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Synopsis

The thesis titled ‘Au Nanoparticle-PDMS composites and Pd nanowire gratings for
applications in Nanotechnology’ is divided in 2 broad parts.

Part 1 consists of synthesis, characterisation, properties and applications of Au nanoparticle-
poly(dimethylsiloxane) (AuNPs-PDMS) composite. It is divided into sections.

Section 1.1 deals with synthesis and characterization of AuNPs-PDMS composite in
different forms namely gels, films and foams. The particle size of the nanoparticles and
distribution can be varied depending on the synthesis condition.

In Section 1.2, the rheology of AuNPs-PDMS composite gel is studied to understand its
linear viscoelastic properties. For this purpose, AuNPs-PDMS gels were prepared by varying
the concentration of precursor and temperature condition while synthesis.

Section 1.3 deals with the use of AuNPs-PDMS composite in the form of film and foam for
waste water treatment particularly, for the removal of organic solvents and odorous
contaminants. The material is tested for efficiency as well as reusability from thioanisole as
model example.

Section 1.4 is focussed on biological application of the composite for cell adhesion and drug
delivery. The cellular interaction of the AuNPs-PDMS composite is studied along with the
possibility of releasing molecular species (R6G) held on Au nanoparticles surface in PDMS
matrix.

Section 1.5 involves metallization of PDMS by further growth of Au nanoparticles with
connected granular film.

Section 1.6 covers synthesis and characterization of AgNPs-PDMS systems and provides an
insight into possible applications.

Part 2 is a study of metal nanowire gratings for optical diffraction based sensing applications.
The Pd nanowires are fabricated by micromolding technique using Pd hexadecyl thiolate as
organic precursor. The grating height and width is optimized by electroless deposition of Cu
on Pd to achieve high diffraction efficiency.
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Part 1

Part 1

AuNPs-PDMS Composites: Synthesis, Properties & Applications*

Summary

The synthesis and characterization of Au nanoparticles-poly(dimethylsiloxane) (AuNPs-
PDMS) nanocomposites is presented. The nanocomposite is prepared in different forms -
gels, foams, and films with distinct properties. The synthesis is a simple in-situ process,
carried out entirely in the aqueous medium and therefore it is a green process. KAuCly is
used as the Au precursor. PDMS acts as both reducing and stabilizing agent. The process
offered a facile control over loading of Au nanoparticles with size in the range of 5-50 nm.
The mechanical properties could be controlled by choosing appropriate temperature and
stirring conditions. A study of the rheological properties of the nanocomposites has also been
carried out. The nanocomposites prepared this way, exhibit novel properties due to the
nanoscale size of the Au particles coupled with the solid-solution nature of the PDMS matrix.
Extensive use is made of the size and environment-dependent optical properties of Au
nanoparticles to study the behavior of the composite in different chemical environments. It is
seen that the nanoparticles are held robustly within the PDMS while still being chemically
accessible to molecules with high solubility in PDMS. The potential applications of the
nanocomposites in water treatment, cell adhesion and drug delivery, have also been

investigated. The study was extended to Ag nanoparticles containing nanocomposites as well.

*A paper based on this study is accepted for publication in Journal of Macromolecular Physics and

Chemistry (2010).




Part 1

1.1 Synthesis and Characterization of AuNPs-PDMS composites

1.1.1 Introduction

A composite is made of two or more constituent materials with significantly different
physical or chemical properties which remain separate and distinct. A nanocomposite' is one
where grain/domain size of constituent material is in nanometric range.The nanocomposite
differs from conventional composite material in that the constituents are thoroughly mixed
down to nanometric range with very high surface to volume ratio.” Thus, effective area of the
interface between the two constituents is typically at least an order of magnitude greater.
Importantly, the interface is usually endowed with new properties foreign to either of the
components. The nanocomposites with different combinations of nanomaterials-
nanoparticles, silica and clay particles, fullerenes, carbon nanotubes, graphene, polymers etc.
are well known.” Some of these composites such as AuNPs-graphene,*> CNT-polymers,® Ag
nanoparticles with PVP’ etc. have recently been studied. Among these, nanocomposites with
polymers as matrix have been popular.® In polymer nanocomposites, properties related to
local chemistry, polymer chain mobility, conformation, degree of chain ordering or

crystallinity can be made to vary significantly.

Noble metal nanoparticle embedded polymer composites are of great interest because the
advantageous properties of the nanoparticles can be exploited for a wide variety of
applications while the polymer matrix holds and stabilizes the nanoparticles.” Using this
strategy, it is possible to develop new materials with fine control over properties.”'" There
are many reports of metal nanoparticle-polymer composites which make use of the unique
optical properties of nanoparticles to obtain effects such as wavelength-tunable light
attenuation, chemically-tunable luminescence, surface plasmon resonance and lasing.*®
Besides playing a stabilizing role, polymers in many cases impart additional desirable
properties to the nanocomposite. Opto-mechanical actuators and opto-thermal devices which
utilize the photothermal properties of Au nanoparticles coupled with the elastic and thermal
properties of polymers have been demonstrated.'"'> Conductive nanoscale patterns have been
formed using Ag/polystyrene nanocomposite as an electron beam resist and conductive

micron scale features have been patterned directly from metal powder-loaded polymer.'*'*
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Polymeric nanocomposite materials with novel electrical properties such as the tunable
dielectric function and tunable conductivity can be engineered by the controlled inclusion of
nanoparticles."™'® Cell adhesion and patterning, bio-electrochemical ~sensing, and
antimicrobial materials combine specific metal nanoparticle properties with the bio-

compatible nature of polymers, leading to advanced bio-functional materials.'”"

The choice of polymer thus plays an important role in determining the functionality of the
nanocomposite. In this context, PDMS which consists of —Si(OCHj;) repeating units, is an
attractive polymeric matrix due to its many favorable properties® such as chemical inertness,
biocompatibility, mechanical flexibility and stability, high dielectric constant and breakdown
field, optical clarity in the visible and ultraviolet region and importantly, the ease of
processing. It has applications in many fields including microfluidics,”' biomedical implants

2 chemical separation,* and microstructure fabrication.”” Another important

and devices,
feature of PDMS is its solid solution nature and high sorption ability for a range of organic

molecules.?

The Au nanoparticle system is a good candidate for nanocomposite formation. The literature
on Au nanoparticles is rich and abound with examples relating interesting properties to
potential applications.””** Au nanoparticles are of interest for electronic, optical, biomedical,
and sensing applications because they have size and shape-tunable optical properties, their
surfaces are not easily oxidized, and they are easily functionalized by a variety of methods to
achieve chemical or biological specificity. The tendency of Au nanoparticles to form
assemblies with different ligands such as thiols,” ability to conjugate with biomolecular
systems, optical and photothermal properties® associated with surface plasmon resonance
enables it to exhibit several promising applications. Thus, the classical examples include Au
nanoparticles for cancer treatment,”’ drug delivery, bioimaging and cellular imaging,”
biosensing and catalysis.”>** The Au nanoparticle-oligonucleotide complexes are used as
intracellular gene regulation agents to control the protein expression in cells.”” Only a few
recent examples can be found in literature on the synthesis of AuNPs-PDMS composite
inspite of their individual interesting properties and applications discussed above. During the
last year, in-situ synthesis of Au nanoparticles in PDMS leading to nanocomposites has been
realised. Chen et al.* first reported the preparation of AuNPs-PDMS films where the curing
agent itself acts as the reducing agent. In this case, HAuCl, is reduced at the surface of cured

PDMS in aqueous medium in multistep over a period of several hours to days. Ajayan and

3
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co-workers®’ synthesized Au, Ag, and Pt nanoparticle-PDMS composite films by introducing
the metal salt in organic solvents with the uncured PDMS and allowing the nanoparticles to
reduce during curing. The Au nanoparticles formed on the surface of PDMS surface showed
a broad plasmon peak. The resulting material shows enhanced Young’s modulus and exhibit

antibacterial properties.
1.1.2 Scope of the Investigation

There are many possible ways for the preparation of nanoparticle based composites.®® The
most common approach involves dispersion of premade nanoparticles inside the polymer.”
Another technique involves polymerizing the matrix around a metal nanocore by using
chemically compatible ligands or polymeric structures. The simplest approach is the in-situ
preparation of metal nanoparticles within the polymer matrix by the reduction of a metal salt
solution. However, one of the aspects which remain still challenging is the homogeneous
dispersion and stability of metal nanoparticles in the matrix. Secondly, the capping agent
used to prevent agglomeration of nanoparticles can affect the polymer matrix adversely.
Therefore, efforts are in progress in search of new methods which can stabilize metal
nanoparticles inside the polymer matrix while attending to such issues. The methods
followed in recent literature are novel but still has certain drawbacks. Chen et al.* first
polymerized the PDMS matrix followed by the synthesis of Au nanoparticles over the surface
by reduction of metal salt solution in aqueous medium involving several days. The Au
plasmon peak was observed to be weak and broad. Ajayan et al.”’ followed in-situ
preparation method for synthesis of Au nanoparticles PDMS composite but the reaction

required an organic media.

In this study, a single step in-situ reduction method is developed which uses only plain water
as the medium. The method offers a good control over the particle size and loading. In
addition, the nanocomposite may be obtained in the form of a gel, foam, or a patterned

flexible thin film.
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1.1.3 Experimental

Materials

A commercially available PDMS kit (Dow Corning, Sylgard 184), KAuCl, (Aldrich, 98%),

double distilled water and sulfur-free toluene (99%) were used in the synthesis.

temperature
below 70 °C
—>

Stirl rt. 1. remove
= unreacted

KAuCl,

| ———

2.add water
3. stir

temperature
above 70 °C
KAuCl,(aq)

+ PDMS mixture

Figure 1.1.1 AuNPs-PDMS nanocomposites: (a) Optical photographs of the vial containing PDMS mixture in
KAuCly (aq., 20 mM) before (above) and after stirring (below) at room temperature for 30 min. Optical photographs

of the vials following gel (above) or foam (below) formation. (b) Optical photographs of gels formed at 30 °C and 60
°C and foams formed at 80 °C and 100 °C.

Synthesis of Au nanoparticles-PDMS composite

The AuNPs-PDMS composite can be synthesized into versatile forms such as gel, film and
foam. The procedure for synthesis is illustrated in Figure 1.1.1. An uncured PDMS mixture
was prepared by mixing thoroughly the pre-polymer and the curing agent in a 10:1 volume
ratio. The mixture was taken in a glass vial containing 20 mM aqueous KAuCl, solution in a
200:1 (m/v) ratio and stirred below 70 °C for 2 hrs to form gel. At lower temperatures, the
curing of the elastomer is extremely slow resulting in gel formation. Thus formed gel can be
cast into a mould or coated as a film and cured. The air bubbles are removed by exposing to
vacuum and subsequently heating at 100 °C for 48 hrs. Foam can be synthesized using a

similar process by stirring PDMS and KAuCly (aq.) below 70 °C for up to 45 min and
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arresting the reaction by decanting off the unreacted KAuCl, solution and rinsing the
remaining AuNPs-PDMS mixture with copious amounts of water. When the mixture is
further stirred and heated in plain water at temperatures above 70 °C, curing of the elastomer
is possible. The AuNPs-PDMS mixture in this case floats at the aqueous surface and cures
into a sponge-like phase as seen from the bottom part of Figure 1.1.1. Instead of loading Au
at lower temperatures and further heating in plain water, foams can also be realized by

directly heating the PDMS and KAuCl, between 70 °C and 100 °C while stirring.
Characterization Techniques and Methods

Several spectroscopic and microscopic techniques have been used to characterize the
prepared samples reported in this thesis. In the following paragraphs, the details of

instruments used and the sample preparation methods are described.

UV-visible absorption measurements were carried out at room temperature with a Perkin
Elmer model Lambda 900 UV/vis/NIR spectrometer. The AuNPs-PDMS films were directly
pasted with the help of double sided tape. The UV-visible spectra corresponding to foams
were obtained by clamping it in between two pieces of glass slides. The absorption spectra

from AuNPs-PDMS gel samples were recorded by dissolving it in toluene.

SEM images were recorded with a FEI Nova NanoSEM 600. STEM (scanning transmission
electron microscopy) and low vacuum imaging were performed on the same instrument using
a STEM and helix detectors respectively. The samples for STEM were prepared by drop-

casting the solution of the gel dissolved in toluene on a carbon-coated grid.

Transmission electron microscopy (TEM) measurements were carried out with a JEOL-3010
instrument operating at 300 kV (A = 0.0196 A) and electron diffraction (ED) patterns were
collected at a camera length 20 cm (calibrated with respect to the standard polycrystalline Au
thin film).The samples prepared for STEM were also used for transmission electron

microscopy .
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1.1.4 Results and Discussion
AuNPs-PDMS composite foam

Foam can be characterized by the degree of compressiblity. In Figure 1.1.2a, an example is
shown AuNPs-PDMS nanocomposite foam between two glass slides. Compression is
achieved using metal clips to apply a nominal force. The foam shown in Figure 1.1.2a was
characterized using optical microscopy and SEM. We have observed that the foam contained
large open pores in the size range, 100 um-1 mm which are interconnected across the entire
volume of the sample. One such pore is shown in the optical image in Figure 1.1.2b. The
SEM image of the foam in Figure 1.1.2c clearly reveals the presence of smaller pit-like
structures, typically in the range, 10-100 um all over the surface. Unlike the large open pores,

these pits are essentially closed pores.
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Figure 1.1.2 (a) Optical photographs depicting a cylindrical foam between two glass slides, compressed using metal
clips. (b) high resolution (false color) optical micrograph and (c) SEM micrograph illustrating microporous nature of

the foam prepared by 20 mM KAuCl, at 70 °C. (d) Optical photographs of AuNPs-PDMS foams formed by varying
the pre-stirring time with 20 mM KAuCl, The corresponding UV-visible spectra obtained in the reflectance mode.
The spectra are laterally shifted for clarity.

Thus the foam exhibits two different microstructures which are relevant for adsorption. In

addition, the embedded Au nanoparticles themselves offer another active interface. In the
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case of foams (Figure 1.1.2d), the visible intensity of the foam colour and the measured
intensity of the Au plasmon peak at 534 nm in the UV-visible spectrum increase with
increasing stirring time during synthesis (Figure 1.1.2d). This implies that Au nanoparticle
loading in the foam increases with increasing stirring time. However, high resolution imaging
to examine the particle morphology and loading was not possible because of difficulty in
sample preparation for imaging. Foams obtained directly from the Au precursor solution
(with plain water and no heating) are found to have a non-uniform distribution of
nanoparticles with an excess of Au particles at the surface because KAuCl, continues to
reduce at the surface even after the PDMS curing process almost ended. The nanoparticle
concentration can be controlled by varying the temperature. At higher temperatures, the
PDMS cures into a solid very quickly and does not allow much Au incorporation whereas at

lower temperatures, there is more time for Au to reduce and get into the matrix.

1T um

Figure 1.1.3 (a) Optical photographs illustrating the viscous nature of the AuNPs-PDMS gel. AuNPs-PDMS gel
dissolved in toluene characterized using (b) STEM (c) HRTEM and (d) ED. The line spacing in (c) corresponds to d
(111) of Au.
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AuNPs-PDMS composite gel

AuNPs-PDMS gels were characterized using a variety of microscopic techniques (Figure
1.1.3).The STEM image shows that the particles are polydisperse with a size range of 5-50
nm as shown in Figure 1.1.3b. Lattice fringes in the HRTEM as shown in Figure 1.1.3¢ and
the ED pattern in Figure 1.1.3d confirm the crystalline nature of the nanoparticles. The
particles are seen in the size range of 20-50 nm and the particle density was calculated to be ~
630 + 10 pum™ from the STEM image. In the case of gels, the particle loading can be

controlled by varying either temperature, concentration of the precursor or the stirring time.

Varying KAUCI, concentration
20mM
K
T T T
400 500 600 700 800
Wavelength (nm)

No KAuCl,
2 mM KAuCl,
20 mM KAuCl,
Absorbance (a.u.)

i

>

Varying Au Nanoparticle loading in gels

Figure 1.1.4 (a) Optical photographs of vials containing AuNPs-PDMS gel solutions in toluene (10mg/mL) obtained
with different concentrations of KAuCl,.(b) The corresponding UV-visible spectra (recorded in transmission mode)
are also shown.

Variation in the concentration of KAuCl,

The gels of different type are prepared by varying the concentration of KAuCl, precursor
during synthesis keeping a constant stirring time of 2 hrs at room temperature. Higher
precursor concentrations attribute more intense color to the resulting gel and hence to its
solution as well (Figure 1.1.4a). The UV-visible spectrum from the 20 mM preparation
exhibits a distinct peak around 534 nm due to Au surface plasmon absorption. This
observation corroborates well with particle size obtained from electron microscopy (see
Figure 1.1.3b). For lower precursor concentrations, not only the absorption peak intensity is

diminishing and its position slightly red-shifted (see Figure 1.1.4b) but also is seen a
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shoulder feature at ~ 500 nm. These spectral features can be explained as due to the changes

in the local environment, size or shape of the nanoparticles.”®

The AuNPs-PDMS gel synthesis has also been tried with HAuCl, (Figure 1.1.5) in place of
KAuCl, under similar heating and stirring conditions. The gel obtained exhibits somewhat
different color. The plasmon peak showed a red shift of ~ 4 nm (538 nm) as shown in Figure
1.1.5a. The Au nanoparticles are polydisperse in nature with size between 2-80 nm (Figure
1.1.5b). The lattice fringes are faintly visible in the HRTEM image as seen in Figure 1.1.5c.

The ED pattern shows that particles are crystalline in nature with fcc structure (Figure
1.1.5d).
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Figure 1.1.5 (a) UV- visible spectra of AuNPs-PDMS gels synthesized using 20 mM aq. HAuCl, and aq. KAuCly
solutions at 55 °C. (b) TEM and (c¢) HRTEM image along with (d) ED pattern corresponding to AuNPs in PDMS.

Variation in temperature

Instead of preparing at room temperature, the gels have also been obtained by stirring PDMS
mixture with the metal salt solution at different temperatures, 36 °C, 46 °C and 56 °C,
respectively. The size and loading of AuNPs is therefore varied (Figure 1.1.6). The UV-
visible absorption spectra of the different gels are shown in Figure 1.1.6a. At room
temperature of 26 °C, the particles are seen uniformly distributed over the PDMS matrix with

size of particles in the range of 6-10 nm as seen in STEM image in Figure 1.1.6b. The

10
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particle size increased with increasing temperature of synthesis. The particles are found to be

30-50 nm in size for the gel sample prepared at 56 °C (see Figure 1.1.6c¢).
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Figure 1.1.6 (a) UV-visible spectra of the AuNPs-PDMS gel samples prepared at different temperatures of 26 °C, 36
°C, 46 °C and 56 °C with 1 mM KAuCl, precursor. The STEM image corresponding to sample prepared at (b) 26 °C
and (c) 56 °C.

AuNPs-PDMS films

The gel can be cross-linked by heating in air to 60 °C for 6 hrs resulting in a flexible film. In
Figure 1.1.7, is shown a SEM image of a cured film patterned by molding using a compact
disk (CD) as master. As seen from the figure, the patterned film is optically diffracting in the

transmission mode while at the same time, flexible.

Figure 1.1.7 SEM image of a patterned AuNPs-PDMS film. A photograph of a patterned film hand twisted to bring

out the diffracting colors. Below is the optical diffraction pattern obtained in the transmission mode using a 650 nm
diode laser.

11
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The AuNPs-PDMS films were tested for stability after high temperature treatment

and robustness in different chemical environments as shown in Figure 1.1.8.

(a) (b)

Au-PDMS film heated in air and cooled Au-PDMS in different environments
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Figure 1.1.8 UV-visible spectra of AuNPs-PDMS films after (a) heating to different temperatures for 1
hr and cooling back to room temperature and (b) exposure to various concentrated acids, bases and
chlorocarbons.

When a AuNPs-PDMS film is heated upto 300 °C in air, the surface plasmon peak position
remains nearly unaltered (blue shifted by ~ 5 nm) (Figure 1.1.8a). PDMS itself is known to
be minimally affected at such temperatures. In Figure 1.1.8b, the plasmon peak remains
nearly the same following treatment with acids, bases and chlorocarbons. The near constancy
in the plasmon peak intensity and position also implies that the particles are prevented from

leaching into the media.

1.1.5 Conclusions

In conclusion, we have presented a simple, novel, green route for the synthesis of various
AuNPs-PDMS composite materials. This technique involves in-situ reduction under mild
conditions: stirring aqueous KAuCl, along with PDMS mixture at room temperature. The left
over precursor is reusable in subsequent preparations as there is no other undesired product.
The method offers a good control over loading of Au nanoparticles with size in the range of
5-50 nm. Gels, foams and thin films with controlled nanoparticle concentration can be
formed using this one-pot method by simple variation in process parameters such as

precursor concentration, reaction temperature and time.
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1.2 Rheological Properties of AuNPs-PDMS gel

1.2.1 Introduction

PDMS consists of siloxane repeating units, —Si(OCH3), , that undergo crosslinking process

aided by the curing agent resulting in an elastomer.”” The process of formation is shown in

Figure 1.2.1. The curing agent contains Si—H bonds which participate in the crosslinking

process. The cross condensation reaction takes place across the vinyl groups present in the

prepolymer.

ng ?Hg ?Hs EH3 ( i iHii ?H3
AN Si—0—{5i— ?A + 2 HC—S—O1-5i— —O—-S—CH,
CH, |CH, | CH, CH, LCHS J:Ha CH,

q m

siloxane prepolymer

Pt-based
catalyst
CH
HC & CH, (CH, (|3H6
H,C |O/H:C—CH:—£i—O éi— Si-CH,
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|
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Figure 1.2.1 The crosslinking reaction between PDMS prepolymer and curing agent as crosslinker.*’

In the Si—O—-Si backbone, each Si carries two methyl groups. These chains are highly flexible

due to relatively long skeletal bonds (1.64 A), large bond angles and low torsional barrier

about the Si—O bonds.”' A single PDMS strand has a molecular weight of nearly 1,200

Daltons (amu). The molecular weight for PDMS can be a few hundred Daltons to several

hundreds of thousands depending on the degree of crosslinking.** PDMS polymer matrix
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possesses a low glass transition temperature of -127 °C with excellent thermal stability. Thus,

PDMS should form an interesting rheological system.

Rheology™ is the study of flow and deformation of materials. A material can be either solid
or fluid. A material is purely elastic, if deformation strain increases linearly with increasing
applied stress. This is the feature of an ideal solid. When any form of shear strain is applied
on the sample, the shear stress responds instantly and is proportional to strain as:
o=Gy @))]
where o is the stress due to applied strain y and G is shear modulus

On the other hand, for a purely viscous material, the strain is proportional to the shear strain

rate as:

O=NY e 2)

where 1 is the shear viscosity.

t . , R

amplitude (arb units)

time

Figure 1.2.2 An oscillating strain and the stress response for a viscoelastic material.**

This is the feature of a fluid. However, certain types of materials like gels, dark chocolates,
cells etc. that we come across have elastic as well as viscous contributions both in them. Such
materials are called as viscoelastic materials, PDMS being an example. Considering the
combination of viscous and elastic behaviours, the general form of the equation that governs

the response is:

14
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O=Gy+NyY e 3)
Linear rheology probes the response of a viscoelastic material for small strain. There are two
standard types of rheology measurements to investigate the viscoelastic properties. One is the
amplitude sweep, where the strain amplitude is varied and the frequency is kept constant and
the other, the frequency sweep where the frequency is varied and the strain amplitude is kept
constant. The former probes the linear response regime and the latter probes the relaxation
time of the sample for small (~ kbT) applied stress. Figure 1.2.2 shows the response of a
typical viscoelastic material to the applied stress. For an ideal solid, the strain response
should be in phase with the stress response and therefore, the phase difference, 6 is zero. For
purely viscous material, the shear stress is out of phase by 90° as given by Newton’s law. For
a viscoelastic material, the phase difference, 9, lies in between 0 and 90°. This means that for
a viscoelastic material, some energy is stored which is in phase with the applied strain while
some energy is dissipated which is out of phase. The measure of how much energy is stored
in a material is given by G’. After the load is removed, this energy is completely available
and acts as a driving force for reformation. G’’ is the loss modulus which is the measure of
deformation or energy loss during shear. This energy is either used up during the process by
changes in the sample structure or dissipated to the surroundings as heat. The complex
modulus measures the visco-elastic character of the material and is given as sum of G’ and

G’ as

G*=G'+iG"

IGH=y(G)+(G") e 4)

The ratio of G” and G” gives tand which is known as the damping factor.

Conventionally, the swollen networks with low degree of crosslinking are referred to as gels.
Rheology measurement for a nanocomposite sample is an indirect yet powerful technique to
probe the state of dispersion and the nature of particle/polymer and particle/particle
interactions. Moreover, studying rheological properties of such systems is fundamental to

improving the processability of these materials, which is of primary importance in industry.
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1.2.2 Scope of the Investigation

247 or other polymers with PDMS can

The incorporation of nanoparticles,"* filler particles
bring out significant changes in its rheological properties. The viscoelastic response for silica
and clay nanoparticle-PDMS composites**’ have already been studied because of their
nanometric size and large active surface thus improving mechanical, thermal, dimensional
and barrier properties compared to pure PDMS polymer. The dispersed nanoparticles
generally swell the linear chains present and cause increase in polymer radius of gyration
with respect to nanoparticle volume fraction.”’ But, the dispersion of nanoparticles
traditionally faces difficulty due to phase seperation and agglomeration. Despite its wide
applicability, there are only few reports in the literature for PDMS nanocomposites with
different kinds of filler particles. As presented in Figure 1.1.3b of Section 1.1.3, the in-situ
reduction of Au nanoparticles within the PDMS polymer matrix which results in its uniform
dispersion, should serve as fine example of nanoparticle-polymer composites. Here, the
curing agent present in the PDMS mixture is assumed to play a dual role. It contains Si-H
bonds which not only are involved in the crosslinking reaction of PDMS but also act as
reducing sites for Au nanoparticles. Depending on the preparation temperature, the
crosslinker may get preferentially engaged in the polymerization process or in the
nanoparticle reduction. This is precisely the reason why at lower preparation temperatures,
the composite is in the form of a gel. The extent of crosslinking should control the
mechanical/flow response of the final product.

Rheology measurements have been performed on different gel samples prepared at different
concentrations of the Au precursor and at different temperatures. Both these variables are
expected to alter the nanoparticle density or size and influence the PDMS crosslinking
process. This study focuses mainly on the amplitude sweep to understand the linear response
of the AuNPs-PDMS gel. The STEM imaging and FTIR spectroscopy have also been

performed to get an insight into the structural details.

1.2.3 Experimental

The 8 different gel samples were prepared at different temperatures (26 °C, 36 °C, 46 °C and
56 °C) and concentrations of aq. KAuCl, solution (0.2, 0.5, 1, 2 mM) following the procedure
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explained in Section 1.1.3. The samples were kept in dessicator for 2 hrs prior to rheological
measurements to remove trapped air bubbles.

The Table 1.2.1 lists the different gel samples.

Preparation conditions
(constant stirring for 2 hrs)
Sample No.
Tempgtrature Conc. of precursor

(O used (mM)
A 26 0.2
B 26 0.5
C 26 1
D 26 2
E 26 20
F 36 1
G 46 1
H 56 1

Table 1.2.1 Different gel samples prepared under different conditions.

Characterization

The FTIR spectra were recorded using a Bruker IFS66-V/S spectrometer. The samples were
prepared by dissolving gel in toluene to make a dilute solution followed by drop coating on a

NaCl crystal. The toluene was allowed to dry prior to the measurement.

Rheological measurements

A controlled stress rheometer (MCR 301-WESP) with a controlled strain option was utilized
in the parallel plate geometry (diameter 25 mm) as shown in Figure 1.2.3. All measurements
were performed at 25 °C. The gel sample was placed accurately in the middle of the peltier
plate and humid atmosphere was maintained by enclosing it with an ordinary sponge wetted
with water. The strain sweeps were performed at a fixed frequency of 10 rad/s while varying

strain from 0.01% to 1000 %.

17



Figure 1.2.3 Rheometer (MCR 301-WESP) used for the study of gel samples.

1.2.4 Results and Discussion

As mentioned before, the AuNPs-PDMS gels were prepared by varying the concentrations of
the precursor solution and the temperature. The gel samples have been characterized by UV-
visible spectroscopy (see Figure 1.1.4 of Section 1.1.3). The Au plasmon peak intensity
increases as the Au precursor increased from 0.2 mM (gel A) to 2 mM (gel D). It is clear that
the Au reduction is more facile in gel D as compared to gel A. Similarly, in the case of gel
samples prepared at different temperatures (C, F, G and H), it is observed that the Au
plasmon peak is relatively more intense for samples prepared at higher temperatures (Figure
1.1.6 from Section 1.1.3). The gel samples have been further characterized by STEM
microscopy imaging. The Au nanoparticles are seen to be distributed uniformly throughout
the polymer matrix, more dense in the case of samples prepared at higher temperatures. The
nanoparticle size is also bigger (30-50 nm) for higher temperature samples as seen in Figure
1.1.6 from Section 1.1.3. Similarly, the gel samples prepared with high precursor
concentrations were more dense with the particle size of 5-10 nm. Samples A, C, D and H

were taken for further measurements.
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Figure 1.2.4 FTIR spectra of the AuNPs-PDMS gels prepared with different precursor concentrations. (Spectras are
shifted laterally for clarity)

The degree of crosslinking was examined by FTIR spectroscopy. The infrared spectra of
PDMS have been extensively reported in the literature thus enabling reliable assignment of
transmittance peaks. PDMS shows following characteristic peaks:**

(1) the silanol peak around 3432.4 cm’, (2) the asymmetric and symmetric CHj stretching
peaks centered at 2963.7 and 2904.5 cm™, (3) a strong peak indicating CH; bending modes at
1262.0 cm’, (4) a strong and broad peak at 1090.2 cm™ assigned to asymmetric Si—O-Si
stretching, and (5) a strong Si—C stretching and asymmetric CH; rocking peak at 801.5 cm™.
The AuNPs-PDMS gel is seen to exhibit C—H stretching band at 2962 cm™, Si—O-Si
asymmetric stretch at 1088 and 1020 cm™, Si—H stretching at 2165 cm™ and C-H out of
plane bending mode to explain the band at 800.3 cm™” as shown in Figure 1.2.4. The
intensity corresponding to CHj stretching, bending and rocking modes may vary according to
the degree of crosslinking. An insight into Au nanoparticle formation in PDMS may be
gained by examining the Si-H stretching and Si—O-Si stretching bands.”® When the reduction
of aq. KAuCl, takes place in the PDMS matrix, the Si—H sites present in the elastomeric

chains get oxidized and convert to Si—O—Si linkages. Accordingly, for the sample prepared
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with varying concentrations of the precursor solution, the Si—O—Si band intensity is found to
be higher corresponding to sample (A) prepared with lower concentration (0.2 mM) of
precursor as seen in Figure 1.2.4. This suggests that the curing of PDMS with lower Au
nanoparticle concentration is more at room temperature as compared to the gel sample (D)
prepared at a higher concentration (2 mM). For the gel sample, H, prepared at higher
temperature shows an increase in the Si—O—Si peak intensity and a concomitant decrease in
the Si — H band intensity (Figure 1.2.5). This observation implies that the polymer
crosslinking is relatively less in presence of dense and big Au nanoparticles. The
nanoparticles may cause increased hindrance for the cross linking process. In all, there are
three factors which vary depending on the synthetic conditions directly influencing the
viscoelastic properties. These are nanoparticle size, distribution and the degree of cross
linking of PDMS polymer. The linear viscoelastic behaviour of gels is expected to get

influenced by all the above factors.

C(26 °C)
H56°C) & '~ || soocm
-Si-H stretching : _SI_C.;HS
2165cm” : rocking
1088 cm” aW
2962 cm’’ / -Si-0-Si- :
C-H stretching assym. stretch 5

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 1.2.5 FTIR spectra of the AuNPs-PDMS gels (C and H) prepared at two different temperatures.

54-5
457 at a constant

In general, for a typical particle-polymer gel, it has been observed that
frequency and varying strain, G’ and G’’:
1. decrease with increase in the particle size.

2. increase with increase in particle density or volume fraction of fillers.
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Figure 1.2.6 Amplitude sweep for plain PDMS before crosslinking.

In order to compare the effect of AuNPs on the crosslinking process, the strain-sweep
experiment was first done for plain PDMS itself. As seen in (Figure 1.2.6), even a small
strain (< 10%) brings lot of variations in G’ and also G’’, with no plateau, implying that
crosslinking was too rapid for this measurement. The G’* decreased with increasing strain
whereas G’ showed dramatic fluctuations in the response curve because of which the linear
viscoelastic behaviour could not be obtained.

Figure 1.2.7a shows the variation of G’ and G’ for gels, A and D, versus the strain applied
(at ® = 10 rad/s). G’ varies to a small extent as compared to G’ in both cases. At strain less
than 60%, G’ of D is almost insensitive to the strain. This region called the linear viscoelastic
region, is separated from the non-linear region by the critical strain amplitude (y.), also
called as yield strain (see Figure 1.2.7a).® The vy, values for gels, A and D are found to be
13% and 60% respectively. Gels B and C exhibited critical strain amplitude values close to
D. In the non-linear region (above vy, ), the G’ decreased significantly with increasing strain.
Below the limiting value y;, the G’ curve shows a constant plateau value which means that
the material is in linear regime. Gel A, with fewer AuNPs, is expected to behave like the
plain PDMS which is clearly not the case. The fact that the gels show linear viscoelastic

regions means that the Au nanoparticles have a stabilizing effect on the gel.
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Figure 1.2.7 (a) The strain amplitude sweep at constant frequency of 10 rad/s for strain varying from 0.01% to
1000% for gel samples A and D as examples.(b) The storage and loss moduli of different gel samples (A, B, C, and

D).

Secondly, there is an increase in the linear region for gel D with higher volume fraction of
Au nanoparticles which is expected.*” In gel A, in the linear viscoelastic region, the elastic
behavior of the gel is dominating over the viscous behavior, since G’ is greater than G’’.
However, G” of D is much less as compared to A, contrary to what is expected based on
nanoparticle loading. Gels B and C also show significant decrease in G” and G”’, the former

being more sharp (Figure 1.2.7b). This means that AuNPs-PDMS gel undergoes a
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transformation from being elastic to viscous on increasing the volume fraction of AuNPs in
the PDMS matrix. This is in accordance with the FTIR data which shows lesser crosslinking
with higher concentration of AuNPs (Figure 1.2.4). The reduced crosslinking affirms the fact

that some part of curing agent is utilized in the reduction of Au precursor to AuNPs.
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Figure 1.2.8 (a) The strain amplitude sweep at constant frequency of 10 rad/s for strain varying from 0.01% to 100%
for gel samples C, F, G and H (b) The storage and loss moduli of different gels prepared at different temperatures.

0.1

The data with regard to gels C, F, G and H (prepared at different temperatures) are shown in
Figure 1.2.8. As seen in Figure 1.2.8, the both G’ and G’ values, increase gradually with
the increasing temperature of the preparation due to which the gel H becomes more elastic as
compared to gel C, the latter being more viscous. This effect is explainable on the basis of

the extent of crosslinking taking place. For gel C, the curing agent utilized for the reduction
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of AuNPs is relatively more than for crosslinking. On the other hand, the temperature
accelerated the crosslinking process, resulting in an increase in the elasticity in the case of
gels F and G. For gel H, the G’ and G’ values become nearly equal which can be attributed
to the equilibrium state between the curing of PDMS and formation of AuNPs.

Since the particle size and particle density usually have opposite influence on G’ & G’’, this
may have a negligible effect due to both the parameters. The effective increase in G’ and G”’
may be attributed to the rate of crosslinking only.

The frequency response could not be studied for these gels, due to significant variation in the

viscoelastic response due to aging.”

1.2.5 Conclusions

The higher density of AuNPs in the PDMS matrix of gels was obtained by increasing the
concentration of precursor solution. The gels showed an unusual decrease in the G’ and G’
values which is attributed to the crosslinking process which is accompanied with the in-situ
particle formation. The increase in particle size and particle density resulted in higher values
of G’ and G’’. The dispersion of nanoparticles, inter-nanoparticle interaction and the
polymer-nanoparticle interaction strongly influence linear viscoelastic response; rheology
consequently appeared to be a unique technique for the study of AuNPs-PDMS
nanocomposites. The different rheology measurements and characterization techniques

showed consistent results for gels prepared under different conditions.
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1.3 Water treatment by removal of organics using AuNPs-PDMS composite

1.3.1 Introduction

Water purification is critical to our daily life. The removal of organic contaminants from
water is an important industrial problem.® The contaminated water from industries usually
contains large quantity of organic hydrocarbons with wide spread usage, toxicity and limited
solubility such as toluene, benzene and xylene. These dissolved organic compounds cause
bacterial growth, odour generation and biofouling with its limited reuse. Industrial discharges
also contain pungent odor causing organosulphur compounds in the form of mercaptan,
organic sulphides, thiols etc.

The recent flurry of activities in water treatment research aims at finding new, robust, low
cost methods of purifying water with less energy while at the same time minimize the use of
chemicals and impact on the environment.®’ The literature is bound with examples of

materials such as zeolites with well defined porosity,**®

activated carbon with high surface
area, cyclodextrins® with hydrophobic cavities for capture of organic molecules. Though
activated carbon adsorption is still considered to be one of the best methodologies but the
disposal of adsorbed contaminants along with the adsorbent is a major concern. Thus, the
decomposition of the adsorbed organic contaminants and regeneration of the adsorbent is a
critical step to the cost-effective use of porous adsorbents in waste water treatment. The
challenging goal is to detect, decompose and remove contaminants present in low
concentration despite potable constituents in high ratio as background.

With the advancement made in nanotechnology, nanomaterials have emerged out as potential
candidates for water purification. Different forms of nanomaterials such as carbon

6% metal nanoparticles”” and porous nanostructured materials with large surface

nanotubes,
areas have been recently employed for waste water treatment. For example, TiO,/adsorbent
nanocomposite® is used as photocatalytically active material for waste water treatment. Fan
et al.* made nanocomplex of multi-walled carbon nanotubes with magnetic nanoparticles for
catalytic oxidation and removal of phenols. Wu et al.”’ synthesized carbon nanotube sponges

for removal of organic pollutants such as oils and solvents from the surface of water. Park et

al.”' developed silicone sponges for removal of BTEX and oil spills from water. The
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]
chemistry of noble metal nanoparticles’ has also been utilized for purification of water

against halogenated organics, pesticides, heavy metals and microorganisms.

1.3.2 Scope of the Investigation

In this study, AuNPs-PDMS composites have been used for contaminated water treatment.
The Au nanoparticles in PDMS can act as catalyst offering higher surface area for adsorption
of molecules. PDMS has high affinity towards organic solvents such as toluene, benzene,
ethyl acetate, amines etc.”>’* It also has ability to form inclusion compounds with organic
molecules due to its permeable and hydrophobic nature. The swelling behaviour of PDMS
polymer in different solvents is generally determined by the solubility parameter which
depends on dispersion forces, polarity forces and H-bonding. The solvents with solubility
parameter different from that of PDMS do not swell PDMS whereas those having solubility
comparable to PDMS cause swelling of the PDMS matrix. The property of swelling of the
PDMS can be utilized for removal of organic solvents and thus can act as a potential
adsorbent material. The AuNPs incorporated in PDMS matrix can be utilized for removal of
odorous molecules such as thioanisole, thiophenol and Na,S were used as model
contaminated water. The levels of contamination by these organic compounds can be

monitored using UV-visible spectrometry for simple and fast estimation.

1.3.3 Experimental

The AuNPs-PDMS and plain PDMS foam and films were synthesised as reported in Section
1.1.2. The plain PDMS foam and films (without AuNPs) were prepared in a similar way

without adding the Au precursor during synthesis.

Swelling Tests of AuNPs-PDMS composites with different solvents

The swelling of AuNPs-PDMS composite was conducted in different solvents such as
toluene, THF and DMSO. All solvents to be tested for swelling were taken in different vials.
The pre-weighed sample of AuNPs-PDMS and plain PDMS in the form of foam as well as

film were immersed in the respective solvents for 1 hr such that the sample weight reached a
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constant value. The degree of swelling was determined by the ratio of sample weight before

and after swelling.

Preparation of solution of toluene, thiophenol, thioanisole and Na,S

Stock solutions of toluene (500 and 100 ppm), thiophenol (0.2 mM), thioanisole (0.2 mM)
and Na,S (0.6 mM) were prepared in water. The solutions were kept in tightly closed bottles
to maintain uniform concentration over a period of time. Solutions are stirred in closed

bottles for 24 hrs to equilibrate the dissolved organic component in water.
Sample preparation for toluene removal

The AuNPs-PDMS and PDMS foam and films of different amounts were weighed and 3 ml
of stock solution (500 ppm and 100 ppm) was added to each taken in a vial and kept

overnight after shaking thoroughly.
1.3.4 Results and Discussion

The mass change in differently swelled samples was monitored with time as the solvent
evaporated under ambient conditions until each recovered to its original (deswelled) mass as

shown in Figure 1.3.1 and 1.3.2.
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Figure 1.3.1 (a) Optical photographs of AuNPs-PDMS as such (above) and after swelling with toluene (below). (b)
Deswelling behavior of AuNPs-PDMS foam, PDMS foam and PDMS film in toluene with time.
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The solvent holding capacity of AuNPs-PDMS foam for toluene is remarkable. Indeed,
volume expansion by toluene inclusion was vivid as shown in the photographs in Figure
1.3.1a. When plain PDMS in the form of foam as well as film, was dipped in toluene for 1 hr
and taken out, its weight increased due to swelling to ~ 200% and 196% respectively (Figure
1.3.1b). These values may be compared with 131% reported for normally cured PDMS.”’
The toluene uptake is slightly more in the case of the foam due to the presence of large
density of micropores. What is even more striking is that the AuNPs-PDMS foam was able to
swell more than 600% times its mass (Figure 1.3.1b), which is attributable to large surface
area made available by the embedded Au nanoparticles. As can be seen from the figure,
AuNPs-PDMS is much slower in giving up toluene in evaporation. The exceptional ability
of AuNPs-PDMS composite to take up and store toluene can be exploited for applications

such as water purification.
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Figure 1.3.2 Deswelling of PDMS and AuNPs-PDMS foams with time for (a) DMSO and (b) THF.
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DMSO resides only in the macro and microscopic pores and on the surface and do not cause
much swelling of PDMS (Figure 1.3.2a). The THF is found to swell the AuNPs-PDMS
matrix upto 350%. This shows that THF also behaves similarly to toluene in swelling of

AuNPs-PDMS matrix.
Removal of organic solvents: a case study involving toluene contaminated water

The saturated solution (500 ppm) of toluene, was diluted to different known concentrations
and corresponding UV-visible spectra were recorded (Figure 1.3.3b) to obtain the calibration

curve (Figure 1.3.3a) for quantitative determination of toluene.
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Figure 1.3.3 (a) The calibration curve for toluene. (b) UV-visible spectra for solutions of different concentrations of
toluene in water.

The extent of toluene removed was monitored in terms of spectral changes as shown in the
mass-normalized plots for PDMS and AuNPs-PDMS in Figure 1.3.4a and b respectively for
500 ppm and 100 ppm of toluene in water. Toluene has limited solubility in water, 500-627

ppm, but is a commonly occurring organic pollutant.”>’®
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Figure 1.3.4 UV-visible spectra for removal of toluene from water by varying amount of (a) PDMS and (b) AuNPs-
PDMS composite.

Figures 1.3.5a and b illustrate toluene removal from the contaminated water. Clearly,
AuNPs-PDMS composite is more effective in removing toluene; a small quantity (10 mg) of
the foam is good enough to bring down the contaminant from 500 to ~ 150 ppm within 8 hrs.
Without Au nanoparticles, the latter value is ~186 ppm. The removal is more gradual
thereafter for both the foam samples. Toluene or in general, organic removal from water is
however increasingly difficult but more critical at lower concentrations, below 100 ppm as
maximum contamination limit (MCL) is set to 7-10 ppm.” This region has been examined
more carefully, using a 100 ppm solution of toluene in water as shown in inset of Figure
1.3.5b. Again, the AuNPs-PDMS foam is relatively more efficient to bring down the

contamination to ~ 58 ppm with 100 mg of the nanocomposite.
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Figure 1.3.5 (a) UV-visible spectra of contaminated water (500 ppm toluene) showing reduction in intensity of
toluene modes after treatment with 200 mg of PDMS and AuNPs-PDMS foam. The spectra of treated water samples
are multiplied by factor of 10 for clarity. (b) Concentration of saturated and 100 ppm (inset) toluene in water after
treatment as a function of amount of AuNPs-PDMS foam and PDMS foam used.

Removal of Odorous Compounds

The ability of AuNPs-PDMS composite for removal of odorous contaminants such as
sulphides, thiophenol and thioether was examined.””” These contaminants are present in
waste water from crude oil and petroleum refineries, released from its manufacture sites,
from use as pesticide, mosquito larvicide and use as pharmaceutical intermediate. These are
highly toxic in nature. In particular, this study examines removal of Na,S, thiophenol and
thioanisole from water. Instead of foams, AuNPs-PDMS films have been used as the spectral

changes of the composite could be monitored more accurately in this form.
Removal of Na,S from water

The solution of Na,S in water (0.60 mM) is basic (pH 10.26) because of its partial
dissociation in water resulting in a high conductivity value of 63 uS cm™. The UV-visible
spectra from a Na,S solution in Figure 1.3.6a exhibits diminishing intensity of the peak
around 233 nm when treated with the AuNPs-PDMS film which eventually vanishes after 12
hrs. The 233 nm peak corresponds to HS™ which forms when Na,S is dissolved in water.”’
The variation in absorbance is shown in the inset. When it is treated with the AuNPs-PDMS

film, the sulphide ions interact with Au specifically and get further reduced to bisulphide
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ions. The bisulphide ion does not exhibit any feature in UV region, as seen in Figure 1.3.6c¢,
but changes in Au-plasmon peak are observed. The decrease in pH of the solution to 7.34 can
be related to the increase in hydrogen ion species on dissociation of sulphide to give

bisulphide ions. Concomitantly, the conductance of water increased to 85 pS cm™.

Removal of thiophenol from water

The UV-visible spectra corresponding to uncharged form of thiophenol in water (0.1 mM)
exhibits absorption maximum at 240 nm with a side shoulder at 265 nm corresponding to
thiophenolate species’ as seen in Figure 1.3.6b. When the solution was treated with a fresh
AuNPs-PDMS film (Figure 1.3.6d), the thiophenolate became the predominant species. This
was also evident from the pH change from 6.93 to 6.03 as solution turned acidic. The change
in the spectral weight is clearly seen as the isosbestic point in the spectra. The variation is
rapid (see inset). The conductivity of water changed from 20 to 117 uS cm™ due to the

ionization of thiophenol present.

Removal of thioanisole from water

The removal of thioanisole from water has been studied in detail. As thioanisole has an
absorption peak at 250 nm,”® its uptake from water by AuNPs-PDMS composite could be
easily monitored by recording ultraviolet visible spectra of the contaminated water at
different times during treatment. In Figure 1.3.6e, the 253 nm peak corresponding to
thioanisole in water (0.1 mM) is seen to decrease to negligible intensity after 12 hrs of
treatment with a fresh AuNPs-PDMS film. The variation is quite rapid as shown in the inset.
Thioanisole is found to be chemisorbed on the surface of AuNPs-PDMS nanocomposite as
seen from Figure 1.3.6f. The UV-visible spectra from films show that thioanisole chemisorb
on Au nanoparticle surface resulting in a broad red shifted absorption at 257 nm. The pH

change was minimal (6.5 to 6.3) while the conductivity increased from 8 to 82 uS cm'™.
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Figure 1.3.6 UV-visible spectra of (a) Na,S solution in water (0.6 mM) (c) thiophenol (0.128 mM) and (e)
thioanisole (0.10 mM)) recorded after different time intervals. The inset in each plot shows the decrease in
absorbance with time for treated samples along with blank solution absorption taken after 12 hrs. UV-visible spectra
from AuNPs-PDMS films dipped in (b) Na,S and (d) thiophenol and (f) thioanisole show the interaction of these
chemicals with the nanocomposite.
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Reusability of AuNPs-PDMS composite for water treatment-The reusability of AuNPs-PDMS
composite is an important issue for waste water treatment. Once the contaminants are
absorbed by the material, release of contaminants from AuNPs surface and PDMS matrix is
crucial. The easiest way of removing the volatile organic molecules can be performed
through heating provided the material is robust enough to sustain high temperatures. When
the sample was heated to a temperature upto 200 °C for 1 hr, all thioanisole molecules
absorbed by the sample got released from the composite. The heating was performed for
prolonged to completely desorb thioanisole from AuNPs-PDMS composite and eventually
levelling off. Once the AuNPs-PDMS composite is made free of thioanisole, then the

material is again used for removal in repeated cycles.
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Figure 1.3.7 (a) Removal of thioanisole from water by AuNPs-PDMS composite after repeated cycles. (b) Average
removal efficiency of 23.5% for a 0.9 g of AuNPs-PDMS film from 7 samples of contaminated water (100 ml of 85
uM, 1 hr each)
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Figure 1.3.7 shows the successive removal of thioanisole by AuNPs-PDMS composite after
release of thioanisole from the material after each step. By referring to a calibration curve for
thioanisole in inset of Figure 1.3.7a, the exact concentration of thioanisole uptake by
AuNPs-PDMS composite at different stirring times was determined. As shown by histogram
in Figure 1.3.7b, we obtained nearly similar uptake and release of thioanisole for 7 samples
of contaminated water (100 ml of 85 pM), each treated for 1 hr with the same nanocomposite

sample.

This result not only shows the efficiency of the material but also confirms that the AuNPs

encapsulated in PDMS matrix were not affected during the heating experiment.

AUNPs-PDMS composite

; contaminantsin water

R o |/

Heat 200°C Stir 1000 rpm, 1hr

Figure 1.3.8 Schematic illustration of how the AuNPs-PDMS composite material works. A certain mass of AuNPs-
PDMS composite is stirred in the contaminated water. The organic molecules get adsorbed inside the AuNPs-PDMS
composite and released during heating. This can be repeated in cycles.
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1.3.5 Conclusions

AuNPs-PDMS composite is identified as suitable, low cost, new alternative material for
removal of organic contaminants in water. This unique combination of metal nanoparticles
with polymer allows not only removal of contaminants through adsorption by PDMS
network but also enables degradation by Au nanoparticles. The reusability of the composite
material is demonstrated by releasing the absorbed contaminants by simply heating the
composite material. The material can be used again and again with almost same efficiency
over number of repeated cycles as shown by schematic in Figure 1.3.8.The significance of
these results is that toxic and odorous organic contaminants may be reduced to few ppm

levels in water with these nanocomposites as measured by UV-visible spectroscopy.
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1.4 AuNPs-PDMS composite for Cell Imaging & Drug Delivery System

1.4.1 Introduction

Living cell and its substrate interaction is an important field of research with implications in
microﬂuidics,81 cell culture,85 biomaterial implants etc.?? Cell substrate adhesion is a
multistep process including initial cell contact to the substrate, attachment, spreading and
growth. The adhesion and proliferation of different types of cells on a biomaterial depends on
many surface characteristics such as surface charge, wettability (hydrophobicity or
hydrophilicity), microstructure, roughness and mechanical properties.”” Hence, search for
suitable matrices for cell growth is an important field in cell culture. The hydrophilic surfaces
are generally believed to have lower protein adsorption than hydrophobic surfaces. The

deterrence to cell adhesion takes place whenever there is resistance to protein adsorption.

PDMS is well exploited for variety of biological applications® *"* because of its
biocompatibility and low toxicity.**™ It is a commonly employed material for microfluidics
as well. While using PDMS based microfluidic device in a bioapplication, one major hurdle
is non-specific protein adsorption due to hydrophobic nature of the PDMS surface. This may

induce clogging of cells along the fluid path making it difficult to reach specific locations.

Thus, chemical modification of the PDMS surface is an important area of research.***’” A
number of strategies have been evolved to render the PDMS surface more hydrophilic. A
straightforward method is O, plasma oxidation method which oxidizes Si—CH; group on
PDMS surface to Si—OH.* However, the plasma treated PDMS undergoes ‘hydrophobic
recovery’ after several hours due to the migration of low molar mass PDMS species from the
bulk to the surface. This hinders its utilization in cell culture related applications. The surface
modification of PDMS surface can be performed with biologically active molecules via
different methods involving covalent linkage or adsorption processes. Often, additives such
as poly(ethylene oxide) and poly(ethylene glycol) are deliberately introduced in PDMS to

provide hydrophilic coatings for inhibiting protein and cell attachment.®!
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1.4.2 Scope of the Investigation

This study focuses on two main aspects, first is the use of AuNPs-PDMS composite for
growth of cells. Mammalian Cells are considered to have an overall negative surface charge
and hence poly-L-lysine coating is the most commonly used substrate.”** Since the surface
of PDMS gets modified with Au nanoparticles, AuNPs-PDMS composite surface is a
candidate for the study the cellular interaction and cell adhesion. The PDMS matrix with Au
nanoparticles can act like a carrier for a drug. This aspect has been examined using
rhodamine 6G (R6G) as model system for drug delivery. Ideally, AuNPs should be made to
carry a certain drug molecule and by external or internal trigger, the drug should be released
to the cells hosted on the PDMS substrate. R6G is chosen because of its strong absorption in
the visible region, high fluorescence yield and well characterized photo physical properties
relevant in biological studies. It is also soluble in PDMS and is known to interact well with

Au nanoparticles.’

After the adsorption of R6G molecules, the release action can be
carried out by using thiols as external stimuli. The external thiol molecules have capability to

displace R6G molecules because of the strong Au-thiolate chemistry.

1.4.3 Experimental

Preparation of AuNPs-PDMS composite substrates

AuNPs-PDMS composite film substrates of high and low Au nanoparticles loading were
prepared on cover slips following the previous method explained in Section 1.1.2. PDMS
was made by mixing elastomer and curing agent in 10:1 ratio respectively. The aq. KAuCl,
(10 ml) of 0.2 mM and 2 mM concentration was mixed in 2 vials taken separately with 2 g of
PDMS mixture in each. The stirring was performed in both vials for 2 hrs at room
temperature resulting in AuNPs embedded in PDMS gel. The AuNPs-PDMS gel was washed
with water to stop further reaction, if any, and kept in vacuum for 1 hr to remove all bubbles.

The gel was casted into films by heating at 60 °C for 6 hrs and used for cell culture.
Mammalian Cell culture

HeLa cells were maintained at 37 °C in Dulbecco's modified Eagle medium (DMEM),

(Invitrogen) supplemented with 10% fetal bovine serum (Hyclone) and appropriate
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antibiotics in 5% CO, incubator. 50,000 cells were seeded on different coated coverslips and
after 24 and 48 hrs, respectively.The cells were processed for either cell viability assay or

hoechst staining for visualization.
Cell viability assay by trypan blue

Trypan blue is the stain most commonly used to distinguish viable from nonviable cells.
Viable cells exclude the dye and hence appear colourless, whereas the nonviable cells absorb
the dye and appear blue. Based on this principle, a cell viability assay was performed and the
cell count was taken as a measure of the viability. Since, trypan blue has high affinity for
serum proteins, the cells were thoroughly rinsed with PBS before proceeding for the
experiment. Cells that were seeded on different coatings, were trypsinized using 0.05%
Trypsin EDTA solution (Invitrogen), after 24/48 hrs, and the cell suspension was mixed with
0.4% trypan blue solution in saline in equal volume. Following incubation at room
temperature for 3 min, the above cell suspension was added to the haemocytometer and the
cells were visually examined under the microscope. The viable and the nonviable cell count
was performed individually and the final viability was represented as the fraction of viable
cells by total number of cells/ml. The cell count was performed individually across the four
different cell counting chambers and plotted separately. The experiment was performed as a
replicate and the final data was plotted as the average viable cell count using microsoft excel

sheet and the standard deviation was represented as the error bar.
Hoechst staining

Cells were grown on cover slips coated with poly-L-lysine, PDMS and AuNPs-PDMS (of
low and high Au loading) at 37 °C in a 5% CO, incubator. After the indicated time point,
cells were washed with PBS and fixed with 4% paraformaldehyde (in PBS) for 20 min at
room temperature. Cells were then permeablized using 1% Triton X-100 (in PBS) for 10 min
and subsequently washed with PBS for 10 min, 3 times. The nuclei were stained with
Hoechst dye, (SIGMA) (1:10,000 dilution) for 20 min. Two times PBS washed cover slips
were inverted on to a microscopic slide over 2 pL of 70% glycerol (in PBS) and visualized

using fluorescence/confocal microscopy.
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R6G absorption and release experiment

AuNPs-PDMS and pristine PDMS films were soaked in R6G solution in toluene (1 mM) for
6 hrs and washed with toluene to remove the excess R6G molecules from the film surface.
For release, the R6G-incorporated films were soaked in a 2 mM solution of HDT in toluene

for 8 hrs.
Characterization

In addition to UV-visible absorption measurements, photoluminescence measurements were
also carried out with a (Perkin-Elmer LS50B) luminescence spectrometer. The emission

spectra were recorded with an excitation wavelength of 490 nm.
1.4.4 Results and Discussion

The two samples with different loading of Au nanoparticles were prepared and characterized
using UV-visible spectroscopy as shown in Figure 1.4.1.The synthesis procedure shown in
Figure 1.4.1a is similar to that described in Section 1.1.3. The UV-visible spectra shown in
Figure 1.4.1b shows plasmon peak centred at 536 nm for sample prepared with 2 mM Au
precursor whereas broad and low intensity peak at 534 nm corresponds to sample prepared

with 2 mM Au precursor solution.

(b) 191 —— 2mM KAuCI,
—— 0.2 mM KAUCI,
~ 0.8
=
8
8 06-
=]
KAuCIa(aq) decant | (oter g
PDMS mixture unreacted o
KAuCIA wash § 0.4
0.2 -\—/\
60°C
iEGh 00 +—7F——T———T7—
L 400 500 600 700

s K|

AuNPs-PDMS film wavelength (nm)

Figure 1.4.1 (a) Schematic illustrating synthesis procedure for AuNPs-PDMS film. (b) UV-visible spectra
corresponding to two different samples.
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The particle size was determined by STEM and SEM microscopy as shown in Figure 1.4.2.
The sample prepared with 2 mM KAuCl, solution has higher nanoparticles density
(~2200+ 10 pm™) as compared to sample prepared with 0.2 mM with KAuCl, solution (~
640 =10 pm’z) with nearly similar particle size (~5-15 nm). The different loading of Au
nanoparticles in the composite was carried out to see the effect of Au nanoparticles in

modifying the surface of PDMS and thus the effect on cell growth.

Figure 1.4.2 STEM images of AuNPs-PDMS gel synthesized with (a) 2 mM and (c) 0.2 mM of KAuCl, .The
corresponding SEM images in (b) and (d) respectively.

From the microscopy images of HeLa cells in Figure 1.4.3, it can be seen that the cells
incubated on PDMS surface (Figure 1.4.3b) were well attached and the cell morphology is
somewhat elliptical as compared to that on the poly-L-lysine used as the control (Figure

1.4.3a). This still corroborates with the good biocompatibility of PDMS for the adhering
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cells. On the AuNPs-PDMS surfaces, however, the cells were not able to attach and spread
out properly even as compared to PDMS (see Figure 1.4.3c and d). The cells on the surface
with low Au nanoparticle loading are seen to be spherical in shape as seen in Figurel.4.3c
which shows that the cells tried to adhere to the surface. But, on the surface with high AuNPs
loading, cells could be hardly seen in Figure 1.4.3d.

Figure 1.4.3 The optical Images of HeLa cells taken 24 hrs after incubation at 37 °C, 5% CO, environment, DMEM
medium. (a) poly-L-lysine, (b) PDMS, (c) and (d) AuNPs-PDMS composite layers prepared with 0.2 and 2 mM of
Au precursor respectively. Inset (right) in all images shows the magnified image of the morphology of cells.
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The Hoechst stained images of HeLa cells (cervical cell line) indicate a differential adherence
pattern with respect to different matrix coating. As expected, the commonly used poly-L-
lysine coating shows maximum adherence of the cells which are well spread as seen in
Figure 1.4.4a after 24 hrs. However, the hydrophobic PDMS coating seems to decrease the
ability of the cells to adhere on the PDMS substrate as compared with positively charged
lysine coating (Figure 1.4.4b).

Figure 1.4.4 Bright field (left), dark field (middle) and fluorescence (right) microscopy images of cells seeded on
different layers for 24 hrs, (a) poly-L-lysine, (b) PDMS, (c) and (d) AuNPs-PDMS composite layers prepared with
0.2 and 2 mM of Au precursor respectively.

Interestingly, the cells on the PDMS matrix were slightly shrunk indicating that the

hydrophobic surface may not be favourable for cell growth as reported earlier.*® This could
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be because of the ability of the PDMS to adsorb serum proteins thus depriving the cells of
growth factors. Surprisingly, the two Au nanoparticles loaded PDMS composited showed
differences in both the cell number and the cell morphology. The number of cells adhering on
AuNPs-PDMS surface with higher loading of AuNPs is less as compared to the AuNPs-
PDMS with lower loading of AuNPs.

Figure 1.4.5 Bright field (left), dark field (middle) and fluorescence (right) microscopy images of cells seeded on

different layers for 48 hrs, (a) poly-L-lysine, (b) PDMS, (c) and (d) AuNPs-PDMS composite layers prepared with
0.2 and 2 mM of Au precursor respectively.

In low AuNPs-PDMS, the cells were well spread out. However on the other surface with
higher loading of Au nanoparticles, clumping of cells was observed. This could be also be
due to non-uniformity of AuNPs in PDMS. The Hoechst stained images were examined

again after 48 hrs. The number of adhering cells dropped down for the AuNPs-PDMS
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substrate with low AuNPs decreased but the AuNPs-PDMS surface with higher AuNPs got

multiplied as seen in Figure 1.4.5.
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Figure 1.4.6 (a) Trypan blue cell viability assay of HeLa cells incubated with PDMS and AuNPs—PDMS composite
of different Au NPs loading. Assay is done after 24 and 48 hrs and the cells were counted using neubauer’s chamber.
Data are averages plus standard deviations for two independent experiments.

Note: The cell clumping leads to less accessibility to medium/growth factors as well as space
constraints which leads to lesser cell count in the AuNPs-PDMS with higher AuNPs loading.

The in vitro cell viability tests have been carried out to test the cytotoxicity of the AuNPs-
PDMS composite. As seen in Figure 1.4.6, the cell count on PDMS and both types of
AuNPs-PDMS surfaces decreases after 24 hrs. This can be attributed to the hydrophobicity of
the surface. But after 48 hrs, the number of cells multiplied on PDMS as well as on the
AuNPs-PDMS composite surface with low AuNPs loading, which shows good

biocompatibility; this is an important prerequisite for biomedical applications. But over all,
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there was a decrease in no. of cells for high loaded Au nanoparticle PDMS composite

substrate which is contrary to as seen in hoechst stain images in Figure 1.4.5c and d.

This result shows a possibility for drug delivery applications using AuNPs-PDMS composite
material. Drug delivery can be achieved if one can successfully bind drug molecules with the
Au nanoparticles such that intracellular glutathione (GSH) mediated release can take place.
For the implication of this concept, we have studied the interaction of R6G dye as a model
system and release of R6G from AuNPs-PDMS composite through hexadecanethiol as

external stimuli as shown by schematic in Figure 1.4.7.

Figure 1.4.7 Schematic of R6G incorporation in AuNPs-PDMS nanocomposite and release using HDT.

Adsorption of R6G in AuNPs-PDMS composite

The interaction of rhodamine chloride (R6G), a fluorescent dye with AuNPs-PDMS
composites using UV-visible spectroscopy was studied. As shown in Figure 1.4.8, the
intensity of the characteristic R6G peaks at 508 and 543 nm is approximately 2 times greater
for the AuNPs-PDMS composite than for plain PDMS, suggesting that the Au nanoparticles
facilitate additional uptake of the dye. The absorption spectra in Figure 1.4.8a shows
splitting of the broad absorption band of R6G into two peaks, the 508 nm peak attributes to
molecular R6G while peak at 538 nm is due to chemisorbed species on the Au nanoparticle
surface. * The absorption at 508 nm corresponds to dye aggregation band and 538 nm is the
effect of Au surface plasmon.”* A small peak at 714 nm arising from R6G far moved away
from the main feature is also observed. Photoluminescence (PL) spectra of the samples

obtained with an excitation wavelength of 490 nm are shown in Figure 1.4.8b.
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Figure 1.4.8 (a) UV-visible absorption and (b) PL emission spectra from AuNPs-PDMS and plain PDMS films upon
adsorption R6G.

The relative PL intensity of the dye in the case of AuNPs-PDMS composite is 17 times less
compared to plain PDMS, albeit having nearly double the amount of dye. The quenching of
PL is due to the charge transfer interaction with the Au nanoparticle surface, which is

consistent with the observations made in the literature.”
Release of R6G from AuNPs-PDMS composite

R6G was released from the nanocomposite using hexadecanethiol (HDT) as a chemical
trigger. HDT has a strong affinity to Au due to the presence of the sulfur in the thiol groups,
therefore it can displace the relatively weakly-interacting R6G from the nanoparticle surfaces
and into the solvent medium, as shown schematically in step 2 of Figure 1.4.7. The relative
release of R6G was characterized by performing PL on the resulting solutions. From the
spectra in Figure 1.4.9a and b, it is clear that the amount of R6G released is much higher in
the case of AuNPs-PDMS composite than plain PDMS. This is attributed to the higher
capacity of the nanoparticle composite to hold the dye mediated by the chemical interaction
between the dye molecules and the nanoparticle surface. The significantly higher R6G
release into HDT solution relative to toluene is consistent with the proposed mechanism.

Thus, R6G enabled us to probe the microenvironment of the composite.
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Figure 1.4.9 (a) UV-visible absorption and (b) PL emission (at 490 nm excitation wavelength) from HDT solution in
toluene on release of R6G. Both UV-visible and PL spectra are multiplied by 7 and 2 respectively, relative to Figure
1.4.8 for clarity.

1.4.5 Conclusions

The PDMS surface as such is biocompatible and non-toxic. After incorporation of AuNPs in
PDMS, the cell growth on PDMS does not take place easily. The cell adhesion decreases due
to the surface modification by the incorporated AuNPs. Importantly, other properties of

PDMS such as flexibility are well retained which are crucial in microfluidic device

fabrication.

The ability of this composite to release the dye molecules in the presence of a specific
chemical environment shows promise for storage and chemically-induced release of specific
compounds, which can be applied for targeted drug delivery. The size of the AuNPs in the
PDMS matrix can be tuned from 5-50 nm, and thus there is a possibility of varying the drug
loading. These investigations not only provide an insight into the interaction of
nanocomposite with biological systems but can also help in designing an efficient drug

delivery system.
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1.5 Metallisation of PDMS
1.5.1 Introduction

PDMS being flexible, stretchable, optically transparent, electrically insulating and
biocompatible, is considered ideal as a substrate for futuristic devices.””® An important
difference from conventional electronics is that once metallised, PDMS can in principle,
integrate well with living tissues to form circuit elements in epiretinal prosthetics,”
electronic textiles etc.”® PDMS can be metallised using Au overlayers, the choice of the metal
owes much to its biocompatibility. Metal evaporation and sputtering have been the routine
methods to deposit Au film on PDMS surfaces.” The Au film obtained from these methods
however, suffers from poor adhesion and spontaneous buckling adding to undesired surface
roughness. Further, such films have a tendency to develop cracks with compressive stress.”
Metals adhere poorly to PDMS due to the low surface energy of PDMS.” To address this
issue, several approaches using coupling agents have been reported to enhance chemical
adhesion,'” serial and selective etching to stack metal layers on PDMS'®' or manual injection
and solidification of melted metals into PDMS microchannels.'” Even with improved
adhesion, the incompatibility between PDMS and metals often causes failure in fabrication
processes. Thin metallic films tend to debond from flexible PDMS substrates, and thin layers
have a potential cracking problem when bent or stressed,'”’ which is undesirable in many
flexible electronics applications.'®

Several attempts have been made in the past for the fabrication of flexible metal or
conductive electrodes. To avoid incompatibility issues, soft conductive materials have been
utilized to embed conductive patterns in PDMS. Carbon nanotube is one of the common

materials'**

to be mixed with PDMS to form conductive composites that can be used to
construct conductive and flexible micropatterns. The embedded conductive composite
diffuses into the bulk PDMS polymer matrix, and therefore possible adhesion issues and
cracking problems are eliminated. However, the use of carbon nanotubes in bioapplication is
not much welcome due to its toxicity issues and limited control over functionalized-CNT

behaviour.'” Recently, a few more approaches have been explored to form embedded

1.105 1.10

conductive PDMS patterns. Bowden et a and Chen et al.'” electrolessly prepared micro

silver electrodes inside the PDMS channels by electroless plating based technique and more
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recently Hao et al.'”” performed region selective electroless plating by combining the UV-

induced poly(acrylic acid) grafting with electroless gold plating.

1.5.2 Scope of the Investigation

The advantageous properties of PDMS can be exploited only if one can circumvent the
problems associated with the conventional deposition of Au film. The present work deals
with metallization of PDMS via a chemical route. It relies on the growth of the Au
nanoparticles to form a film starting with AuNPs-PDMS nanocomposites. Importantly, the
method uses no adhesive layer in between. As PDMS is easily patternable by lithography

procedures, this method opens up possibilities of patterning metallisation itself.

1.5.3 Experimental

Metallisation of AuNPs-PDMS film

A small portion of AuNPs-PDMS gel (Section 1.1.3, sample E) was dropped on the surface
of aq. KAuCl, solution (0.1 mM). It was allowed to spread uniformly over the liquid surface
and stand for 12 hrs. During this period, the bottom surface of the gel layer was in constant
contact with the solution. As the gel was cured, the film was lifted gently from the solution

using a glass slide.

Characterization

Film thickness measurement was done using a Wyko NT1100 (Veeco, USA) optical profiler
(OP) as well as using a Stylus profiler Dektak 6M (Veeco, USA). In OP, the PSI mode was
employed with a field of view and objective lens magnifications as 1X and 20X respectively.
I-V measurements were carried out by making electrical contacts using conducting Ag paint.
An external multimeter (Keithley 236) served as the source and measurement unit for
current-voltage characteristics.

Powder X-ray diffraction measurement was done using Bruker diffractometer employing Cu
Ka (L = 1.5406 A) radiation. Samples were prepared by transferring the film on glass slide

followed by curing. The typical scan rate was 1 ° min™.
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1.5.4 Results and Discussion

The process of metallisation of PDMS is shown in Figure 1.5.1. The AuNPs-PDMS gel
spreads uniformly over the surface of aq. KAuCl, and forms a thin layer at the air-water
interface as shown in Figure 1.5.1a. Upon lifting the layer after several hours using a glass
slide, we readily observe that the surface exposed to the solution turned metallic shiny
(Figure 1.5.1b), while the top surface turned slightly darker (Figure 1.5.1¢). The metallised
surface exhibits a mosaic structure with typical domain size of ~ 2 pm. Overall, the layer

after this treatment is somewhat less jelly and shows a tendency to form a continuous film.

Stir1 hr
56°C
KAuCl,
and PDMS
— d‘rop of | gel

e

Figure 1.5.1 (a) Synthesis of Au-PDMS metallised film, (b) the metallised bottom surface. (c) the top surface
resembling closely the pristine AuNPs-PDMS composite.

One such film transferred to a glass substrate, is shown in Figure 1.5.2. The film being
fragile got folded while transferring. The line of fold can be clearly seen in the optical image
shown in Figure 1.5.2a, demarking the pristine surface (reddish brown) and the folded
golden portion from the bottom which was exposed to the solution. The thickness across the
line of fold was found (see Figure 1.5.2b) to be 2.8 pum using the optical profiler. Half this

value (1.4 um) should correspond to the film thickness, assuming the film to be uniform.
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Figure 1.5.2 (a) The optical microscope image showing different regions of partially folded flexible Au-PDMS
metallised film transferred on glass from top surface of aq. media. (b) The optical profilometric measurement for
thickness determination.

The SEM imaging revealed further details (Figure 1.5.3). The golden side of the film showed
aggregated network of the deposit (see Figure 1.5.3a) with irregularly shaped domains
separated by cracks. A closer look at the surface (see inset) showed highly interconnected
domains and cracks the latter being few nms to ~ 200 nms wide. The pristine surface shows
nanoparticles closely spaced Au nanoparticles bigger in size (10-80 nm) as seen in Figure
1.5.3b compared to the gel (see Figure 1.1.4). During the deposition, the Au(IIl) solution
seems to penetrate across the film thickness to cause further reduction and growth on the top

surface of the gel layer.

Figure 1.5.3 SEM image of (a) the metallised surface with magnified view in the inset and (b) the pristine surface of
the film.
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The golden surface was further characterized by XRD. The XRD pattern shown in Figure
1.5.4, is typical of a polycrystalline Au metal (JCPDS No. 040784).
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Figure 1.5.4 XRD pattern from the metallised face of PDMS corresponds to polycrystalline Au.

The metallised surface exhibited a linear I-V data (Figure 1.5.5) with a resistance of 22 Q as
calculated from its slope. The pristine surface was not electrically conducting. The resistance

measured was beyond 10 GQ.
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Figure 1.5.5 The I-V characteristics from the metallised surface.
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The UV-visible spectra were recorded in both transmission and reflectance modes and are
shown in Figure 1.5.6. In the transmission mode (Figure 1.5.6a), the plasmon peak appeared
at 540 nm, irrespective of which surface faced the beam. On the other hand, the reflectance
from the metallised surface was ~ 4 times higher compared to the pristine surface of the film

(Figure 1.5.6b). Clearly, the metallisation process is effective.
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Figure 1.5.6 The UV-visible spectra of Au/PDMS film (a) in the transmission mode (b) in the reflectance mode.

For the projected use of the metallised PDMS in biomedical applications, it is important to

know its wetting behavior. The contact angle was measured on either side of the film to
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examine surface modification, if any, due to exposure to the Au(IIl) solution. The as-
prepared film being quite fragile was cured by heating to 180 °C for 12 hrs. The curing
process made it sturdier. The contact angle on the metallic surface (Figure 1.5.7) was found
to be 111° as seen in Figure 1.5.7b while the pristine surface on the other side of the film,
gave an angle of 104’ (Figure 1.5.7a), the literature values for PDMS range from 105° to
111°.% The metallisation has only a little effect on the wetting property of PDMS.

Figure 1.5.7 The contact angle of a water droplet (10 pl) placed over (a) pristine surface and (b) metallised surface.

The patterning of Au metallised PDMS layer was tried out using the microcontact printing
technique as illustrated in Figure 1.5.8. The Au-PDMS film was transferred on a pre-
patterned PDMS stamp. The stamp carrying the film was placed on the Si wafer and the dice
was slowly heated to 180 °C for 30 min (Figure 1.5.8a). The film gets partially cured and
makes a good adhesion at regions in contact with the substrate. The stamp is then lifted up

leaving the pattern on the Si substrate as shown in Figure 1.5.8b.
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Figure 1.5.8 (a) the schematic procedure for patterning of metallised AuNPs-PDMS film. (b) The optical
microscope image of the patterned surface at 100X magnification.
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The AuNPs-PDMS gel offers as a system with right set of properties apt for preparing a
flexible metallised film. It contains small Au particles which can potentially grow into big
grains when exposed to a source of Au(IIl) ions. As the curing agent in the PDMS gel is not
entirely used up, it can accelerate reduction of Au and growth of nanoparticles. Small
polymeric chains being mobile across the layer volume can also contribute to the
metallisation process. While the process reaches near completion, at the surface exposed to
the solution, some growth at the top surface cannot be avoided, but does not harm in any

way.

1.5.5 Conclusions

The metallisation of PDMS can be successfully done using this simple technique. This offers
various applications in field of flexible electronics and optics. The process of metallisation in
detail can be studied and possible applications including patterning can be explored further in

future studies.
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1.6 Ag nanoparticles—poly(dimethylsiloxane) composite

1.6.1 Introduction

Ag nanoparticle system (AgNPs) has attracted particular attention because of its optical
properties,'”™ broad efficacy against bacteria and relatively low toxicity to humans.'"” The
synthesis of Ag nanoparticles has been reported in the literature by numerous methods."'*'"?
The most popular method for Ag nanoparticles is the Lee—Meisel method''® which produces
a broad distribution of particle sizes. The most common method for the synthesis of
nanosized Ag particles is the reduction of AgNO; with NaBH,. The Creighton method'"* for
synthesis generally yields ~10 nm particles of narrow size distribution. There are several
other methods which employ capping agents such as self-assembled monolayers, surfactants,
polymers, and dendrimers to protect the particles from aggregation. Three main steps in the
preparation of nanoparticles that should be evaluated from a green chemistry perspective are
the choice of the solvent medium used for the synthesis, the choice of an environmentally
benign reducing agent, and the choice of a nontoxic material for the stabilization of the
nanoparticles. There have been approaches reported for the synthesis of H,O-soluble metal
nanoparticles; however, to date there are only very few reports for a unified green chemistry

approach to the overall process of nanoparticle production.'"

1.6.2 Scope of the Investigation

The AgNPs-PDMS composite is prepared by following a green approach. The synthesis
involves AgNO; as metal source precursor, PDMS (biodegradable and biocompatible) and
water without need of extra stabilizing agent and reducing agent. The reaction can occur at
room temperature without any energy inputs. Importantly, there are no side products in the

reaction and the excess of precursor can be reused.

1.6.3 Experimental

The AgNPs-PDMS composite was synthesized in the form of foam, films and gels similar to
AuNPs-PDMS nanocomposite (see Section 1.1.3) with the only difference that aq. AgNO;

was used as a source of metal instead of using KAuCl.
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1.6.4 Results and Discussion
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Figure 1.6.1 The UV-visible spectra of the Ag-PDMS gel prepared with aq. AgNO; solution at room temperature by
stirring for different time intervals.

The formation of Ag nanoparticles in PDMS can be identified visually during synthesis.
When the PDMS mixture consisting of elastomer and curing agent (in 10:1 ratio) is added to
aq. Ag NO; solution, the white color of PDMS turns dirty-brown indicating the formation of
AgNPs inside the PDMS matrix. Figure 1.6.1 shows the UV-visible spectra of Ag-PDMS gel
dissolved in toluene. The surface plasmon occurs at 405 nm with a broad absorption band.'™*
The formation of Ag nanoparticles takes place very rapidly as seen from the absorption curve
of low intensity after 5 minutes. The surface plasmon peak evolves more with increasing
stirring time with highest absorption intensity after 2 hrs (Figure 1.6.1). The nanoparticles

formed were visualized from TEM image as seen in Figure 1.6.2.

Figure 1.6.2a shows high magnification TEM image of the AgNPs-PDMS composite. It is
seen that the particles are well defined, discrete and polydisperse in the PDMS matrix
without any phase seperation. The contrast present in the image shows some particles are
embedded inside the PDMS polymer matrix due to which these looks faint. The electron
diffraction pattern in Figure 1.6.2b shows that the nanoparticles are crystalline and have a

fce structure. The size of nanoparticles varies between 5-20 nm.
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Figure 1.6.2 (a) TEM image of AgNPs-PDMS composite with magnified, high resolution image in the inset. (b) ED
with lattice fringes marked.

The AgNPs-PDMS composite foams were also prepared by stirring mixture of PDMS with
aq. AgNO; followed by heating above 60 °C. The evolution of Ag plasmon peak with stirring
time in case of foams prepared at 70 °C can be seen in Figure 1.6.3. The plain PDMS foam
also shows a broad absorption in the visible range. The intensity of absorption peak increased
with stirring time. This may be due to higher loading of Ag nanoparticles with longer stirring.
The different foams of AgNPs-PDMS composite were further tested for the antibacterial

activity.
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Figure 1.6.3 (a) Optical photographs of foams synthesized with different stirring time and corresponding (b) UV-
visible spectra of foams.
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Antibacterial Activity Test

Preliminary experiments have been carried out to check the antibacterial activity for varying
amount of the AgNPs-PDMS composite foam. The AgNPs- PDMS foams were taken in
different amounts and sterilized by autoclaving at 121 °C for 30 min and then incubated
overnight with microorganisms. Culture was diluted in the ratio 1:100 and was added to 5
test tubes (each 10uL) containing LB media. Ag PDMS foam (10, 30 and 50 mg) was added
to the different test tubes. The LB media with 10ul culture and LB media with plain PDMS
foam without Ag nanoparticles media were used as controls. Antimicrobial activity was
tested on E. coli (strain DH5a, Gram negative) to evaluate antibacterial efficacy. The strains
were grown on Luria-Bertani (LB) broth at 37 °C while shaking. Bacterial growth was
monitored in the presence of the foams. Growth of cells in suspensions was measured by

Optical Density (OD) at 600 nm.

Sample OD¢go
1. C1(10 ml LB +10 pl Culture) 1.56
2. C2 (plain PDMS+ 10 ml LB) 1.54
3. 10mg AgNPs-PDMS foam 1.55
4. 30mg AgNPs-PDMS foam 1.48
5. 50 mg AgNPs-PDMS foam 1.49

Table 1.6.1 The ODg of different amount of AuNPs-PDMS foam along with controls.

The values of OD did not show much difference for AgNPs-PDMS foam as compared to the
plain PDMS. Surprisingly, there is no antibacterial activity from the Ag nanoparticle
containing nanocomposites.. This is in clear contrast to observations made in literature. It
appears that a coating of PDMS covers the nanoparticles surface preventing them from
interacting with the microbes. This observation clearly shows that the AgNPs-PDMS
composite has potential to behave like an ideal system where Ag is not available for
antimicrobial action though it is physically present. Further studies are required to access

where such surfaces would be usefully applied.
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1.6.5 Conclusions

The AgNPs-PDMS composites have been synthesized by an in-situ, single step green method
in the form of foams, films as well as gels. The rheological property of AgNPs-PDMS gels is
preserved for future studies. The uniqueness of AgNPs-PDMS composite can be realized

only when the nature of the application is known.
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Pd Nanowire Gratings for Optical Diffraction based Sensor*

Summary

Pd nanowire diffraction gratings of controllable thickness have been fabricated using
micromolding in capillary lithographic technique. These metal nanostructures are not only
robust and uniform over large areas but also give diffraction patterns with at least 1000 times
better resolution than the conventional gratings. The grating parameters such as height and width
have been optimized to give maximum diffraction intensity in transmission mode. The utility of
the produced gratings as optical sensors is demonstrated by performing the electroless deposition
of Cu on Pd nanowire diffraction gratings as a model study. The amount of Cu getting deposited
electrolessly has been monitored by collecting optical diffraction signals and compared with
results from SEM and EDS analysis. The changes in diffraction grating height influencing the
diffraction efficiency have been estimated using AFM. This result clearly brings out the optical

diffraction based sensing from the patterned grating structure.

*This work was presented in ICONSAT -2010 held at IIT-Bombay. It won the Best Poster Award.
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2.1 Introduction

Optical diffraction based sensing has emerged out as one of the simplest as well as promising
detection tool. Minute changes in the diffraction intensities can be used as a sensor signal for
events taking place on grating surface. For instance, biochemical and chemical sensing' has
been performed a decade ago by employing few tens of micron sized diffraction gratings for
detection of cells’ and biomolecules® with fairly good sensitivity. Hupp et al.®® performed
sensing of volatile compounds, electrochemically induced changes in polymers as well as DNA
detection with chemoresponsive diffraction gratings. Goh et al.”® demonstrated multiple
analytes binding ability simultaneously as a function of time using diffraction based system.

Using in-situ assembled diffraction gratings, Savran et al.'®'

could carry out biomolecular
studies of various diseases and bacterial cells. Recently, Corn et al." has reported fabrication of
ordered arrays of Au and Ni nanowire gratings on a transparent surface as sensor material. With
increasing interest in 1D nanoparticle assemblies, CdSe nanocrystals have been patterned using
microcontact molding for the fabrication of efficient transmission gratings for chemical sensor

applications.'®

The diffractometry set up is simplest in the transmission mode with 3 basic requirements: a
laser source, sample grating and detector. An inexpensive laser source of power as low as ImW
and small photodiode as detector should suffice for this purpose. The nature of grating is highly
varied- from simple grating (few microns to few hundred nm) to 2D gratings."*'>'® The
diffraction intensity not only depends on the refractive index of the surrounding medium but
also on the grating parameters such as the width, spacing and thickness of the diffractive optical
element. The spacing between the optical elements directly influence the resolution of the
diffraction pattern. The resolution (R) is equal to the product of the diffraction order (m) and the

number of grating lines in the laser illuminated area."’

w
R = —_— (D)
m[dj

where W is the laser illuminated area and d is the spacing of diffractive optical element. This
means that the resolution of diffraction pattern can be enhanced by decreasing the spacing of

the diffractive optical element keeping the laser illuminated area and wavelength constant. The
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width, w of diffractive optical element influences the intensity and position of the diffraction

spots. The grating equation is generally given by

sin@ —sin y = m% (m=%1, ¥2) 2)

where D is the grating period, m is the order of interference, A is the wavelength of light used,
@ is the incidence angle and v is the diffraction angle. The smaller the value of grating period
higher will be angular divergence of the diffraction orders thus enabling use of simple

photodetectors instead of CCD camera or any other expensive instrumentation. For an ideal

A
diffraction grating, the height or the thickness of grating of 3 brings the phase difference

between land and ridge toEresultmg in interferometric detection with maximum linear

sensitivity.'*'®"

The diffraction efficiency, DE (%) of the grating is calculated as:'® '

I
IO

DE = 3)
where I, is the intensity of first order diffraction spot (£ 1) and I, is the zeroth order mode.
Note: It is thus reasonable to study the grating parameters that alter the intensity of diffraction

spots for achieving higher diffraction efficiencies.

There is more impetus to fabricate gratings with optimized grating parameters for achieving
higher sensitivities and miniaturization of the sensor device." Cui et al. * used two beam
interference method followed by dry etching process to fabricate 1D metal grating with width
400 nm, thickness of 25 nm, and a spacing of 230 nm for improving the plasmonic coupling
efficiency.

The sophistication in grating structures thus calls for advanced lithography fabrication tools.
Photolithography is routinely employed to make grating patterns.” Conventional soft
lithographic methods such as microcontact printing,”"** have been most commonly used to
fabricate low cost diffraction gratings. Multiple beam interference'” and electron beam
lithography'* though have capability of patterning over large areas but are expensive
techniques. It is found that the fabrication of efficient and optically transmitting diffraction

grating is very limited and still challenging aspect. The problem has been high absorptivity and
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diffusivity along with poor adhesion of molecular inks to the transparent substrate. Metal

nanowire grating patterns have been found to be optically transparent for light transmission.”
2.2 Scope of the Investigation

A simple way of fabricating a metal grating structure based on a direct micromolding in
capillaries is presented. Pd alkanethiolate is used as single precursor source for molding in the
capillary type channels of a PDMS mold.** Thus created Pd nanowire grating has been tested as
optical sensing element for electroless deposition of Cu. The Pd nanowires obtained acted as
catalytic surface for electroless deposition of Cu. The extent of electroless deposition of Cu
taking place over Pd surface is estimated by measuring the Diffraction efficiency (DE) of the
patterned Pd nanowire grating. In addition, we have examined the Cu deposition by AFM, SEM

and EDS and compared with the diffraction data.

2.3 Experimental

The process of fabrication of Pd nanowire grating is illustrated in Figure 2.1a.

Preparation of the mold

Elastomeric stamps were fabricated by replica molding of polydimethylsiloxane (PDMS) on a
commercially available compact disk (Sony CD-R). PDMS was prepared by mixing Sylgard-
184 elastomer and the curing agent (Dow Corning) in the ratio 10:1.The mixture was sonicated
at room temperature to reduce the air bubbles and then degassed under vacuum for 1 hour.
PDMS mixture was poured onto the master (CD) and then cured in an oven at 60 °C for 6
hours. PDMS stamps were cleaned using hexane and sonicated in ethanol to remove any
uncured polymer. The resulting stamp hosted relief features of width 5005 nm with

intermediate channels of 1000 &+ 5 nm width.

Synthesis of Pd precursor

The precursor employed for patterning the nanowires was Pd hexadecylthiolate, Pd(SC;¢Hsi3),,
in toluene.” The synthesis of precursor involves single step procedure. Pd(OAc), (5.0 mmol)
in 7 ml toluene was added to 5.0 mmol of hexadecylthiol in toluene (3 ml), and the resulting
mixture was stirred vigorously overnight resulting in a yellow viscous color solution which

further deepened to orange-yellow. The obtained thiolate was washed with methanol followed
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by precipitation to remove excess thiol. The solid was redissolved to obtain a concentrated 40

mM solution.

a) PDMS mold p) SolutionA Solution B

Pd hexadecylthiolat/ﬂ/ , /
e = \<
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heat 300°C l 30 min plating bath A+B

////// for Cu I
0 O

gentle wash with water
vacuum dried

&

L s e A
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(650 nm)
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Figure 2.1 (a) Schematic illustration of the procedure used for fabricating Pd nanowire grating (b) electroless
deposition of Cu on the Pd nanowire grating and (c) the diffraction set up.

Patterning of the grating

The glass slide used was cut into small pieces of 1 x 1 cm” and cleaned by sonicating in acetone
and double-distilled water and dried under flowing argon. Approximately 30 ul of the precursor
solution (20 mM in toluene) was dropped at one edge of the PDMS stamp kept on the substrate
to fill the channels spontaneously by capillary action as seen in Figure 2.1a. The set up was
gradually heated on a hot plate to reach 250 °C and was held for 30 min. Following cooling to

room temperature, the stamp was removed leaving behind the patterns on the substrate.

Electroless Deposition of Cu

The deposition is initiated in an auto catalytic manner on the patterned Pd surface. The copper
plating bath used for electroless Cu deposition™ consisted of solution A (1.5 g of CuSO,, 7 g of
KNaC4H4O4-4H,0 and 7 g of NaOH in 50 ml water) and solution B (37.2 wt% aqueous
formaldehyde solution). The two solutions were taken in 10:1 (v/v) ratio and mixed together
just before the electroless plating was performed as shown in Figure 2.1b. Each substrate was

taken out after a predetermined time interval and immersed in a water bath to arrest the
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reaction. The substrates were vacuum dried prior to diffraction experiments. The electroless

bath was freshly prepared in each case to avoid the influence of aging.

Diffraction setup

A circular grating area slightly larger than the beam size (0.5 cm) was defined by scratching
away rest of the patterned metal with a razor blade. The laser beam was aligned with respect to
the designated circular area with help of a monocular eyepiece. The diffraction experiments
were performed using a diode laser source (650 nm, 3 mW). The laser beam was focussed
normal to the grating surface using a convex lens as shown in Figure 2.1c. The transmitted
light after diffraction was measured using a photodiode (Thorlabs, DET 200) connected to
digital oscilloscope (Hewlett Packard-54600B,100 MHz). The intensity of diffraction spots was
measured from a fixed distance (3 cm) from the sample by placing the photodetector adjacent to

screen position. In addition, the diffraction images were photographed using a digital camera.

Other characterisation

AFM measurements were performed using Veeco di Innova SPM in the tapping mode.
Standard Si cantilevers were used for the normal topography imaging. The surface roughness
was estimated from the AFM images using an offline software, Nanoscope v7.30. The patterned
substrates were also examined under a Nova NanoSEM 600 instrument (FEI Co., The
Netherlands). Energy-dispersive spectroscopy (EDS) analysis was performed with an EDAX

Genesis instrument (Mahwah, NJ) attached to the SEM column.

2.4 Results and Discussion

Pd hexadecylthiolate was chosen as ‘ink’ for micromolding because it readily dissolves in
organic solvents such as toluene with tunable viscosity and remains stable under ambient for
longer time periods. Under the molding conditions at 250 °C, the ‘ink’ also undergoes
thermolysis to give rise to Pd metal nanowire structures.” In order to achieve the desired
nanowire height, the micromolding was performed with varying concentrations of the precursor
solution viz., 2, 5 10, 15, 20 and 25 mM, keeping other molding conditions such as heating
temperature, annealing rate etc. constant (see Section 2.3). The surface morphology of the

patterns along with the height profiles obtained from AFM, is shown in Figure 2.2a-f.
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Figure 2.2 (a)-(f) AFM images of Pd nanowire gratings of different heights on glass substrates. The concentration of
the precursor solution used is indicated in each case. (g) The variation in the grating height and diffraction efficiency
with the precursor concentrations.

The grating structures are generally smooth (roughness, ~ 5-10 nm) with some protruding

features perhaps arising while removing the stamp from the substrate. The height of the grating
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was found to increase with increasing concentration of the precursor solution, from ~ 15 nm
with 2 mM solution to ~ 115 nm with 25 mM. The variation is nearly linear up to 20 mM
(Figure 2.2g). The diffraction efficiency from these grating structures is calculated and plotted
as shown in Figure 2.2g (blue curve). It is observed to be varying in accordance with the
grating height. The Pd nanowire grating with height of 82 nm (width 1043 nm and spacing of
490 nm), (Figure2.2e) was chosen for further diffraction studies and characterization. This
grating was so chosen since it satisfies the quadrature condition where height of the grating is
between 0 and A/4 (A = 650 nm) and results in diffraction pattern of high intensity and linear
sensitivity for small height variations." * The initial diffraction efficiency was calculated to be ~

11% for this nanowire grating.
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Figure 2.3 Variation in the diffraction efficiency (DE) with electroless plating time. Some of the diffraction patterns are
shown alongside.

Figure 2.3 depicts the plot of diffraction efficiency as a function of Cu deposition time interval.
The values of I; and I, were calculated by taking average from minimum 7 different areas of the
same sample for accuracy. The diffraction pattern obtained shows relatively sharp spots with
high first order intensity upto 120 s of Cu deposited with increasing diffraction efficiency which
gradually declined on Cu deposition beyond 120 s (see inset). Beyond 120 s, the diffraction
efficiency values drop suddenly to reach near zero at 210 s. These changes are better

understood based on further characterisation of the grating structures.
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The SEM image shows that the Cu gets deposited in the form of small grains on Pd nanowires
as seen after 90 s of electroless deposition in Figure 2.4b as compared to Figure 2.4a without
any Cu. Interestingly, the growth of Cu on Pd takes place only at the regions wherever Pd is
present and by this way, Cu deposition in any non-specific region is prevented. Based on Cu K
EDS signals obtained from EDS analysis over 3 different areas, the respective atom percentage
values was calculated. The amount of Cu deposition with respect to Pd is less in the beginning

which shoots up after 120 s of dipping in electroless bath (Figure 2.4c).
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Figure 2.4 SEM micrograph (left) of Pd nanowire grating structure (a) before and (b) after dipping in Cu plating
solution for 90 s and the corresponding EDS map (right) of Cu K indicating the electroless deposition of Cu onto Pd
lines. (c) The atom percentage of Cu deposited over Pd with electroless plating time.

The AFM characterization was performed to study the variation in height and width of the

grating after 60, 90, 120, 150 and 180 s of Cu deposition. The changes in grating parameters
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such as height and width were calculated using the section profiles of each image an example of
which can be seen in Figure 2.5. When the electroless deposition of Cu on Pd grating is carried
out, Cu grains get homogeneously deposited on the patterned Pd nanowire. Figure 2.5 shows
AFM images of the surface changes that took place on Cu deposition over Pd nanowires with
time. When the chosen Pd nanowire grating (shown in Figure 2.2e) is dipped in electroless
plating bath for 60 s, deposition of copper takes place evenly all over Pd NW grating (Figure
2.5a). The height of grating increased by 15+ 5 nm on depositing Cu for 90 s (Figure 2.5b). On
further dipping into electroless plating bath, the Cu particles starts growing bigger in size and
average height of the grating became 121+ 10 nm at 120 s of Cu deposition (Figure 2.5c).
When electroless deposition process is carried out beyond 180 s (Figure 2.5d), there was a

dramatic increase in grating surface roughness making further AFM characterization difficult.
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Figure 2.5 (a)-(d) AFM images of Pd nanowire gratings after dipping in Cu plating solution for varying time intervals
of (a) 60 s (b) 90 s (c) 120 s and (d) 180 s. Variations in (e) height and (f) width of the nanowire grating with Cu
deposition time
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The surface roughness values were determined in terms of R, by calculating the average from 7
different areas over the stripe region of pattern (from 10 pum x 10 pum) of AFM image. The
surface roughness before Cu deposition and after 120 s of Cu deposition changed from
14.5£2.9 nm to 60.3+3.4 nm. The height of grating increases rapidly (Figure 2.5e) but the
grating width has small effect due to Cu deposition for 120 s but beyond that the grating width
changes considerably as shown in Figure 2.5f. The error for the grating height and width was
determined as standard deviations of all the measurements calculated by average cross-section

analysis from different areas of sample.

Figure 2.6 (a) Amplitude image and (b) height image corresponding to Pd with Cu deposited for 180 s.

Even after 180 s of Cu deposition, the grating features were somewhat preserved as seen in
amplitude AFM image Figure 2.6. However, the surface roughness of the grating becomes so
high (~ 350 nm), leading to diffused diffraction spots. The deposition of Cu for 210 s showed
no visible diffraction pattern because of fusion of lines along with lower degree of adhesion of
nanowires to the glass substrate.
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Figure 2.7 Variations in the grating height with atom percentage of Cu deposited on Pd nanowire gratings
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The height of the grating as measured from AFM can be directly correlated to the amount of Cu
deposited can be seen in Figure 2.7. It is observed that the height of grating increases
proportionally with the increasing amount of Cu deposition upto 180 s (~ 50%). The intensity
of light diffracted from gratings is influenced both by the height of grating which in turn
depends on the amount of Cu deposition. The changes in diffraction efficiency is quite sharp as
seen from Figure 2.8a at lower amounts of Cu deposition which proves the sensitivity of this
technique employed. The variation in height of Pd nanowire grating on Cu deposition directly
influences the diffraction efficiency. It has been found that with 8 nm increase in height on Cu
deposition, the diffraction efficiency increases by 16.4% from initial diffraction of 10.2% with

no Cu deposition (Figure 2.8b).
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Figure 2.8 (a) Variation in the diffraction efficiency (DE) calculated from the measured intensities of diffraction spots

with atom percentage of Cu on Pd nanowire grating and (b) changes in DE with increasing height of the grating.
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2.5 Conclusions

The diffraction grating showed a 16% increase in the diffraction efficiency with 8§ nm increase
in grating height on Cu deposition over Pd NW gratings. This is in close agreement to the
similar results in the literature.'® The results obtained through the model study of Cu deposition
on Pd NW affirms that optical diffraction based detection system is sensitive and one of the
simplest sensing technique. It is already known to be responsive to biological interactions and
chemical species but along with that it is found to be potential to compete with other known
analytical techniques where sensitivity of detection is limited. Importantly, the gratings used in
this study have been fabricated on a transparent substrate in a single step using a micromolding

method.
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Free standing Cu-Pd p-ribbons*

The seed mediated growth of metal nanostructures on different kinds of surfaces such as glass,
ITO, glassy carbon etc. has been well studied in the literature.””® In this context, Pd is widely
employed as a catalyst for electroless metallization of different metals such as Cu, Ni, Ag, Au
etc. The electroless plating of Cu can be carried out very easily on any kind of surface by using
Pd as seeds/catalyst. It involves an autocatalytic redox reaction in which metal salt such as
CuSO, gets reduced at the surface of Pd as catalyst.**°

Palladium is patterned on glass substrate by micromolding using soft lithography as explained
in Section 2.2. But, the only difference in this case is that the Pd thiolate precursor was injected
through the PDMS stamp in little excess such that it leaked inside the relief regions where
PDMS makes conformal contact with the substrate. The substrate was heated slowly upto 250
°C at a temperature ramp of 5 °C per 10 min, followed by annealing at room temperature. The
PDMS stamp was removed gently from the top and the patterned substrate was obtained. The

surface was characterized by AFM and SEM imaging.

Helght{nm)

Figure 2.9 AFM image of the Pd patterned surface. The profile shows the height of ridge which is 40 +5 nm and land
20 +2 nm

*This part of the work has been submitted as a manuscript for the special issue of J. Nanosci.
Nanotech., INEC 2010).
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The AFM image in Figure 2.9 shows the Pd nanoparticles of the order of 20 nm size being
formed in the 500 nm wide gaps. These nanoparticles also offer an active surface for Cu

deposition.
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Figure 2.10 (a) SEM image of Cu-Pd ribbons which got delaminated from the surface; floating
Cu-Pd ribbons were transferred onto a glass substrate for imaging. (b) EDS from the stripes
showing the presence of Cu and Pd.

When electroless deposition of Cu is carried out with successively increasing time intervals, it
was observed that the Pd lines with 1um width got lifted off from the surface and float to the
top of the solution. This may happen because of interplay between the force of adhesion of Cu-
Pd layer to the surface and the internal stress of deposited Cu layer over Pd. When the thickness
of deposited Cu increases, there comes a stage when the internal stress exceeds the adhesion
force between the Pd stripe and the substrate, and Cu-Pd layer gets removed from the glass

substrate.

In summary, free standing Cu-Pd stripes or p-ribbons were produced by electrolessly depositing

Cu on Pd patterned on glass.
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