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SYNOPSIS OF THE THESIS

ABSTRACT

The thesis describes a facile synthesis of silver nanoparticles (AgNPs) within
both aqueous and non-aqueous microemulsions with very high optical quality, which
are subsequently used to perform several photophysical studies. The content of the
thesis has been spread into seven chapters. In Chapter 1, a brief introduction of optical
properties of metal nanoparticles (MNPs), structural and dynamical characteristics of
microemulsions, primarily formed by an anionic surfactant sodium
dioctylsulfosuccinate (AOT) and its applications in synthesis of various nanoparticles
is provided. Details of instrumental techniques and measurement methods have been
summarized in Chapter 2. In Chapter 3, a facile synthesis protocol is demonstrated to
obtain superior optical quality AgNPs inside water/AOT/n-heptane reverse micelles
(RMs). The growth of the AgNP within the RMs core may severely influence the
structural organization of the reverse micellar interface. The modification of the
interfacial layer associated with nanoparticle formation has been probed by a
solvatochromic probe coumarin 343 (C343) in the Chapter 4. In the Chapter 5,
application of superior optical quality AgNPs is demonstrated in plasmon- fluorophore
interaction by exploiting the natural confinement of RM to act simultaneously as a
template for AgNP and to host the fluorophores. In the succeeding Chapters, | intend
to produce high optical quality AgNPs inside a non-aqueous acetonitrile/AOT/n-
heptane microemulsion. However, nature of the microemulsion template remains
debated in the literature and hence, first probed the morphology of the acetonitrile
microemulsion at different ws (= [acetonitrile]/[AOT]) using a solvatochromic probe 4-
aminophthalimide (4-AP) in Chapter 6. It is observed that the microemulsion
undergoes a morphological transition from RM to bicontinuous microemulsion (BMC)
above a certain ws. Finally, in Chapter 7, synthesis of AgNPs has been performed in
the microemulsion at various ws and it is found that structural and optical properties of
the synthesized AgNPs correlate nicely with the microemulsion template morphology

proposed in the Chapter 6.
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Synopsis
CHAPTER 1: INTRODUCTION

The fascinating optical properties of MNPs arise from surface plasmon
resonance (SPR), which are a collective oscillation of free electrons clouds.** In this
chapter, | provided a brief overview of MNPs SPR, theoretical and experimental
techniques for SPR measurements, uniqueness of AgNPs SPR compared to all other
MNPs and its implications in plasmonic applications. SPR of MNPs has the ability to
interact with closely spaced molecular fluorophore and this phenomenon is known as
plasmon-fluorophore (PF) interaction.>® The concept and necessary conditions for PF
interaction and its implications on various photophysical processes of a fluorophore are
discussed. In this chapter, | also reviewed several interesting reports of PF interaction
involving various metal nanostructures with an emphasis on the confined systems

(MNPs in micelles, block copolymers and RMs).

The nano-confined core of microemulsion acts as a nanoreactor for material
synthesis and provide numerous advantage (exceptional control over size, aniosotropy
and shape) compared to other synthetic methods.”*? Here | provide a brief overview of
various types of microemulsion (polar and non-polar) and different phases of
microemulsion with RM as sub-phase.**®> Numerous surfactants are used in RMs
formation however; sodium dioctylsulfosuccinate (AOT) is most popular as RMs are
formed without aid of co-surfactant.®® ® The structure and properties of AOT RMs and
transition of RMs to bi-continuous microemulsion (BMC) are briefly discussed. Here |
provide a brief overview of general synthetic procedure, necessary conditions and
mechanism of nanoparticles formation inside AOT RM.%1% %7 In this chapter, | also
reviewed several interesting reports on the optical properties AgNPs synthesized by
AOT reverse micellar route. Nanoparticle formation inside AOT RMs induce
significant changes in their structural organizations and | presented several interesting

reports on this.” 1819
CHAPTER 2: MATERIALS, METHODS AND INSTRUMENTATION

In this chapter, | mentioned sources of all chemicals that are used in our studies.
Various sample preparation procedures, data analysis methods are given. Here | also

provided specifications of all the instruments used in our works including UV-Vis
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spectroscopy, steady-state and time-resolved fluorescence spectroscopy, transmission

electron microscopy (TEM) and dynamic light scattering (DLS) etc.

CHAPTER 3: AFACILE SYNTHESIS OF HIGH OPTICAL QUALITY SILVER
NANOPARTICLES BY ASCORBIC ACID REDUCTION INSIDE AOT

REVERSE MICELLES

In this Chapter, our effort on developing an exceptionally easy method to
fabricate high optical quality AgNPs is presented by using ascorbic acid (AA) as a
reducing agent inside AOT RM at wo values of 2, 6 and 10. For the first time, it is
shown that RM can support a chemical reduction that cannot proceed in aqueous
medium at room temperature. Simply, addition of AgNO3z and AA solutions into
AOT/n-heptane mixtures leads to formation of AgNPs at room temperature in the
absence of inert atmosphere or prolonged stirring. The optical quality of the SPR band
of AgNPs are found to be superior compared to AgNPs obtained by common reducing
agents like sodium borohydride or hydrazine under similar conditions. TEM and DLS
measurements shows that the nanoparticles are spherical, and are slightly larger than
the pure RMs. In addition, the size and the polydispersity gradually increase with

increase in the wo value.
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Figure 3.1: Schematic representation of superior optical quality silver nanoparticles

synthesized inside water/AOT/n-heptane reverse micellar systems.
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CHAPTER 4: SELECTIVE PROBING OF THE INTERFACIAL REGION OF
AOT REVERSE MICELLE UPON NANOPARTICLE FORMATION USING
DYNAMIC STOKES SHIFT MEASUREMENTS

In the previous Chapter, it is demonstrated that superior optical quality AgNPs
can be easily synthesized inside AOT reverse micellar assemblies. However, the grown
AgNPs may severely influence the structural organization of the original RMs interface.
In this Chapter, | probed the hydration and organization of the interfacial layer using a
site-selective hydrophilic probe, coumarin 343 (C343). | have characterize of the
interfacial layer of water/AOT/n-heptane RMs before and after AgNPs formation by
combination of steady-state absorption, excitation, emission spectroscopy, time-
resolved fluorescence anisotropy and dynamic stokes shift measurements. It is observed
that both solvation dynamics and rotational dynamics inside the interfacial region of
the RM become significantly faster upon AgNPs formation, particularly at low wo (at
wo=2) but at higher wo values dynamics of the AgNPs containing RM becomes nearly
identical to the pure RM. The results indicate that the interfacial region of the RMs
becomes more hydrated, less packed upon nanoparticle formation particularly at low
wo value. The results are in accordance with the significant size change of the RM to

accommaodate the nanoparticle at low water content.

InteiTegim%

|

Pure RM AgNP-RM
More compact Less compact
Less hydrated More hydrated

Slower Dynamics Faster Dynamics

Figure 4.1: A schematic representation of perturbation of reverse micellar interface

before and after formation of silver nanoparticles inside the reverse micelles.
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CHAPTER 5: INTERACTION OF MOLECULAR TRANSITION WITH
SURFACE PLASMON RESONANCE OF SILVER NANOPARTICLE INSIDE
RESTRICTED ENVIRONMENT OF AOT REVERSE MICELLE

In this Chapter, the utility of high optical quality AgNPs in plasmon- fluorophore
interaction is demonstrated by exploiting the natural confinement of a RM to act
simultaneously as a template for AgNPs formation and to host the fluorophores. The
fluorophores, fluorescein (FL) and safranine O (SAF) and reducing agent (AA) are
loaded together into the water pool; thereafter, silver salt was added and subsequently,
spectral modification and size evolution are observed by steady-state and time-resolved
spectroscopy. In the FL-AgNP composite system, the SPR band of AgNPs undergoes
a strong redshift. Moreover, significant modification of both the fluorescence intensity
and lifetime of FL is found when AgNPs were gradually formed inside the RM core.
On the contrary, in the SAF-AgNP composite, no such effect is noticed and the
composite system retains the original optical characteristics of their constituents. This
differential effect has been rationalized by dissimilar plasmon-fluorophore coupling in
the two systems controlled by a combination of different spatial distribution and
spectral detuning of the molecular absorption maxima of the dyes (455 nm and 530 nm
for FL and SAF, respectively) from the SPR band maximum (~400 nm) of AgNPs.

e
\

Plasmon-fluorophore
interaction
inside reverse micelle Faster decay

Figure 5.1: A schematic representation plasmon- fluorophore interaction and its
implications on the emission properties of fluorescein inside restricted environment of

AOT reverse micelles.
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CHAPTER 6: ANOMALOUS SPECTRAL BEHAVIOR OF 4-
AMINOPHTHALIMIDE  INSIDE  NON-AQUEOUS ACETONITRILE
MICROEMULSION: IMPLICATION ON REVERSE MICELLE TO BI-
CONTINUOUS MICROEMULSION TRANSITION

Now | try to explore new methods to produce high optical quality AgNPs in
non-aqueous environment. As AgNOz exhibits very high solubility in acetonitrile,
acetonitrile/AOT/n-heptane microemulsion is chosen as a template for synthesis of
AgNPs. However, microemulsion morphology of the template remains debated in the
literature and hence in this Chapter, I first investigated the debated acetonitrile/AOT/n-
heptane microemulsion whether it exists as RMs or BMC, using a hydrophilic
solvatochromic fluorophore 4-aminophthalimide (4-AP) at different ws (=
[acetonitrile]/[AOT]). Herein, it is observed that the emission properties vary
anomalously at lower and higher ws regions. The quantum yield (¢¢) and lifetime (zf) of
4-AP first increase up to ws = ~1, and thereafter, decrease upon further increase in the
ws values. The emission maximum of 4-AP shifts to higher wavelength from 445 nm at
ws = 0 to 475 nm at ws = 8. Interestingly, unlike aqueous RMs, the emission maximum
at ws = 1 matches with the emission maximum in neat acetonitrile and the emission
maximum shifts to even longer wavelength at higher ws. Steady-state anisotropy also

shows a break around ws = 1; anisotropy decreases very sharply from ws =0 to 1, and

Acetonitrile
Bicountineous
microemulsion

Figure 6.1: Systematic representation of reverse micelles to bi-continuous
microemulsion transition of the acetonitrile/AOT/n-heptane microemulsion with

gradual increment in the acetonitrile content (ws).
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afterward remains constant. Solvation dynamics becomes gradually faster with increase
of the acetonitrile content only in the low ws regimes but remains almost independent
of ws after ws > 2. All of the results clearly indicate that the morphology of the
microemulsion may change at an intermediate ws (~1); below this, the system behaves
like RMs and above this, the system may remain as BMC.

CHAPTER 7: HYDROPOBIC SILVER NANOPARTICLE SYNTHESIS
INSIDE ACETONITRILE MICROEMULSION AND ITS IMPLICATION IN
PROBING THE STRUCTURAL TRANSITION OF THE MICROEMULSION

In the previous Chapter, it is observed that acetonitrile/AOT/n-heptane
microemulsion may undergo structural transition from RM to BMC after certain ws.
Herein, a unique strategy is developed for probing of this transition by using
microemulsion itself as a template for synthesis of silver colloids. Precursors ( silver
nitrate) and reducing agents (AA) are insoluble in n-heptane phase and thus, Ag colloids
formation occur solely inside the acetonitrile fraction and therefore, the structural
morphology of the Ag colloids provides valuable information regarding the structure
of the template where Ag colloids formation occur. The synthesized AgNPs were found
to be very stable at dry conditions and exhibit very high optical quality compared to all

other AOT microemulsion based synthesis methods (both aqueous and non-aqueous).

Bicontinuous microemulsion
w>2

Figure 7.1: Systematic representation of evidence of transformation of reverse micellar
structure to the bi-continuous microemulsion of acetonitrile/AOT/n-heptane
microemulsion through in situ silver nanoparticles synthesized inside systems at

different ws.
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At low ws (< 1), synthesized silver colloids exhibits remarkably strong SPR band but
the strength of SPR remarkably drops at ws = 2 and almost vanishes at ws = 3. TEM
measurements revealed the presence of isolated spherical monodispersed AgNPs of ~6
nm diameter at lower ws and larger distribution of nanoparticle sizes at ws =2. Most
interestingly, interconnected Ag colloids packed channels were found at ws = 3 which
directly shows footprint of the BMC nature of the microemulsion template. Thus, the
characteristics of Ag colloids (i.e. size distribution and optical quality) provide valuable
information about interfacial structure of the microemulsion and suggested that

microemulsion switches from RM to BMC nature at an intermediate ws.
SUMMARY AND FUTURE OUTLOOK

In the present thesis a facile synthesis method has been developed to obtain high
optical quality AgNPs inside aqueous and non-aqueous (acetonitrile) AOT
microemulsion. This has been achieved by using a mild reducing agent ascorbic acid
(AA). To the best of our knowledge, the optical quality of the AgNPs synthesized by
this route was found to be much superior than previously reported other aqueous and
non-aqueous AOT microemulsion routes. The synthesized AgNPs were found to be
highly stable, redispersable and even retained optical quality in coated form. The high
optical quality of AgNPs is effectively used in selective probing the interfacial region
of microemulsion, plasmon-fluorophore interaction and probing acetonitrile
microemulsion structure. This work is expected to open new avenue towards synthesis
of various other metal nanoparticles, bimetallic nanoparticles, metal oxides and
sulphide nanoparticles etc. It will be very interesting to see the optical properties of
other metal nanoparticles especially copper and gold synthesized by this route. A

detailed summary and future outlook is provided in the end of the thesis.
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CHAPTER 1: INTRODUCTION

1.1. OPTICAL PROPERTIES OF METAL NANOPARTICLES

Metal nanoparticles (MNPs) are neither unknown nor a new area of research;
they are around us since ancient times. The unique size-dependent light absorbing and
scattering properties of MNPs found extensive applications in various decorating
substances to display beautiful vivid colours. These fascinating colours (or optical
properties) of MNPs have been attracting people for centuries. One of the oldest
examples is Lycurgus cup (Byzantine Empire, 4™ century). When light is shone on the
cup, it appears to be red when viewed through transmitted direction but appears to be
green in reflected direction (Figure 1.1).! The underlying fact is that sidewall of cup is
embedded with silver and gold nanoparticles (Ag/Au NPs) with diameter ~100 nm and
their surface plasmon resonance (SPR) is responsible for such anomalous behaviours,
may not be understood at that time.'-> Although, the optical properties of MNPs are
used for centuries, however the scientific knowledge have emerged recently with
increasing understanding of the atomic world. Presently, MNPs are not merely limited
to the field of optics but are used in diverse areas like catalysis,>* biological imaging

10-11

and therapy,’ sensing,’ detection,® molecular switches,” antimicrobial action, and

SO on.

Figure 1.1: Lycurgus cup in British Museum appears to be (a) red in transmission

direction and (b) green in reflected direction of light (reproduced with permission).!

1.1.1. Surface Plasmon Resonance
The MNPs exhibit vivid colours as it can support plasmon, which define as

collective oscillations of electron clouds near MNP surface. When the size of MNPs

[3]
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are < 100 nm, the surface plasmonic resonance (SPR) band falls in the visible regions
of the spectrum and hence MNPs are coloured. A brief overview of SPR phenomena is
presented here. However, it is not intend to cover the entire theoretical details of

plasmonic resonance, as such details are available in numerous other review articles.'*
15
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Scheme 1.1: Schematic representations of (a) propagating surface plasmon resonance
at thin metal surface,'® (b) localized surface plasmon resonance on metal
nanoparticles,'® (¢) UV-visible spectrum of the silver nanoparticle solution along with
image of the solution viewed under ordinary light and schematic representation of
plamonic oscillation of the electronic clouds around nanoparticle surface (reproduced

with permission).!”18

A metal sheet is composed of periodic arrangements of positive lattice (or
nuclei) containing loosely bound electron densities held together by columbic force of
attraction. When an electromagnetic radiation of appropriate frequency falls on the
material surface, the electric field component of the electromagnetic radiation
undergoes coupling with surface electron densities of MNPs, which result in the
displacement of electron densities form the MNPs surface. Simultaneously, the positive
metal lattice attracts the electron densities towards itself, as a result of this phenomena
a coherent oscillation of electron densities are produced and the oscillations are termed
as SPR.1Z713. 15,1920 Qince, positive lattice acts as a restoring force and hence, SPR
entirely depends on the type of positive lattice (or the material used). Moreover, SPR

can produce enormous electromagnetic field which can travel beyond the lattice to the

[4]
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medium and hence, SPR also depends on the dielectric medium around the material. In
thin materials, the SPR can propagate through the material and hence termed as
propagating or extended surface plasmon resonance (ESPR) as shown in the Scheme
1.1. Interestingly, ESPR can absorb light in the infrared region and rest of the light is

reflected back and therefore these martial are reflective and appeared shinny.?!->3

MNPs can be considered as an ultra-small portion above metal lattice that are
even smaller than wavelength of the incident electromagnetic radiation. MNPs
primarily display two distinct differences over a thin film, first it can undergo
instantaneous excitation with incident light, and secondly the surface curvature of
MNPs are no longer in a plane with respect to incident electromagnetic radiations. Due
to this curvature shape, plasmons not able to propagate and become confined within the
particle surface and hence, they termed as localized surface plasmon resonance (LSPR).
Unlike ESPR, LSPR falls in visible region and hence MNPs are colored.'> !> 2! For
example, Scheme 1.1¢ shows dark yellow coloured of AgNPs solution with diameter
~5 nm.'"® The UV-visible spectrum of the AgNPs dispersion indicates that dark yellow

colour is primarily due to the SPR band with a maximum at ~400 nm.

1.1.2. Experimental aspects of SPR

Primarily two phenomena are associated with SPR of MNPs far field and near
field.'*1¢ Far field properties are mainly manifested in the absorption/extinction spectra
of MNPs and can be measured simply with UV-VIS-NIR spectrophotometer by taking
solution, or thin film of MNPs immobilized in the optically transparent glass or quartz
plate. Figure 1.2 shows extinction spectra and colours of AgNPs solutions of different
diameters.?* It is apparent from the figure that the peak positions and spectral widths of
SPR depend on the size of the nanoparticles; with increase in the size a red shift in SPR
peak is noticed. MNPs has the ability to absorb as well as scatter incident light and
hence the overall absorption (for MNPs referred as extinction) spectra comprises of

both absorption and scattering constituents of the MNPs.

MNPs are polydisperse in nanoscopic regimes and hence the overall extinction
spectrum represents an ensemble average of the all SPR spectra.'> 2> 2> However,
nowadays it is also possible to record SPR in single particle domain, usually a dark field

microscope in conjunction with a UV-VIS-NIR spectrophotometer is used to record

[5]
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SPR of an individual nanoparticle. For example, Figure 1.2¢ shows a comparison of
the SPR spectrum of silver nanocube dispersion in water (ensemble average) and in
single particle domain measured by dark field microscopy.?®> Moreover, near field
properties can also be measured with a number of techniques, such as, near field
scanning optical microscopy (NSOM),?® electron density loss spectroscopy (EELS),?’
)28

energy filtered transmission electron microscopy (EFTEM)~® and so on. In addition to

these methods, currently surface enhanced Raman spectroscopy (SERS) becomes very

popular method in probing near field properties.?*-3°
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Figure 1.2: (a) UV-vis extinction spectra and (b) colours of different sized silver
nanoparticles in water.>* (c) Comparison of SPR spectra silver nanocubes ensemble
average extinction spectra (black) and spectra of single silver nanocube under dark field

scattering (red) in water (reproduced with permission).?’
1.1.3. Theoretical aspects of SPR

In the beginning of 20" century, Gustav Mie proposed a theory in order to
explain the interaction of light with matter having size smaller than wavelength of the

incident radiation, popularly known as “Mie theory”.3! The extinction cross-section of

a spherically symmetric sphere can be simulated with the help of Mie equation as'#!3

2472R3 /2

Sm &2
Cext - A [(51+25m)2+&%] (.1

[6]
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Where Cext is extinction cross section of a sphere of radius R, em is dielectric
constant of the medium, €1 and €2 are real and imaginary part of the complex metal
dielectric function, A wavelength of the incident electromagnetic radiation. Mie theory
was successfully used in simulating the optical properties of numerous nanoparticles.
For examples, Bilankohi used Mie theory to simulate extinction cross-section of AgNPs
at different wavelengths (Figure 1.3a).2 Apart from Mie theory several others
simulation methods such as discrete dipole approximation (DDA), boundary element
method (BEM), finite-difference time-domain (FDTD), finite element method (FEM),
time dependent density functional theory (TD DFT) etc. are regularly used in simulating

the optical properties of MNPs ,!4-16,21,23,33

1.1.4. Unique optical properties of AgNP compared to other MNPs
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Figure 1.3: (a) Mie simulation of extinction cross-section of silver nanoparticles at
different wavelengths with different size.*? (b) Resonance frequencies and extinction
cross-sections of various MNPs with 10 nm size embedded inside silica (reproduced

with permission).**

AgNP exhibits several unique optical properties compared to other MNPs. The
SPR of AgNP appears in the visible region; extinction cross-section is highest among
the all the MNPs (Figure 1.3b) etc. Although, NaNPs and MgNPs have high extinction
cross-sections values (Figure 1.3b) but they get easily oxidized and hence considered
as unstable for plasmonic applications.’* Another important aspects MNP is CuNPs,
however instability and poor SPR are the two major limitations associated with it.
Interestingly, extinction cross-section of AgNPs is approximately seven times higher
than AuNPs. Such a high value arises due to the fact that AgNPs exhibits larger negative
real part of metal dielectric function than AuNPs.!>2° Hence AgNPs is usually preferred

over AuNPs in plasmonic applications.'” 3> However, due to bio-inertness, AuNPs is

(7]
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preferred over AgNPs for in vivo applications.!> For large-scale applications, cost of
the material is also an important factor. Both Al and Cu are cheaper than Ag however;
they have serious limitations due to lower extinction cross-section value. Due to
excellent plasmonic properties, diverse nanostructures and material cost AgNPs usually

preferred in plasmonics over AuNPs.

Besides plasmonic applications, AgNPs sustains ever-green research interest in

34,35 5,36

catalysis, antimicrobial action,'%!! biological imaging,> 3¢ water purification and

splitting,>’-*® nanofluids,*® photothermal therapy,'®-

and so on. The applications of
AgNPs are extremely size specific. For example, Agnihotri et al. have shown size
specific antimicrobial action of AgNPs on various bacterial strains.>* They found that
MIC (maximum inhibitory concentration) value of 5 nm AgNPs is ~20 pg ml™! which

is almost six times lower than 100 nm particles (~110 ug ml™).

1.2.  PLASMON FLUOROPHORE INTERACTION

(b)

Emission

Figure 1.4: Effects of AgNPs on emission properties of (a) surface bound fluorescein-
labelled protein and (b) chlorophyll extracts respectively.!® Uncoated and AgNPs
coated portions represents by left and right side of the slide. Fluorescein exhibits
emission enhancement whereas chlorophyll displayed quenching (reproduced with

permission).

SPR has the ability to trap and concentrate light and can produce enormous
electromagnetic fields near the MNP surface (Section 1.1.1). The enhanced fields
interacts with nearby fluorophores and thus can alter the radiative decay rates of an
emitter. Based on the distance between nanoparticle surface and fluorophore, both
quenching as well as emission enhancement is reported. Plasmon-fluorophore (PF)
interaction produces unique optical properties in the composite that are entirely

different from their constituents and have found extensive applications in optical signal

[8]
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modification,**#! cellular imaging and photodynamic therapy,® #> sensing,”** infrared
detection,® molecular switches ? and so on. In order to explain PF interaction, extensive
utilization of electrodynamic theories are required, which may be still inadequate to

explain the actual phenomena.

Lakowicz and co-workers described PF interaction as “radiative decay
engineering”, because the radiative rates of the fluorophores can be engineered in the
presence of MNPs.!? 4 Molecular fluorophores in a free space acts like an oscillating
dipole. When a nearby metallic surface interacts with an oscillating dipole, the electric
field felt by the fluorophore gets drastically modified. This interaction can either
increase or decrease the incident electric field experienced by the fluorophore and hence
may either increase or decrease the radiative decay rates. For example, Figure 1.4
shows the effect of AgNPs on emission properties of fluorescein and chlorophyll. It is
apparent that AgNPs coated fluorescein shows remarkable brighter emission compared
to uncoated side. On other hand, the fluorescence of chlorophyll exhibits substantial
quenching.¥-*7 Several advantages are associated with metal-enhanced fluorescence
over traditional fluorescence measurements such as high efficiency of fluorescence
emission, better detection sensitivity, protection against fluorophore photobleaching at

high laser power, applicable to both intrinsic and extrinsic fluorophores and so on.!3-1”

1.2.1 Jablonski diagram for Plasmon Fluorophore interaction
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Figure 1.5: (a) Interaction of light with MNP, the arrow represents the direction of the
propagating light and green sphere represents presence of fluorophore near MNP
(yellow sphere). (b) Alteration in the Jablonski diagram of a plasmon fluorophore
composite system. The thick arrow in the diagram represents enhanced rates of

excitation and emission in presence of MNP (reproduced with permission).*®
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MNPs exhibit optical cross-section 10° times larger than traditional
fluorophores.'®> 32 On account of such an enormous optical cross-section, the electric
field component of light tends to bend towards the MNP surface as shown in the Figure
1.5 Presence of local field results an increase in the excitation process of a
fluorophore positioned near MNP surface. Simultaneously another important effect also
takes place; excited state fluorophore interacts with nearby MNP to produce induced
plasmons. It is shown that fluorophore induced plasmons has the ability to radiate in

the far field and create observable radiation.*’

Emission spectra of PF systems are nearly same as that of the fluorophore; it is
often ambiguous as which species is actually emitting. Usually, in PF composite system
decrease of lifetime is observed as compared to the isolated fluorophores. Besides
plasmonic decays are usually occurs in ultrafast domain (~50 fs),%° thus it seems that
MNPs itself may be the emitting species in PF composite system which result in
decrease of overall lifetime. On the other hand, emission profile of PF composite system
nearly remains the same as that of fluorophore suggesting that fluorophore is the
emitting species. Lakowicz and co-workers elaborately discussed about this confusion
and they suggested that PF composite system itself was the emitting species, as
emission is convoluted with both the properties of fluorophore and MNPs, and hence

they refer this type of system as plasmophore or fluoron.*4 4851

In a typical fluorescence experiment, modification of quantum yield and
lifetime are primarily due to change in the knr pathways. Both the quantum yield and
lifetime of a fluorophore simultaneously either increase or decrease but usually do not
change in the opposite directions. However, several unique changes in the emissive
properties are possible for plasmophoric system.!®> % For example, Viger et al. have
shown that when fluorescein isothiocyanate (FITC) interacts with AgNPs, quantum
yield and lifetime changes in opposite direction. They concluded that FITC emission

underwent 14 times enhancement along with decrease in lifetime form 1.72 ns to 0.025
52

ns.
The quantum yield (¢o) and lifetime (o) of fluorophore in free space condition
is given by
b= ®
[10]
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0 =— (1.3)

- T+Knr

The quantum yield (¢) and lifetime (t) of fluorophore near MNPs are given by

_ ™+
¢ - ™+t +Knr (1'4)
1
- T+t +Knr (1'5)

Where, t and kar are the radiative and non-radiative decay rates. Radiative rates
in the presence of MNP is denoted by tm. When a fluorophore is placed near the metal
colloids, Tm increases which result in the decrease of lifetime of the composite (see the

Equation 1.5).
1.2.2 Various conditions for effective plasmon fluorophore interaction

The extent of PF interaction depends on several factors such as nanostructure

3335 agpect ratio, '% ¢ fluorophore,’” location and orientation of the fluorophore

type,
with respect to the metallic surface, '* 3¢ overlap of absorption or emission bands of the
fluorophore with the SPR band 4% 38 etc. However, distance between the nanostructure
surface and fluorophore is found to be the most crucial. Lakowicz showed the distance
dependent interaction between MNPs and fluorescence, in a very small distance, ( <
10 nm) emission quenching is observed whereas emission enhancement is usually

noticed at comparatively large distance ( > 20 nm).!% 44

1.2.3 Plasmon fluorophore interaction in various metal nanostructures

59-61

Various nanostructures such as thin films, single nanorod,?® nanorod

7, 40, 46 45, 62-63

assemblies, spherical nanoparticles etc. are used to probe PF interaction.
Among various other metal nanostructures, specifically Ag and Au nanoparticles have
attained considerable research interest. Several tricky synthetic methods are used to
keep fluorophore in close proximity of MNPs. However, three synthetic procedures are
routinely followed in most of the studies. First, nanoparticle solution is prepared and
fluorophores of different concentrations are gradually added to this solution or
conversely fluorophore solution is made where nanoparticles are gradually added to
this solution.®*%, Secondly, nanoparticle are coated with silica over layer or charged

polyelectrolyte layer and fluorophore gets attached to this layer by electrostatic

[11]
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interactions.?% 463867 Thirdly, nanoparticle are deposited in form of thin film on a silica

surface and fluorophore gets attached due to adsorption.®
1.2.4. Plasmon fluorophore interaction in silica-capped nanostructures

In majority of the PF interaction studies, substrate preparation is performed by
this procedure. At first, nanostructures are synthesized by using a range of stabilizers
(usually surfactants) and subsequently surface coating is performed with various
charged polyelectrolytes or silica. Silica coating is very popular in field of plasmon
induced emission enhancement spectroscopy. Thickness of the silica layer around the
MNPs can be controlled and by this the distance between the fluorophore and
nanoparticle can be restrained. For example, Cheng et al. synthesized AgNPs using
citrate reduction method and attuned the distance between fluorophore FITC and AgNP
by tuning SiO2 layers thickness.®® They demonstrated that FITC emission can be
engineered by controlling distance; at close distance (~1 nm) fluorescence quenching
occurred. However with gradual increase in the distance, emission enhancement is
noticed as shown in the Figure 1.6. The optimum distance was found to be ~21 nm

where 4.8 times emission enhancement was recorded.
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Figure 1.6: (a) Schematic representation of the synthesis of AgNP-FITC composite and
AgNP-Si02-FITC composite. (b) Distance dependent emission enhancement of FITC
by SiO2 coated AgNPs (reproduced with permission). %

1.2.5 Plasmon fluorophore interaction inside organized assemblies
Several tedious synthetic methods are used to keep fluorophore near the

nanostructure. However, organized assemblies such as micelles, block co-polymers and

[12]
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reverse micelles etc. provides natural confined environment to host both fluorophore
and nanostructure. In organized assemblies, a close distance between nanostructure and
fluorophore is maintained in situ. Thus, without using the tricky silica or
polyelectrolytes coating, the distance between the fluorophore and nanoparticle can be
controlled. Besides, organized assemblies are routinely used in the synthesis of various

nanostructures and therefore provide a very efficient system to probe PF interaction.

1.2.5.1 Plasmon fluorophore interaction in citrate capped MNPs
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Figure 1.7: Schematic representation emission quenching with increase in the size of
AuNPs through reduction of Au ions in presence of reducing agent and AuClj.
Emission quenching of fluorescein and rhodamine before and after (dotted line) are

shown with increase in the size of AuNPs (reproduced with permission). %4

A number of reports are available in literature where citrate capped MNPs are
used to study PF interaction. For example, Parkin and co-workers used citrate micelles
capped AgNPs to probe PF interaction in a range of catatonic and anionic
fluorophores.®® They found that cationic fluorophores interacted strongly with AuNPs
whereas anionic fluorophores exhibited only trivial interaction. They explained this
behaviour on the basis of preferential binding of fluorophores with the nanoparticles.

Similar study Lim et al. showed that AuNPs coupling with fluorophores could be used

[13]
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in detection of toxic analytes.®* They first synthesized AuNPs by citrate method and
then incorporated fluorophores fluorescein and rhodamine B. Thereafter various
analytes (H202, quinones, acetylthiocholine etc.) were gradually added to this solution.
Here the analytes itself acted as reducing agent and hence, gradually increases the size
of AuNPs. With increase in the size, interaction between AuNPs and fluorophore
surged and hence the quenching (Figure 1.7). Similar study Rabga et al. shown large
PF interaction exist between AgNPs (citrated capped) and fluorescein, they reported ~3

times emission enhancement.

1.2.5.2 Plasmon fluorophore interaction in block copolymers

.

Figure 1.8: Schematic representations of (a) P123 micelles loaded with AuNPs and
probe molecules residing at different locations inside the micelles and its implication.®
(b) location dependent interaction between 2-AS (fluorophore) and AuNPs in micelles

of triblock copolymers of F127 and P123 (reproduced with permission).”®

Recent studies indicates that a number of block copolymers can be used
effectively to study PF interaction. The main advantages of block copolymer is that
distance between fluorophore and MNPs can be easily controlled without external
coating agent. For example, Sarkar and co-worker have performed controlled synthesis
AuNPs inside triblock co-polymer P123 micelles and investigated PF interaction using
three coumarin probes (C153, C480 and C343). The probes are located in three distinct
regions of P123 micelles depending on their hydrophobicity (Figure 1.8a).%° They
shown that the probes (C343 and C480) that reside in the hydrophilic corona region of
P123 micelles loaded with AuNP (close proximity to the AuNPs) is a perfect place for
nanomaterial surface energy transfer (NSET). Whereas probe (C153) that resides inside
the hydrophobic core region (far apart from AuNPs) is reluctant to NSET, despite
significant spectral overlap between the probe fluorescence and AuNP SPR band. They

[14]
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also showed that microenvironment of P123 micelles substantially modifies after
nanoparticle formation. Bhattacharya and co-workers shown that size variation of the
hydrophilic corona region of block copolymers made with P123 and F127 surfactants
is the prime factor for NSET between the fluorophore (2-anthracene sulfonate, 2-AS)
and AuNPs.”’ By using temperature dependent time resolved measurements they
showed that the probe 2-AS resides in a more compact corona region in P123 micelles,
whereas in F127 micelles, 2-AS resides in less compact region away from the core of
the micelles. They concluded that different location of probe is directly correlated with
NSET efficiency (Figure 1.8b).” Antonisamy et al. further extended the work on F127
micelles and probed NSET between rhodamine B and pluronic F127-Au hybrid, they
shown that strong binding ability (~3.5 x 103 Lmol™") of rhodamine B with F127-Au

nanohybrid plays significant role in NSET process.”!
1.2.5.3 Plasmon fluorophore interaction in reverses micelles.

Reverse micelles (RMs) are nanoscopic droplets of spherical self-assembly
structures of surfactants dispersed in a non-polar solvent. The nanoscopic droplets are
used extensively in synthesis of various nanostructures. Another important aspect is
preferential partitioning property of RMs; when a charged fluorophore is added into the
reverse micellar solution, the fluorophores are partitioned preferably inside the RMs
rather than in continuous non-polar solvent. As both nanostructure and fluorophore
tends to resides inside polar droplet RMs which results a close contact among them and

thus provides a robust system to explore PF interaction.

Although, RM provides suitable medium to study PF interaction however only
a handful of reports are available in literature. Wang et al. probed interaction of
fluorescein with TiO2 NPs inside AOT reverse micellar system.”> They showed that the
presence of TiO:2 nanoparticle results in intense quenching of fluorescein emission.
They attributed the quenching on the basis of electron transfer from excited singlet state
of fluorescein to the conduction band of TiO: nanoparticles. Pramanik et al. used
fluorophore safranine T (SAF-T) to probe PF interaction with AgCl nanoparticles
synthesized insidle AOT RMs.* They showed that SAF-T undergoes emission
quenching when interacts with AgCl nanoparticles and the quenching process is
collisional in nature. Furthermore, they also found that quenching process is correlated

with both concentration and size of the AgCl nanoparticles. In an another study binding

[15]
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capacity of fluorescein was effectively used in synthesis of fluorescent nanoparticles
inside Brij35 reverse micellar solution.”? Jana and co-workers have shown that
polyacrylate coated Ag/Au nanostructures with incorporated fluorescein can be used

for cell imaging and protein detection.*? 74
1.3. MICROEMULSION AND REVERSE MICELLES

The term microemulsion is proposed by Schulman et al. in 19597
microemulsion consists of four (or at least three) components; a surfactant, a co-
surfactant (usually long chain aliphatic alcohols), continuous hydrocarbon phase (oil
phase) and aqueous phase. When oil is dispersed over continuous water phase, oil in
water (o/w) microemulsion is formed and conversely when water is dispersed over oil
phase water in oil (w/0) microemulsion is formed. Reverse micelles or inverted micelles
are subset of water-in-oil (w/0) microemulsions. RMs are w/o microemulsion but not
all w/o microemulsion are considered as RMs.”®77 Levinger and co-workers in their
excellent review paper listed various criteria for a w/o microemulsion to be considers
as a RMs.”” Some of these criteria are overall similar viscosity of the dispersion,
diffusion of individual polar droplets in the dispersion, three phase system, a polar
phase and non-polar phase and interface in between them etc. Most notable parameter
is that the size of RMs droplet. The size of the droplet must depend on the amount of

polar phase.”” "8

Based on the nature of polar phase used, RMs are broadly classified into two
types- aqueous and non-aqueous. Beside water, various other polar phase such as
formamide,””%° DMF3! glycerol,3>% glycols,?%* DMSO,% acetonitrile,’!: 36-%
methanol®® 8894 etc. are tested for RMs forming ability. RMs are used in various
applications, such as, template for nanostructures synthesis,”-*° nanoreactor for organic
synthesis,'-192 altering chemical reaction rates,'*> model for biological systems ® and
so on. Numerous surfactants such as CTAB,!% Triton X,!% Brij30 1% etc. can form
RMs, however most of the studies are predominantly based on aerosol OT or AOT (bis
(2-ethylhexyl) sulfosuccinate sodium salt). Surfactant AOT provides several
advantages over others, for example, RMs without aid of co-surfactant, RMs with water

and other polar compound, sequestered large amount of water etc.!07-110
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1.4. AOT REVERSE MICELLE

1.4.1. Structure and properties AOT reverse micelles

Numerous studies (both theoretical and experimental) have shown that AOT
reverse micellar structure is comprising at least of four regions- a polar core (water
pool), an interfacial layer, surfactants assemblies and the exterior non-polar solvent or
bulk continuous phase (Scheme 1.2).81 90, 107 111-115 Ty 1989 Maitra and co-worker by
using FTIR measurements reveals presence of various types of water molecule inside

water/AOT/isooctane RMs.!10

4
o O

Il_0®
o

Scheme 1.2: Schematic representation of AOT molecule and AOT reverse micelle.

Reverse micelles composed of at least four regions, (1) central water pool, (2)
interfacial regions with trapped water molecule, (3) layer of surfactant and (4) bulk

continuous phase (reproduced with permission).'!’

The interfacial layer is composed of self-assemblies surfactant molecules
attached by non-covalent interaction and hence interfacial layer is microscopically
labile. The labile nature of interfacial layer is reported for both aqueous and non-
aqueous reverse micelles.®!> 18119 The confined water of RMs shows very different
properties than bulk water. '2° The water pool of AOT RMs displays a unique pH
independent behaviour. The pH of the internal water pool is relatively less sensitive
with respect to externally added acid or base.'?! A number of studies have shown that
water pool of AOT reverse micelles behaves as a buffer for a wide range of bulk pH (2-
12).113:122 Moreover, it is also possible to control the size of the water pool by changing

wo values, the ratio of aqueous to surfactant concentration (wo = [water]/[surfactant]).8!"

[17]
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123 For AOT reverse micelles, hydrodynamic radius of reverse micelle (r3,) is correlated

to wo ([water]/[AOT) as follows !>
1, = 0.5wg + 1.0 (1.6)

As seen from above equation hydrodynamic diameter of RMs can be tuned

easily by varying wo value of the dispersion.
1.4.2. Transition of reverse micelles to bi-continuous microemulsion

RMs are dynamic assemblies of surfactant molecules that undergo frequent
collision with one another due to Brownian motion. The collision leads to the formation
of various soft dimer of RMs that subsequently breaks aparts.””- 123 Dynamic nature of
RMs facilitates numerous processes, which take place in different time scales (from
picoseconds to milliseconds time domain). Fast processes such as alkyl chain motions
in the aggregates, tumbling of the whole droplet, exchange of co-surfactant between
aggregates and bulk, exchange of surfactant between aggregates and bulk water etc.,
take place in a timescale from a few ps to 100 ns.'?® On the other hand, slow processes
such as droplet coalescence, aggregates clustering, change of film curvature etc., occur

within ps to ms time domain.'?¢

Although numerous processes are responsible for regulating the structure of
RMs aggregates, however droplet percolation and droplet coalescence/de-coalescence
are assumed to be two major processes by which structural transitions may takes place.
When an organized RMs aggregates are converted into continuous aggregates, a sharp
increase in the conductivity of the solution is noticed. The increase in conductivity
implies that charge transport properties of the solution drastically modifies. Such
enormous jump in the conductivities are explained by assuming two possibilities. First
possibility is formation of at least one continuous path type structure (called as bi-
continuous structure) inside microemulsion that facilitate charge transport and the
second possibility is attractive interaction of between the droplets inside microemulsion

that results in generation of hopping charge across the surfactant layer.5!- %

[18]
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Figure 1.9: Schematic representation modification of microemulsion structures from
w/o droplets to o/w droplets with increase in the amount of water content (wo). Note
that there is an intermediate phase where oil and water together known as bi-continuous

phase (reproduced with permission). %7

A number of reports suggest that RMs type structures can be transformed into
bi-continuous microemulsion (BMC) type structures by varying a variety of parameters
of microemulsion. Some of the parameters are molar ratio of polar component to

surfactant (ws),!?8-13% temperature, 3! salinity,'3? external additives, '3

etc. For example,
Solans et al. have shown that with gradual increment in the aqueous component
promotes structural change in w/o microemulsion as shown in Figure 1.9. >’ The
spherical w/o droplets are gradually converted into o/w droplets and the intermediate is
a continuous phase where both the oil and water are in equilibrium called as bi-

continuous phase.

Scriven et al.'** have introduced the concept of bi-continuous structure (oil or
water channels inside microemulsion) in 1976, thereafter numerous studies are
performed on these structural assemblies. As the name bi-continuous, it suggests that
both the oil and water is in continuous phase. BMC is also called as “sponge” type
structure as it exhibits similar properties like the material sponge (by assuming a
continuous phase of liquid that remains trapped within the material sponge). Lindaman
et al. demonstrated existence of bi-continuous structure inside microemulsion by using
NMR.!3 In order to visualize the BMC structure several structural models such as
layered structures, disordered open connected structure, voronoi polyhedron, extended

structure fluctuation etc. has been proposed.!3°
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A number of studies indicated that spherical RM structure are transformed into
BMC type structure by varying molar ratio of surfactant and polar component (wo or
ws). For example, Liu et al. have investigated the structure of water/AOT/n-heptane
microemulsion by using conductivity measurements a function of wo value.'?® They
have shown that conductivity of the solution increase rapidly up to wo~15; thereafter,
with further increase in the wo value the conductivity of the solution becomes steady.
The interaction between the droplet results in the increase of conductivity of the
solution (below wo ~ 15). Thereafter, with further increase in the wo value droplets
reaches to a threshold limit and aggregates among themselves. Droplet aggregation
results in formations of a continuous path (BMC structure) which results in the steady
alteration in the solution conductivity. Yu et al. studied the structural transition
behaviour of AOT analogues surfactant bis-(2-ethylhexyl) phosphate (NaDEHP) by
using various scattering and spectroscopic methods.'*® They have shown that transition

point for water/NaDEHP/n-heptane RMs is located at wo ~ 4.

However, for non-aqueous microemulsions only handful of studies are available
in literature. For example, Moore et al. studied a number of non-aqueous microemulsion
by using solvatochromic probe auramin O. They suggested that most of the non-
aqueous microemulsion displayed a structural transformation from RM to BMC after a
specific ws.!3” They also shown that the nature of the non-polar continuous phase also
plays a prominent role in RM to BMC transition. A number of reports suggested
MeOH,’!%? formamide®® and ethylene glycol'3” microemulsion exhibits transitional ws

values ~6, 2 and 1.2, respectively.
1.5. AOT REVERSE MICELLES AS NANOREACTORS

A number of physical and chemical methods are used in synthesis of metal
nanostructures.'*® However, majority of synthesis methods are unable to fulfil two
essential requirements, smaller size and narrow size distribution. RM mediated
synthesis is a very specific method that produces precise size and narrow size
distribution. In order to illustrate different aspects of the reverse micellar mediated
synthesis, a number of review articles are written and thus a brief overview is only

presented.”’- 13%-142

The hydrophilic cavity of RMs has been known since 1960s, however novel

application of these cavities as a scaffold for nanomaterial synthesis emerges very
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lately. Boutonnet et al. in the year 1982 has demonstrated the application of these
cavities as a template by synthesising Pt, Pd and Ir nanoparticles. 143 Thereafter varieties
of MNPs ( Ag, 0% 144147 Ay 74,148 Cy 149-151 Py 152-153 N[jIS4155 pd| 143, 153C155 etc.), bi-
metallic NPs (Ag-Au,'® Ag-Cu,'>’ Au-Pt,!8 Pd-Au,'> Pd-Ir,'>° Pd-Ru,!* Pd-Pt,!> Pt-
Ru,!3%160 etc.), metal oxide NPs (ZrO2,'s! TiO2,'%!, NiMnO3,'%> Ge,'6* Si0»,'%*
Fe203'% etc.) are synthesized. To the best of our knowledge, Barnicke et al. for the first

time in the year 1989 reported AgNPs synthesis via reverse micellar route.”®

AOT reverse micellar method offered several advantages over other methods
such as it is very simple, varieties of materials can be produced, reactions can be
performed in room temperature, no sophisticated instrumentations is required, high
degree of crystallinity of synthesized nanoparticle and so on. Moreover, control over
particle size, aniosotropy, shape, uniformity, reproducibility are additional advantages
compared to other chemical methods of synthesis and hence termed as tailor made
synthetic method of nanoparticle. The most important aspect of RMs mediated route is
that size of the MNPs can be easily tuned by changing wo value of the reverse micellar
solution (see Equation 1.6). Moreover, a significant correlation exist in between size
and shape of initial reverse micellar droplets with the synthesized nanostructures.
Ganguli and co-workers have studied shape transformation of reverse micellar droplets
and its templating effect on nanoparticle growth.!3% 1% They used a range of
characterization techniques to monitor the nanostructure growth at (near) the single-
droplet level and in an ensemble. They have shown that droplet fusion rate plays a

distinctive role and directly control the nanorod growth in microemulsion solution.
1.5.1 General synthetic procedure

The synthetic procedure for nanoparticle formation inside reverse micelles follows
two distinct routes, single and double microemulsion as shown in Scheme 1.3, 133-136
Single microemsulion method is further divided into energy triggering and single
microemulsion plus reactant methods. In energy triggering, external pulse or stimuli is
used to initiate nucleation whereas single microemulsion plus reactant method
nucleation is initiated by adding reducing agent. Single microemulsion method is
diffusion controlled process as reactants has to diffuse through reverse micellar
interface for recation.’?® In the double microemulsion method, one microemulsion

containing soluble metal precursor is mixed with another microemulsion containing
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reducing agents. Upon mixing, both metal precursor and reducing agent reacts and
tigers the nucleation followed by growth. During the growth process, surfactant layer
is attached to MNPs surface.!3*!3¢ This attachment provides stabilization and hinders
further growth. Moreover, steric barrier of surfactant over-layer provides additional

stabilization and thereby prevents nanoparticle coagulation. '’

_ 5

Add reactant B or
reaction triggering agent

Microemulsion with reactant A Diffusion of reactant B across
microemulsion interafce or triggering agent
initiates nucleation process

One microemulsion method i
Microemulsion with reactant A -_'-:‘.:.. ,.:.. 3 )

A:Ilision and coalesceence of droplets
by intermi

Microemulsion with reactant B

Growth resulting in nanoparticles
Two microemulision method formation

Scheme 1.3: Schematic representations of various steps involve in the synthesis of

nanoparticles via (a) one microemuslion method and (b) two microemuslion method.
1.5.2 Optical properties of AgNPs synthesized by AOT microemulsion route

As discussed in the Section 1.2.5.3, reverse micellar system provides several
advantages for PF interaction. However, the main hurdle associated with AOT reverse
micellar based approach is the poor optical quality of SPR band of the MNPs, especially
for AgNPs. By “optical quality”, we imply the strength and sharpness of the SPR band.
A large bandwidth may limit its spectroscopic application, especially, when another
absorbing species is present in the dispersion.!4”- 18 The optical qualities of AgNPs
synthesized via various AOT microemulsions routes is summarized in Table A.1.1 in
Appendix. Here I also try to tabulate the effects of various parameters and reaction
conditions in generation of AgNPs SPR. As seen from Table A.1.1, most of the
reported methods demonstrated weak and broad SPR band having a maximum ~400
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nm. Moreover, Table A.1.1 is also suggested that FWHM (full width at half maxima)
of SPR depends on several factors such as concentration of metal precursors, 99170
concentration of reducing agent, 0% 168 171-173 reaction time, ' 173174 type of reducing
agent used, %% 18 wo value,'%%-17%- 175 type of continuous phase,!?® 172 types of RMs

(aqueous or non-aqueous), '"*17°AQOT concentration,!”” pressure. !”!
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Figure 1.10: Comparison of optical quality of the AgNPs SPR band at wo= 10 by the
work of (a) Petit et al. '% with (b) Bagwe et al.'”> work. Petit et al. used NaBHa
reduction in NaAOT by using(— — —) silver nitrate and (-) silver sulfosuccinate as silver
precursor, [AOT]ww = 0.1 M; [AgNO3] = [AgAOT] = 10° M, [NaBH4] = 10+ M.
Bagwe et al. used NaBH4 reduction in NaAOT by using silver nitrate as a precurssor,
[AgNOs3] = 1.8x10 M, [NaBHi4] = 9x10* M in presence of different surfactant

additives (reproduced with permission).

From Table A.1.1, it is apparent that the optical quality of AgNPs reported by
Petit et al. is the best among the AOT-based methods till date, as shown in the Figure
1.10.'% However, they used functionalized surfactant, Ag-AOT instead of commonly
available Na-AOT. They used a mixture of 30% Ag-AOT and 70% Na-AOT for RM
formation. Ag-AOT also served as source of Ag® precursor apart from its role in
formation of reverse micellar interface. They suggested that solubility of the metal
precursor plays a decisive role in overall optical quality. As AgNOs is poorly soluble in

the reverse micellar media than Ag-AOT and therefore the optical quality is inferior
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when AgNO:s is used as a precursor. On other hand, Bagwe et al. have shown that it is
possible to synthesis high optical quality AgNPs by using AgNOs3; (without
functionalized Ag-AOT) as a precursor.!”?> They achieved high optical quality simply
by adding a co-surfactant (NP-5 surfactant) to water/AOT/n-heptane RMs. They
suggested that the NP-5 molecule which acts as a co-surfactant brings the fluidity of
reverse micellar interface and results in increase of collusions between the RMs
droplets. Increase in the collusions results in the formation monodisperse AgNPs and
hence sharper SPR.!7? Another interesting aspect of these two studies is that both of
them used same reducing agent (NaBH4) and same wo value (wo = 10) for AgNPs

synthesis.

1.5.3 Correlation of SPR band with particle size in AOT microemulsion system
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Figure 1.11: Spectra showing (a) a relation between of SPR bandwidth with particle
diameters synthesized by AOT microemuslion route using NaBHs4 and N2H4 (hollow
circle) as reducing agents. The dash line represents Mie simulation curve. (b) Variation
of SPR peak with wo values of AOT microemulsion. ' Note that a blue shift in SPR

maxima is noticed with increase in wo values (reproduced with permission).

There is a nice correlation exists between the size of the nanoparticle and
corresponding SPR bandwidth. Moreover, from SPR band and it is possible to gets a
rough estimate of nanoparticle size. For example, Petit et al. have estimated the size of
AgNPs from the width of the AgNPs SPR spectrum.!” In fact, they showed that a direct
relation is exists between the full width at half maximum (FWHM) with AgNP
diameters. In order to establish this, they first simulated AgNPs SPR band with the help

of Mie theory (see Section 1.1.3) and then correlate it with the nanoparticle size (from
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TEM measurements). The AgNPs synthesized by various reducing agents (NaBH4 or
N2Hs) are taken in the calculation (Figure 1.11a). The AgNPs synthesized by N2Hs
reduction shows crystal defects, which in turn result in the significant interaction with
the surrounding medium and results in inferior optical quality compared to NaBH4

reduction.

Usually, it is assumed that progressive increase in size of nanoparticles should
lead to a continuous red shift in AgNPs SPR (Section 1.1.4 and Figure 1.2). However,
exceptional behaviours of SPR (blue shifting of SPR peak with increase in size) is well
reported in literature. For example, Petit et al. have shown that with increasing size of
AgNPs, instead of expected red shift a clear blue shift in SPR is noticed (Figure
1.11b).'% They explain this unusual behaviour based on interaction surfactant with
nanoparticles; strong interaction leads to blue shift whereas weaker interaction leads to
red shift. On the other hand, Henglein et al. have shown that change of electron density
around AgNPs can also influence the SPR maximum.'”® When excess electron density
accumulation occurs around nanoparticle, Fermi level shifts to more negative side
which results in the blue shifts. Below 20 nm size, extinction spectra of AgNPs depends

on total nanoparticles concentrations but not entirely on the particles size.'”

1.6. PROBING OF AOT REVERSE MICELLAR INTERFACIAL LAYER
BEFORE AND AFTER NANOPARTICLE FORMATION

As discussed in Section 1.5, due to elegant structural organization RMs act as
nanoreactor for synthesis of varieties of MNPs. However, reverse micellar assemblies
are hold merely by non-covalent interactions and hence termed as “soft template”.
Therefore, formation of nanoparticles inside the soft template may induce significant
changes in their structural organizations. However, the details of the structural change
of interfacial layer associated with the nanoparticle formation are not clearly understood
until date. Techniques such as DLS and TEM usually estimate the size and the
morphology of the nanoparticles but extracting information regarding the interfacial
layer is not straightforward. In fact, the physical properties inside a surfactant assembly
itself are much different from bulk properties. Do the physical properties of the
surfactant assemblies alter upon nanoparticle formation? Such information is valuable
for understanding the growth process, extraction methodology and more importantly,

for synthetic developments and technological applications of the nanoparticles.
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Figure 1.12: Schematic representation of probing of AOT reverse micellar interface
before and after AgNPs formation inside (a) non-aqueous ethylene glycol and (b)

aqueous reverse micelles (reproduced with permission).'43: 163

Very recently, Sarkar and co-workers have initiated some interesting works
regarding this topic (Figure 1.13).!47- 168 They have used solvatochromic fluorophores,
coumarin 153 (C153) and coumarin 480 (C480) in probing reverse micellar interfacial
layer before and after nanoparticle formation. One of their first study, AgNPs were
synthesized using glucose reduction method inside water/AOT/n-hepatne RMs at wo =
4 and probed the system with fluorophore C153.'47 They found that both the average
fluorescence anisotropy (<t>) and average solvation dynamics (<t>) become slower
after nanoparticle formation. They suggested that probe C153 experiences more
restricted environment inside the AgNP-perturbed RMs compared to the unperturbed
RMs. In a subsequent study, AgNPs were synthesized inside non-aqueous ethylene
glycol/AOT/isooctane RMs at wo = 1 and 2 and used C480 as a solvatochromic
fluorophore.!”® Unlike their previous study, <t~ and <t> follows anomalous trend,
<t> becomes faster and <t> becomes slower when the system changes from RMs to
AgNP-RMs. They attributed this unusual trend to differential perturbation of ethylene
glycol RMs compared to aqueous RMs. In another work water/AOT/n-heptane RMs
synthesized AgNPs inside at two different wo values (4 and 8) using mild (glucose) and
strong (NaBH4) reducing agents and probed the system with C480.!%® They found that
reverse micellar aggregated structures were present after the nanoparticles formation in
a perturbed state. Nanoparticles inside the reverse micellar core were responsible for
this perturbation. Larger size nanoparticles produce by stronger reducing agent
(NaBHa4) triggering larger perturbation than the smaller size produce by weaker

reducing agent (glucose) at same wo value.
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1.7. OBJECTIVES OF THE THESIS

Synthesis of superior optical quality AgNPs is desirable for both fundamental
and application point of views. Reverse micellar type microemulsions are advantageous
in synthesis of MNPs and also provide suitable environment for effective plasmon-
fluorophore interaction. However, the main drawback of reverse micellar approach was
the poor optical quality of the MNPs, especially for AgNPs. In this thesis, AOT
microemulsion based synthesis routes has been explored for generation of AgNPs with
high optical qualities. Several reducing agents were tested and it was found that mild
reducing agent ascorbic acid has the ability to produce high optical quality AgNPs in
room temperature. Effects of reducing agents, water to surfactant ratio (wo),
concentration of reducing agents etc. were explored thoroughly. The applications of
superior optical quality AgNPs were tested in probing modifications in the reverse
micellar interface after nanoparticle formation and in designing a facile system to study
plasmon-fluorophore interaction. Thereafter, usefulness of this method was extended
for generation of AgNPs inside non-aqueous medium. It is observed that acetonitrile
microemulsion provides suitable template. However, the structure of template itself
debated in literature. Hence, first the structure of template was studied using a
fluorophore and then AgNPs are synthesized within it. The non-aqueous AgNPs

exhibits several interesting properties that were thoroughly investigated in the thesis.
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CHAPTER 2: MATERIALS, METHODS AND INSTRUMENTATION

This Chapter presents an outline of the material used and the procedures that
are followed in sample preparation and specification of various instruments such as
UV-visible spectrophotometer, steady-state spectrofluorometer, time correlated single
photon counting, dynamic light scattering, transmission electron microscope etc. are
used in the experiment. Tricky synthetic protocol will be presented in the respective
Chapters.

2.1. MATERIAL

2.1.1. Fluorescence probes

Throughout the work a number of fluorescent probes such as coumarin 343
(C343), coumarin 480 (C480), fluorescein (FL), safranin O (SAF) and 4-
aminophthalimide (4-AP) were used. All probes were purchased from Sigma-Aldrich

Chemicals and used as received.
2.1.2. Surfactant and chemicals

Bis(2-ethylhexyl) sulfosuccinate sodium salt (Aerosol OT or AOT) was
purchased from Sigma-Aldrich Chemicals. AOT was dried overnight at 80 °C in an
oven before performing each experiment to remove any adsorbed moisture. Sodium
hydroxide and hydrochloric acid was purchased form Merck chemicals and used in pH

adjustment.
2.1.3. Solvents

Throughout the work, n-heptane was used as a bulk solvent in RMs formation
and purchased from Merck (UV spectroscopic grade). Aqueous RMs were generated
using ultra-pure millipore water with resistivity (~18.2 MQ cm). Non-aqueous
acetonitrile RMs were prepared by using specially dried acetonitrile obtained from

Merck chemicals.
2.1.4. Metal precursor and reducing agents

High quality (99.9999%) silver nitrate (AgNO3) were purchased from Sigma-
Aldrich. Throughout the studies, AgNO3 was used as a metal precursor. Reducing
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agents such as L-ascorbic acid (AA), sodium borohydride (NaBH4), hydrazine hydrate
(N2H4.H20, 99-100%) were obtained from Sigma-Aldrich.

2.2. METHODS
2.2.1. Preparation of aqueous reverse micelles

AOT stock solution with concentration ~90 mM was prepared by weighing the
solid AOT and dissolving in the bulk solvent (n-heptane). In order to dissolve AOT
completely and to get a clear solution, the AOT/heptane mixture was vortexed for 10
minutes followed by shaking. Reverse micellar solution in absence of any polar
component is termed as dry RMs (or wo = 0).!!2 180 RMs with various wo was prepared
by injecting requisite amount of water in the AOT/heptane solution using a calibrated
micro syringe. After addition of water, the RM solution was vortexed for 5 minutes.
Amount aqueous part present in the solution was expressed as the molar ratio of
aqueous to AOT concentration and designated as wo; where wo= [water]/[AOT].
2.2.2. Preparation of acetonitrile reverses micelles

Above procedure was repeated in order to generate acetonitrile/ AOT/n-heptane
RMs. Except in place of water, acetonitrile was added to the AOT/heptane mixture.
Amount acetonitrile present in the solution expressed as the molar ratio acetonitrile to
AOT concentration and designated as ws, where ws= [ acetonitrile]/[AOT].

2.2.3. Preparation of reverse micellar solution containing various fluorophores

For Chapter 4, reverse micellar solutions at wo= 2, 6, 10 were prepared by
adding requisite amount of water into 0.09 M AOT/n-heptane mixture. To incorporate
the probe into the reverse micellar solution, a stock solution of either C343 or C480 in
ethanol was prepared and spread in a 5 ml glass vial and is allowed to evaporate
completely. Then, the residual C343 or C480 was re-dispersed in 3 ml of the pure RM
solution. In all experiments, the concentration of the C343 was kept at ~10 uM. For
Chapter 5, RM solution was prepared at wo = 6. To incorporate the charged
fluorophores, fluorescein (FL) and safranin O (SAF) into RM system similar process
was followed. The concentration of fluorophores was kept at ~1 uM. For Chapter 6,
acetonitrile RM solutions were prepared by adding requisite amount of acetonitrile into
0.09 M AOT/n-heptane mixture. To incorporate probe 4-AP above process repeated,
concentration of the 4-AP was kept at ~5 uM. AgNP containing reverse micellar

solution having probe were prepared just by replacing RM with AgNP RM.
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2.2.4. Synthesis of silver nanoparticles in AOT reverses micelles

For synthesis AgNPs, a stock solution of silver precursor and reducing agents
were prepared. Both the precursor and reducing agent concentrations were adjusted in
such a way that they become fully soluble in their respective polar content as well as
after reverse micellar incorporation. The final concentrations were calculated by
considering the total volume of the solution. Precursor and reducing agents were mixed
together in different proportion for synthesis. The synthesis protocol is specific and
diverse for different reverse micellar solution and will be discussed in respective

position of studies.

2.3. INSTRUMENTATION
2.3.1. Steady state absorption spectroscopy

Steady state absorption spectroscopy is one of the most widely used
spectroscopic measurements technique which gives valuable information about
transition wavelength and consequent molar extinction coefficient of a chromophore.!*:

181 The absorption spectroscopy is represented in a simplified manner as
A=¢&Cl=log 2.1)

Where A is absorbance (or optical density), € absorptivity or molar extinction
coefficient, C concentration of the chromophore and / path length of the medium, I,

and I are intensity of incident and transmitted radiation, respectively.

All the experiments were performed with Perkin-Elmer Lamda-750
spectrophotometers comprising of double holographic grating monochromator, a

deuterium tungsten and halogen light source and a very sensitivity R928 PMT detector.
2.3.2. Steady state emission spectroscopy

Emission spectroscopy is broadly divided into two sections, steady state
emission spectroscopy and time resolved emission spectroscopy. In steady state
measurements, samples is illuminated with a continuous light source (xenon arc lamp)
and respective emission profile is recorded with diffraction grating monochromator.'®
182 Steady state spectrum represents an ensemble average after completion of most of

the excited state dynamics.'® 18! Whereas in time resolved measurement, a pulsed light
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source (laser diodes) is used to monitor the decay profile of an emission with very fast
detecting systems. In all the experiments, steady state emission and excitation spectra
were recorded by using Jobin-Yvon Fluoromax4 spectrofluorometer comprising of 150
W xenon arc lamp. Both emission and excitation spectra’s were recorded with quartz
cuvette having 10 mm path length. In order to minimize the inner filter effect in Chapter
4, both emission and excitation spectra’s were also taken in a glass capillary
(Hirschmann® melting point determination tubes, Aldrich) of 0.8 mm internal diameter.
Emission spectra were recorded at right angle geometry i.e. an angle of 90° with respect

to the path length of incident light while emitted photons are detected by R928P PMT.
2.3.3. Time resolved spectroscopy

The time resolved spectroscopy is used to resolve various component present
the entire steady state emission spectrum. The minute details of any excited state
processes can be identified by measuring the intensity decay profile by using time
correlated single photon counting (TCSPC) technique.!® 77 TCSPC is a standardised
system for fluorescence lifetime measurements having resolution from picoseconds to
millisecond domain. Depending on light source and sensors present in the instrument,
lifetime of various probe can be easily determined. Throughout the work, TCSPC
measurements were performed on two different TCSPC instruments; LifeSpec II from
Edinburgh Instruments and Ultrafast-01-DD from Horiba instruments. Several pulsed
laser light source such as LDH-P-C-405 (picoQuant), DeltaDiode-375L, 405L and
510L etc. were used in the studies. The full width at half maximum (FWHM) were
adjusted ~100 ps for the both the instruments.

2.3.3.1. Deconvolution of decays

After an excitation laser pulse an emission pulse is generated, however majority
of fluorophores exhibits comparable lifetime with laser source. Consequently, the
generated pulse become convoluted, in spite of only emission pulse, the decay contain
mixture of both excitation and emission pulses. Hence, deconvolution procedure is
performed in order to extract the lifetime from convoluted decay and integral of

convolution represented as

N = [ LOIE -t 2.2)
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Where L(t) instrument response time (prompt), [(t) convoluted intensity
decay, N(t) the observed decay, t is denoted as changeable time delay (number of

channels) and channel width denoted as dt.

Various deconvolution procedures'®3!88 are followed to extract I(t) from L(t),
however least square method still retains the popularity.'®* In least square method, first
excitation pulse (lamp profile) is taken followed by mixing with generated decay profile
to form a new re-convoluted data set. Now with experimentally observed data set this
new data is compared and the difference in between them is summarized and thereafter

2 is generated. The whole process is repeated numerous times until infinitesimal

X
change in ? is noticed in between successive iteration. The goodness of fit is denoted
by x? value, usually x? < 2 denotes a good fit. Decay deconvolutions were performed
with a software programme that is provided with the instrument. FAST and DAS6

programmes were used for deconvolution analysis.
2.3.4. Fluorescence anisotropy

Fluorescence emission with dissimilar intensity depending on axes of
polarisation is defined as fluorescence polarisation or fluorescence anisotropy.'®
Anisotropy measurements are extensively used in biomedical research, protein
dynamics, diagnostic purposes, probing micro heterogeneous media such as micelles
and RMs etc.!819.37.97. 182 The fluorescence anisotropy are broadly categorized into two

section; steady state anisotropy and time resolved anisotropy.

Under continuous light irradiation, steady state anisotropy (f) is denoted as'® 182

189

(2.3)

Where [ and [, is intensity of polarized emission in parallel and perpendicular
direction with respect to the electric field vector of a polarized light. I and I, is

alternatively represented as Iyy and Iyy , where V and H represented as vertical and
horizontal orientation of polariser and total fluorescence intensity is represented as ;| +

21,.
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Steady state fluorescence anisotropy were recorded with Horiba Fluorolog and

Jobin-Yvon Fluoromax4 spectrofluorometer.

The instantaneous or time resolved anisotropy denoted as

§(e)—iy(t)
i (6)+21,(t)

r(t) = (2.4)

Where i;(t) + 2i(t) is total time resolved emission intensity. Based on the

instrument parameters and sensitivity of PMT, the detector channels are corrected by a

correction factor called G factor and denoted as

§()—=Gi ()
i)(£)+G2i ()

r(t) = (2.5)

G factor is the ratio of detector sensitivity in horizontal and vertical direction.!'*

For an isotropic single emitting species, anisotropy r(t) follows single

exponential kinetics with rotational correlation time (tr) as

r(t) = roexp(=t/7) (2.6)

For a mixture of emitting species, r(t) becomes multi exponential as
r(t) =10 £ B exp(—t/7,) 2.7)

Where B;and ri is associated with total depolarisation and corresponding

rotational correlation time, respectively.
2.3.4.1. Time resolved fluorescence anisotropy measurements and analysis

Anisotropy decays were taken LifeSpec II and Ultrafast-01-DD TCSPC
instruments with various laser light sources. To measure r(t), the analyser were turned
at regular intervals and parallel (I}) and perpendicular (I,) components were collected
separately and thereafter by using Equation 2.5 anisotropic curve was constructed.
Each time prior to the experiment G factor were calculated by dissolving the respective

fluorophores in respective bulk solvents. The anisotropy decays were analysed with

FAST and DAS6 programme.

2.3.5. Construction of time resolved emission spectra and solvation dynamics
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Fluorescence transients of different fluorophores were recorded at 10 nm
wavelength intervals across the entire steady state spectrum thorough our TCSPC
setups. Decays were measured at magic angle (55°) with respect to the analyser. The
spectral reconstruction protocol of Maroncelli and Fleming!®! were followed in
construction of time resolved emission spectra (TRES) and spectral modification on
TRES was performed to generate time resolved area normalized spectra (TRANES).

Solvent correlation function C(t) was generated from TRES profile.

The solvent correlation function, C(t) were calculated by using equation

_ V(D)
CO =Yg (2.8)

Where v(0), v(t) and v() are the emission frequencies at time zero, t and

infinity, respectively.
The generated C(t) data were fitted with exponential function
C(t) = X;oiexp(—t/z5,) 2.9)
The average solvation time was calculated as
< 7o >= 04T (2.10)
Data fittings were performed with Igor pro and origin programme.
2.3.6. Quantum yield estimation

Followed by absorption of light, the excited molecules disperse the absorbed
energies through numerous processes such as vibrational relaxation, solvent relaxation,
internal conversion, intersystem crossing, emission or nonradiative de-excitation etc.!”:
77, 182 Quantum efficiency or quantum yield is the efficiencies of above processes.
Quantum yield (¢r) is defined as the number of photons emitted to the number of

photons absorbed

__ Number of photons emitted

b @2.11)

" Number of photon absorbed

Quantum yields are calculated by taking a suitable reference with help of

following equation as
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1 Agn?
Q=0r; -3z (2.12)

nR

Where, Q is the quantum yield, / denotes to the integrated fluorescence
intensity, A stands for absorbance and n is the refractive index of the solvent. The un-
subscripted letters and the subscript “R” represent the sample and reference,

respectively.

For Chapter 5, fluorescein in 0.1M NaOH (Q = 0.95) and safranin O in
acetonitrile (Q = 0.24) was taken as reference.'*>'>3 For Chapter 6, 4-AP in acetonitrile
(Q = 0.63) was taken as a reference.'!?

2.3.7. Dynamic light scattering

DLS measurements were performed in Malvern Nano ZS 90 instrument using
50 mW DPSS laser. The He-Ne Laser (A = 632.8 nm) was used as excitation source.
The scattering was collected at a fixed angle of 90°. The solutions were filtered with
PTFE syringe filters having 0.2 um pore size prior to DLS measurements. Around 1 ml
of sample was taken on a thoroughly rinsed dust free quartz cuvette having 10 mm path
length. Cumulant (or Z-average) size and peak size (or distribution size) were calculated
by taking an average of 50 scans of the respective microemulsion sample. In DLS,
diffusion coefficients of particles are first measured with autocorrelation function of the
scattered light followed by estimation of hydrodynamic diameter through Stokes-
Einstein equation. Usually two different algorithms were used in determination of
average size and peak size. [ISO 22412:2008 method was used in determination of Z-
average by force fitting initial portion of the correlation function with single
exponential decay (usually initial 10% of the intercept). On other hand distribution
analysis was done by regulation techniques such as NNLS or CONTIN by fitting

correlation function to longer time i.e. a large number of data has to be fit.
2.3.8. Transmission electron microscopy

TEM measurements were carried out in a JEOL JEM 2100 electron microscope
operating at a maximum accelerating voltage of 200 kV. TEM samples were prepared
by spreading a drop of the AgNP dispersions into a copper grid coated with carbon and
allowed it dry. TEM images were analyzed by Image-J software with PSAr12 plugin;

the mean and standard deviations were calculated by taking 500-600 particles.
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#This work has been published in J. Colloid. Int. Sci. 2014, 413, 37-42.
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CHAPTER 3: A FACILE SYNTHESIS OF HIGH OPTICAL QUALITY SILVER
NANOPARTICLES BY ASCORBIC ACID REDUCTION INSIDE AOT
REVERSE MICELLES

3.1. INTRODUCTION

AOT microemulsion is used as a lucrative nano-reactor for synthesis various
MNPs (Section 1.5). Although, extensive studies are performed about AgNPs synthesis
inside AOT-microemulsion cavity, however the problem associated with poor optical
quality is rarely addressed. In most of the recent studies, a weak and broad SPR bands
is observed having a maximum ~400 nm (see Table A.1.1 in Appendix).'44 147, 168, 194-
195 This Chapter is focused on developing a new facile synthesis route to produce high

optical quality AgNPs.

Ascorbic acid (AA) is used as a reducing agent to reduce silver nitrate inside
water/AOT/n-heptane RMs at room temperature. AA is a naturally occurring biological
compound having mild reducing character and good solubility in water, but normally
considered as too weak to reduce silver (or gold) salt at room temperature.'4® 196-197

However, AA becomes effective at elevated temperature,'*®

or in the presence of a
catalyst. Yang et al. demonstrated that silver nanoclusters (AgNCs) can catalyse the
reduction of Ag" by AA at room temperature.'”’” AA is used as a secondary reducing
agent for gold or silver nanorod synthesis by “seed-mediated-growth” method, where
the “seed” (preformed AgNPs produced by another reducing agent) catalyses the
reduction of metal ions in the growth stage. '°% 1°° There are very few reports on direct

reduction of metal ions by AA,'#8 200201 an( to the best of our knowledge, this is the

first synthesis of AgNPs using AA as a reducing agent in RMs.

Another important consideration for the microemulsion route is that the size and
colloidal stability of RMs are often sensitive to external additives.?? Sarkar and co-
workers reported that precursor loading increases the size of RMs even before the

formation of any nanoparticles.'4’

Hence, methods that are effective at very low
concentrations of precursors are desirable to ensure colloidal stability of AgNPs
containing microemulsions. Here very low concentrations of both the silver salt (0.3
mM) and the reducing agent (<0.1 mM) is used to circumvent this problem. Despite
using very low concentration of the precursors still intense SPR is observed which

makes this study unique and rather innovative. As discussed in the Section 1.5.2, the
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optical quality of AgNPs reported by Pileni and co-workers may be the best among the
AQOT-based microemulsion methods till date however we will show that our method

produces similar SPR band despite using ordinary AOT (sodium salt).!%
3.2. SYNTHESIS OF SILVER NANOPARTICLES

A 90 mM AOT/n-heptane solution is prepared by dissolving required amount
of AOT in 5 ml n-heptane. The aqueous solution necessary to sustain the requisite wo
is added in two equal parts; one containing AgNOs3 solution and another containing AA
solution. The silver nitrate and AA solutions are injected successively into the
AOT/heptane mixture followed by shaking in a vortex mixer to form a homogeneous
solution. The overall silver nitrate concentration is fixed at 0.3 mM, while the AA
concentrations are varied at 0, 0.01, 0.05, 0.10, 0.20 mM. Upon addition of AA solution,
bright yellow to reddish colour gradually develops thereby indicating the formation of
AgNPs.

3.3. RESULTS AND DISCUSSION
3.3.1. Effect of ascorbic acid

Figure 3.1 represents the absorption spectra of the AgNPs formed at various
concentrations of AA at wo= 2,6 and 10. It is evident from the Figure 3.1 that with
increase in the AA concentration, the SPR band becomes more intense and the colour
of the solution gradually darkens light yellow to dark brown. Note that this synthetic
protocol is effective even at the lowest concentration (0.01 mM) of AA, as seen by a
prominent SPR band and the visible yellow coloration of the solution (insets of Figure
3.1). As seen from Figure 3.1, the optical quality of the sample is comparatively best
for 0.10 mM AA. At this concentration, the SPR band is intense and sharp with
negligible absorption at higher wavelength region. With further increment in the AA
concentration, the optical density of SPR band increases, however the spectrum
displays an additional tail up to 800 nm may be due to agglomeration of AgNPs into

larger sized particles.

[42]
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Figure 3.1: The UV-Vis spectra of water/AOT/n-heptane reverse micellar systems at
wo= 2,6 and 10 containing different additives- (a) water, (b) 0.3 mM AgNOs3, (c) 0.3
mM AgNOs and 0.01 mM AA, (d) 0.3 mM AgNOs and 0.05 mM AA, (e) 0.3 mM
AgNOsz and 0.10 mM AA, and (f) 0.3 mM AgNO3 and 0.20 mM AA. All concentrations
represent the overall concentration. The inset represents snapshots of these solutions

when viewed under ordinary light.

The reduction of silver ion by AA (CsHsOs) has been proposed to occur

according to the following reaction:
CsHsOs +2Ag" — 2Ag" + CsHsOs + 2H" 3.1)

The reaction stoichiometry indicates in order to complete reduction process of
0.3 mM AgNOs3, 0.15 mM AA is required. However, here amount of AA is gradually

varied up to 0.2 mM to observe its effect on AgNO3 reduction.

(43]
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Interestingly, AgNPs solutions exhibit substantial optical density in the UV
region below 400 nm. The light yellow colour of the solution is clearly visible in light.
A number of studies reported that AgNCs (Ags*" or homologues) have considerable
absorptions in the UV region.!% 144177 Thus, it is assumed that by photo-reduction
process a number of AgNCs particles may generated in the core of RMs by even before
the addition of any reducing agent. However, pure (water containing) RMs do not show

any such absorption characteristics.

3.3.2. Effect of wo= [water]/[AOT] ratio
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Figure 3.2: Comparison of the UV-Vis spectra of the AgNP formed in the
water/AOT/n-heptane reverse micellar and AA systems at different wo values (a) wo=
2, (b) wo= 6, and wo= 10. The overall concentrations of AOT, AgNOs were 90, 0.30
and 0.10 mM, respectively. The inset represents snapshots of these solutions when

viewed under ordinary light.

Figure 3.2 represents a detail comparison of SPR bands in various wo values
with a fixed AA concentration (0.10 mM). Here utmost blue-shifted SPR band by 8 nm
(from 410 nm at wo = 2 to 402 nm at wo = 6 and 10) is observed with increase in the
wo. Moreover, FWHM of the SPR band is larger at wo = 2 compared to that at wo = 6
or 10. The spectral position and width of SPR maximum significantly depend on the
actual sizes of the AgNPs.

As discussed in Section 1.5.3, bandwidth of the SPR band is inversely
proportional to the size of AgNPs. Thus it is assumed that a larger bandwidth at wo = 2

[44]
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may be due to smaller size AgNPs compared to other wo values. Nonetheless, as the wo
increases from 6 to 10, no significant change of bandwidth is noticed. This may be due
to two reasons; either the size remains same at wo = 6 and 10, or the effect of the size
change may be compensated by a concomitant change in dispersity. These possibilities
can be checked by detailed structural characterizations later in this Chapter. Very
recently, Peng et al. have demonstrated that within the small particle limit (diameter <
12 nm), wavelength corresponding to the SPR maximum display a red-shift with the
decrease in size.!” They modelled their results by introducing a multilayer Mie
theory,!”® 203 and assigning different dielectric constants to the core and the shell
regions of the nanoparticles. The higher wavelength of the SPR maximum at wo = 2
may be due to smaller size of the AgNPs as compared to that for wo = 6 or 10. The
details of the absorption maxima and FWHM (full width at half maxima) of the SPR
bands at different wo values are given in Appendix (Table A.3.1).

— 1T v 1 v T ' 1 10 —r—r—r—T—T—7T7T

“[(a : (b [~ memeron |4
J u: ﬂ'"mw i

Optical density

0.5

250 350 450 550 650
Wavelength (nm)

Figure 3.3: Comparison of optical quality of SPR band of AgNP at wo=10 obtained in
this work with Petit et al.'?” (a) Present work by AA reduction using [AOT] = 0.09 M,
[AgNO3] = 0.3x10 M, [AA] = 0.5x10* M (b) By Petit et al. via NaBHa reduction in
NaAOT by using (— — —) silver nitrate and (-) silver sulfosuccinate as silver precursor.

[AOT]iww = 0.1 M; [AgNOs3] = [AgAOT] =10 M, [NaBH4] = 10 M.
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Comparison of optical quality of SPR band of AgNPs at wo= 10 obtained in this
work with Petit et al. is shown in Figure 3.3.! The SPR maxima in both works
approximately match but the FWHM is slightly narrower for Petit et al. As seen in the
Figure 3.3, Petit et al. use ordinary NaAOT, the plasmon resonance is very board and
has significant absorbance in the higher wavelength region indicating heterogeneity in
the particle distribution. In our case, in spite of using ordinary NaAOT we get good
optical quality and sharp SPR. Above comparison shows that approximately similar
quality of SPR is observed without functionalized AOT when ascorbic acid is used as

reducing agent.

3.3.3. Comparison with frequently used reducing agents

0.0+ 1 1 L T

Optical Density

0.0

300 400 500 500
Wavelength

Figure 3.4: UV-Vis spectra of the AgNPs formed in the water/AOT/n-heptane reverse
micellar systems at wo= 6 showing the effect of different reducing agents (top) NaBH4
and (bottom) N2H4.H20 at different concentrations of the reducing agents; 0.05, 0.1,
0.3 mM. The overall concentrations of AOT and AgNOs3 were 90 and 0.30 mM,
respectively. The inset represents snapshots of these solutions when viewed under
ordinary light.

In order to know the role of various reducing agents more convincingly, AA is
replaced with two frequently used reducing agents, namely NaBH4 and hydrazine. As
seen from Figure 3.4, SPR band of AgNPs is much stronger and narrower for AA

compared to NaBHs or hydrazine reduction under similar condition. Note that the
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absorption spectrum observed here are somewhat different from that reported in the

literature, 109> 144, 177

which may be due to the simpler protocol used in this study.
Contrary to our direct loading of precursors into the AOT/non-polar solvent mixture,
separate micro-emulsions containing silver ion and reducing agent, respectively, are
mixed drop-wise under continuous stirring condition in those studies.!?® 144177 This
synthetic protocol may favour formation of larger aggregates for these reducing agents
as indicated by significant absorption (or scattering) at long wavelengths (Figure 3.4).
The colours of the solutions prepared by NaBHa or N2H4 reductions are also of much

lighter intensity than obtained by the AA reduction method.

3.3.4. Dynamic light scattering measurements
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Figure 3.5: Size distributions obtained from dynamic light scattering (DLS)
measurements at different wo values for pure reverse micelles, and reverse micelles

containing the synthesized AgNPs.

DLS measurements are performed in order to estimate the size distribution of
the pure RMs and the AgNP-RMs. Figure 3.5 shows that the size of the RMs increases
upon the formation of nanoparticles. The diameters of the pure micelles are found to be
4.8, 5.9 and 8.8 nm at wo = 2, 6 and 10, respectively (Table A.3.2). The size of the
AgNP-RMs at various wo values also agree well with the reports of Pileni and
coworkers.'” The average diameter of the AgNP containing RMs are found as 5.3, 6.1

and 8.9 nm at wo =2, 6, 10, respectively. Thus, the striking similarity of our results with
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those of Pileni et al. not only supports the rational of our methodology but also
highlights the efficiency of our simplistic approach in designing size-controlled AgNPs.
Moreover, this method may be considered as a “green route” since we have used
biocompatible AA instead of NaBHa4. Furthermore, no functionalized surfactants is

required, as used elsewhere.

3.3.5. Transmission electron microscopy measurements
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Figure 3.6: TEM images and size distribution histograms of AgNPs synthesized by AA
reduction at (a) wo = 2, (b) wo = 6 and (c) wo = 10, respectively. The overall

concentrations of AgNOs3 and AA were 0.30 and 0.10 mM, respectively.

TEM micrographs (Figure 3.6) clearly revels that spherical shape of the
nanoparticle at all wo values (2, 6 and 10). The sizes of the AgNPs are found to be 5.7
+3.7,6.1£ 2.6 and 8.3 £ 4.7 nm at wo values of 2, 6 and 10, respectively. Both TEM
and DLS results suggest that size of AgNPs increases with increase in the wo value, but
TEM reports slightly larger values compared to the DLS measurements (see Table
A.3.2 in Appendix). This discrepancy may be due to possible change in size (and
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sometimes morphology) during the drying process of the sample over TEM grid, which
may result in an over-estimation of particle sizes. The TEM results also indicate that
the size-distribution is much narrower for the nanoparticles prepared at the wo = 6 that
for the nanoparticles obtained at wo = 10. Hence, the invariance of the SPR band

position observed at wo = 6 and 10 is due to simultaneous change in size and dispersity.

3.4. MECHANISM OF THE SILVER NANOPARTICLE FORMATION

PROCESS
Ag" AA
— —
n-Heptane
W= AOT (= Silver Nanocluster . = Silver Nanoparticle

Scheme 3.1: A scheme representing the protocol of the AgNP formation via reverse
micellar route. The reduction is proposed to occur via catalysis of intermediate silver

nanoclusters (AgNCs) formed within the interfacial region.

AA is believed to be incapable to reduce silver salt in aqueous solution in the
presence of micelle ' 1% or protein.'”” How does AA reduce Ag" in reverse micelle?
Many researchers have shown evidence for various silver nanoclusters (AgNCs) during
AgNP formation in AOT RMs.!% 144 177 Here significant optical density is also
observed for the AgNO3 containing RMs indicating formation of AgNCs. Recently,
Yang et al. demonstrated that AgNCs can catalyse the reduction of Ag*™ by AA at room

temperature.'®’

By combining these facts, following scheme (Scheme 3.1) may be
proposed. First, on the addition of AgNOs, Ag" binds to the negative sulfonate head-
group of AOT. Photoreduction of few Ag" to Ag occurs under ordinary light, and
subsequently, leads to intermediate formation of nanoclusters within the interfacial
region. The nanoclusters may catalyse the reduction of more Ag®, and ultimately
transforms into AgNPs. The mild nature of the reducing agent may account for the
monodispersity and high optical quality. Murthy and co-workers suggested that initial
nucleation and growth processes should be slow for obtaining narrow size

204

distribution.*”* Otherwise, collision, fusion and splitting of the microemulsion droplet

may increase the size distribution.?’* Here, the first step in Scheme 3.1 is slow as
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required for narrow size distribution, while the second step is fast giving rise to high
yield of AgNPs in a reasonable time (~ 45 minutes). It is interesting to note that AOT
reverse micelles are not just acting as a “passive template” for size-directing the AgNPs,
but also help to accelerate a chemical reduction, which is not effective in bulk water at
room temperature.

3.5. SUMMARY AND CONCLUSION

In summary, in this Chapter an exceptionally easy, yet extremely efficient
method to fabricate high optical quality AgNP is presented via microemulsion route
using AA as areducing agent. An advantage of this method is that the precursors (silver
ion and AA) can be directly loaded into AOT/n-heptane mixtures without prolonged
stirring. The UV-Vis studies reveals the high optical quality of the AgNPs, whereas
TEM and DLS studies shows that the nanoparticles are spherical in shape, and are
slightly larger in size than the pure RMs. We have also shown that AA is more
preferable over the commonly used reducing agents NaBHa4 and N2H4 in AOT reverse

micelles.

The spectral width of the SPR band is found to be much narrower than most of
the reported methods via the microemulsion route.!#4 147 168, 194-195 The high optical
quality is successfully rationalized based on the mild character of the reducing agent
and the catalytic action of the nascent AgNCs supported inside the interfacial region of
the RMs. This new catalytic approach may be a valuable for obtaining monodispersed

and high optical quality AgNPs via the reverse micellar route.

In conclusion, two important aspects are highlighted in synthesis of AgNPs
through the reverse micellar route. First, RMs are hitherto considered as “passive
templates” to control size of the nanoparticles; chemical reductions that usually take
place in aqueous media have been merely performed in the water pool of the reverse
micelles. 144 147: 168, 194-195 Here_ for the first time, RMs can support a chemical reduction
that cannot proceed in an aqueous medium at room temperature is shown. Another
important objective, a high “optical quality”, is also successfully achieved. A good
optical quality is particularly desirable, for studying interaction with other absorbing
species (e.g. Plasmon-fluorophore interaction’!> 205206) In the proceeding Chapters

using high optical quality AgNPs, delicate photophysical studies are performed.
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Chapter-4

Selective probing of the Interfacial
Region of AOT Reverse Micelle upon
nanoparticle Formation Using Dynamic
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# This work has been published in. J. Phys. Chem. C 2014, 118, 10366-10374.
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CHAPTER 4: SELECTIVE PROBING OF THE INTERFACIAL REGION OF
AOT REVERSE MICELLE UPON NANOPARTICLE FORMATION USING
DYNAMIC STOKES SHIFT MEASUREMENTS

4.1. INTRODUCTION

As discussed in the Section 1.6, probing of reverse micellar interfacial layer
upon nanoparticle formation provides valuable information. However, best of our
knowledge only Sarkar group have initiated some interesting works in probing reverse
micellar interfacial layer upon AgNPs formation.!4’- 168 176 Although these results are
quite informative, however, several improvements may be incorporated in those studies
for getting even finer results. Firstly, the SPR band of nanoparticles derived from
NaBH4 or glucose reduction are board in nature. Due to very large spectral width of the
SPR, the spectral modifications of the fluorophore can be hard to anticipate. Secondly,
due moderate hydrophobicity and solubility both polar and nonpolar regions, the
fluorophores C153 and C480 may partition into a broad regions of the reverse micellar
system. As dominant changes are expected to occur inside the water pool or at the
interfacial layer upon nanoparticle formation, a minor fraction of fluorophores residing
only in those regions are responsible for their observed changes, thus, lowering the
chance of monitoring delicate changes. Thus, a more specific probe that preferentially

partitioned inside the water pool will certainly provide valuable information.

To restrict the location of the probe over the interfacial and water-pool region,
hydrophilic probe fluorophore coumarin 343 (C343) is chosen, which exhibits
negligible solubility in nonpolar solvent and hence, one may expect partitioning of the
probe only into the water pool and inside the interfacial region (Scheme 4.1).!'® Note
that these two regions are directly involved in the nanoparticle formation process, thus
justifying our selection. Levinger and co-workers have already demonstrated the utility
of C343 in probing site-selective solvation dynamics in aqueous and non-aqueous
RMs 31118119 Tg improve the optical quality of the AgNPs, a facile method is suggested
in Chapter 3.8 Presence of weaker reducing agent and due to catalytic nature of the
reduction, the method produces nanoparticles with highly improved optical quality

(sharp SPR band).

With these essential modifications, it will be shown that our results provide new
insights regarding the state of the RMs after nanoparticle synthesis in their core. For

example, we will show that the final state is surprisingly simple, comprising of the
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nanoparticle containing RMs only, not a combination of nanoparticle containing RMs
and empty (without a nanoparticle) RMs. Our results also indicate that the interfacial
region of the RMs becomes more hydrated, less packed upon nanoparticle formation

particularly at low wo value.

n-Heptane

g

\
mxwo\ N. me

AN

* = Protonated C343
¥¢ = Deprotonated C343

Scheme 4.1: A scheme representing the distribution of the fluorophore coumarin 343
(C343) before and after formation of silver nanoparticles in the RMs. The probe may
exist as protonated and de-protonated form in AgNP containing reverse micelle but only

as de-protonated form in aqueous reverse micelle.
4.2. RESULTS
4.2.1. Steady state measurements

4.2.1.1. UV-Vis spectra
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Figure 4.1: The UV-visible spectra of water/AOT/n-heptane reverse micellar system
at wo= 6 comprising (a) AgNPs only (black), (b) C343 and AgNPs (red), (c) C343 only

(blue). The green curve represents the difference spectrum [(b)-(c)]. The absorption
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spectrum of C343 in the pure reverse micelle and the difference spectrum are compared

in a magnified scale in the inset.

In the Chapter 3, synthesis of superior optical quality AgNP inside the RMs
(AgNP-RM) is demostrated.'® Figure 4.1 shows the SPR band at 402 nm for wo = 6.
Addition of ~10 pM C343 to the AgNP-RM system, changes the absorption spectrum
very slightly in the wavelength range ~400-470 nm. When same amount of C343 is
added into the pure RM, an absorption band with a maximum at 417 nm appears and
the maximum optical density is much (~10 times) lower than the SPR band of the
nanoparticles. Since, the SPR band of AgNPs has not altered much; it is inferred that
the size or morphology of the nanoparticles have not changed much. To find out the
absorption contribution of C343, SPR band is subtracted from the fluorophore
containing nanoparticle system. The difference spectrum shows a significant red-shift
of ~17 nm from the absorption spectrum of C343 in pure RMs. However, such
subtraction (isolating individual contribution of nanoparticle and the fluorophore) is
only valid if nanoparticle and the fluorophore are non-interacting which may not be true
because of strongly overlapped absorption of the fluorophore and the nanoparticle.
Similar observations are also noticed for other wo values, the spectra and the summary

of the absorption maxima are given in the Appendix (Figure A.4.1 and Table A.4.1).
4.2.1.2. Fluorescence Spectra

The emission maximum of C343 inside RMs depends markedly on the wo value
as reported earlier by Levinger and co-workers.!'® With increase in the wo, the emission
maximum gradually shifts to higher wavelength. In a homogenous bulk solvent,
emission maximum of a fluorophore is generally independent of excitation wavelength.
But, in a heterogencous medium, the emission spectrum often displays a marked
dependence on the excitation energy especially when excited at the higher wavelength
(red) side of the absorption spectrum, a phenomena known as the red-edge excitation
shift (REES).?”” REES has been reported in a variety of organized assemblies like
RMs, 2% lipid vesicle,?”” and polymer micelle?!? and therefore, the magnitude of REES

may be taken as an indicator of heterogeneity.

Figure 4.2 shows the emission spectra at various excitation wavelengths for
both the pure RMs and nanoparticle containing RMs at wo = 2. A plot of variation of

the emission maxima with the excitation wavelengths at all wos is given in the Appendix
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(Figure A.4.2). The observation of the REES in the RMs may be justified by
distribution of the probe C343 into the water pool and inside the interfacial layer and
considering different absorption and emission characteristics of C343 in each region.
From Figure 4.2, it is also clear that the amount of REES observed for the nanoparticle
containing RMs is much less than that for the pure RMs. Similar reduction in REES is
also noticed for other wo values and they are tabulated in Table A.4.2 in Appendix. For
example, at wo = 2, the magnitude of REES is found to be 570 cm™! for the pure RMs
but only 300 cm™! for the AgNP containing RMs. Hence, it is inferred that in the AgNP
containing RMs, the probe is experiencing less heterogeneous distribution of

environments compared to the pure RMs. I will correlate this with other results later in

the chapter.
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Figure 4.2: Emission spectra of coumarin 343 (C343) at various excitation wavelengths
(Aex) for the pure and the AgNP containing RMs at wo = 2. The plot of the emission

maxima against Aex for the two cases are shown in the inset.
4.2.1.3. Excitation Spectra

Excitation spectra of the nanoparticle-fluorophore system are measured with the
expectation that it could reflect the actual pattern of the absorption spectrum of the
fluorophore in the coupled nanoparticle-fluorophore system. The excitation spectrum
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is conceptually similar to the absorption spectrum but recorded in different modes.
While the absorption spectrum detects the quantity of light absorbed, the excitation
spectrum records the quantity of fluorescence generated because of absorption.?'! Note
that nanoparticles absorb strongly in the similar wavelength range, where C343 absorbs,
but practically do not emit. Hence, nanoparticles, in principle, cannot contribute to the
excitation spectrum. However, spectral distortion may take place due to inner filter
effect by the highly absorbing nanoparticle SPR. To minimize the effect, the samples
are placed in a capillary tube having a very short effective optical path length.

1

1
-

AgNP-RM

1

Normalized absorbance or intensity

350 ' 400 ' 450

Wavelength (nm)
Figure 4.3: Absorption spectrum (black), excitation spectra using a standard 10 mm
cuvette (red) and in a glass capillary tube (0.8 mm internal diameter) (green) of C343
in pure RMs (top panel) and in AgNP containing RMs at wo= 2 (bottom panel). The

excitation spectra are recorded at an emission wavelength of 490 nm.

Figure 4.3 reveals that excitation spectrum of C343 in RMs (taken either in an
ordinary 10 mm cuvette or in a glass capillary) nicely correlates to the corresponding

absorption spectrum as expected. The C343 peak positions for different systems at
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different wo values are listed in the Appendix (Table A.4.1). The similarity is obvious
because C343 solely accounts for the both the absorption and the emission (in the
excitation mode) and the inner filter effect is negligible. On contrary, the excitation
spectra of the nanoparticle-C343 system taken using standard cuvette and by the glass
capillary have different shapes compared to the corresponding absorption spectra of
C343-nanoparticle system (Figure 4.3). The excitation spectrum recorded by the glass
capillary has qualitatively similar appearance of C343 absorption spectrum in pure RM.
Actually, the excitation spectrum is narrower and red-shifted from the absorption
spectrum and SPR contribution is eliminated because of its non-fluorescent nature. In
10 mm path length cuvette, the blue wavelength side of the excitation spectrum may be
re-absorbed due to inner filter effect. It is inferred that the excitation spectrum recorded
using a glass capillary (free from inner filter effect) effectively represents the absorption

spectrum of C343 in the coupled C343-nanoparticle system.

It is also obvious that the maximum of the excitation spectrum of C343 in
AgNPs system is markedly red-shifted compared to the absorption or excitation
maximum in the pure RMs. Similar red-shifted absorption is also reported for C343
absorbed on the surface of oxide nanoparticles.!?* 212 It is ascribed to the neutral form
of the dye which shows absorption at much higher wavelength compared to the anionic
form.?!3 Hence, it is assumed that a significant fraction of the dye may present in the
neutral (protonated) form near the AgNP surface while C343 remains mostly in the
anionic (de-protonated) form in the pure RMs. Comparison of excitation and absorption

spectra for other two wo values are given in the Appendix (Figure A.4.3).
4.2.2. Transmission electron microscopy measurements

To check any morphological changes after fluorophore addition, TEM images
of the nanoparticle are taken in the presence and in the absence of the fluorophore C343
at a particular wo value (wo= 6). The TEM images show that the added C343 has almost
no effect on the mean size and the distribution (Figure 4.4). The average diameter of
the AgNPs was found be 6.0 £ 2.9 nm and 6.1 £+ 2.6 nm, respectively, in the presence
and in the absence of C343 at wo= 6.
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Figure 4.4: TEM images and size distribution histograms of the AgNPs in RMs at wo
= 6 in (a) the absence of C343 (top) (b) in the presence of 10 uM C343 (bottom).

4.2.3. Time Resolved Studies
4.2.3.1. Fluorescence anisotropy decay

In order to check any morphological fluorescence anisotropy decay. The decay
of fluorescence anisotropy provides important information regarding the location of the
molecular probe as the rotational time depends strongly on the rigidity (or viscosity) of
the environment. Figure 4.5 shows rotational anisotropy decay of C343 in pure RMs
and AgNP containing RMs. The anisotropy decays are found to be bi-exponential for
both the RMs and AgNP containing RMs at all the wo values (Table 4.1). For aqueous
RMs the two components may be ascribed to the rotational dynamics of the probe in
two different locations- inside the interfacial layer and in the water pool. The slower
component (1.8-2.4 ns) may be assigned to the C343 located in the interfacial layer
while the faster component (0.33 ns) may be due to the probe rotation in the water pool

(Table 4.1). Note, as the value of wo increases, the both the components decreases
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indicating that effective mobility sensed by the C343 decreases for both the water pool
and inside the interfacial layer at higher water contents. Note that for wo= 2, the average
rotational correlation time of C343 in the AgNP containing system (<t> = 1440 ps) is
significantly faster than in the aqueous RMs (<t: >= 1760 ps). However, the anisotropy
decays of the two systems progressively merge as the wo value increases (Figure 4.5

and Table 4.1).

r(t)

I I I I I I
0 2 4 6 8 10
Time (ns)

Figure 4.5: Fluorescence anisotropy decays, r(t) of C343 recorded at 470 nm and
excited at 405 nm in the pure RMs (RM, black) and in the silver nanoparticle containing

RMs (AgNP-RM, blue) at different wo values.
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Table 4.1. Decay parameters of fluorescence anisotropy, r(t) of C343 in pure and in

silver nanoparticle containing RMs at wo values of 2, 6 and 10.

System | wo 10 al Tl a 2 S<>

(ps) (ps) (ps)

2 0.28 0.33 332 0.67 2460 1760

6 0.18 0.53 330 0.47 1980 1100

RM 10 0.15 0.50 335 0.50 1825 1080

2 0.23 0.49 450 0.51 2395 1440

AgNP- 6 0.19 0.57 285 0.43 1975 1010
RM

10 0.15 0.53 295 0.47 2045 1115

<t =ai it a e
4.2.3.2. Solvation dynamics

The fluorescence transients are recorded at several wavelengths spanning the
steady-state emission spectrum, shows significant wavelength dependence for both the
pure RMs and AgNP containing RMs (Figure A.4.4). As discussed in Chapter 2, TRES
are constructed by following reconstruction protocol of Maroncelli and Fleming!°! and
solvent correlation function, C(t) is calculated. The decay of C(t) in pure RMs is fitted
well with a bi-exponential function and the parameters are summarized in Table 4.2.
The slow component may be attributed to the hydration dynamics in the interfacial layer
where the motion of water molecules is drastically reduced. The relatively faster
component may be ascribed to the solvation dynamics in the water pool. Note that both
components are much slower compared to the sub-picosecond solvation dynamics in
bulk water.?!42!5 Interestingly, solvation dynamics in the nanoparticle containing RMs
is found to be faster than in aqueous RMs particularly at low wo (Figure 4.6). At higher
wo values, average solvation dynamics of the AgNP containing RMs and the pure RMs

are very close to each other.
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Figure 4.6: Decay of the solvent response function, C(t) of C343 in pure (0) and silver

nanoparticle containing (o) RMs at wo values of 2, 6 and 10. The points represent the

actual values while the solid lines denote the best fit to bi-exponential decay.
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Figure 4.7: Time resolved emission spectra (TRES) and time resolved area-normalised
emission spectra (TRANES) spectra of the C343 at different time in pure (RM) and

silver nanoparticle containing (AgNP-RM) reverse micellar system at wo= 6.

Time resolved area-normalized emission spectra (TRANES) are constructed by
normalizing the area of each spectrum in TRES. Although, TRANES are just a modified
representation of TRES, sometimes provide important information regarding the
number of emissive species in the excited state.?'%-2!7 According to Periasamy and co-
workers, an isoemissive point in TRANES implies the presence of two distinct emissive
species in the excited state.?!%2!7 Figure 4.7 shows the normalized TRES and TRANES
for both the pure RMs and the nanoparticle containing RMs at wo = 6. A clear
isoemissive point is observed in the TRANES for the nanoparticle containing RMs but
not in the pure RMs. TRES and TRANES at wo = 2 and 10 for both the pure RM and
AgNP-RM are included in the Appendix (Figure A.4.5). The isoemissive point may be
due to two forms of the fluorophore in the system. Earlier, from the red shifting of the

(C343 excitation spectrum of AgNP-RM compared to pure RM, it is commented that a
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part of the probe may present in the neutral (protonated) form. Hence, the TRANES
implies that the two forms (protonated and de-protonated) may coexist in the
nanoparticle containing system. Note that even if the probe stays in multiple forms, in
principle, it would not affect the measurement because solvation dynamics depends

mainly on the dipole change upon excitation.'??

Table 4.2: Decay parameters of solvent response function, C(t) of C343 in pure and in

silver nanoparticle containing RMs at wo values of 2, 6 and 10.

System wo | Av(em™) | ai 1 a2 15 S<g > %

obs.

(ps) (ps) (ps)

2 1220 0.68 | 1100 | 0.32 | 3490 1860 60

6 1005 0.75 | 840 | 0.25 | 3220 1430 50

10 915 0.73 | 440 | 0.27 | 1400 700 50

2 745 0.80 | 840 | 0.20 | 2780 1230 56

6 1010 0.86 | 630 | 0.14 | 3000 960 84

AgNP-RM | 10 780 0.83 630 | 0.17 | 1810 830 65

S<1> = arTitax
4.3. DISCUSSION

It is worthy to mention first that solvation dynamics in RMs may occur on a
wide time range,!'® 2'8 Hence, a set up with limited time resolution and observation
time window, detects only a part of the total dynamics. In our setup of ~100 ps
resolution, sub-picosecond components, if any, will obviously be remained undetected.
However, one can estimate the percentage of total dynamics Stokes shift observed in a
set up by a method prescribed by Fee and Maroncelli.?!® According to the method, the

true time-zero emission frequency in a polar medium, v&,,(0) can be calculated as

Ve (0) = iy = [Vaps = Vem (4.1)
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where, vb  vIP and v;‘ps respectively, denotes the steady state frequencies of

abs’ b
absorption of the fluorophore in the polar medium, emission and absorption maxima of
the fluorophore in a nonpolar solvent. For nonpolar solvent, reported absorption and
emission maxima of C343 in n-heptane is used as 407.5 nm and 434.3 nm,

respectively.??

One can easily estimate the percentage of total dynamics observed by
taking the ratio of the observed dynamics Stokes shift to the calculated total Stokes shift

found with the aid of Equation 4.1.

For pure RM, calculation shows that 40-50% of the total Stokes shift is missed
in our measurement. Earlier, Levinger and co-workers'!® demonstrated that in RMs a
considerable amount of solvation dynamics occurs in sub-picosecond time range and
obviously cannot be detected in our set up. To estimate the true time zero, the required
absorption frequency of C343 within the nanoparticle system, is taken from the maxima
of the excitation spectrum. Note that the calculation is not possible using the UV-Vis
absorption spectrum because both C343 and the AgNPs strongly overlap with each
other. As mentioned earlier, the excitation spectrum may be free from the contribution
of AgNPs as the later do not emit. Unfortunately, the very broad nature of the absorption
spectrum dominated by the surface plasmon resonance of the nanoparticle may restrict

Sarkar and co-workers to estimate the percentage of solvation dynamics.!'4”- 163

The most interesting point is that solvation dynamics and the fluorescence
anisotropy decays become faster in the AgNP containing RMs than in pure RMs
particularly at very low water content. As the value of wo increases both the dynamics
become gradually similar. Also note that solvation dynamics and rotational dynamics
are bi-exponential in both the aqueous and AgNP containing RMs. Several groups have
reported the non-exponential nature of solvation dynamics in pure RMs earlier.!!8: 208,
218 The non-exponential nature can be explained based on the distribution of the probe
into the interfacial region and in the water pool. Levinger and coworkers found that for
very low water content (wo = 1.1), the solvation dynamics do not have any ultrafast
component, hence, the slow component can be ascribed to the interfacial region.''®
Bhattacharyya and coworkers also found bi-exponential solvation dynamics for C343
in AOT RMs which they ascribe to the solvation dynamics of the interfacial layer. The
solvation dynamics of C343 residing in water pool may be ultrafast (sub-picosecond)

which cannot be detected in our set up. Similarly, for the AgNP containing RMs the bi-
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exponential solvation dynamics may be due to the C343 residing in the interfacial layer.
The faster solvation dynamics compared to the aqueous RMs may imply that AgNP
formation may perturb the interfacial layer and the perturbation is large for the smaller

sized RMs.

It may be noted that the fluorophore C343 containing a carboxylic acid group
may exist in two different (protonated and de-protonated) forms (Scheme 4.1). One
may argue that the two forms may complicate the analysis of the steady state and time
resolved results and hence needs a critical consideration. The pKa of C343 is 4.65 and
thus, it may remain mostly in the de-protonated form in the aqueous RMs.??! Hence,
the observed REES may solely due to heterogeneous distribution of the anionic C343
into the water pool and in the interface. However, in the nanoparticle grown RMs C343
may remain as a mixture of forms because of slight acidic nature of the medium (as
ascorbic acid is used in the synthesis). Hence, observed REES may be due to the two
forms of the fluorophore. The observation of isoemissive point in the TRANES further
supports simultaneous existence of the two forms. The protonated form absorbs and
emits at higher wavelength compared to the de-protonated form.?!3 The two forms differ
considerably in their absorption maxima but marginally in their emission maxima.?'3
As C343 absorption generally shows a red shift when absorbed to a nanoparticle

123

surface, *° it may be assumed that the protonated form stays close to the AgNP surface

while the de-protonated form may reside away from the interface (Scheme 4.1).

It important to check whether the difference in dynamics for the two systems
(aqueous and AgNP containing RMs) arise merely due to two different forms of the
probe (C343). Earlier, Pant and Levinger reported that the solvation dynamics should
be independent of the form of C343 as the pKa of the dye is same in both ground state
and the excited state.'?* To confirm further, we have also measured solvation dynamics
and anisotropy decay in RMs containing same concentration (0.1 mM) ascorbic acid at
all the wo values. Solvation dynamics inside the ascorbic acid containing RMs is rather
slightly slower compared to the aqueous RMs (see Figure A.4.6 in Appendix). The
slowing down of the solvation dynamics may be due to increased confinement for the
presence of ascorbic acid inside RM. Hence, the faster solvation dynamics observed
inside the AgNP containing RMs may not be due to different chemical form of C343
but due to structural reorganization of the interfacial layer upon nanoparticle formation.

We have also checked that the anisotropy decays of C343 in both aqueous and ascorbic
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acid containing RMs and found they are similar in both the cases (see Figure A.4.6 in
Appendix) Hence, we may conclude that the two forms of C343 nearly follow similar

solvation and rotational relaxation.

%;g%% Non polar solvent Nor%:solvent
HEFEFHE HE H

(a) More heterogeneous (b) Less heterogeneous

Scheme 4.2: Possible fates of the reverse micellar system after nanoparticle formation-
(a) mixture of empty and nanoparticle containing RMs (i.e. more heterogeneous) or (b)

only nanoparticle containing RMs (i.e. less heterogeneous).

The mechanistic understanding of the nanoparticle synthesis inside RM is far
from complete despite of many proposals.??>>** For example, can we predict the final
state after nanoparticle formation? Simple calculations show that the number of RMs
at the beginning is much (2-4 orders of magnitude) greater than the number of
nanoparticle formed at the end. Hence, the final state is either a mixture of nanoparticle
containing RMs and large fraction of empty (without a nanoparticle) RMs or just the
nanoparticle containing RMs where most of the surfactants get adsorbed onto the
surface of the nanoparticle (Scheme 4.2). In the first case, it would lead to more
heterogeneous distribution of the probe while in the second case probe only stays in the
surfactant layer around the nanoparticle. Lower REES is found in nanoparticle
containing RMs compared to pure RMs. Hence, our results suggest lesser distribution

of C343 and thus favor the second possibility.

We may shed light on the reorganization of interfacial surfactant layer of the
RMs upon nanoparticle formation. For this we first need to know the sizes of the RMs
before and after nanoparticle formation. From Chapter 3, it is found that upon
nanoparticle formation the hydrodynamic diameter of the RM increase from 4.8, 5.9,
8.8 nm at wo= 2, 6 and 10 to 5.3, 6.1, 8.9 nm respectively (Section 3.3.4). Note that
size increment upon nanoparticle formation is most significant (~10%) at wo=2 but is

negligible at higher wo values. Thus, it is expected that AgNP has a greater influence
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on the structural reorganization of the interfacial layer at low value for its
accommodation inside the very small core, while at large wo values, reorganization of
the interfacial layer is insignificant. This nicely correlates to the observed dynamics,

most change at low wo but nearly identical at higher wo.
44. CONCLUSION

Steady state and time resolved optical measurements are applied to investigate
the change in the microenvironment of the reverse micellar template, before and after
formation of nanoparticle. It is found that both the solvation dynamics and fluorescence
anisotropy of the molecular probe, C343 become faster in the nanoparticle containing
RMs compared to the aqueous RMs at low wo values but the difference becomes
negligible at higher wo values. The observed change in dynamics is nicely correlated to
the structural change of the RMs during nanoparticle formation. At low wo, size of the
RMs increases most upon nanoparticle formation than at higher wo values. Hence, the
relatively faster dynamics at low water content may be attributed to the more perturbed

or less organized interfacial layer.
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CHAPTER 5: INTERACTION OF MOLECULAR TRANSITION WITH
SURFACE PLASMON RESONANCE OF SILVER NANOPARTICLE INSIDE
RESTRICTED ENVIRONMENT OF AOT REVERSE MICELLES

5.1. INTRODUCTION

In this chapter, application of superior optical quality AgNPs in plasmon-
fluorophore (PF) interaction is demonstrated. The concept of PF interaction is discussed
in the Section 1.2. Two charged fluorophores- fluorescein (FL) and safranin O (SAF)
are chosen for identifying the PF interactions inside water pool of AOT RMs. The
charged fluorophores are partitioned preferentially inside the RM rather than in the
continuous non-polar phase (n-heptane) and exhibit a significant overlap of the AgNPs
SPR (Scheme 5.1) and hence provide a suitable system to study PF interaction (see
Section 1.2). These two fluorophores are extensively used in cellular imaging and
detection and in a number of studies involving PF interactions for details see Section

1.2.

HO. 0. (o]
0

Fluorescein
HN N* NH,

Safranin O

0.5+

Normalized extinction

—— AgNPs
—— Fluorescein
—— Safranin

4(I)0 I 560 I G(I]O ' 760 ' 800

Wavelength (nm)
Scheme 5.1: Overlap of extinction spectra of silver nanoparticles with absorption
spectra of fluorescein and safranin along with chemical structure of fluorescein (FL),

and safranin O (SAF) molecule.

Interestingly, in spite of extensive use of FL dye in PF interactions (Section
1.2), there are several inconsistencies within different reports available in literature. For
example, Lim et al. claimed 83% emission quenching when FL interacts with citrate
stabilized AuNPs.** On the other hand Rabga et al. reported 3 fold emission
enhancement when FL interacts with AgNPs synthesized using same synthetic protocol
of citrate stabilization.®> Parkin and coworkers found that trivial interaction when FL

interacts with citrated capped Au or AgNPs.%
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Here a novel controlled way to study PF interaction is developed between
AgNPs and molecular fluorophores inside the restricted environment of RMs. The
natural capacity of a RM is utilized to act simultaneously as a template for nanoparticle
formation and to encapsulate the dye. Here, only ~1 uM of fluorophore is used and at
this low concentration dye aggregation may be ignored. Moreover, the dye and the
reagents required to form the nanoparticle are added together into the RM core and in
situ spectral and the size evolution of the RM system is continuously monitored to

detect any spectral or size changes occurring at any instance.

5.2. RESULTS

5.2.1. Extinction properties of the Fluorophore-Plasmon composite systems

o
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Figure 5.1: Evolution of extinction spectra of different systems with time: (a) AgNP
inside AOT reverses micelle, (b) AgNP and safranin O in RM (c) AgNP and fluorescein

in RM. The variation of SPR maxima with time for various systems is added in plot (d).

The growth of AgNPs after dissolution of Ag" into the water pool of RM is
monitored by recording the extinction spectra at different time interval. Figure 5.1a
shows that the SPR of AgNP gradually develops with time; a clear SPR peak at ~ 400
nm can be easily visible after 6 min. With time, the SPR band intensity continues to
grow for ~ 18 minutes but the SPR peak position remains invariant with time (Figure

5.1d).
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To study the PF composite systems, fluorophore concentration was kept low (~
1 uM) to ensure that only monomeric form of the fluorophore prevails inside the RMs.
As soon as silver ions dissolve into the water pool of RMs containing a fluorophore,
AgNPs formation takes place and PF interaction, if present, may observed. For both the
systems containing only AgNPs and SAF-AgNPs composite have similar reduction
time of ~18 minutes (Figure 5.1b).The absorption maxima of SAF are at 533 nm inside
RM both in the absence and in the presence of AgNP. When SAF absorption spectra in
the RMs solution (in the absence of silver precursor) are subtracted from the absorption
spectra of the AgNP-SAF composite at different times, spectral pattern similar to SPR
of AgNP (in the absence of fluorophore) can be recovered (see Figure A.5.1 in

Appendix).

In the FL-AgNP conjugate, SPR peak also reaches maximum at ~18 minutes.
However, unlike SAF, with further progress of reaction, the SPR band of the FL-AgNP
conjugate depletes along with a remarkable red shift (Figure 5.1c¢). At initial time (e.g.
~6 minutes), FL-AgNP conjugate shows several bands at different wavelengths
designated as A1(~402 nm), A2(~455 nm) and A3(~483 nm). These peaks may be
assigned as SPR of AgNP (1) and the mono-anionic form of FL dye (A2 and A3). These
three peaks persisted up to~18 minutes (i.e. time need to complete the reduction
process). A1 peak shifting starts at ~18 minutes and the shifting process continued unto
~100 minutes and finally the A1 peak was shifted by ~ 30 nm. Saini et al. reported similar
type of depletion along with splitting of AgNPs SPR when Chlorine-P6 dye gradually
added to poly-I-lysine capped AgNP.%> The spectral characteristics observed here may
appear that nanoparticles undergo aggregation; however, structural characterization
reveals that FL has trivial effect on the size and distribution of AgNP which will be

discussed later in the chapter.

To represent the FL coupling more effectively we have performed a simple
convolution analysis (Figure 5.2). We assume that if there is no interaction between
the SPR and fluorophore, the extinction spectrum of the SPR-fluorophore composite
should be similar in appearance to the added spectrum of the two separate systems. It
is evident from Figure 5.2 that the bands of the composite system do appear at the same
position like that of the individual systems. However, for AgNP-FL system, the
spectrum of the composite system does not have any similarity with the calculated
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combined systems. The combined spectrum shows three peaks at ~430 nm ,~ 455 nm
and ~483 nm which are close to the peaks of the AgNP (400 nm) and FL (455 nm and
483 nm) alone. The composite system only shows a broad peak at ~ 430 nm indicating

formation of a very different hybrid system.

— AgNP(a)
—— SAF-RM (b)
(a)+(b)
——— SAF-AgNP

0.5

0.0 T T T
1.04 —— AgNP (a)
— FL-RM (b)

Optical density

(a)+(b)
—— FL-AGNP

0.59

0.0 T T T
300 400 500 600 700

Wavelength (nm)

Figure 5.2: Normalized UV-visible extinction spectra of only AgNP, only fluorophore
and AgNP-fluorophore composite and calculated combined (AgNP+fluorophore)
extinction spectrum. Safranine O (SAF) and fluorecein (FL) are respectively used in
the top and bottom panels. Extinction spectrum of the AgNP-SAF system has strong
similarity with the comibed spectrum but the extinction spectrum of the AgNP-FL

system deviates much from the calculated spectrum.

Modification of the spectrum can be attributed to either aggregation of AgNPs
or hybridization of SPR and molecular absorbance via PF coupling. Kitching et al.
reported modification of SPR due to aggregation of AgNPs or AuNPs.® However,
Wang et al. and other researchers claimed the PF coupling induced spectral

modification.”- 40

5.2.2. Structural Characterization of AgNPs and AgNPs-FL. Composite System

Figure 5.3 shows the changes in the hydrodynamic diameters of FL containing
RMs when AgNPs gradually form. The hydrodynamic diameter is found to be 6.9 nm,

approximately matching with the expected diameter (Equation 1.6). After 18 minutes
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(time need for complete reduction of AgNPs), hydrodynamics diameter increases from
6.9 to 8.7 nm (see Table A.5.1 in Appendix). The enlargement of RM may be due to
swelling of RMs upon formation of AgNP within the core of RM. Thereafter, no abrupt
change in hydrodynamic diameter is observed at longer time delay, although a minor
increase in polydispersity is observed at very long time (~ 1000 minutes). Thus, time
dependent DLS measurements give a clear indication that spectral change in SPR band
in the presence of FL is not merely due to the change in morphology of AgNPs. DLS
measurements are further augmented by TEM measurements (see Figure A.5.2 in
Appendix); FL has only trivial effect on the mean size and the distribution of AgNPs.
The average diameter of the AgNPs is found to be 6.1 = 2.6 nm and 6.5 + 3.1 nm in the

presence and in the absence of FL, respectively.
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Figure 5.3: Dynamic light scattering measurements of FL-AgNPs composites at

different time.

5.2.3. Emission properties of the Fluorophore-Plasmon composite systems with

time

In order to check, whether AgNPs formation and corresponding SPR has any
impact on the optical properties of the fluorophore, the excitation and emission
spectrum of the fluorophore inside the RMs is measured in the absence and in the
presence of AgNPs (Figure 5.4). No notable peak shift is observed either for the
excitation or emission spectrum, when AgNPs is formed inside RMs. Invariance of
peak position gives clear indication of invariance in the chemical form of FL and SAF
before and after AgNPs formation. However, emission intensity of FL decreases with

gradual formation of AgNPs within the RM. The fluorescence intensity steadily

[75]
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decreases up to ~ 40 minutes; thereafter, no appreciable change in quenching is
observed. This can be rationalized on the basis of the fact that during the growth of
AgNPs the free FL molecule may be adsorbed on the surface of AgNPs. Attachment
process of dye is further enhanced due to the presence of both dye and AgNPs inside
restrict confined environment of RMs. The quenching is more prominent for FL; almost
~ 62 % of the initial fluorescence decreases after AgNP formation. The quenching is
almost insignificant (<10%) for SAF in the presence of AgNP. The quenching in
fluorescence intensity of FL after AgNP formation is very apparent when the systems
are viewed under a hand held UV lamp (362 nm) but no detectable change is observed

for SAF (see Figure A.5.3. in Appendix).
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Figure 5.4: Variation of steady state excitation (left panel) and emission intensity of
safranin (Aex= 510, Aem = 570 nm) and fluorescein (Aex = 445 nm, Aem= 530 nm) in the
presence of growing silver nanoparticle with time inside reverse micellar solution. Inset
of right panel shows normalized intensity of respective fluorophore and arrow indicates
increase in shoulder peak with time. For clear visibility of peak position in excitation

spectrum only spectra before and after complete growth of AgNPs are provided.
5.2.4. Time-resolved fluorescence properties Fluorophore-Plasmon composite

Fluorescence anisotropy decays of FL and SAF are shown in Figure 5.5 before
and after complete growth of AgNPs. It is evident that the anisotropy decay of both the

dyes becomes faster upon AgNPs formation. The average rotational correlation time
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({(tr)) for FL in RMs is found to be ~ 2.46 ns (Table 5.1). This agrees the average
rotational time (tr = 2.50 ns) of FL in AOT RMs for FL at wo= 7 reported by Dutt.??
As seen from Table 5.1 the fluorescence anisotropy becomes slightly faster upon AgNP
formation within the RMs. A marginal decrease of rotation time is observed when
system changes from RMs to AgNP RMs. On other hand for SAF, a substantial decrease
of (tr) from ~ 3.70 ns to ~ 2.07 ns is observed by changing the system from RMs to
AgNP-RMs.

0 SAF-RM
OSAF-AgNP

r(t)

O FL-RM
0.4 oFL-AgNP

0.0

Time (ns)

Figure 5.5: Fluorescence anisotropy decays, r(t), of safranin (Aex = 510 nm, Aem = 565
nm) and fluorescein (Aex =405 nm, Aem = 520 nm) before and after complete growth of

AgNPs.

The very different anisotropy behaviours of the two fluorophores upon AgNP
formation can be rationalized on the basis of location of the fluorophores inside RM
prior to AgNPs formation. FL. mainly remains inside the water pool whereas SAF
predominately resides at the interfacial region of RMs.!?* 225 The large change in the
anisotropy decay of SAF may be associated with the marked reorganization of RM
interface upon AgNP formation. Interface may become less organized upon formation

of AgNP which may expose SAF more into the external non-polar phase. This may
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increase the local motion of the fluorophore, resulting in faster fluorescence anisotropy
decay. Note that the rotational relaxation time of free SAF in homogenous solvent is
quite fast.?? On the other hand, since FL resides in water pool, it may have minor

change in microenvironment.

Table 5.1: Time resolved anisotropy decay parameters of the safranin and fluorescein

in RM before and after complete growth of silver nanoparticle (AgNP).

Fluorophore System ai T1/ns a to/ns | <v>/nst | <y>
Safranin RM 0.16 | 597 | 0.84| 327 3.70 1.08
AgNP 020 | 6.01 | 0.80| 1.08 2.07 1.05
Fluorescein RM 021 | 056 | 0.79 | 2.96 2.46 1.16
AgNP 024 | 043 | 076 | 2.85 2.27 1.07

S<t>= a1+ a2t
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Figure 5.6: Fluorescence decays of safranin (Aex = 510 nm, Aem = 565 nm) and
fluorescein (Aex = 405nm, Aem = 520 nm) inside AOT reverse micellar solution, before

and after AgNPs nanoparticle formation.
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Figure 5.6 represents fluorescence decays of both FL and SAF in RMs before
and after complete growth of AgNPs. The decay of SAF almost remains unaffected
upon nanoparticle formation. This is consistent with the negligible change in the steady
state emission. However, the fluorescence decay of FL becomes much faster after
formation of AgNP. The decay of FL in RMs can be fitted with a bi-exponential
function with time constants of 1.20 ns (16%) and 3.8 ns (84%) as shown in Table 5.2.
Interestingly, in FL-AgNPs system, FL decay becomes more non-exponential and a
reasonable fit needs at least three exponential components- 0.35ns (34%), 2.71 ns (28%)
and 3.9 ns (38%). The average decay time shortens significantly from 3.4 ns in RMs to
2.2 ns in AgNP-RM. For SAF, only a marginal decrease in average decay time from

3.0 ns in RMs to 2.78 ns in AgNP-RM is observed.

Table 5.2: Fluorescence decay analysis, radiative and non-radiative rates and energy
transfer efficiencies of the safranin and fluorescein inside RMs and after complete

growth of silver nanoparticles (AgNP).

Dye | System | ai Tl a (7 as | <Y ¢ | ke Kar dET
(ns) (ns) (ns) | (ns) (ns™) | (ns) | (%)

SAF | RMs |1 3.07 | - - - - [3.07 0250081024
AgNP |1 278 | - - - |- 2780220081027 |9

FL | RMs 0.16 [ 1.20 | 0.84 [ 3.88 | - - 34510030009 [ 028
AgNP [ 034 [035[028 21703839 [220 |0.01][0.005]044 |36

S<t>= a1+ axte, *¢=quantum yield,

According to radiative plasmon model proposed by Lakowicz et al., the
presence of metal NPs near vicinity of fluorophore, substantially modifies the decay
rates of fluorophores.* Thus, strong decrease of FL decay time indicates modification
of either radiative (kr) or non-radiative (knr) pathways of FL in the presence of AgNPs.
From quantum yield and excited state life time measurements, kr and kar can be easily

calculated as follows

k, = (5.1)

Ky = =2 (5.2)
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where, ¢ and 1o are quantum yield and lifetime of fluorophore, respectively. Thus,
observed radiative (kr) or non-radiative (kar) decay rates of FL in RMs solution 0.08 1ns
land 0.27ns’!, respectively. Interestingly, in the presence of AgNPs substantially
modifies non-radiative decay rates (from 0.28 ns 'to 0.440 ns'). Thus, it is inferred that
the observed changes in PL emission time is primarily due to non-radiative energy
transfer from photo-excited FL to AgNPs, which is mentioned in steady state quenching
studies. The non-radiative energy transfer efficiency (n) and rate of energy transfer

(ker) can be calculated by using following equations

—1_7™4
n=1 - (5.3)
i 1
kpr =——— (5.4)
TDA ™D

Where, ™ and 1pa represent life time of donor (FL) in the absence and presence
acceptor (AgNPs). As seen from Table 5.2 the calculated energy transfer efficiencies
and energy transfer rate for FL-AgNPs pair found to be 36% and ~1.6x10% s,
respectively. For SAF energy transfer efficiency and rate found to be 9% and 0.3x108
s respectively. Thus energy transfer can be effectively tuned by precise selection of
molecular dye. From steady state and time resolved data, it is clear that FL molecule
may be located in the close vicinity of AgNPs. Since rate of energy transfer depends on
the spectral overlap between donor and acceptor besides separation distance between
the coupling pair, FL dye satisfies both the criteria and hence, a high rate of energy
transfer occurs. Conversely, low rate of energy transfer for SAF-AgNPs pair can be
rationalized on the basis of the fact that SAF predominantly present in interfacial region

and no appreciable overlap with AgNPs SPR.
5.3. DISCUSSION

Our main objective of the present investigation is to probe the modification of
the absorption and emission characteristics of a molecular fluorophore by SPR of
AgNPs inside the confinement of AOT RMs. AgNP is chosen as its SPR band shows
around 5 times stronger excitation coefficient than AuNPs; additionally, AgNPs are
also known to exhibit stronger PF coupling than AuNPs.??’-228 Usually, the extent of PF
coupling depends on spectral overlap and distance between the molecular absorber and

the metal nanoparticle. Thus, the two representative pairs, uncoupled (SAF-AgNPs)
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and coupled (FL-AgNPs) are produced by judicious selection of fluorophores. Steady-
state and time-resolved studies revealed that indeed a strong interaction between FL
and AgNPs takes place but only a trivial interaction is observed for SAF-AgNPs

conjugates.

Usually, interaction of metal nanoparticle with a closely placed molecular
absorber occurs via two well accepted mechanisms: electromagnetic and chemical. The
interaction of electric field of the surface plasmons with the absorption or emission
transition dipole of the molecule constitutes the electromagnetic part. On the other
hand, mixing of metal states with the electronic states of the molecule is considered as
the chemical mechanism.?% 44227 [nteraction with AgNP does not alter the excitation or
emission maxima of the either of the fluorophores which implies that the energy levels
of the fluorophore remains same before and after coupling with the SPR. A strong
reduction of emission intensity and lifetime is noted for FL upon interaction with
nanoparticle. These are in accordance with the electromagnetic influence of the PF

coupling.

The fluorophore FL may remain in different chemicals forms depending on the
pH of the medium. A concern is that AA used as reducing agent here may change the
pH of the medium. The effect of AA on the optical characteristics of fluorescein in
water and in micellar medium has been investigated in detailed by De and coworkers.3
They demonstrated that AA has significant effect on the protonation equilibrium of FL
in aqueous medium. In aqueous solution FL. mainly exists in dianionic form but with
the increase of AA concentration, monoanionic, neutral and even cationic form may
dominate at very high concentration. However, they have not reported any reduction of
FL molecules in the presence of AgNP. Here a control experiment is performed to study
the effect of AA on spectroscopic properties of FL dye inside AOT RMs at wo= 6 (see
Figure A.5.4 in Appendix). In the absence of AA, the absorption and the excitation
spectrum of FL shows two peaks of similar strengths at 483 nm and 455 nm. This
feature is mainly characteristics of the monoanionic form of FL.??> With the increase of
AA concentration, the relative contribution of 455 nm increases compared to 483 nm
peak. In addition, fluorescence intensity of FL is also quenched significantly with the
increase of AA concentration. These observations clearly indicate gradual conversion
of the monoanionic form of FL molecule into neutral form inside RMs core with

increase of AA and is consistent with the observation of De and co-workers.?
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The pH of the medium before and after nanoparticle formation is also estimated
(see Figure A.5.5 in Appendix). Since, FL is a pH-sensitive probe, its excitation and
fluorescence spectra may change with the concentration of AA. This may complicate
the observed fluorescence quenching. However, it is well known that the water pool of
AOT RM displays a buffer-like behaviour. This means that pH of the internal water
pool is relatively less sensitive with respect to externally added acid or base. A number
of studies have been devoted to study such buffer like action of water pool of RMs.!!3
122 Using a ratio-metric approach on the excitation spectrum of fluorescein, Hasegawa
showed that water pool of AOT RMs behaves as a buffer for a wide range of bulk pH
(2-12).13 T estimated the pH of the water pool at different conditions from the
calibration curve obtained from the FL excitation spectra. The pH of the medium
changes very slightly in the presence of various additives such as AA (AA-FL), silver
nanoparticles (AgNP-FL). Thus, it is evident that very negligible change in pH is

occurred in presence of different additives.

The possibility of aggregation of FL in the presence of AgNP may an important
concern. Hence, deliberately take very low concentration of fluorophore (~1 uM) is
taken to avoid any aggregation. Simple calculation reveals that the number of RMs is
2-3 order of magnitude higher than the number of FL molecule. Thus, it is very unlikely
that two FL molecule may reside in same reverse micellar core in order to form
aggregates In addition, the excitation spectrum of FL is known to be very sensitive to
aggregation.>® The invariance of the excitation peak position of FL before and after

AgNPs formation further supported that no aggregation of FL takes place (Figure 5.4).

Now, the distribution of nanoparticle and fluorophores inside the reverse
micellar system is considered. As residual positive charges may exist on AgNPs
surface, therefore, surface attachment with negatively charged FL molecule is highly
probable (Scheme 5.2). It is reported that the nucleation process for the AgNP
formation inside RM takes place via Ags" clusters which finally converted into
AgNP.??° Furthermore, invariance of time-resolved anisotropy decays suggests that FL
molecules may not penetrate the AOT surfactant barrier when AgNPs is formed, in
other words most of the FL. molecule attached with AgNPs surface. As residual positive
charge on AgNPs interface are stabilized by negatively charged capping agent AOT,
after formation of AgNPs inside the RMs no water pool practically exists. It is unlikely

that SAF molecule penetrates the negatively charged surfactant layer and attach with
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AgNPs surface, rather it may present in interfacial region (Scheme 5.2). Note that
interfacial region is the place where maximum perturbation is expected when AgNPs
formed inside RMs core. Significantly faster anisotropy decay of SAF after AgNPs
formation may arise from its presence in the interfacial region. A minor decrease
(~10%) of QY of SAF indicate a trivial interaction with AgNPs and the reduction of
QY may be due to emitted photons are reabsorbed by AgNP by means of inert filter
effect. This also supported by lifetime measurement where no change in fluorescence
decays is observed. Based on above discussion Scheme 5.2 is design showing probable
distribution of dyes and plasmon-fluorophore interaction of silver nanoparticles inside

AOQT reverse micellar system.

AgNO,
§ SAF '
SAF-RM

Uncoupled SAF-AgNP
AgN°3 -~
‘ -
-RM
Scheme 5.2: Probable distribution of dyes and plasmon-fluorophore interaction of

Coupled F'I.-AgNP

silver nanoparticles inside AOT reverse micellar system.

The remarkable modification of the extinction spectrum of the SPR band of
AgNPs during the progress of the FL—AgNP composite can be due to the PF coupling,
change of refractive index around the nanoparticle or due to aggregation of
nanoparticles induced by the fluorophore. Since, any appreciable difference in the TEM
image of the composite system do not observed from that of the AgNP in RM, thus one
may exclude the possibility of aggregation. However, possibility of nanoscale
aggregation of small AgNPs (say < 3 nm) cannot ruled out the within the RM core
induced by FL because TEM and DLS are not sensitive to these microscopic

aggregations. A strong coupling of the SPR band of the metal NPs with the excitation
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state of the fluorophore may generate two new states with upper and lower energies. A
significant change in the local refractive index around NPs may occur when a molecular
fluorophore binds to the NP surface. In all of the aforementioned cases, usually a red
shift is noticed in the PF composite system. Because one can only resolve the low-
energy SPR band (at~430 nm) but not the high-energy one, hence the shift of the SPR
may ascribe to the change in the refractive index. However, because of significant
spectral broadening, the presence of a high-energy peak cannot be ruled out, and hence

other possibilities may also prevail.
5.4. CONCLUSION

In conclusion, an easy and convenient way to study in situ plasmon-fluorophore
coupling is demonstrated by confining both the fluorophore and gradually developing
nanoparticle inside RMs. For two fluorophores FL and SAF, very different spectral
modification is observed. For the SAF-AgNPs composite, the extinction spectrum is
simple superposition of the SPR band of AgNP and the absorption spectrum of SAF.
However, for the FL-AgNPs composite, extinction spectrum modulates strongly; the
original SPR band at ~ 400 nm depletes strongly while a new peak develops at ~ 430
nm. However, the absorption, excitation and emission spectra of FL. do not show any
shift of its molecular transition frequencies in the presence of AgNP. Moreover, TEM
and DLS measurements revealed very less morphological change of the AgNP in the
presence of FL. Thus, the modification of the extinction spectrum of the SPR band may
not be because of the aggregation of AgNPs but is attributed to the plasmon-fluorophore
coupling. In the FL-AgNPs composite system, quenching of the fluorescence intensity
and the decrease of lifetime of FL is attributed to the energy transfer from the
fluorophore to the metal nanoparticle. The very different spectral behaviour of the FL-
AgNPs and SAF-AgNPs was due to a combination of different fluorophore-plasmon
distance distribution inside the RM and different spectral detuning of the molecular

transitions from the SPR band of AgNP.
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Chapter-6

Anomalous Spectral behavior of 4-
Aminophthalimide inside Non-Aqueous
Acetonitrile Microemulsion:
Implication on Reverse Micelle to Bi-
Continuous Microemulsion Transition*

Acetoppitrile Acetonitrile
Bicountineous
microemulsion

#This work has been published in J. Phys. Chem. B 2018, 122, 6966-6974.
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CHAPTER 6: ANOMALOUS SPECTRAL BEHAVIOR OF 4-
AMINOPHTHALIMIDE INSIDE NON-AQUEOUS ACETONITRILE
MICROEMULSION: IMPLICATION ON REVERSE MICELLE TO BI-
CONTINUOUS MICROEMULSION TRANSITION

6.1. INTRODUCTION

Microemulsions are primarily composed of two immiscible (or partially
miscible) solvents and a surfactant (Section 1.3). Since, initial studies are carried out
with water and oil, microemulsions are usually classified as oil-in-water (o/w), water-
in-oil (w/0) and another non continuous phase is bi-continuous microemulsions
(BMCs).'?> BMCs mostly arises at an intermediate polar solvent content, in which both
polar and non-polar solvents form nanochannels delineated by a layer of surfactants

(Scheme 6.1).23°

Spherical RMs Bicontinuous microemulsion
o O
n_o® 7
< HzN
~N
w ° :
Aot © a-ap ©

Scheme 6.1: Representation of RM and bi-continuous microemulsion models along
with  the chemical structures of the surfactant sodium 1,4-bis(2-

ethylhexyl)sulfosuccinate (AOT) and the fluorophore 4-aminophthalimide (4-AP).

The nature of the microemulsion remains debated when acetonitrile is used as a
polar solvent. Despite of numerous investigations, whether acetonitrile is effectively
sequestered by AOT molecules to form true RM droplets at any ws still remains
ambiguous and consequently, Levinger and co-workers define this system as problem
system.”” Early DLS measurements revealed that hydrodynamic radii of the
microemulsions do not change upon variation of acetonitrile content.®! The absence of
swelling is considered to be a clear deviation from true RMs characteristics and hence,
Levinger and co-workers suggested that acetonitrile based system should better be
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termed as microemulsion without definite interfacial boundary and these

microemulsions may behave as BMC.3!

Solvation dynamics in acetonitrile microemulsion behaves very differently
compared to that in aqg-RMs (aqueous RMs) and other nonaq-RMs (non-aqueous RMs).
Shirota and Horie first reported that the solvation dynamics of an anionic fluorophore
C343 does not change with variation of ws inside acetonitrile microemulsion.®” Sarkar
and co-workers also found only trivial change of average solvation time with variation
of ws for several coumarins— C152, C152A, C153 and C490.86-88. 231 [ these studies,
they assumed formation of RM first and then explained the ws-independent solvation
dynamics behavior based on the absence of H-bonding inside encapsulated acetonitrile
and weak intermolecular interaction of acetonitrile with SO3 group of AQT.86-88. 231
Noticeably, in all these studies, starting acetonitrile-microemulsions above ws = 2.
However, a majority of nonaq-RMs such as formamide and ethylene glycol etc. show
RM characteristics at very low ws (<2) and therefore, it may be interesting to know the

property of acetonitrile containing microemulsions particularly at lower ws content.

In this chapter the controversial acetonitrile/AOT/n-heptane microemulsion is
probed with a hydrophilic fluorophore 4-aminophthalimide (4-AP) and the modulation
of spectral and dynamical response is monitored with variation of ws. The advantage of
the use of 4-AP is that it is completely insoluble in n-heptane and ultrasensitive to
environmental properties. Steady-state and time-resolved spectroscopic behaviors of 4-
AP modulate very differently in the low (ws< 1) and high (ws> 1) ws regimes indicating

a phase transition from RM to BMC.

6.2. RESULTS

6.2.1. Absorption and Emission spectra of 4-AP in acetonitrile/AOT/n-heptane

microemulsion

Absorption spectrum of 4-AP in AOT solution of heptane (ws= 0) shows two
prominent bands at 305 nm and 363 nm (Figure 6.1a) corresponding to two different
electronic transitions, So — Sz (B2 band) and So — Si (B1 band), respectively.'80 232
Upon addition of acetonitrile, the peak positions most remain same but the absorbance
of both the bands increases. This may be due to enhancement of the solubility of 4-AP
at higher acetonitrile content.
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Figure 6.1: (a) Absorption spectra of 4-AP in acetonitrile/AOT/n-heptane
microemulsion at different ws. Absorption spectrum of neat acetonitrile (dotted line) is
also included for comparison (b) Emission spectra (Aex=360 nm) of 4-AP in
acetonitrile/AOT/n-heptane microemulsion at different ws values. Inset shows emission

maxima (in nm) vs ws plot.

Emission maximum of 4-AP gradually shifts to longer wavelength with increase
of ws (Figure 6.1b). The emission spectrum displays a red-shift of ~30 nm from 445
nm at ws = 0 to 475 nm at ws= 8. Note that almost half of the peak shift (~15 nm) occurs
in the lower ws region (ws = 0-1) but the other half occurs over a large ws range (ws 1-
8) (inset of Figure 6.1b). The red-shifting of emission spectrum is quite common for
ag-RM (AOT/water/n-heptane) with increase in water content; the emission maximum
shifts from 445 nm (at w = 0) to 542 nm ( at w = 30).'80 Note that the emission
maximum, even at highest water content (wo = 30), is significantly shorter compared to
the emission maximum in neat water (550 nm). However, the emission maximum of 4-
AP in acetonitrile microemulsion becomes similar to neat acetonitrile (A5,n = 458 nm)
at an intermediate ws (~ 1) and further shifts to longer wavelength at higher ws. Thus,

the nature of the spectral shift in the case of acetonitrile microemulsion is quite different

from that in the aqueous microemulsion.

Moreover, variation of emission intensity with ws is found to be an anomalous;
a gradual enhancement of emission intensity is also noticed in lower ws region (ws =0
to 1) but the emission intensity gradually decreases at higher ws (1-8). The quantum
yield (QY) of 4-AP is slightly higher in acetonitrile (0.63) compared to dry AOT
microemulsion (0.60).''? Thus, the initial enhancement of emission intensity with the

addition of acetonitrile can be obvious and 4-AP may be sensing more polar
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environment. However, if the acetonitrile exposure of 4-AP is solely responsible for
emission enhancement, then it should be observed throughout the ws range (0-8). Thus,
the unusual modulation of emission QY may be indicative of an abrupt change in the

microenvironment around 4-AP after ws= 1.

6.2.2. Red-edge excitation shift (REES) in acetonitrile/AOT/n-heptane

microemulsion

In order to investigate the motional restriction of the solvent environment
around the fluorophore, shift of the emission spectra are measured with variation of
excitation wavelengths. A shift of emission maximum toward higher wavelengths,
caused by a shift in the excitation wavelength toward the red edge of absorption band,
is termed as red edge excitation shift (REES).?*323> The effect is primarily observed for
polar fluorophores in restricted environments when solvent relaxation time is
comparable or longer than the lifetime of the fluorophore.?*> The amount of REES may

indicate the level of motional restrictions imposed on the environment.

12
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Figure 6.2: Variation of the red-edge excitation shift (REES, Av in nm) of 4-AP inside
acetonitrile/AOT/n-heptane microemulsion with gradual increment in the ws. Inset

shows emission spectra of 4-AP at various excitation wavelengths (Aex) at ws = 1.

Figure 6.2 shows the variation of the magnitude of REES inside
acetonitrile/ AOT/n-heptane microemulsion at different ws. The REES is represented as
the difference between the two emission maxima corresponding to excitation at two
extreme wavelengths (300 nm and 405 nm) of the absorption spectrum. In dry AOT
microemulsion (ws= 0), the REES values was quite significant (~11 nm) which implies
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that 4-AP may resides in a very a restricted environment (see Figure A.6.1 and Table
A.6.1 in Appendix). Upon gradual increment in acetonitrile concentration, REES
steeply decreases to ~4 nm at ws = 2 and thereafter, decreases only slightly. This

suggests that the solvent relaxation becomes faster with increase of ws.

6.2.3. Steady state anisotropy of 4-AP in the acetonitrile/AOT/n-heptane

microemulsion

In order to guess the structural morphology of acetonitrile microemulsion,
steady-state anisotropy (rss) at varying ws content is measured (Figure 6.3). The
anisotropy value at ws= 0 is quite high and may be due to strong confinement of 4-AP
within the AOT surfactant molecules. The rss value gradually decreases up to ws= 1.5,
thereafter it becomes unaltered upon further addition of acetonitrile. It seems that 4-AP
faces molecular restrictions at lower ws region and the restriction subsequently releases

at higher ws.

6.2.4. Fluorescence lifetime of 4-AP in acetonitrile/AOT/n-heptane

microemulsion
0.030
Prompt
Acetonitrile
ws=0
ws=1
1000 w.=8
0.027 . 3
3
S
: >
I-. ]
s 100
0.024 - [ E
0.021 T T T T T 10 ‘| T T
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wg Time (ns)

Figure 6.3: Steady state fluorescence anisotropy (left panel) of 4-AP inside
acetonitrile/AOT/n-heptane microemulsion at various acetonitrile contents measured at
the emission maxima (Aex = 360 nm). Fluorescence decays of 4-AP (right panel) inside
acetonitrile/AOT/n-heptane microemulsion at various ws measured at the

corresponding emission maximum (Aex= 375 nm).
Fluorescence decays may provide valuable information about location of

fluorescent inside a micro-heterogeneous medium. Figure 6.3 displays fluorescence
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decays of 4-AP inside acetonitrile/AOT/n-heptane microemulsion at some
representative ws and also the fluorescence decay in neat acetonitrile. All decays are
fitted to bi-exponential function except in neat acetonitrile (single exponential) and the
decays parameters are summarized in Table 6.1. It is evident from the Figure 6.3 that
the fluorescence decays are significantly slower in the microemulsion compared to that
in bulk acetonitrile. The average fluorescence lifetime first gradually increases up to ws
= 1, remains almost unchanged between ws= 1 to ws = 2 and thereafter, gradually
becomes faster with increase in ws. The anomalous change in fluorescence lifetime may

suggest a strong modulation of the microenvironment of 4-AP at an intermediate ws.

Table 6.1: Fluorescence decay parameters and quantum yields of 4-AP inside

acetonitrile/ AOT/n-heptane microemulsion at various ws.

System O [ a | n | a2 | n || g
(ns) (ns) | (ns)
Microemulsion, ws=0 0.61023| 92 |0.77 |18.1 | 16.1 | 1.09
Microemulsion, ws=0.5 | 0.66|0.24| 94 [0.76 | 21.1 | 18.3 | 1.01
Microemulsion, ws=1 0.65]0.29 | 12.7 [ 0.71 | 21.1 | 18.7 | 1.10
Microemulsion, ws=2 | 0.58 | 0.26 | 11.9 | 0.74 | 21.3 | 18.9 | 1.08
Microemulsion, ws=4 0531021 92 |0.79 205|182 | 1.10
Microemulsion, ws= 8 0481021 73 |0.79|19.6 | 17.0 | 1.02
Acetonitrile 063 1 148 - - | 14.8 | 1.06

40 mM AOT in acetonitrile | 0.46 | 0.39 | 6.5 | 0.61 | 16.9 | 12.8 | 1.12

S<p=aititan

6.2.5. Solvation dynamics of 4-AP inside the acetonitrile/AOT/n-heptane

microemulsion

Fluorescence decays of 4-AP in acetonitrile/AOT/n-heptane microemulsion at
a blue (Aem = 410 nm) and a red (Aem = 580 nm) wavelength are taken at various ws
values (see Figure A.6.2 in Appendix). It is evident that the decays recorded at a blue-
end of emission band are distinctly different from the decays recorded at red-end of the
spectrum. A distinct rise component characteristic of solvation dynamics is clearly

visible at the red-wavelength transients.
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Figure 6.4: The relative shift in time resolved emission maxima AALy, =
Ane* (t = 60 ns) — Ag” (t = 0.1 ns) of probe 4-AP in acetonitrile/AOT/n-heptane

microemulsion at different ws.

Using spectral reconstruction protocol of Maroncelli and Fleming,'°! TRES at
different times is constructed (see Appendix Figure A.6.3). TRES progressively shift
to the longer wavelength upon increasing time without any appreciable change in the
band shape. The dynamics Stokes shift is represented by AAg,; " (nm) as a difference
between the emission maximum of the TRES at a long time (60 ns) and initial time (0.1

ns).
AAS* = 0% (t = 60 ns) — Agya” (t = 0.1 ns) (6.1

The initial time at t = 0.1 ns (not at t = 0) is deliberately chosen due to limited
resolution of our set up (IRF < 100 ps). AAn~ values at different ws values are given
in the Figure 6.4. The TRES of 4-AP in AOT/n-heptane system in the absence of
acetonitrile also undergoes a relatively small red shift (~ 14 nm) with time. The result
is consistent with the report of Correa and co-workers'®® and suggest that 4-AP
undergoes significantly slower solvation dynamics. This also support existence of
organized structure (RM) at this AOT concentration even without presence of any polar

solvent (ws = 0).

A steep increase of the 440" value is noticed with increase in ws value up to
ws= 2 (Figure 6.4). The increase of the dynamics Stokes shift within same observation
time window (0.1-60 ns) suggests that the solvent relaxation occurs in relatively faster

time scales. At higher ws (> 2) it is found that the change in the dynamic Stokes shift is
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very less. This implies that the solvation dynamics occurs at similar times scales at high
ws regimes. Thus, the dynamics Stokes shift measurements clearly show existence of
two different regions. The ws dependent solvation dynamics behaviours in lower ws
region (ws = 0-2) however at higher ws region (ws= 4-8) the dynamics Stokes shift
remains unchanged which is observed by number of authors with different probes inside
acetonitrile microemulsion. 86-87- 231 TRES shift thus corroborates with steady state
anomalous spectral response of 4-AP and indicates modulation of acetonitrile

microemulsion structure.

6.2.6. Spectral properties of 4-AP in acetonitrile in the presence of AOT

(a) —omM 466 - (b)

464

462 -

Intensity (a.u)
Amax (nm)

460

458

0.0

4&0 560 550 0.1 T 1 10
Wavelength (nm) AOT (mM)
Figure 6.5: (a) Emission spectra and (b) emission maxima (Amax) of 4-AP (Aex=360

nm) in acetonitrile solvent as a function of AOT concentration.

The emission behavior of 4-AP in neat acetonitrile is also studied and in the
presence of different concentration of AOT (Figure 6.5). The emission maximum of 4-
AP in neat acetonitrile appears at 458 nm and emission spectrum remains invariant
under different excitation wavelengths. The emission spectrum does not shift in the
presence of AOT up to 2 mM but at higher concentration of AOT significant red shift
of the emission maxima is observed (Figure 6.5b). Furthermore, at high AOT
concentration, the emission maxima depend on the excitation wavelength and finite
REES is observed. TRES measurement cannot detect any time dependent spectral shift
in neat acetonitrile and in the presence of low concentration (< 2 mM) of AOT (see
Figure A.6.4 in Appendix). This suggest that the solvation dynamics in these systems
are much faster than the time resolution of our set up. It is inferred that no organized
structure exist in neat acetonitrile or in the presence of low concentration of AOT.

However, at high concentration, significant time dependent spectral shift is observed
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indicative of slow solvation dynamics. No sudden alteration (like that of 4-AP in
acetonitrile microemulsion) in emission intensity was observed; QY gradually
decreases with the increase of AOT concentration. Moreover, lifetime measurements
also reveal that 4-AP strongly interact with AOT molecule, lifetime decreases from 14.9

ns to 12.9 ns when 40 mM AOT was added to neat acetonitrile (Table 6.1).

4-AP may resides at the AOT reverse micellar interface and interact with the
head group of AOT molecule.'® Moreover, Mukherjee et al. have shown that 4-AP
emission maxima mostly depends on H-bond donation (a) or H-bond accepting
capability (B).2*® They demonstrated this behavior by comparing Amax of 4-AP in
acetonitrile and in DMSO, 4-AP exhibits ~18 nm red shift from 458 nm in acetonitrile
(=0.19 and B = 0.40) to 478 nm in DMSO (. =0 and  =0.76). Analogous to DMSO
molecule, AOT head group contains two S=O linkages (Scheme 6.1) and hence, a
superior H-bonding interaction is expected. This interaction may be responsible for the
red-shifting of the Amax of 4-AP. However further studies are needed to understand the

nature of this interaction more deeply.

6.2.7. Dynamic light scattering studies of acetonitrile/AOT/n-heptane

microemulsion

In order to get an idea whether acetonitrile RMs forms true RMs or not, DLS
measurements are performed. Size of the dry AOT RMs is found to be ~ 3 nm which
agrees well with the reported diameter of ~ 3.0+0.6.2%” Figure 6.6 show the presence
of two regimes. The hydrodynamic diameter gradually increases from ~ 3 nm at ws=0
to ~ 5.2 nm at ws= 1 with the increase in acetonitrile content (See Table A.6.2 in
Appendix). Furthermore, in this regime (ws <1), size obtained from distribution fit and
cumulant (z-average) fit agrees to each other. This implies that the system is not very
polydispersed, which is also evident from low polydispersity index (PDI ~ 0.2-0.3).
However, at higher ws the system becomes very poly dispersed (PDI ~ 0.6-1) and hence,
the results are less accurate in this regime (ws 1-8). The difference in the scattering
pattern in two regimes can be best viewed through the scattering autocorrelation
function (See Figure A.6.5 in Appendix) A lower ws, the autocorrelation vanished after
~ 200 ps. However, for higher ws, the autocorrelation persist over 100 s. More
importantly, the drastic change of the autocorrelation pattern strongly suggests a

dramatic change of the nature of the microemulsion.
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Figure 6.6: Hydrodynamic diameter of acetonitrile/AOT/n-heptane microemulsion at

different ws values obtained from dynamic light scattering (DLS) measurements.
6.3. DISCUSSION

The main objective is to characterize the controversial acetonitrile
microemulsion systematically and to identify the parameters that lead to the formation
of true RMs or BMC. The fluorophore 4-AP is insoluble in n-heptane, and hence may
be completely absent from the continuous non-polar part of the microemulsion and can
provide effective information about core formation (in the case of RMs) or channel
formation (in the case of BMC) by added acetonitrile. Moreover, 4-AP is an excellent
fluorophore as its quantum yield; emission maximum and lifetime are sensitive to
environmental condition.!!? 39 The spectral properties of 4-AP modulates very
differently at low and high wsregimes. If it is assumed that the microemulsion changes
its morphology from RM to BMC in between ws = 1 and 2 (Scheme 6.2), satisfactory

all the observations can be explain.

The emission spectrum shifts quite significantly with increase of the amount of
acetonitrile in the lower ws region ( ws= 0 -1) but the shift is much smaller at high ws
range (ws 1-8). This is consistent with RM formation at low ws and consequently, a
dramatic change in polarity can be expected upon formation of acetonitrile pool. The
emission maximum of 4-AP at ws= 1 matches with neat acetonitrile. Note that it is
argued that unlike water or alcohol, acetonitrile cannot involve in H-bonding with the

headgroup of AOT.3% !'2 Thus, it may not be surprising that the emission maximum of
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4-AP in RM becomes equal to neat acetonitrile. But it is more surprising that the
emission maximum shifts to longer wavelength and even surpasses the emission
maximum in neat acetonitrile at higher ws. It is observed that the emission maximum
of 4-AP in acetonitrile can shift to longer wavelength upon addition of a certain amount
of AOT (> 2mM). In the polar solvent acetonitrile, the surfactant AOT molecules can
form micelles and 4-AP may sense a polar environment at the micelle interface due to
the presence of the polar head group. Note that a striking similarity is found between
the emission maximum of 4-AP in acetonitrile solution in the presence of high AOT
(30 mM) with the microemulsion at high ws. Thus, there may be similarity between the
polarity of the medium and the arrangement of AOT around 4-AP. This is only
reasonable if BMC formation at higher wsis assumed . In the BMC phase, some AOT

molecules may reside in the acetonitrile nano-channels and may interact with 4-AP.

o=

MeCN RMs
0.5<w >1

4-AP

;}AOT

Bicontinuous microemulsion RMs Interactior!
w>2 W;>1

Scheme 6.2: Systematic conversation of acetonitrile/AOT/n-heptane reverse

microemulsion to bi-continuous microemulsion with gradual addition acetonitrile.

The emission intensity and lifetime variation are also consistent with the RM to
BMC transition. Fluorescence intensity and lifetime first increase with increase in ws
up to ws = 1, and thereafter decreases. In the low ws, because of RM formation, 4-AP
may be distributed more into the acetonitrile core, which causes the enhancement of
emission intensity. On the other hand, after BMC formation, interaction of AOT with

4-AP leads to decrease of lifetime and emission intensity.
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Strong modulation of solvation response and the REES values within the low
ws regimes but much less variation occurring thereafter is also consistent with the RM
to BMC transition. The organization of AOT rapidly changes in the RM region (low
ws) which may be responsible for progressively faster solvation dynamics (or lower
dynamics Stokes shift). Inside the BMC phase, the confinement may be much less and
may be invariant of acetonitrile constant. Low REES and faster solvation dynamics

indicate formation of BMC in the high wsrange.

From DLS measurements, a moderate ws dependent behavior at low ws region
(from ~ 3 nm at ws = 0 to 5.20 nm at ws= 1) is found. The swift swelling upon polar
acetonitrile incorporation provides a clear evidence for the formation of reverse
micellar type assemblies specifically at low ws regimes. Conversely, with gradual
increase in acetonitrile content, DLS measurements detect presence of large structures
with high polydispersity (PDI~1.0). Thus, the presence of large microemulsion
structures provide clear insights transition of spherical reverse micellar structure to non-
continuous BMC type structure and transition occurred above ws = 1. BMC structure is

less organized compared to RM and hence a high PDI index is expected.
6.4. CONCLUSION

In this chapter, a novel systematic attempt is made to study structural transition
of the controversial acetonitrile/AOT/n-heptane microemulsion by employing
photophysical behaviors of the fluorophore 4-AP. A detailed analysis of steady-state
and time-resolved emission spectroscopy results revealed that structure of the
microemulsion depends on the amount of acetonitrile content. Structural
characterization by DLS measurement validates the existence of two different w/o
microemulsion structures and transition from RM to bi-continuous microemulsion type
structure occurring at an intermediate ws >1. At lower acetonitrile content (ws <1),
reverse micellar type droplets are formed and with further increase in the acetonitrile
content (ws >2), reverse micellar droplets fuse among themselves owing to strong
attractive interaction and transform into bi-continuous microemulsion (Scheme 6.2).
Selective formation of RM and bi-continuous microemulsion type structures by simply
varying polar content may open the door for synthesis of nanoparticles and will be

discussed elaborately in subsequent chapter.
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Synthesis inside Acetonitrile
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Probing the Structural Transition of the
Microemulsion*
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#This work has been published in Colloids Surf. A 2019, 574, 171-177.
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CHAPTER 7: HYDROPOBIC SILVER NANOPARTICLE SYNTHESIS
INSIDE ACETONITRILE MICROEMULSION AND ITS IMPLICATION IN
PROBING THE STRUCTURAL TRANSITION OF THE MICROEMULSION

7.1. INTRODUCTION

In the previous Chapter, we have shown that acetonitrile microemulsion
undergo structural transition from RM to BMC after certain ws. In this Chapter, a unique
strategy is formulated to probe the structural transition by using microemulsion itself
as a template for synthesis of silver colloids. Both silver nitrate and AA are insoluble
in n-heptane phase and thus, Ag colloids formation occur solely inside the acetonitrile
fraction and therefore, the structural morphology of the Ag colloids provides valuable

information regarding the structure of the template where Ag colloids formation occur.

In principle, the acetonitrile/AOT/n-heptane microemulsion is a very suitable
medium for AgNP synthesis. Silver nitrate has unusually high solubility (up to 9 M) in
acetonitrile.?®® It is reported that acetonitrile forms coordination complex with silver (I)
ion. 238240 Moreover, AA has moderate solubility in acetonitrile and the solubility
increases with increase in temperature.?*! Exploiting these convenient characteristics,
here a very simple strategy is furnished for AgNPs synthesis inside the acetonitrile
microemulsion at various ws values. The polydispersity and optical quality of the
AgNPs shows a robust correlation with microemulsion structure. Moreover, the
synthesized AgNPs are found to be very stable, redispersable and can be easily coated

on a glass plate.
7.2. SYNTHESIS OF HYDROPHOBIC SILVER NANOPARTICLES

Usually reducing agents are incorporated inside microemulsion as solution of
the core-forming polar solvent (e.g. dissolve in water in the case of aqueous
microemulsion). However, AA exhibits moderate solubility in acetonitrile. Thus, if AA
is incorporated as a solution of acetonitrile, the required concentration of AA in the
stock solution would exceed its solubility limit. To avoid this, different route is taken.
First, AA (5 mM) solution of acetonitrile is evaporated so that solid AA remained in
the container. Then, dissolution of the AA inside AOT/n-heptane solution is followed
through absorption spectroscopy (see Figure A.7.1 in Appendix). AA has a strong
absorption maximum at 262 nm and the absorbance at this wavelength is developed

linearly with increase in AA concentration indicating that RM is dissolved completely
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into the AOT containing non-polar phase. The extinction coefficient of AA in the
system is found to be 13.4 + 0.4 x 10° M"! cm™!. As AA is not soluble in n-heptane, it
is inferred that AA may bind to AOT possibly through H-bonding. After AA
solubilisation, AgNOs solution is incorporated as acetonitrile solution. UV-Vis

spectrum is recorded when no further change in absorption is noted.

2.5 mL 90 mM AOT solution is prepared in n-heptane. A stock solution of 5
mM AA is prepared in acetonitrile by mild heating (50 °C) and stirring. Required
amount of this stock solution is spreads into a glass vial and dried gently until all the
solvent evaporates. To the same vial, the AOT/n-heptane solution added and stirred at
1000 rpm for 3 hours for complete dissolution of AA into the AOT/heptane solution.
The overall AA concentrations are 0, 0.05, 0.10, 0.2, 0.3 mM, respectively, in different
sets. To this AA/AOT/heptane solution, AgNQOs is added as an acetonitrile solution.
The concentration of AgNO3 in the acetonitrile solution is adjusted so that a fixed
overall concentration of Ag® (0.3 mM) is maintained at all ws’s. After addition of
AgNO3, the colourless solution changes to deep yellow with elapse of ~ 2 hours’ time

indicating formation of AgNPs.
7.3. RESULTS

7.3.1. Extinction spectra of AgNPs formed inside of microemulsion at different

Ws

2.5
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Optical density
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Figure 7.1: The UV-Vis spectra of Ag colloids formed in the acetonitrile/AOT/n-

heptane microemulsions at ws = 0.5, 1, 2 and 3. The concentration of AgNOs and AA
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is fixed at 0.3 mM and 0.20 mM, respectively. Photographs of each solution are given

in the inset.

Figure 7.1 shows the SPR band of Ag colloids synthesized at various ws values
(0.5-3) for a fixed AA concentration of 0.20 mM. Optimum concentration of the AA is
determined by varying different concentrations of AA (see Figure A.7.2 in Appendix).
The details of the SPR maxima and FWHM (full width at half maxima) of the SPR
bands at different AA concentrations and at various ws values are provided in Appendix
Table A.7.1. From Figure 7.1, it is evident that optical quality gradually depletes with
increase in the ws values; the maximum absorbance (Amax) decreases from at 2.5 (at ws
=0.5) to 0.90 (at ws = 2) with a concomitant increase of the FWHM from 62 nm to 71
nm. Surprisingly, SPR peak almost vanishes at ws = 3; the solution becomes almost
colorless (inset of Figure 7.1). SPR band of AgNPs attained at ws = 0.5 and 1 are quite
similar in optical quality, however, in the case of ws =2, the SPR band contains an
extended tail up to 600 nm. This may indicate coexistence of large nanoparticles in
addition to un-associated nanoparticles. Note that in the previous Chapter change in
microemulsion phase from RM to BMC is predicted. These two phases may exert very

different templating effect for the nanoparticle formation.

7.3.2 Variation of hydrodynamic diameter of AgNPs with ws value of

microemulsion
25
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Figure 7.2: Hydrodynamic diameter of acetonitrile/AOT/n-heptane microemulsion at

different ws values obtained from DLS measurements in absence of silver nanoparticles
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(a) and in presence of AgNP (b). The concentration of AgNO3 and AA is fixed at 0.3
mM and 0.20 mM, respectively. Note that the DLS spectra in absence of AgNP is taken
from Chapter 6.

In order to know the effect of incorporation of Ag colloids on the hydrodynamic
diameters of the acetonitrile microemulsion, DLS measurements on Ag colloids are
performed (Figure 7.2). It is apparent that at lower ws region, Ag colloids containing
microemulsion exhibit unimodal distribution with hydrodynamic diameter ~ 5.8 nm (ws
=0.5) and ~ 6.4 nm (ws= 1), along with low PDI ~ 0.2 (see Table A.7.2 in Appendix).
However, at higher ws regimes, multimodal distribution of the hydrodynamic diameter
with large PDI value (~ 0.4-0.6) is seen, hence, the results are less accurate in this
region. The obtained hydrodynamic diameters of AgNPs microemulsion at lower ws
region larger (~ 5.8 nm and ~ 6.4 nm at ws = 0.5 and ws = 1 respectively) than of
hydrodynamic diameters pure microemulsion (~ 4.7 nm and ~ 5.6 nm at ws= 0.5 and
ws= 1 respectively).?*? Thus, the swelling of RM upon nanoparticle formation is evident
at lower acetonitrile content. Therefore, at lower acetonitrile content the microemulsion
may pre-exist as reverse micellar type aggregates and such aggregates serves as flexible
template for nanoparticle formation. This trend clearly corroborates with our
photophysical probing in Chapter 6, at lower acetonitrile content (ws <1); reverse
micellar type droplets are formed. These droplets start percolation at ws>1 which may

be the reason for multimodal distribution along with high PDI.
7.3.3 Correlation of AgNPs size and distribution ws value of microemulsion

To understand effect of ws on the final size, shape and distribution of
synthesized Ag colloids, TEM measurement at ws = 0.5, 1, 2 and 3 are performed
(Figure 7.3). TEM micrographs reveal that Ag colloids particles are exclusively
spherical and size distributions quite narrow at ws= 0.5 and 1, and at ws= 2 the majority
of the particles deviated from spherical shape and aggregation is clearly visible in the
system. Surprisingly, at ws = 3 presence of spherical Ag colloids is very scare rather
channel-like large Ag nanostructures are prominent. The diameter of AgNPs are found
tobe 5.6 £ 1.9 nm, 6.8 + 3.10 nm and 9.5 £ 4.0 nm at ws = 0.5, 1 and 2, respectively.
Enlargement of diameter is nicely correlated with SPR spectra where a gradual

depletion AgNPs SPR with ws values is noticed. Moreover, the observed diameter
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nicely correlated with hydrodynamic diameter of acetonitrile microemulsion obtained

from DLS measurement especially for ws= 0.5 and 1 (see Table A.7.2 in Appendix).

Figure 7.3: TEM images and size distribution histograms of Ag colloids synthesized
by AA reduction at ws= 0.5, 1, 2 and 3 respectively. The overall concentrations of
AgNOs and AA are 0.30 and 0.20 mM, respectively. Histograms are generated by
excluding larger AgNP aggregates and TEM micrograph at ws = 3 are represented in

lower resolution (500 nm scale bar).

The details inspection of several TEM pictures at ws =2 shows that large
aggregated particles size around 20 to 30 nm are present in all portion of copper grids,
it seems that several AgNPs fuses among themselves to produce large AgNP
aggregates. Abrupt change in the AgNPs size and shape along with polydisperisty at ws
= 2 may be due to reverse micellar percolation phenomena. Since RMs is spherical in

shape and percolation phenomena may distort spherical shape and produce various
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labile structure, which may act as template of AgNPs. Thus, different types of templates
may produce Ag colloids of various morphologies and hence, high degree of
polydispersity may be observed. On other hand, presence of channel-like Ag
nanostructures may be due to presence of BMC structures that contains numerous

nanochannels,!00- 230

7.3.4 Properties of AgNPs synthesized inside acetonitrile/AOT/n-heptane
microemulsion

7.3.4.1 Superior optical quality compare to all other methods based on AOT
microemulsion

To the best of our knowledge, the optical quality of the AgNPs synthesized
inside acetonitrile/AOT/n-heptane microemulsion found to be much superior than
previously reported other aqueous and non-aqueous AOT microemulsion routes for
details see Appendix (Table A.1.1 and Figure A.7.3). Moreover, the optical quality is
even superior than our previously reported aqueous route (Chapter 3). The optical
quality of the SPR band is very important, as it is directly correlated with size and
polydispersity Ag colloids.

7.3.4.2 Superior thermal stability and re-dispersibility

It is reported that with temperature, a substantial change in both the optical and
structural properties AgNPs are noticed (both for AOT micelles and RMs route).?#3-24
Thus, in order to check thermal stability of AgNPs, the temperature of the suspension
is gradually varied using a peltier attached inside UV-visible spectrophotometer (see
Figure A.7.4 in Appendix). The temperature adjustment can be easily controlled from
outside without disturbing the AgNPs solution. The successive absorption spectra are
taken after equilibrating the solution for 20 minutes. The main advantage of this
approach is that even a minute change in SPR with temperature can be easily detected.
No appreciable change in SPR peak is noticed when the system in situ temperature
gradually altered. Invariance in the optical properties gives clear indication of

invariance in the size and morphology of AgNPs.

To check the stability of the AgNPs and its usability in different medium,
solvents (heptane and acetonitrile) are evaporated by drying the AgNPs solution with
hot air and re-dispersed it in equal volume of n-heptane. The re-dispersed solution of
AgNPs in n-heptane at ws = 0.5 shows negligible change in UV-Visible spectrum
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compared to the as-synthesized nanoparticle (Figure 7.4). The plasmonic peak at ~ 402
nm remains invariant before and after air drying; only a very little change in absorption
maxima is observed. The property that the AgNPs remains stable under dry conditions

can be exploited in easy storage and transport of the nano-materials for future use.
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Figure 7.4: Comparison of UV-Vis spectra of as prepared AgNPs formed in the

acetonitrile/ AOT/n-heptane microemulsions at ws= 0.5 and after evaporation followed

by re-dispersing in n-heptane. Photographs of as prepared, evaporated and re-dispersed

solutions are given in the inset.
7.4. DISCUSSION

The main objective is to see whether there is any correlation between initial
microemulsion structure (template structure) and the properties (optical or structural)
of the synthesized MNPs. In previous Chapter, it is found that acetonitrile
microemulsion may undergo a structural transformation after a certain ws. As both the
AgNOs (precursor) and the reducing agent (AA) are insoluble in continuous non-polar
phase (n-heptane),’”> 19 241 and thus, AgNP formation occur exclusively inside the
acetonitrile confined within the organized microemulsion structure and therefore, the
structural morphology of the AgNPs may provide valuable information regarding the
structure of the template where AgNPs formation occur. The transformation of one type
of structural assemblies (spherical RMs) to another type of assemblies (nanochannel
like BMC) may reflect in the structure and shape of AgNPs.

[107]
TH-2181_126122008



Chapter 7

Synthesis of AgNPs inside non-aqueous acetonitrile microemulsion is possible
as AgNOs exhibits unusually high solubility in acetonitrile and AA can be extracted
into interfacial region of dry RMs (Scheme 7.1). Note that AA is not very effective
reducing agent for room temperature synthesis of AgNPs in aqueous solution,!?6-197-245
however, through this and our earlier studies,'® %" it is shown that AA is indeed a very
handy reducing agent for AgNP synthesis inside both aqueous and non-aqueous

microemulsions.

The sequence of nanoparticle formation at different types of microemulsion
types can be understood as follows (Scheme 7.1). First, RM is taken up within the AOT
layer at the interface in the absence of any polar solvent. This is evident as AA can be
dissolved directly into the AOT/n-heptane mixture in the absence of acetonitrile. Since
AA is also miscible in acetonitrile, it may also distribute within the acetonitrile core.
However, since the amount of AA used here is quite high, it may reside mostly inside
the AOT layer. Then, silver nitrate is fed into the system as a solution in acetonitrile.
The silver ion may reside at the negatively charged interface due to favorable
electrostatic interaction. Subsequently, reduction of silver ion may produce neutral
silver atoms or silver clusters (probably Ags) that finally grow into nanoparticles of
specific size.'® 1% The reduction may be favored over homogeneous medium because

of the spatial proximity of the silver ion and reducing agent inside the AOT interface.

8 -Agnp

Scheme 7.1: Template-directed expected growth of silver nanoparticles within

acetonitrile/AOT/n-heptane microemulsion at different ws.
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Droplet percolation and droplet coalescence/de-coalescence are assumed to be
two major processes by which structural transition of RMs may takes place.””- 19131 [n
previous Chapter, it is suggested that acetonitrile microemulsion percolation may start
above ws =1 and spherical RMs may convert into BMC-type structures above ws= 2.
One of the main indications of the presences RMs in a microemulsion, is that
hydrodynamic diameter must increase with increase of the core-forming polar
solvent.””> 180, 220 Since, AgNP formation occurs inside the confined polar core and
hence, the size of the AgNPs may also increase with the polar solvent content (ws).
Thus, the size of the AgNPs should increase with increase in acetonitrile content which
is observed for ws= 0.5 and 1. Moreover, the AgNPs at ws= 0.5 and 1 are found to be
exclusively spherical in shape which further support existence of spherical reverse
micellar structure at ws= 0.5 and 1. Presence of highly monodisperse spherical AgNPs
may result in superior optical quality SPR band. Note that the position and width of the
SPR band AgNPs depends strongly on size, shape, and dielectric constant of the

medium.

On other hand, due percolation phenomena, RMs fuse among themselves and
hence a variety of labile arrangements of RMs may be generated.””> B! At ws = 2,
formation of AgNPs occur in these labile structures and therefore, polydispersed
AgNPs are formed. Furthermore, the presence of polydispersed AgNPs may result in
depletion of SPR band and an extended tail. Thus, optical quality and stability of the

AgNPs provides evidence of presence of RMs type structure in these systems.!7-243-246

The main problem may have associated with synthesis in BMC region is
stability of the colloidal dispersion, when Sarkar and co-workers tried to synthesize
above ws> 5 (may be BMC region for MeOH) the solution trends to become opaque
and AgNPs synthesis not at all possible.!” Surprisingly, similar characteristics is also
found, at ws = 3 the solution completely losses its bright yellow color (Figure 7.1).
However, the TEM image clearly reveals that existence of interconnected channels
silver nano-structures (Figure 7.3). Lopez and coworkers also found similar type of Ag
nanostructures when they tried to synthesis AgNP synthesis inside BMC made of
AOT/SDS mixed surfactant.>*” Presence of Ag nanostructures can only be explained on
the basis of channel-forming ability of BMC, as the name bi-continuous suggest both

the oil and water is in continuous phase inform of nano channels.!%0: 134,248
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7.5. CONCLUSION

In conclusion, a new way to characterize structures of the non-aqueous
acetonitrile/AOT/n-heptane microemulsion is demonstrated by synthesizing Ag
colloids in situ. The synthesized Ag colloids have direct correlation with the structure
of the microemulsion template; at low ws = 0.5 and 1, superior optical quality and
spherically monodisperse AgNPs (size ~ 5-6 nm) are obtained which suggests the
template is reverse micellar type. On other hand, at high at ws= 2, polydispersed AgNPs
(size 210 nm) with poor optical quality are observed. The polydispersity at ws= 2 is
explained on the basis of percolation phenomena of acetonitrile droplets above ws >
1.24 Moreover, above ws= 2 SPR peak completely vanishes and channel like large Ag
nanostructures are noticed. The presence of Ag nanostructures explained based on
channel forming ability of acetonitrile/AOT/n-heptane microemulsion. Thus, this
templet -directed Ag colloids synthesis is directly correlated with Chapter 6 and
provides further evidences of structural transformation of acetonitrile/ AOT/n-heptane
microemulsion. Additionally, the synthesized AgNPs are very stable at dry conditions
and have superior optical quality compared to all other AOT microemulsion based

synthesis (both aqueous and non-aqueous).
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SUMMARY AND FUTURE OUTLOOK

In the present thesis, a facile synthesis method has been developed to obtain high
optical quality AgNPs inside aqueous and non-aqueous (acetonitrile) microemulsion.
This has been achieved by using a mild reducing agent ascorbic acid (AA). Usually,
AA is considered too weak to reduce AgNOs3 solution at room temperature. However
here, for the first time, it has been shown that, AA can reduce AgNOs3 solution inside
AOT microemulsion at room temperature. The synthesized AgNPs exhibits superior
optical quality compared to other reports based on AOT microemulsion. Formation of
the AgNPs inside RMs core perturbed structural organization of the reverse micellar
interface and perturbation was probed with molecular probe C343. It has been found
that the interfacial region of the RMs become more hydrated, less packed upon
nanoparticle formation particularly at low wo region. The usefulness of superior optical
quality AgNPs were demonstrated in probing plasmon-fluorophore interaction inside
natural cavity of RMs. The fluorophores, fluorescein and safranine O were studied and
it had been found that fluorescein undergone a strong coupling with AgNPs whereas
for safranine no such effects were noticed. Dissimilar effect was explained on the basis
of spectral overlap and spatial distribution of fluorophores with respect to AgNPs.
Thereafter, synthesis of AgNPs inside non-aqueous acetonitrile microemulsion was
attempted, as acetonitrile microemulsion provides suitable medium for AgNPs
synthesis. However, the structure acetonitrile microemulsion remains debated in
literature and hence the structure microemulsion at different ws was studied using a
solvatochromic probe 4-AP. It has been found that structure of microemulsion depends
on ws values; RMs type droplet formed at ws < 1 whereas bi-continuous microemulsion
were formed at ws > 2. Finally, Ag colloids were synthesized inside acetonitrile
microemulsion at different ws. It has been found that optical properties and
morphologies of Ag colloids depends on ws values; at low ws=0.5 and 1, superior
optical quality and spherically monodisperse AgNPs are obtained which suggests the
template is reverse micellar type. Above ws = 2 SPR peak completely vanishes and
channel like large Ag nanostructures formed suggests the template is bi-continuous
type. Thus, the characteristics of Ag colloids (i.e. size distribution and optical quality)
provide valuable information about structure of the microemulsion and provides further

evidences of structural transformation of acetonitrile microemulsion.
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The presented synthesis of AgNPs inside microemulsion will bring a new
paradigm towards understanding the role of various mild reducing agents on synthesis
of nanoparticles with high optical qualities. As biocompatible AA (vitamin C) is used
in AgNPs formation and therefore the synthesized AgNPs may also have high degree
of biocompatibility. Hence may have tremendous potential in biological and clinical
applications. Microemulsion is a multicomponent system and hence various metal
precursors, reducing agents, and their combination can be used in nanoparticle
formation. Thus, it is expected to open new avenue towards synthesis of various other
metal nanoparticles, bimetallic nanoparticles, metal oxides and sulphide nanoparticles
etc. It will be very interesting to see the optical properties of other metal nanoparticles
especially copper and gold synthesized by this route. The knowledge of perturbation of
interfacial layers of microemulsion upon nanoparticle formation will certainly help to
understand growth process of various types of nanoparticles inside a microemulsion.
Here an example was presented to show the effectiveness of microemulsion
confinement to explore plasmon-fluorophore interaction and this concept can be
extended over a range of fluorophores and nanoparticles. Fluorescein and safranine
nano-composites may have useful application in cell imaging and sensing. Here
usefulness of ultrasensitive probe 4-AP was presented in probing structure of non-
aqueous acetonitrile microemulsion and this concept can be extended to various other
types of aqueous and non-aqueous microemulsions. Numerous organic reactions
occurred inside acetonitrile/heptane medium and synthesis of AgNPs in these medium
will certainly be useful from catalysis point of view. Here application of superior optical
quality AgNPs was demonstrated in probing microemulsion structure and this concept

can be extended in probing the structure of other non-aqueous microemulsions.
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APPENDIX

Appendix

For Chapter 1

Table A.1.1: Optical properties, particle sizes and various control parameters of silver

nanoparticle synthesis via AOT microemulsion method.

TH-2181_126122008

Sl Reduci
N | Microemulsion Ag ng Varying FWHM
o) system precursor | agent parameter Wo SPR peak (nm) (nm) Avg. Size in nm

1 Water/AOT/do | AgNOs N2Hs'H | Cm, Cred 2.5,7. | 425 (Cwn=0.2 mM) - 1.52 (wo=2.5)

decane!®-170 20 and wo 5 415 (Cn=0.4 mM) 3.39 (wo=7.5)
&15 | 440 (Cn=0.8 mM) 4.98 (wo=7.5)

2 Water/AOT/do | AgNOs3 N2Hs4'H | Time, 7S 420 - 3.9 (Caor=0.2 M),
decane!”’ 20 Caor 1.6 (Caor=0.4 M)

3 Water/AOT/cyc | AgNO3 NaBHs | wo, 5,8 - - 5.5 (DLS, at w¢=5),
lohexane!” 54.5 (DLS, at wo=38)

4 | Water/AOT/iso | AgNOs NaBHs | wo, molar | 5,6.3, | 416 (wo=5), 420 - 0.7 (DLS, at wo=5),
octane!” ratio of 8 (W0=6.3), 425 4.9 (DLS,  at

reagents (Wo=8) w0=6.3), 60.0 (DLS,
at wo=8), 0.7 (wo=5),
4.9 (wo=6.3)

S Water/AOT/iso | AgNO3 KBH4 Wo, 5,10, | 407, (Aabs as function | ~150- 2-5 (wo=5), 3-8
octane pressure, 15 of Ag concentration | 200 (wo=15), Smaller
and Ci2E4 as Cm, Cred when  [Ag]<0.030 particle at higher
co-surfactant!”! mg mL-!) Cred

6 | Water/Ag-AOT | Ag-AOT | NaBHs | wo, Cm, 2,57. | (1) 421 (wo=2, 0.25 | (1)170, | (2) 2.7, (3) 5.5 (31)
and AOT AgNO3 inmM | Cre, 5, mM A), (2) 419 | (2) 138 | 4.5, (4) 7.0, (4i) 6.0,
mixture/isoocta (A) kinetic 10,12 | (wo=5,0.25 mM A), | (3) 82 | (5)7.5,(51) 6.5, (5ii)
ne'®” N:H4'H | study. 5 (3) 406 (wo=7.5, | (31)108 | 5.0, (5iii) 4.5, (6)

20 in 0.25 mM A), (3i) | (3ii) 5.5, (61) 6.7
mM (B) 414 (wo=7.5, 0.10 | 200 (4)
mM A), (3ii) 430 | 75 (4i)
(wo=7.5, 0.010 mM | 90 (5)
A), (4) 400 (wo=15, | 80 (51)
0.25 mM A), (4i) | 87 (5ii)
409 (wo=15, 0.10 | 120
mM A), (5) 406 | (5iii)
(wo=7.5, 68 mM B), | 160 (6)
(51) 413(wo=7.5, | 82
6.80 mM B), (5ii)
420(wo=7.5,  0.68
mM  B), (5iii)
422(wo=7.5,0.1 mM
B), (6) 406 (wo=7.5,
isooctane), (6i) 415
(wo=7.5,
cyclohexane),
7 Water/AOT/he | AgNO3 NaBHs | Continuou | 10 (1) 406 (decane), (1) 6, (11) 22.4, (1ii)
ptane!”? s phase, (li) 414 (heptane), 5.4,(2) 22.4, (2i)
Cred, effect (1ii) 422 24.5, (2ii) 18.40,
of (cyclohexane). (2) (2iii) 7.14, (3) 22.4,
surfactant 414 (heptane), (31) 8.8, (3ii) 7.6
(21)416
(heptane+SDS),
(2ii) 411
(heptane+DTAB),(2
iii) heptane+NP-5).
(3) 414 (heptane),
[113]
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(3i) 406
(heptanetbenzyl
alcohol), (3ii) 424
(heptanettoluene)
8 Water/AOT/n- | AgNO3 Quercet | Cm, time, 3.7 ~400-410 1-1.5 (calculated)
octane or n in Cred,
heptane'”3
9 | Water/AOT/n- | AgNO3 Glucose | - 4 - 3.5
heptane!4’
10 | Water/AOT/n- AgNOs Glucose | wo, Cred 4,8 - 3.6 (Wo=4 by A), 3.3
heptane!%® (A), (wo=8 by A). ~7
NaBH4 (wo=4 & 8 by B).
(B)
11 | Ethylene AgNO;3 Glucose | wo 1&2 | 420 ~3.6 (1 &2)
glycol/AOT/iso
octane'7®
12 | Methanol/ AgNO3 NaBHs | wo, time 2-5 436 (wo=2), 421 4.3 (wo=2 @40
AOT/n- (Wo=3,4 & 5). hour), 3.8
heptane!7* (Wo=4@40 hour),
8.2 (wo=2 @16
days), 4.8

(Wo=4@16 hour).

wo= [polar]/[AOT], Cm=concentration of AgNOs , Cra= concentration of reducing agent,

FWHM=Full width at half maxima.
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Appendix

For Chapter 3

Table A.3.1: Summary of optical characteristics of SPR band of the AgNP prepared in
water/AOT/n-heptane  RMs under different conditions. Overall concentrations

[AgNO3] = 0.3 mM; [AOT]=90 mM.

wo Reducing agent [Red](mM) Amax(nm) FWHM(nm)
2 | AA 0.01 405 178*
0.05 405 146*
0.10 410 138*
0.20 411 135*
6 | AA 0.01 408 102
0.05 402 86
0.10 402 102
0.20 402 75
10 | AA 0.01 410 118
0.05 408 103
0.10 403 97
0.20 402 103
6 | NaBH4 0.05 - -
0.10 - -
0.30 408 174*
6 | N2Hsa.H20 0.05 406 142*
0.10 403 150*
0.30 403 -

*FWHM is calculated at half-width in the higher wavelength side and then multiply by
2. The symmetric nature of the SPR band is assumed in this calculation and used as a

estimate where true FWHM was not possible to determine.

[115]
TH-2181_126122008



Appendix

Table A.3.2: Hydrodynamic diameter obtained from dynamic light scattering (DLS)
measurements for pure RMs and AgNP containing RMs at wo=2, 6 and 10.

System Wo Hydrodynamic TEM
diameter measurement
RM 2 4.8 -
AgNP-RM 2 5.3 5.7
RM 6 5.9 -
AgNP-RM 6 6.1 6.1
RM 10 8.8 -
AgNP-RM 10 8.9 8.3
For Chapter 4
| wo=2 02

Absorbance
Absorbance

0.0

1 T T . 1 L I
300 400 500 600 700 800
Wavelength (nm)

— r - i . — —
300 400 500 600 700 800
Wavelength (nm)

Figure A.4.1: The UV-visible spectra of water/AOT/n-heptane reverse micellar system
at wo= 2 and 10 comprising (a) AgNPs only (black), (b) C343 and AgNPs (red), (c)
C343 only (blue). The green curve represents the difference spectrum [(b)-(c)] (green).
The absorption spectrum of C343 in the pure RMs and the difference spectrum are

compared in a magnified scale in the inset.
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Figure A.4.2: Plot of emission maxima against excitation wavelength for the pure and

the AgNP containing RMs at wo= 6, 10. The total shift of the emission maxima (i.e.

REES) in AgNP containing system is much lower compared to the pure RMs.
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Figure A.4.3: Absorption spectrum (black), excitation spectra using a standard 10 mm

cuvette (red, green) and in a glass capillary tube (0.8 mm internal diameter) (green) of

C343 in pure RMs (top panel) and in AgNP containing RMs at (bottom panel). The

excitation spectra are recorded at an emission wavelength of 490 nm.
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Figure A.4.4: Fluorescence decays
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20

of C343 water/AOT/n-heptane reverse micellar

system at wo= 2 in pure (RM) and silver nanoparticle containing RMs (AgNP-RM) at
(a) 425 nm (b) 485 nm and (c) 565 nm.
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Figure A.4.5: Time resolved emission spectra (TRES) and time resolved area-

normalised emission spectra (TRANES) spectra of the C343 at different time in pure
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(RM) and silver nanoparticle containing (AgNP-RM) water/AOT/n-heptane reverse

micellar system at wo= 2,10.

r(t)
c(t)

0 2000 4000 6000 8000 10000
Time (ns) Time (ps)

Figure A.4.6: Fluorescence anisotropy decays, r(t) and decay of the solvent response

function, C(t) of C343 in pure (0) and ascorbic acid (o) RMs at wo values of 2, 6 and

10. The points represent the actual values while the solid lines denote the best bi-

exponential fit in to the pure and ascorbic acid containing RMs.
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Table A.4.1: The absorption maxima (A} ), Excitation maxima (A,x" ) and Emission
) at 405 nm excitation of the coupled (C343 in AgNP-RM) and the
individual (AgNPs, C343 in RMs) systems at different wo values.

max

maxima (Agp,

System wo | App(nm) | AR (nm) | Ape* (nm)

2 410 - -
Silver nanoparticles (AgNPs) (i) | 6 | 402 - -
10 | 404 -

2 412 412 475

C343 in aqueous (RM) 6 | 417 417 481

10 | 420 420 484

C343 in AgNP-RM (ii) 2 | 414 430 481

6 | 404 434 487

10 | 406 438 489
(11)-(1) 2 | 431 - -
(i1)-(1) 6 | 434 - -
(i1)-(1) 10 | 438 - -

Table A.4.2: The fluorescence maxima V2%*( in cm’') at various excitation
wavelengths (Aex) and the corresponding REES (red edge excitation shifts) of the
coupled (C343 in AgNP-RM) and the individual (AgNPs or C343 in RM) systems at

different wo values.

System ymax (cmt)
Aex Aoy = 470nm | Shift  (Avem™)
=400 nm
wo=2 RM 21100 20530 570
AgNP-RM 20830 20530 300
Wwo=6 RM 20790 20410 380
AgNP-RM 20580 20410 170
wo=10 RM 20700 20450 250
AgNP-RM 20490 20280 210
[120]
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Appendix

0.4

0.3

0.2

Optical density

0.1 1

Time (min)
—3
—6
—9
—18
—21
—24
—27
—40
—100
——200

300

500

T T
600 700 800

Wavelngth (nm)

Figure A.5.1: Difference spectra generated mathematically by subtracting fluorophore

safranin absorbance spectra from safranin-silver nanoparticles composite absorption

spectrum at different time during the growth of silver nanoparticles.

Figure A.5.2:
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Transmission electron microscopy images and size distribution

histograms of AgNP within AOT RM with and without probe fluorescein.
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AA-FL AA-FLinUV  AgNP-FL AgNP-FLin UV

AA-SAF AA-SAFin UV AgNP-SAF AgNP-SAFin UV

Figure A.5.3: Photographs of the solutions in normal light and under UV irradiation
(362 nm) before and after silver nanoparticles formation. AgNP-FL composite system

(upper panel) and AgNP-SAF composite system (lower panel).
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Figure A.5.4: Absorption spectrum (a), excitation spectrum(b) at (Aem= 530 nm) and
emission spectrum (c) at (Aex= 445 nm) of fluorescein in AOT reverse micellar solution

at various ascorbic acid concentration.
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Figure A.5.5: Estimation of pH insdie the water pool of AOT RMs in presence of

various additives such as ascorbic acid (AA-FL), silver nanoprticles (AgNP-FL) and

only water (FL). For genration of calibration curve using fluorescein as a pH probe

Masatoshi Hasegawa method was followed.!'® Briefly, excitation band intensity ratio

(I490/1435) of fluorescein in aquesous solution ploted as a function of pH adjusted by

using NaOH/HCI.

Table A.5.1: Summary of dynamic light scattering(DLS) measurementsdata of AOT

reverse micellar system solution contaning fluorescein dye and growing silver

nanoparticlein the core of reverse micelles at different time.

TH-2181_126122008

System Time(minutes) | Hydrodynamic
diameter (nm)
Fluorescein (FL) - 6.86
FL+ silver 3 7.17
nanoparticle(AgNPs)
FI-AgNPs 20 8.72
F1-AgNPs 100 8.12
F1-AgNPs 200 8.00
F1-AgNPs 1000 8.40
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Appendix

Figure A.6.1: The fluorescence spectra at various excitation wavelengths (Aex) and the

corresponding REES (red-edge excitation shifts) of fluorophore 4-AP inside

acetonitrile/AOT/n-heptane microemulsion at different ws values.
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Figure A.6.2: Representative fluorescence transients of 4-AP in acetonitrile/AOT/n-

heptane microemulsion various acetonitrile contents measured at (a) a short wavelength

(Aem=410 nm) and (b) a long wavelength (Aem = 580 nm).

TH-2181_126122008

[124]



Appendix

W, =0 0ins | W=2 0.1ns
0 0.5ns 7 05ns
ins ins
Sns \ Sns
- 10ns ~ 10ns
A ns 30ns
{ \ 60ns ) 60 ns
0.5 \ \ R / \
0.0 T T T T
1.04 Wf"-s 0.4ns | W==4 ; 0.1 ns
: 05ns ) 0.5ns
1ns 7 \ © 1ns
5ns 5ns
) 10ns } \ 10ns
@ 30ns 30
s ns
& 60 ns / \ 60 ns
g W \
T 054 1 AN
3
3 \ \
5
K )
0.0 T
104 W,=1 0.1ns
0.5ns
10ns
30ns
60ns
0.5+
l..»"
0.0 = \ : _— = \ . . e
16000 18000 20000 22000 24000 26000 18000 20000 22000 24000 26000
Wavenumber (cm™) Wavenumber (cm*)

Figure A.6.3: Time resolved emission spectra (TRES) of the 4-AP inside

acetonitrile/AOT/n-heptane microemulsion at different ws.
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Figure A.6.4: Emission spectra of 4-AP in neat acetonitrile and in the presence of 30

mM AOT at various excitation wavelengths (left panel). Time resolved emission

spectra (TRES) of the 4-AP at various nanosecond timescale in acetonitrile/AOT

mixture at different AOT concentration (right panel). Note that no REES was observed
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for neat acetonitrile but a small value (3 nm) was observed in the presence of 30 mM

AOT.
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Figure A.6.5: Plot of cumulants fit (a) and distribution fits (b) of the autocorrelation

function of acetonitrile/ AOT/n-heptane microemulsion at different ws values.

Table A.6.1: The fluorescence maxima in nm at various excitation wavelengths and

the corresponding REES (red edge excitation shifts) of fluorophore 4-AP inside

acetonitrile/AOT/n-heptane microemulsion at different ws values.

System VorX (nm)

Aox Aex Shift (Av

=300 nm = 405 nm nm)

ws=0

443 454 11
ws=0.5 452 460 8
ws=1 457 463 6
we=1.5 460 465 5
ws=2 463 467 4
ws=2.5 465 469 4
ws=3 467 471 4
we=4 468 472 4
Ws=6 474 477 3
ws=8 476 479 3

[126]
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Table A.6.2: Size obtained from dynamic light scattering (DLS) measurements for

acetonitrile/AOT/n-heptane microemulsion at different ws values.

Ws Size (Z.avg) nm Peak size (distribution | PDI
size) nm
0 3.00 3.60 0.2
0.5 3.60 4.70 0.2
1 5.20 5.60 0.2
1.5 347.0 2.30, 148.0 0.3
2 598.5 1.80, 2.90,117.0 0.6
4 2103.0 2.40, 64.0 1.0
6 2930.0 2.50, 28.0 1.0
For Chapter 7
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Figure A.7.1: Absorption spectra showing gradual dissolution of AA into AOT (90

mM)/n-heptane solution (ws

0). The concentrations of AA are given in the legend

considering complete dissolution. The inset shows the linear increase of the absorbance

at 262 nm, which supports complete dissolution inside the acetonitrile free

microemulsion.

TH-2181_126122008

[127]



Appendix

Table A.7.1. Summary of optical characteristics of SPR band of the AgNP prepared in

acetonitrile/AOT/n-heptane microemulsion at different ws values at different AA

concentration. Overall concentrations [AgNO3]=0.3 mM; [AOT]=90 mM.

We | AAMM) | Amax(nm) | A max SFWHM (nm) 3
0.5 0 - - -
0.05 405 1.12 114
0.10 400 1.19 73
0.20 401 253 62
0.30 401 2.44 55
1 0 - - ]
0.05 406 1.57 96
0.10 401 1.58 81
0.20 402 238 58
0.30 402 2.64 66
P 0 . - -
0.05 405 111 101
0.10 401 127 94
0.20 400 0.99 71
0.30 400 0.92 67

FWHM=Full width at half maxima.
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Figure A.7.2: The UV-Vis spectra of AgNPs formed in the acetonitrile/ AOT/n-heptane

microemulsions at ws = 0.5, 1 and 2. The concentration of AgNO3 was fixed at 0.3 mM

while AA concentrations were varied at 0.05, 0.10, 0.20 and 0.30 mM, respectively.

Photographs of each solution are given in the inset.
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Table A.7.2. Hydrodynamic diameter of acetonitrile’ AOT/n-heptane microemulsion at

different ws values obtained from dynamic light scattering (DLS) measurements in

absence of silver nanoparticles and in presence of silver nanoparticles. The

concentration of AgNO3 and AA was fixed at 0.3 mM and 0.20 mM, respectively.

Optical density

o Ty

k- (a)
09 -

0.8

0.7 |-

04k

0.2

0.1 |-

v ~
03 F } \ s

......

Ws Size (Z.avg) Peak size SPDI
nm (distribution size)
nm
0.5 (RM) 3.60 4.70 0.2
1 (RM) 5.20 5.60 0.2
2 (RM) - - 0.6
0.5 (AgNP) 4.80 5.80 0.2
1 (AgNP) 5.30 6.40 0.2
2 (AgNP) - 3 0.7

S PDI=Polydispersity index.

reduced Ag{AOT)
-~ reduced AghO;

1 os i

550
Wavelength (nm)

25

(b)

+—— AOT + NP-5/heptane

400 500

N -

3.0

(c)

AOT + SDSheptane
AOT + DTABheptane

AOT/heptane 259

2.0

1.5

1.0

0.5

—— Aqueous AgNPs
~——— Non Aqueous AgNPs

600 700 800

Wavelength (nm)

300

400 500
Wavelength (nm)

600

Figure A.7.3: Comparison of optical quality of the AgNPs SPR band synthesized inside

aqueous AOT micro emulsion at wo=10 by the work of (a) Petit et al.'?’, (b) Bagwe et

al.'”? and (c) our previous work (for details see Figure 1.11 and Figure 3.1).'® It is

appearent that optical quality AgNPs synthesized here by the nonaqueous acetonitrile

microemulsion route is superior compared to all other previously reported

microemulsion routes.
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Figure A.7.4: The UV-Vis spectra of AgNPs/AOT/n-heptane microemulsions at ws =

0.5 at different temperature. The concentration of AgNO3 and AA was fixed at 0.3 mM

and 0.20 mM, respectively.
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