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PREFACE

Nanoscience and nanotechnology pertain to the synthesis, characterization
and integration of materials which possess at least one of its dimensions in the
nanometer scale (1-100 nm) and their utilization in devices. Materials in the
nanoscale regime consist of a collection of few atoms or molecules, whose
properties are distinctly different from that of the bulk system. Nanostructured
materials thus constitute a bridge between single atoms/molecules and bulk
systems and their novel properties originate from the confinement of electrons in
this size regime. The main objectives of the present investigation is to explore (i)
the photophysical properties of functionalized gold nanoparticles, (i) their
integration on to Au nanorods and single walled carbon nanotubes and (iii)
probing the unique properties of the heterojunctions of these hybrid materials.

The thesis consists of four chapters. The first section of Chapter | provides
an overview on zero dimensional nanomaterials such as Au nanoparticles and onc
dimensional nanomaterials (Au nanorods and carbon nanotubes). The second
section of this Chapter provides an overview on the use of these nanostructured
materials for various opto-electronic and biological applications.

The Chapter 2 presents a convenient method for the synthesis of nanchybrid
systems possessing ruthenium trisbipyridine (Ru(bpy);”*) chromophores on the
surface of gold nanoparticles. Ru(bpy);>* chromophores were functionalized on to
the surface of Au nanoparticles through place exchange reaction. The
photophysical properties of these hybrid materials were tuned by varying the
concentration of Ru(bpy);** chromophores. Based on the steady-state and time-
resolved investigations, a charge shift between the excited and ground state
Ru(bpy)s** chromophores were observed leading to the formation of redox
products. The electron transfer products were found to be stable for several
nanoseconds, probably due to the stabilizing effect of the polar ethylene glycol
moieties embedded between the chromophoric groups. Interestingly at lower
concentrations of the chromophores, the emission properties of Ru(bpy)s™* were

retained on gold nanoparticles and no electron transfer products were observed.



The modified electronic properties at the heterojunctions of Au nanoparticle
decorated single walled carbon nanotubes (SWNT) have been utilized for
photoinduced electron transfer and details are presented in Chapter 3. Ru(bpy),™
chromophores were linked on to single walled carbon nanotubes directly (SWNT-
Ru®*) and through Au nanoparticles (SWNT-Au-Ru™) and various light induced
processes in these systems were investigated using steady-state and time-resolved
techniques. A unidirectional electron flow was observed from the excited state of
Ru(bpy);2+ to carbon nanotubes when the chromophores were linked through Au
nanoparticles. In contrast, photoinduced electron transfer was not observed from
*Ru(bpy);>* to SWNT when these components were linked directly. The charge
equilibraton at the SWNT-Au heterojunctions, due to the dilferences in
electrochemical potentials, result in the formation of a localized depletion layer on
SWNT which may act as acceptor sites of electrons from the excited state of
RU(bP)')Jz*-

The Chapter 4 deals with the edge effects in Au nanorods and their
organization with nanoparticles/nanorods through clectrostatic and covalent
approaches. It was observed Lhat the zeta potential of Au nanorods vary from high
positive value in water to high negative value in H,O-CH:CN mixtures.
Bathochromic shift in the longitudinal plasmon band of Au nanorods was
observed on addition of Au nanoparticles whereas the transverse plasmon band
remains unaffected. The enhanced negative potential at the edges of Au nanorods
preferentially attracts the functionalized nanoparticles having positive zeta values,
leading 10 their selective assembly in the longitudinal direction. The ability of thiol
molecules to preferentially react with the [111] facets of Au nanorods was utilized
for assembling them into one dimensional chains. Plasmon coupling in dimers of
Au nanorods was investigated as a function of their orientation using a flexible
(C¢DT) as well as rigid (PDT) linker groups. The plasmon coupling in PDT linked
Au nanorod dimers is found to be more pronounced due to effective dipolar
overlap along their long axes. Based on these studies it is concluded that the
orientation between the nanorods plays a crucial role in plasmon coupling which

can be modulated by varying the nature of the linker group.



CHAPTER 1
]

Zero and One Dimensional Nanomaterials:
An Overview

1.1. An Introduction to Nanostructured Materials

Nanoparticles, nanostructures, nanoscience, nanotechnology .... are
now some of the most widely used terms not only among scientific
cornmunity but also in the discussions of common man. Nanoscience and
nanotechnology pertain to the synthesis, characterization, exploration and
utilization of materials, which possess at least one of its dimensions in the
nanometer range (~1-100 nm). Then an obvious question arises: why are
materials and processes in nanoscale so attractive? The materials in
nanometer scale incorporate collections of atoms or molecules, whose
properties are distinctly different from those of isolated atoms/molecules or
bulk systems.'® Thus, nanostructured materials constitute a bridge
between single atoms/molecules and bulk systems. The newer properties
at the nanoscale mainly arise from the confinement of electrons that do not
scale linearly with size. The fascinating properties of nanosiructured
materials mainly depend on their size and shape, rather than the chemical
composition.'® Hence, reliable and continual changes in their properties
can be achieved by manipulation of a single material. Some of the

examples of nanostructured materials include metal and semiconductor
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nanoparticles and nanostructured carbon based systems such as
fullerenes, single and multi-walled carbon nanotubes. The nobie metal
nanoparticle based systems possess an attractive property: strong optical
absorption arising from the surface plasmon resonance (yellow, red and
blue color for Ag, Au and Cu, respectively). The larger surface to volume
ratio is yet another unique feature of nanostructured materials which make
them a suitable candidate in catalytic processes.

The underlying theme of nanoscience and nanotechnology is the
building of functional materials and devices through ithe assembly of
molecular and nanocstructured components (bottom-up approach), as
proposed in the visionary lecture by Richard Feynman in 1959, titled as
“There's plenty of room at the bottom”. In the last 5-10 years, several
synthetic protocols have been developed for the design of highly
monodisperse nanoparlicles with extreme control over size.*® For
example, monodisperse iron oxide nanoparticles in the size range of 6-13
nm, with continuous increments of 1 nm have been reported by Hyeon and
coworkers (Figure 1.1)."' Newer methods of characterization of
nanoparticles based on electron and probe microscopic methods have
enabled better understanding of their crystallographic properties.’”
Spectroscopic methods have been widely used for understanding the
optical properties of these materials. Thus, our ability to construct
nanostructured systems through atom by atom or molecule by molecule
organization with high precision enabled the design of newer materials with

diverse functionality and dimensionality (0D, 1D, 2D and 3D).
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Figure 1.1. Transmission electron micrographs of iron oxide nanoparticles
showing 1 nm increments in size (adapted from reference 11).

The synthesis, characterization and investigation of the properties of
various nanomaterials are well documented as reviews.*® In this thesis,
three different nanomaterials, namely Au nanoparticles, Au nanorods and
single walled carbon nanotubes are used as components for the design of
hybrid nanostructures. In subsequent sections of Chapter 1, a brief
overview on the synthesis and properties of these nanostructured

materials is presented.

1.2. Gold Nanoparticles

Spherical gold nanoparticles are one of the most widely studied
nanomaterials, mainly due to their stable and inert nature and ease of
synthesis.'® Gold nanoparticles possess size and shape dependant optical
and electrical properties and proposed as components in optoelectronic

devices.*® Recent studies have shown that Au nanoparticles are promising
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materials for biological applications due to their non-toxic nature." A brief
overview on the synthesis and properties of Au nanoparticles and

nanorods are presented below.

1.2.1. Historic Overview

Colloidal metal nanoparticles have attracted mankind centuries ago
due to their fascinating color and medicinal value.'®"’” Metal colloids have
been used in East Asian countries, particularly in India, several centuries
ago as traditional medicines for the cure of several diseases.'®'? The
fascinating colors of metal nanoparticles have been utilized for decorating
glass windows in many cathedrals in Europe (stained glass windows).?°
Another interesting example is the famous Lycurgus cup of 4" century
which is now displayed in British Museum.?' This glass cup is embedded
with colloidal metal nanoparticles which appears green when viewed in
reflected light. Interestingly, when illuminated from inside, the glass
transmits red color. Analysis of the glass reveals that it contains small
guantity of an alloy of gold and silver having a diameter of ~70 nm in the
molar ratio of (3:7).2"%% The surface plasmon resonance (vide infra) of the
alloy is responsible for the special color display in Lycurgus cup (Figure
1.2A).

The first systematic investigation and documentation on the
synthesis of colloidal Au nanoparticles were provided by Michael Faraday,
one hundred and fifty years ago, in the year 1857.2® An aqueous solution

of sodium tetrachloroaurate, (NaJAuCl,]), was reduced with a solution of
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Figure 1.2. (A) Lycurgus cup showing two different colors in reflected light
(green) and transmitted light (red) (adapted from the web site of The British
Museum). (B) Faraday's colloidal suspension of gold with a clearly visible red
laser beam and (C) the high resolution transmission electron microscope images
of individual colloidal gold particles (adapted from reference 24).

phosphorus in carbon disulfide. The reduction proceeds rapidly at room
temperature and the bright yellow color of the Na[AuCl,] solution turned to
deep ruby color, characteristic of colloidal gold. Faraday concluded that the
gold was dispersed in the liquid in a very finely divided form and its
presence could be detected by the reddish opalescence when a narrow
intense beam of light is passed through the liquid (Figure 1.2B). The
colloidal gold solutions prepared by Faraday are highly stable and still on
display at the Museum of the Royal Institute in London (Figure 1.2B). High
resolution electron microscopic investigations carried out nearly a century
later on Faraday's ruby-colored solution of gold revealed the presence of
nanoparticles in the size range of 3-30 nm.?>2® The fascinating color of
metal nanoparticles arises from the surface plasmon resonance and these

aspects are discussed below.
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1.2.2. Surface Plasmon Resonance

The collective oscillation of the electron in the conduction band
under the influence of electromagnetic radiation is known as surface
plasmon oscillation.' ®?%?7 For Ag, Au and Cu nanoparticles, the oscillation
frequency is usually in the visible region giving rise 1o the strong surface
plasmon resonance absorption. According to the Drude-Lorentz model,
metal is denoted as plasma consisting of an equal number of positive ions
(fixed at the crystal lattice) and conductlion electrons which are free and
mobile. The mean free path of these electrons in gold and silver is ~50 nm:
in the case of particles smaller than this dimension, no scattering is
expected from the bulk and interactions are mainly with the surface.”
Thus, when the wavelength of light is much larger than the nanoparticle
size, it can set up standing resonance conditions as represented in Figure
1.3. As the wave front of the light passes. the electron density in the
particle is polarized 1o one surface and oscillates in resonance with the
light's frequency causing a standing oscillation. Since the standing
oscillation is localized at the surface, it is often referred to as the surface

plasmon resonance.

.
@ @
Narapranin ke Inverse af Fectamm

Incoming Light on Namparticle
Sutlwe

Figure 1.3. Origin of surface plasmon resonance due to coherent interaction of
the electrons in the conduction band with light (adapted from reference 27).
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Surface plasmons can be thus defined as electron coupled
electromagnetic waves that propagate along the surface of a conductor.
However, only metals with free electrons (essentially Au, Ag and Cu)
possess plasmon resonances in the visible spectrum, which give rise to
such intense colors.?’” Brilliant colors of noble metal nanopatticles originate
from the surface plasmon absorption and several attempts have been
made to provide a quantitative description on this.*”’

It was one of the great triumphs of classical physics when Gustay
Mie?® presented a solution to Maxwell's equations in 1908 which describes
the extinction spectra (sum of scattering and absorption) of spherical
particles of arbitrary size. Mie originally calculated the surface plasmon
resonance by solving Maxwell's equations for small spheres interacting
with an electromagnetic field. Mie's solution is of great interest even today,
however, the recent advances in the design of anisotropic metal
nanostructures have provided newer challenges. Gans later extended this
theory for nanostructured material of ellipsoidal geometries.*® Recent
advances in theoretical methods such as discrete dipole approximation
(DDA)*? allow the simulation of surface plasmon resonance absorption of

metal nanoparticles having arbitrary geometries.

1.2.3. Tuning the Surface Plasmon Resonance

By varying the size, shape and dielectric of metal nanoparticles, the
properties of surface plasmons - in particular their interaction with light -
can be tailored, which offers numerous possibilities for the development of

photonic devices.*% As the size or shape of the nanoparticle changes, the
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surface electron density and hence electric field on the surface varies.?” This
causes dramatic variations in the oscillation frequency of the electrons,
generating different optical cross-sections (including absorption and
scattering). Bulk gold looks yellowish in reflected light, whereas, thin Au fiims
transmit blue color. This characteristic blue color steadily varies to orange to
purple and finally to red, as the particle size is reduced down to ~5 nm. The
optical response of spherical gold nanoparticles exhibit a single absorption
band at around 520 nm,* attributed to the collective dipolar oscillation (surface
plasmon resonance). However, the classical electrostatic model predicts that
the nanorods of gold and silver split the dipolar resonance into two surface
plasmon bands wherein the induced dipole oscillates along the transverse and
longitudinal axes.** Elongated nanoparticles (ellipsoids and nanorods)
display two distinct plasmon bands related to transverse and longitudinal
electron oscillations.® A strong dependence was observed on the longitudinal
surface plasmon maximum by varying the aspect ratio, while the position of
transverse surface plasmon band remains more or less unaffected. *% Based
on these results, it can be concluded that the dimensionality plays a crucial role
in determining the optical properties of nanomaterials (Figure 1.4).%

The dielectric constant of the surrounding layer also influences the
oscillation frequency due to the variation in electron charge density on the
nanoparticles.® Both solvents and capping agents influence the surface
electrons and can thereby affect the surface plasmon resonance.®** The
chemically bonded molecules on nanoparticle surface induce electron density
variations, which results in a shift in the surface plasmon absorption maximum

and these aspects are well documented in recent reviews.*®
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Figure 1.4. Lefi: (a-c) presents lransmission electron micrographs of (a) Au
nanospheres synthesized using citrate reduction method, (b) Au nanorods
synthesized using seed mediated growth. (c) Ag nanoprisms synthesized using
DMF reduction. Right: (d-f) presents photographs of nanopadicle soiution of (a)
Au-Ag alloy nanoparticles with increasing Au concentration, () Au nanorods with
increasing aspect ratio and (f) Ag nanoprisms with increasing laleral size
(adapted from reference 36).

1.2.4. Synthesis of Au Nanoparticles and Nanorods

Au Nanoparticles: Generally two differen! strategies, namely top-down
and bottom-up approaches. have been adopted for the synthesis of
nanomaterials.® Top-down approaches such as photolithography and
electron beam lithography are practiced by physicisis 1o fabricale Au
nanostructures.*® For the synthesis of Au nanoparticles, chemists usually

adop! a bottom-up approach by reducing a metal salt by chemical,®8¢'
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46 4
l, |47

sonachemical,*® electrochemical’’ and photochemical methods*® in the
presence of capping agents. Capping agents usually stabilize the Au
nanoparticles from aggregation and precipitation and also arrest the
growth of Au nanoparticles. The size and shape of Au nanomaterials can
be further tuned by varying the reduction technique, time and
concentration of capping agent.*?

Onre of the most popular methods of preparing Au nanospheres is by
boiling an aqueous solution of HAuUCl, and sodium citrate.*' This reduction
method was developed by Turkevich*' in 1951 and the appearance of
deep wine color revealed the formation of uniform Au nanoparticles. The
average particle diameter can be tuned over a wide range (~10-100 nm) by
varying the molar ratio between the gold salt and sodium citrate. However,
in the case of particles larger than 30 nm, deviation from a spherical shape
as well as a polydispersity was observed.

The two-phase reduction method developed by Schiffrin, Brust and
coworkers* is another popular method of synthesis of Au nanoparticles.
HAuCI, dissolved in water was extracted to an organic phase by means of
phase transfer agent namely, tetraoctylammonium bromide (TOAB). The
complexed gold salt is further reduced using an aqueous solution of
sodium borohydride, in the presence of thioalkanes or aminoalkanes,
which readily bind to the crystalline Au nanoparticles (Figure 1.5) forming a
protecting layer. Depending on the ratio of the gold salt and capping agent
(thiol/amine), the particle size can be tuned in the range of 1-10 nm. This
method have been modified by various groups and currently used for the

synthesis of Au and Ag nanoparticles in non-aqueous medium.
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Figure 1.5. A high-resolution transmission eiectron microscopy image of an
individual thiolate-protected gold nanopadicle (adapted from reference 13).

Murray and coworkers have reported an interesting and elegant
alternative to the two-phase reduction method, which has opened a new
field of preparative chemistry.*® They explored new routes for the design of
mixed monolayer-protected clusters by ligand or place exchange reactions.
For example, addition of pre-synthesized nanoparticles possessing thiol
bearing ligands to a solution of another thiolate molecule having diverse
functionality results in the partial substilution of the protecting shell on the

nanoparticle surface (Scheme 1.1).

L + HS—L’ L' + HS—L

¢ In-coming ligana ¢ out~going ligand

Scheme 1.1. An illustration of the place exchange reaction on the surface of Au
nanoparticle.

The mechanism of the exchange reaction of Au nanoparticles with
thiols was exlensively studied by Murray's group.*® They showed that the
initial phase of the reaction is first order with respect to each reagent (e.g..

Au nanoparticles and incoming ligands), consistent with an associalive
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reaction pathway. This was further supported by a recent observation of
the sensitivity of the place-exchange reaction to the electronic effects of
the incoming ligand.*® On the other hand, molecular oxygen and positive
electric charge were shown io substantially accelerate the rate of
exchange, possibly inducing the formation of an intermediate Au(l)
species. This intermediate then undergoes a dissociative pathway,
perhaps competing with the main associative mechanism, resulting in the

substitution of ligands.

Synthesis of Au Nanorods: Generally, rod-shaped metal nanostructures
are synthesized either in rigid templates or in the presence of surfactants.
In the former case, the metal ions are reduced inside the cylindrical pores
of oxide or polymeric membranes, usually called ‘hard template
synthesis’.®' In the latter method, neutral or charged surfactants are used
for growing nanorods, usually known as ‘soft template synthesis’ by
adopting electrochemical, photochemical or seed mediated methods.>*%¢
Electrochemical synthesis of Au nanorods involves the reduction of HAUCI,
in the presence of ‘shape-inducing' cationic surfactants and other
additives.®® 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 two cationic surfactants:
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.
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Murphy and coworkers later reported a seed mediated reduction
method for the synthesis of Au and Ag nanorods with excellent aspect ratio
control > HAUCI, was reduced using a mild reducing agenl (ascorbic acid)
in the presence of Au nanoparticle seeds and CTAB. The addition of
differen! volumes of the seed solution resulls in the formation of Au
nanorods having different aspect ratios. Recently, this method has been
improved by EI-Sayed and coworkers > resulting in a spectacular increase
In nanorod yeld. Another approach for the synthesis of Au nanorcds is
based on a photochemical method™ which involves the reduction of
HAuCl, in the presence of two surfactants namely CTAB and tetraoctyl
ammonium bromide (TOAB) in the presence of a small quantity of AgNO,
and other addilives. In this case, authors could control the aspect ratio by

varying the concentration of AgNOj added (Figure 1.6).

1.9 23 27 11

Al
' TEY Y

Figure 1.6. (A) Image ol pholochemically prepared gold nanorods solution
(aspect ratio indicated at the top) and (B) corresponding UV-vis spectrum
{adapled from reference 56).
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1.2.5. Hybrid Au Nanostructures as Functional Materials

Electroactive Systems: Electrical conduction through molecules in hybrid
systems depends critically on the delocalization of molecular orbilals and

their connectivity 1o the metallic contacts.® Recenlly, Dadosh angd
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coworkers® have synthesized dimers of Au nanoparticles using organic
molecules bearing dithiol groups and were trapped electrostatically
between two microslectrodes (Figure 1.7). The authors have used three
lypes of organi¢ dithiols as linkers: (i} 4.4’ -biphenyldithiol (BPD), a fully
conjugated molecule, (ii) bis-(4-mercaptophenyl)-ether (BPE), a molecular
system with conjugation broken at the cenire by an oxygen atom and (i)
1.4-benzenedimethanethiol (BDMT), which has a break in conjugalion near
the contacts due to the methylene group. Based on electrical conductivity
measurements it was concluded thal the linker groups, BPE and BOMT
suppresses the conduclance relative to BPD due to the breakage of

conjugation.
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Figure 1.7. Left: (a) The structures of the three molecules, (b) the dimer
contacting scheme, {c—e) TEM images of BDMT dimer. trimer and tetramer
structures made of 50 nm colloidal gold patrticles, (f} TEM image of a BOMT
dimer made of 10 nm colloidal gold particles. The 1 nm separation between the
two particles corresponds approximately to the BOMT lengih (0.9 nm). Right: (a)
SEM image of a dimer trapped between the two electrodes, (b) the differential
conductance as a function of voltage measured for 8PD, BDMT and BPE dimers
at 4.2 K ang (c) coulomb blockade oscillations of the colloidal gold particte which
are superimposed on the conduction peak of BPD measured at 4.2 K (adapted
from reference 58).



Chapter 1 — Zero and One Dimensional Nanowarterials 15

Photoactive Systems: Au nanoparticles in the size range of 2-5 nm can
behave as conductor, semiconductor or insulator depending on its
dimension due to quantum size effects.®® Optoelectronic properties of
hybrid nanomaterials can be tuned by anchoring chromophores on to Au
nanoparticles in this size range. Photoinduced electron transfer process
from a chromophoric system (pyrene; Chart 1.1A) to Au nanoparticle of ~2
nm was demonstrated by Ipe et al., for the first time ® The effect of the
transition behavior of metal nanoparticles was more clearly studied by
Dulkeith et al®' by functionalizing lissamine molecules on gold
nanoparticles (Chart 1.1B) of different size (1-30 nm) and isolated the
resonant energy transter rate from the decay rates of the excited dye
molecules. The increase in lifetime with decrease in the nanoparticle size
was indicative of the decreased efficiency of energy transfer.

A wide variety of chromophores have been functionalized on the
surface of Au nanoparticles and detailed photophysical investigations were
carried out. Ipe and Thomas® have demonstrated the role of linker group
in modulating the monomer to excimer emission in pyrene functionalized
Au nanoparticles and these aspects were investigated by following the
steady state and time resolved spectroscopy. Fullerene chromophores
containing thiol functionality were synthesized and linked on to the surface
of gold nanoparticles by Sudeep et al®® TEM analysis showed the
presence of larger clusters and time resolved studies indicated an efficient
energy transfer from the photoexcited fullerene to Au nanoparticles.

A cartoonic representation of the various photophysical processes in

chromophore functionalized Au nanoparticles is presented in Scheme 1.2.
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Chart 1.1. Au nanoparticles funclionalized with various pholoresponsive
maolecules (adapted from references 60-64).
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Scheme 1.2, Various deactivation channels in a chromophore funclionalized Au
nanoparticle (adapted from reference 9).



Chapter 1 — Zero and One Dimensional Nanomaterials 17

Ipe et al® have reported the design of a photoswitchable double
shell structure by anchoring spircpyrans on Au nanoparticles (Chart 1.1D).
The light regulated changes in the topographic properties of spiropyran
capped Au nanoparticles (i.e., interconversion between the zwitterionic and
neutral forms) were exploited for the assembly and release of various
amino acids. These observations offer intriguing possibilities for designing

drug delivery systems with controlled release abilities.

Catalytic Systems: Bulk gold is viewed as an inert metal, however it was
found that Au nanoparticles < 5 nm in diameter are catalytically active for
several reactions.%® Also, catalysts based on Au nanoparticles allow
significantly lower reaction temperature than existing processes which offer
newer possibilities in the development of energy efficient systems.®® For
example, the oxidation of CO (an automobile exhaust) is one of the
reactions wherein Au nanoparticles are reported as efficient catalysts at
room temperature (Figure 1.8).5>% Compilation of the experimental data of
the CO oxidation activity as a function of size of Au nanoparticle catalyst

08
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Figure 1.8. Catalytic activities for CO oxidation at 273 K as a function of Au
nanoparticle size for different support materials {(adapted from reference 65).
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on various supports is presented in Figure 1.8. These studies clearly
indicate that the catalytic activity of Au nanoparticles increases

dramatically with decrease in particle size and are active only below 5 nm.

Biomedical Applications: Recent studies have shown that Au
nanoparticles are nontoxic to human.'* Another interesting property of Au
nanoparticles/nanorods is the high optical cross-section of the surface
plasmon absorption which is typically 4-5 orders of magnitude higher than
conventional dyes.®” % These unique features of Au nanoparticles/nanorods
provide excellent opportunities for their use in biomedical field for
diagnosis,”® imaging”' and photothermal treatment’®’3 of cancer cells. The
absorption cross-section of the surface plasmon band of an Au
nanoparticle (product of the efficiency of absorption and the cross-
sectional area of the nanoparticle) having a diameter of 40 nm is
calculated as 2.93 X 10'° m? at 528 nm which corresponds to a molar
extinction coefficient of 7.66 X 10° M"' ¢cm™.*® Au nanoparticles are poor
emitters of light and the absorbed light is efficiently converted into localized
heat and this stralegy has been successfully used for the laser
photothermal destruction of cancer cells.’*”® Au nanoparticles/nanorods
can be targeted to tumor site by conjugating them with bioactive
molecules.”

The optical resonance of Au nanoparticles is strongly desired to be
in the near infrared (NIR) region of the biological water window, wherein
the optical penetration of tissue is the highest.”® Surface plasmon

absorption of Au nanorods can be conveniently tuned to this region by
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varying the aspect ratio. For sensing and other diagnostic
application,”*’™ i is desirable to have nanomaterials with a high
absorption cross-seclion whereas, particles having strong optical
scattering are useful for imaging applications.”' The contributions of
absorplion/scattering to the total extinction for nanoparticles of varying
dimension have been studied in detail.”® For nanospheres and nanorods,
increase in the diameter resulted in an increase in the extinction cross-
section as well as in the relative conlribution of scattering. However. an
increase in the nanorad aspect ratio, at a constant radius, does not effect
the extinction crass-section ar the ratio of scattering to absorption. A
representative example for imaging and photothermal damage using Au
nanoparticles and nanorods are shown in Figures 1.9 and 1.10.

respectively.
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Figure 1.9. Top: Light scahering images of anti-EGFR/Au nanospheres alter
incubation with cells for 30 min at room temperature. 8otton: HOC malignanl
cells irradiated at differant laser powers and then stained with trypan blue. HOC
malignant cells were killed al and above 19 W/cm? Scale bar: 60 mm for all
images (adapted from reference 72).
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Flgure 1.10. Top: Light scanering images of anti-EGFR/Au nanorods alter
incubation with cells for 30 min at room temperature. Boftom. Seleclive
photothermal therapy of cancer cells with anti-EGFR/Au nancrods incubated.
The circles show the {aser spots on the samples (adapted from reference 73).

1.3. Carbon Nanotubes

Carbon nanotubes (CNTs) are allotropes of carbon that are
molecular scale tubes of graphensg sheets having outstanding electronic
and mechanical properties. An ideal nanotube is a hexagonal network of
carbon atoms rolled as a seamless cylinder, with diamaeler of the order of
few nanometers (0.8-2.0 nm) and a tube length varying thousands of
nanometer. The chemical bonding of nanatubes are similar to those of
graphite, composed enfirely of sp? hybridized carbon atoms. Carbon
nanofubes are mainly classified as two lypes: single walled carbon
nanotubes (SWNTs) and multiwalled carbon nanotubes (MWNTS). This

class of quasi one-dimensional nanostructyres possesses unique electrical
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properties which make them an aftractive candidate for the fabrication of

77-87

nanodevices and these aspecls ara discussed below.

1.3.1. Electronic Properties of Carbon Nanotubes

Based on the theoretical studies it was proposed thai the electronic
properties of “ideal” carbon nanotubas depend on their diameter and
chirality.®*®' However, the carbon nanotubes are probably not as perfect as
they were envisaged theoretically. Various defects such as pentagons.
heplagons, vacancies or dopant are found 1o drastically modify the
electronic properties of CNTs.%® The nanotubes are usually described
using the chiral vector (AA" in Figure 1.11), Cn = N x 3, + M X ap, which
connacts two crystallographically equivalent sites (A and A') on a graphene
sheet (where a, and a, are unit vectors of the hexagonal honeycomb
lattice and n and m are integers) (Figure 1.11).28 The chiral veclor Cn also
defines a chiral angle 6. which is the angle between Cn and lhe zigzag

direction of the graphene sheet (Figure 1.11).

63) [
s ) c .1!

Figure 1.11. Schematic diagram showing the possible wrapping of the two-
dimensional graphene sheet into tubular forms. (An example illustrating the
rolling ol a (5,3) nanotube is presented; adapted from reference 88).
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Nanotube topology is usually characterized by two integer numbers
(n,m) defining a parlicular symmetry such as chiral (n,m), armchair (n,n)
and zigzag (n,0) (Figure 1.12A).% The electronic properties of a nanotube
vary in a periodic way between metallic and semiconductor and follows a
general rule: if (n - m) is a multiple of 3, then the tube exhibits a metallic
behavior and possess a finite value of carriers in the density of states at
the Fermi energy level (Figure 1.12B).2 In contrast, it (n - m) is not a
multiple of 3, then the tube exhibits a semiconducting behavior and have
no charge carriers in the density of states at the Fermi energy level (Figure
1.12C).% The sharp peaks (van Hove singularities) in the density of states
(DOS) are characteristic signature of the one-dimensional (1D)
conductors.®® The DOS of various types of CNTs were experimentally

investigated and compared using theoretical models.®®
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Figure 1.12. (A) Models of three atomically perfect SWNT structures, (B)
electronic properties of an armchair (5,5) nanotube exhibiting a metaltic behavior
(finite value of charge carriers in the DOS at the Fermi energy. ocaled at zero),
(C) the zigzag (7.0) nanotube is a small gap semiconductor (no charge carriers in
the DOS at the Fermi energy). Sharp spikes in the DOS denoie van Hove
singularities (adapted from reference 88).

Electronic transitions between the energy bands of SWNTs can be

observed Dy standard spectroscopic techniques.® Besides the
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heterogeneity of the samples, (with respect lo the tube diameters and
helicities) impurity doping also contribute to the breadth of the absorption
features ¥ Since the band gaps are inversely proportional 10 the tube
diamelers, structural information can be derived from the band transilion
energies. Research activities were pursued, in recent years, focusing on
the separation ot CNTs by their diameter, bandgap, and
metallic/semiconducting character, in a scalable quantity with higher

precision (Figure 1.13).%2
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Fligure 1.13. {A) Elactronic transitions belween the energy bands of SWNTs,
observed by transmission spectroscopy of films and labeling of interband
transitions and {B) separation of semiconducting and metalic SWNTs using
mixtures of compeling co-surtacianls after ultracentrifugation (adapted from
reference 92).

1.3.2. Synthesis of Carbon Nanotubes

Although there have been many interesting and successtul attempls
to grow CNTs by various methods, we restrict our discussion to the three
most widely used techniques: (i) arc discharge. (i) laser furnace and (i)

chemical vapor deposition (CVD).
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Arc Discharge Method: Carbon nanotubes were first produced by an arc
discharge method. In 1990, Kratschmer®™ developed a method for the
mass production of fullerenes by evaporating graphite rods, in contact. by
applying an a.c voltage in an inert atmosphere. Later d.c arc voltage® was
applied between two separated graphite rods (a modified version of the
SiC powder production apparatus) and the evaporated anode generates
fullerenes in the form of soot in the chamber.*® Interestingly, a part of the
evaporated anode got deposited on the cathode from which ljima found the
freasure, carbon nanotubes.®® A brief description of CNT synthesis by the

arc discharge method (Figure 1.14) is presented below.”’

Figure 1.14. Schematic diagram of CNT formation apparatus by the arc-
discharge method (adapled from reference 97).

An appropriate gas of the desired pressure was introduced to the
chamber after the evacuation and a d.¢ arc voltage was applied between

the graphite rods. Anode evaporates to form fullerenes which were
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deposited in the form of soot in the chamber and a small portion of coaxial
graphene sheets was deposited on the cathode. These graphene sheets
were characterized as multi-walled carbon nanotubes (MWNTs) and their
large-scale synthesis has been achieved in helium gas. It was later found
that methane is best suitable for the synthesis of MWNTs with high
crystallinity *89° When a graphite rod containing metal catalyst (Fe, Co.
etc.) was used as anode along with a pure graphite cathode, single walled

carbon nanotubes (SWNTs) were generated in the form of soot.'®

Laser Furnace method: The laser vaporization method. originally
developed for the production of clusters'® and ultrafine particles.'®” have

been used by Smalley's group'®'"

for the synthesis of fullerenes and
CNTs. Carbon melts at very high temperature and hence lasers are more
suitable due to the high energy density compared to other vaporization
techniques. Fullerenes were first discovered by this method and identified
by mass spectroscopy; however. yields were too low for isolation. To
produce large quantities of fullerenes and other carbon based
nanomaterials, Smalley's group developed the laser furnace method
together with an annealing system in 1892, Fullerenes were produced only
at high furnace temperature, underlining the importance of annealing. Later
in 1996, these discoveries were applied to produce SWNTs.'" Figure 1.15
shows the setup of the apparatus consisting of (i) the laser furnace, (i) a
target carbon composite doped with catalytic metals and (i) a water-

cooled trap and flow systems for the buffer gas (to maintain constant

pressures and flow rates). A laser beam (typically a YAG or CO; laser) 1s
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introduced through the window and focused on to the targel located in the
center of the furnace. The target is vaporized at high-temperature in the
presence of argon buffer gas to form SWNTs. The argon flow rate and
pressure are typically t cm.s' and 500 torr, respectively. The SWNTs
produced are conveyed by the buffer gas to the trap, where the CNTs are
collected. The vaporization surface is kept fresh by changing the focus
point or moving the target. The method has many advantages such as

high-quality SWNT production and diameter control.
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Flgure 1.15. Schematic diagram of the laser-furnace apparatus (adapled from
reference 99).

Chemical Vapor Deposition (CVD): Compared to arc-discharge and laser
turnace methods, CVD is a simple and more economic technique for the
synthesis of CNTs. Versatility of the technique includes (i) the use of
precursor of any state (solid, liquid or gas) and (ii) the growth of CNTs in a
variety of forms (powder, fims of different thickness or even a desired
architecture of nanotube).*® The three main parameters that govern the

CNT growth in CVD are the nature of the hydrocarbon, catalyst and growth
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temperature. The process involves the thermal decomposition of
hydrocarbon vapor by passing through a tube furnace (15-60 min) in which
catalyst material is present at sufficiently higher temperature (600-1200°C).
CNTs grow over the catalyst and are colliected upon cooling the system to
room temperature. In the case of liquid hydrocarben inert gas is purged
through heated liquid and the vapor is carried to the reaction furnace.
Vaporization of a solid hydrocarbon (camphor, naphthalene etc.) can be
conveniently achieved in another furnace kept at low temperature before
the main high temperature reaction furnace (Figure 1.16a). Transition
metals (Fe, Co, Ni) are the commonly used catalyst for CNT growth. The
phase diagram of carbon and the above mentioned metals suggests finite
solubility of carbon in these transition metals at higher temperatures.
Catalytically decomposed carbon species of the hydrocarbon dissolves in
metal nanoparticles and precipitates out, on supersaturation, in the form of
a fullerene dome extending into a carbon cylinder (like an inverted test
tube). System does not have any dangling bonds and hence the energy is
minimum.'® Two types of growth models are proposed depending on the
substrate-catalyst interaction (Figure 1.16b).% When the interaction is
strong, CNT grows up with catalyst particles rooted at its base, known as
‘base growth model. When the substrate-catalyst interaction is weak, the
catalyst particles is lifted up by the growing CNT and promotes the growth
of carbon nanotubes at its tip known as ‘tip growth model'. The formation
of SWNTs or MWNTs is governed by the size of the catalyst particles:
when the particle size is of a few nanometers, SWNTs are formed

whereas, particles of few tens of nanometers yielded MWNTs.%
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Figure 1.16. (a) Schematic diagram of a CVD setup. (b) Probable models for
CNT growth (adapted from reference 99).

It is found that low temperature CVD (600-900°C) yielded MWNTSs,
whereas higher temperature reactions (300-1200°C) favor SWNT growth.
Thus, SWNTs have a higher energy of formation owing to their smalier
diameters which result in high curvature and high strain energy.®® MWNTs
can be easily grown from most hydrocarbons whereas SWNTs can be only
grown from selected hydrocarbon such as carbon monoxide and methane,
which possess reasonable stability in the temperature range of 900-
1200°C. Smalley's laboratory adopts a different technique for the mass
production of SWNTs by the high pressure carbon monoxide (HiPCQ)
technique. In this method, a Fe pentacarbonyl catalyst liberates Fe
particles /nsitu at high temperatures. The high pressure of CO (~30 atm)
enhances the disproportionation of CO molecules into carbon atoms and

accelerates SWNT growth.'®
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1.3.3. Hybrid Carbon Nanotubes

Hybrid nanomaterials based on CNTs were synthesized through

! These

covalent functionalization'” and supramolecular assernbly.'®
hybrid systems have been proposed as potential materials for biomedical
and photovoltaic applications. Covalent functionalization of molecular
appendages on CNTs can be achieved through a cycloaddition reaction.
radical reaction or carboxylic acid functionalization.'® Supramolecular
organization is another important strategy used for designing hybrid CNTs
which adopts various noncovalent interactions such as & stacking and
hydrophobic interactions.'® These aspects were extensively documented

as reviews.'?7 108

Recently. researchers were successtul in  the
encapsulation of molecules inside the CNTs'® which result in the
formation of hybrid materials with unique properties and details are

provided below.

Molecules within CNTs: The encapsulation of molecules inside nanotube
cavity through physical adsorption results in a draslic change in nanotube
properties such as conductance and electronic band gap.'® The first
molecule ever reported inside carbon nanotubes is Cgo which occurred
accidentally during the synthesis of CNTs.''® These materials were
unambiguously characterized by HRTEM. Nanotubes filled with fullerenes
were named “peapods” due to their similarity in appearance (Figure 1.17).
The inleraction of Ceg in CNT cavity is highly efficient (3 eV per Cgp) due to
strong van der Waals forces and perfect geometrical maich in the shape of

fullerene and interior of CNTs.''® The encapsulation of Cgq in SWNTs was
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Figure 1.17. (a) Struciural diagram, (b) schematic representation and (c) HRTEM
micrograph of Cso@SWNT (adapted from reference 110).

found to be spontaneous and irreversible. In addition, tullerenes provide
good contrast and the hybrid systems are stable under the electron beam

of a TEM, which facilitates their easier imaging and analysis.

1.3.4. Applications of Carbon Nanotubes

Recent studies have shown that CNTs have potential applications as
chemical sensors,''' nanoscale logic gates® ang field-effect transistors.3*#
A briet overview on some of the recent developments on the use of CNTs

is given below.

CNTs as Electron Source: Field emission (FE) is the emission of
electrons from a solid under intense electric field and the high aspect ratio
of CNTs make them ideal for such apphcations.''? The stmplest way 1o
create such a field is by field enhancement at the tip of a sharp object . Si
or W tips, made by anisotropic etching or deposition. were initially used for

such appfications. CNTs have an advantage over Si or W tips due to their
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#lrong covalerl bonding which makas them physically mert 10 souttenng
chamically inen to poisorning and can cafry a huge cument density of
10" Alem® belore electron migration In addiion. when driven o high
currents, their resistivily decroases. 30 thal they go nol tend 1o electnt
field-nduced sharpaning CNTs have better FE performance than other
lorms of carbon based matenials (lor e g . diamond) A potential applcation
of FE tram CNTs & as slociron guns lor nexl generalion scanning alectron
microscopes (SEM) and Iransmisson elaction microscopes (TEM) (Fgure
118" A mingle MWNT fiokd emission source is ‘ound be 30 limes
brightéd than exisling slectron tources and wilh a small enargy widlh ol
025 &V. MWNTs are predemmed ovin SWNTs because ol hew greater
mechanical siffness

Figure 1.18. A MWNT ansched 1o metsl bp lor use as an FE seciron source lor
the slectron gun on a SEM {adapled from refarance 113,

Flexible Batteries: CNT based baflery architaciure was first designed by
Griiner and coworkers''™ at the University ol Caiiformia. The protolype
dasigned by them showed an ogen-circui! voltage of =1.45 V., wilh a tolal
capacity between 15-25 mA h. The prool-of-concept device consists of Zn
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foil anode which acts as a charge collector, followed by a separator soaked
in a solution of NH.CI and ZnCi, electrolytes. The cathode is then added,
made from a paste of MnO,, CNTs, and the same electrolyte mixture.

114

More recently, Ajayan and coworkers' ~ from Rensselaer Polytechnic
Institute, USA have prepared paper batteries that can be rolted or folded just
like paper without any loss of efficiency (Figure 1.19). The paper version of
charge storage device consists of electrodes, eleclrolyte and a separator.
Vertically aligned multiwalled carbon nanotubes (elecirode) were deposited
on a Si substrate using vapor deposition method. Plant cellulose was
casted on top of the layer and dried (o form (he separator. This paper layer
is then impregnated with an ionic liquid — an organic salt that is lquid at
room temperature — which acts as the electrolyte. Since the ionic liquid

does not contan water, batteries will not freeze or evaporate, which

enables them {o withstand extreme temperatures fram 195 K ta 450 K.
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Figure 1.19. Supercapacitor-battery hybrid energy devices based on
nanocomposite units. (A) Schemalic representation of a three-terminal hybrid
energy device that can act as poth supercapacitor and batlery, (B) the three
terminals are defined, and the battery and supercapacitor segments of the device
are shown and (C) image of flexible paper battery (adapted from reterence 114).

CNTs Based Photovoltaics: CNTs possess unigue elecincal and

electronic propenies. wide electrochemical stability window and large
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surface area which make them an ideal candidate for energy conversion

devices.””®

Semiconducting carbon nanotubes undergo charge
separation when subjected to band gap excitation and considered 1o be
useful for the fabrication of solar cells (left panel in Figure 1.21).""> SWNT
based donor-acceptor and hybrid systems have also been proposed as
potential molecular components for solar energy conversion (right panel in
Figure 1.20)."°72"'5"'% Fast forward electron transfer and slow charge
recombination is one of the significant feature of CNT based molecular

systemns, '

P

Figure 1.20. Strategies 1o employ carbon nanotubes in photochemical solar cells:
(left) by direct excitation of carbon nanotubes; (right) by excitation of light-
harvesting assemblies anchored on carbon nanotubes (adapted from reference

115).

Biological Applications: Tissues are highly transparent to the optical
excitation in the spectral region of 700-1100 nm.” The strong optical
absorbance of SWNT in this region combined with their biocompatibility,
ability to interact with plasma membrane and cross cytoplasm make them

an ideal candidate for biomedical applications."'” An extensive review on
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the use of CNTs and their funclionalized derivatives as biomaterial,
paricularly its use in drug delivery and cancer therapy is presented in a

recent review by Prato, Bianco and coworkers. '’

1.4. Objectives of the Present Work

As mentioned in the previous sections, significant progress has been
made in the synthesis of monodisperse nanomaterials whose
optoelectronic properties can be fine tuned by varying the size and shape.
One of the current focuses of research in this area is on the design of
hybrid nanomaterials by integrating nanoscale components. The overall
objective of this thesis is to design functionalized Au nanoparticles and link
them to Au nanorods and carbon nanotubes. The newly designed hybrid
nanomaterials possess unusual optical properties and these aspects are

discussed in Chapters 2-4.
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CHAPTER 2
- ]

Synthesis and Photophysical Properties of Ruthenium
Trisbipyridine Functionalized Gold Nanoparticles

2.1. Abstract

Two nanohybrid systems were synthesized by functionalizing one of
the most versatile chromophoric systems, namely ruthenium trisbipyridine
(Ru(bpy)s>*) on the surface of gold nanoparticles and their photophysical
properties were investigated. By adopting a place exchange reaction,
Ru(bpy);>* bearing thiols (possessing methylene chains of different
lengths; Ru-C;-SH and Ru-C;-SH) were functionalized onto Au
nanoparticles capped with triethylene glycol thiols (Au(S-EGa),). The place
exchange reaction was successful in linking a desired number of
Ru(bpy)s** on Au nanoparticles; in the case of Ru-C;-SH, a higher loading
of ~145 chromophores and a lower loading of ~50 chromophores were
achieved. Based on HRTEM studies, the average diameter of Au(S-EGa)y
nanoparticles was estimated to be ~4.5 nm and no appreciable change in
the diameter was observed after the place exchange reaction. The mixed
monolayers were further characterized using UV-visible and 'HNMR
spectroscopy. The photophysical properties of these hybrid systems were
investigated by following time resolved luminescence and transient

absorption studies. At higher loadings of Ru(bpy)s®*, a biexponential decay
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with a long lived component, corresponding to unquenched chromophores,
and a short lived component due 10 either electron/energy transfer process
was observed. However, the quenching process was not observed at lower
loadings of Ru(bpy)s** chromophores. Based on transient absorption
studies #t was further confirmed that the guenching originates, at higher
chromophoric loadings, from a light induced electron transfer from the

excited state of Ru(bpy)s?* to its ground state.

2.2. Introduction

The multifaceted properties of matter in nanoscale dimension offers
a wide range of research and development possibilities in diverse areas of
photonics, electronics, material science, catalysis and biology.'"' An in-
depth understanding on the optical as well as electronic properties of
nanoparticles is essential for designing optoelectronic and photonic
devices with reduced dimensions.”® For example, the unique ability of
metal nanoparticles to store and transport electrons make them promising
candidates for the design of optoelectronic devices.'*"® Moditication of the
surface of metal nanoparticles with fluorophores is important for designing
biological sensors'® and artificial solar energy harvesting devices.'”?
Various aspects dealing with the photophysical and electrochemical
properties of chromophore functionalized metal nanoparticles have already
been documented in recent reviews®® and theses.?®?® It is generally
believed that the emission of chromophaores is totally quenched when

bound on to the surface of metals through an energy transfer process.?

However, recent studies have revealed that the emission of chromophores
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is retained when thickly packed on Au nanoparticles.**?’?" It has also
been demonstrated that the energy as well as electron transter processes
from chromophores is dependant on the size of the nanoparticles.*?3°%’
Interestingly, smaller Au nanoparticles in the size domain of 2-5 nm has
the ability to store and shuttle electrons.*?*? Chromophore functionalized
nanoparticles are useful as elements in nanophotonic devices and the
efficiency of electron/energy transter processes depend on several factors.
These include the (i) redox property of chromophores, (ii) density of
chromophores on nanoparticle surface, (iii) separation of chromophore
from metal surface, (iv) nature of linker group and (v) size of metal
nanoparticles.

For investigating the electron/energy transfer processes in
functionalized Au nanoparticles, we have selected one of the most
versatilie chromophoric  systems namely ruthenium trisbipyridine,
(Ru(bpy)s**), which is often called as the “king of inorganic complexes”
Ruthenium(ll) trisbipyridyl based complexes possess remarkable chemical
stability and unique photophysical properties (vide infra) and these aspects
are well documented.®% This class of molecule has been extensively
utilized for solar energy harvesting®”*® and other applications.>** A brief
summary of the ground and excited state properties of Ru(bpy)s®*
chromophore is summarized below.

Ruthenium trisbipyridine chromophore possess an  octahedral
geometry with D; symmetry.*' The absorption spectrum in the visible

region is dominated by an intense metal-to-ligand charge transfer (‘MLCT)

band at 450 nm (¢ ~ 10°M'cm™), caused by the transition from a d, metal
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orbital to a ligand based orbital (r.*). The 'MLCT state rapidly decays,
within 300 fs, via intersystem crossing (ISC) to a *MLCT excited state
which has an emission quantum yield (¢) of 0.06 and lifetime (t) of around
0.9 ps in acetonitrile at room temperature (Figure 2.1). The *MLCT state of

Ru(bpy)s?* is sufficiently long lived, so that it undergoes efficient energy or

electron transfer with other molecules (quencher).

E 4 R
MLCT [Rn(py);]*”
15¢
‘MCdd
_W
SE,. Ao by [ .
MLCT [Ru(bpy) )™ ——»  Phiotochewistry
by
_L [Ru[bp)’);]:.

Figure 2.1. Formation and deactivation pathways for the SMLCT excited state of
Ru(bpy)s>* (adapted from reference 41).

The electron/energy transfer process between Au nanoparticles and
fluorescent molecules have been investigated extensively and well
documented.****®' However, there are only few investigations on the
interaction ot Au nanoparticles and molecular systems which possess long
lived emission (for e.g., Ru(bpy):** based luminescent systems).*?% A
few approaches have been reported in the literature for assembling
ruthenium polypyridines onto Au nanoparticles; however, the rich
photochemistry of this class of hybrid systems has not been well
exploited.“*** More recently, Klar and co-workers have examined the

radiative and nonradiative decay channels of Ru(bpy)s?* when bound on
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Au nanoparticles. ™ Rui{bpy)®™ were attached o Au nanoparticles having
diameters of 20 nm as wall as 40 nm through biotin-sireptavidin interaction
al a dislance of approomately 4 nm from the nanoparticle surace (Figure
2.21." Twne-resolved luminescence spectroscopy revealed an increase of
tha radialive as well as The nonradiative rale when The phosphors wang
bound on to the Au nanoparticles While |he increase of the radialive rate
would increase Ihe phosphorescence guanium yiefd. (he morg promineni
increase of the nonradhative rale oputweighs this eflect. so thal nel

quenching in IUMMescence Qoours.

Figure 2.2. Goid nanoparicies hawving diamelers ol 20 and 40 nm lunchonaiized
with streptavidin and 1the remainng gaps scaled with eiher BSA or PEG. The
biobnylated phosphorescent metal complexes Ru{bpyh™ are abached o the
nanopariickes wa sireplavidin-bictn recogrtion {adspled oen relerence 54

In another report. quenching of the lummescence of Ru(bpy),™ and
Dﬂhpﬂ."‘ based phosphoizs were pbsenved when adsorbed direllly on 15
Au nanoparicies or bound electrosialically very close 1o the nanoparicles’
sulace.™ ™ Authors conclude thal the gquenching otcuss through an

slectron fransfer rom Rulbpy)?/Os{bpy),”” when adsored on o
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nanoparticle.® In contrast, the luminescence decrease was considered to
be due to an energy transter process for the electrostatically bound
Ru(bpy):**.> In the above cases, polypyridine complexes are bound on to
Au nanoparticles through non-covalent interactions, which limit the control
of the number of chromophores. This prevents the possibility of
investigating the excited state interactions in these systems as a function
of the concentration of chromophores on the nanoparticle surface. An
effective approach for varying the concentrations of Ru(bpy)s®
chromophore on to the surface of gold nanoparticles and thereby tuning
their photophysical properties are presented in this Chapter. The
ruthenium(ll) trisbipyridyl were linked to thiol groups through methylene
chains of two different lengths (Ru-C3-SH and Ru-C+-SH in Chart 2.1) and
were functionalized on to Au nanoparticles by adopting a place exchange
reaction. Various steps involved in the synthesis of ruthenium(ll)
trisbipyridyl complexes, (Ru-Cs-SH and Ru-CSH), triethylene glycol thial
capped Au nanoparticles and their place exchange reactions are
presented in Scheme 2.1-2.3. Details of the various synthetic steps and
characterization of various intermediates and products are provided in the

Experimental Section 2.6.

Chart 2.1
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2.3. Results and Discussion

2.3.1. Synthesis and Characterization

Synthesis of ruthenium thiols, Ru-C3-SH and Ru-C;-SH., were
carried out as per Scheme 2.1. The monobromoalky! bipyridine derivatives
(2a and 2b) were prepared through a nucleophilic reaction of 4,4'-dimethyl
2,2"-bipyridine with the corresponding «,w-dibromoalkanes, using lithium

diisopropylamine as the base.®® The corresponding bromo-derivatives

CH(CH,),CH,Rr

M o0

3

2a,n= l
2h.n =
b
2+ CH,(CH,) CH,SH CHL(CH,), CH,SH
N =
7 N\ ™
V/ ‘ \ 2PF6 — N
] H_,C
da,n=1
3b,n=3
n=1:Ru-C,-SH
n=5; Ru-C,-SH

Scheme 2.1. (a) Br(CH).Br, Buli, DISPA, THF; (b} hexamethyldisilathiane,
tetrabutylammonium fluoride, THF, -10°C; (c) Ru(bpy)2Cl2 ethanol/water, reflux.

were converted to thiols by reacting with a mixture of tetrabutylammonium
fluoride and hexamethyldisilathiane, by following a general method
reported by Fox and coworkers® for the synthesis of thiols. The thiol-
derivatives were further complexed with Ru(bpy).Cl,, by adopting a

general procedure,®” to yield ruthenium chromophores possessing alkyl
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spacers of varying chain lengths (denoted as Ru-C3-SH and Ru-C,-SH).
Details of the synthesis and spectral characlerization of various
intermediates and final products are provided in the Experimental Section.

The most widely used mathod for the functionalization ot organic
molecules as monolayers on the surface of gold nanoparticles adopts a
two phase synthesis reported by Brust et a/*® and their modified
procedures.59 Alternately, metal nanoparticles bearing mixed monolayers
can be conveniently synthesized using ligand exchange (place exchange)

reactions 5%

in the present study, we have used octylmercaptan
(CgH47SH) as well as monothiol derivative aof triethylene glycol (EGa-SH,
Scheme 2.2) as ligands for preparing monolayer protected gold

nanoparticles (denoted as Au(SCgH,;), and Au(S-EG,), respectively,

)
wed ¥ ¥ ou —— Heo 8 Y Be
1 2

H,co?o H, Cg

Au(S-EGy),

Scheme 2.2, (a) PBr,, pyridine, CHCl3; (b) thiourea, NaOH, ethancl/water; (c)
HAuC!s. methanol/acetic acid.
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where ‘%’ indicates the average number of molecules of capping agents).
Synthesis of gold nanoparticles functionalized with EG3-SH was carried out
by adopting a modified literature procedure (Section 2.6).%

Several attempls have been made to functionalize Ru-C4-SH/Ru-C;-
SH on to Au nanoparticle surfaces. The two-phase synthetic procedure
adopted by co-binding the chromophores with CgH;SH and the ligand
exchange reaction carried out by reacting with Au(S-CgHq7).. were not
successiul. Both these methods resulied in the precipitation of the
nanoparticles which may be due to the noncompatibility of the two
molecules on Au surface: the shell of ocianelhiolate protecting the gold
nanoparticles is nonpolar in  nature, whereas. the Ru(bpy),*
chromophaores are polar in nature. Intereslingly, the place exchange
reaction with Au(S-EGa.}, (possess polar triethylene glycol as capping
agent) and Ru-C,-SH/Ru-C+-SH yielded gold nanoparticles having mixed
monolayers dencted as AU(S-EGa),(S-Cs-Ru), and Au(S-EG,),.(5-C+-
Ru},. For simplicity of representation, these nybrid nanoparticles, bearing
mixed monolayers, are abbreviated as Au(S-C;-Ru) and Au(S-C,-Ru) in
the subsequent Seclions. In a typical synthesis of Au(S-C;-Ru). to a
stirring solution of Au(S-EGa), (0.5 mL, 1.6 mmol) in dichloromethane was
added 1 mL solution of Ru-C;-SH {5 mg, 3 mmol). The reaction mixture
was stirred at room temperature for 36 h and centrifuged (four times at
4000 rpm, for 5 min each) to remove the unbound Ru-C~SH. Both Au(S-
Cs-Ru) and Au(S-C;-Ru) are highly soluble in CH,CN and partially soluble
in CH;Cls, whereas, the starting materials are highly soluble in CH,Cl,.

This allowed the purification of mixed monolayer functionalized gold
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nanoparticles by first dissolving the crude product in CH,Cl, followed by
centrifuging.  Purification procedure was {ollowed using UV-visible
spectroscopic studies and found thatl the unbound chromophores were
absent in 1he filtrate after tour cycles of centrifugation. We have varied the
surface coverage ot Ru-C3-SH/Ru-C;-SH by varying the concentralion of
chromophores during the place exchange reaction (Scheme 2.3). Purified
nanoparticles were redispersed in acetonitriie and characterized using

MICroscopic and spectroscopic studies.

(TR

CcH,Cl, AN AN B

Scheme 2.3. Synthesis ol ruthenium thio! funclionalized gold nanoparticles,
Au(S-C,-Ru).

The average number of photoactive molecules per nanoparticle
plays a decisive role n luning the photophysical properlies. Place
exchange reaction with different concentrations of Ru-C;-SH/Ru-C,-SH.
enabled us 1o fix the desired number of Ru(bpy);?* chromophores around
the Au nanoparticles. The average number of chromophores per Au
nanopariicle was eslimaled in conjunclion with lransmission c¢'ectron
microscopy (TEM), nductively coupled plasma (ICP) analysis and UV-vis
absorption speclroscopy (Appendix; Section 2.5). After the place exchange

("-\L(-’ 167
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reaction, the concentration of unreacted chromophore was estimated from
the absorption spectra of the filtrate. In the present case, we have
synthesized mixed monolayers bearing lower and higher loadings of
Ru(bpy);®*. It was estimated that samples possessing higher
concentration of Ru(bpy)s** possesses ~145 chromophores on each Au
nanopanticle, based on the assumption that all the reacted chromaphaores
are evenly distributed on the nanoparticles. Mixed monolayers with lower
loading of chromophores (~50 molecules of Ru(bpy);”* per particle) were
prepared by decreasing the concentration of Ru-C,-SH used for place

exchange reaction, and these samples are denoted as Au(S-Cr-Ru)..

2.3,2. HRTEM Studies

The HRTEM samples of Au(S-EGj), and Ru(bpy)s** capped gold
nanoparticles were prepared by drop-casting a dilute suspension on to a
carbon-coated copper grid. Images presented in Figure 2.3A indicate the
presence of monodispsrsed Au(S-EGs), nanopariicles having an average

diameter of 4.5 nm. Interestingly no appreciable changes in the diameter

Figure 2.3. HRTEM images of (A) Au(S-EGjs)y and (B.C) Au(S-C>-Ru). Samples
were prepared by drop-casting a dilute suspension on to a carbon coated copper
grid.
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of nanoparticles were observed after the place exchange reaction with Ru-
C3-SH/Ru-C,-SH (Figure 2.3B). We have estimated the number of gold
atoms as ~2770 by adopting a tight-packed spherical model suggested by
Murray and coworkers.?® The lattice planes observed in the HRTEM image
(Figure 2.3C) indicate that the nanoparticles are highly crystalline in

nature.

2.3.3. 'THNMR Characterization

For further confirming the surface functionalization of Ru(bpy)s**
chromophores on gold nanoparticles, 'HNMR spectra of the unbound and
bound ligands were recorded. The 'THNMR spectra of EG3-SH showed two
signals at 1.5 and 2.6 ppm (trace ‘a’ in Figure 2.4); the triplet at 1.6 ppm is
attributed 1o the thiol proton and the doublet of triplet at 2.6 ppm due to o-
CHj; protons. Upon functionalization, significant changes were observed in
the spectral range 1.4-3.0 ppm (Figure 2.4). The thiol protons were not
observed for Au(S-EG3;)x confirming the functionalization of EG3-SH on to
Au nanoparticles and the multiplicity of the a-CH, got reduced to a triplet
due to the absence of any interactions with the -SH proton (trace ‘b’ in
Figure 2.4), simitar to that reported by Zheng and coworkers.®? Peaks in
other regions of '"HNMR spectrum remain more or less unaffected upon
functionalization. Place exchange reaction with Ru-C,-SH/Ru-C5-SH was
confirmed by the (i) disappearance of thiol proton and (ii) lowering of
multiplicity of a-CH; to triplet (as compared to a doublet of triplet in Ru-C+-
SH), along with a broadening of peaks. 'HNMR spectrum of Ru-C;-SH

and Au(S-C+-Ru) are presented as traces 'c' and ‘d’ respectively in Figure
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2.4. The singlet at 2.3 ppm corresponds to methyl protons of EGa-SH. Two
factors contribute to the peak broadening upon funclicnalization: ihe
dipolar spin relaxation and the non-uniform distribution of thiolate ligands

on the surface of Au nanoparticle.>

a-CH, SH a
(.
o-CH, b
—
CH,
C
a-CH,
SH
R - R .
a-CH, ®CH, CH, d
W,
M,,ﬂ,—/ MNome mal
o | 21.5 | 0 'l5

&ppm

Figure 2.4. 'HNMR spectra of various ligands unbound and bound on Au
nanoparticles in the spectral range 1.5-2.6 ppm (crossed peak corresponds to
residual waler peak in the solvent). {a) EGs-SH, (b) Au-(S-EGa),, (c) Ru-C,-SH
and (d} Au{S-CrRu) in CD4CN.
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2.3.4. Steady State Absorption and Emission Studies

Argon degassed solution of ruthenium trisbipyridine were used for
various steady-state and time-resolved investigations. Absorption spectra
of Ru-C3;-SH/Ru-C,-SH in acetonitrile possess two bands; one centered
around 288 nm aftributed to the n-n* transition of bipyridine ligands and
other at 453 nm due to the metal-to-ligand charge transfer (MLCT) band
{trace ‘a' in Figure 2.5A). The photophysical properties of Ru-C1-SH/Ru-Cr
SH in CH,CN are summarized in Table 2.1. The absorption spectral features
corresponding to the MLCT band of Ru(bpy),®* (trace ‘a’) and surface
plasmon band of Au nanoparticles (trace 'b’) were more or less retained in
the case of Au(S-C;-Ru), ruling out the possibility of any strong ground
state interaction (trace 'c’). Similar results were observed for Au(S-C;-Ru).

The emission spectra of Ru-C53-SH/Ru-C,-SH were centered at 612

nm (trace 'a’ in Figure 2.5B) and the luminescence quantum yield for both

0.8
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Figure 2.5. Absorption and luminescence spectra of unbound and bound
Ru(bpy)s** on Au nanoparticles in degassed CH3CN: (A) absorption spectra of
(a) Ru-C+-SH, (b) Au(S-EGa)y, (¢) Au({S-C+Ru) and (B) luminescence spectra of
{a) Ru-C+SH and (b} Au(S-C+Ru).
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Table 2.1. Absorption and luminescence properties of Ru-C3-SH and Ru-C~SH
in degassed CH3CN.

Compounds e(x 10°M"' em™) Amax Dy T

em/nm
T-1T* bpy MLCT
(288 nm) (453 nm)

Ru-C;-SH 8.12 1.41 617 0.070 960

Ru-C;-SH 8.94 1.55 617 0.071 961

the compounds were estimated as 0.07 (error limit + 5%) using Ru(bpy)s®*
as standard (¢em for Ru(bpy)s** = 0.084)® and the spectral properties are
summarized in the Table 2.1. At lower loadings of Ru(bpy)s** on Au
nanoparicles, the luminescence is more or less retained (vide infra).
Interestingly, we have observed that the luminescence of Ru(bpy),** is
quenched at higher loadings in the case of Au{S-C;-Ru)/Au(S-C;-Ru)
(trace ‘b’ Figure 2.5B). However, the spectral overlap between the plasmon
absorption of gold nanoparticles and the MLCT band of Ru(bpy)s**
prevented the selective excitation of the chromophore and hence
quantification of the emission yields by steady-state technique is difficult.
The excited state interactions were further elucidated by following

luminescent lifetime and nanosecond transient absorption studies.

2.3.5. Time-Resolved Luminescence Studies

Both Ru-C;-SH and Ru-C;-SH follows monoexponential decay in
various solvents, with a lifetime (1) of 1.11 us in CH.Cl, and 961 ns in
CH;CN, which is attributed to the inherent lifetime of the chromaphore (for

e.g.. trace ‘a’ in Figure 2.6). Interestingly, Ru(bpy):** functionalized on
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gold nanoparticles follows biexponential decay in CH,Cl, (¢ = 9.8) with a
long lived {1ty = 1.1 ps; 1 = 80%) and short-lived (12 = 4.3 ns; yo= 20%)
components. The lifetime of the long-lived component (similar to that of
unbound Ru-C3;-SH/RuU-C~SH) can be attributed to the unquenched
Ru(bpy);** chromophore bound on to gold nanoparticles. The short-lived
component arises from the quenched excited state of Ru(bpy)s®*, either
through an energy or electron-transter process. In a polar solvent such as
CH3;CN (e = 39.8), the relative abundance of the short-lived component
substantially increased (1, = 960 ns; x; = 30% and 1, = 4.3 ns; %2 = 70%),
further supporting an electron-transfer quenching process (trace 'b' in
Figure 2.8).
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Figure 2.6. Luminescence lifetime profile of (a) Ru-C~SH and (b) Au(S-C+-Ru)
recorded in degassed CHsCN (Excited at 440 nm).
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Table 2.2. Luminescence lifetimes®* of unbound and bound Ru(bpy);** on Au
nanoparticles.

Hybrid Solvent T, 05 ™ Ty 08 ° X
system (dielectric 0 %) (X2 %)
constant)

Ru-C5-SH acetonitrile (39.8) 961 (100%) - 1.01
Au(S-C;-Ru)  acetonitrile (39.8) 960 (30%) 4.2 (70%) 1.05
Au(S-C;-Ru) dichloromethane 1100 (80%) 4.3 (20%) .10

(9.8)
Au(S-Cy-Ru)y,,  acetonitrile (39.8) 960 (100%) - 1.02

“1) and T; corresponds o the lifetime of long-lived and short-lived components;
Perror limit & S%; ‘excited at 440 nm; %, and ¥, corresponds to the fractional
contribution of 1, and 1, respectively; “the quality of the fit is judged by means of
usual statistical parameters.

2.3.6. Nanosecond Transient Absorption Studies

Nanosecond laser flash photolysis was carried out for obtaining a
better understanding on the mechanism of the quenching process. The
difference absorption spectrum recorded following a 355 nm laser
excitation of Ru-Cs-SH/Ru-C,-SH in degassed CH1CN solution possesses
a well defined band at 370 nm, which is readily quenched in oxygenated
solution. This absorption band is characteristic of the triplet-triplet
absorption of Ru(bpy)s** (Figure 2.7A), and the absorption-time profile
monitored at 370 nm follows a monoexponential decay with a lifetime of
909 ns (kr = 1.10 x 10° s, Figure 2.7B). The corresponding bleach
around 450 nm and 620 nm is aftributed to the loss of ground state

absorption and emission respectively.
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Figure 2.7. (A) Nanosecond fransienl absorption spectrum of Ru-Cs~SH in
degassed CH3CN and (B) the absomption-time profile at 370 nm. The spectrum
was recorded immediately after 355 nm laser pulse excitation.

Interestingly, upon binding on to metal nanoparticles (Au{S-Cr-Ru)),
two additional bands were observed at 308 and 520 nm, along with triplet
absorption band (Figure 2.8A). The presence of oxygen has no major
effect on the formation and decay of these transients, whereas, the triplet
absorption band was totally quenched (Figure 2.8B). The absorption-time
profile monitored at 308 nm as well as 520 nm follows monoexponential
decay with a rate constant of 7.4 x 10° s (1 = 135 ns), indicating that both
the species originate from the same process (Figure 2.8C). Nanosecond
transient absorption studies of Au-(S-C5-Ru) also provided similar results.

Chemical®®®® as well as electrochemical methods®” have been earlier
adopted for the characterization of the redox products of Ru(bpy)s**:
reduction to Ru(bpy);'* results in absorption peaks at 350 and 500 nm and
a strong absorption at 310 nm upon oxidation to Ru(bpy)s>*. Comparing
these results with the transient absorption spectra presented in Figure 2.8,
it is clear that the peaks originate through an excited state redox reaction

resulting in the formation of Ru(bpy);" and Ru(bpy)3°’. Thus, the transient
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Figure 2.8. Nanosecond transient absorption spectrum of Au(S-C+~Ru) in
CHaCN: (A) degassed solution, (B) oxygenated solution and (C) absorption-time
profile at 310 and 500 nm. All the spectra were recorded immediately after 355
nm laser pulse excitation.

decays at 308 and 500 nm were assigned as Ru(bpy)s®>* and Ru(bpy)s'*
arising from a light-induced electron transfer process between the excited
state and ground-state molecules of Ru(bpy)s:** anchored on the surface
of gold nanoparticles.

Both luminescence and nanosecond transient absorption studies of
(Au(S-C-Ru), showed spectral behavior similar to that of Ru-C+-SH, and
no electron-transfer products were observed on decreasing the
concentration ot Ru(bpy)s>* (Figure 2.9). These results clearly indicate that
the local concentration of the chromophores plays a decisive role in

modulating the photophysics of the Ru-(bpy)**.



61 Chapter 2 - Ruthenium Trisbipyridine Functionalized Gold Nanopariicles
0.4
A a0l B

o 0.3 =3
2 = 30}
202} z
5 @ 201
3 S
a 0.1 = 10}

0.0 : : oL

300 450 600 500 600 700 800
Wavelength, nm Wavelength, nm
C 0.04} /\ D
210°f
§ A 0.00
[ 1 02 %
- -0.04
S .
[
10°¢ . . i -0.08F .
0 300 600 900 400 600 800
Time, ns Wavelength, nm

Figure 2.9. Photophysical properties of Au{S-C+~Ru). in degassed CHLCN: (A)
absorption, (B} luminescence, {C) luminescence lifetime and (D) nanosecond
transient absorption spectrum (The spectrum was recorded immediately after
355 nm laser pulse excitation).

Blank experiments were carried out using (i) a solution of Ru-C-SH
in the presence of EGy-SH and (i) saturated solution of Ru-C;-SH. Both
these experiments did not produce any redox products, further confirming
the role of gold nanoparticles in creating a micro-heterogeneous
environment favorable for the electron transfer (Figure 2.10).

The nanohybrid system can be visualized as a core-shell system
(Scheme 2.4) possessing several Ru(bpy);®* chromophores at the
periphery of gold nanoparticles in which the light-induced electron transter

generates oxidized and reduced products. Interestingty, electron transfer
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Figure 2.10. Photophysical properties of Ru-C7-SH on the addition of EG3-SH in
degassed CH3CN: (A) absorption, (B) luminescence, {C) luminescence lifetime
{(a) in presence and (b) absence ol EGs-SH and (D) nanosecond transient
absorption spectrum {The spectrum was recorded immediately after 355 nm
laser pulse excitation).

products sustained for several nanoseconds before undergoing
recombinaticn, probably due to the stabilizing effect of the polar ethylene
glycol moieties embedded between the chromophoric groups. The density
of Ru(bpy)s®* chromophores in the monolayer, at lower and higher
concentrations, was further estimated, and delails are provided in the
Section 2.5. At higher concentrations of Ru(bpy)s>*, ~65% of the volume of
the shell is occupied by the chromophore. Such dense packing of
Ru(bpy);?* results in the formation of redox products upon photoexcitation

(Figure 2.8). To the best of our knowledge, this is the first observation ot a
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light-induced charge shift from the excited to the ground-state of
Ru(bpy)s>* chromophores leading to the formation of redox products.
Interestingly, the chromophore occupies ~23% of the total shell volume in
the case of Au-(S-Cy-Ru),, and electron-fransfer products were not
observed (Figure 2.9).
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Scheme 2.4. Light induced processes in Au(S-Cr-Ru) and Au(S-C~Ru)..

It is well established that the quantum size effects in Au
nanoparicles are observed only when the diameter is <3.0 nm (transition
from metal to semiconductor/insulator).®® Photoinduced charge-transter
from the photoexcited Ru(bpy)az‘ chromophores to Au nanoparticles was
not observed in the presen case, which may be due to the large diameter
of Au core (>4.5 nm). Attempts were made to synthesize Au-(S-C;-Ru)
hybrid systems possessing Au core <2 nim. However, these experiments
failed mainly due to the difficulties involved in the place exchange reaction
between Au(S-EG3;), having Au core <4.5 nm and Ru-C;-SH, may be due

to the larger volume occupied by Ru{bpy)s®* chromophores.
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2.4. Conclusions

An efficient approach for functionalizing a desired number of
Ru(bpy);>* on Au nanoparticles through place exchange reaction was
presented. Based on steady state and time resolved techniques, it was
concluded that the loading of chromophores on the surface of gold
nanoparticles plays a decisive role in modulating their photophysical
properties. At higher loadings of Ru(bpy)s**. a charge shift was observed
between the chromophores leading to the formation of stable Ru(bpy)s**
and Ru(bpy);'*. The electron transfer products were found to be stable for
several nanoseconds, probably due to the stabilizing effect of the polar
ethylene glycol moieties embedded between the chromophoric groups.
Interestingly, the luminescent properties of Ru(bpy)s;** were retained by
lowering the concentration of the chromophores on gold nanoparticles, and
such hybrid systems could be further extended for the development of

photocatalysts as well as chemical and biological sensors.
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2.5. Appendix

Concentration of Au nanoparticles

[Au®*] = 0.24 mmol = 1.45 x 10° ions
Average size of Au nanoparticle® = 4.5 nm
Number of gold atoms per cluster® ~ 2769

Concentration of Au nanoparticles = 1.45 x 10% 2769 = 5.3 x 10'®

Concentration of Ru(bpy);** on Au(S-C,-Ru)

[Ru-CSH| = 1.26 pmol =7.6 x 10'” moelcules

Number of Ru(bpy)s** chromophores per cluster® = 7.6 x 10'7/5.23 x 10"
~ 145 molecules

Concentration of Ru(bpy),** on Au(S-C,-Ru),

[Ru-C~~SHI° = 0.44 umol = 2.65 x 10" moelcules

Number of Ru (bpy)s** chromophores per cluster® = 2.65 x 10'7/5.23 x 10"
~ 50 molecules

Percentage volume occupied by Ru(bpy),?* in the monolayer

‘“ AU‘S‘QTRU[

Volume of Au nanoparticle core (radius = 2.25 nm) = 4.77 x 102 cm®

Volume of Au(S-Cr-Ru) core-shell structure (radius = 3.65 nm)

=2x10"°¢m®

“based on TEM and ughtly packed spherical model.

®based on lightly packed spherical model.

Cconcentration of unbound molecules in the filtrate was estimated and subtracted.

“on the assumption that the distribution of chromophores is uniform on the nanoparticles.
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Volume occupied by monolayer = 2 x 10"'° cm® - 4.77 x 10?° ¢m?®
=1.5x10" cm?

Molecular volume of Ru(bpy)s?* in the shell
=7.2x10%cm?
Volume of 145 molecules of Ru(bpy)s>* = 145 x 7.2 x 102 cm®
=1x10"cm®

Percentage volume occupied by 145 molecules of Ru(bpy)s** in the monolayer
= 1x10"91.5x10" =65 %

(i) Au(S-C-Ru),
Volume of 50 molecules of Ru-CSH = 50 x 716.93 x 10% ¢cm®

=3.58x10%¢cm®
Space occupied by 50 molecules of Ru-C7SH in the shell of monolayer

= 358x10%%1.5x10"=23%

2.6. Experimental Section
2.6.1 Materials and Instrumental Techniques

Solvents and reagents used were purified and dried by standard
methods. All starting compounds and reagenis were purchased from
Sigma-Aldrich and were used as such. Photophysical studies were carried
out using spectroscopic grade solvents. All melting points were determined
with a Mel-Temp-II melting point apparatus. 'H and *°C NMR spectra were
measured on a Bruker DPX-300 MHz spectrometer. IR spectra were
recorded on IRPrestige-21, Shimadzu infrared spectrophotometer. Mass
spectra were recorded on JEOL JM AX 5505 mass spectrometer. The UV-
vis spectra were recorded on a Shimadzu 2401 or 3101PC

spectrophotometer. The emission spectra were recorded on a Spex-
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Fluorolog, F112-X equipped with a 450W Xe lamp and a Hamamatsu
R928 photomultiplier tube. The spectra were recorded by keeping a 90°
geometry and a slit width of 1 nm in the excitation and emission
monochromators. For the TEM analyses, 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 300
kV (JEOL 3010) transmission electron microscope.

Luminescence lifetimes were measured using IBH (Florocube)
Time-Correlated Picosecond Single Photon Counting (TCSPC) system.
Solutions were excited with a pulsed diode laser (<100 ps pulse duration)
at a wavelength of 440 nm (NanoLED) with a repletion of 100 kHz. The
detection system consisted of a micro channel plate photomultiplier
(5000U-09B, Hamamastu) with a 38.6 ps response time coupled to a
monochromator (500M) and TCSPC electronics (Data Station Hub
including Hub-NL, NanoLED controller and preinstalled luminescence
measurement and analysis studio (FMAS) software). The luminescence
lifetime values were obtained using DAS6 decay analysis software. The
quality of the fit has been judged by the fitting parameters such x* (1+0.1)
as well as the visual inspection of the residuals. Nanosecond laser flash
photolysis experiments were carried out using an Applied Photophysics
Model LKS-20 Laser Spectrometer using the third harmonic (355 nm) of a
Qunta Ray GCR-12 series pulsed Nd:YAG laser with a pulse duration of ~8 ns.
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2.6.2. Synthesis of 4-(3-bromopropyl}-4'-methyl-2,2'-bipyridine, 2a

To a degassed solution of lithium diisopropyl amine (1 equiv.,
prepared by mixing 2 mL of butyl! lithium and 1mL of diisopropyl amine in
dry THF) was added 4,4' dimethy! 2,2" bipyridine (500 mg, 2.71 mmol) at
-15°C. The resulting solution was stirred at this temperature for 1 h to
stabilize the monoanion produced. To the above stirring solution 1,2
dibromoethane (2.4 mL, 27.1 mmol) was added at -15°C and stirred at
room temperature for 12 h. The reaction mixture was quenched with ice to
remove excess LDA and then concentrated to remove the THF. Crude
product was dissolved in dichloromethane and extracted with water to
remove the Inorganic salts. The organic washings were concentrated and
column chromatographed over silica gel (100-200 mesh) using 20% ethyl
acetate/hexane mixture to give 400 mg of 2a (53%) having a meiting point
68-70°C. 'H NMR (CDCls, 300 MHz, TMS) § 2.12-2.55 (m, 7H, aliphatic),
3.30-3.33 (t, 2H, CH.Br), 7.02-7.08 (d, 2H, aromatic), 8.40 (s, 2H,
aromatic), 8.61-8.65 (d, 2H, aromatic) ppm; 3C NMR (CDCly, 75 MHz2) &
24.62, 28.85, 33.33, 34.71, 124.56, 125.31, 148.52, 149.76, 155.85 ppm;
Mass-FAB: [M'] 290.11 (calculated 290.04), [M+2] 292.12 (calculated
292.04).

2.6.3. Synthesis of 3-(4’-methyl-2,2'-bipyridin-4-yl)propane-1-thiol, 3a

A mixture of tetrabutylammonium fluoride (98 mg, 0.38 mmol) and
hexamethyldisilathiane (73 mg, 0.4 mmol) in THF (10 mL) was added to
compound 2a (100 mg, 0.35 mmol) in THF (10 mL) kept at -10°C. The

mixture was allowed to warm to room temperature, while being stirred and
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was further stirred at room temperature for 12 h. The reaction mixture was
concentrated to remove THF and diluted with dichloromethane and then
washed with saturated ammonium chloride solution. The organic layer was
concentrated and column chromatographed over alumina using 10% ethyl
acetate/hexane as eluent to give 50 mg of 3a (62%) having melting point
65-67°C. 'H NMR (CDCl;, 300 MHz, TMS) § 1.51-1.56 (t, 1H, thiol), 1.92-
2.56 {m, SH, aliphatic), 7.02- 7.09 (d, 2H, aromatic), 8.43 (s, 2H, aromatic),
8.65-8.69 (d, 2H, aromatic) ppm; '*C NMR (CDCls, 75MHz) § 24.62, 28.85,
33.33, 34.71, 124,56, 125.31, 148.52, 149.76, and 155.85 ppm; Mass-
FAB: [M’] 24411 (calculated 244.10).

2.6.4. Synthesis of Ru-C;-SH

To a stirring solution of the 3a (50 mg, 0.2 mmol) in 1:1 mixture of
ethanol:water (4 mL), same equivalents of Ru{bpy).Cl, (100 mg, 0.2
mmol} in 1:1 mixture of ethanol:water (4 mL) was added and the reaction
mixture was allowed to stir at reflux at 80°C for 8 h. The reaction mixture is
concentrated to remove the solvent and an aqueous solution of ammonium
hexafluorophosphate is added which results in the precipitation of the
product in dark red color. Crude product was filtered, dissolved in
acetonitrile and column chromatographed over silica gel (100-200 mesh)
using 50% acetonitrile/dichloromethane as eluent to give 150 mg (90%) of
the product. '"H NMR (CDCls, 300 MHz, TMS) § 1.51-1.56 (t, 1H, thiol),
1.92-2.56 (m, 9H, aliphatic), 7.02- 7.09 (m, 12H, aromatic), 8.43-8.52 (t,

BH, aromatic), 8.65-8.69 (m, 4H, aromatic) ppm; Exact mass calculated for
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CasHxNsRUSPFg [M-PF3]" 803.1094, found 803.1090 (FAB, high-resolution

mass Spectroscopy).

2.6.5. Synthesis of 4-(7-bromoheptyl)-4’-methyl-2,2"-bipyridine, 2b

To a degassed solution of lithium dilsopropyl amine (1 equiv;
prepared by mixing 2 mL of butyl lithium and diisopropyl amine in dry THF)
was added 4,4’ dimethy! 2,2’ bipyridine (500 mg, 2.71 mmol) at -15°C. The
resulting solution was stirred at this temperature for 1 h to stabilize the
monoanion produced. To the above stirring solution 1,6 dibromohexane
was added at -15°C and stirred at room temperature for 12 h. The reaction
mixture was quenched with ice to remove excess LDA and concentrated to
remove the solvent. Crude product was dissolved in dichloromethane and
extracted with water to remove the inorganic salts. The organic washings
were concentrated and column chromatographed over silica gel (100-200
mesh) using 20% ethyl acetate/hexane mixture to give 700 mg of 2b
(75%) having a melting point 84-86°C. 'H NMR (CDCl;, 300 MHz, TMS) &
1.28-2.56 (m, 13H, aliphatic), 3.30-3.34 (1, 2H, CH.Br), 7.02- 7.09 (d, 2H,
aromatic), 8.44 (s, 2H, aromatic), 8.61-8.69 (d, 2H, aromatic)ppm; '°C
NMR (CDCly, 75MHz) § 24.62, 27.85, 29.21, 30.33, 31.52, 32.71, 33.71,
36.31, 124,56, 125.31, 148.52, 149.76, 155.85 ppm; Mass-FAB: [M’]
346.07 (calculated 346.10), [M+2] 348.05 (calculated 348.10).

2.6.6. Synthesis of 7-(4’-methyl-2,2'-bipyridin-4-yl)heptane-1-thiol, 3b
A mixture of tetrabutylammonium fluoride (415 mg, 1.58 mmol) and

hexamethyldisilathiane (308 mg, 1.7 mmol) in THF (10 mL) was added to
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compound 2b (500 mg, 1.4 mmol) in THF (10 ml) kept at -10°C. The
mixture was allowed to warm to room temperature, while being stirred and
was further stirred at room temperature for 12 h. The reaction mixture was
concentrated to remove THF, diluted with dichloromethane and then
washed with saturated ammonium chloride solution. The organic layer was
concentrated and column chromatographed over alumina using 10% ethyl
acetate/hexane as eluent to give 220 mg of 3b (60%) having melting point
75-78°C. 'H NMR (CDCl3, 300 MHz, TMS) § 1.51-1.55 (t, 1H, thiol), 1.92-
2.56 (m, 17H, aliphatic), 7.02- 7.08 (d, 2H, aromatic), 8.42 (s, 2H,
aromatic), 8.63-8.69 (d, 2H, aromatic); BCNMR (CDCls, 75MHz) 8 24.62,
28.85, 33.33, 34.71, 30.52, 124.56, 125.31, 148.52, 149.76, 155.12,
155.85 ppm; Mass-FAB: [M*] 300.12 {calculated 300.17).

2.6.7. Synthesis of Ru-C,-SH

To a stirring solution of the 3b (150 mg, 0.5 mmol) in 1:1 mixture of
ethanol:water (4 mL), same equivalents of Ru(bpy).Cl. (240 mg, 0.5
mmol) in 1:1 mixture of ethanol:water {4 mL) was added and the reaction
mixture was allowed to stir at reflux at 80°C for 8 h. The reaction mixture
was concentrated to remove the solvent and an aqueous solution of
ammonium hexatluorophosphate was added to the concentrated reaction
mixture which resulted in the precipitation of the crude product in dark red
color. The crude product was filtered, dissolved in acetonitrile and column
chromatographed over silica gel (100-200 mesh) using 50%
acetonitrile/dichloromethane as eluent to give 350 mg (85 %) of the

product. "H NMR (CDCly, 300 MHz, TMS) § 1.92-2.56 (m, 17H, aliphatic),



Cliapter 2 - Ruthenium Trisbipyridine Functionalized Gold Nanoparticles 72

7.02- 7.09 {(m, 12H, aromatic), 8.43-8.52 (t, 6H, aromatic), 8.65-8.69 {m,
4H, aromatic)ppm,; Mass-FAB: [M-PFg] 858.13 (calculated 858.21), [M-
2PFg] 714.21 (calculated 714.23).

2.6.8. Synthesis of Au(S-EGj)y

In a typical preparation of Au(S-EGs). protected gold nanoparticles,
30 mL of MeOH (HPLC grade) and 5.0 mL of acetic acid were mixed in a
250 mL Erlenmeyer flask by stirring for 2-5 min. Then, 78.0 mg (0.2 mmol)
of tetrachloroauric acid {HAuCl; XH,QO) (99.99%) and 13.6 mg (0.1 mmol)
of monothiol of triethylene glyco! (EG3-SH) were added to the above mixed
solvents and dissolved by stirring for 5 min, which gave a clear, yellow
solution. Subsequently, a solution of sodium borohydride (75.0 mg, 2.0
mmmol) dissolved in 5.0 mL of distilled water was added drop wise into the
above solution with rapid stirring. On addition of the first drop of NaBHy,,
the HAuCl, solution immediately turned to dark brown from yeliow and
rapid stirring was continued for 2 h. The reaction mixture was transferred
into a 10 mL plastic centrifuging tube and centrifuged at 2500 rpm for 30 s
to remove large particles, it there were any. The supernatant liquid was
then filtered through a filter paper, concentrated under vacuum to remove
methanol and acetic acid, washed several times with ether to remove the
excess thiol. The product was dissolved in dichloromethane and extracted
with water to remove excess sodium borohydride. The organic washings
are dried over anhydrous Na,SQ,, concentrated and redissolved in 10 mL

of dichloromethane.
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CHAPTER 3
e

Gold Nanoparticle Decorated Carbon Nanotubes for
Light Induced Electron Transfer

3.1. Abstract

Photoactive hybrid nanomaterials were synthesized by functionalizing
ruthenium  trisbipyridine (Ru(bpy)s®*) chromophores on to single walled
carbon nanotubes (SWNT), both in the presence and absence of gold
nanoparticles. Various light induced processes in these hybrid systems
were investigated using steady state and time resolved techniques. A
unidirectional electron flow was observed from the excited state of
Ru(bpy):** to carbon nanotubes when the chromophores were linked
through Au nanoparticles (SWNT-Au-Ru?*). In contrast, photoinduced
electron transfer was not observed from *Ru(bpy);** to SWNT when these
components were linked directly. Based on luminescence lifetime studies,
the forward electron transfer rate constant (ker) in SWNT-Au-Ru®

' and the electron transfer

nanohybrids was estimated as 2.55 x 10° s
products (Ru(bpy):®* and the monoanion of SWNT) were further
characterized by transient absorption studies. The charge equilibration
occurring at the SWNT-Au heterojunctions, due to the differences in
electrochemical potentials, result in the formation of a localized depletion

layer at the SWNT walls which may act as acceptor sites of electrons from
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*Ru(bpy)s®*. The charge separation in SWNT-Au-Ru®* nanchybrids
sustained for several nanoseconds before undergoing recombination {Kgey
= 2.5 x 10° s") making these systems promising for optoelectronic and

artificial photosynthetic device applications.

3.2. Introduction

Photosynthetic light harvesting assembly is one of the finest pieces
of molecular machinery that nature has ever created and life on earth
derives all its energy from natural photosynthesis. It utilizes photoinduced
energy transter for harvesting sunlight which is followed by well-organized
sequence of electron transfer reactions in the photosynthetic reaction
center (RC)." The unique arrangement of molecules in RC is respensible
for the unidirectional electron transfer, which prevents the back electron
transfer by increasing the distance of separation of the radical ion pairs

(Scheme 3.1)."°
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Scheme 3.1. Structure of the cofactors of the reaction centre from Rhodgbacter
sphaeroides {adapted from reference 3).
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Photosynthetic system is complex in nature and attempts have been
actively pursued, in recent years, in the design of molecular as well as
nanohybrid systems* which can serve as components of photovoltaic
devices that mimic parts of the photosynthetic machinery. A long-term goal
in this area is to construct biomimetic supramolecular systems with
electron donors (D) and acceptors (A) for carrying out the functions of

natural photosynthesis. Among the various steps, generation of long-lived

charge-separated ion pairs (D+/A_) is the most crucial one. A practical
approach is to use these stable ion pairs for (i} designing photovoltaic
systems which can generate photocurrent or (i) producing high energy

substances (e.g., hydrogen from water as in Scheme 3.2).

Nwv o
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Scheme 3.2. Electron transfer processes in an artificial system that consists of a
photosensitizer (P), electron acceptors (A) and donors (D).

Of late, it was demonstrated that carbon based systems such as
fullerenes and carbon nanotubes are excellent acceptors of electrons.>®
Understanding the basic properties of carbon nanotube’® based one
dimensional systems has opened up newer possibilities for the design of

nanoscale electronic devices,”?’ energy conversion systems?®*

and
biological sensors.**° For example, the intriguing electron accepting and

transporting properties of single walled carbon nanotubes have been
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exploited for the design of nanohybrid systems tor light energy
conversion.*®** The use of SWNT based nanohybrids for charge
separation has been demonstrated by functionalizing them with
appropriate  donor groups’®* as well as attaching semiconductor
nanoparticles to their surface.>**3%%" An alternative approach is to use
metal-semiconductar hybrid materials such as noble metal nanopanicle
decorated SWNT?* for photovoltaic applications. The rationale behind this
design strategy is based on the fact that the band structure al the metal
nanoparticle-SWNT interface is distinctly different from that of individual
components.?

Metal and semiconductor possess different electrochemical
potentials, hence charge redistribution occurs at ‘he contact junction so
that the potentials are equilibrated (generally represented as band

bending).*?

When metals are doped on n-type semiconductor, charge
transfer occurs 1o the melal resulting in the depletion of eleclrons at the

semiconductor interface (Schottky type potential barrier>?; Scheme 3.3).

e e et — - - - ==
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Scheme 3.3. Scheme of the metal-semiconductor band structure (a) before
contact and (b) after equilibrium. E™r and E®r are the Fermi levels for the metal
and semiconductor. /s is the depletion length (adapted from reference 52).
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In the case of bulk metal-semiconductor junction, the well-known

Schottky model yields,*
p = (€sNgAE/2m)" (3.1)
Iy = (€ AE/21e*Ng)'* (3.2)

where ‘p' is the surface density of charge passed on the metal, '/;’ the
depletion length in the semiconductor, ‘Ny’ the concentration of charge
donors in the semiconductor, '’ the semiconductor dielectric constant,
‘AE’ the difference of the Fermi energies in the semiconductor and metal
before the charge redistribution, and ‘e’ the electron charge. The derivation
of Equations 3.1 and 3.2 is based on the assumption that the potential in
the semiconductor is dependent only on the coordinate along the normal to
the interface. Mathematically, it is clear that this assumption holds if the
depletion length defined by Equation 3.2 is smaller than the size of a
supported particle. Thus, for nanoparticles it is difficult to apply traditional
Schottky junction behavior and a fully accepted theoretical model for metal
nanoparticle-semiconductor junction is not yet developed. One of the
theoretical models propose that the metal nanoparticles may create an
interfacial “Schottky-type” potential barriers on semiconducting substrates.>®
Experimental studies have later shown that the Au nanoparticles form size-
dependent “nano-Schottky” potential barriers on semiconducting substrates
that asymptotically approach the macroscopic Schottky barrier.?* Hence
the semiconductor supported metal nanoparticle will experience this effect
and create localized depletion regions on the semiconductor wall which

acts as the deep acceptor states (Scheme 3.4).%
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Scheme 3.4. Physical model illustrating the contact of metal crystaliite and
semiconducting support. Plus signs and dashed lines indicate positive and
negative charges, respectively (adapted from reference 52).

Other theoretical and experimental investigations dealing with the
modified electronic properties of metal nanopanicle-semiconductor
interface include metal nanoparticle-TiO,,%* Ag nanoparticle-SbO,,* Mn
nanoparticle-GaN nanowires® and noble metal nanoparticle-SWNT?
systems. Methodologies for incorporating Ag, Au and Pt nanoparticles on
to the surface of SWNT***° and their potential applications as sensors and
field emission transistors®*#’ have also been demonstrated. For example,
fabrication of sensor arrays for the identification and detection of
toxic/combustable gases (H,, CH,;, CO and H,S) has been demonstrated
by Star and coworkers using a carbon nanotube field emission transistor
(NTFET) consisting of metal decorated carbon nanotubes (Figure 3.1).%

It has been recently reported that the electron donation to the nanoparticle
decorated SWNT network of NTFET, upon exposure to NO gas, is
dependant on the work function of the metal.?* Based on these studies, it
is concluded that the Schottky type potential barrier existing at the
nanoparticle-SWNT interface is intimately related to the work function of

the metal (Figure 3.2).
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Figure 3.1. (A} Conceptual illustration of 2 carbon nanotube network connecting
source (S) and drain (D) electrodes of a FET. SWNTs are decorated with metal
nanoparticles (silver bullets) for selective delection of analyte gases {red dots)
(adapted from reference 26).

A)

)]

Figure 3.2. Chemically induced potential barriers at the carbon nanotube-metal
nanoparticle interface (adapted from relerence 24).

While SWNT-metal nanoparticle systems are proposed for sensing
applications, the possibility of utilizing these materials as components of
light energy conversion systems has not been actively pursued. Herein, we
investigate various light induced processes between ruthenium

60-75

trisbipyridine and SWNT, both in the presence and absence of gold
nanopadticles. The structures of the hybrid systems under invesligalion are

ilustrated in Chart 3.1.
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SWNT-Ru® SWNT-Au-Ru™

Chart 3.1. Struciures of hybrid systems under study.

3.3. Results and Discussion
3.3.1. Synthesis and Characterization

Ruthenium trisbipyridine bearing a thiol group (Ru?®*-C-SH) was
synthesized as described in Chapter 2 and were functionalized on to the
surface of Au nanopanticles by adopling a place exchange reaction (Au-
Ru?*; average diameter of 4.5 nm).”* SWNTs (HiPCO) were puritied first
by heating in air at 350°C to remove the carbonaceous material and
subsequently heated with conc. HNO, for 4 h to remove the transition
metal impurities.”**® The purified SWNTs were converted 1o thiolated
SWNTs (SWNT-SH) by using the modified literature procedures (Scheme
3.5).7%8% Accordingly, the purified SWNTs were converted 1o carboxylated
SWNTs (SWNT-CO,H) and further to corresponding acid chioride
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(SWNT-COCI) and subsequently to SWNT-SH by reacting with 2-
mercaptoethylamine hydrochloride. Ru(bpy),>* were functionalized on
SWNT in the absence and presence of Au nanoparticles (SWNT-Ru®* and
SWNT-Au-Ru?, respectively) by the pathways shown in Scheme 3.5 and
the details of the synthetic procedure adopied are provided in the
Experimental Section. In both cases, we have varied the concentration of
Ru(bpy)s?* on the surface of SWNT (vide infra). The different stages of the
functionalization of SWNTs were monitored by analytical (Thermogravimetric
Analysis, TGA), microscopic (Transmission Electron Microscope, TEM) and

spectroscopic (Raman, FTIR, UV-visible) techniques.

SWNT-SH SWNT-Au-Ru?*

Scheme 3.5. {a) SOClp, DMF; {b) Ru-C+SH, THF. 70°C, 36 h; (c) 2-mercapto-
ethylamine hydrochloride, pyridine, DMF. 70°C. 24 h; (d) Au-Ru®, THF, 1. 36 h.



87 Chaprer 3 = Gold Nanvparticle Decorated Single Walled Carbon Nanowmbes

3.3.2. HRTEM Studies

The HRTEM samples were prepared by drop-casting a dilute
suspension on to a carbon coated copper grid. The presence of SWNTs
was confirmed by TEM analysis and representative images of SWNT-Ru?*
and SWNT-Au-Ru* are presented in Figure 3.3. The presence of Au
nanoparticles bound on SWNTs is clearly visible in TEM images as dark
spheres, with an average diameter of 4.5 nm (Figure 3.3B,C).
Functionalized SWNTs are observed as relalively thin bundles and hence

the Au nanoparlicles may be intimalely attached on 1o nanotube surface.

Figure 3.3. HRTEM images of functionalized SWNTs in relatively thin bundles:
(A) SWNT- Ru* and (B&C) SWNT-Au-Ru**. Samples were prepared by drop
casting a dilute suspension on to a carbon coated copper grid.

3.3.3. Raman Studies

Raman spectroscopy is a valuable ool used for characlerizing
nanolubes since it provides detailed information on the structure and
properies.®'? Figure 3.4 shows the normalized Raman spectra (excitation
wavelength of 514 nm) of the pristine SWNTs and functionalized nanolubes
(SWNT-COOH., SWNT-Ru** and SWNT-Au-Ru®) measured at room
temperature under air. The main characteristic bands for single walled

carbon nanotubes, namely RBM, D, G and G’ bands were observed in the
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Raman spectra, in all cases. The radial breathing mode (RBM),
characteristic of tubular structure, was preserved during various stages of
functionalization. Moreover, it is interesting to note that the D-band does
not undergo any intensity vanation upen functionalizing the chromophores
and metal nanoparticles on the surface of carbon nanotubes. This clearly
tules out the possibility of any disintegration of carbon nanotubes. All these
results confirm that the integrity and tubular nature of single walled carbon

nanotubes were well preserved at different stages of functionalization.
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Figure 3.4. (A) Normalized Raman spectra of pnstine (black), SWNT-COOH
(red). SWNT-Ru?* (blue) and SWNT-Au-Ru** (green) at room temperature under
arr (excitation wavelength of 514 nm). (B) RBM region at different stages of
functionalization (G band ol all the spectra were normalized).

3.3.4. FTIR Studies

2 on the surface of

The covalent functionalization of Ru(bpy),
SWNTs was confirmed using FTIR by the presence of amide bands and
carbonyl strelching of thioester. FTIR spectra of SWNT-CO,H, SWNT-Ru*
and SWNT-Au-Ru?* are provided in Figure 3.5. The FTIR spectrum
showed characleristic peaks for SWNT-CO,H (1733 cm ', CO stretching),

SWNT-Ru* (1682 cm’', thioester) and SWNT-CONH(CH,),SH (amide |
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band at 1686 cm™ and amide Il band at 1535 cm™), confirming the

covalent functionalization.

a
= \ CO stretching
1733 em™!
\(‘O stretching
1682 em™
Cc
] t
'
N Amide 11

Amidel ¢

1535 em”’
1686 con” | S e

Figure 3.5. FTIR spectra of (a) SWNT-COOH, (b) SWNT-Ru?* and (c) SWNT-
Au-Ru?®.
3.3.5. Thermogravimetric Analysis

Thermograms at both low and high loading of chromophores on
functionalized SWNTs showed similarities with that of Ru**-C;-SH (Figure
3.6). Thermogravimetric analysis (TGA) of compounds at low and high
loadings of chromophores presents a loss of weight of ~20% and ~40% for
SWNT-Ru** and ~25% and ~50% for SWNT-Au-Ru®* at 600°C. In the

former case, the samples which provided lower and higher loss of weight
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were designated as SWNT-Ru ®** and SWNT-Ru®* and latter case as SWNT-
Au-Ru ** and SWNT-Au-Ru®*.
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Figure 3.6. TGA of functionalized SWNTSs. (A) (a) purified SWNT, (b) Ru**-C-
SH, (c) SWNT-Ru** and (d) SWNT-Ru > and (B) (a) Au nanoparticles, (b)
SWNT-Au-Ru®* and (c) SWNT-Au-Ru.®* (loss of weight at 180-250°C for B
corresponds to decomposition of ethylene glycol residue).

3.3.6. Photophysical Investigations on SWNT-Ru®*

Steady State Absorption and Emission Studies: The UV-vis-NIR
absorption spectra of SWNT-Ru?* is presented in Figure 3.7A. The bands
corresponding to Ru(bpy);>* are distinct and remained more or less
unperturbed when bound on SWNT, indicating the absence of any ground
state interaction. For example, the absorption spectra of Ru**-C,~SH in
acetonitrle possess two bands; a band centered around 288 nm
corresponding to n—n* transition of bipyridine ligand and other at 453 nm
originating from the metal-to-ligand charge transfer (MLCT). Both these
bands remain unperturbed when Ru(bpy)s** is functionalized on the
surface of SWNT. The luminescence of Ru?*-C;-SH is centered at 612 nm
with a quantum yield of 0.07.” On covalent functionalization of Ru-C~SH

to SWNT, the emission of the Ru(bpy),>* chromophore is drastically
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quenched suggesting a strong excited state interaction (Figure 3.7B).
However, the spectral overlap between the absorption of SWNT and the
MLCT band of Ru(bpy):®* prevented the selective excitation of the
chromophore and hence quantification of the emission yields by steady-
state technique is difficult. The excited state interactions ware further
elucidated by following luminescen! lifetime siudies.
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Figure 3.7. Absorption and luminescence properties of unbound and bound
Ru(bpy)s®* on SWNT in degassed CH,CN: (A) absorption spectra of {a) Ru®*-Cr
SH, {b) puriied SWNT and (c} SWNT-Ru® and (B) the corresponding
luminescence spectra of (a) Ru®**-C~SH and (b) SWNT-Ru®* (excitation
wavelength 453 nm),

Time-Resolved Luminescence Studies: Unbound Ru®'-C,-SH in various
solvents follows monoexponential decay, with a lifetime (1) of 1.11 us in
CHCl; and 961 ns in CH3CN, which is attributed to the inherent lifetime of
the chromophore (trace 'a' in Figure 3.8). Interestingly, Ru(bpy):*
functionalized on SWNT follows a biexponential decay in CHiCN (& =
39.8), with a long lived (1; = 960 ns; %, = 20%) and a short lived (t; = 4.5
ns; x2 = 80%) components (trace 'b' in Figure 3.8). The lifetime ot the long-

lived component is similar to that of unbound Ru?-C;-SH and can be
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attributed to the unquenched Ru(bpy)s** chromophore bound on SWNT.
The short-lived component is attributed to the quenched excited state of
Ru(bpy):?*. By analyzing the relative abundance of both these species, it
is clear that the emission of Ru(bpy)s®* is quenched by 80% when

functionalized on to the surface of SWNT.

10°

Log Counts

Time, pus

Figure 3.8. Luminescence lifetime profile of (a) Ru?*-C~SH and (b) SWNT-Ru**
at higher loadings of Ru(bpy)s** in degassed CH3sCN (excitation wavelength 440
nm).

Nanosecond Transient Absorption Studies: The triplet-triplet (T-T)
absorption of Ru®-C,SH has a characteristic band at 370 nm which
decays with a rate constant of kr=1.10 x 10% s (1 = 909 ns) in acetonitrile
(trace ‘a’ in Figure 3.9A and Figure 3.9B).”% The corresponding bleach
observed at 450 and 620 nm in the difference absorption spectra (laser
excitation at 355 nm) is attributed to the loss of ground state absorption
and emission, respectively. Transient absorption studies of SWNT-Ru?*

was carried out both in argon degassed and oxygen saturated acetonitrile
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solutions under twao different conditions having lower and higher loadings
of chromophores. The spectral features of SWNT-Ru?* at lower loading of
chromophores are similar to those of Ru®-C~SH which were totally
quenched upon oxygen saturation indicating the absence of any excited
state interactions. The band at 370 nm is assigned as the triplet excited
state of the chromophore. In contrast, two additional peaks at 310 nm and
500 nm were observed at high loadings of chromophores on SWNT along
with the 370 nm band (trace ‘b’ in Figure 3.9A). Upon bubbling with
oxygen, the 370 nm band was quenched leaving a residual absorption at
350 nm (trace 'c’ in Figure 3.9A). Complementary chemical and
electrochemical methods®® have been earlier adopted for the
characterization of the redox products of Ru(bpy):**: reduction to
Ru(bpy)s'* results in absorption peaks at 350 and 500 nm®® and a strong

absorption at 310 nm®?®*

upon oxidation to Ru(bpy)s**. Comparing these
results with the transient absorption spectra presented in Figure 3.9A, it is
clear that the peaks originate through an excited state redox reaction
resulting in the formation of Ru(bpy)s'* and Ru(bpy):>*. We have further
probed on the fate of these transient species by monitoring the absorption-
time profile at 500 and 310 nm (Figure 3.9C). Both the transients follow
monoexponential decay with a rate constant of 6.9 x 106 s™ (1= 145 ns) in
argon degassed solution, suggesting that these species originate from the
same redox process. Blank experiments carried out using a saturated
solution of Ru®*-C~SH do not produce any redox products on

photoexcitation.
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Figure 3.9. (A) Nanosecond transient absorption spectrum (355 nm laser pulse)
of unbound and bound Ru(bpy):** on SWNT in degassed CH:CN recorded
immediately after the pulse: (a) Ar saturated solution of Ru**-C;-SH; (b) SWNT-
Ru?* having high loading of Ru(bpy)s>* in Ar saturated and (c) oxygen saturated
solutions; (B) Transient decay at 370 nm and (C) 310/500 nm in Ar degassed
solution.

3.3.7. Photophysical Investigations on SWNT-Ru, **

Experiments were further carried out on SWNT-Ru®*'_ where the
concentration of Ru-C»SH is low on the surface of SWNT. Figure 3.10A
represents the UV-vis-NIR spectrum of SWNT-Ru® at lower and higher
loadings of Ru(bpy)s>* on SWNT. The luminescence of Ru(bpy)s>* when
bound on SWNT at lower loadings (SWNT-Ru?*|) were slightly quenched
(compared to Ru®*-C;-SH) which may be attributed to the loss of photons
due to the absorption by SWNT (Figure 3.10B). Both luminescence and

nanosecond transient absorption studies of SWNT-Ru, ?* showed similar
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spectral behavior as that of Ru®*-C,-SH. From these results it is concluded
that no electron transfer products were observed on decreasing the

concentration of Ru(bpy);** on SWNT (Figure 3.10C and 3.10D).
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Figure 3.10. (A) absorption spectra of (a) SWNT-Ru?'|_ and (b) SWNT-Ru?*, (B)
luminescence spectra of (a) Ru**-C;-SH and (b) SWNT-Ru?'., (C)
luminescence lifetime and (D) nanosecond transient absorption spectrum spectra
of SWNT-Ru?*_ in degassed CHsCN.

3.3.8. Photophysical Investigations on SWNT-Au-Ru®*

Steady State Absorption and Emission Studies: The UV-vis-NIR
absorption spectra of Ru?*-C;-SH, Au-Ru®*, purified SWNT and SWNT-
Au-Ru®* are presented in Figure 3.11A. The bands corresponding to

Ru(bpy)s®* are distinct and remained more or less unperturbed when
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bound on SWNT, indicating the absence of any ground state interaction.
The additional band observed around 530 nm in the case of SWNT-Au-
Ru®* corresponds to the plasmon absorption of Au nanoparticles.
Compared to Au-Ru?*, the corresponding plasmon absorption band of
SWNT-Au-Ru?* was shifted by ~10 nm to red region due to the strong
interaction with SWNT surface (Figure 3.11A). On covalent
functionalization of Au-Ru® to SWNT, the emission of the Ru(bpy)s>*
chromophore is drastically quenched suggesting a strong excited state
interaction (Figure 3.11B). However, the spectral overlap between the
MLCT band of Ru(bpy);®* with the absorption of SWNT and Au
nanoparticles prevented the selective excitation of the chromophore and
hence quantification of the emission yields by steady-state technique is
difficult. The excited state interactions were further elucidated by following

luminescent lifetime studies.
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Figure 3.11. Absorption and luminescence properties of unbound and bound Au-
Ru® on SWNT in degassed CHsCN: (A) absorption spectra of (a) Ru®**-C+-SH,
(b) Au-Ru®* (c) purified SWNT and (d) SWNT-Au-Ru®* and (B) the corresponding
luminescence spectra of (a) Ru**-C~SH and (b) SWNT-Au-Ru®* (excitation
wavelength 453 nm).
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Time-Resolved Luminescence Studies: Luminescence lifetime studies
of both Ru?*-C,~SH and SWNT-Ru?* with lower loading of chromophores
follow a monoexponential decay with an average lifetime (t) of 960 + 2 ns
in acetonitrile (frace 'a’ in Figure 3.12). In contrast, a biexponential decay
was observed in the case of SWNT-Au-Ru?*, both at lower and higher
loadings of chromophores (t; = 960 ns; %1 = 20% and 1, = 3.9 ns; x> = 80%)
(trace ' in Figure 3.12). The lifetime of the long-lived component is similar
to that of Ru*-C,-SH which can be attributed to the unquenched
Ftu(bpy);{"'+ bound on SWNT. The short lived species arises as a result of
excited state quenching of Ru(bpy):®* and nanosecond transient
absorption studies of SWNT-Au-Ru®* were further carried out to elucidate

the mechanistic pathways involved.
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Figure 3.12. Luminescence Iifetimefroﬂ|e of (a) Ru**-C+-SH and (b) SWNT-Au-
Ru?* at higher loadings of Ru(bpy)s** in degassed CH3CN (excitation wavelength
440 nm).
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Nanosecond Transient Absorption Studies: Time-resolved transient
absorption studies of SWNT-Au-Ru®* was carried out, both in argon and
oxygen saturated solutions, atl lower and higher loadings of chromophores
(Figure 3.13). Interestingly, the transient absorption spectral profile of
SWNT-Au-Ru** were quite different when compared to those of SWNT-
Ru* and remained unaffected by varying the concentration of
chromophores. In argon saturated solutions, both at lower and higher
loadings of Ru(bpy),>* yielded two transients: a sharp one at 310 nm and
a broad band at 530 nm, apart from the triplet-triplet absorption at 370 nm
(trace 'a’ in Figure 3.13A).
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Figure 3.13. (A) Nanosecond transient absorption spectrum (355 nm laser pulse)
SWNT-Au-Ru** in degassed CHsCN recorded immediately after pulse: (a)
SWNT-Au-Ru®* having high loading of Ru(bpy)s** in Ar saturated; (b) oxygen
saturated solution and (c) low loading of Ru(bpy)s®* in Ar saturated solution;
(B)Transient decay at 310 nm and (C) 530 nm in Ar saturated solution.
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Compared to the transient absorption of the oxidized product
(Ru(bpy)s>*) at 310 nm,”*%8 the bands at 370 and 530 nm got totally
quenched upon bubbling with oxygen (trace ‘b’ in Figure 3.13A). The
absorption-time profile were monitored at 310 nm and 530 nm in argon
saturated solution and found to exhibit monoexponential decay with a rate
constant of 2.5 x 10% s, suggesting that these species originate through
the same process (Figure 3.13B and 3.13C). In a recent study, Guldi,
Prato and coworkers have characterized the reduced form of SWNT
(HIPCO) by spectroelectrochemical and pulse radiolytic studies® and
found that the monoanion (SWNT-) possesses a broad absorption band at
530 nm. The transient corresponding to SWNT- was also observed on
photoexcitation of SWNT based dyads having ferrocene® and pyrene®® as
donors. Based on these results, it is clear that an efficient light induced
electron transfer process occurs from the *Ru(bpy)s** to gold nanoparticle
decorated SWNT resulting in the formation of SWNT rﬁonoanion and

Ru(bpy)s**.

3.3.9. Light Induced Processes in SWNT-Ru** and SWNT-Au-Ru*

Based on luminescence lifetime and transient absorption studies it is
clear that when the concentration of the chromophore is high on the
surface of SWNT, an interchromophoric quenching was observed through
an electron transfer from *Ru(bpy)s* to a ground state molecule due to its
close proximity (Scheme 3.6). Similar light induced redox reaction between
Ru(bpy)s** chromophores were reported when they were closely packed

on Au nanoparticle surface (Au-Ru®) in Chapter 2.”* In contrast, such an
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interaction is not observed on lowering the concentration of chromophores
on SWNT. Interestingly, light induced processes was observed from
Ru(bpy):®* 1o SWNT in SWNT-Au-Ru?* nanohybrids, at both lower and
higher loadings of chromophores, and results are summarized in Scheme
3.6. From the luminescence lifetime studies, ihe rale constant for forward
electron transfer (kg7) in SWNT-Au-Ru® was estimated as 2.55 x 10% s°'.
One of the promising features of SWNT-Au-Ru’ is their relatively slower
back electron transfer rate constant (kggr = 2.5 x 10° §'') which was
estimated based on transient absorplion studies. Inlereslingly, the rate
constant for the back electron transter in SWNT-Au-Ru?" is two orders ot
magnitude slower than the forward electron transfer (keikper = 10°%)
which provides newer possibilities for designing energy conversion

systems based on nanoparticle decoraled carbon nanotubes.
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Scheme 3.6. Light induced processes in SWNT-Ru ®* and SWNT-Au-Ru®.
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Electron Transfer Driven by Au-SWNT Heterojunctions: Excited state of
Ru(bpy)s®* can undergo reductive as well as oxidative quenching with
donor/acceptor systems depending on the driving force of the reaction.®
Photoconductivity studies have shown that the oxidative quenching of
*Ru(bpy)s®* is not observed when bound to SWNT surface.*® Similar results
were observed in the present case wherein the luminescence of Ru(bpy)s**
on SWNT is retained at lower loadings, indicating the absence of electron
transfer. Thus, based on the luminescence lifetime and transient absorption
studies it is concluded that photoinduced electron transfer is not observed
from Ru(bpy)s** neither to Au nanoparticles (Chapter 2) nor to SWNT when
these components are linked directly. However, a unidirectional electron
flow was observed from *Ru(bpy):;®* to SWNT when linked through Au
nanoparticles. It is well established that the heterojunctions of SWNT-
metal®* as well as SWNT-semiconductor’’ play a significant role in
modulating the electronic properties of hybrid materials. In a recent report,
Kautfman and Star have demonstrated that the potential barrier existing at
the SWNT-metal nanoparticle interface is related to the work function of the
respective metal.®* In the present case, the charge redistribution at the
SWNT-Au nanoparticle interface, due to Fermi level alignment, results in the
formation of a localized depletion layer on SWNT walls which acts as deep
acceptor states®™** (Scheme 3.7). Thus, the SWNT-Au heterojunctions
drive the electron transfer from the *Ru(bpy)s** to carbon nanotubes. These
studies can be further extended by decorating SWNT with a variety of metal
nanoparticles which in combination with appropriate molecular systems may

have the potential application for the design of efficient photovoltaic devices.
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Scheme 3.7. Schemalic representation ol heterojunction driven gleciron transfer.

3.4, Conclusions

The modified electronic properties at the heterojunclions of Au
nanoparticle decorated single walled carbon nanctubes (SWNT) have
been utilized for photoinduced electron transfer by anchoring a photoactive
molecule. namely ruthenium trisbipyridine (Ru(bpy)s>*). On the basis of the
steady state and time resolved studies, it is concluded that the electron
transfer take place from *‘Ru(bpy):** to Au decorated SWNT. However. no
electron transfer process was observed from the photoexcited
chromophores to SWNT or Au nanoparticles when these components are
linked directly (Scheme 3.8). From these results, it is further concluded that
the electronic properties at the heterojunctions of SWNT-Au nanoparticles
are distinctly different from thal ot the isolated components due to the
charge redistribulion at the interface. The localized depletion layer at the
SWNT walls may act as acceplor sites for electrons from the excited
chromophores, leading to forward electron transfer. The charge separated

inlermediates in these mullicomponent systems are stable for several
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nanoseconds and the high ratio of forward to back electron {ransfer
(ket/kger = 10%) makes these hybrid nanosystems promising for energy
conversion and optoelectronic applications. The intriguing electronic
properties of these heterojunctions can be further modified by decorating
SWNT with suitable metal nanoparticles and photoresponsive units which
can lead to the development of a new generation of photoactive hybrid

nanomaterials.

W Y
l'l_’k '"1" 2PF, ‘

/\q 7
4//

Emission SWNT-Ru2-: SWNT Au-Ru?

Scheme 3.8. Light induced processes in SWNT-Ru,** and SWNT-Au-Ru?

3.5. Experimental Section
3.5.1. 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 thermogravimelric analyses were performed with a
TGA-50 Shimadzu thermogravimetric analyzer at a heating rate of
10°C/min in nitrogen. FTIR spectra were recorded on a IRPrestige-21
Shimadzu infrared spectrophotometer. For the TEM analyses, samples
were prepared by drop casting dilute solution from the cuvette on a carbon

coated Cu grid and the solvent was aliowed 1o evaporate and specimens
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were investigated with a FEI-Tecnai 30GS-Twin operated at an
accelerating voltage of 300 kV. The UV-vis spectra were recorded on a
Shimadzu 3101PC spectrophotometer. The emission spectra were
recorded on a Spex-Fluorolog, F112-X equipped with a 450W Xe lamp and
a Hamamatsu R928 photomultiplier tube. The spectra were recorded by
keeping a 90° geometry and a slit width of 1 nm in the excitation and
emission monochromators at an excitation wavelength of 453 nm.
Luminescence lifetimes were measured using IBH (Florocube) Time-
Correlated Picosecond Single Photon Counting (TCSPC) system.
Solutions were excited with a pulsed diode laser (<100 ps pulse duration)
at a wavelength of 440 nm (NanoLED) with a repletion of 100 KHz. The
detection system consisted of a Micro Channel Plate (MCP) photomultiplier
(5000U-09B, Hamamastu) with a 38.6 ps response time coupled to a
monochromator (500M) and TCSPC electronics (Data Station Hub
including Hub-NL, NanoLED controller and preinstalled luminescence
measurement and analysis studio (FMAS) software). The luminescence
lifetime values were obtained using DASE decay analysis software. The
quality of the fit has been judged by the fitting parameters such x2(1£0.1)
Nanosecond laser flash photolysis experiments were carried out using an
Applied Photophysics Model LKS-20 Laser Spectrometer using the third
harmonic (355 nm, ~70 mJ/pulse) of a Qunta Ray GCR-12 series pulsed

Nd:YAG laser with a pulse duration of ~8 ns .



105 Chapter 3 — Gold Nanoparticle Decorated Single Walled Carbon Nanotubes

3.5.2. Preparation of Carboxylated SWNT, SWNT-CO,H

20 mg of purified sample of SWNT was treated with a mixture (3:1)
of H,SO, and HNO; (25 mL). The content was then refluxed for 24 h at
70°C in an oil bath. The carboxylated nanotubes were centrifuged for 4-5
times at 5000 rpm (20 min each) until the filtrate became neutral. The
carboxylated nanotubes were then dried over vacuum for 12 h at 90°C.

The product was characterized using FTIR (KBr): CO stretching at 1733 cm™".

3.5.3. Preparation of SWNT-COC!

The thionylation was carried out by treating 15 mg of SWNT-CO;H
with thiony! chloride (10 mL) with catalytic amount of dry DMF (0.5 mL).
The reaction mixture was refluxed at 70°C for 24 h and then centrifuged for
4 times at 5000 rpm (20 min each). The thionylated nanotubes were dried
over vacuum at 70°C for 12 h and used in the next step without further

purification.

3.5.4. Preparation of SWNT-Ru?*

The Ru(bpy);** functionalized SWNT was prepared through a
thioester linkage by the reaction between SWNT-COCI (5 mg) and Ru®**-
C;-SH (1.5 mq) in dry THF (5 mL). The reaction mixture was stirred at
room temperature for 36 h. The reaction mixture was then centrifuged at
4000 rpm for 5 min and SWNT-Ru?* was obtained as dark residue. SWNT-
Ru?* was then redispersed in THF and centrifuged until the supernatant
layer did not show any absorption corresponding to Ru®*-C,-SH. Finally

the residue was redispersed in spectroscopic acetonitrile and used for



Chapter 3 — Gold Nanoparticle Decorated Single Wailed Carbon Nanotubes 106

further studies. SWNT-Ru** having low chromophoric loadings were
prepared by reducing the concentration of Ru?*-C~SH (0.5 mg in 5 mL of

THF). FTIR (KBr): CO stretching (thioester) at 1682 cm™.

3.5.5. Preparation of Thiolated SWNT, SWNT-SH

The thiolated SWNTs were prepared by treating SWNT-COCI (15 mg)
with 2-mercaptoethylamine hydrochloride (5 mL) in dry THF (5 mL). The
reaction mixture was refluxed at 70°C for 24 h and then centrifuged for four
times at 5000 rpm (20 min each). The thiolated nanotubes were dried over
vacuum at 70°C for 12 h. FTIR (KBr): amide | band at 1686 cm™ and
amide Il band at 1535 cm™.

3.5.6. Preparation of SWNT-Au-Ru®*

SWNT-Au-Ru®* was prepared by a place exchange reaction
between SWNT-SH and Au-Ru® in dry THF (2 mL). After 36 h of room
temperature stirring, the reaction mixture was centrifuged at 4000 rpm for 5
min and SWNT-Au-Ru®* was obtained as dark residue. SWNT-Au-Ru?
was then redispersed in dry THF and centrifuged until the supernatant
layer did not show any absorption corresponding to Au-Ru?*. Finally the
residue was redispersed in spectroscopic acetonitrile and used for further

studies.
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CHAPTER 4
- ]

Exploring the Edge Effects in Gold Nanorods

4.1. Abstract

The stability of Au nanorods and nanoparticles was investigated in
water-acetonitrile mixtures and correlated with their zeta potential (C)
values. For Au nanorods, a sigmoidal plot was obtained on plotting  as a
function of water-acetonitrile compositions. In water, nanorods are stable
and possess a high positive L whose magnitude increases linearly with
aspect ratio. On further increase in acetonittile composition, { decreases
and crosses through a zero value to high negalive values. Variations in {
by changing the solvent compositions are attributed to the collapse in the
CTAB bilayer structure on the surface of nanorod, to monolayer and further
results in the removal of organic molecules. In contrast, { of Au
nanoparticles, protected with triethylene glycol thiol, varied linearly with
particle size due to increase in their surface charge density, however not
influenced by solvent composition changes. Based on theoretical studies, it
is proposed that the electric field intensity is higher at the sharp edges of
anisotropic nanostructures. These aspects were experimentally verified by
investigating the interaction between the positively charged Au

nanoparticles and negatively charged Au nanorods. A spontaneous
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bathochromic shift in the longitudinal plasmon band of Au nanorods was
observed on addition of Au nanoparticles whereas the position of
transverse plasmon band remains unaffected. HRTEM studies showed a
preferential close packing of Au nanoparticles at the edges of Au nanorods
which leads to the changes in longitudinal plasmon oscillation frequency. A
strong dependency on the nanoparticles’ size on the relative shift in the
longitudinal band was observed: a large shift for smaller nanoparticles
which is correlated to their { values. The reactivity at the edges of Au
nanorods was further investigated by linking them as dimers and
oligomers. Plasmon coupling in dimers of Au nanorods was investigated as
a function of their orientation using a flexible (C¢DT) and rigid (PDT)
linkers. The plasmon coupling in PDT linked Au nanorod dimers is found to

be more pronounced due to eftective dipolar overlap along their long axes.

4.2. Introduction

Nanostructures of noble metals can convert photons into surface
plasmon and within the propagation length, the surface plasmon modes
can be decoupled back to light."* Since surface plasmons are not
diffraction limited, this strategy offers numerous possibilities in the design

of nanoscale optoelectronic and photonic devices.'®?*

Organized
nanostructures can be designed through the stepwise integration of
various nanoscale building blocks such as nanoparticles, nanorods and
nanotubes. Theoretical methods have been utilized for investigating
electromagnetic interactions in arrays of spherical nanoparticles by varying

their particle size, array spacing, array symmetry and polarization
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direction.®'® These aspects were experimentally verified by linking
nanoparticles into nanochains.’® However, isotropic nature of spherical
nanoparticles prevent the selective binding of molecules on surtaces which
limits the possibility of designing 1D nanomaterials by chemical
functionalization methods. More recently, a notable success has been
achieved in the linear organization of spherical nanoparticies by utilizing
the singularities present in the rippled Au nanoparticles.'' The present
study focuses on two fundamental properties observed at the edges of Au
nanorods, namely the high electric field and reactivity. These properties

were effectively utilized for hierarchical integration of Au nanorods.

4.2.1. Electric Field at the Edges of Anisotropic Materials

It is well known that air around sharp points or edges may become
ionized producing the corona discharge during thunderstorm.'® Such
corona discharges are often the precursors of lightning strike and termed
as spark discharge from a charged conductor.”® The phenomenon
originates from the distribution of surface charges on anisotropic
conductors. At sharp points and sharp edges, the surface charge density
as well as the external electric field (which is proportional to the later one)
may reach high value. The edge effect of metallic rods has been utilized
for protecting buildings. The lightning rod has a sharp end and the lightning
bolts pass through a conducting path in air to the rod, thus protecting the
nearby structures from damage.

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
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effect'.’® Edge effect is a natural phenomenon which has a common use in
day to day life. The baking of potato wedges constifutes a crunchy
example of edge effects. which are usually demonstrated in
electrostalics.'” A simple model of the diffusive transpori of water vapor
around the potalo wedges showed that the waler vapor flux diverges at the
sharp edges in analogy with its electrostatic counterpant. This increased
evaporation al the edges lead to the crispy taste of these parts of the

potatoes (Figure 4.1).

Figure 4.1. Two baked polato wedges. The edges are seen to be darker,
showing dehydration in these regions. The effect is stronger at the extremities of
the wedge (adapted from reference 13).

Nanostructured Materials: An experimental evidence for the edge effect
in nanomaterials has been recently demonstraled in the case of MoS,
wherein the active edge sites were involved in the electrochemical H,
evolution.'* By preparing MoS, nanoparticles of ditferent sizes, the authors
have systematically varied the distribution of surface sites on MoS,
nanoparticles {deposited on Au{111); Figure 4.2}, which were quantified

with scanning tunneling microscopy. Electrocatalylic activity measurements
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showed a linear correlation of H, evolution with the number of edge sites

on the MoS, calalyst.

Figure 4.2. A series of STM images of MoS, nanopari<cles on Au (111) surface
al different surtace coverage: (A) low coverage (B) hgh coverage and (C)
atomically resolved MoS; particle showing the predominance ol the suifide Mo-
edge (adapted from reference 14),

Electric field intensily enhancements al the edges of nanomaterials
have been successfully demonstrated by theoretical methods.'® Electric
fielg intensity enhancement contours calculated using finile difference
time domain (FDTD) for nanomatenals of various shapes are shown in
Figure 4.3." From these images. il is clear that the electric fields are more

. " i‘:"' g \

. a‘

Figure 4.3. Eleclric held intensity enhancement contours along the longnudinal
direction for a nanosphere, nanarod. nanobipyramid and nanorice oblained lrom
FOTD calculation (adapted from reference 15).




118 Chapter 4 - Edgee Effects in Gold Nanorods

concentrated on the edges and corers. The maximal field intensity
enhancement of nanorod is found 10 be about one sixth of thal of the
bipyramid, indicating that the field enhancement is mainly determined by

the shape of the nanoparticles.

Au Nanorods: One of the well accepted mechanisms tor Au nanorod
growth is based on ihe high electric field at their edges.'® The mechanism
proposed by Pérez-Juste et al.'® suggested the reduction of Au(lll) ions to
Au(l) ions which further complexes with CTAB micelle. The slow collision
frequency and the enhanced electric field at the tips allow the reduction of

Au(l) almost exclusively, to \ake place at the termini (Figure 4.4).

AuCH,- AuCl;
—y
+ +2e-
AuC

slow

+ +* +
+ +
+ +
+ p +

Figure 4.4. Suggested mechanism for gold nanorod formation. AuCl, ions are
bound to cationic CTAB micelles, displacing Br” ions (adapted from reference 16).

.
X
AUCY, o+ AuC) 7 AuGt

Zeta Potential: For the effective utilization of the electric fields
concentraled at the edges, an understanding on the surface charges. zeta
potential ({), of anisolropic nanostruclures is very imporlant. The
development of a net charge al the particle surface affects the distribution
ot ions in the surrounding interfacial region. This results in an increased
concentration of counter ions (ions of opposite charge to thal of the
particle) close to the surface. This results in the formation of an electrical

double layer around each particle. Liguid layer surtounding the particle
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exrsts as two parls (Figure 4.5): an inner region called Stern fayer (colored
in white) where the ions are strongly bound and an outer diffuse region
{colored in brown) where Lhey are less firmly associated. Within the diffuse
layer there is a notional boundary and inside trus. ions ang particles form a
stable entily. When a particle moves (e.g. due to gravity}. ions within the
boundary also moves along wilh it ang ions beyond the boundary stay with
the bulk dispersant. The double layer is formed i order {0 neuiralize the
charged colloid. This, in turn, causes an eleclrokineglic polential between
the surface of the colloig and al any point in the mass of \he suspending
liquid. This voltage difference is in the order of millivolts and referred as

surface potential.

A Insido of the call (Measuroment containor)

Figure 4.5. (A} Schemalic representalion ol double layer resulting in 2ela
polential, {B) charged parlicles dispersed in a medium as they repel each other.
(C) uncharged particles are Iree to collide and aggregate (adapted from
reference 17).



120 Chaprer 4 - Edge Effects in Gold Nanorods

A charged particle will move with a fixed velocity in a voltage field.
This phenomenon is called electrophoresis. The mobility of paricles is
related to the dielectric constant and viscosily of the suspending liquid and
to the electrical potential at the boundary between the moving particle and
the liguid. This boundary is called the s/ip plane and is usually defined as
the point where the Stern fayer and the diffuse layer meet. The Stern fayer
is considered to be rigidly attached to the colloid, while the diffuse layer is
not. As a resull, the electrical potential at this junclion is related to the
surface charge of the particle and is called the “zeta potential”'’

When a voltage is applied to the solulion, the dispersed particles are
altracted to the electrode of opposite polarity, accompanied by the stern
layer and pant of the diffuse double layer. Zeta potential can be quantified
by measuring the electrophoretic mobility as the colloidal particle migrates
in an applied field. Further, the electrophorstic mobility {U) is related to

zela potential (£) by Smoluchowski’s formula (Equation 4.1},

£ = d4mm/e x U x 300 x 300 x 1000 (4.1)
where ‘1’ is viscosity of the solution and ‘e’ is {he dielectric constant.

The magnitude of the zeta potential is an indicator of the potential
stability of the c¢olloidal system. If all the particles in suspension have a
large negative or posilive zeta potential then they will tend to repel each
other (Figure 4.5B). However, if the particles have low zeta polential
values then there will be no force which prevents the particles from

approaching each other and flocculating (Figure 4.5C). The dividing line
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batween stable and unstable coloidal systems is generally taken as either
+30 or -30 mv.,"*

High Edge Reactivity ol Au Nanorods: On tho bass of slectron
ditfraction analysis and HRTEM studies, i s proposed thal he end facets
of Au nanorods are dominated by [111) planes and the side facels by
(100} and (110} planes.™" A suractani-directed nanorod growth
mechanism was proposad by Murphy and co-workers which involves the
differential blocking of cerain crystaliographic facets of Au nanorod ({100}
or (110)) by CTAB which promoles (he arsotropic growth of the (111)
edges (Figure 4.6) ™ It is reported that the thiol denvalives preterentially
binds to tha (111) planes of ha Au nanorods and this specilic interacton
was further explofted for the organizalion of Ay nanorods ™

AL T Y AL AT ST STEE
i TR

BB e R

Figure 4.6. Cartoon illustrafing the foemation of the bilayer of CTAB molecules on
tha surface of Au nanorod (black rectangle) that may assist nanorod lormation as
mors gold [one (black dols) are infroguced fadspled rom reference 22,

The preferential {unctionalization al the edpes of Au nanorods tead
to the tormation of 10 nanochain in the longitudinal direction, which is wedl
documaented in the literature. ™ A detailed mechanistic investbgation on
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the end-1o-@nd assambly of Au nanorods 10 nanochams using o.w-dithiols
has been camed out by Thomas and coworkars ™ On the basis of these
studles, i1 is concluded thal the nancchain tormation proceeds through an
incubation slep followed by the dimerization and subseguent
ohgomarnzalion ol nanorods in a preferential end-fo-end fashion (Scheme
4.1), Dunng the incubalion step, nanorods remain isolated and no changes
in the plasmon absorption bands were observed These resulls indicate
that one of the thiol groups ol o.o-dittiols preferentally binds on to the
edges o! the nanoroas n tha incubation period. leaving the ather thigl
group free. After the incubation step, nanorods were brought together as
nanochams through dithiol inkage, resuliing m mierplasmon coupding. Tha
clear isosbestc point obsarved n the time dependent absorplion specirum

Scheme 4.1, Genecalized scheme showing the stepwise lormaton of
nanachaing: step 1 denoles 'Incubation step’, slep 2a denoles 'dimernization Sep
and step 2b denoles the ‘oligomerization’ of dimers 1o nanochains {adapied from
referance 24cj,
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and dimers observed in the TEM micrographs confirm the involvement of
the dimerization step in the chain up process. The spectral changes were
analyzed for a second-order kinelic process, and linearity in the initial
period further supports the dimerizalion mechanism which deviates with
time due to the contribution of other complex processes.

The studies presented above clearly indicate that the edges of Au
nanorods are highly reactive and the electric field is concentrated more at
the edges than the lateral faces. Herein. we report two novel approaches
for exploiting these eftects in Au nanorods: (i) the high electric field for the
preferential assembly of nanomaterials at the edges through an
electrostatic approach (Scheme 4.2) and (ii) the reactivity at the edges for
covalent funclionalization of nanorods as dimers and their plasmon

coupling (Schame 4.3).

Au . Functionalized Au nanoparticles

nanor\nds : “‘..* - "\1 " 1V\,(L\ \
. . " 1 n
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/ . - »a () y
. = Mot t( wn
[ '.
. ] lh
: ‘;,( f
. n.u
- Au(S-EG,), Au-Au?*

Scheme 4.2. Schematic representation for the site-specific functionalization of
Au nanorods.
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Scheme 4.3. Plasmon coupling in dimers of Au nanorods.
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4.3. Results and Discussion
4.3.1. Synthesis and Characterization

For investigating the high electric field observed at the edges of
anisotropic nanostructures, we have selected two types of Au
nanomaterials namely Au nanorods and spherical Au nanoparticles. Au
nanorods of varying aspect ratios (~2.2, 2.7, 3.0 and 3.7) were synthesized
by adopting a modified photochemical procedure.?® Details of the synthetic
procedure adopted are presented in Section 4.5. Spherical Au
nanoparticles, of varying diameters (1.8-5.7 nm), protected by triethylene
glycol thiol (Au(S-EGs).) were synthesized according to a modified
literature procedure.?®* Octylmercaptan protected Au nanoparticles of
three different diameters (1.8, 2.7 and 5.7 nm) were first synthesized by
following a literature procedure and place exchanged with triethylene
glycol thiol (Scheme 4.4) % Experimental details adopted for the synthesis
of Au{S-EG3)x nanoparticles having 4.5 nm diameter were presented
earlier in Section 2.6.8. and remaining ones in Section 4.5. Au
nanoparticles and nanorods were further characterized by high resolution

transmission electron microcopy (HRTEM) and details are presented below.

4.3.2. HRTEM Characterization

HRTEM images of gold nanoparticles were obtained by drop casting
dilute solution on to a formvar coated copper grid (Figure 4.7). It has been
observed that nanoparticles are randomly distributed all over the grid and
the average diameters of Au nanoparticles were estimated to be 1.8, 2.7,

4.5and 5.7 nm.
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HAuCl, + CgH,,SH
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Scheme 4.4 Synthesis of triethylene glycol thiol protected gold nanoparticles
with varying sizes (1.8, 2.7 and 5.7 nm) obtained through place exchange
reaction.

Figure 4.7. HRTEM images of (A) 1.8 nm, (B) 27 nm and (D) 57 nm
Au(S-EGj),. Samples were prepared by drop casting dilute solution on to a
formvar coated copper grid.
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Similarly, the morphology of Au nanorods was confirmed using
HRTEM and the images are presented in Figure 4.8. The average length
and aspect ratio of Au nanorods were estimated by analyzing ~80

nanorods (Figure 4.8).

4.3.3. Absorption Studies

The frequency of oscillation of metal nanoparticles is determined
mainly by four parameters: density of the electron, effective mass of the
electron and the shape and size distribution of the charge.®' In the present
case, the optical properties of Au nanomaterials {position and extinction
coefficient of plasmon resonance band) were varied by tuning their size
and shape. The surface plasmon absorption of Au(S-EGj), with 4 different
diameters are presented in Figure 4.9. Gold nanoparticles protected with
triethylene glycol thiol, possess a characteristic surface plasmon
absorption band centered at 520 nm.3® The plasmon absorption in Au
nanoparticles originates from the interaction of external electromagnetic
radiation with the highly polarizable Au 5d'° electrons of gold atoms.®** In
the present case, a hypsochromic shift in the A, was observed from 520
nm to 515 nm on decreasing the diameter of the nanoparticle from 5.7 to 2.7
nm, whereas 1.8 nm Au nanoparticles does not show any characteristic
peak>* It is well understood that Au nanoparticles of larger diameter
absorbs at longer wavelength which is attributed to the electromagnetic
retardation in larger nanoparticles.®® The sharp decrease in the intensity of
surface plasmon band observed on decreasing the diameter (Figure 4.9A)

may be attributed to the inset of quantum size effect.*® The broadening and
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Av.length.nm(l) =42 Av.length.nm(l) =49
Av. width,nm (b) =19 Av. width.nm (b} =18
Av.aspect ratio (I/b)y = 2.2 Av.aspectratio (I1/b) = 2.7
Anue. DM (LSP) =625 Ame. NM (LSP) =650

LIHER]

Av.length, nm () =52 Av_length,nm (I) =60
Av. width.nm (b) =17 Av.width.nm(b) =16
Av. aspect ratio (I/b) = 3.0 Av.aspectratio (I/b) = 3.7
s M (LSP) =700 Aunas. NN (LSP) = 750

Figure 4.8. HRTEM images of Au nanorods having an average aspect ratio of
(A) 2.2, (B) 2.7, {C) 3.0 and (D) 3.7. Samples were prepared by drop casting
dilute solution on to a formvar coated copper grid.
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dampening of surface plasmon bands with decrease in the size results
from the surface scattering of conduction electrons which follows
1/radius.™

Gold nanorods being anisotropic in structure, its interaction with
electromagnetic radiation is inhomogeneous which results in the splitting of
surface plasmon bands. Au nanorods possess two distinct surface
plasmon absorption bands: one at around 520 nm and other at a longer
wavelength depending on its aspect ratio (Figure 4.9B). The short
wavelength band originates from the coherent oscillation of electrons along
the short axis (transverse band) whereas, the longer wavelength band is
more intense which results from the coherent electran oscillation along the
longer axis of Au nanorods (longitudinal band). Electric field alignment
studies by van der Zande et al. have unambiguously confirmed these
aspects.* The longitudinal band undergoes a bathochromic shift with
increase in the aspect ratio of nanorod as shown in Figure 4.9B. We have

0.3

—— 625 nm
A 0.6} B —— 650 nm
@ ® — 700 nm
8 0.2 S — 740 nm
g g 0.4
é 0.1 a
g : g 0.2
0' ) I L A 1 A -
gSO 375 500 625 750 0.0 600 800 1000 1200

Wavelength, nm Wavelength, nm

Figure 4.9. (A) Absorption spectra of Au(S-EGs), nanoparticles having an
average diameter of 1.8 nm (black), 2.7 nm (blue), 4.5 nm (green) and 5.7 nm
(red) in CHsCN. (B) Normalized absorption spectra of Au nanorods having an
average aspect ratio of 2.2 (black), 2.7 (blue), 3.0 (green) and 3.7 (red) in a
mixture {1:4) of H,O-CHLCN.



Chapter 4 - Edge Effects in Gold Nanorods 129

have further investigated the stability of Au nanorods in various solvent

systems and these aspects are presented below.

4.3.4. Stability of Au Nanorods

Stability of Au nanorods is an essential parameter for any physical
measurement and was studied in mixtures of water and acetonitrile, by
following their absorption spectrum as a function of time (Figure 4.10). The
stability of nanorods was found to decrease with increase in the
composition ot acetonitrile. For example, Au nanorods of all aspect ratios
were stable in water; however they readily precipitate in a mixture (1:4) of
CHaCN-H:O. This is obvious from the absorption spectral profiles
presented in Figure 4.10A. The spectral changes as a function of time, in
mixtures of H,O-CHsCN, are presented in Figure 4.10B-E. More
interestingly the stability of Au nanorods increased with further increase in
the composition of acetonitrile and found to be stable in mixtures having
more than 70% CH3CN. Zeta potential ({) measurements were carried out
to obtain a better insight on the unusual variations in the stability observed

upon changing the solvent composition.

4.3.5. Zeta Potential Measurements

Deionized water was used for zeta potential measurements. In
water, Au nanorods of all the four aspect ratios under investigation
possess a positive { value.¥® Interestingly, the { values decreases
with increase in the composition of acetonitrile and approaches zero in a

mixture (1:4) of CH;CN-H,O. A representative zeta potential plot of Au
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Figure 4.10. (A) Absorption spectra of Au nanorods having an average aspect
ratio of 2.7 in different solvent mixtures: (a) H20, (b) (1:4) H,O-CH3CN and (c)
(1:4) CH3sCN-HO. (B-E) Absorption-time changes in the longitudinal absorption
band of Au nanorods [0.12 nM] of aspect ratio (B) 2.2, (C) 2.7, (D) 3.0 and (E)
3.7 in above mentioned solvent systems (a-c).

nanorods (aspect ratio of 2.7) in mixtures of water and acetonitrile are
presented in Figure 4.11. it is interesting to note that the nanorods attain a
negative { value on increasing the composition of acetonitrile, with an

increase in its magnitude.
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Figure 4.12. (A) Variation of zeta potential of Au nanorods (A) in H,O-CH3CN
mixtures having an average aspect ratio of 2.2 (m), 2.7 (e}, 3.0 (A), 3.7 (¥) and
(B) as a function of aspect ratio in various solvent mixtures: H,O (m), (1:4) H,O-
CH3CN (o) and (1:99) HO-CH3CN (A).

A sigmoidal plot was observed in all the cases, when the { values
were plotted as a function of solvent composition (Figure 4.12A). Two
conclusions can be derived from these sigmoidal plots: (i) § increases with
increase in aspect ratio and (ii) positive ¢ of nanorods first decreases with
increase in CH;CN composition and crosses through zero value to higher
negative values (Figure 4.12A). Zeta potential of Au nanorods in (i) water,
(i} mixture (1:4) of H,O-CH3CN and (iii) mixture (1:99) of H,O-CH3CN are
found to increase linearly with aspect ratio (Figure 4.12B).

Thus, the stability of Au nanorods in H,O and CH3CN rich solvents
may be attributed to the large positive and negative L values. As the
magnitude of zeta potential increases, the nanoparticle experiences
interparticle repulsion and remain isolated in solution; higher the
magnitude of zeta potential, greater the stability of nanoparticle system.

From these results, it is also clear that the nanorods with larger aspect
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ratios are more stable than short aspect ratios due to increase in surface
charges. It is earlier proposed that, Au nanorods in water are covered by a

22.37.38

bilayer of CTAB molecules (‘A' in Scheme 4.5). The excess positive
charge originates from the polar head groups of CTAB molecules and the {
value increases with aspect ratio. With increase in the composition of
organic solvent, the bilayer structure collapse to monolayer resulting in the
loss of CTAB from the surface of Au nanorods and a decrease in { was
observed.?”*® In a mixture (1:4) of CH;CN-H,O, the negative surface
charge on Au nanorods may be completely neutralized by the CTAB
molecules and £ approaches zero (‘B’ in Scheme 4.5). Interestingly, a
charge reversal from positive to negative { was observed with further
increase in CH5CN 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 CH3CN-H,O medium, resulting in a

high negative zeta potential (‘C’ in Scheme 4.5).

Walt}v {1:4) CH,CN-H,0 (1:4) H;0-CH,CN
CTAB bilayer CTAB molayer CTAB monolayer
{ positive [) ({-0) (negative )
B

P —1

cTas

Scheme 4.5: Schematic representation of charge reversal in Au nanorods as a
function of solvent composition.
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The zeta potential of Au(S-EG3), were investigated as a function of
size and solvent composition. Interestingly, the { values varied linearly with
particle size (+10 to +36 mV)® due to the increase in their surface charge
density; however, the solvent composition (CHzCN-H,O mixtures) has only
little effect. In the case of Au(S-EGas), hybrid systems, monolayers are
covalently bound to gold nanoparicles and hence not influenced by
solvent composition changes. The zeta potential plots of Au(S-EG3), of
varying size, in a mixture (1:4) of H,O-CH3CN, is shown in Figure 4.13.
Interestingly the € values varied linearly with particle size and the plot of

zeta polential value against particle diameter is shown in the Figure 4.14A.
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Figure 4.13. Zeta potentiai plots of Au(S-EGj3), nanoparticles having an average
diameter of (A) 1.8 nm, (B) 2.7 nm, {C) 4.5 nm and (D) 5.7 nm in a mixture (1:4)
of HQO-CHQCN
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4.3.6. Au Nanorod-Au Nanoparticle Interaction

As discussed in Section 4.2, theoretically it is proposed that the
electric field at the edges of Au nanorods are very high compared to lateral
faces."™'® In order to experimentally verify these aspects, we have studied
the interaction between positively charged Au nanoparticles and negatively
charged Au nanorods. From the zeta potential studies presented in the
Section 4.3.5, it is clear that Au(S-EG3)x possess positive zeta potential
whose magnitude increases with size (trace ‘b’ in Figure 4.14A) and is
independent of solvent polarity. In a mixture (1:4) of H,O-CH;CN, Au
nanorods possess negative zeta potential and its magnitude increases with
aspect ratio (trace 'b" in Figure 4.14A). In order to investigate the edge
effect in Au nanorods. we have studied the electrostatic interaction
between the positively charged Au nanoparticles and negatively charged
Au nanorods. Two possibilities exists depending on the distribution of
charges on the surface of Au nancrods; if the charges are distributed
uniformly on the rods, the binding may be uniform (Scheme 4.6A)
whereas, if it is concentrated at the edges, assembly may result in the

accumulation of nanoparticles at the edges as shown in Scheme 4.6B.

A

Scheme 4.6: Two possible electrostatic interactions between Au nanorods and
nanoparticles.

B
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The interaction between Au nanorods and Au nanoparticles was
investigated by following the UV-visible spectroscopic changes and
HRTEM analysis. Microlitre quantities of 1.8 nm sized Au nanoparticles (0-
10 nM) were added to Au nanorods in a mixture (1:4) of H,O-CH;CN and
the absorption spectral changes were monitored. Interestingly, a
spontaneous bathochromic shift in the longitudinal plasmon band of Au
nanorods was observed on addition of Au nanoparticles; however, the
position of the transverse plasmon band remained unaffected. The
enhanced intensity of the transverse band around 520 nm is due to the
presence of excess nanoparticles in the solution, which absorbs in the
same spectral region (Figure 4.14B). A bathochrornic shift of ~60 nm was
observed on the addition of 10 nM of Au nanoparticles (1.8 nm) to Au

nanorods (average aspect ratio 3.7; Figure 4.14B).
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Figure 4.14. (A) Variation of { of (blue) Au nanorods (average aspect ratio of 3.7)
at different compositions of CH3;CN-H,O and (red) Au nanoparticles in a mixture
{1:4) of HO-CH3CN as a function of diameter. (B} Absorption spectral changes
of Au nanorods (average aspect ratio of 3.7) in a mixture (1:4) of HoO-CH,CN on
addition of 0 nM (blue) and 10 nM (red) 1.8 nm Au nanoparticles.
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HRTEM studies were carried out to obtain better insight on the
mechanism of the spectral shift observed. HRTEM images of Au nanorods
recorded both in the absence and presence of Au nanoparticles, under
identical conditions, are presented in Figure 4.15. Nanorods remain
isolated and randomly distributed in the absence of nanoparticles. A
preferential close packing of Au nanoparticles on the edges of Au
nanorods was observed in the presence of Au nanoparticles. The
preferential assembly of particles at the edges causes a change in the
frequency of longitudinal plasmon oscillation resulting in the bathochromic

shift in the longitudinal band.

Figure 4.15. (A-H) HRTEM images of Au nanorods (average aspect ratio of 3.7)
recorded in the presence of Au nanoparticles (diameter, 1.8 nm) from different
locations of the grid. Samples were prepared by drop casting dilute solution on to
a formvar coated copper grid.

Further, the interaction of Au nanorods (aspect ratio 3.7) with Au
nancparticles of varying diameters (2.7, 4.5 and 5.7 nm) were investigated.

Addition of 2.7 nm sized Au nanoparticles resulted in a bathochromic shift
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of ~35 nm in the longitudinal plasmon band whereas, 4.5 nm sized
nanoparticles resulted in ~10 nm shift (Figure 4. 16A&B). Interestingly. no
spectral shifts were observed on addition of 5.7 nm sized Au nanoparticles

(Figure 4.16C). To obtain more insight, we have further investigated the
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Figure 4.16. Absorption spectral changes of Au nanorods of (average aspect
ratio of 3.7) in a mixture {1:4) of H,O-CH;CN on addition of 0 nM (blue) and 10
nM (red) Au nanoparticles of varying sizes (A) 2.7 nm, (B) 4.5 nm and (C) 5.7
nm. (D) 3D plot showing tongitudinal plasmon shift of Au nanorods of different
aspect ralio on addition of Au nanoparticles of varying diameters. (E.F) HRTEM
images of Au nanorods on addition of 5.7 nm Au nanoparticles.
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interaction of Au nanorods having an average aspect ratio of 2.2 and 3.0
with Au nanoparticles of varying diameters. Similar absorption changes
were obtained indicating a dependency of nanoparticles’ size on the
relative shift in the longitudinal plasmon absorption band. The variation of
plasmon shift as a function of Au nanoparticle size and Au nanorod aspect
ratio is presented in the 3D plot showed in Figure 4.16D. It is clear from the
3D plot that the bathochromic shift in the longitudinal plasmon band (AA) is
more pronounced for nanoparticles having smaller diameters, irrespective
of the aspect ratio of Au nanorods. It is surprising to note that no spectral
shifts were observed on addition of 5.7 nm sized nanoparticies to Au
nanorods (Figure 4.16C).

In order to obtain quantitative information on the spectral shift, we
have estimated the maximum number of nanoparticles that can be
accommodated at the edge of nanorods as a function of their size (based
on a close-packing model, the approximate numbers for 1.8, 2.7, 4.5, and
5.7 nm nanoparticles calculated were 350, 145, 75, and 30, respectively).
The interparticle repulsion between the nanoparticles is much lower in the
case of 1.8 nm nanoparticles (+10 £ 0.5 mV), and nanorods can
accommodate relatively more nanoparticles at the edges due to their
smaller size, resulting in a larger plasmon shift. In contrast, the enhanced
interparticle repulsion experienced by 5.7 nm sized nanoparticles ( of +36
+ 0.5 mV) prevents them from binding on to the edges (Figure 4.16E,F).

Further, ali the above experiments were carried out in water wherein

both nanorods and nanoparticles possess positive { values and no



140 Chapter 4 - Edge Effects in Gold Nanorods

spectral changes were observed. This clearly indicates that the
spontaneous plasmon shift observed in mixture (1:4) of H,O-CH3CN is
exclusively due to the electrostatic attractive interaction between positively
charged Au nanoparticles and negatively charged Au nanorods.

The shift in the longitudinal plasmon absorption band can result
either through an interplasmon coupling or a preferential binding of Au
nanoparticles at the edges of Au nanorods. It has been recently reported
that the interplasmon coupling in Au nanorods resuits in a gradual
decrease in the longitudinal plasmon absorption along with concomitant
formation of a new red-shifted band through a clear isosbestic point. In the
present case, a spontaneous red-shift in the longitudinal plasmon band
was observed and the mechanism invoiving the interplasmon coupling was
ruled out. In an earlier report, Gluodenis and Foss'® have theoretically
proposed a red-shift in the longitudinal plasmon band of Au nanorods
when nanoparticles approach in an end-to-end fashion. In the present
case, the bathochromic shift in the longitudinal plasmon band is attributed
to the selective binding of nanoparticles on to the edges of Au nanorods,
leading to their preferential growth in the longitudinal direction. The
obvious question is why do the nanoparticles preferentially bind on to the
edges of Au nanorods? As discussed in Section 4.2.1., the electric field in
Au nanorods is more concentrated at the edges than the lateral face. In the
present case nanorods have negative { values (in 1:4 H,O-CH;CN), and
the enhanced potential at their edges preferentially attracts the positively
charged nanoparticles, leading to the selective growth of Au nanorods in

the longitudinal direction {Scheme 4.7).



Chapter 4 - Edge Effects in Gold Nanorods 144

o A X
*

KOS O T SR .
R S' + E; D= + +
4-(“ + -._ S :6‘_):

W, ol T T
;é-v + +é+ *
+ 3 + " L

O ] ,-".." e ”I ‘.":.-I'..
o e, et

R

I
§

Scheme 4.7. Preferential end functionalization of Au nanorods with nanoparticles
through electrostatic interaction.

Similar spectral changes were observed with octylmercaptan
protected Au nanoparticles; however, the stability of the hybrid system was
much lower compared to that of the ethylene glycol protected Au
nanoparticles. Assembly based on octylmercaptan-capped Au nanoparticles
precipitated in 15 min whereas, the assembly based on Au(S-EGj),
nanoparticles was found to be stable for more than 3 h (slow precipitation
was observed al longer periods). The polar ethylene glycol moieties
present on the surface of Au nanoparticles stabilize these hybrid
nanestructures in polar solvent compared 1o the alkyl groups.

The possibility of functionalizing chromophores selectively on to the
edges of Au nanorods was investigated by adding ruthenium trisbipyridine
(Ru(bpy),*) capped Au nanoparticles (Figure 4.17). As in the earlier
case, a spontaneous red shift in the longitudinal plasmon band was
observed with no shift in the transverse plasmon band. The corresponding
emission spectrum of Ru(bpy)s** functionalized hybrid system is presented

in the inset of Figure 4.17B.



142 Chapter 4 - Edge Effects in Gold Nanorods

1.0 B Ei |"’\"-
A 450 nm 84 [\
PR § 0.8 FMLCT band EN ._/' _J
] g o
~° . E 0.6 \/\i 5 Wavebgth, o N

x S 150m 5 o
] s
Ad g o4r \/\ ..
RN 0.2} ,
“~ L 2 ke Ly
e 450 600 750 900
Wavelength, nm

Figure 4.17. (A) Chemical structure of Au-Ru®*, (B) absorplion spectral changes
of Au nanorods on addition of Au-Ru®* nanoparticles (diameter, 4.5 nm) in a
mixture (1:4) of HyO-CH;CN: (a) 0 nM and (b} 10 nM (the inset shows the
corresponding luminescence spectrum) and (C) the corresponding HRTEM image.

4.3.7. Dimers of Au Nanorods and Plasmon Coupling

. As mentioned in Section 4.2.1., plasmon coupling in Au nanorods
was experimentally verified by integrating them into 1D assembly through
supramolecular and covalent approaches.”* As the number of Au nanorods
in a chain increases, several possible orientations exist between the
nanorods in a chain. Such variations in orientation between the nanorods
in a nanochain can influence the effective plasmon coupling and hence
difficult to quantify. Plasmon coupling mainly depends on the interparticle
distance and the orientation between Au nanorods. hence more conclusive
results can be obtained from studies based on their dimers. Recently
El-Sayed and coworkers have theoretically proposed that the orientation
between the nanorods play a decisive role in plasmon coupling."* The
authors have calculated the discrete dipole approximation (DDA) simulated
extinction efficiency spectra of Au nanorod dimers as a function of the
orientation between the long axes of the nanorods. As the orientation

between the Au nanorods increases, the longitudinal pfasmon band shifts
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to lower energy region confirming the role of effective dipolar overlap in
plasmon coupling.®® In order to experimentally verify the role of orientation
on plasmon coupling, we have selected an aromatic dithiol namely 1,2
phenylenedimethanethiol (PDT), which is more or less rigid in nature, and
these results were compared with aliphatic dithiol, namely 1,6
hexanedithiol (C¢DT). Aliphatic dithiols are flexible in nature and hence
prefers a folded conformation in polar solvents, which can influence the
plasmon coupling due to the mismatch in the polarization axes of
nanorods. Solvent systems rich in acetonitrile are ideal for the synthesis of
dimers due to the higher stability of nanorods and the better solubility of
the linker groups. In the present case, we have selected a mixture (1:4) of
H.O-CH;CN for interplasmon coupling studies.

Au nanorods [0.12 nM] having an average aspect ratio of ~2.7 were
used tor the dimerization studies and oligomerization process was
controlled by decreasing the concentration of a,w-dithiols to 0.8 uM. Upon
addition of C¢DT/PDT, a gradual decrease in the longitudinal plasmon
band with a concomitant formation of a new red shifted band was observed
through an isosbestic point (Figures 4.18A and 4.19A). In order to confirm
the dimer formation, TEM studies were carried out by drop casting nanorod
solutions onto a formvar coated copper grid. In the presence of dithiols, Au
nanorods were found to be predominantly as dimers and evenly distributed
in various locations of the grid. Representative TEM images of dimers
having PDT and CgDT as linkers are shown in Figures 4.18 and 4.19,

respectively. Thus based on the TEM and absorption spectral studies, the
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Figure 4.18. (A) Absorption spectral changes of Au nanorods [0.12 nM] having
an average aspect ratio of 2.7 on addition of [0.8 uM] of PDT in a mixture (1:4) of
H,O-CH3CN and (B-F) the corresponding TEM images of Au nanorod dimers
linked using PDT (8 min after the addition of PDT, a dilute solution was drop
casted on to a formvar coated copper grid).

newly formed band is assigned as the coupled plasmon band of Au
nanorod dimers. Deviations from the isosbestic point and shift in Amay
observed at longer time durations, particularly at higher concentrations of
linker molecules, may be due to the formation of oligomers of Au nanorods
(vide infra).

Interestingly the angle between the nanorod dimers is different when
CegDT and PDT were used as linkers: 822 in the case of CgDT and 146% in
the case of PDT (averaged for 20 dimers). From TEM images it is clear
that the PDT linked Au nanorod dimers are more linear due to the rigidity
induced by the aromatic dithiols. We believe that the PDT linked Au

nanorod dimers may be more linear in solution than what we observe in
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Figure 4.19. (A) Absorplion spectral changes of Au nanorods [0.12 nM] having
an average aspecl rafio of 2.7 on addition of [0.8 pM] of CsDT in a mixture (1.4)
of H,O-CHsCN and (B-F) the corresponding TEM images of Au nanorod dimers
linked using CsDT (5 min after the additon of CgDT. dilute solution was drop
casted on to a formvar coated copper grid).

TEM images and the devialion observed may be due 1o the changes
occurnng during the solvent evaporation. Theoretcally it has been
proposed that the plasmon coupling is more effective when the polarization
axes of two nanorods are linear with the light polarization axis.”® Thus lhe
plasmon coupling in PDT linked Au nancrod dimers should be more
effective compared to C¢DT (Scheme 4.8). This i1s very clear from the
absorplion speciral features of PDT/CsDT linked Au nanorods: the A, Of
PDT and C¢DT linked Au nanorod dimers were observed at 840 nm and
732 nm, respeclively (Figures 4.18A and 4.19A). The A, of the dimers

of Au nanorods (aspect ratio 2.7) linked using 1,5-penianedithicl (CsDT),
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Scheme 4.8. Oriemation of dimers of Au nanorods possessing (lexible and rigid
linkers

1.8-octanedihiol {(CaDT) and 1,9-nonanedithiol (CoDT) were observed at
733 nm, 732 nm and 722 nm, respectively (Figure 4.20} The aliphatic
dithiols discussed above may form a folded geometry in polar solvents and
hence the A..,, of Au nanorod dimers are observed at around same region
The large red shift of ~110 nm, observed in the case of PDT linked Au
nanorod dimers compared 0 thal of aliphatic dithiols may be attripuled 10

ihe effective plasmon coupling
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Figure 4.20. Absorption spectral changes of Au nanorods (~0.12 nM] of average
aspecl ratio 2.7 upon the addition of a,® dilhiols |0 8 uM) al time inlervals Irom O-
10 min in a mixiure (1:4) ol H:O-CH4CN: (A) CoDT. (B) C¢DT and (C) CsDT.

Another inleresting point of discussion 15 the mechanism of dimer
formation. It has been earlier reported thal the edges ol Au nanorods are
not thickly packed with thiol groups in the incubation step.”*S Above the

crtical concentrauon, Au aancrods interfock 1o form dimers as shown n
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Scheme 4.9 (type 1). However, another possibility of dimerization through
the disulfide formation also exists as shown in Scheme 4.9 (type il). TEM
stugies indicated thal the average distance between the Au nanorods is
less than 1 nm which is in close agreement with the molecular length of
PDT (0.83 nm). Presence of oxygen can lead to disulfide formation and
experiments carried out in argon salurated solution showed similar
absorption spectral changes as presented in Figure 4.21A. Thus, based on
TEM and absorption spectral studies, the disulfide formation was ruled out

confirming that the dimer formation proceeds through an interocking

mechanism.
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Figure 4.21. (A) Absorption spectral changes of Au nanorods [~0.12 nM] of
average aspect ratio 2.7 in argon saturated solution of a mixture (1:4) of H,0O-
CH1CN, upon the addition of PDT [2 uM] at time intervals from 0-20 min and (B)
Absorption-time changes in the longitudinal absorption band of Au nanorods
(~0.12 nM] upon the addition of (a2} PDT and (b)CsDT.

We have further investigated the plasmon coupling by increasing the
concentration of linker molecules to 2 uM. Absorption spectral changes
were more rapid and the newly formed band shifts to longer wavelength

with time. The absorption spectral changes on addition of PDT and C¢DT
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Scheme 4.8. Two possible mechanisms leading lo plasmon coupling in Au
nanorods.

are presenied in Figures 4.22A ang 4.23A.Time dependani changes of the
longitudinal absorption of Au nanorods at 650 nm were followed in the
presence of PDT/C¢DT (Figure 4.21B). A sigmoidal plot was observed in
both the cases and the oligomerization process was found o be over in
~20 min. Further, no spectral shifts were observed for several hours
indicating that the Au nanochains are slable under the experimenial
condition. TEM images of Au nanochains obtained by drop casting the
solution on to a formvar coaled copper grid (affer 20 min of addition of
dithiols), are presented as Figures 4.22 and 4.23.

The stability of Au nanorods at the incubalion, dimerization and
oligomerization steps was investigated by measuring the zeta potential.
Ouring the incubation period, the { decreases from -32.1 mV to -26.4 mV,
which further drops to -8.1 mV at the end of oligomerizalion step. The { of

Av nanorod dimers was found 10 be -18.6 mV under controlled conditions
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Figure 4.22. (A) Absorption spectral changes of Au nanorods (0.12 nM] having
an average aspecl ratic of 2.7 on addition of 2 yM of PDT in a mixture (1:4) of
H20-CHCN angd (B-F) the corresponding TEM images of Au nanochains using
PDT as the linker (20 min after the adgition of PDT. dilute solution was drop
casled on 1o a formvar coated copper grid).
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Figure 4.23. (A) Absorption spectral changes of Au nanorods (0.12 nM) having
an average aspecl ratio of 2.7 on addition of 2 uM of C¢DT in a mixture (1:4) of
Hz0-CH3CN and (B-F) the corresponding TEM images of Au nanochains using
CesDT as the linker (20 min after the addition of CsDT, dilute salution was drop
casted on lo a formvar coated copper grid).
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by adding 0.8 uM of PDT. The zeta potenlial distribution of Au nancrods in
the absence and presence ot POT are presented in Figure 4.24. The 7
distribution is narrow for Au nanorods. which broadens with increase in
concentralion of PDT indicating the presence of oligomers of various chain

lengths at the end ol the reaclion.
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Figure 4.24. Zeta potential plots lor 2.7 aspect ralio Au nanorods in a mixlure
(1'4) ol H,0O-CHLCN upon addition of different concenirations of PDT: (A) 0 (B)

0.3.(C) 0.8 and (D) 2.0 M.

4.3.8. Disassembly of Au Nanochains

Place exchange or ligand exchange reactions on Au nanaparticlas
have been extensively utlized for designing hybrid nanomaterials % In
the presenl study, we have investigated the stability of Au nanochains by
varying the temperalure and in the presence of excess Au nanorods and
alkyl ttuols {for e.g., 1-pentyl mercaptan). Nanochains were prepared by

adding 2 nM of PDT 1o nanorods as discussed eaclier (Figure 4 22A). To
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this solution, varying concentrations of Au nancrods (0.0-0.3 nM) were
added. Nanochains possess a broad absorplion band in the near infra-red
region, which became narrow (decrease in the full width half maxmum)
and underwent a gradval blue shift on successive additions of Au
nanorods (Figure 4 25A). The normalized absorption speclrum of the
resullant band. on addition of ~0.3 nM of Au nanorods. matches well with
that of isolated nanorods indicating the disruption of nanochains which was
confirmed lhrough TEM studies (Figure 4.25B). These results indicale thal

lhe dithiol molecules in Au nanochains undergo ligand exchange with the

Absorbance

0. . L -
QOO 600 800 1000
Wavelength, nm

Figure 4.25. (A) Absorplion speciral changes ol Au nanorods on addition of PDT
(2 uM} illustraling lhe longiludinal plasmon coupling and the ceorresponding
spectral changes (normalized) on addition of Au nanorods (0 nM 10 0 3 nM), (B)
TEM images afler \he addition ol 0.3 nM of Au nanorods and (C) schematc
cepresenlalion of the disassembly ol Au nanochains
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added Au nanorods leading to the breakage of nanochains. Addition of
excess 1-pentyl mercaptan as well as the increase in temperature resulted

in the precipitation of nanochains (Figure 4.25C).

4.4. Conclusions

Two fundamental properties observed at the edges of Au nanorods,
namely high electric field and reactivity were effectively utilized for
hierarchical integration of Au nanorods. The stability of Au nanorods in
water and water-acetonitrile mixtures, containing more that 70%
acetonitrile, is attributed to the large positive and negative £ which varied
linearly with increase in aspect ratio. The high electric field observed at the
edges of Au nanorods was experimentally verified by assembling
oppositely charged Au nanoparticles and further extended for the site
specific functionalization of molecules. Site specific functionalization
methodology presented here may have potential application in the
nanoscale fabrication of optoelectronic devices. Similarly Au nanorod
dimers linked through a flexible (CgDT) and rigid (PDT) linker groups were
prepared and the plasmon coupling in these systems was investigated as
a function of their orientation. The plasmon coupling in PDT linked Au
nanorod dimers is found to be more pronounced due to effective dipolar
overlap along their long axes. Thus, it is concluded that the orientation
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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4.5. Experimental Section

4.5.1. 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 zeta potential values were measured in a zetasizer
Nanoseries (M3-PALS) Malvern-ZEN 3600. { were taken as an average
from 3 measurements and in all cases the deviation was between +0.5 -
+1.0. The electronic absorption spectra were recorded on a Diode Array
UV-visible spectrophotometer (Agilent 8453). 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*S-Twin or with a 300 kV
(JEOL 3010) transmission electron microscope operated at an accelerating
voltage of 100 kV or 200 kV, respectively. The emission spectra were
recorded on a Spex-Fluorolog, F112-X equipped with a 450W Xe lamp and
a Hamamatsu R928 photomultiplier tube. The spectra were recorded by
keeping a 90" geometry and a slit width of 1 nm in the excitation and

emission monochromators at an exciting wavelength of 453 nm.

4.5.2. 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 HAuCI, solution was
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added along with 325 (. of acetone and 225 uL of cyclohexane. It is
reported that AgNO; is essential for synthesizing Au nanorods and
cantralling their aspect ratio. To the above solution, 325 4L of 0.01 M
AgNOQO; was added for synthesizing Au rods of aspect ratio 2.2 , 400 L of
0.01 M AgNO; was added for synthesizing Au rods of aspect ratio 3.0 and
450 1 of 0.01 M AgNO; 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 under 300 nm
irradiation in a Rayonet photochemical reactor for 18 h. Gold 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.

4.5.3. Synthesis of 1.8 nm, 2.7 nm and 5.7 nm Au Nanoparticles

Au nanoparticles were prepared by adopting a place exchange
reaction between the octylmercaptyl protected Au nanoparticles and
triethylene glycol thiol.*° In a typical synthesis, octylmercapty! protected Au

nanoparticles (Au(S-CgHy7)) of 1.8 nm was prepared by foliowing the two
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phase reduction method. The product was place exchanged with 5
equivalents of triethylene glycol thiol in dichloromethane by stirring for 12 h
at room temperature. The reaction mixture was evaporated to remove
excess of solvent and the residue was then washed with hexane to remove
unreacted triethylene glycol thiol and the product was dried. Product was
then dissolved in acetonitrile and used for further studies. '"HNMR studies
indicate that the surface of place exchanged nanoparicles consist of

triethylene glycol as capping agent {(~99 %).
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