~1250 

{based on rod (0.12 nM) to molecular ratio (0.3 µM)} 

Number of thiols in the probed volume (adsorbed on nanorods), Nads = ~3 x 10
7
 (value 

corresponding to 1.2 x 10
4
 rods) 

Intensity of the ring deformation band of 4-mercaptopyridine (0.3 µM) at the edges of 

isolated nanorods of aspect ratio 2.7, ISERS = 613 

Intensity of the ring deformation band of 4-mercaptopyridine (0.3 µM) at the edges of 

isolated nanorods of aspect ratio 3.0, ISERS = 876 

Intensity of the ring deformation band of 4-mercaptopyridine (0.3 µM) at the edges of 

isolated nanorods of aspect ratio 3.3, ISERS = 1666 

EF (for aspect ratio 2.7) = [ISERS]/ [IRaman] x [Nbulk]/ [Nads] 

               = 613 x 1.01 x 10
11

 / 79 x 3 x 10
7
 = 2.6 x 10

4
 

EF (for aspect ratio 3.0)  = 876 x 1.01 x 10
11

 / 79 x 3 x 10
7
 = 3.7 x 10

5
 

EF (for aspect ratio 3.3)  = 1666 x 1.01 x 10
11

 / 79 x 3 x 10
7
 = 7.0 x 10

5
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3.1. Abstract 

 The main objective of the present investigation is to understand the variation in the 

Raman intensity of a molecule when placed at the (i) edges of an isolated Au nanorod and 

(ii) junctions of Au nanorod dimers. Monothiol as well as dithiol derivatives of Raman-

active molecules have been used to investigate these aspects. The rationale behind this 

strategy is that the monothiol derivatives specifically bind on the edges of an isolated Au 

nanorod, whereas the dithiol derivatives bind on the edges of two nanorods, leading to 

dimerization and subsequently the localization of molecules at the junctions. Edges of Au 

nanorods are regions of high electric field and when two Au nanorods are brought together 

in a linear fashion through dithiol linkages, their longitudinal plasmon oscillations couple 

with each other, creating hot spots (regions of high electric field) at the junctions resulting 

in enhanced Raman signal intensities. 
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3.2. Introduction  

 Surface Enhanced Raman Spectroscopy (SERS) using noble metal nanoparticles as 

substrates has emerged as one of the most powerful tools for the enhancement of molecular 

signals, particularly for the detection and identification of chemically and biologically 

important molecules [Campion 1998 and Kneipp 1999]. Light absorption in spherical metal 

nanoparticles originates from surface plasmon resonance which may be defined as the 

coherent oscillation of electrons on the nanoparticle's surface [Thomas 2007]. This results in 

trapping of light at the metal-dielectric interface leading to an increase in electric field on the 

surface of the nanoparticle. A Raman active molecule when placed in the vicinity of the 

nanoparticle’s surface can give rise to enhanced signal intensity due to (i) high electric field 

prevailing on the metal surface (electromagnetic enhancement) [Schatz 1984 and Moskovits 

2005] and (ii) charge transfer interactions between metal nanoparticle and the molecular 

system (chemical enhancement) [Otto 1992 and Otto 2005]. The two other major factors that 

can contribute to the enhancement of Raman signal intensity are the metal roughness 

features (or the presence of sharp edges) and the presence of coupled plasmons due to the 

interaction between neighbouring nanoparticles. 

Spherical metal nanoparticles have been widely used as substrates in SERS and the 

electric field is uniformly distributed around their surface [Kou 2007]. In contrast, the edges 

of the anisotropic nanomaterials such as spheroids, rods, bipyramids and triangles 

experience enhanced electric field making them promising candidates for SERS studies [Hao 

2004 and Chen 2009]. Theoretical studies using Finite Difference Time Domain (FDTD) 

method on Au nanorods have shown that the field at the edges of the Au nanorod is three 

orders of magnitude higher compared to the lateral faces, under resonant conditions, for the 
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longitudinal polarization of the incident light [Thomas 2012]. Localization of charges at the 

edges of Au nanorods has been experimentally demonstrated by our group through 

electrostatic interactions with oppositely charged gold nanoparticles (Scheme 3.1B) [Pramod 

2007]. The preferential binding of nanoparticles at the edges of Au nanorods resulted in a 

spontaneous bathochromic shift in the longitudinal plasmon band (Scheme 3.1A). Site 

specific interactions of nanoparticles at the edges of nanorods were confirmed through TEM 

studies (Scheme 3.1C). Further, Murphy and coworkers have reported a large enhancement 

of Raman signal of the adsorbate molecules on selective excitation of the longitudinal 

plasmon band of Au nanorods [Orendorff 2006]. 
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Scheme 3.1. (A) Extinction spectral changes during the preferential growth of nanoparticles 

at the edges of Au nanorods. (B) Schematic representation illustrating the enhanced 

potential at the edges of Au nanorods. (C) TEM image showing the preferential binding of 

Au nanoparticles onto the edges of Au nanorods [Pramod 2007]. 
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 Another factor that influences the SERS signal intensity of adsorbed molecules is the 

presence of hybridized plasmon, which arises when metal nanoparticles are brought in close 

proximity [Alvarez-Puebla 2010]. Hybridized plasmon generates 'hot spots' which are 

regions of enhanced electric field. Raman active molecules when placed at the junctions of 

nanoparticles, experience high electric field, which results in an enhancement of SERS 

signals, on illumination with light of appropriate wavelength [Lal 2008 and Nabika 2010]. 

Most of chemical methods reported in literature employ spherical nanoparticles as substrate 

for SERS; however, random aggregation of isotropic structures and poor reproducibility are 

the limiting factors. Various strategies adopted for generating hotspots using nanostructured 

materials include: (i) assembling of nanoparticles by chemical methods using dithiols
 
[Braun 

2007 and Camden 2008] and DNA molecules [Lim 2010], (ii) salt induced aggregation 

methods [Talley 2005], (iii) etching of nanocubes [Li 2010] and (iv) various lithographic 

methods [Qin 2006]. Chloride induced one step method for the fabrication of silver 

nanoparticle dimers has been reported by Xia and coworkers (Figure 3.1A) [Li 2009]. These 

dimers junctions have been used for generating hotspots and only those molecules trapped in 

the hot spot region contribute to signal enhancement. No signal was obtained for isolated 

particles and for dimers separated by large distances (Figure 3.1B). Using 4-

mercaptobenzenethiol as the analyte molecule, the enhancement factor for the hot spot 

region of a silver nanosphere dimer was estimated to be 1.9 × 10
7
. The SERS signals taken 

from the hot spot were polarization dependent; maximum enhancement was obtained for 

laser polarized parallel to the longitudinal axis and the signals disappeared when the 

polarization was in the perpendicular direction. 
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A B

 

Figure 3.1. (A) TEM image of silver nanosphere dimer. The inset gives a schematic 

illustration of the silver nanosphere in the dimer. (B) SERS spectra taken from a dimer of 

silver nanospheres (top),) two silver nanospheres separated by ∼600 nm (middle) and a 

single silver nanosphere (bottom). The scale bars in the insets correspond to 50 nm [Li 

2010].  

The isotropic nature of spherical Au nanoparticles prevents the selective binding of 

molecules on surfaces, which is a limiting factor for designing linearly assembled 

nanostructures by chemical functionalization methods. In contrast, the anisotropic features 

of Au nanorods allow their linear assembly, and several attempts have been made by our 

group [Thomas 2004, Sudeep 2005 and Joseph 2006] and others [Caswell 2003, Murphy 

2005 and Wang 2007]
 
by adopting electrostatic, supramolecular and covalent approaches. It 

was earlier reported from our group that the plasmon coupling in Au nanorods proceeds 

through an incubation step, followed by the dimerization and subsequent oligomerization in 

a preferential end-to-end fashion (Scheme 3.2) [Joseph 2006]. 
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Scheme 3.2. Schematic representation of various stages of plasmon coupling process and 

the corresponding extinction spectral changes and TEM images; (A) incubation, (B) 

dimerization and (C) oligomerization [Joseph 2006]. 

The mechanism of dimerization of Au nanorods and nanochain formation has been 

reported by our group using various bifunctional molecules [Thomas 2004]. The nanorod 

dimer formation is marked through a gradual decrease in the longitudinal plasmon band with 

the formation of a new red shifted band through a clear isosbestic point (Scheme 3.2B). The 

spectral changes observed through a clear isosbestic point indicate the existence of two types 

of nanorod structures in solution; namely monomers and dimers. The newly formed band 

originates from the coupling of the longitudinal plasmons of Au nanorods (plasmon 

hybridization). With increase in time, coupled plasmon band slowly shifts towards longer 

wavelengths, resulting in the formation of linear assembly of Au nanorods (Scheme 3.2C). 
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Junctions between the nanorods, created through the linear assembly are regions of high 

electric field which can serve as promising locations for surface enhanced spectroscopic 

investigations. 

SERS studies have been performed using aggregated Au nanorods as substrates: 

nanorods were allowed to aggregate randomly by addition of ethanol and Raman signal 

intensity was found to be more intense for molecules adsorbed on the aggregated nanorods. 

The observed increase in the SERS intensity was attributed to the enhancement of the 

electric field between the aggregated nanorods [
a
Nikoobakht 2003]. More recently, 

enhancement of Raman signals have been demonstrated through salt induced assembly of 

Au nanorods as linear chains, by blocking their lateral sides with polymers [
b
Chen 2010]. As 

the number of Au nanorods in a chain increases, several possible orientations exist between 

the nanorods and such variations can disrupt effective plasmon coupling and enhancement of 

electric field at the junctions [Gluodenis 2002, Jain 2006, Pramod 2008 and Funston 2009]; 

hence studies based on dimers may be more suited for SERS. Recently, our group has 

demonstrated the tuning of plasmon coupling in Au nanorod dimers by varying the distance 

and orientation [Pramod 2008]. Au nanorod dimers linked through flexible (1,6-

hexanedithiol, C6DT) and rigid (1,4-phenylenedimethanethiol, PDT) linker groups were 

prepared and the plasmon coupling in these systems were investigated as a function of their 

orientation. The dimers formed using PDT as the linker were more linear (average angle of 

146
º
) due to the rigidity induced by the aromatic dithiols (Figure 3.2A), whereas, the flexible 

linkers gave rise to dimers with bend geometry (average angle of 96
º
) (Figure 3.2B). The 

plasmon coupling in PDT-linked Au nanorod dimers is found to be more pronounced 

because of the effective dipolar overlap along their long axes confirming that the orientation 



Chapter 3: Gold Nanorod Dimer Junctions for Raman Signal Enhancement 

 

70 

 

between the nanorods plays a crucial role in plasmon coupling, which can be modulated by 

varying the nature of the linker group. 
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Figure 3.2. Extinction spectral changes and the corresponding TEM images of Au nanorod 

dimers formed on addition of 0.8 µM A) PDT and B) C6DT to a solution of Au nanorods 

(0.12 nM) with an average aspect ratio of 2.7 (8 and 5 min after the addition of PDT and 

C6DT, respectively, 75 mL of the solution was drop-casted onto the TEM grid) [Pramod 

2008]. 

There is a growing demand for the development of new SERS substrates capable of 

producing large enhancement in signal intensities at low concentrations of the analyte 

molecules. The major problems associated with the fabrication of efficient SERS substrates 

are the uncontrolled aggregation of nanoparticles and poor reproducibility. Herein, we utilize 

the anisotropic features of Au nanorods for enhancing the Raman signals of analyte 

molecules. The enhancement in signal intensity of molecules at the edges (edge effect) is 

compared with that of the molecules placed at the dimer junctions (hybridized plasmon).  
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3.3. Results and Discussion 

Gold nanorods with an average aspect ratio of ∼2.5 were synthesized by following a 

photochemical method [Kim 2002] and excess capping agents such as CTAB were removed 

by centrifugation. Au nanorods possess large positive zeta potential (ζ = 28.5 mV) in water 

due to the presence of CTAB bilayer and a large negative zeta potential in acetonitrile rich 

solvents due to the breakdown of the bilayer to monolayer [Pramod 2008]. Raman and 

absorption spectroscopic studies were carried out in a solvent mixture (1:4) of water and 

acetonitrile (ζ = -28.8 mV) wherein Au nanorods are stable for several hours. Au nanorods 

with an aspect ratio of ∼2.5 possess two distinct surface plasmon absorption bands, a short 

wavelength band at 520 nm corresponding to the transverse mode of plasmon oscillation and 

a long wavelength band at 635 nm corresponding to the longitudinal mode [Joseph 2006]. 

Raman spectra were recorded using a confocal Raman spectrometer using a He-Ne laser 

source having an excitation wavelength of 633 nm and an acquisition time of 10 s. CTAB-

capped Au nanorods suspended in a mixture (1:4) of water and acetonitrile showed no 

spectroscopic signals corresponding to the CTAB molecules; however Raman signals 

corresponding to the solvent molecules were observed. 

 The main objective of the present investigation is to understand the variation in Raman 

intensity of a molecule when placed at the (i) edges of an isolated Au nanorod and (ii) 

junctions of Au nanorod dimers. Monothiol as well as dithiol derivatives of Raman active 

molecules have been used for investigating these aspects (Scheme 3.3). The rationale behind 

this strategy is that the monothiol derivatives (5-mercaptomethyl-5’-methyl-2,2’-bipyridine, 

bipy-MT and benzyl mercaptan, bz-MT) specifically bind onto the edges of an isolated Au 

nanorod (Scheme 3.3A). In contrast, the dithiol derivatives (5,5’-bis(bromomethyl)-2,2’-
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bipyridine, bipy-DT and phenylenedimethanethiol, bz-DT) bind onto edges of two nanorods 

leading to dimerization and subsequently the localization of molecules at the junctions 

(Scheme 3.3B). Any variation in orientation between the nanorods can disrupt the effective 

plasmon coupling [Pramod 2008] and hence rigid molecules were used as linkers in the 

present study.  

Au 

Nanorod
Au 

Nanorod

Au 

Nanorod

C. Monothiols D. Dithiols

bipy-DTbipy-MT

bz-DTbz-MT

A. B.

 

Scheme 3.3. Schematic representation of Au nanorods with molecules at the edges of (A) an 

isolated Au nanorod and (B) junctions of Au nanorod dimers. The structures of thiol 

derivatives used in the present study: (C) monothiols and (D) dithiols. 

3.3.1. SERS at the Au nanorod edges 

 The Raman intensity of a molecule placed at the edges of an isolated Au nanorod (edge 

effect) was investigated by adding microlitre quantities of monothiol derivatives (0.5-3.0 

μM) to Au nanorods (0.12 nM) in a solvent mixture (1:4) of water and acetonitrile. It is 

reported that the thiol derivatives preferentially bind onto the {111} planes of the Au 

nanorods. The edges of Au nanorods are dominated by {111} planes and the specific 

interaction of thiols with these planes leads to the localization of monothiol molecules more 

at the edges [Caswell 2003, Gao 2003 and Murphy 2005]. Both the plasmon absorption 

bands of Au nanorods remain more or less unaffected on increasing the concentration of 
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monothiols (bipy-MT and bz-MT) indicating that the nanorods remain stable and isolated in 

solution (Figure 3.3A,C). These results rule out the possibility of aggregation of nanorods or 

plasmon coupling between the nanorods. The Raman spectra of molecules bound to the 

edges of Au nanorods showed a few peaks; however, their intensities were low. The peaks 

observed at 1600, 1499, 1324, and 1237 cm
-1

 in the case of bipy-MT are attributed to the 

ring stretching (C–C and C–N), in-plane C–H bending, inter-ring stretching and ring 

deformation modes of bipy-MT [Brolo 2003]. Spectral data and assignment of various 

peaks of the mono and dithiol derivatives are presented in Tables 3.1 and 3.2. Intensities of 

various peaks were almost doubled upon increasing the concentration of monothiols to 1.0 

μM. Raman spectral changes leveled off with further increase in concentration of the analyte 

molecules (Figure 3.3B) and this may be attributed to the fact that there are no more active 

sites present at the edges of the nanorods that can produce effective signal enhancement. It is 

earlier reported that the edges of nanorods are relatively naked compared to lateral face in 

acetonitrile-rich solvents. The nanorods underwent precipitation upon increasing the 

concentration of bipy-MT above 3.0 μM. Raman and extinction spectral studies were also 

carried out by varying the concentration of bz-MT. Solutions were quite stable at a higher 

concentration of bz-MT, and both the plasmon absorption bands remained unaffected ruling 

out the possibility of aggregation of nanorods. Raman peaks observed at 1600, 1222, and 

655 cm
-1

 for bz-MT are attributed to the ring stretching, CH2 wagging, and C–S stretching 

modes of bz-MT, respectively (Figure 3.3D) [Joo 1999]. In both the cases, a gradual 

increase in the intensity of Raman peaks was observed with the increase in the concentration 

of monothiols which leveled off at higher concentrations. It is interesting to note that Raman 

signals corresponding to bipy-MT/bz-MT were not observed in the absence of Au nanorods,  
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even upon increasing the concentration by 10
4
 fold (5 mM). These results clearly indicate 

that specific interaction and localization of monothiol molecules at the edges of Au nanorods, 

which are domains of high electric field, lead to the gradual enhancement in signals. 
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Figure 3.3. Extinction spectral changes of Au nanorods (a) in the absence of monothiols and 

(b-e) on addition of varying amounts of bipy-MT (A) and bz-MT (C) to a mixture (1:4) of 

water and acetonitrile and the corresponding changes in Raman spectrum (B,D) on 

excitation with He-Ne laser (633 nm; acquisition time of 10 s). The concentrations of 

monothiols corresponds to b = 0.5 M, c = 1 M, d = 2 M and e = 3 M. 
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Table 3.1. Spectral data and vibrational assignment of bipy-MT and bipy-DT [Brolo 2003 

and Muniz-Mirandaa 2001] 

 

SERS peaks (cm
-1

)          Assignment 

669, 687 

702 

853 

1156, 1165 

1231, 1237 

1324 

1398 

1497, 1499 

1594, 1600 

Ring i.p. def. 

Ring breathing 

CH o.p. bending 

CH i.p. def. + ring str. 

Inter-ring stretch + ring str. + CH i.p. def. 

Inter-ring str. + ring str. + CH i.p. def. 

CH2 Wagging 

CH i.p. def. + ring str. 

Ring str. 

             i.p.: in-plane,   o.p.: out-of-plane,   def.: deformation,   str.: stretching  

 

Table 3.2. Spectral data and vibrational assignment of bz-MT and bz-DT [Joo 1999 and 

Venkataramanan 2000] 

 

SERS peaks (cm
-1

)        Assignment 

300 

651, 652 

δ(C-S)

 (C-S) 

738  (C-S)

764 (CSH) 

837 

1004  

 (C-H)

ν(ring breathing) 

1030, 1177  C-H 

1218, 1223 CH2 wagging 

1604 Ring deformation 

 

 



Chapter 3: Gold Nanorod Dimer Junctions for Raman Signal Enhancement 

 

76 

 

3.3.2. SERS at the Au nanorod dimer junctions 

For investigating the enhancement in Raman signal intensity during dimerization of 

Au nanorods, dithiol derivatives (bipy-DT and bz-DT), were added to Au nanorods in a 

mixture of water and acetonitrile. Both of the plasmon absorption bands of Au nanorods 

remain more or less unaffected at lower concentrations (<0.5 μM) of dithiols (trace b in 

Figures 3.4A and 3.4C). This corresponds to the incubation step in the plasmon coupling 

process, wherein one of the thiol groups of the dithiol molecule binds to the edges of Au 

nanorods, leaving the other end free [Joseph 2006]. Peak positions and intensities in the 

Raman spectra of bipy-DT and bz-DT (trace b in Figure 3.4B and 3.4D) during the 

incubation step were almost similar to those observed for the corresponding monothiol 

derivatives (Figures 3.3B and 3.3D). Dimerization of nanorods proceeds above a critical 

concentration of dithiols; an increase in the concentration of dithiols (0.8 μM for bipy-DT 

and 1.0 μM for bz-DT) leads to a spontaneous decrease in the intensity of the longitudinal 

surface plasmon band with the concomitant formation of a new band in the near-infrared 

(NIR) region (traces c-e in Figure 3.4A and 3.4C) through a clear isosbestic point at around 

720 nm. The extinction spectral changes clearly indicate that the nanorods are brought 

together through a dithiol linkage, which results in plasmon hybridization. Interestingly, a 

spontaneous enhancement in the intensity of Raman signals was observed during the 

dimerization step and the corresponding time dependent changes in the extinction and 

Raman spectrum are presented in Figure 3.4. The new band further shifted to longer 

wavelengths with time (traces f and g in Figure 3.4A and 3.4C), and a deviation from the 

isosbestic point indicate the formation of oligomers of various chain lengths. Raman signals 

showed only a slight increase in intensity during the oligomerization,  (trace g in Figure 3.4B 
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and 3.4D) and this may be attributed to the fact that several possible orientations exist 

between the nanorods in a chain (vide infra TEM studies), which can disrupt effective 

plasmon hybridization and enhancement of the electric field at the junctions. 
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Figure 3.4. Extinction and Raman spectral changes of Au nanorods (0.12 nM) on addition 

of dithiols, bipy-DT (A,B) and bz-DT (C,D) in a solvent mixture (1:4) of water and 

acetonitrile. Plasmon absorption (A,C) of Au nanorods:  (a) in the absence of dithiols, (b) at 

lower concentration of dithiol (0.5 M for both  bipy-DT and bz-DT; no change in spectrum 

with time), (c-g) at higher concentration of dithiols (0.8 M of  bipy-DT and 1.0 M of bz-

DT) recorded successively at a time interval of 3 min. The corresponding Raman spectra of 

bipy-DT (B) and bz-DT (D) on exciting with He-Ne laser (633 nm; acquisition time of 10 s) 

are presented as traces b-g. 
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3.3.3. TEM characterization and SERS enhancement  

Nanorod solutions during the incubation, dimerization, and oligomerization steps 

were drop-casted (75 µL) onto a carbon coated copper grid, and various stages of chain 

formation of nanorods were confirmed using transmission electron microscopy (TEM). 

Nanorods were found to be isolated and randomly distributed throughout the grid during the 

incubation period (Figure 3.5A). The corresponding Raman spectrum of the bipy-DT 

molecules attached to these isolated nanorods showed various peaks; however their intensity 

was found to be much lower (Figure 3.5D). The Raman signals observed at lower 

concentrations of the dithiols, in the presence of Au nanorods is attributed to the specific 

interaction of the thiol molecules onto the {111} planes at the edges of nanorods, which are 

domains of the enhanced electric field. Upon increasing the concentration of dithiol 

molecules, a large enhancement in the Raman signals was observed (Figure 3.5B and 3.5E). 

From the TEM images, it is evident that the rigid dithiol groups link two Au nanorods as 

dimers in a linear fashion. The effective dipolar overlap between nanorods creates regions of 

enhanced electric field (hot spots). The molecules at the hotspots, i.e., the Au nanorod dimer 

junctions experience enhanced electric field, leading to an increase in the intensity of the 

Raman signal. Dimers of Au nanorods further undergo oligomerization with respect to time 

and this is marked by a slight increase in the intensity of Raman signal (Figure 3.5C and 

3.5F). No enhancement in signal intensity was observed on further keeping the solution for 

longer time. 
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Figure 3.5. TEM images of gold nanorods (A-C) and Raman spectra of bipy-DT (D-F) at 

various stages of plasmon coupling: incubation (A,D), dimerization (B,E) and 

oligomerization (C,F) steps. 

The Raman signal enhancement and the TEM images at various stages of chain 

formation were further confirmed with bz-DT as the linker molecule. The same solution 

used for absorption and Raman spectral studies were drop casted (75µL) at various stages of 

plasmon coupling onto carbon coated copper grid. The results obtained were similar to that 

with bipy-DT as the linker; nanorods were stable and isolated during the incubation period 

(Figure 3.6A). Aromatic dithiol molecules are rigid in nature and dimers were found to be 

linear which further undergo oligomerization (Figures 3.6B and 3.6C). Nanorod chains were 

found to be distributed throughout the TEM grid (Figure 3.6C). As in the previous case, the 

intensity of the Raman peaks were found to be less intense during the incubation step 

(Figure 3.6D). A large enhancement in the Raman signal intensity was observed during the 

dimerization step (Figure 3.6E) which slightly increased during the oligomerization (Figure 
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3.6F). Large enhancement in the Raman signal intensity observed during the dimerization is 

attributed to the high electric field experienced by the molecules at the junctions due to 

plasmon coupling. However, several possible orientations exist between the nanorods with 

the increase in number of rods in a chain, and such variations can disrupt effective plasmon 

coupling. Hence, only a slight increase in Raman intensity was observed during 

oligomerization. 
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Figure 3.6. TEM images of gold nanorods (A-C) and Raman spectra of bz-DT (D-F) at 

various stages of plasmon coupling; incubation (A,D), dimerization (B,E) and 

oligomerization (C,F).  

Further evidence for the presence of dithiol molecules at the junctions of Au nanorod 

dimers was obtained from high resolution TEM imaging. High resolution TEM images 

clearly showed a gap of ∼1.5 nm between two nanorods when bipy-DT is used as linker and 

∼1.0 nm when bz-DT is used as linker (Figures 3.7C and 3.7D). These distances are in close 
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agreement with the molecular length of respective linkers confirming the presence of 

molecules at the dimer junctions. Thus, these molecules effectively glue the nanorods as 

chain.  
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Nanorod Au 
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Au 

Nanorod Au 
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Figure 3.7. (A,B) Schematic representation of an Au nanorod dimer linked together by (A) 

bipy-DT and (B) bz-DT. (C,D) The corresponding high resolution TEM images showing the 

molecular gap. 

The variation in intensity of the characteristic ring deformation band of monothiol 

derivatives (1600 cm
-1

 for bipy-MT and bz-MT) in the concentration range of 0.5-3.0 M 

are presented as a bar graph in Figure 3.8 and the changes observed were found to be 

gradual. Under identical conditions, higher counts were observed for bipy-MT due to the 

larger Raman scattering cross-section of the bypridine derivatives, compared to that of 

phenyl systems. However, bz-MT molecules showed larger signal enhancement on 

increasing the concentration:  bz-MT being a smaller molecule compared to bipy-MT can 

easily penetrate through the capping layer and saturate the edges of the nanorods. The 
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intensity of the band leveled off at higher concentrations for both the monothiol derivatives 

due to the saturation of active binding sites on the nanorod surface. Interestingly, the 

intensity of the ring deformation band of dithiol derivatives (1594 cm
-1

 for bipy-DT and 

1604 cm
-1

 bz-DT) underwent a spontaneous enhancement in signal intensity on increasing 

the concentration to a critical value (0.8 M for bipy-DT and 1.0 M for bz-DT) which is 

attributed to the dimerization of the nanorods. Thus, the linker molecules are trapped at the 

dimer junctions, which are regions of enhanced electric field due to the hybridization of 

plasmons. 
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Figure 3.8. Variation in the Raman intensity of the ring deformation band (1600 cm
-1

 for 

bipy-MT and bz-MT, 1594 cm
-1

 for bipy-DT and 1604 cm
-1

 for bz-DT) in Raman spectrum  

on addition of varying amounts of  monothiols and dithiols: bipy-MT and  bz-MT (a = 0.5 

, b = 1 M, c = 2 M and d = 3 M);  bipy-DT (a1 = 0.5 b1 = 0.8 M);  bz-DT (a2 

= 0.5 b2 = 1.0 M).  

3.3.4. Effect of aspect ratio of the nanorod 

The red shift in the longitudinal plasmon band during the end-to-end assembly of 

nanorods has been theoretically reported earlier by different groups [Gluodenis 2002, Jain 



Chapter 3: Gold Nanorod Dimer Junctions for Raman Signal Enhancement 

 

83 

 

2006 and Funston 2009]. However, experimental investigations on the extent of plasmon 

coupling by varying the length of the nanorods have not been carried out in a systematic 

fashion. We have further compared the variation in plasmon coupling and the enhancement 

in Raman signal intensities as a function of the aspect ratio of the nanorods. Nanorods with 

aspect ratio 2.7, 3.0 and 3.3 having their longitudinal plasmon band at 650 nm, 670 nm and 

700 nm respectively, were used to probe the effect of aspect ratio. In order to avoid the 

contribution from direct plasmon excitation by laser source, nanorods with longitudinal band 

having no overlap with the laser excitation wavelength were used.  The extinction spectral 

changes and the corresponding SERS spectrum of nanorods of three different aspect ratios 

are shown in Figure 3.9.  
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Figure 3.9. Extinction spectral changes (A,B,C) during the dimerization, step on addition of 

0.8 µM bipy-DT and the SERS spectrum (D,E,F) recorded 5 min after the addition of 

dithiols to Au nanorods of aspect ratio 2.7 (A,D), 3.0 (B,E) and 3.3 (C,F) in a mixture of 

(1:4) of water and acetonitrile. 
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The red shift in the longitudinal plasmon band and the increase in Raman signal 

intensity corresponding to the ring breathing mode (1604 cm
-1

) of the linker molecule (bipy-

DT), with the increase in aspect ratio of the rod are shown in Figure 3.10. Nanorods having 

aspect ratio 2.7 with longitudinal plasmon band at 650 nm shows a 170 nm red shift in the 

coupled plasmon band, whereas, for nanorods having aspect ratio of 3.3, we observe larger 

red shift of 270 nm (red bars in Figure 3.10). The increase in red shift of the peak 

corresponding to dimers is an indication of the effective overlap of the plasmons of the 

individual rods, resulting in increase in extends of the coupling with increasing aspect ratio.  

The intensity of different peaks corresponding to various modes of molecular vibrations 

increases with increasing aspect ratio (blue bars in Figure 3.10). The enhancement in Raman 

signal intensity may be attributed to the increase in electric field at the junctions with 

increasing aspect ratio of the rods.  
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Figure 3.10. Variation in the red shift in longitudinal plasmon band on the formation of 

dimers (red bars) and the corresponding enhancement in the Raman signal intensity (blue 

bars) for three different sets of rods having aspect ratio 2.7, 3.0 and 3.3. 
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  The shift in coupled plasmon band and the dependence of dipolar coupling on aspect 

ratio of nanorods can be explained on the basis of plasmon hybridization model. According 

to the plasmon hybridization model, organization of Au nanorods into dimers in the 

longitudinal fashion can give rise to four hybridized plasmon modes; two bonding and two 

antibonding modes (Scheme 3.4). Two of the modes are optically active (bright modes; 

dipoles add up), and the other two are optically inactive (dark modes; dipoles cancel each 

other). For a linear dimer, the transverse antibonding and longitudinal bonding modes are 

optically active. However, we observe only one red-shifed peak corresponding to 

longitudinal bonding mode for nanorods assembled in a longitudinal fashion (Schemes 

3.4A). In principle, a blue shift in the transverse peak position is expected during dimer 

formation; however, the anibonding mode due to the transverse coupling is too weak to be 

observed (Schemes 3.4B).  
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Scheme 3.4. Schematic illustration of the plasmon hybridization model of longitudinally 

assembled Au nanorod dimers during (A) longitudinal and (B) lateral polarizations. 
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As the number of nanorods in an assembly increases, the longitudinal bonding mode 

further stabilizes, resulting in higher bathochromic shifts in peak positions. The pronounced 

shift in the longitudinal plasmon band with increase in aspect ratio can be explained based 

on stronger dipolar coupling as illustrated in Scheme 3.5 using the plasmon hybridization 

model. 

A B

 

Scheme 3.5. Schematic illustration of the plasmon hybridization model during longitudinal 

polarization of linearly assembled Au nanorod dimers having (A) lower aspect ratio and (B) 

higher aspect ratio.  

3.3.5. Effect of higher concentration of linker  

To find the effect of higher concentrations of the linker molecule on the SERS 

intensity, excess of bz-DT (4 µM) was added to the nanorod solution after the 

oligomerization step and absorption and Raman spectral changes were monitored as a 

function of time. The changes in absorption and Raman peak intensities with higher 

concentrations of the linker molecule are shown in Figure 3.11. Absorption spectral changes 

corresponding to dimerization and oligomerization were observed with 1 µM of bz-DT and 
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no further red shift in the longitudinal band (a small dampening of the higher wavelength 

band is observed due to the precipitation of the nanorod assemblies from solution at the final 

stages) was observed on addition of higher amounts of the linker molecule (Figure 3.11A), 

indicating the completion of the plasmon coupling process. Raman spectrum showed no 

further increase in intensity from the oligomerization stage (blue trace in Figure 3.11B), on 

addition of higher concentration of bz-DT (red trace in Figure 3.11B) and this may be 

attributed to the saturation of the active sites present on the nanorod surface that can produce 

significant enhancement in signal intensity.  
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Figure 3.11. (A) Extinction spectral changes on addition of higher concentration (4.0 µM) 

of bz-DT to Au nanorods in a mixture (1:4) of water and acetonitrile. (B) The corresponding 

Raman spectral changes on addition of 1.0 µM (blue trace) and 4.0 µM (red trace) of bz-DT.  

3.3.6. Calculation of Enhancement Factor (EF)  

Enhancement in signal intensity at the various stages of nanochain formation was 

further quantified by estimating the signal enhancement factor (EF) [Li 2009 and Ru 2007]. 

One of the factors which influence the calculation of EF is the orientation of molecules on 

the surface of nanomaterials. It is difficult to identify the exact orientation of molecules on 

the surface of nanorods during the incubation, dimerization and oligomerization stages of 

plasmon coupling process. For example, the molecules at the junctions of Au nanorod 
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dimers may be more rigid compared to that attached to isolated nanorods (Scheme 3.3), 

however, quantification of these aspects are difficult. It was earlier reported that the totally 

symmetric in-plane vibrations of 2,2’-bipyridine are strongly enhanced upon adsorption to 

SERS active Au(111) surface and the out-of-plane vibrations (at 407 and 814 cm
-1

) did not 

appear [Brolo 2003].  The absence of out-of-plane vibrational modes indicates that the 2,2’-

bipyridine molecules are adsorbed perpendicular to the surface. In the present study, we do 

not observe any out-of-plane vibrations corresponding to bipy-DT (or bipy-MT) molecules 

linked on to Au nanorods, clearly indicating the perpendicular adsorption of molecules 

(Figure 3.7A and 3.7B). The distance between the rods in nanorod dimer matches well with 

the molecular chain length (Figure 3.7C and 3.7D) further confirming the perpendicular 

orientation of molecules at the junctions. Hence for calculating the EF we have taken an 

approximation that the orientation of the molecules does not undergo any significant 

variation during the nanochain formation. The enhancement factor (EF) at the various stages 

of chain formation on addition of dithiols were estimated using the equation (1)  

 EF = (ISERS × Nbulk) ⁄ (Ibulk × Nads)                                    (1) 

where Ibulk and ISERS are the intensities of the ring deformation band of dithiols in the 

absence of Au nanorods (90 mM for bipy-DT and 50 mM for bz-DT in acetonitrile) and in 

the presence on Au nanorods containing various concentrations of dithiols respectively. Nbulk 

and Nads are the number of molecules probed in acetonitrile solution in the absence and 

presence of Au nanorods respectively. The details regarding the calculation of enhancement 

factor are provided in the experimental section. The EF of monothiol and dithiol derivatives 

of bipyridine at lower concentrations (0.5 µM) are more or less same (2.5 x 10
4
 for bipy-MT 

and 2.4 x 10
4
  for  bipy-DT)  indicating  that  these  molecules  are  bound  on  the  edges  of  
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isolated Au nanorods with similar orientation. Molecules experience a high electric field 

when placed at the junctions in between the rods and a higher EF value was observed (1.4 x 

10
5
 for dimers and 1.5 x 10

5
 for oligomers). EF values for the phenyl derivatives (bz-MT 

and bz-DT) also showed similar results: EF values estimated (i) at lower concentrations (0.5 

µM)  of bz-MT and bz-DT are 6.8 x 10
4
 and 4.3 x 10

4
, respectively and  (ii) when bz-DT  is  

placed between Au rods  are 1.5 x 10
5 

for
 
dimers and 1.9 x 10

5
 for oligomers. In both cases, 

we observe an order of magnitude increase in the enhancement factor values on moving 

form monomers (edge effect) to the dimers and oligomers (hybridized plasmons). 

3.4. Conclusions 

  In summary, the anisotropic features of gold nanorods have been successfully 

utilized for the fabrication of SERS substrates capable of producing enhanced Raman signals. 

The variation in the Raman intensity of molecules when placed at the edges of an isolated 

Au nanorod and junctions of Au nanorod dimers were compared. The enhancement in signal 

of molecules in the former case is due to specific interaction and localization of monothiol 

molecules at the edges of Au nanorods, which are domains of high electric field. The 

enhancement in the Raman signal intensity during the various stages of nanochain formation 

was investigated in detail. A large enhancement in the signal intensity observed during the 

dimerization step was due to the presence of hot spots. The enhancement factor is an order 

of magnitude higher when molecules are placed at the junctions (~10
5
) compared to the 

edges (~10
4
).  The methodology presented in this chapter can be further extended to the 

detection of analytes, of significance in environmental health and safety. 
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Scheme 3.6. Schematic representation and TEM images of Au nanorod monomers and 

dimers with the corresponding extinction and Raman spectral changes during the 

dimerization process. 

3.5. Experimental Section 

3.5.1. Materials and Instrumental Methods 

Solvents and reagents used were purified and dried by standard methods. 

Photophysical studies were carried out using spectroscopic grade solvents. The absorption 

spectral changes, upon the addition of aromatic dithiols, were recorded in a UV-Visible 

diode array spectrophotometer (Agilent 8453). Stock solutions of the monothiols and 

dithiols were prepared in acetonitrile. 
1
H and 

13
C NMR spectra were measured on a 300 or 

500 MHz Bruker advanced DPX spectrometer. For HRTEM studies, samples were prepared 

by drop casting dilute solution from the cuvette on a carbon coated Cu grid and the solvent 
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was allowed to evaporate and specimens were examined on a FEI-Tecnai 30G
2
S-Twin or 

with a 300 kV (JEOL 3010) transmission electron microscope operated at an accelerating 

voltage of 300 kV. Raman and SERS spectra were recorded using a HR800 LabRAM 

confocal Raman spectrometer operating at 20 mW laser power using a peltier cooled CCD 

detector. Raman spectra were collected in a quartz cuvette using a He-Ne laser source 

having an excitation wavelength of 633 nm and with an acquisition time of 10 seconds using 

a 5x objective. All the studies were carried out in a mixture (4:1) of acetonitrile and water. 

The baseline was corrected and the spectra were presented after subtracting the gold nanorod 

spectra from the original ones. No noticeable absorption spectral changes were observed for 

the nanorod solution during the measurements, confirming that the nanorods remain stable in 

solution even after exposure to laser beam.  

3.5.2. Synthesis of linker molecules 

Synthesis of monothiol derivative, bipy-MT  

 

Synthesis of 5-Bromomethyl-5’-methyl-2,2’-bipyridine: 5,5’-Dimethyl-2,2’-dipyridyl 

(1.47 g, 8.0 mmol) was dissolved in 30 mL of dry CCl4 and N-bromosuccinimide   (1.42 g, 

8.0 mmol) and catalytic amount of AIBN were added. The reaction was heated under reflux 

for 2.5 h. The crude product was filtered, when it was hot, to remove the precipitated 

succinimide. CCl4 was removed by rotary evaporation and the residue was diluted with 

dichloromethane, chromatographed over silica using a mixture (1:19) of ethyl acetate and 

dichloromethane to yield the mono-brominated product in 40% yield. 
1
H NMR (500 MHz, 
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CDCl3): δ (ppm) 8.66 (d, 1H), 8.50 (d, 1H), 8.36 (d, 1H), 8.29 (d, 1H), 7.84 (s, 1H), 7.63 (s, 

1H), 4.53 (s, 2H), 2.40 (s, 3H). 

Synthesis of 5-mercaptomethyl-5’-methyl-2,2’-bipyridine: A solution of 5-Bromomethyl-

5’-methyl-2,2’-dipyridyl (250 mg, 0.95 mmol) and thiourea (90 mg, 1.18 mmol) in 20 mL 

dry dioxane was refluxed under N2 for 3 h. To the above solution, NaOH (80 mg, 2 mmol) 

dissolved in 10 mL of degassed water was added, and the mixture was heated to reflux for 

another 3 h. The solvent was removed by rotary evaporation, pH adjusted to ~ 4 using HCl, 

and extracted with CH2Cl2. The organic phase was collected, and the solvent was removed. 

The residue was column chromatographed over silica using a mixture of (1:48) ethyl acetate 

and dichloromethane to yield the product as yellow solid in 42% yield. 
1
H NMR (500 MHz, 

CDCl3): δ (ppm) 8.59 (d, 1H), 8.49 (d, 1H), 8.33 (d, 1H), 8.27 (d, 1H), 7.99 (s, 1H), 7.63 (s, 

1H), 3.80 (s, 2H), 2.42 (s, 3H), 1.82 (t, 1H). 

Synthesis of dithiol derivative, bipy-DT 

 

Synthesis of 5,5’-Bis(bromomethyl)-2,2’-bipyridine: (bipy-DBr): 5,5’-Dimethyl-2,2’-

dipyridyl (500 mg, 2.7 mmol) was dissolved in 30 mL of dry CCl4 and  N-bromosuccinimide 

(1.2 g, 6.7 mmol) and catalytic amount of AIBN were added. The reaction was heated under 

reflux for 6 h. The crude product was filtered when it was hot to remove the precipitated 

succinimide. CCl4 was removed by rotary evaporation and the residue was diluted with 

dichloromethane. The crude product was recrystallized from CH2Cl2 to give the 

dibrominated product as a white powder in 45% yield. 
1
H NMR (500 MHz, CDCl3): δ (ppm) 

8.59 (s, 2H), 8.32 (d, 2H), 7.78 (d, 2H), 3.80 (s, 2H), 3.7 (s, 3H). 
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Synthesis of 5,5'-Bis(mercaptomethyl)-2,2'-bipyridine (bipy-DT): A solution of 5,5'-

bisbromomethyl-2,2'-bipyridine (200 mg, 0.58 mmol) and thiourea (123 mg, 1.61 mmol) in 

20 mL dry dioxane was refluxed under N2 for 3 h. To the above solution, NaOH (80 mg,   2 

mmol) dissolved in 10 mL of degassed water was added, and the mixture was heated to 

reflux for another 3 h. The solvent was removed by rotary evaporation, pH adjusted to ~4 

using HCl and extracted with CH2Cl2. The organic phase was collected, and the solvent was 

removed. The crude product was recrystallized from CH2Cl2 to give the product as a white 

powder in 75% yield. 
1
H NMR (500 MHz, CDCl3): δ (ppm) 8.61 (s, 2H), 8.35 (d, 2H), 7.81 

(d, 2H), 3.81 (s, 2H), 3.7 (s, 2H), 1.83 (t, 2H). 

3.5.3. Calculation of Enhancement Factor (EF) 

EF = [ISERS]/[IRaman] x [Nbulk]/[Nads] 

Ibulk and ISERS correspond to the intensities of the ring deformation band of 

monothiols/dithiols in the absence and presence on Au nanorod, containing various 

concentrations of monothiols/dithiols. Nbulk and Nads are the number of molecules probed in 

acetonitrile solution in the absence and presence of Au nanorods. 

Au nanorods possess a capsule shape having two hemispherical caps at the two ends of a 

cylinder and various calculations are carried by following the procedure given in reference 9. 

Total surface area of Au nanorod (length = 50.9 nm and diameter =20.1 nm) = ~4700 nm
2
  

Lateral surface area of nanorod = ~2610 nm
2 

 

Surface area of both edges together = ~2090 nm
2
 

Footprint of thiol on Au surface = 0.214 nm
2
 

Maximum number of thiol moieties that can be accommodated on the each edge of a Au 

nanorod = ~4880  
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Volume of sample probed   (for depth of focus 1.01 mm) = 168 pL 

Concentration of Au nanorod = 0.12 nM  

Number of nanorods in 3 mL of the solution = ~2.16 x 10
11

 

Number of nanorods in the probed volume = ~1.2 x 10
4
 

I. Enhancement Factor using bipy-DT as linker 

In the absence of nanorods 

Number of molecules in the probed volume (90 mM in ACN), Nbulk = 9.63 x 10
11

  

Intensity of the ring deformation band of dithiols, bipy-DT (90 mM in ACN), Ibulk = 740 

Intensity of the ring deformation band of monothiol, bipy-MT (90 mM in ACN), Ibulk = 760 

In the presence of nanorods 

Number of thiol molecules at each edge during incubation step = ~2100 (based on rod to 

molecular ratio) 

Number of thiols in the probed volume (adsorbed on nanorods) during incubation step (0.5 

µM), Nads = ~50,400 (value corresponding to 1.2 x 10
4
 rods) 

No. of thiol molecules at each edge during dimerization and oligomerization step = ~3300 

(based on rod to molecular ratio) 

Number of thiols in the probed volume (adsorbed on nanorods) during dimerization and 

oligomerization step (0.8 µM), Nads = ~7.9 x 10
7
 (value corresponding to 1.2 x 10

4
 rods) 

Intensity of the ring deformation band of dithiols (bipy-DT) during incubation step (0.5 µM),                       

ISERS = 946 

Intensity of the ring deformation band of dithiols (bipy-DT) during the dimerization step 

(0.8 µM), ISERS = 8586 

Intensity of the ring deformation band of dithiols (bipy-DT) during the oligomerization step 

(0.8 µM), ISERS = 9258 
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EF (incubation) = [ISERS]/ [IRaman] X [Nbulk]/ [Nads] 

  = 946 x 9.63 x 10
11

 / 740 x 5.0 x 10
7
 = 2.44 x 10

4
 

EF (dimerization) = 8586 x 9.63 x 10
11

 / 740 x 7.9 x 10
7
 = 1.41 x 10

5
 

EF (oligomerization) = 9258 x 9.63 x 10
11

 / 740 x 7.9 x 10
7
 = 1.52 x 10

5
  

Intensity of the ring deformation band of dithiols for monothiol bipy-MT (0.5 µM),            

ISERS = 1018 

EF (monothiol, 0.5 µM) = 1018 x 9.63 x 10
11

 / 760 x 5.0 x 10
7
 = 2.56 x 10

4
 

II. Enhancement Factor using bz-DT as linker 

In the absence of nanorods 

Number of molecules in the probed volume (50 mM in ACN), Nbulk = 5.05 x 10
12 

 

Intensity of the ring deformation band of dithiols, bz-DT (50 mM in ACN), Ibulk = 351 

Intensity of the ring deformation band of monothiol, bz-MT (50 mM in ACN), Ibulk = 421 

In the presence of nanorods 

No. of thiol molecules at each edge during incubation step = ~2100 (based on rod to 

molecular ratio) 

Number of thiols in the probed volume (adsorbed on nanorods) during incubation step (0.5 

µM), Nads = ~5.0 x 10
7
 (value corresponding to 1.2 x 10

4
 rods) 

No. of thiol molecules at each edge during dimerization and oligomerization step = ~4100 

(based on rod to molecular ratio) 

Number of thiols in the probed volume (adsorbed on nanorods) during dimerization and 

oligomerization step (1.0 µM), Nads = ~9.8 x 10
7
 (value corresponding to 1.2 x 10

4
 rods)  

Intensity of the ring deformation band of dithiols (bz-DT) during incubation step (0.5 µM),          

ISERS = 151 
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Intensity of the ring deformation band of dithiols (bz-DT) during the dimerization step (1.0 

µM), ISERS = 1041 

Intensity of the ring deformation band of dithiols (bz-DT) during the oligomerization step 

(1.0 µM), ISERS = 1310 

EF (incubation) = [ISERS]/ [IRaman] x [Nbulk]/ [Nads] 

      = 151 x 5.05 x 10
12 

/ 351 x 5.0 x 10
7
 = 4.31 x 10

4
 

EF (dimerization) = 1041 x 5.05 x 10
12

 / 351 x 9.8 x 10
7
 = 1.52 x 10

5
 

EF (oligomerization) = 1310 x 5.05 x 10
12

 / 351 x 9.8 x 10
7
 = 1.91 x 10

5
            

Intensity of the ring deformation band of monothiol bz-MT (0.5 µM), ISERS = 288 

EF (monothiol, 0.5 µM) = 288 x 5.05 x 10
12

 / 421 x 5.0 x 10
7
 = 6.85 x 10

4
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4.1. Abstract 

 A new methodology has been developed for the controlled lateral assembly of gold 

nanorods using a linker which possesses hydrophobic and hydrophilic moieties. The 

extinction spectral changes during the assembly were monitored as a function of time and 

aspect ratio of Au nanorods. It was observed that the lateral assembly proceeds through 

dimers, trimers and tetramers to larger assembly and the number of nanorods assembled 

can be controlled by varying the concentration of the linker molecule. It was also found that 

the extent of lateral coupling increases with the increase in aspect ratio of Au nanorods. 

Quartets of Au nanorods were fabricated by combining the methodologies of lateral and 

longitudinal assembly. The molecules placed at this quartet junction showed higher Raman 

signal enhancement compared to the dimeric junctions. When four nanorods are brought 

close to form the quartet junction, their plasmons couple with each other, forming a region 

of enhanced electric field and molecules placed at these quartet junctions showed 

substantial enhancement in Raman signal intensity. 
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4.2. Introduction 

 Stepwise integration of nanomaterials into higher-order assemblies and tuning their 

optoelectronic properties is one of the main objectives of research in the area of 

nanaoscience and nanotechnology [Shipway 2000, Kamat 2002, Shenhar 2003 and Thomas 

2003]. More recent efforts are focused on the integration of various nanoscale building 

blocks such as nanoparticles, nanorods and nanotubes into organized assemblies. 

[Nikoobakth 2000 and Dujardin 2001]. Various theoretical methods have been utilized for 

investigating electromagnetic interactions in arrays of spherical nanoparticles by varying 

their particle size, array spacing and array symmetry [Zhao 2003 and Zhong 2004]. These 

aspects were experimentally verified by linking nanoparticles into nanochains [Yoshikawa 

2004 and Lin 2005]. Such closely packed metal nanoparticles and nanorods can, in principle, 

function as waveguides of electromagnetic radiation [Maier 2002 and Maier 2003] allowing 

miniaturization of devices below the diffraction limit [Gittins 2000, Huang 2001 

Kovtyukhova 2001 and Mokari 2004]. The isotropic nature of spherical nanoparticles 

prevents the selective binding of molecules onto their surface through chemical 

functionalization methods, leading to random aggregation [Thomas 2003 and Jackson 2004]. 

However, the anisotropic features of gold nanorods were successfully utilized for their one 

dimensional organization [Gluodenis 2002 and Joseph 2006] and these aspects are discussed 

below. 

Various strategies have been adopted for the linear assembly of Au nanorods in an 

end-to-end fashion. This includes the (i) linear organization of gold nanorods using biotin-

streptavidine connectors [Caswell 2003], (ii) longitudinal assembly through cooperative 

intermolecular hydrogen bonding/electrostatic interaction by using molecules such as 3-
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mercaptopropionic acid [Thomas 2004], cysteine and glutathione [Sudeep 2004], (iii) linear 

organization of Au nanorods using covalent interactions with dithiols as linkers [Joseph 

2006], (iv) end-to-end electrostatic assembly of Au nanorods on multiwall carbon nanotubes 

[Correa-Duarte 2005] and (v) linear assembly of Au nanorods induced by 4-

mercaptopyridine [He 2011]. However, there are only a few reports in the literature on the 

side by side assembly of Au nanorods. In most cases, these organizations lead to the 

uncontrolled aggregation. The lateral self-assembly of Au nanorods driven by DNA [Pan 

2007], citrate [McLintock 2011], EDTA [Sreeprasad 2011], lipids [Nakashima 2008] and 

biotin-streptavidin [Gole 2005 and Wang 2007] as connectors has been demonstrated earlier. 

Most of the chemical methods utilize the electrostatic interaction of negatively charged 

molecules with positively charged CTAB present on the nanorod surface leading to side-by-

side aggregation of nanorods. Lateral assembly of gold nanorods in solution using citrate as 

the aggregating agent was demonstrated by Wark and co-workers [McLintock 2011]. A 

Raman reporter dye namely, diethylthiatricarbocyanine iodide (DTTCI) was inserted into 

nanorod assembly and these clusters were further stabilized by coating with a polymer layer. 

It was found that these clusters act as efficient substrates in SERS (Scheme 4.1). 

 

Scheme 4.1: Schematic representation illustrating the preparation and stabilisation of self-

assembled gold nanorod-dye clusters [McLintock 2011]. 
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UV light induced ladder-like arrangement of poly(vinylpyrrolidone) (PVP) stabilized 

Au nanorods using N-methyl-2-pyrrolidone (NMP) as solvent, has been demonstrated by 

Liz-Marzan and co-workers [Grzelczak 2012]. UV irradiation induces formation of radicals 

in solvent molecules, which then promote cross-linking of PVP chains on the surface of 

adjacent particles leading to the formation of ladder-like assemblies of Au nanorods (Figure 

4.1A). The ladder-like arrangement of Au nanorods was followed by monitoring the 

extinction spectral changes (Figure 4.1B) and the TEM images (Figure 4.1C). 

A

B C

 

Figure 4.1. (A) Schematic representation of UV-light induced gold nanorod assembly. (B) 

Extinction spectra showing the changes in the longitudinal surface plasmon resonance band 

with time (the chemical structures of PVP and NMP are shown in the inset). (C) TEM 

images demonstrating the formation of ladder-like assemblies [Grzelczak 2012]. 

The lateral as well as linear assembly of Au nanorods have been utilized for the 

detection of amino acids, peptides, proteins and biomolecules. Both linear as well as lateral 

assembly of the Au nanorods were utilized by Kotov and co-workers for the detection of 

environmental toxin, namely microcystin-LR (MC-LR) in nanomolar quantities [Wang 
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2010]. The sides and ends of nanorods were modified and the assembly was achieved by 

using complimentary antibody-antigen interaction. The type of assembly depends on the 

modification of nanorod surface with MC-LR antibodies. One type of nanorod carried the 

antibodies preferentially on the sides, while the other type carried antibodies at the ends. 

Attachment of antibodies at the sides was primarily achieved through the electrostatic 

binding due to the larger area of contact at the lateral faces. Covalent attachment of 

antibodies at the ends is mediated by a bifinctional linker, thioctic acid, through the 

formation of S-Au bond. The high reactivity and better accessibility of thiols towards the 

ends of nanorods facilitates the conjugation of antibodies preferentially at the ends of the 

nanorods. Similar strategy was adopted for the modification of nanorods with MC-LR OVA 

antigen. On mixing the nanorod solutions, side-by-side (Scheme 4.2A) and end-to-end 

(Scheme 4.2B) assembled nanostructures were obtained depending on the type of 

modification on nanorods.  

A

B

MC-LR

Antibody to MC-LR

MC-LR Ova

 

Scheme 4.2. Toxin detection method with (A) side-by-side and (B) end-to-end nanorod 

assemblies. The numbers 1–4 denote routes for nanorod assembly [Wang 2010]. 
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Theoretical aspects dealing with the electrodynamic responses of assembled 

nanoparticles of various size and shape, have been discussed in detail by Schatz and 

coworkers [Hao 2004]. Using Au nanorods as specific examples, Gluodenis and Foss have 

proposed the effect of mutual orientation of nanorod-nanorod on the plasmon resonance 

spectra at different distances by involving a simple quasistatic treatment [Gluodenis 2002]. 

Longitudinal plasmon band of Au nanorods are influenced by the way in which they interact: 

linear assembly result in a red shifted band and lateral assembly result in the formation of a 

blue shifted band (Figure 4.2A). The lateral assembly yields more pronounced spectral 

changes as the aspect ratio of nanorods increases (Figures 4.2B, 4.2C and 4.2D). 

A B

C D

Wavelength (microns)Wavelength (microns)

Wavelength (microns) Wavelength (microns)

 

Figure 4.2. (A) Calculated spectra of two medium length rods (a = 15 nm, b = 5 nm) 

interacting end-to-end at d12 30 nm (touching), 60 nm, and 100 nm (isolated). Calculated 

spectra of two rods interacting side-to-side at varying d12 lengths of 10, 20  and 100 nm with 

different lengths: (B) short rods (a = 10 nm, b = 5 nm); (C) medium rods (a = 15 nm, b = 5 

nm); (D) long rods (a = 20 nm, b = 5 nm).(Note: a – length of the rod, b – width of the rod, 

d1,2 – distance between the centers of two rods) [Gluodenis 2002]. 
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As discussed in the previous chapters, both the variation of optical signal arising 

from plasmon resonance and enhanced spectroscopic signals resulting from the electric field 

on the surface of nanoparticle can be utilized for the selective detection of various analyte 

molecules. In comparison with spherical nanoparticles having their field uniformly 

distributed around the surface, Au nanorods possess enhanced electric field at the edges. 

These aspects have been theoretically demonstrated by Wang and co-workers by comparing 

the field intensity distribution in nanoparticles, nanorods and nanobipyramids [Kou 2007]. 

The high electric field at the edges has been utilized for obtaining enhanced Raman signal 

intensities from molecules placed at the edges of isolated Au nanorods and dimer junctions. 

These aspects are presented in chapter 3. 

Significant progress has been achieved in this decade on the design and fabrication of 

wide variety of substrates for SERS. Major research in this field is focused on the design of 

reproducible nanoparticle assemblies capable of producing large Raman signal enhancement. 

Herein, we report the controlled lateral organization of Au nanorods and investigated the 

variation in their plasmon resonance. Nanorod quartets were designed by the controlled 

lateral and longitudinal assembly of Au nanorods and their use as SERS substrates have been 

investigated.  

4.3. Results and Discussion  

Gold nanorods were synthesized by following a photochemical method and excess 

capping agents were removed by two repeated centrifugations at 5000 rpm for 15 min [Kim 

2002]. Au nanorods having aspect ratio of 3.0 were suspended in a mixture (1:4) of water 

and acetonitrile and used for investigating the lateral assembly. Au nanorods remain stable 

for several hours in water and mixtures of water and acetonitrile containing more than 70% 
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acetonitrile. This is due to the large zeta potential (ζ) of Au nanorods: in water ζ value was 

found to be 28.5 mV and in a mixture (1:4) of water and acetonitrile ζ value was reported as 

-28.8 mV [Pramod 2008]. Au nanorods, having an aspect ratio of ∼3.0, possess two distinct 

surface plasmon absorption bands (Figure 4.3). The short wavelength band at 520 nm 

corresponds to the transverse mode of plasmon oscillation and the long wavelength band at 

700 nm corresponds to the longitudinal mode of oscillation.  

4.3.1. Lateral assembly of Au nanorods  

There are a few reports in the literature dealing with the lateral assembly of Au 

nanorods. These studies have shown that the linker molecules play an important role in 

bringing the nanorods in a lateral fashion [Pan 2007, McLintock 2011, Sreeprasad 2011, 

Nakashima 2008, Gole 2005 and Wang 2007]. Gao and coworkers utilized the electrostatic 

interactions between negatively charged DNA molecules and positively charged Au nanorod 

surface for the lateral assembly of Au nanorods [Pan 2007], whereas, Murphy and co-

workers could assemble nanorods in a side-by-side fashion by varying the pH of the medium 

[Orendorff 2005]. The main objective of the present investigation is to develop newer 

methods for organizing nanorods in a lateral fashion. To achieve effective lateral 

organization, the linker molecules should be compatible with the surface capping agent and 

they should bind on to the lateral surface. Zeta potential (ζstudies have provided a better 

understanding on the organization of surface capping agent on the surface of Au nanorod in 

various solvent systems. Au nanorods are covered with a bilayer of CTAB in water which 

reorganizes to monolayer in acetonitrile rich solvents. Charge reversal from positive to 

negative ζ was observed on increasing the CH3CN content. The reorganization of capping 

agent results in the reversal of ζand a schematic representation is shown below (Scheme 
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4.3B). The linker molecule used in the present study possesses both hydrophilic and 

hydrophobic moiety having a thiol group attached on the hydrophobic end (Scheme 4.3A). 

The selection of the linker molecule is based on the fact that the alkyl group penetrates into 

the hydrophobic pocket of CTAB layer and bind onto the surface of nanorod whereas the 

ethylene glycol chain is exposed to polar solvent. 

Hydrophobic part
Protecting group

Hydrophilic part
Linker group

Tetra(ethylene glycol)undecanethiolA

B

binding unit linking unit

CTAB

Au Nanorod Au Nanorod

Water
z= 29.8 mV

(1:4) H2O-CH3CN
z= -30.7 mV

 

Scheme 4.3. (A) Molecular structure of the linker molecule, tetra(ethylene 

glycol)undecanethiol (TEGU) possessing both hydrophobic and hydrophilic parts. The thiol 

group binds to the surface of Au nanorods and the hydroxyl group acts as the linking moiety, 

bring two nanorods close together in a lateral fashion through multiple hydrogen bonding. 

(B) Schematic representation showing the presence of CTAB bilayer on the surface of Au 

nanorods in water which collapses to monolayer on changing the solvent composition to a 

mixture (1:4) of water and acetonitrile. 

We have investigated the effect of addition of linker molecule tetra(ethylene 

glycol)undecanethiol (TEGU) on the extinction spectrum of Au nanorods. Microliter 

quantities of ligands were added to Au nanorods in a mixture (1:4) of water and acetonitrile. 

Solutions were kept for 5 min and the extinction spectral changes were recorded as a 
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function of time. Both the longitudinal as well as the transverse plasmon band of Au 

nanorods remain unaffected on addition of lower concentrations of linker molecule (<5 µM). 

Interestingly, both the plasmon bands underwent dramatic changes on increasing in the 

concentration of the ligand to 10 µM. The longitudinal plasmon band of Au nanorod 

underwent a hypsochromic shift with a decrease in intensity and the transverse plasmon 

band underwent a bathochromic shift with an increase in intensity. The spectral changes of 

Au nanorods, recorded at various time intervals, are presented in Figure 4.3. It was found 

that the extinction spectral changes were pronounced and spontaneous on further increasing 

the concentration of linker molecules (20 µM). 
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Figure 4.3. Extinction spectral changes of Au nanorods upon addition of 10 µM of the linker 

molecule (TEGU) in a mixture (1:4) of water and acetonitrile.  

It is well established that the plasmon oscillations of Au nanoparticle, when brought 

in close contact, undergo spectral changes and these aspects were explained using plasmon 

hybridization model [Prodan 2003]. As discussed earlier, nanorods possess transverse as 

well as longitudinal plasmon oscillations [Joseph 2006]. Each of these modes, in principle, 



Chapter 4: Lateral Assembly of Gold Nanorods and Creation of Quartets for Raman Signal Enhancement 

 

107 

 

can couple with plasmon oscillations of the neighbouring rods. In the present investigation, 

we observe a coupling of the transverse as well as longitudinal plasmon bands. Recently, El- 

Sayed and co-workers have theoretically calculated the optical spectra of the assemblies of 

Au nanorods (dimers and trimers) using the discrete dipole approximation (DDA) method 

[Jain 2006]. Optical spectra calculated for the lateral assembly of nanorods showed a blue 

shift of the longitudinal plasmon band and a red shift of the transverse plasmon band. In 

another report, Mulvaney and co-workers used both experimental and theoretical methods to 

determine the scattering spectra of individual gold nanorod dimers arranged in lateral as well 

as longitudinal fashion [Funston 2009]. The scattering spectra of the linearly assembled rods 

are dominated by an intense peak which is red-shifted compared to individual nanorods. In 

contrast, the spectra of rod dimers aligned in a lateral configuration displayed a single peak 

with scattering intensity comparable to that for a single rod. In order to gain further insight 

on the way in which nanorods interact, we have investigated the time dependent extinction 

spectral changes of Au nanorods on addition of linker molecule and investigated their 

morphological changes using TEM.  

4.3.2. Lateral assembly as a function of time 

The extinction spectral changes of Au nanorods on addition of 10 M of linker 

molecule and the corresponding TEM images of nanorods at various stages are presented in 

Figure 4.4. TEM grids containing Au nanorods were prepared by drop casting 75 µL of the 

solution used for spectroscopic investigation onto a carbon coated copper grid. It is observed 

that immediately after the addition of the ligand, extinction spectral changes were not 

observed and Au nanorods were found to be randomly distributed on the grid (Figure 4.4A 

and 4.4E). After 15 minutes, longitudinal band underwent a hypsochromic shift of 18 nm 
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and a bathochromic shift of 6 nm in the transverse band was observed (Figure 4.4B). 

Interestingly, TEM analysis at this stage showed the presence of laterally arranged dimers 

which are uniformly distributed throughout the grid (Figure 4.4F). TEM images after 30 min 

showed the formation of trimers with a small amount of tetramers (Figure 4.4G).  A 

hypsochromic shift of 30 nm in the longitudinal plasmon band and a bathochromic shift of 

12 nm in the transverse plasmon band (Figure 4.4C) were observed at this stage.  Arrays of 

gold nanorod which are laterally assembled could be seen throughout the grid after 45 min 

of addition of the linker molecule (Figure 4.4H) and the spectral shifts become more 

prominent: hypsochromic shift of 40 nm in the longitudinal band and bathochromic shift of 

20 nm in the transverse band (Figure 4.4D).  
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Figure 4.4.Extinction spectral changes (A-D) and the corresponding TEM images (E-H) of 

Au nanorods recorded at various time intervals after the addition of TEGU (A,E) 0 min, 

(B,F) 15 min, (C,G) 30 min and (D,H) 45 min. 

The time dependent studies shows that the lateral assembly of nanorods is relatively 

slow compared to longitudinal assembly. Morphological investigations at various stages 
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indicate that the lateral assembly proceeds through the formation of dimers, which 

subsequently assemble to trimers and tetramers and finally to arrays of nanorods assembled 

in lateral fashion. The TEM images of nanorod assemblies at various time intervals are 

presented in Figure 4.5. The lateral assembly of nanorods can also be controlled by varying 

the concentration of the linker molecule. Thus, we have developed a simple and convenient 

method for the lateral assembly Au nanorods in a stepwise fashion, by using a linker 

molecule which possesses both hydrophobic and hydrophilic moieties. 

A
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Figure 4.5. TEM images of gold nanorods recorded at various time intervals after the 

addition of 10 µM TEGU. (A) 0 min, (B) 10 min, (C) 20 min, (D) 30 min, (E) 40 min and (F) 

50 min. 

The linker molecule used in the present study possesses several functions. The thiol 

group at one end binds to the nanorod surface which is covered by a monolayer of CTAB. 

The hydrophobic interactions between the alkyl chains of linker molecules and the CTAB 

molecules can further impart stability. The tetraethylene glycol moiety of the linker 
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molecule, which is hydrophilic in nature, can impart solubility to nanorods (Scheme 4.3A). 

Multiple hydrogen bonding is primarily responsible for the lateral organization of nanorods. 

The terminal hydroxyl groups of the linker molecules bound onto the nanorods can undergo 

hydrogen bonding with the oxygen atom on the ethylene glycol units present on the adjacent 

nanorod (Scheme 4.6).  

The spectral changes observed in the present study can be explained on the basis of 

plasmon hybridization model developed by Nordlander and coworkers [Prodan 2003, 

Nordlander 2004] later applied to nanorods by Mulvaney and co-workers [Funston 2009]. 

The plasmon hybridization model provides detailed understanding on the energies and the 

extinction cross sections of the plasmons in a nanorod dimer. The model has been utilized by 

different groups to study the coupling between various nanostructures such as spherical 

nanoparticles, core-shell nanoparticles and nanorods. The dimer plasmons can be treated as 

bonding and antibonding plasmons resulting from the linear combinations of individual 

nanorod plasmons. In the case of nanorods aligned in a lateral fashion, the individual 

monomer plasmons hybridize giving rise to two modes, one of which remains as dark mode. 

For longitudinal polarization, the higher energy mode is active (bright mode) and the lower 

energy mode remains as the dark mode (Scheme 4.4A), whereas for polarization along the 

transverse axis, the lower energy mode is active (bright mode) and the higher energy mode 

remains as the dark mode (Scheme 4.4B). Hence, we observe a blue shift in the longitudinal 

plasmon band and a red shift in the transverse plasmon band during the side-by-side 

assembly of Au nanorods. 
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Scheme 4.4. Schematic illustration of the plasmon hybridization model of laterally 

assembled Au nanorod dimers during (A) longitudinal and (B) lateral polarizations.  

4.3.3. Dependence on aspect ratio 

 Further we have investigated the effect of aspect ratio of the nanorods on the 

plasmon coupling during their lateral organization and the results are presented in Figure 4.6. 

In an earlier report, Foss and coworkers have theoretically proposed that the lateral 

orientation of nanorods results in more pronounced spectral changes with increasing aspect 

ratio of the nanorod. In the present study, we have observed that the longitudinal plasmon 

band underwent a hypsochromic shift of 20 nm on addition of 10 µM of the ligand in case of 

Au nanorods having aspect ratio of 2.3. However, under similar conditions, the shift was 

more pronounced (60 nm) for nanorods having aspect ratio of 3.2. The lateral interaction of 

the nanorods substantially increases with increase in aspect ratio of the nanorod. The 

pronounced shift in the longitudinal plasmon band can be explained based on stronger 

dipolar coupling as illustrated in Scheme 4.5 using the plasmon hybridization model. 
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Figure 4.6. Extiction spectral changes of Au nanorods on addition of 10 µM TEGU to Au 

nanorods with aspect ratio (A) 2.2, (B) 2.5, (C) 2.7, (D) 3.0, (E) 3.3 in a mixture (1:4) of 

water and acetonitrile. (F) Blue shift in longitudinal plasmon band plotted as a function of 

aspect ratio of the nanorod. 
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Scheme 4.5. Illustration of the plasmon hybridization model during longitudinal 

polarization of laterally assembled Au nanorod dimers of (A) lower aspect ratio and (B) 

higher aspect ratio. 
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4.3.4. Design of quartets 

The strong electric fields prevailing on the surfaces of higher order plasmonic 

assemblies can substantially enhance Raman spectroscopic signals of analyte molecules. 

Attempts were made to design such two dimensional plasmonic nanostructures (for e.g., 

quartets) through step wise organization of nanorods by following two approaches. In the 

first case, nanorods were organized in the lateral fashion and further the longitudinal 

assembly of laterally arranged dimers was achieved through the addition of an aromatic 

dithiol, namely 5,5'-bis(mercaptomethyl)-2,2'-bipyridine (bipy-DT). The linker molecules 

(TEGU; 8 µM) were first added to Au nanorod solution for assembling them in lateral 

fashion and extinction spectral changes were followed (Figure 4.7B). To the above solution, 

0.6 µM of bipy-DT was added at a stage were spectral changes corresponds to formation of 

lateral dimers (confirmed independently using TEM analysis; Figure 4.7E). Spontaneous 

decrease in the intensity of the longitudinal surface plasmon band with concomitant 

formation of a new red shifted band in the near-infrared (NIR) region, marked through a 

clear isosbestic point, was observed (Figure 4.7C). The extinction spectral changes clearly 

indicate that the lateral dimers are further brought together in an end-to-end fashion through 

dithiol linkage. The TEM images showed the formation of nanorod quartets distributed at 

various locations of the grid (Figures 4.7F and 4.8). The solution is dilute and hence, after 

assembly, it is difficult to locate more than one quartet in a frame.  
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Scheme 4.6. Schematic representation of quartet formation through the combination of 

lateral and longitudinal assembly processes. 
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Figure 4.7. Extinction spectral changes (A,B,C) and TEM images (D,E,F) of Au nanorod at 

various stages of quartet formation. (A,D) monomers, (B,E) lateral dimers formed on 

addition of TEGU (8 µM) and (C,F) quartets formed through the addition of 0.6 µM of bipy-

DT (when the spectral changes corresponds to the formation of  lateral dimers). All studies 

were carried out in a mixture (1:4) of water and acetonitrile. 
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Figure 4.8. TEM images of Au nanorod quartets formed by the combination of lateral and 

longitudinal assembly processes. Images are from various locations of the grid (note: 

solution is dilute and hence it is difficult to locate more than one quartet in a frame after 

assembly).  

In the second approach, the quartet formation was achieved in a reverse order: linear 

dimers were first prepared and further organized laterally. The extinction spectral changes 

and the TEM images at various stages of quartet formation are shown in Figure 4.9. Initially, 

the nanorods were assembled in linear fashion by adding bipy-DT (0.6 µM) as the linker. 

The decrease in the intensity of longitudinal plasmon band with the concomitant formation 

of a new red shifted band, through a clear isosbestic point, confirms the formation of linear 

dimers (Figure 4.9B). Extinction spectral changes corresponding to the lateral assembly of 

nanorods were observed on addition of TEGU (8 M): blue shift in the longitudinal 

plasmon band and red shift in the transverse plasmon band (Figure 4.9C). Thus the addition 
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of TEGU resulted in the formation of quartets. Stepwise formation of dimers to quartets was 

confirmed using TEM studies (Figure 4.9 D-F).  
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Figure 4.9. Extinction spectral changes (A,B,C) and TEM images (D,E,F) of Au nanorod at 

various stages of quartet formation. (A,D) monomers, (B,E) dimers formed using bipy-DT 

(0.6 M) as the linker and (C,F) quartets formed through the addition of 8 M of TEGU 

(when the spectral changes corresponds to the formation of  longitudinal  dimers). All 

studies were carried out in a mixture (1:4) of water and acetonitrile. 

Morphological studies indicate that the percentage formation of quartets is much 

more when former procedure is followed, mainly due to kinetic reasons. The longitudinal 

assembly is a faster process and nanorod dimers quickly undergo oligomerization and 

precipitation. In contrast, the lateral assembly of nanorods is a slow process. A better control 

of the longitudinal assembly of laterally arranged dimers can be achieved through the 

addition of dithiol, bipy-DT. Attempts were made to assemble trimers and tetramers in an 
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end to end fashion, however various types of assemblies were observed in the TEM grid and 

hence these studies were not further perused. 

4.3.5. SERS at the quartet junctions 

Various methodologies have been developed for the creation of hot spots with 

spherical nanoparticles as substrates; however there are only few reports on the use of Au 

nanorods as SERS substrates. As mentioned in previous section, anisotropic features of 

nanorods allow the organization of nanorods as linear and lateral assemblies and as quartets 

by following chemical functionalization methods. Quartets of Au nanorods were prepared by 

the combination of the lateral and longitudinal coupling processes and their junction can act 

as hot spots in SERS due to the intense electric field prevailing. Raman spectra were 

recorded using a confocal Raman spectrometer using a He-Ne laser source having an 

excitation wavelength of 633 nm and an acquisition time of 10 s. CTAB-capped Au 

nanorods suspended in a mixture (1:4) of water and acetonitrile showed Raman signals 

corresponding to the solvent molecules; however, no spectroscopic signals corresponding to 

the CTAB molecules were observed. The Raman intensity of bipyridine molecule placed at 

the edges of isolated nanorods, junctions of longitudinal dimer and quartets of Au nanorods 

were compared (Figure 4.10). Longitudinal dimers and quartets containing bipyridines at 

their junctions were prepared by following the procedure mentioned in the above section. 

The intensity of molecular peaks at the edges of isolated nanorods was found to be low 

(Figure 4.10a). A large enhancement was observed when the molecules are placed at the 

longitudinal dimer junctions (Figure 4.10b). Interestingly the intensity of the peaks was 

almost doubled for molecules at the quartet junctions of nanorods (Figure 4.10c). 
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Figure 4.10. SERS spectrum of bipy-DT molecule placed (a) at the edges of isolated 

nanorods, (b) at the junctions of nanorod dimers formed through their longitudinal assembly 

and (c) at the junctions of nanorod quartet assemblies formed through a combination of 

longitudinal and lateral organization. 

Enhancement in signal intensity at the monomer, dimer and quartet stages were 

further quantified by estimating the enhancement factors (EF). The EF at the different stages 

were estimated using eq 1 

EF = (ISERS × Nbulk) ⁄ (Ibulk × Nads)                                           (1)                                          

where Ibulk and ISERS are the intensities of the ring deformation band of dithiols in the 

absence of Au nanorods (80 mM for bipyDT in acetonitrile) and in the presence of Au 

nanorods containing various concentrations of dithiols. Nbulk and Nads are the number of 

molecules probed in acetonitrile solution in the absence and presence of Au nanorods, and 

the details are provided in the experimental section. The EF at the  monomeric,  dimeric  and 



Chapter 4: Lateral Assembly of Gold Nanorods and Creation of Quartets for Raman Signal Enhancement 

 

119 

 

quartet stages was calculated to be 2.5 x 10
4
, 1.1 x 10

5
 and 2.3 x 10

5
 respectively. The value 

of enhancement factor for the quartets is almost two times in comparison with linear dimers 

and the enhancement in signal intensity at the quartet junctions may be attributed to the 

plasmon coupling of four nanorods. When four nanorods are brought close together to form 

the quartet junctions, their plasmons couple each other, to form a region of enhanced electric 

field and molecules placed at the junction experiences high electric field giving rise to 

enhanced Raman signal intensity. The quartet junctions are found to be efficient substrates in 

SERS that can be used for the detection and identification of chemically and biologically 

important molecules. 

4.4. Conclusions 

 In summary, controlled lateral assembly of Au nanorods was achieved using a linker 

molecule namely tetra(ethylene glycol)undecanethiol, which possesses hydrophobic and 

hydrophilic moieties. The thiol group on the linker binds onto the lateral surface of the 

nanorods. The terminal hydroxyl groups undergo multiple hydrogen bonding with the 

oxygen atoms on the ethylene glycol chain on adjacent nanorods, thereby bringing the two 

nanorods close together in a lateral fashion.  It was observed that the lateral assembly 

proceeds slowly through dimers, trimers and tetramers to larger assemblies and the extent of 

lateral coupling increases with increase in the aspect ratio of nanorods. Fabrication of 

nanorod quartets was achieved through lateral and longitudinal assembly. A molecule when 

placed at the quartet junction gave rise to huge Raman signal enhancement due to the high 

electric field prevailing at the junction.  

 



Chapter 4: Lateral Assembly of Gold Nanorods and Creation of Quartets for Raman Signal Enhancement 

 

120 

 

Transverse
Coupling 

Longitundinal
Coupling

Transverse
Coupling 

Longitundinal
Coupling

HOTSPOT

 

Scheme 4.7. Schematic representation of gold nanorod dimers formation through 

longitudinal and transverse coupling and the quartets formed through the combination of 

both coupling modes. 

4.5. Experimental Section 

4.5.1. Materials and Instrumental Methods 

Solvents and reagents used were purified and dried by standard methods. 

Photophysical studies were carried out using spectroscopic grade solvents. The absorption 

spectral changes, upon the addition of aromatic dithiols, were recorded in a UV-Visible 

diode array spectrophotometer (Agilent 8453). Stock solutions of the linker molecules were 

prepared in acetonitrile. For HRTEM studies, samples were prepared by drop casting dilute 

solution from the cuvette on a carbon coated Cu grid and the solvent was allowed to 

evaporate and specimens were examined on a FEI-Tecnai 30G
2
S-Twin or with a 300 kV 

(JEOL 3010) transmission electron microscope operated at an accelerating voltage of 300 

kV. Raman and SERS spectra were recorded using a HR800 LabRAM confocal Raman 
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spectrometer operating at 20 mW laser power using a peltier cooled CCD detector. Raman 

spectra were collected in a quartz cuvette using a He-Ne laser source having an excitation 

wavelength of 633 nm and with an acquisition time of 10 seconds using a 5x objective. All 

the studies were carried out in a mixture (4:1) of acetonitrile and water. The baseline was 

corrected and the spectra were presented after subtracting the gold nanorod spectra from the 

original ones. No noticeable absorption spectral changes were observed for the nanorod 

solution during the measurements, confirming that the nanorods remain stable in solution 

even after exposure to laser beam.  

4.5.2. Calculation of Enhancement Factor (EF) 

EF = [ISERS]/[IRaman] x [Nbulk]/[Nads] 

Ibulk and ISERS correspond to the intensities of the ring deformation band of 

monothiols/dithiols in the absence and presence of Au nanorod respectively, containing 

various concentrations of monothiols/dithiols. Nbulk and Nads are the number of molecules 

probed in acetonitrile solution in the absence and presence of Au nanorods respectively. 

Au nanorods possess a capsule shape having two hemispherical caps at the two ends of a 

cylinder and various calculations are carried by following the procedure given in our earlier 

reference (Joseph 2006). 

Total surface area of Au nanorod (length = 54.2 nm and diameter = 18.5 nm) = ~4070 nm
2
  

Lateral surface area of nanorod = ~2470 nm
2 

 

Surface area of both edges together = ~1600 nm
2
 

Footprint of thiol on Au surface = 0.214 nm
2
 

Maximum number of thiol moieties that can be accommodated on the each edge of a Au 

nanorod = ~3740  
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Volume of sample probed   (for depth of focus 1.01 mm) = 168 pL 

Concentration of Au nanorod = 0.12 nM  

Number of nanorods in 3 mL of the solution = ~2.16 x 10
11

 

Number of nanorods in the probed volume = ~1.2 x 10
4
 

I) Enhancement Factor using bipy-DT as linker 

In the absence of nanorods 

Number of molecules in the probed volume (80 mM in ACN), Nbulk = 8.08 x 10
11

  

Intensity of the ring deformation band of dithiols, bipy-DT (80 mM in ACN), Ibulk = 550 

In the presence of nanorods 

Maximum number of thiol molecules that can be accommodated at each edge of nanorod = 

~3740  

No. of thiol molecules at each edge during incubation = ~1250 (based on rod to molecular 

ratio) 

No. of thiol molecules at each edge during dimerization and quartet formation = ~2500 

(based on rod to molecular ratio) 

Number of thiols in the probed volume (adsorbed on nanorods) during incubation (0.3 µM), 

Nads = ~3 x 10
7
 (value corresponding to 1.2 x 10

4
 rods) 

Number of thiols in the probed volume (adsorbed on nanorods) during dimerization and 

quartet formation (0.6 µM), Nads = ~6 x 10
7
 (value corresponding to 1.2 x 10

4
 rods) 

Intensity of the ring deformation band of dithiols (bipy-DT) at the edges of isolated 

nanorods (0.3 µM), ISERS = 525 

Intensity of the ring deformation band of dithiols (bipy-DT) during the dimerization step 

(0.6 µM), ISERS = 4528 
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Intensity of the ring deformation band of dithiols (bipy-DT) during the quartet formation 

(0.6 µM), ISERS = 9247 

EF (monomers) = [ISERS]/ [IRaman] X [Nbulk]/ [Nads] 

  = 525 x 8.08 x 10
11

 / 550 x 3 x 10
7
 = 2.57 x 10

4
 

EF (dimers) = 4528 x 8.08 x 10
11

 / 550 x 6 x 10
7
 = 1.1 x 10

5
 

EF (quartets) = 9447 x 8.08 x 10
11

 / 550 x 6 x 10
7
 = 2.31 x 10

5
 

 

 

 

 

 



CHAPTER 5 

Single Particle Optical Investigations of Gold  

Nanorod Assemblies  

 

5.1. Abstract 

 The main objective of the present investigation was to align Au nanorods in (i) linear 

fashion utilizing the covalent interaction of dithiols and (ii) lateral fashion through 

electrostatic interaction. The scattering properties of the various assemblies were 

investigated at the single particle level by combining the dark-field spectroscopy and high 

resolution scanning electron microscopy techniques. Single particle investigations on Au 

nanorod assemblies were carried out by organizing them in the longitudinal and transverse 

fashion. Au nanorods assembled in a longitudinal fashion showed a gradual bathochromic 

shift in the longitudinally coupled plasmon band with increase in the number of rods in a 

chain. The coupled plasmon band showed maximum intensity for polarization along the 

nanorod axis; a gradual decrease in intensity was observed on changing the axis of 

polarizer from parallel to perpendicular direction. Similar studies on laterally assembled Au 

nanorods showed a gradual hypsochromic shift in the longitudinally coupled plasmon band 

and bathochromic shift in the transverse coupled band.  The effect of orientation on the 

optical properties of linearly assembled Au nanorod dimers was investigated. It is observed 

that the position and intensity of the coupled plasmon resonance largely depends on the 

angle between the dimers. The energy levels involved in various modes of excitation were 

deduced from the polarization dependent scattering studies and explained using plasmon 

hybridization model.  



Chapter 5: Single Particle Optical Investigations of Gold Nanorod Assemblies 

 

125 

 

5.2. Introduction 

The functional properties of noble metal nanomaterials can be fine-tuned by 

integrating them in a stepwise manner to higher order assemblies [Daniel 2004 and Girard 

2006]. Such metal nanoparticle based assemblies can propagate light below their diffraction 

limit and have potential application in the miniaturization of devices. The plasmon coupling 

in noble metal nanoparticles is usually accompanied by variation in their extinction or 

scattering spectrum. Such variations are often used for the development of sensors for 

chemical and biological systems [Min 2008 and Yoosaf 2007]. Among various nanoscale 

building blocks, Au nanorods have gained much attention due to their anisotropic nature 

allowing their organization in different orientations (for e.g., in end-to-end and side-by-side 

fashion) [Thomas 2004, Sudeep 2005, Pan 2007 and McLintock 2011].  These aspects are 

discussed in the Chapters 3 and 4. Various strategies have also been adopted for the design 

of nanorod assemblies by following electrostatic, hydrogen bonding and covalent bonding 

interaction [Joseph 2006, Caswell 2003, Murphy 2005 and Wang 2007]. The optical 

properties of the assembled structures are dependent on the way in which they orient and can 

be further tuned by varying (i) the number of rods and (ii) aspect ratio.  

The extinction spectral properties of nanorod assemblies in solution have been 

investigated by following various experimental and theoretical methods. However, the major 

disadvantage of solution based investigations is that, it provides an average of the ensemble 

properties of nanoassemblies. Hence, it is difficult to deduce any structural-optical property 

relationships based on these studies. The exact optical properties of the nanostructures can 

be obtained by collecting the spectrum from single particle assemblies after identifying them 

by microscopic techniques.  Different groups have developed methods for collecting the 
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single particle properties of nanomaterials by correlating various microscopic and 

spectroscopic techniques. Among these, a combined scanning electron microscopy (SEM) 

and dark-field microscopy (DFM) technique has gained much attention [Hu 2008 and Novo 

2007]. 

The precise structural information of single nanorod assemblies can be obtained by 

combining SEM imaging and dark-field spectroscopy. The image pattern of a single particle 

recorded using dark-field and scanning electron microscopic methods are presented in 

Figure 5.1.The identification marks are made on the substrate during imaging, by etching the 

surface using focused ion beam (FIB). The marks on the substrates near to the particle help 

in identifying the nanoparticles when viewed under dark-field microscope. The close 

correspondence between the patterns in the two images allows us to correlate the structural 

and spectroscopic measurements. Further details on the FIB SEM-DFM correlation method 

is provided in the experimental section (Section 5.5.2) 

A B C
a

b

d

e

f

c

 

Figure 5.1. (A) Schematic representation of the set up for dark-field microscopic 

investigations of metal nanoparticles. (a) light source, (b) dark field patch stop, (c) 

condenser lens, (d) sample, (e) objective lens and (f) dark field image [Hu 2008]. (B) 

Optical image of a particle pattern recorded by dark-field microscopy and (C) the SEM 

image of the same particle pattern [Hu 2007]. 
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5.2.1. Single particle investigations of nanoparticle assembly 

 Recently few groups have reported the single particle investigations on spherical Au 

nanosphere and their linear assemblies [Nehl 2004, Henry 2011 and You 2012]. Light 

scattering properties of linear assembly of Au nanoparticles by varying the number of 

particles in a chain from one to six, having an interparticle spacing of 1 nm, were reported 

by Mulvaney and coworkers [Barrow 2011]. The CTAB stabilized Au nanoparticles, having 

an average diameter of 64 nm, were assembled using thiolated single stranded 

oligonucleotides. It was found that their surface plasmon resonance underwent a 

bathochromic shift with increasing chain length (Figure 5.2). The observed bathochromic 

shift decreases progressively with chain length and levels off. An exponential model applied 

to the experimental data allowed the determination of an asymptotic maximum resonance at 

a chain length of 10-12 particles. This resonance is identified as a longitudinal coupling 

mode along the length of the nanoparticle chain. Polarization studies on linear tetramer gave 

maximum intensity for polarization of light along the axis of the nanoparticle chain.  

A B

 

Figure 5.2. (A) SEM images of self-assembled nanoparticle chains (mean diameter of gold 

particles = 64 nm; interparticle spacing = 1 nm); Scale bar = 250 nm. (B) Normalized 

spectra of the nanoparticle chains in Figure 5.2 A. Spectra were collected in air on an ITO 

coated glass substrate. Spectra are numerically labeled according to chain length [Barrow 

2011]. 
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Even though there have been few studies on the single particle investigations on 

spherical nanoparticles, there are only three to four reports on single particle investigations 

of nanorods and their assembled nanostructures (Slaughter 2010, Lombardi 2012 and Shah 

2012). Scattering spectra of gold nanorod dimers arranged in side-by-side, end-to-end and 

various other orientations were reported through the combination of SEM and dark field 

microscopy by Funston et al. [Funston 2009]. The optical properties of the dimers were 

found to be dependent on the orientation of nanorods in the dimer (Figure 5.3). Depending 

on the orientation, both bathochromic and hypsochromic shift in surface plasmon resonances 

were observed and these results are in consistent with the plasmon hybridization model. 

However, the plasmon coupling constant for gold dimers with less than a few nanometers 

separation between the particles does not obey the exponential dependence predicted by the 

Universal Plasmon Ruler equation. The experimentally determined spectra are compared 

with electrodynamic calculations and the interactions between the individual rod plasmons 

in different dimer orientations were explained using hybridization model. 
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Figure 5.3. Scattering spectrum of nanorod dimers aligned (a,b) end-to-end, (c,d) side-to-

side, (e) as T configuration, and (f) as L configuration (on the surface of ITO and in air). 

Insets show the SEM images of the corresponding dimers. Scale bar = 100 nm [Funston 

2009]. 

Surface plasmon excitation in noble metal nanoparticles can lead to strong 

enhancement in their absorption, scattering, and local electric field [Evanoff 2004 and Jain 

2006]. It is desirable to have nanomaterials with a high absorption cross-section for sensing 

and other diagnostic applications, whereas, for imaging applications nanoparticles having 

strong optical scattering is useful [Huang 2006 and Jain 2006]. It is important to understand 

and tune the contributions of scattering by varying the dimensions and the mode of assembly. 

Au nanorods possessing two distinct surface plasmon absorption bands (associated with the 
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transverse and longitudinal oscillations of electrons) can function as powerful candidates for 

such studies. Herein, we report the scattering spectrum of Au nanorod assemblies by 

increasing the number of rods, organized laterally and longitudinally in a chain and 

correlating their optical properties with their structure. The anisotropic features of Au 

nanorods were utilized to assemble them (i) in a linear fashion by using covalent interactions 

of dithiol molecules at the edges of Au nanorods and (ii) in a lateral fashion, utilizing the 

electrostatic interaction between the oppositely charged nanorod surface and citrate 

molecules. 

5.3. Results and Discussion 

5.3.1. Single Particle Investigations on Longitudinal Assemblies of Au Nanorods 

Gold nanorods used for single particle studies were synthesized by following the 

seed mediated method developed by Nikoobakht et al. [
b
Nikoobakht 2003]. Thicker 

nanorods can scatter light efficiently; compared to photochemical methods, it is easy to 

increase the width of the nanorods through seed mediated method. The excess capping 

agents such as CTAB present in the solution were removed by repeated centrifugation. They 

were found to be stable in water as well as in mixtures of water and acetonitrile, containing 

more than 70% of acetonitrile. Au nanorods possess a large positive zeta potential in water 

(ζ = 28.5 mV), and a reversal in ζ was observed on increasing acetonitrile content [Pramod 

2008]. In the present investigations, we have used a solvent mixture (1:4) of water and 

acetonitrile (ζ = -28.8 mV) and experiments were carried out with two sets of nanorods 

having average aspect ratios 1.7 and 2.0. In the latter one, the longitudinal plasmon band 

resonates at 618 nm, whereas the band resonates at 595 nm in the case of former one. In both 

the cases, the transverse mode of electron oscillation was observed at 520 nm. The nanorods 
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were assembled linearly by following the procedure reported in Chapter 3 using an aromatic 

dithiol, namely 5,5'-bis(mercaptomethyl)-2,2'-bipyridine (1 M). The edges of Au nanorods 

are less saturated with CTAB. The thiol derivatives preferentially bind onto the edges 

leading to the localization of molecules which results in dimerization and subsequent 

oligomerization of nanorods.  

ITO coated glass slides functionalized with (3-mercaptopropyl)trimethoxysilane 

(MPS) were prepared by following a reported procedure [Ali 2008].  Freshly prepared glass 

slides, coated with MPS, were dipped in Au nanorod solution at different stages of 

oligomerization (for 10 s) and dried using a flow of nitrogen. Two sets of Au nanorods 

having average dimensions of (i) 58 nm in length and 30 nm in width (Figure 5.4B) and (ii) 

52 nm in length and 30 nm in width (Figures 5.4D) were used in the present study. These 

slides were imaged under SEM and found that the extent of chain formation is time 

dependent.  Monomers and dimers were observed at the initial stages (after 5 min), whereas 

trimers, tetramers and higher aggregates were found on the slide after 15 min. Nanorod 

assemblies of interest (having varying number of nanorods, i.e., one to four nanorods) were 

selected by SEM imaging and ITO substrates were marked using a focused ion beam (FIB). 

Marking of ITO substrate allows pattern matching when viewed under a dark field 

microscope.  From the SEM images, we estimate that the spacing between two nanorods in a 

chain is ~1 nm, which is matching with the chain length of the linker molecule. The 

scattering spectra obtained for two sets of nanorod assemblies with their corresponding SEM 

images are shown in Figure 5.4. In both set of experiments, the wavelength of plasmon 

resonance underwent bathochromic shift as the number of nanorods in the chain increases 

from one to four. The observed bathochromic shift in the plasmon wavelength progressively 
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decreases with increase in chain length. As the number of nanorods in a chain increases, the 

assembly deviates slightly from linearity due to several possible orientations existing 

between the nanorods in a chain. 
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Figure 5.4. Normalized scattering spectra of the Au nanorod chains (A) with aspect ratio 

2.0 and (C) aspect ratio 1.7. Spectra were collected in air on an ITO coated glass substrate. 

Spectra are numerically labeled according to chain length. SEM images of self-assembled 

nanorod chains having (C) aspect ratio 2.0 and (D) aspect ratio 1.7. Scale bar = 250 nm. 

In both sets of nanorods, the observed bathochromic shift in the plasmon wavelength 

decreases with increase in number of nanorods in a chain. The coupled longitudinal plasmon 

mode  was  fitted  exponentially as a function of nanoparticle chain length and the results are  
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presented in Figure 5.5. Based on the exponential fit, it is concluded that the bathochromic 

shift levels off at approximately (i) 6-8 nanorods for shorter rods (aspect ratio = 1.7) and (ii) 

10-12 nanorods for longer rods (aspect ratio = 2.0). These trends are in accordance with the 

previous studies based on linear chains of Au nanoparticles, reported by Mulvaney and 

coworkers. Even though the nature of plots is similar for nanorods of different aspect ratios, 

the extent of shift varies significantly with change in aspect ratio. Compared to that of 

monomer of Au nanorod, having an aspect ratio of 2.0, the coupled longitudinal plasmon 

band dimer is bathochromically shifted by 165 nm. Under similar condition, Au nanorod 

having an aspect ratio of 1.7 is shifted only by 95 nm towards red region. Similar trend were 

observed for trimers and tetramers also and the details are presented in Table 5.1. These 

studies indicate that the coupled plasmon oscillations of Au nanorods are highly dependent 

on the aspect ratio of the nanorods.  

Number of nanorods  

Figure 5.5. Maximum wavelength of coupled longitudinal plasmon band plotted against 

number of nanorods in a nanochain.  Nanorods having an aspect ratio of 1.7 and 2.0 were 

represented by red trace and black trace, respectively. The maximum wavelength was taken 

from Figure 5.4 and the curves were obtained using an exponential fit. 
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Table 5.1: Coupled longitudinal plasmon band for linear assemblies of Au nanorods.  

Nanorod Assembly  Aspect Ratio 2.0 (nm) Aspect Ratio 1.7 (nm) 

Monomer 

Dimer 

Trimer 

Tetramer 

618 

785 

880 

930 

597 

695 

760 

795 

 

The polarization studies of assembled nanorods were carried out to confirm that the 

long wavelength band originates from the coupling of the longitudinal plasmon mode along 

the length of the rod. The polarized scattering spectra were collected by placing a polarizer 

in the incident light path. The scattering spectra of the linear nanorods dimer, when exposed 

to excitation light of varying polarizations (0 to 90 degrees) are shown in Figure 5.6A. In 

principle, transverse mode should be observed at polarization perpendicular to the axis of the 

assembled nanorods. However, this mode could not be observed in the case of Au nanorod 

assembly, may be due to its low intensity. Spectra were taken at increments of 10 degree and 

a plot of plasmon band intensity versus polarizer angle is shown in Figure 5.6B. The spectra 

showed a gradual decrease in intensity on changing the axis of polarizer from parallel to 

perpendicular direction, along the length of assembled nanorods. The polarizer angle of zero 

degree is represented by the arrow mark (inset of Figure 5.6A) along the length of the dimer. 

It is expected that, for a perfectly linear assembly, longitudinal plasmon mode should not be 

observed, when the incident light is polarized perpendicular to the chain. However, the 

residual intensity observed may be due to the deviation of dimer from linearity and 

background counts.  
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Figure 5.6. (A) Scattering spectra of nanorod dimer (aspect ratio of Au nanorod is 1.7) at 

different polarizations. Inset shows the SEM image of the dimer and the polarizer angle 

compared to the position of the dimer is located by using the FIB marks on the substrate as 

reference. The polarization angle of zero degree is indicated by the arrow mark on the SEM 

micrograph. The spectra were collected on an ITO coated glass substrate in air. The scale 

bar in the inset is 250 nm. (B) A plot of scattering intensity of the coupled longitudinal 

plasmon band (at 695 nm) of a nanorod dimer resonance versus polarizer angle. 

We have also collected the scattering spectra of various linear assemblies (dimers to 

tetramer) of nanorods having aspect ratio of 2, at different angles of polarizations (Figures 

5.7). The spectral features were similar to that reported in Figure 5.6A for linear dimers 

linked together by Au nanorods of aspect ratio 1.7. Scattering spectra showed maximum 

intensity for polarization along the nanorod axis and the intensity decreases gradually on 

rotation of the polarizer. The peak almost vanishes for polarization perpendicular to the 

nanorod axis. In the case of linear trimer and tetramer (Figures 5.7B and 5.7C), a weak band 

at the shorter wavelength is observed, for polarization perpendicular to the nanorod axis. 

This may be attributed to the coupling modes arising from the deviation of the chain from 

linearity.  
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Figure 5.7. Scattering spectra at different polarizations of linear assemblies of Au nanorods 

(A) dimer, (B) trimer and (C) tetramer (aspect ratio of Au nanorods is 2.0). Inset shows an 

SEM image of the corresponding nanostructures. The polarizer angle compared to the 

position of the dimer is located by using the FIB marks on the substrate as reference. The 

polarization angle of zero degree is indicated by the arrow mark on the SEM micrograph. 

The spectra were collected on an ITO coated glass substrate in air. The scale bar in the 

inset is 250 nm.  

5.3.2. Orientation dependent plasmon coupling in Au nanorod dimers 

We have further carried out systematic investigation on the coupling of plasmon 

modes in Au nanorod dimers as a function of the relative orientation of nanorods. This is 

achieved by recording the scattering spectra by varying the angle between the nanorods in 

the dimer. Au nanorods having an average aspect ratio of 2.0 with the longitudinal plasmon 

band at 620 nm was selected for this purpose. The angle between the dimers plays a crucial 

role in plasmon coupling, which can be modulated by varying the nature of the linker group. 

The nanorods were linked through the dithiol molecules. It is reported from our group that 

the orientation between the nanorod dimers is dependent on the nature of linker molecules 

[Pramod 2008]. Aromatic dithiols give rise to more linear dimers, whereas bent dimers can 

be obtained using aliphatic dithiols. In the present case, 5,5'-bis(mercaptomethyl)-2,2'-

bipyridine  was  used  as  aromatic  dithiol  and  1,6-hexanedithioldithiol  as  aliphatic dithiol  
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molecules. We have selected six Au nanorod dimers from ITO plate, having an angle of 0, 

45, 90, 120,150 and 180 degrees, between the nanorods, by imaging them using scanning 

electron microscopy (SEM). The scattering properties of the Au nanorod dimers were 

measured by using dark-field microscopy (DFM). The scattering spectra and corresponding 

SEM images of six representative nanorod dimers having varying angles between the 

nanorods are presented in Figure 5.8. When the angle between the two nanorods in the dimer 

is 0° and 180°, only one scattering peak is observed (Figures 5.8A and 5.8F), whereas two 

peaks were observed in the scattering spectrum in all the other cases. Interestingly, the lower 

energy peak was found to be more intense for Au nanorod dimers with an angle of 120º and 

150º (Figures 5.8B and 5.8C). With decrease in angle between the dimers (45º and 90º), the 

intensity of lower energy peak decreases and the higher energy peak becomes more 

prominent (Figures 5.8D and 5.8E). Thus, the extent of dipolar overlap between the dimers 

was found to be highly dependent on the angle between the dimers. For linear nanorod dimer 

with an angle of 180°, coupled plasmon peak was found to resonate at 785 nm. A gradual 

hypsochromic shift in the peak position was observed with decrease in the angle between the 

dimers. For example, Au nanorod dimer with an angle of 150º possess a coupled plasmon 

band at 662 nm which is shifted to 655 nm, 648 nm and 620 nm for dimers with angles 120º, 

90º and 45º respectively. A hypsochromic shift of 18 nm from the monomer peak was 

observed for Au dimer assembled laterally (Figure 5.8F), and the resultant peak position was 

observed at 602 nm.  Thus, the peak position and intensity of the coupled plasmon band is 

highly dependent on the orientation between the dimers.  
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Figure 5.8. Scattering spectra of linearly assembled Au nanorod dimers with varying angles 

in between the dimers (A = 180º, B = 150º, C = 120º, D = 90º, E = 45º and F = 0º). The 

SEM images of the corresponding dimers are shown in the inset. Scale bar = 100 nm. 

Further insight on orientation dependent plasmon coupling in four different nanorod 

dimers, with varying angles (45º, 90º, 150º and 180º), were obtained through polarization 

dependent studies. The scattering spectra of these nanorod dimers were collected by 

changing the angle of polarization and the results are presented in Figure 5.9. For the linear 

nanorod dimers, maximum intensity of the coupled longitudinal plasmon was observed 

when the polarization was along the nanorod axis (Figure 5.9A). A decrease in intensity of 

this band was observed on varying the angle of polarization and it reaches a minimum when 

the angle is at 90º. Interestingly, nanorod dimers having varying angles of 45º, 90º and 150º 

showed both longitudinal and transverse plasmon modes. The intensity of these modes 

underwent variation by changing the angle of polarization. For nanorods with an angle of 

150º, the lower energy peak, due to the coupled longitudinal plasmon, is more pronounced 

and the higher energy peak due to the transverse mode was found to be less intense. The 
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intensity of coupled longitudinal plasmon band decreased on decreasing the angle of 

polarization (Figure 5.9B) and the higher energy peak becomes more prominent. For 

example, in the case of nanorod dimer having an angle of 45º, we observed a single peak at 

lower energy during longitudinal polarization which switched to the higher energy mode 

during lateral polarization (Figure 5.9D). Polarization dependent investigations of laterally 

organized nanorod dimers (angle of 0º) are discussed in detail in Section 5.3.3. Thus, 

nanorod dimers, with varying angles, show strong polarization dependence. 
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Figure 5.9. Polarization dependent spectra of nanorod dimers with varying angles (A = 

180º, B = 150º, C = 90º and D = 45º) and the inset shows the SEM image of the dimers. The 

spectra were collected at different polarization angles (blue - 0º, red - 30º, green - 60º and 

orange - 90º). The polarizer angle compared to the position of the dimer is located by using 

the FIB marks on the substrate as reference. The polarization angle of zero degree is 

indicated by the arrow mark on the SEM micrograph. The spectra were collected on an ITO 

coated glass substrate in air. Scale bar = 250 nm. 
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A better understanding on the origin of various peaks in nanorod dimers can be 

obtained from the plasmon hybridization model. According to the plasmon hybridization 

model, organization of Au dimeric nanorods in the lateral as well as longitudinal fashion can 

have four hybridized plasmon modes designated as bonding and antibonding modes 

(Scheme 5.1). Two of the modes are optically active (bright modes; dipoles add up), and the 

other two are optically inactive (dark modes; dipoles cancel each other). At 180°, the 

transverse antibonding and longitudinal bonding modes are optically active, however, the 

former is very weak and hence only one peak (at 885 nm for nanorods of aspect ratio 2.0) 

corresponding to longitudinal bonding mode is observed in the scattering spectrum 

(Schemes 5.1b and 5.1d). For lateral dimers having an angle of 0°, the scattering peaks 

arising from the optically active longitudinal antibonding and transverse bonding modes are 

close to each other since their energy levels are close (Schemes 5.1a and 5.1c). As a result, 

only one scattering peak at 605 nm is observed. For nanorods with angles between 180° and 

0°, two scattering peaks were observed. The polarization studies on these nanorod dimers 

showed that, the lower-energy mode is excited when the excitation polarization is along the 

nanorod axis, while the higher-energy mode is excited when the excitation polarization is 

perpendicular to the nanorod axis (Figure 5.9). Since the nanorods are in an angle, dipoles 

cannot completely cancel each other as in the case of longitudinal and transverse dimers. 

The new plasmon peaks may be originating through the mixing of bonding and antibonding 

modes and hence, only two hybridized plasmon modes are observed. 
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Scheme 5.1. Schematic representation of the different coupled plasmon modes involved in 

the longitudinal and lateral assembly of Au nanorod dimers.  

5.3.3. Single Particle Investigations on Lateral Assemblies of Au Nanorods 

The surface of Au nanorod is covered by a bilayer of CTAB surfactant which give 

rise to a high positive zeta potential ( = 30 mV).  Au nanorods possess high stability in 

water which is attributed to the large positive  value. The lateral assembly of nanorods is 

achieved by the addition of citrate anions. The thick coverage of CTAB bilayer and the 

larger surface area on the lateral faces are responsible for the assembly of nanorods in the 

lateral fashion. The electrostatic interaction between the positive charged nanorods and the 

citrate anions drives the assembly of nanorods in the lateral fashion (Scheme 5.2). In 

solution, the longitudinal plasmon resonance band underwent hypsochromic shift from 655 

nm to 615 nm, on addition of citrate ions, accompanied by a decrease in intensity. 

Interestingly, the transverse band underwent bathochromic shift from 515 nm to 525 nm. 

The number of Au nanorods in lateral assembly (dimer, trimer, tetramer to oligomers) can be 

controlled by varying the ratio of citrate to nanorods in the solution. 
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Scheme 5.2. Schematic illustration of the binding of negatively charged citrate molecule 

onto the positively charged CTAB bilayer bringing two nanorods close together in a lateral 

fashion. 

The ITO coated glass slides were further functionalized with (3-mercaptopropyl) 

trimethoxysilane (MPS) by following a reported procedure [Ali 2008]. The assembly of 

nanorods in lateral fashion was achieved by adding sodium citrate (3 µM) to Au nanorod 

(0.012 nM) solution in water. It may be noted that the lower concentration of citrate ion 

allowed slow assembly of nanorods. The lateral assembly was monitored by following the 

extinction spectra of nanorods in solution and the ITO glass plates, coated with MPS, were 

dip coated at different stages of assembly. Glass slides were dipped in Au nanorod solution 

for 10 s and dried using a flow of nitrogen.  It was found that the ITO glass sides dip-coated 

after 10 min were covered with dimers and trimers (and small amount of monomers). When 

dip-coated after 20 min, we could observe tetramers and pentamers of nanorods on the ITO 

glass sides. Higher order clusters were not observed since the nanorods underwent 

uncontrolled aggregation at the final stages leading to precipitation. Lateral assemblies 

having varying number of nanorods were selected by SEM imaging and ITO substrates were 

marked using a Focused Ion Beam (FIB). The marked samples were viewed under a dark-

field microscope and the scattering spectra were collected.  
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The scattering spectra and the corresponding SEM images of the nanorod assembly 

are presented in Figure 5.10. The plasmon coupling in the nanorod assemblies depends on 

the aspect ratio as well as the number of nanorods in the assembly. In the present case, 

individual gold nanorods possess an average length of 54 nm and width of 23 nm (aspect 

ratio of 2.3). The monomers and nanorod assemblies consisting of two to five rods, arranged 

laterally, were selected for the present studies. From the SEM images, it is observed that the 

spacing between the nanorods in the assembly is ~1 nm.  The CTAB molecules possess a 

length of ~2.2 nm in its extended configuration; however, the nanorods are closely spaced 

(~1 nm) in the present case due to the conformational changes in the alkyl chain and 

interdigitation. The scattering spectra of the dimeric and trimeric assembly of Au nanorod in 

the lateral fashion possess a single peak corresponding to longitudinal plasmon oscillation. 

Compared to that of isolated Au nanorods, the longitudinal plasmon band of the dimer and 

trimer underwent a hypsochromic shift of 18 nm and 28 nm respectively. The longitudinal 

plasmon resonance continually underwent blue shifts as the number of nanorods in the 

lateral assembly increases. The shift progressively decreased and leveled off with increase in 

the number of rods. Interestingly for higher order assemblies such as tetramers and 

pentamers, a new band was observed at the longer wavelength region (at 684 nm for 

tetramer and 704 nm for pentamer) along with the blue shifted longitudinal resonance. The 

new band at lower energy region was found to be more intense for the pentamer.  
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Figure 5.10. (A) Scattering spectra of laterally assembled Au nanorods (aspect ratio 2.3). 

Spectra were collected in air on an ITO coated glass substrate. (B) SEM images of laterally 

arranged Au nanorods. Scale bar = 200 nm.  

Simulations using Finite Element Method (FEM) were carried out to understand the 

dependence of the plasmonic properties of lateral assembly of Au nanorods. The 

hypsochromic shift in the longitudinal plasmon band observed on increasing the number of 

nanorods in the assembly is in agreement with the results obtained from simulation studies 

using FEM. The wavelength maximum of the longitudinal plasmon band, obtained through 

experimental and theoretical methods, were plotted against the number of rods in the 

assembly and fitted exponentially. The results are presented in Figure 5.11. In both the cases, 

the extent of the shift decreases with increase in number of rods and is leveled off at about 7-

8 rods in an assembly. The difference in plasmon band positions observed in the 
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experimental and theoretical calculations may be attributed to the slight variations in size of 

the nanorods and the difficulty in accurately determining the spacing between the nanorods 

in an assembly.  

Number of nanorods
 

Figure 5.11. Plot of the wavelength maximum of the longitudinal plasmon band, obtained 

through experimental (red trace) and theoretical methods (black trace), against the number 

of rods in the assembly. Curves were obtained using an exponential fit to the data points. 

Polarization studies were carried out on dimeric to pentameric Au nanorod 

assemblies to obtain further insight on the origin of the new band observed at the lower 

energy region. The experimental and theoretical results obtained when these assemblies are 

subjected to longitudinal and transverse polarization are presented in Figure 5.12. For 

longitudinal polarization, only one peak was observable at the higher energy region of the 

spectrum which corresponds to the longitudinal plasmon band. This band underwent a 

hypsochromic shift with increase in the number of nanorods in the assembly. Interestingly, a 

gradual bathochromic shift in the peak position of transverse band was observed, in both 

simulated and experimental spectra, on moving to tetramer and pentamer. The band becomes 

more pronounced and got further shifted with increase in number of nanorods in an assembly.  
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Figure 5.12. (A,D) Experimental and (B,E) the corresponding theoretical scattering spectra 

of lateral nanorod assemblies, obtained during (A,B) longitudinal and (D,E) lateral 

polarizations. (C) SEM images of the corresponding laterally assembled nanorods from 

dimers to pentamers. The polarizer angle compared to the position nanorod assemblies were 

known by using the FIB marks on the substrate as a reference. The longitudinal and the 

lateral polarizations directions have been indicated on the inset SEM micrograph using blue 

and red arrows respectively. The spectra corresponding to these polarizations are plotted in 

the respective colors. All spectra were collected on an ITO coated glass substrate in air. 

Scale bar in the inset = 200 nm.  

The observed shifts in band positions during the longitudinal and transverse 

polarization of laterally assembled nanorods can be explained based on the plasmon 

hybridization model [Prodan 2003 and Nordlander 2008]. In plasmon hybridization, the 

linear combinations of individual nanorod plasmons give rise to coupled bonding and 

antibonding plasmons. In the case of nanorod dimer aligned in a lateral fashion, the 

individual monomer plasmons hybridize giving rise to two modes, one of which remains as 
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dark mode. For longitudinal polarization, the higher energy mode is active (bright mode) and 

the lower energy mode remains as the dark mode (Scheme 4.4A). Hence, we observe a blue 

shift in the band position during longitudinal polarization. In contrast, for polarization along 

the transverse axis, the lower energy mode is active (bright mode) and the higher energy 

mode remains as the dark mode giving rise to bathochromic shift in the peak position 

(Scheme 4.4B). The shifts in peak positions increases with increase in number of nanorods 

in an assembly, due to higher splitting between the bonding and antibonding modes. During 

the transverse polarization studies of Au nanorods, a new peak was observed in the long 

wavelength region of the simulated spectrum. The intensity of this peak increases and 

becomes pronounced for the pentameric assembly. The peak was found to be of low 

intensity in the experimental spectrum. These peaks may be originating either from (a) the 

multipolar resonance in these rectangular type assemblies of Au nanorods or (b) from the 

higher energy bright modes in larger assemblies (for example, new modes for trimeric 

assembly in Scheme 5.3).  
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Scheme 5.3. Illustration of the plasmon hybridization model of laterally assembled Au 

nanorod trimer during (A) longitudinal and (B) lateral polarizations. 
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Thicker Au nanorods can give better scattering and nanorods having an average 

length of 54 nm and thickness 30 nm (aspect ratio of 1.8) were further used for scattering 

spectral studies. As observed in the earlier case, on moving from monomers to tetramers, a 

gradual hypsochromic shift in the longitudinal coupled plasmon band and a bathochromic 

shift in the transverse coupled plasmon band was observed (Figure 5.13).  During the 

transverse polarization studies, additional bands were observed in the long wavelength 

region for larger assemblies of these Au nanorods.  
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Figure 5.13. (A) Scattering spectra of laterally assembled Au nanorods having an average 

aspect ratio of 1.8. Spectra were collected in air on an ITO coated glass substrate. (B) The 

corresponding SEM images of laterally arranged Au nanorods. Scale bar = 250 nm. 

The polarization studies on laterally assembled nanorods clearly confirm the 

contribution of the longitudinal and transverse modes. Experimental and simulated 

polarization data of lateral assemblies of Au nanorods are presented in Figure 5.14. As 

observed in the previous case, the polarization studies show a gradual hypsochromic shift in 

the longitudinally coupled plasmon band and bathochromic shift in the transverse coupled 

band. The magnitude of bathochromic shift was more pronounced for thicker rods during 
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transverse polarization. Thus, the transverse to longitudinal intensity ratio can be tuned by 

varying the thickness of Au nanorods.  
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Figure 5.14. (A-C)Experimental and (D-F) the theoretical scattering spectra of laterally 

assembled nanorod assemblies (aspect ratio = 1.8) obtained during longitudinal and lateral 

polarizations. Inset shows the SEM images of Au nanorod assemblies. The polarizer angle 

compared to the position of nanorod assemblies were known by using the FIB marks on the 

substrate as a reference. The longitudinal and the lateral polarization directions have been 

indicated on the inset SEM micrograph using blue and red arrows respectively. The spectra 

corresponding to these polarizations are plotted in the respective colors. All spectra were 

collected on an ITO coated glass substrate in air. The scale bar in the inset is 100 nm. 

5.4. Conclusions 

In summary, we have investigated the single particle scattering properties of various 

Au nanorod assemblies by aligning them both linearly and laterally. The nanorods under 

investigation were identified using a pattern matching technique involving a combination of 

scanning electron microscopy and dark-field microscopy. The scattering wavelength and 

intensity of the peaks were highly dependent on the number of nanorods and their orientation 
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in the assembly. Linearly assembled Au nanorods showed a bathochromic shift in the 

longitudinal coupled plasmon band, which leveled off with increase in the number of rods in 

a chain. Lateral assembly of Au nanorods resulted in a hypsochromic shift in the 

longitudinally coupled plasmon band and a bathochromic shift in the transverse coupled 

band.  All the nanoassemblies exhibit polarization dependent scattering and the energy levels 

involved in various modes of excitation were calculated from theoretical studies using FEM 

and plasmon hybridization models. 
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Scheme 5.4. Schematic illustration of single particle investigations of Au nanorod 

assemblies, taking lateral assembly of Au nanorods as specific example. 
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5.5. Experimental Section 

5.5.1. Materials and Instrumental Methods 

 Solvents and reagents used were purified and dried by standard methods. 

Photophysical studies were carried out using spectroscopic grade solvents. The absorption 

spectral changes, upon the addition of linker molecules (dithiols for longitudinal assembly 

and sodium citrate for lateral assembly), were recorded in a UV-Visible Diode array 

spectrophotometer (Agilent 8453). Stock solutions of the dithiols and sodium citrate were 

prepared in acetonitrile and water respectively. All the studies were carried out by dispersing 

Au nanorods in water, or in a mixture (1:4) of water and acetonitrile. Nanorod samples were 

imaged using an xT Nova Nanolab SEM and the substrate was etched using a focused ion 

beam (FIB) which allows pattern matching when viewed under a dark field microscope. We 

have utilized a correlated method involving SEM and DFM for collecting the scattering 

spectra of single nanoparticles and their assemblies, and the details of the technique are 

provided in Section 5.5.2. 

 Finite-element method was used to simulate the experimental results and to map the 

surface plasmon modes. In modeling, the particle clusters of interest were delimited by the 

perfectly matched layer method (PML), which prevented any unwanted reflections through 

efficiently absorbing the scattering of the particles. All calculations were performed in an 

effective embedding medium n=1.28, to match experiment. S-polarized incident light with 

oblique incident angle 61 degrees to the normal of the cluster plane was chosen to strictly 

compare with the experiment results. For calculations, the nanorod was assumed as a 

cylinder of length 30 nm with two hemispherical caps at the ends having a radius of 12 nm 

each. The diameter of the cylinder was taken to be 23 nm. The gap between the nanorods 
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was assumed to be ~1 nm. The theoretical results were in good agreement with the 

experimental data with slight variations in the peak positions. The in-plane plasmon modes 

of the nanorod assemblies were considered during the calculations by assuming that the 

excitation light is polarized within the substrate plane either along longitudinal axis or the 

transverse axis perpendicular to it. 

5.5.2. Combined SEM-DFM Technique  

 We have performed correlated Rayleigh scattering spectroscopy and SEM imaging 

experiments for investigating the optical properties of single nanoparticle assemblies [Hu 

2007, Novo 2007 and Hu 2008]. Nanoparticle samples were imaged using an xT Nova 

Nanolab SEM and the substrate was etched using a focused ion beam (FIB) which allows 

pattern matching when viewed under a dark-field microscope. The scattering spectra 

presented in this chapter were recorded using an inverted optical microscope equipped with 

a dark-field condenser (Figure 5.1). The dark-field condenser forms a hollow cone of light 

focused on the sample. Only light that is scattered out of the cone reaches the objective; 

hence the particles on the substrate appear as bright diffraction-limited spots on a dark 

background. The particles appear in different colors depending on their scattering 

wavelength; for example, a particle having a plasmon resonance at approximately 650 nm 

appears as an orange spot. A Nikon Eclipse TE-2000, with a dry dark-field condenser and a 

40x objective, was used in the dark-field microscopic system. The light collected by the 

objective were directed to an imaging monochromator (Acton Research MicroSpec 2150i) 

equipped with a liquid nitrogen cooled PIXIS 1024 ACTON Princeton Instruments CCD 

camera. The experiments were performed by first recording an image of the sample with a 

mirror  in the light path of the spectrometer. After the identification of a suitable particle  (or  
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assembly of particles), the mirror is switched with a grating (150 groves mm-1) to disperse 

the scattered light. Normalized Rayleigh scattering spectra from individual particles were 

obtained by subtracting and dividing by a background, taken from a nearby area of the CCD 

detector (identical pixel width but without particles). The acquisition times for the spectra 

varied from 10 s to 30 s, depending on the scattering cross section of the sample and 

sensitivity of the detector. The polarized scattering spectra were collected by placing a 

polarizer (LPVIS 100, Thorlabs) in the incident light path. 

5.5.3. Synthesis of Au nanorods 

Au nanorods were synthesized by seed mediated method [
b
Nikoobakht 2003]. For 

preparation of NRs, seed and growth solutions were made as described below. 

Preparation of seed solution: 5 mL of CTAB solution (0.20 M) was mixed with 5.0 mL of 

HAuCl4 (0.00050 M). To the stirred solution, 0.60 mL of ice-cold NaBH4 (0.010 M) was 

added which resulted in the formation of a brownish yellow solution. Vigorous stirring of 

the seed solution was continued for 2 min and the seed solution was stored at 25 °C. 

Synthesis of Au nanorods: Varying amounts of 0.0040 M AgNO3 solution (0.050, 0.10, 

0.15, 0.20, 0.25 mL) was added to 5 mL of CTAB (0.20 M) solution at 25 °C. To this 

solution, 5.0 mL of 0.0010 M HAuCl4 was added and gently mixed.  A mild reducing agent, 

ascorbic acid (70 µL, 0.0788 M) was added to this solution resulting in a change in colour of 

the growth solution from dark yellow to colorless. In the final step, 12 µL of the seed was 

added to the growth solution at 27-30 °C. The color of the solution gradually changed within 

10-20 min; color changes were slow for longer nanorods. Thus, nanorods of different aspect 

ratio were prepared be changing the concentration of AgNO3. 
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